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Abstract

Cathode materials remain one of the main limiting factors for increasing the

speci�c energy of lithium ion batteries. The reversible storage of charge on

lattice oxygen, called oxygen redox (O redox), has been identi�ed as a promising

route for addressing the problem in layered and disordered rocksalt materials.

Currently, several interrelated challenges, including slow kinetics, voltage and

capacity fade, as well as structural changes, remain, that are investigated in this

thesis.

A dedicated operando cell, capable of applying signi�cant stack pressure,

was built to investigate layered Lithium-rich materials. It is used to study

Li�.�Ni�.��Co�.��Mn�.��O� and Li�.�Ni�.�Mn�.�O� using high energy-resolution

�uorescence-detected X-ray absorption near edge structure (HERFD-

XANES), as well as X-ray emission spectroscopy (XES). The complex

interplay between bulk oxygen and transition-metal redox is analysed, and it is

demonstrated that Ni is fully oxidised to Ni�+ in one compound but not the

other.

The structure of the disordered rocksalt Li�MnO�F is solved using a

combination of neutron pair distribution function (PDF) and neutron

di�raction, simultaneously �t using a ReverseMonte Carlo (RMC) approach.

The capacity fade for the same material is investigated and found to be initially

based on a large charge-transfer resistance, associated with the slow O redox

kinetics on discharge.



Contents

List of Acronyms and Abbreviations xiv

List of Symbols and Operators xviii

� Introduction �

�.� The Development of Secondary Lithium Ion Batteries . . . . . . . . . . . . �

�.� The Cathode Challenge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

�.� Oxygen Redox and Lithium-Rich CathodeMaterials . . . . . . . . . . . . . �

�.�.� Structures of Layered Stoichiometric and Lithium-RichMaterials . �

�.�.� The Structure-Electrochemistry Relationship of Oxygen Redox . . �

�.�.�.� The Nature of Oxidised Oxygen Species . . . . . . . . . �

�.�.� Challenges with �d Lithium-Rich CathodeMaterials . . . . . . . . ��

�.�.�.� First-Cycle Voltage Hysteresis . . . . . . . . . . . . . . . ��

�.�.�.� Voltage Fade with Cycle Life . . . . . . . . . . . . . . . . ��

�.� Disordered Rocksalt CathodeMaterials . . . . . . . . . . . . . . . . . . . . ��

�.�.� Structures of Rocksalt CathodeMaterials . . . . . . . . . . . . . . ��

�.�.� LithiumDi�usion in Rocksalts and Percolation Theory . . . . . . ��

�.�.� The Redox Chemistry of Disordered Rocksalts . . . . . . . . . . . ��

�.�.� Disordered LithiumOxy�uoride Rocksalts . . . . . . . . . . . . . ��

�.�.� Present Challenges with Disordered Rocksalt Cathodes . . . . . . ��

�.� Thesis Outline and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . ��

i



� Theory and Methods ��

�.� Working Principle of a Cell and Electrochemical Testing . . . . . . . . . . . ��

�.�.� Cell Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Galvanostatic Cycling . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Energy StoredWithin a Cell . . . . . . . . . . . . . . . . . . . . . . ��

�.�.�.� In�uence of Current Flow . . . . . . . . . . . . . . . . . ��

�.�.� Operando Electrochemical Mass Spectrometry (OEMS) . . . . . . ��

�.�.� Electrochemical Impedance Spectroscopy (EIS) . . . . . . . . . . . ��

�.� Synthesis of CathodeMaterials . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Solid-State Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.�.� Resorcinol Formaldehyde Gel-Assisted Solid State

Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Mechanochemical Synthesis . . . . . . . . . . . . . . . . . . . . . . ��

�.� Electrode Preparation and Cell Assembly . . . . . . . . . . . . . . . . . . . ��

�.�.� Composite Cathode Preparation . . . . . . . . . . . . . . . . . . . ��

�.�.� Coin Cell Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Three-Electrode Pouch Cell Assembly . . . . . . . . . . . . . . . . ��

�.� Total Scattering and Di�raction Analysis . . . . . . . . . . . . . . . . . . . ��

�.�.� Di�raction Analysis and Long-Range Order . . . . . . . . . . . . . ��

�.�.�.� Rietveld Re�nement . . . . . . . . . . . . . . . . . . . . ��

�.�.� Total Scattering and Local Structure Analysis . . . . . . . . . . . . ��

�.�.� Reverse Monte Carlo Fitting . . . . . . . . . . . . . . . . . . . . . . ��

�.�.�.� Total Scattering Function Convolution . . . . . . . . . ��

�.�.� Practical Aspects of Scattering Experiments . . . . . . . . . . . . . ��

�.� Transmission ElectronMicroscopy (TEM) . . . . . . . . . . . . . . . . . . ��

�.� X-ray Absorption Spectroscopy (XAS) . . . . . . . . . . . . . . . . . . . . . ��

�.�.� X-ray Absorption Near Edge Structure (XANES) . . . . . . . . . . ��

ii



�.�.�.� High-Energy-Resolution Fluorescence-Detected X-ray

Absorption Near Edge Structure (HERFD-XANES) . . ��

�.�.� Extended X-ray Absorption Fine Structure (EXAFS) . . . . . . . . ��

�.� X-ray Emission Spectroscopy (XES) . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Chemical Sensitivity of the Kα Fluorescence Lines . . . . . . . . . . ��

�.� Resonant Inelastic X-ray Scattering (RIXS) . . . . . . . . . . . . . . . . . . ��

� Design of an X-ray-Transparent Operando Cell for the Study of Lithium-

Rich Cathodes ��

�.� Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Design Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Component andMaterial Selection . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Window Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.�.� Structural and Electrical Properties . . . . . . . . . . . . ��

�.�.�.� X-ray Transparency . . . . . . . . . . . . . . . . . . . . . ��

�.�.�.� Selected Components . . . . . . . . . . . . . . . . . . . ��

�.�.� Spring Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Base Material Selection . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Lid and Spacer Materials Selection . . . . . . . . . . . . . . . . . . ��

�.�.� Insulating Materials Selection . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Cell Dimensioning . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Fastening and Sealing Mechanism . . . . . . . . . . . . . . . . . . . ��

�.� Design Evaluation and Veri�cation . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Electrochemical Performance . . . . . . . . . . . . . . . . . . . . . ��

�.�.� X-ray Transmission and IlluminatedWindow Area . . . . . . . . . ��

�.�.� Hermetic Sealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Dimensions, Handling, and Practical Considerations . . . . . . . . ��

�.� Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

iii



� First-Cycle Transition Metal Oxidation State Changes in Layered Lithium-

Rich Compounds ��

�.� Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Structural Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� TransitionMetal Oxidation States Probed via HERFD-XANES and XES . ��

�.�.� Nickel Oxidation States . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�.� Cobalt Oxidation States . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�.� Manganese Oxidation States . . . . . . . . . . . . . . . . . . . . . . ���

�.� Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

� The Structure of Pristine Disordered Rocksalt Li�MnO�F ���

�.� Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Long-Range Order . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Morphology, Short-Range Order, and Local Structure . . . . . . . . . . . . ���

�.� Combined Reverse Monte-Carlo Re�nement of Neutron PDF and

Di�raction Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�.� Fit Parameters and Constraints . . . . . . . . . . . . . . . . . . . . ���

�.�.� Fit Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�.� Percolation Network Analysis . . . . . . . . . . . . . . . . . . . . . ���

�.�.� Oxygen Redox Environments in Li�MnO�F . . . . . . . . . . . . . ���

�.� Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

� Voltage and Capacity Fade of Li�MnO�F ���

�.� Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Cycle-Dependent Morphology and Local Structure Changes . . . . . . . . ���

�.� Cycle-Dependent Electrochemical Characterisation . . . . . . . . . . . . . ���

iv



�.� Summary and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

� Summary and Outlook ���

A Appendix ���

A.� OperandoCell X-ray Transmission for the �d TMK Edges. . . . . . . . . . ���

A.� First-Cycle Operando X-ray Di�raction Patterns And Fit Details for

Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O� . . . . . . . . . . . . . . . . ���

A.� In�uence of Carbon and Binder on X-ray PDFs . . . . . . . . . . . . . . . . ���

A.� X-ray PDF Fit Details for Multi-Cycled Li�MnO�F Cathodes . . . . . . . . ���

A.� Neutron PDF Fit Details for Multi-Cycled Li�MnO�F . . . . . . . . . . . . ���

A.� Impedance Spectra and Fit Parameters for Multi-Cycled Li�MnO�F . . . . ���

Bibliography ���

v



List of Figures

�.� Structural Overview: Layered and Lithium-Rich Layered Cathodes. . . . . �

�.� Voltage Pro�les of LiCoO� and Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . �

�.� Electronic States in Stoichiometric and Lithium-Rich CathodeMaterials. . �

�.� RIXSMaps of Cycled Lithium-RichMaterials. . . . . . . . . . . . . . . . . ��

�.� The Structure of Rocksalt Compounds. . . . . . . . . . . . . . . . . . . . . ��

�.� Lithium PercolationMechanism in Rocksalt Compounds. . . . . . . . . . ��

�.� Voltage Pro�le and Cycle-Dependent Capacities for Na�.�Nb�.�Mn�.�O�. . . ��

�.� Working Principle of a Li Ion Battery. . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: Coin Cell - Exploded View. . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: Three-Electrode Cell Stack - Exploded View. . . . . . . . . . . . . ��

�.� Scattering Geometry Underlying Bragg’s Law. . . . . . . . . . . . . . . . . . ��

�.� X-ray Atomic Form Factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� X-ray Absorption Edges for Pb. . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Dipole-Allowed Electronic Transitions in �d TransitionMetals. . . . . . . . ��

�.� Components of an XAS Spectrum. . . . . . . . . . . . . . . . . . . . . . . . ��

�.� HERFDXANES vs. Transmission XANES Spectra. . . . . . . . . . . . . . ��

�.�� Johann-Type Spectrometer. . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�� XES Data Analysis Techniques. . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�� RIXS �D Surface Plot. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�� RIXS �DMap. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

vi



�.� OperandoCoin Cell - Exploded View. . . . . . . . . . . . . . . . . . . . . . ��

�.� Pictures: OperandoCell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: OperandoCell - Assembled State. . . . . . . . . . . . . . . . . . . ��

�.� Drawing: OperandoCell Lid. . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: OperandoCell Base. . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: OperandoCell Spacer. . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Drawing: OperandoCell Assembly Process. . . . . . . . . . . . . . . . . . . ��

�.� X-ray Mass Attenuation Coe�cients of Selected Elements. . . . . . . . . . ��

�.� Coin Cell Spring Constant Determination. . . . . . . . . . . . . . . . . . . ��

�.�� OperandoCell Electrochemical Performance. . . . . . . . . . . . . . . . . . ��

�.�� OperandoCell Beam Angle-Dependent Attenuation. . . . . . . . . . . . . . ��

�.�� OperandoCell Seal Demonstration. . . . . . . . . . . . . . . . . . . . . . . ��

�.�� Picture: OperandoCell in TransmissionMode. . . . . . . . . . . . . . . . . ��

�.� Voltage Pro�le of Li�.�Ni�.��Co�.��Mn�.��O�: TM and OContributions. . . . ��

�.� First-Cycle Unit Cell Parameters of Li�.�Ni�.�Mn�.�O� and

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� OperandoTMK Edge EXAFS of Li�.�Ni�.�Mn�.�O�. . . . . . . . . . . . . . ��

�.� OperandoTMK Edge EXAFS of Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . ��

�.� Ni K Edge EXAFS Peak Shift Evolution During First Charge in

Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . ��

�.� Ni K Edge HERFD-XANES Spectra for Pristine Li�.�Ni�.��Co�.��Mn�.��O�

and Reference Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� First-Cycle Operando Ni K Edge HERFD-XANES Spectra for

Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . ��

�.� Gaussian Fits of Ni K Pre-Edges in Li�.�Ni�.�Mn�.�O� and

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� First-Cycle Operando Ni Kα XES for Li�.�Ni�.�Mn�.�O� and

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

vii



�.�� CoK EdgeHERFD-XANES Spectra for Pristine Li�.�Ni�.��Co�.��Mn�.��O�

and Reference Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� First-Cycle Operando Co K Edge HERFD-XANES for

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Operando Co K Edge HERFD-XANES: Reverse Edge Shifts During TM

Redox in Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� First-CycleOperandoCo Kα XES for Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . ���

�.�� Mn K Edge HERFD-XANES Spectra for Pristine Li�.�Ni�.�Mn�.�O�,

Li�.�Ni�.��Co�.��Mn�.��O�, and Reference Compounds. . . . . . . . . . . . . ���

�.�� First-Cycle OperandoMn K Edge HERFD-XANES for Li�.�Ni�.�Mn�.�O�

and Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� First-Cycle Mn Operando Kα XES for Li�.�Ni�.�Mn�.�O� and

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Statistically Expected Numbers of Collinear Li-O-Li Con�gurations in

Layered and Rocksalt Materials. . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Structural Analysis Algorithm for RMC-Fit Disordered Rocksalt Structures. ���

�.� XRD Pattern and Rietveld Fit for Pristine Li�MnO�F. . . . . . . . . . . . . ���

�.� Neutron Di�raction Pattern and Rietveld Fit for Li�MnO�F. . . . . . . . . ���

�.� TEM Images: Morphology and Crystallinity of Li�MnO�F. . . . . . . . . . ���

�.� Electron PDF of Pristine Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . ���

�.� Neutron PDF of Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Mn K Edge XANES Spectra for Pristine Li�MnO�F and Reference

Compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Cross-Section of a RMC-Fit Structure of Li�MnO�F. . . . . . . . . . . . . ���

�.� RMC Fit of Neutron PDF and Di�raction for Pristine Li�MnO�F. . . . . . ���

�.�� Bond Distances Observed for Pristine Li�MnO�F. . . . . . . . . . . . . . . ���

�.�� Partial Pair Correlation Function for Pristine Li�MnO�F. . . . . . . . . . . ���

�.�� Cation Coordination Statistics in Li�MnO�F. . . . . . . . . . . . . . . . . . ���

viii



�.�� Percolation Network in Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Li-O-Li Bond Angle Distribution in Li�MnO�F. . . . . . . . . . . . . . . . ���

�.�� Oxygen Coordination Environments in Pristine Li�MnO�F. . . . . . . . . ���

�.� Voltage Pro�le and Capacity Retention of Li�MnO�F. . . . . . . . . . . . . ���

�.� Drawing: Binder-Free Cell for Electrochemically Delithiating Neutron

Samples - Exploded View. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� TEM Images: Morphology and Crystallinity of Cycled Li�MnO�F. . . . . . ���

�.� Ex-situX-ray PDF of Cycled Li�MnO�F. . . . . . . . . . . . . . . . . . . . . ���

�.� Ex-situNeutron PDF of Cycled Li�MnO�F. . . . . . . . . . . . . . . . . . . ���

�.� Ex-situMnK edge EXAFS of Pristine and Cycled Li�MnO�F. . . . . . . . ���

�.� First-CycleOperandoMnK Edge EXAFS for Li�MnO�F. . . . . . . . . . . ���

�.� First-CycleOperandoMnK Edge XANES for Li�MnO�F. . . . . . . . . . . ���

�.� Cycle-Dependent Three-Electrode Electrochemistry of Li�MnO�F. . . . . ���

�.�� Cycle-Dependent Impedance of Discharged Li�MnO�F at OCV. . . . . . . ���

�.�� Total Resistances Observed for Discharged Li�MnO�F Cathodes. . . . . . . ���

�.�� Cycle-Dependent Fitted Resistances and Capacitances Obtained via EIS

for Li�MnO�F Cathodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.� OperandoXRD of Li�.�Ni�.�Mn�.�O�. . . . . . . . . . . . . . . . . . . . . . ���

A.� OperandoXRD of Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . ���

A.� In�uence of Binder and Carbon on Cathode X-ray PDF. . . . . . . . . . . ���

A.� Ex-situNeutron PDF of First Cycle Discharged Li�MnO�F. . . . . . . . . . ���

A.� Ex-situNeutron PDF of Five Cycle Discharged Li�MnO�F. . . . . . . . . . ���

A.� Ex-situNeutron PDF of ��Cycle Discharged Li�MnO�F. . . . . . . . . . . ���

A.� Cycle-Dependent Impedance of Li�MnO�F at �.�VVoltage Hold. . . . . . ���

A.� Cycle-Dependent Impedance of Li�MnO�F at �.�VVoltage Hold. . . . . . ���

ix



List of Tables

�.� Impedance Behaviour of Common Equivalent Circuit Elements . . . . . . ��

�.� Part List: OperandoCell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.� Physical Properties ofOperandoCell WindowMaterials. . . . . . . . . . . . ��

�.� X-ray Transmission Properties of Di�erentOperandoCell Windows. . . . . ��

�.� Mechanical and Electrical Properties ofOperandoCell Materials . . . . . . ��

�.� Requirement Veri�cation Overview . . . . . . . . . . . . . . . . . . . . . . ��

�.� OperandoCell Electrochemical Performance Veri�cation . . . . . . . . . . . ��

�.� Warren-Cowley Parameters for Li�MnO�F. . . . . . . . . . . . . . . . . . . ���

�.� Li�MnO�F: Multi-Cycled Neutron PDF Lattice Parameters. . . . . . . . . ���

A.� OperandoCell X-ray Transmission. . . . . . . . . . . . . . . . . . . . . . . . ���

A.� Common XRD Rietveld Re�nement Parameters for Lithium-Rich

LayeredMaterials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.� Re�ned Structure Parameters as Obtained via XRD for Li�.�Ni�.�Mn�.�O�. ���

A.� Re�ned Structure Parameters as Obtained via XRD for

Li�.�Ni�.��Co�.��Mn�.��O�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.� Structure Fit Parameters for Ex-situX-ray PDF of Pristine Li�MnO�F. . . . ���

A.� Structure Fit Parameters for Ex-situ X-ray PDF of First-Cycle Discharged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.� Structure Fit Parameters for Ex-situ X-ray PDF of Second-Cycle

Discharged Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

x



A.� Structure Fit Parameters for Ex-situ X-ray PDF of Fifth-Cycle Discharged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.� Structure Fit Parameters for Ex-situX-ray PDF of Tenth-Cycle Discharged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of Twentieth-Cycle

Discharged Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of First-Cycle Charged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of Second-Cycle Charged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of Fifth-Cycle Charged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of Tenth-Cycle Charged

Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Structure Fit Parameters for Ex-situ X-ray PDF of Twentieth-Cycle

Charged Li�MnO�F. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

A.�� Cycle-Dependent Impedance Fit Parameters of Li�MnO�F at OCV. . . . . ���

A.�� Cycle-Dependent Impedance Fit Parameters of Li�MnO�F at �.�V. . . . . ���

A.�� Cycle-Dependent Impedance Fit Parameters of Li�MnO�F at �.�V. . . . . ���

xi



List of Acronyms and Abbreviations

a.u. Arbitrary unit

AC Alternating current

AM Active material

AO Actual outcome

APS Advanced Photon Source

BDD Boron-doped diamond

CAD Computer-aided design

CPE Constant phase element

Cy Cycle

DC Direct current

DFT Density functional theory

DMC Dimethyl carbonate

DOS Density of states

EC Ethylene carbonate

EIS Electrochemical impedance spectroscopy

EO Expected outcome

ESRF European Synchrotron Radiation Facility

EXAFS Extended X-ray absorption �ne structure

FKM Fluorocarbon elastomer

FT. Fourier transform

xii



FWHM Full width at half maximum

FYS Flexural yield strength

GC Glassy carbon

HERFD-XANES High energy-resolution �uorescence-detected XANES

hs High spin

IAD Integrated absolute di�erence

Int Intensity

JT Jahn-Teller e�ect

LCO LiCoO�

Li-rich NM Li�.�Ni�.�Mn�.�O�

Li-rich NMC Li�.�Ni�.��Co�.��Mn�.��O�

LiB Lithium ion battery

ls Low spin

MOC Means of compliance

NIST National Institute of Standards and Technology

NMP N-Methyl-�-pyrrolidone

OCV Open circuit voltage

OEMS Operando electrochemical mass spectrometry

PDF Pair distribution function

pDOS Projected density of states

PEEK Polyether ether ketone

PFY Partial �uorescence yield

PI Polyimide

PID controller Proportional–integral–derivative controller

PTFE Polytetra�uoroethylene

PVDF Polyvinylidene di�uoride

Req. Requirement

RIXS Resonant inelastic X-ray scattering

xiii



RMC Reverse Monte Carlo

SAED Selected area electron di�raction

SEI Solid electrolyte interphase

SOC State of charge

SQUID Superconducting quantum interference device magnetometry

SS Stainless steel

STXM Scanning transmission X-ray microscopy

SXAS Soft X-ray absorption spectroscopy, usually with energies <� keV

TFY Total �uorescence yield

TM Transition metal

TYS Tensile yield strength

XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy

XES X-ray emission spectroscopy

XRD X-ray di�raction

xiv



List of Symbols and Operators

C Capacitance

Df Degree of freedom

E Energy

F Force

F (q) Reduced total structure function

Fhkl Structure factor

G(r) Reduced pair distribution function, "PDF"

I Current

L Inductance

Lp Path pength

N Number

Q Charge, capacity

Qth Theoretical capacity

R Resistance

S Total spin

S(q) Reduced scattering function

T Temperature

U Voltage

U iso Isotropic atomic displacement factor

Uoc Open circuit potential

xv



V Volume

X Reactance

Y Young’s modulus

� Di�erence, change

⇒ Implies

↵kl Warren-Cowley parameter for species l surrounding species k

≈ Equals approximately

� Dirac delta function

` Orbital angular momentum quantum number

� Conductivity

� Wavelength

�B� Arithmetic mean of quantityB

�B� Absolute value or magnitude of quantityB

�→ Approaches

a,b,c Lattice vectors

a, b, c Lattice parameters, e.g. a = �a�
F Faraday constant, F ≈ �����.���Cmol-�

e Elementary charge, e = �.��������� ⋅ ��-�� C
h Planck’s constant, h = �.�������� ⋅ ���� Js
µ Chemical potential; Absorption coe�cient (context-dependent)

⌫ Frequency

! Angular frequency

� Phase angle

∝ Proportional

µ�⇢ Mass attenuation coe�cient, absorption per volumetric mass density

⇢ Volumetric mass density

→ Electronic transition, e.g. �→ �′: Transition from state � to state �′
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Chapter �

Introduction

The electrochemical storage of energy has revolutionised the way we live, enabling portable

electronics like smartphones and mobile computers, and is a key technology for the

electri�cation of transport. Consumer demand for battery-powered applications drives

challenging requirements for ever increasing speci�c energy and power in rechargeable

batteries and continues to fuel a wealth of research in the �eld. At present, cathodes† are

the active material with the highest need for increased performance and where the least

promising solutions are available. This thesis investigates di�erent means of increasing the

amount of energy stored in cathodes, by studyingmaterials with high-voltage, high-capacity

redox couples based on lattice oxygen.

�.� TheDevelopment of Secondary Lithium IonBatteries

Electricity was �rst stored physically in the form of the Leyden jar in the middle of the ��th

century.[�] These early capacitors, however, could not store signi�cant amounts of charge.

At the turn of the ��th century, Alessandro Volta discovered the eponymous voltaic pile, a

primary (non-rechargeable) battery, which enabled the electrochemical generation of large
†In this thesis the battery convention for the terms ’cathode’ and ’anode’ is used, which di�ers from the

strict electrochemical de�nition. Cathode is used for the electrode that accepts electrons during discharge,
regardless of whether the cell is charging or discharging. The anode is similarly de�ned as the electrode that
releases electrons during discharge.
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amounts of electricity, revolutionising the scienti�c world.[�] Reversible electrochemical

charge storage was �rst demonstrated by Ritter almost immediately afterwards, but it took

until the middle of the ��th century for the development of the �rst true secondary battery,

based on lead-acid chemistry.[�–�] The ��th century saw the discovery of the nickel-cadmium

(NiCd) battery, as well as nickel-metal-hydride (NiMH) cells.[�] In the ����s, Oxford’s

Goodenough group discovered the LiCoO� (LCO) intercalation cathode, after reversible

Li intercalation into transition metal (TM) oxides and sul�des had been demonstrated

by Wittingham.[�–��] Following the discovery of the graphite anode, the Li�-xCoO�/LixC�

lithium ion battery (LiB) was patented by Sony in ����.[��–��] The invention was deemed so

important that it was celebrated with the award of the ���� Nobel Prize in Chemistry to

some of the people critical for its development.[��]

�.� The Cathode Challenge

LCO cathodes are still popular today and exhibit speci�c capacities of ~��� mAhg-� at

~�.� V (vs. Li+/Li). ‡,[��,��] Several factors, however, including the detrimental e�ects of

Co on human health, cost, as well as ethical concerns regarding its sourcing, have lead

to numerous derivatives with reduced Co content, whose general stoichiometry can be

summarised by LiCoiNijMnkAllO� (i + j + k + l = 1).[��,��] Some of the most widely

used cathodes are LiNi�.��Mn�.��Co�.��O� (NMC��� or NMC���), LiNi�.�Mn�.�Co�.�O�

(NMC���), LiNi�.�Mn�.�Co�.�O� (NMC���), and LiNi�.�Co�.��Al�.��O� (NCA), which

outperform LCO in various aspects.[��,��] Some of these materials reach speci�c capacities

exceeding ���mAhg-�, at average voltages of ~�.� - �.�V.[��,��]

These capacities compare unfavourably to the common anode material graphite, with a

speci�c capacity of ��� mAhg-� and a suitably low voltage of ~�.� V. §,[��,��] Li metal has a
‡Most work cited and performed in this thesis uses half cells, in which the Li metal redox couple Li+/Li is

used as a counter electrode. If not mentioned otherwise, voltages given assume this counter electrode.
§The lower limit for redox couples in Li ion batteries is the voltage of the Li+/Li (Lithium metal) redox

couple, set at �V.
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speci�c capacity of ���� mAhg-�, and secondary cells with these anodes are commercially

available, albeit with limited use cases due to slow charging speeds. Silicon, with a theoretical

capacity exceeding ����mAhg-�, promises similar amounts of charge stored in conjunction

with high charging rates, and mixed Graphite/Si anodes with capacities ~��� mAhg-� are

used in some commercial cells.[��] While these technologies still su�er from drawbacks,

preventing the use of their full potentials, they o�er promising solutions for anodes that are

currently not available for cathodes.

As a result, cathode materials with increased capacities and operating at high average

voltages are required to signi�cantly improve the speci�c energy of cells in the long run.

Commercially usedmaterials aremainly TMoxides that reversibly intercalate Li ions, where

charge is stored via reversible reduction-oxidation (redox) reactions on the TM ions. These

charge-compensate for the removal and insertion of Li via changes in oxidation state.[��]

The capacity of the materials is therefore limited by the number of stable, accessible TM

oxidation states, and high capacity cathodes require elements withmultivalent redox such as

Ni�+/Ni�+. In general, the higher the oxidation state of a TM, the higher the redox voltage,

as electrons are removed from energetically lower states.

The voltage, however, cannot be increased arbitrarily, as it is limited by the thermodynamic

and kinetic stability of all active and passive components in the cell, forming the so-called

electrochemical stability window. Here the predominant, limiting factor is usually the

electrolyte. It is composed of a Li salt, such as LiPF�, dissolved in a mixture of organic

solvents, such as ethylene carbonate (EC) and dimethyl carbonate (DMC) and oxidised at

potentials exceeding ~�.� V. The voltage window limits the accessible TM oxidation states

and hence the amount of charge that can be stored on the cathode. Other factors, such as

the structural stability of highly delithiated compounds, pose additional constraints. TMs

furthermore have high atomic masses, decreasing the speci�c capacity.
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Cathodes can be separated into two groups, single and two-phase reaction types. In

single-phase materials, such as LCO and its derivatives, the composition of the entire

cathode varies gradually with the Li content, and the voltage changes accordingly. This

is based on changes in the reaction energy, as Li ordering in the material changes the free

energies of formation, resulting in a sloping voltage pro�le (section �.�.�). In two-phase

materials, such as LiFePO� (LFP), a fraction of the cathode, proportional to the passed

charge, is directly reacted to the �nal reaction product. As the same reaction occurs at all

states of charge, these compounds exhibit a �at voltage plateau, delivering their capacity at a

constant voltage. LFP, however, only exhibits capacities of ~��� mAhg-� at an equilibrium

voltage of ~�.�V, limiting the stored energy.[��,��]

An ideal cathode material would combine all of these points and exhibit a high-capacity,

two-phase plateau at the top of the electrolyte stability window, based on a low-mass redox

couple.

�.� Oxygen Redox and Lithium-Rich Cathode Materials

Recentwork has shown that lattice oxygen, in speci�c coordination environments, can act as

a redox couple and exhibits a voltage plateau at ~�.�V, sparkingwidespread research e�ort to

understand the processes underlying the phenomenon.[��–��] The following sections give an

overviewof thehistory and current status of the�eld, after a brief discussionof the structures

of layered cathodes.

�.�.� Structures of Layered Stoichiometric and Lithium-Rich

Materials

Stoichiometric layered Li ion cathode materials, such as Li[Co]O� (LCO), have a ratio

of Li:TM = �, and Li and TM ions form separate, alternating layers (�g. �.�). The square

brackets are used here to indicate cations in the TM layer. If it is only occupied by one
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a)

c)

b)

d)

TMx+ Li+ O2-

Figure �.�: View along [���]: Layers formed by Li and TM in a) a stoichiometric layered
cathodematerial with Li:TM= �, e.g. Li[Co]O� and b) a Li-rich layered cathodewith Li:TM
= �, e.g. Li[Li�.�� Mn�.��]O�.
View of the TM layer along [���] for c) stoichiometric materials and d) Li-rich materials.
The size di�erences between the di�erent cations create a honeycomb ordering in the latter.

species, such as in LCO, the structure is described as an α-NaFeO� type, with a R�m space

group, where oxygen forms a cubic close-packed array and the di�erent cation species

form separate layers in the octahedral sites.[��,��] Each cation is octahedrally coordinated by

oxygen and, similarly, each oxygen is coordinated by three Li in one layer and three TMs in

another .

In Li-rich materials, whose distinct electrochemistry will be discussed in the next section,

part of the TMs are substituted with Li ions and the ratio Li:TM > �. Di�erences in the

cation ionic radii result in a √� ahex x √� bhex superstructure, called honeycomb ordering

(�g. �.�).[��,��,��] Here, larger ions (e.g. Li+, Ni�+) are preferentially surrounded by six smaller

ones (e.g. Co�+, Mn�+), to reduce Coulomb repulsion.[��] To form a perfect honeycomb

ordering in the entire compound a ratio of = �:� is required, and typical materials, such as

Li�MnO� (Li[Li�.�� Mn�.��]O�), crystallise in the space group C�/m.

Honeycomb ordering is also observed in compounds whose stoichiometry does not

correspond to a perfect superstructure (� > Li:TM > �), as e.g. in Li�.�Ni�.�Mn�.�O�, and
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the materials are assumed to have partial ordering. In practice, the compounds are often

treated as if they had either perfect or no ordering, and indexed with C�/m or R�m.[��,��]

�.�.� The Structure-Electrochemistry Relationship of Oxygen

Redox

0 100 200 300
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]
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Li-rich NMC, 1st cycle

Li-rich NMC, 2nd cycle

LCO

Figure �.�: Voltage pro�les for LCO and
Li�.�Ni�.��Co�.��Mn�.��O� (Li-rich NMC),
with the three regions of the �rst charge cycle
(R� - R�) indicated at the top. The expected
TM redox capacity for Li-rich NMC is
���mAhg-�.

Capacities exceeding what is expected from

TM redox, based on what would be later

identi�ed as oxygen redox activity, were

�rst observed in layered TM oxides in the

early ����s.[��,��,��,��] It was found that

compounds with a ratio of Li:TM ≥ �, as in
the series Li(�-�x)/�NixMn(�-x)/�O� (� < x ≤
�.�) or in Li�.�Cr�.�Mn�.�O�, exhibited a

large, irreversible ’excess’ capacity when

charged to high potentials, as well as

discharge capacities greater than expected

for pure TM redox.[��–��,��,��] Previously,

in the ����s, structurally similar solid

solutions between LiCoO� (Li:TM = �)

and Li�MnO� (Li�.��Mn�.��O�; Li:TM = �)

had been reported, but the compounds were not delithiated su�ciently to observe these

anomalous capacities.[��]

All of these compounds were found to have similar voltage pro�les on �rst charge, that can

be split into three sections: regions � - � (R� - R�; �g. �.�). Region � is a sloping pro�le up to

~�.� V, followed by region �, a plateau between ~�.� - �.� V, and region �, the section before

the upper cuto� voltage is reached.[��,��] On discharge, as well as on subsequent cycles, this

distinct separation is lost, and a sloping voltage pro�le with large hysteresis is observed.
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A �rst explanation for the excess charge capacity of Li-rich materials was a combined

process of oxygen loss from the lattice (O loss), which was observed along the R� plateau

via operando electrochemical mass spectrometry (OEMS), and the simultaneous migration

of TM ions into the bulk of the structure.[��–��] This process, called densi�cation, was

supported by observations that Li was extracted from both the Li and TM layers, creating

large amounts of vacancies, which enable TM di�usion within the structure.[��,��] On

discharge, a reduction of Mn�+ ions was proposed, to charge-compensate and allow for the

large, reversible capacity.[��–��] This theory, however, was not able to explain all observed

phenomena: The mass loss from the electrodes, for example, was not su�cient to explain

all O loss, and the change in Mn oxidation state, obtained via operando X-ray K edge

absorption near-edge structure (XANES), was not su�cient to explain the discharge

capacity.[��,��] These factors lead to the assumption that oxygen participates reversibly in the

redox processes (O redox).[��] A �rst theory was based on the cyclic formation of lithium

carbonate, via the reduction of emitted O� to O�
- on discharge, and a subsequent reaction

with the electrolyte.[��] This model, however, could not explain how these electrodes are

able to exhibit ’excess’ capacities for ���s of cycles.

IrreversibleO loss and reversibleO redoxweremerged into a single theory by the observation

that di�erent charge compensation mechanisms occur at the surface and in the bulk of

cathode particles on�rst charge, based on electrochemical experiments using electrodeswith

varying particle sizes.[��,��] At the surface, O loss occurs and O� is evolved in conjunction

with densi�cation, while reversible O redox occurs in the bulk.[��] This was further

supported by the observation of changes in O K edge soft X-ray absorption spectroscopy

(SXAS) spectra, which varied between the surface and bulk, and where a reversible increase

in spectral area was observed in region �, indicating an increase in oxidation state of the

oxygen.[��]
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This theory was signi�cantly advanced by quantifying the amount of O loss via OEMS

using ��O isotope-labelled Li�.�Ni�.�Mn�.�O� (Li-rich NM) and Li�.�Ni�.��Co�.��Mn�.��O�

(Li-rich NMC), two well-studied Li-rich compounds.[��,��] It was shown that only about

�� % of the �rst-charge excess capacity arises from O loss, where the majority of O� is

released at the end of charge in region �, with the remainder based on reversible O redox.

The authors observed a spectral feature at ~��� eV in the O K edge across the plateau, and it

was shown that O K edge resonant inelastic X-ray spectroscopy (RIXS) spectra exhibited a

new emission feature at ~��� eV when excited at this frequency (�g. �.�). This indicated a

localised state on theO atoms, which the authors assigned to holes on theO, and the feature

has become known as the �ngerprint of O redox. The authors proposed that, due to the

excess Li, O atoms coordinated by one Li+ and two Mn�+ in the TM layer (and three more

Li+ in the Li layer), would be in the most ionic environment, with the least hybridisation

between O �p and TM �d states. These O ions would therefore have the energetically

highest O �p states in the material, and would be oxidised �rst.[��,��]

This result was independently reproduced by a theoretical study, at the same time.[��] Using

ab initio density functional theory (DFT) calculations, it was shown that O ions, collinearly

coordinated by two Li+, showed a signi�cantly increased projected density of states (pDOS)

close to the Fermi level in LiNiO� (�g. �.�). The isosurfaces of this pDOS take the shape of

an O �p orbital, and the authors argued that the poor hybridisation between the Li �s and

the O �p states results in very little stabilisation, raising the orbital to an energy comparable

with the TM �d electrons.[��]

Theory and experiment both suggested that the factor driving O redox activity are collinear

Li-O-Li coordination geometries, creating bands with majority O �p character. The extent

of the overlap between TM bands, and those with O �p character, likely varies between

compounds and will be investigated in this thesis.

The concept of unhybridised O �p states has been expanded from �d Li-rich materials to
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Figure �.�: Coordination environment-dependent electronic states in stoichiometric and
Li-rich cathode materials. In stoichiometric materials (a, b) all O �p states are hybridised
with TM states, resulting in an energetic stabilisation which renders them electrochemically
inaccessible. In Li-rich materials (c, d), the collinear Li-O-Li coordination results in almost
unhybridised, high-energy O �p orbitals. The Fermi level lies between eg� and t�g, close to
the energy of these states, making them accessible.
Reprinted by permission from Springer Nature [��]. Copyright (����).

other compounds, and O redox has been demonstrated in Na ion cathodes, structures

where the low orbital overlap arises from Mg�+ substitutions, as well as in �d and

�d TM compounds.[��,��–��] �d Na cathode materials are of particular interest, as the

structures are very similar to �d Li-rich compounds, especially at high levels of alkali

deintercalation.[��,��,��,��]

�.�.�.� The Nature of Oxidised Oxygen Species

The nature of the oxidised oxygen species in �d TM compounds has been a much-discussed

topic. It was initially assumed to be based on highly localised holes on the oxidised O

species, due to the observation of new features in OK edge SXAS and RIXS.[��,��] Extensive

discussion has evolved around the hypothesis that, instead, dimerised, peroxo-like O species,

are formed, as they are assumed to occur in �d and �d Li-rich compounds.[��,��–��] However,

evidence for these is sparse in �d systems.[��,��]

Recent work used high-resolution RIXS to identify molecular O� as the product of O

oxidation in desodiated, honeycomb-ordered Na�.��[Li�.�� Mn�.��]O�, using the vibrational
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Most notably, whereas O oxidation took place exclusively above
4.35 V during charge (after the Ni and Co had been fully oxidized
to ~ 4 + ), during discharge the Ni and Co are almost entirely
reduced first in the 4.60–3.65 V range (‘2→ ‘3’), with most of the
O reduction taking place later in the 3.65 – 2.00 V range
(‘3’→ ’4’). This massive> 1 V shift in the O redox voltage is
illustrated by the color-coded regions in the dQ dV−1 plot in
Fig. 2a. Thus the sequence of the redox couples (i.e., the order in
which electronic states are (de)populated) is inverted after the
4.50 V plateau, and the inverted sequence (relative to the first
charge) persists into the subsequent cycles (Supplementary
Fig. 6), consistent with the altered structure and electrochemistry
after the first cycle (Fig. 1). Spectro-imaging confirms that
this is a bulk phenomenon (Supplementary Fig. 7). This
agrees well with our conclusion from XAS that some of the
O2p states depopulated during the plateau are shifted from an
energy below the TM3d–O2p antibonding states to one above
them, further confirming the electronic reshuffling associated
with O redox.

O redox voltage modulated by TM migration. Figure 6a reveals
a clear correlation between the hysteresis in the O redox and the
fraction of TMs in the Li layer as calculated from Rietveld
refinement of the synchrotron XRD patterns, suggesting that the
electron state reshuffling arises from a strong coupling between O
redox and TM migration. Supplementary Fig. 8 further shows
that this structure-redox link is only present for the O redox and
not the TM–O redox. To understand this coupling, we perform
density functional theory calculations using HSE06 functionals on
a Li28TM20O48 (i.e. Li1.17TM0.83O2 where TM =Mn, Ni) model
supercell (Fig. 6b) to explore the effect of TM migration on the O
projected density of states (pDOS). We did not include Co in our
calculations due to its low concentration in our experimentally
studied material. Ceder and coworkers have recently shown that

anion redox chemistry is most strongly affected by the anion
nearest-neighbor coordination environment23. We therefore
designed the supercells to contain both possible oxygen coordi-
nation environments in LMR-NMC: O(1), coordinated to two
TMs and exhibiting the Li–O–Li geometry23, and O(2), coordi-
nated to three TMs. While there is a debate as to the intermediate
range clustering of the TMs in LMR-NMC (i.e., whether it is a
nano-composite of monoclinic Li2MnO3 and rhombohedral
NMC domains3, or a uniform solid solution monoclinic struc-
ture67), we note that in both cases there are only the two types of
oxygen environment mentioned, and thus the effect of TM
migration on anion redox in either case can be understood by
observing the effect on O(1) and O(2) sites. We first show in
Fig. 6b that deep delithiation (to Li0TM20O48 or Li0TM0.83O2)
depopulates specific high-energy O2p states on the two TM-
coordinate O(1) sites. The integrated charge density of these
unoccupied states resembles pure oxygen 2p orbitals lying along
the Li–O–Li axes, as first demonstrated by Ceder and cow-
orkers23. In the absence of further structural change, this repre-
sents the static O2–/O– model. As we have shown, this alone
cannot explain the dynamic spectroscopic or electrochemical
behavior of LMR-NMC.

Figure 6b also shows the DOS projected onto the two different
oxygen ions in this delithiated state after migration of either Ni or
Mn, ending with the TM in an octahedral site in the Li layer.
Similar migration pathways have been shown to have reasonable
migration barriers (as low as 0.1 eV) in Li2MnO3

68,69. The effect
of other migration scenarios is shown in Supplementary Fig. 9.
Detailed discussion of all pathways investigated in this study is
included in Supplementary Methods. While our treatment here is
by no means exhaustive, we find that TM migration in all cases
results in a shift to higher energy of the O pDOS regardless of the
pathway examined and the identity of the migrating TM,
suggesting that this observation is general and largely indepen-
dent of the migration mechanism. We propose that this is due to
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Fig. 5 Probing the nature and stability of oxygen redox. a RIXS maps at the voltages indicated throughout the first cycle. The unique emission signature at 4.60V
indicated by the white arrow supports an electronic restructuring associated with O redox. Right: XAS obtained in the pristine (brown) and fully charged (tan)
state during the first cycle for comparison. b RIXS maps acquired before and after the 501st charge on an electrode cycled 500 times at 1C/2C charge/discharge
rate, showing that the reversible oxygen redox feature persists for hundreds of cycles. The voltage curves for the second and 501st cycles at C/68 (solid) and 2C
(dashed) show that most of the capacity fade over 500 cycles is from increased impedance and overpotential, and that the intrinsic capacity is largely retained
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Figure �.�: a) Left four: RIXS maps obtained for Li�.��Ni�.��Co�.��Mn�.��O� at di�erent
points during the �rst cycle. At �.� V the O redox emission feature is visible (arrow).
Far Right: STXM-XAS of the O K edge obtained for a pristine (ochre) and fully charged
(yellow) cathode.
b) Left two: RIXSmaps of the discharged and charged compound after ��� cycles, the latter
showing the O redox emission feature (arrow). Right: Voltage pro�les for the �nd and ���th
cycles. Solid lines: Quasi OCV (C/��); Dashed lines: �C.
Reproduced, with permission, from [��] under a Creative Commons CC BY license.
Copyright (����), the Authors.
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frequencies of high-resolution data in conjunction with DFT to rule out peroxides and

other oxidised forms of O�-.[��] The same authors identi�ed mixed O� and localised hole

formation in the stoichiometrically close compound Na�.�[Li�.� Mn�.�]O�, which has a

ribbon-like ordering in theTM layer, assigning the behaviour to the di�erent superstructure

preventing in-plane Mnmigration and extensive O dimerisation.[��]

After it was initially assumed that O redox activity persists only for a few cycles, it has been

shown that the characteristic RIXS feature is still observed after ��� cycles, demonstrating

that O redox is highly reversible (�g. �.�).[��]

�.�.� Challenges with �d Lithium-Rich Cathode Materials

Atpresent, several fundamental problems remainwithLi-rich compounds that prevent their

commercialisation.

�.�.�.� First-Cycle Voltage Hysteresis

The signi�cant voltage hysteresis observed in �d Li-rich materials during the �rst cycle

is one of the factors preventing their use in practical applications. It only occurs after

charging beyond region �, and it was long assumed that this is linked to the reversible

out-of-plane movement of TM ions into the Li layer, changing the site energies for Li

upon re-intercalation.[��,��,��–��] Recent work, however, has demonstrated convincingly

that it is instead based on the loss of the honeycomb superstructure through in-plane TM

migration.[��] Across the plateau, oxidisedO species combine and formO�, restructuring the

TM layer in the process. On discharge the O-O bonds are broken, but the restructured TM

layer has changed the local O coordination environment, resulting in the lower reinsertion

voltage.

This restructuring is not observed in ribbon-ordered Na�.�[Li�.�Mn�.�]O�, whose

superstructure is retained on charge and discharge.[��]This results in a much reduced
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di�erence between the local environments during Li extraction and reinsertion, and some

of the voltage plateau is maintained on discharge. These encouraging results give a more

uni�ed view of the relationship between structural changes and O redox in �d compounds

and present a clear way forward for this class of materials.

�.�.�.� Voltage Fade with Cycle Life

The second challenge associated with Li-rich compounds is voltage fading, a reduction of

the average discharge open circuit voltage (OCV) with increasing cycle number (�g. �.�).

This e�ect has been linked to the aforementioned high TM mobility in the delithiated

compounds, particularly to an irreversible migration of TMs into the Li layer.[��–��] After

�� cycles, a two- to threefold increase in Ni concentration is observed at the surface of some

Li-rich compounds, as well as the local formation of a rocksalt-like structure, both of which

were linked to Mn migration into the bulk of the particles, where it occupies sites in the

Li layer (densi�cation).[��,��] Computational evidence suggests that oxygen vacancies in the

immediate coordination sphere of a TM destabilise it, creating a driving force for migration

into sites with six coordinating oxygens. This presents an intuitive theory for the causal link

between O loss and the structural rearrangement.[��]

�.� Disordered Rocksalt Cathode Materials

Most Li ion cathode materials, such as the previously discussed layered compounds, as

well as olivines and spinels, have highly regular structures, and it was long assumed that

the strict ordering was required for electrochemical performance. This was mainly based

on the poor performance of disordered LiTMO� compounds (TM = Ti, Fe, Co, Mn,

Ni), prepared via high-energy ball milling, compared to their stoichiometrically identical,

layered polymorphs.[��] A reduced performance is also observed in layered compounds after

TM migration into the Li layer, where rocksalt-like structures are formed locally, further

supporting the assumption.[��–��]
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Figure �.�: The rocksalt structure. Similarities
to the structures of layered compounds are
evident through the distinct layers.

The low electrochemical performance

was rationalised by a lack of Li di�usion

channels, resulting in low ion mobility and

hence poor performance.[��] Recent work,

however, has shown that electrochemically

active materials can be synthesised by

increasing the relative amount of Li in

the structure, and promising candidates

for high-performance materials have been

reported, some of which exhibit capacities

exceeding ���mAhg-�.[��–��] Similar to layered materials, compounds with �d TMs, as well

as Na as the mobile ion, have been reported.[��,��–��]

�.�.� Structures of Rocksalt Cathode Materials

Ordered rocksalt materials have a sodium chloride structure (space group Fm�m), in which

a cubic close-packed anion lattice is interpenetrated by a cubic close-packed cation lattice

(�g. �.�). Each ion is coordinated by six counterions, creating an octahedral �rst shell. The

structure is very similar to the ones of layered TM oxides, which can be seen as ordered

derivatives, in which the TM and alkali layer ions occupy distinct positions.

In disordered rocksalts, multiple kinds of anions and/or cations are present, which populate

their respective sites without distinct long-range order.[��,��]

�.�.� Lithium Di�usion in Rocksalts and Percolation Theory

The movement of Li ions in rocksalt materials is based on ’hopping’ from one octahedral

site to another, via an energetically unfavourable tetrahedral intermediate state (o-t-o

di�usion; �g. �.�).[��] The tetrahedral site is face-sharing with four octahedral sites in total,

two of which are the empty starting and �nal sites, and the remaining two can either be

empty or occupied by other cations. The energy of the intermediate state is dominated by
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Figure �.�: Left: Overview of di�erent coordination environments around an intermediate
tetrahedral site during Li di�usion between two octahedral sites in Li ion rocksalts, with
varying numbers of adjacent TM ions.
Right: Migration energy barriers for Li+ in in Li�.���Mo�.���Cr�.�O�, calculated as a function
of the intermediate site’s tetrahedron height, for the O-TM and �-TM cases.
From [��] / Reprinted with permission from AAAS.

the Coulomb repulsion arising from the occupants of these two sites, and thus their charge

and distance to the di�using Li+ (repulsive force∝ Q1�r2
1 +Q2�r2

2). The cation species, as well

as the lattice spacing, are therefore the major factors governing di�usion speed in rocksalt

compounds.

In fully lithiated rocksalts, where no cation vacancies are present, there are three possibilities

for occupying the two variable octahedral sites: �. with a TM each (’�-TM’), �. with one TM

and one Li (’�-TM’), and �. with two Li (’�-TM’), in decreasing order of energy penalty (�g.

�.�).[��] The �-TM case is found in stoichiometric layered cathodes, which exhibit good rate

performance based on the low Coulomb repulsion arising from only one multivalent TM

ion.[��]

In rocksalts, however, smaller lattice spacings are found,making �-TMchannels energetically

unfavourable, and �-TM channels are required for Li mobility. This requires an increased

Li:TM ratio, in order to establish cross-connected channels of �-TM tetrahedral sites,

creating a percolation network.[��,��] The exact amount of required ’excess’ Li varies

with the degree of cation disorder, and for fully disordered rocksalts a Li:TM ratio ~�.�
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(Li�.��TM�.��O�) has been calculated.[��]

The percolation network model is a coherent explanation for bulk di�usion behaviour in

these materials, as it explains why fully disordered, stoichiometric compounds show low

electrochemical activity,[��] why disorder upon cycling reduces electrochemical performance

in stoichiometric layered compounds,[��–��] and why highly lithiated compounds such as

layered Li�.���Mo�.���Cr�.�O� (Li:TM ~�.�) are able to disorder over the �rst few cycles

without losing signi�cant capacity.[��]

Some compounds, however, appear to violate the percolation network explanation. For

example, approximately �� % theoretical capacity has been observed for tens of cycles in the

stoichiometric rocksalt LiMnO� andNaMnO�.[��] These materials are synthesised via high-

energy ball milling and have low surface areas, consisting of fused nanosized domains. It is

assumed that the resulting large amounts of grain boundaries enable facile ion movement,

and di�usion distances for o-t-o hopping in the bulk are su�ciently small.[��] Grain

boundary di�usion is well-known from other �elds and o�ers a reasonable explanation for

this apparent violation of the previously discussed structure-mobility-relationship, while

showing that several approaches for synthesising electrochemically active rocksalts are

available.[��]

�.�.� The Redox Chemistry of Disordered Rocksalts

Disordered rocksalt structures allow for the synthesis of compounds with signi�cantly

less order, as well as larger di�erences in ionic radii and valences.[��,��,��] For example,

ions with d� valence can easily be incorporated, and accommodate large distortions

of their coordination environments.[��] This is based on their low bond directionality,

compared to ions with partially occupied d shells, where the incomplete orbital occupation

results a non-centrosymmetric electron distribution and preferential bonding in certain

directions.[��] While d� ions do not store charge and have low electronic conductivities,
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their high tolerance for distortion allows for the synthesis of compounds with multivalent

redox couples.[��,��] Li�Mn�.��Nb�.��O�F (Nb�+, d�) and Li�Mn�.�Ti�.�O�F (Ti�+, d�), for

example, exhibit capacities of ~���mAhg-�, based onMn�+/Mn�+ redox.[��,��]

Disordered compounds are not limited to TM redox, and the structure-redox relationship

between collinear Li-O-Li con�gurations and O redox, applies equally.[��,��,��,��,��] Several

alkali-rich compounds with ’excess’ capacities have been reported, and the characteristic O

redox features in SXAS and RIXS have been observed.[��,��] The distinct voltage plateaus of

layered Li-rich compounds are not present, although several compounds exhibit di�erent

voltage pro�les for the �rst and subsequent cycles (�g. �.�).[��,��] This is likely due to

the multitude of local environments, which create a distribution of Li extraction and

insertion voltages. The varying environments can be assumed to create redox-active O �p

states with a range of energies, resulting in an increased overlap of bands with TM and O

character. Charge compensation is therefore likely based on both redox processes occurring

simultaneously over a broad range of voltages.

�.�.� Disordered Lithium Oxy�uoride Rocksalts

The partial replacement of O�- with F- has been shown to increase the insertion voltage

in Li ion cathodes, based on the inductive e�ect arising from the highly electronegative

�uorine.[��,��,��–��] The substitution with monovalent F- also allows for the reduction of

the average TM oxidation state in the pristine material, and therefore an increase in TM

redox capacity. The e�ect can be observed in materials like Li�VO� and Li�VO�F.[��,��]

While Li�VO� is limited to the V�+/V�+ redox couple, and has a theoretical TM capacity of

��� mAhg-�, Li�VO�F employs a V�+/V�+ redox couple with ��� mAhg-�. Experimentally,

~��� mAhg-� and ~��� mAhg-�, respectively, are observed on �rst charge.[��,��] In addition

to the larger capacity, the oxy�uoride shows signi�cantly improved kinetics, based on the

lower repulstion arising from the lower average charge of the V ions, as well as a higher

discharge voltage.[��,��] Other compounds, such as Li�VxCr�-xO�F (x = �, �.�, �.�, �.�; > ���
��



Figure �.�: Voltage pro�le and cycle-dependent capacities for Na�.�Nb�.�Mn�.�O�.
Left: Voltage pro�les obtained for the �rst three cycles, with the dashed line at ~��mAhg-�
indicating the TM redox capacity.
Right: Discharge capacity as a function of cycle number, with and without the electrolyte
additive NaFSA.
Reprinted (adapted) with permission from [��]. Copyright (����), American Chemical
Society.

- ���mAhg-�),[��] LiNiOF (~���mAhg-�),[��] and Li�MoO�F (~���mAhg-�),[��] also exhibit

high capacities, based on multi-valence TM redox.

Recently, the Li-rich �d compoundLi�MnO�Fwas reported, which exhibits a capacity of up

to ���mAhg-� at an average voltage of ~�.�V.[��] Charge compensation is based on combined

Mn�+/Mn�+ TM redox, as well as highly reversible O redox.[��] The material is a promising

candidate for addressing the cathode challenge and is investigated in detail in this thesis.[��]

�.�.� Present Challenges with Disordered Rocksalt Cathodes

The disordered rocksalt and oxy�uoride space is not very well explored, and many aspects

have not been investigated inmuch detail. The local structure-electrochemistry relationship

of this class of materials is not well understood, particularly with regards to O redox.

Investigating the structures of disordered rocksalts is challenging, as the conventional

long-range probe XRD yields limited results, and advanced characterisation techniques,

such as pair distribution function analysis (PDF), are required.[��–��,��,��,��]

Additionally, a rapid capacity fade observed in these compounds (�g. �.�), which needs to

��



be understood and solved before commercial applications are possible.[��,��,��,��,��,��,��] The

current understanding suggests a surface phenomenon, as carbonate species are observed

on the cathodes on discharge, and electrolyte additives have been shown to improve

performance in some compounds (�g. �.�).[��,��] However, while cyclic performance was

improved, the fading is still very high and potentially based on a bulk process, such as TM

migration or local structural changes.

�.� Thesis Outline and Objectives

In order to address some of the fundamental challenges associated with O redox in layered

and disordered rocksalt compounds, this thesis aims to contribute to the following points:

�. Chapter � addresses the di�culty of reliably performing synchrotron hard X-ray

operando experiments with Li-rich compounds, which are required to study the

crystal and electronic structure. A novel operando cell, designed for this purpose, is

presented and the design discussed.

�. Chapter � investigates the contribution of TM redox, and its interplay with O redox,

in the layeredLi-richmaterials Li�.�Ni�.�Mn�.�O� andLi�.�Ni�.��Co�.��Mn�.��O�. There

is signi�cant debate about the oxidation states of Ni in both compounds, which

are studied using bulk-sensitive techniques. Operando Kα-detected �d TM K edge

XANES and operando Kα X-ray emission spectroscopy (XES) are combined with

several structural probes to show that Ni is fully oxidised in Li�.�Ni�.��Co�.��Mn�.��O�

and not in Li�.�Ni�.�Mn�.�O�.

�. Chapter � addresses the structure-electrochemistry relationship of disordered

rocksalts, using Li�MnO�F as a model compound. The previously unknown local

structure of the material is analysed using a combination of neutron di�raction,

neutron pair distribution function (PDF), and Reverse Monte Carlo (RMC) �tting.

The obtained structural model shows that O environments are not statistically

distributed in the material, with signi�cant in�uence on O redox.
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�. Chapter � investigates the capacity fade observed in Li�MnO�F. A variety of ex-

situ and operando structural and electrochemical probes, such as neutron PDF and

electrochemical impedance spectroscopy (EIS), are used to analyse bulk and surface

changes and identify the origin of the behaviour. It is found that a signi�cant increase

in charge-transfer resistance over the �rst ten cycles creates an asymmetry in the

cathode internal resistance between charge and discharge, preventing full reinsertion

of Li.
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Chapter �

Theory and Methods

This chapter outlines the techniques used in this thesis, as well as the theory underlying

them. Due to the breadth of the battery �eld, the descriptions are not exhaustive, but aim

to give an overview.

�.� Working Principle of a Cell and Electrochemical

Testing

A typical lithium ion battery (LiB) consists of two electrodes, linked by an electronically

insulating, ionically conductive compound called electrolyte (�g. �.�). The electrolyte,

usually a Li salt dissolved in organic solvents, is soaked into a glass�bre�eece or polymer�lm,

called separator. The two electrodes are additionally connected to an external electronic

conductor containing a load, completing the circuit. Through a suitably chosen load

resistance, the amount of exchanged electrons can be controlled. Charge neutrality requires

that for each electron that moves through the circuit an equivalent amount of charge, in

the form of Li ions, is exchanged between the electrodes through the electrolyte. In a LiB,

the electrode materials can reversibly take-up and release Li ions, and the compositions and

reaction speed can therefore be controlled via control of the �ow of electrons.
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Figure �.�: Working principle of a LiB, consisting of a layered positive electrode, and a
graphite negative electrode. The direction of electron �ow is indicated with arrows for the
charge and discharge.

The reactions of a cell can be separated into two half cell reactions, one of which occurs

at each of the electrodes. Again, charge neutrality requires that the oxidation reaction

(anodic process), which occurs on one of the electrodes and releases electrons into the

circuit, is accompanied by an equal reduction reaction (cathodic process) on the second. It

is convention to label the electrode, at which the reduction reaction occurs on discharge,

the cathode, or positive electrode, regardless of the direction of current �ow. Similarly,

the other electrode is called the anode, or negative electrode. This deviates from the exact

electrochemical de�nition, where anode and cathode are used to describe the electrodes at

which the reduction and oxidation reactions occur, respectively, and which change based

on the direction of current �ow.

For an LCO/graphite cell, the half- and full-cell reactions are as follows:

LiCo�+O�
Charge (Oxidation)���������→←���������

Discharge (Reduction)
Li�-xCo�+xO� + xLi+ + xe- Cathode reaction

C� + xLi+ + xe-
Charge (Reduction)���������→←���������
Discharge (Oxidation)

LixC� Anode reaction

LiCoO� + C�
Charge����→←����

Discharge
Li�-xCoO� + LixC� Full cell reaction
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�.�.� Cell Voltage

During discharge the chemical reactions progresses spontaneously, at a voltage determined

by the Gibbs free energy of the reaction:

�Gr = Gf, products −Gf, reactants (�.�)

= −neF Uoc (�.�)

where �Gr is the Gibbs free energy of reaction, Gf,i is the sum of the Gibbs free

energies of formation, ne are the moles of electrons exchanged, F is the Faraday constant

(~ �����Cmol-�), and Uoc is the cell open circuit potential.

The relationship can also be expressed in the form of chemical potentials µ, which describe

the change of the Gibbs free energy with the number of a given species’ particlesN , with all

other factors kept constant:

µk = � @G
@Nk

�
p,T,Nl≠k

(�.�)

where p is the pressure and T is the temperature.

The cell open circuit voltage then arises from the di�erence in chemical potential of the

species in the anode µa and the cathode µc:

Uoc = µa − µc

e
(�.�)

where e is the elementary charge (~�.��� ⋅ ��-�� C).

The shape of the voltage pro�le, a plot of the measured cell voltageU vs. time t (or a related

quantity), therefore contains information on the reaction, owing to the causal relationship

between voltage and composition.
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The concept can be expanded using Gibbs’ phase rule, which describes the relationship

between the degrees of freedom Df of a system’s intensive quantities (e.g. p, T , or µ and

Uoc), and the number of phases P :

Df = C − P + 2 (�.�)

where C is the number of independent components in the system used to form the phases

(e.g. in this case a Li ion and a host). Df describes how many intensive quantities can vary

independently, and for isobaric, isothermal conditions (which are found for all experiments

performed in this thesis), the rule simpli�es to:

Df = C − P (�.�)

In an electrode C = �, as the system is comprised of the host and an ion. When the

composition of an electrode changes as a solid solution (incremental, homogeneous change

of the entirety of the active material), P = �→Df = �, and the remaining degree of freedom

allows Uoc to vary. This results in a sloping voltage pro�le. If a two-phase system is present,

P = �→Df = �, and a voltage plateau is observed.

�.�.� Galvanostatic Cycling

Themost commonly used formof passing charge in fundamental battery chemistry research

is galvanostatic cycling, where a constant current I is applied to the cell, and the voltage is

allowed to vary freely within pre-set bounds.

For easier comparison, I is often reported as an intensive quantity Ĩ , which is normalised to

the active mass (unit: mAg-�).

The amount of Li (de)intercalation in the electrodes is directly proportional to the amount

of current passed, according to Faraday’s law of electrolysis, and the stoichiometry can

therefore be controlled electrochemically. The speci�c capacity passed Q̃, which describes

the amount of chargeQ passed per unit mass of active material, is de�ned as:
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Q̃ = � t

t0

Ĩ(t)dt (�.�)

and simpli�es to

Q̃ = Ĩ�t. (�.�)

as the current is constant.

The theoretical capacity Qth of a material is related to the amount electrons that can be

extracted from it, or the amount of ions it can exchange, whichever is limiting:

Qth = nthF
3.6M

[mAhg-�] (�.�)

where nth is the fraction of moles of electrons or ions per mole of compound

(dimensionless),M is themolarmass, and �.� is a factor arising from the the conversion from

coulomb tomilliampere hours (mAh), a commonly used unit in battery chemistry research.

As both electrons and Li+ have the same magnitude of charge, the number of electrons is

equal to the number of Li ions extracted for LiBs.

�.�.� Energy Stored Within a Cell

For a given amount of charge, the released chemical energy, or work done, per unit mass Ẽ

is de�ned by the cell reaction:
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E =�Gr (�.��)

Ẽ = Q̃U (�.��)

= � t

t0

Ĩ(t)U(t)dt (�.��)

= Ĩ � t

t0

U(t)dt (�.��)

≈ Ĩ n−1�
k

Uk+1 +Uk

2
(tk+1 − tk) (�.��)

where the last equation factors in that experimental data is sampled at a �nite rate.

As evident from the relationship, two related properties directly in�uence the energy stored

in a cathode: First, the amount of chargeQ that is available, mainly limited by the amount

of (accessible) Li+ in the material, due to the voltage window and irreversible structure

changes. It can, however, also be based on the available number of electrons, which depends

on the redox reactions and therefore ultimately on the stable oxidation states of the redox

couples (e.g. Ni�+/Ni�+). Second, the voltage is crucial, as the stored energy is directly

proportional to it, and high-voltage redox reactions are therefore desired.

These factors can be visualised as a plot of dQ�dU vs. U , called di�erential capacity.

Extrema in this plot correspond to the voltages of redox reactions, and the peak area

corresponds to the amount of charge passed. Positive values correspond to oxidation

reactions on the working electrode, whilst negative values indicate reduction processes.

A fully reversible electrochemical system at OCV would be symmetrical with regards

to the abscissa, and deviations from this symmetry contain additional information on

thermodynamic limitations, e.g. hysteresis, as well as rate e�ects caused by the current.

��



�.�.�.� In�uence of Current Flow

The magnitude of the current used to charge and discharge a cell has an in�uence on

the observed electrochemical behaviour. This is due to the internal resistance of the cell,

which arises from the ohmic contributions of the individual components, as well as their

reactances, which are mainly based on polarisation e�ects and concentration gradients due

to the movement of ions.

The magnitude of the voltage drop �U is proportional to the product of the e�ective

resistanceRe and the applied current, according to Ohm’s law, and called overpotential:

�U = ReI (�.��)

where the sign of the current is positive during charge and negative during discharge. This

results in a di�erence of the observed cell voltage U from UOC , as described by:

U = UOC +�U (�.��)

Large overpotentials cause U to reach the voltage limits more quickly, and hence limit the

amount of ions that can be extracted or inserted. As a result, low currents are used most

frequently in fundamental cathode research. The value is sometimes presented as a so-called

C rate, the inverse of the number of hours required for a full (dis)charge (e.g. a �Cdischarge

indicates a full discharge in ��min).

�.�.� Operando Electrochemical Mass Spectrometry (OEMS)

Operando Electrochemical Mass Spectrometry (OEMS) is an experimental technique that

allows for the identi�cation andquanti�cation of gases emitted by an electrochemical system

during cycling. It is based on an electrochemical cell that is subject to a constant stream of an

inert gas, e.g. Ar, which is fed into amass spectrometer. There the gas is ionised, and the ions

are separated and analysed according to theirmass-to-charge ratiom�z, e.g. via a time-of-�ight
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analyser. Gasses evolved by the cell can then be identi�ed according to their m�z, quanti�ed
by the amount of counts, and correlated with the electrochemical processes.

�.�.� Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful, non-destructive technique

for studying electrochemical systems. It is based on probing the frequency-dependent

opposition to current �ow, called impedance Z (⌫), and correlating it with physical and

electrochemical processes.

Experimentally, this is achieved by sending a variable-frequency alternating current (AC)

signal of either constant voltage or constant current amplitude through the system and

recording the corresponding response.[��]

Z can be seen as an extension of Ohm’s law to the frequency space, whereZ is the quotient

of voltage U(⌫) and current I(⌫). Using a sinusoidally varying voltage as an input signal

the relationship can be expressed as:[��]

Z = U(!)
I(!) (�.��)

= U0 sin(!t)
I0 sin(!t − �) (�.��)

= Z0
sin(!t)

sin(!t − �) (�.��)

where ! = 2⇡⌫ is the angular frequency and � the phase shift of the response. According to

Euler’s formula this expression can also be represented using complex exponentials:
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Z = Z0
ej!t

ej(!t−�) (�.��)

= Z0e
j� (�.��)

= Z0 (cos� + j sin�) (�.��)

=√R2 +X2 (�.��)

where j = √−1 is the imaginary unit, R is the (frequency-independent) ohmic resistance,

andX is the (frequency-dependent) reactance.

Z can be represented in two ways: Either as two plots of Z vs. ⌫ and � vs. ⌫, called Bode

plot, or as as plot ofZ0 cos� vs. Z0 sin�, called a Nyquist plot.[��]

Individual parts of an electrochemical system exhibit di�erent responses as a function ofAC

frequency, and often behave close to ideal physical components such as resistors, inductors,

and capacitors (tab. �.�). E.g. the solid electrolyte interphase (SEI) between the anode and

the electrolyte, as well as electrochemical double layers, behave close to ideal capacitors,

which cause a phase shift of � = -��○ between I(t) and U(t). For Li ion batteries, usually

o○ > � > -��○ is found, owing predominantly to geometric e�ects such as electrode porosity,

and constant phase elements (CPEs) can be used to account for these e�ects and �t the data

accurately (see tab. �.�).

Inductors cause a positive phase shift of � = ��○. Their e�ects are often small in battery

cells and of lower interest to electrochemical research, as they arise predominantly from

the metallic components such as current collectors and are usually observed in the high

frequency region of a spectrum, which are less important for DC sources like batteries.

Di�usion processes cause phase shifts of � = -��○, and the e�ects are often described using

Warburg elements. Concentration gradients take comparatively long to build-up, and
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Table �.�: Impedance Behaviour of Common Equivalent Circuit Elements

Electrochemical System
Component

Equivalent
Circuit
Element

Impedance
Behaviour

� [○]

Electrolyte & current
collector resistance,

charge-transfer processes

Resistor Z = R �

Ideal double-layers,
surface-layers, interfaces

Capacitor Z = 1�j!C - ��

Real double-layers,
surface-layers, interfaces

Constant
Phase Element Z = 1�(j!)↵Yc � > � > -��

Wires, current collectors,
etc.

Inductor Z = j!L ��

Di�usion in electrodes, etc. Warburg
Element Z = (1 − j)�√! -��

R is the ohmic resistance,C is the capacitance, Yc is the capacitance for a constant phase
element (no direct physical meaning), ↵ is a coe�cient < �, L is the inductance, and
� ∝ 1�√D is the Warburg coe�cient, related to the system’s di�usion coe�cientD.

Warburg impedance e�ects are observed at low frequencies, usually < �Hz.

Lastly, ohmic resistances, which are frequency independent and do not exhibit a phase shift,

arise from constituents such as the electrolyte or the current collectors, as well as resistances

at interfaces, e.g. the charge-transfer resistance.

Using these components, an equivalent circuit, based on reasonable assumptions about the

electrochemical system, can be �tted to the data.[��] The values for the �tted properties, e.g.

resistances and capacitances, contain information about the studied system. A prerequisite

for this is that a causal relationship exists between the input and output signals, which

requires the system to be in a stable state for the duration of the experiment, and its

response to be linear, as well as proportional to the input quantity. This requires stringent

experimental conditions, such temperature control and suitable relaxation times of the

electrochemical system before measurements, as well as su�ciently small input signals.
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�.� Synthesis of Cathode Materials

Li ion cathode materials can be prepared in a variety of ways, ranging from wet-chemistry

techniques, e.g. hydrothermal synthesis, and solution-assisted approaches, such as co-

precipitation and spray pyrolysis, to powder-basedmechanochemical and high-temperature

solid-state methods.[��,��,��]

The technique, aswell as the exact synthesis conditions, greatly in�uence the electrochemical

performance of the resulting material, as they control factors such as phase composition

and purity, TM oxidation states, cation mixing, bulk and surface defects, and particle size

distribution, amongst others.[��,��,���]

�.�.� Solid-State Synthesis

For the solid-state synthesis of layered �d TM cathodes, precursors based on metal oxides,

carbonates, organic salts, and other compounds that decompose at elevated temperature, are

usually used.[��,��] The powders are intimately mixed, e.g. using mortar and pestle or via ball

milling, and pressed into pellets using several GPa of pressure, which increases the contact

area between adjacent particles, reducing the di�usion lengths and facilitating a quicker

reaction.[��] The precursors are then reacted at elevated temperatures ranging from several

hundred degrees Celsius to above ���� ○C, under a variety of atmospheres (e.g. air, vacuum,

O�, H�, etc.).

�.�.�.� Resorcinol Formaldehyde Gel-Assisted Solid State Synthesis

In this thesis resorcinol formaldehyde gel-assisted synthesis (RF-gel), a solution-assisted

solid-state approach, was used. The technique relies on creating a precursor powder via

the combustion of a gel, formed from a solution containing stoichiometric amounts of Li

and TM ions. The solidi�ed gel traps the ions, and subsequent drying and combustion of

the organic framework creates an intimately mixed metal oxide powder, which is reacted at
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elevated temperatures in a second step.[���] Due to the nanoscale mixing of the ions, phase-

pure powders can be synthesised without a pellet-pressing step.

�.�.� Mechanochemical Synthesis

Mechanochemical synthesis is a collective term describing techniques that enable chemical

reactions through externally introduced mechanical stress.[���] The reactants are usually

loaded into a ballmill jar, comprised of a hard, abrasion resistantmaterial such asZrO�, along

with several balls of the samematerial. Energy is then introduced to the systemby spinningor

vibrating the jar at high speeds, e.g. in a planetarymill, resulting in a reduction of the particle

size and intimate mixing, as well as high mechanical stress and localised heating, due to the

high-speed impacts of the balls.[���] These extreme local conditions enable the synthesis of

many compounds, some of which are metastable and not accessible using traditional heat-

based synthesis routes. Process variables such as rotation speed and milling time, as well as

size and density of the milling media, are available to control the synthesis conditions.

�.� Electrode Preparation and Cell Assembly

In order to study the electrochemical behaviour of cathode materials, charge needs to be

passed between it and a counter electrode in a controlled and reproduciblemanner. Cathode

materials are electronic semiconductors or insulators and composite electrodes, comprised

of the cathode active material (AM), a conductive additive, such as carbon black, and a

polymer binder, that ensures structural stability, are used to increase the conductivity.[���–���]

�.�.� Composite Cathode Preparation

Industrially, cathodes are usually prepared by casting, where the AM and conductive

additives are suspended in a solution of the binder and a solvent like N-Methyl-�-

pyrrolidone (NMP), creating a slurry, called ink. This ink is then coated onto a current
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collector foil (e.g. Al) and the NMP evaporated, creating electrode sheets. A calendering

step, in which the electrode is compressed between roller presses, is used to increase the

contact area between the AM and the conductive additive, as well as control the porosity.

The sheets are then cut to size and assembled into cells.

A similar process can be used in laboratory settings, where the ink is applied to the

current collector using e.g. a doctor blade. These electrodes show excellent electrochemical

performance, due to the intimate contact between AM and conductive additive.

For many analysis techniques, however, the presence of an Al current collector can be

detrimental (e.g. di�raction experiments where additional re�ections are introduced), and

free-standing electrodes are desirable, which can be prepared using polytetra�uoroethylene

(PTFE) as a binder. For cathodes used in this thesis this technique was used throughout.

First, AM and carbon black were mixed for ten minutes using a mortar and pestle. Second,

the PTFE was added to the mixture, and ground for �ve minutes. The resulting �akes were

folded onto one other and sheared between the mortar and pestle for an additional �ve

minutes. The resulting cathodewas calendared using a roller press to a thickness of ~����m,

and discs with� �mmwere cut using a hollow punch.

�.�.� Coin Cell Assembly

Coin cells are the most popular cell format for the study of fundamental LiB electrode

processes, as they are easy to assemble, hermetically sealed, and have an almost ideal,

parallel electrode geometry, where both cathode and anode pellets are compressed between

oversized current collectors (�g. �.�). This prevents geometric factors, such as the number

and position of tabs, from in�uencing the electrochemical response of the system.

Coin cell dimensions are standardised for ’watch batteries’ in IEC �����-�, and most

available cells follow this same convention. For larger cells, the standard establishes a four

digit system, where the �rst two describe the approximate diameter of the cell inmillimetres,
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and the second two give the thickness in �.� mm increments. In this thesis ���� coin cells,

with a diameter � of �� mm and a thickness h of �.� mm, as well as ���� (� �� mm, h

�.�mm), were used.

Figure �.�: Exploded view of a coin cell.

During assembly (�g. �.�), a cathode pellet

(�) is placed inside the can (�) and covered

with a glass �bre or polymer separator (�).

The separator is soaked with electrolyte, a

Li metal disc (�) is placed on top of it, and

covered with a stainless steel spacer (�) and

a spring (�). A polypropylene gasket (�) is

�tted around the lip of the lid (�) and the

assembly placed on top of the spring (�).

The whole cell is then hermetically sealed,

in a dedicated tool, by partially crimping the

top of the can (�) around the gasket (�),

without electronically contacting the lid (�).

To remove the cathode after cycling, e.g. for ex-situ analysis, the cells can be opened using a

dedicated decrimping tool that prevents short circuiting.

�.�.� Three-Electrode Pouch Cell Assembly

Coin cells are limited to two-electrode experiments, owing to their architecture, and the

collected electrochemical data is a combination of the responses of the anode and cathode.

In order to separate the e�ects of the individual electrodes on the total cell properties, a

three electrode set-up is required, where a reference is placed in between the working and

counter electrodes.

This can be achieved with pouch cells, using a cell stack as depicted in �g �.�. L-shaped
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Figure �.�: Exploded view of a three-electrode cell stack, which is sealed inside an aluminium
laminate pouch for electrochemical testing.

current collectors (�, �) are used to connect the cathode (�) and Li metal anode (�) to the

external circuit. In between, a small Li metal reference electrode (�), on a thin current

collector (�), is compressed between two glass �bre separators. The reference electrode

assembly is arranged in such a way that it is as close as possible to the anode and cathode, but

not in between, in order not to disturb the �ow of ions. Similarly, it is placed in a manner

that the Li pellet is equidistant to both cathode and anode.

Electrolyte is added to the separators, and the whole stack is vacuum-sealed inside of an

aluminium laminated pouch, with the three current collectors protruding from the seal.

The pouch can then be clamped between two rigid surfaces, to provide stack pressure.

�.� Total Scattering and Di�raction Analysis

Condensed matter is comprised of atoms, with bond distances of approximately the same

order ofmagnitude as the wavelengths of X-ray, neutron, and electron radiation. As a result,

the waves of these particles create interference patterns after scattering on the atoms, and the

resulting intensity variations contain information that can be used to analyse the local and
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Figure �.�: The scattering geometry underlying Bragg’s law for two planes of atoms with a
separation of distance d.

average structures of materials. The following sections outline the techniques used in this

thesis.

�.�.� Di�raction Analysis and Long-Range Order

Crystalline solids contain regular arrays of atoms or ions. This order can be described using

the planes generated by the regular arrangement, which are described by the Miller indices

hkl. These are de�ned as the reciprocal values of a plane’s intersects with the lattice vectors

of the unit cell a, b, c, e.g. the (���) plane has intersects at �.� a, �.� b, and �.� c.

Thewaves scatteredby a set of (geometrically equivalent) planes {hkl} interfere destructively,

unless the path di�erence between waves scattered by two adjacent planes is an integer

multiple of the wavelength, as described by Bragg’s law (�g. �.�):[���,���]

n� = AB +BC

= 2AB
= 2dhkl sin(✓)

(�.��)

where n is an integer, � is the wavelength, the points A,B,C are de�ned in �g. �.�, dhkl is

the lattice spacing for the set of planes {hkl}, and ✓ the incident angle.

The constructive interference can be detected as a sharp increase in the intensity of scattered
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radiation, termed re�ection, and a set of re�ections in a di�raction pattern can be used to

determine the lattice spacings and symmetry of the underlying crystal structure.

For single crystals, the re�ections are visible as distinct spots, whereas the random crystallite

orientations in a powder sample cause the radiation to be scattered statistically, creating

rings of di�racted radiation. A �Dpowder di�ractogram is a slice through these cones, with

the intensity of the cones i recorded on the ordinate.

The scattering angle between the incoming and re�ected beam is at an angle of �✓ (�g.

�.�), and the intensity variation is usually reported as a plot of i vs. �✓. This makes direct

comparison of data collected using di�erent wavelengths di�cult, as the scattering angles

vary. A wavelength-independent quantity is the absolute value of the scattering vector q:

q = 4⇡sin (✓)
�

[Å-�] (�.��)

Using q instead of �✓, data collected using di�erent kinds of radiation can be compared

directly, and it is used exclusively in this thesis.

The positions of the Bragg re�ections in a di�ractogram contain information on the unit

cell size and space group (symmetry), but not on the kinds of elements populating it. This

information is contained in the intensity of the re�ections, which depends on the species’

scattering properties:.

The intensity ihkl of a re�ection, corresponding to a set of planes {hkl}, is related to the

structure factor Fhkl:

ihkl ∝ �Fhkl�2 (�.��)

where Fhkl is de�ned as:

Fhkl =�
m

fme
2⇡j(hxm+kym+lzm) (�.��)
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where fm is the atomic form factor of atomm. xm, ym, zm are the corresponding real-space

coordinates, and hkl are the Miller indices.
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q [Å�1]

0

5

10

15

20

25

30

f
(q

)
[e

le
ct

ro
n
s]

Li (Z = 3)

Mn (Z = 25)

Co (Z = 27)

Ni (Z = 28)

Figure �.�: X-ray atomic form factors f
for elements commonly used in Li ion
batteries.[���]

For electrons, f describes the q-dependent

scattering power of atoms and ions, as

a multiple of the scattering power of a

single electron (�g. �.�). This is due to

the oscillating electric �eld of an X-ray

interacting with the atom’s electrons,

and their number is therefore directly

proportional to the scattering amplitude.

At q = �, f = Z, provided the atom is

not ionised. A similar relationship with

a strong q-dependence exists for electron

radiation. Neutrons interact with the nucleus of atoms via the strong nuclear force, and

the neutron equivalent of f , the scattering length b, shows no q-dependence, as well as no

Z-dependent trend, varying signi�cantly between adjacent elements and even isotopes. The

di�ractograms for the same compound, collected using multiple kinds of radiation, can

hence look very di�erent.

A �nal property of a di�ractogram is the shape and width of the re�ections. As di�raction

experiments are not conducted at absolute zero temperature, the thermal motion of

atoms around their mean positions causes broadening. Additionally, the instrument has a

contribution, as well, as e.g. the wavelength of the radiation is not perfectly monochromatic

and has a spread around an average energy.

Two other important sources are the size of the crystallites in the sample, as well as lattice

strain. For crystallite sizes below~���nm, the peakwidth increases according to the Scherrer

equation:[���]
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�ps = K�

⌧ cos ✓
(�.��)

where�ps is the broadening,K is a constant ~�, and ⌧ is the crystallite size, also called domain

size.

Microstrain also causes peak broadening, as it changes the lattice spacings:

�✏ = 4✏ tan ✓ (�.��)

where �✏ is the strain broadening, and ✏ the lattice microstrain.

In practice, many factors in�uencing a di�raction pattern, such as details of the the

instrument geometry and broadening, are determined through the use of a standard with

known properties, and �xed for the data processing of unknown samples. This way

parameters, such as theunit cell dimensions and site occupancies, canbeobtained. Especially

more sensitive contributions, such as peak broadening, require careful calibration of the

instrument’s e�ects. The di�erent types of broadening can then be separated, based on their

di�erent q-dependence, provided su�cient re�ections are present.

�.�.�.� Rietveld Re�nement

Rietveld re�nement is amethodology for iteratively�tting a structure to a di�ractionpattern

using a least-squares method. In this approach, a reasonable guess for a structure is used as

a starting point, and its peak positions, intensities, and broadening are calculated using the

equations outlined in the previous section. The resulting pattern is added to a background,

usually described by a polynomial, which attributes for the di�use (non-Bragg) scattering of

the sample.

The calculated result is then compared with the experimental pattern, and, via variation of

parameters such as unit cell parameters or site occupancies, improved using a least-squares

algorithm.
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The algorithmminimises

� =�
m

wm(ic,m − ie,m)2 (�.��)

where wm is a weighting factor, im is the intensity at qm, the indices c and e describe

calculated and experimental values, respectively, and m runs over the data points of the

sample.[���,���]

A common way to quantify the discrepancy between the calculated and experimental data

is the weighted pro�le factorRwp:[���]

R2
wp = ∑m wm(ic,m − ie,m)2∑m wmi2e,m

(�.��)

= �

∑m wmi2e,m
(�.��)

The ’goodness of �t’ as determined by Rwp depends largely on which parts of the data

are taken into account. A large amount of well-�t background reduces Rwp but does not

directly improve the�t’s information, as the data at the sharp re�ections is signi�cantlymore

important.

An ideal value forRwp, taking into account the number of data points, is called the expected

R-factorRexp:[���]

R2
exp = N − P

∑m wmi2e,m
(�.��)

where N is the total number of data points, and P is the number of �t parameters. This

enables the use of a relative measure of ’goodness-of-�t’ chi-squared (�2):[���]

�2 = �Rwp

Rexp

�2

(�.��)

with values �2 ≥ 1, and �2 = 1 for the best possible �t.
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Using this iterative approach, in conjunction with a chemically reasonable starting model,

the average, long-range structure of a compound can be determined with high precision.

�.�.� Total Scattering and Local Structure Analysis

Bragg di�raction analysis is a powerful tool for understanding the long-range structure

of solids, but the technique is limited to solving the average structure, as the di�raction

peaks arise from the constructive interference of many planes of atoms. The background

surrounding the Bragg re�ections, which arises from di�use scattering, is not analysed

explicitly but �tted with e.g. a polynomial, and the information contained within it is

ignored. Pair distribution function (PDF) analysis treats all parts of the scattering data

equally and explicitly includes the di�use ’background’ scattering. The technique can

therefore be used to analyse the structure of matter without long-range order, including

gasses, liquids, and amorphous solids.[���,���]

Experimentally, the setup is similar to di�raction experiments, however more care needs

to be taken to minimise unwanted contributions. As for di�raction, the total scattering

intensity i(q) is collected,† however to much larger values of q (large scattering angles). It

therefore contains the Bragg re�ections, as well large regions of almost featureless di�use

scattering. A value of q ~� Å-� is the maximum achievable on a laboratory di�ractometer

using Cu-Kα radiation, whereas q ≥ �� Å-� is required for PDF, to obtain a su�cient

resolution, and experiments are often performed with high-energy synchrotron radiation.

Using i(q), the reduced scattering function S(q) is derived via normalisation:

S(q) = i(q)
N�f(q)�2 + �f(q)�

2 − �f 2(q)��f(q)�2 (�.��)

whereN is the number of scatterers and �f(q)� is the arithmetic mean of the form factors
†As only powdered samples are used in this thesis, and the properties are hence isotropic, q = �q�, where q

is the scattering vector, is used to present the scattering-angle-dependence of all properties in this thesis. The
equations are therefore not valid for single-crystal total scattering.
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f(q), which are de�ned as in �.�.�. This has the e�ect that �S(q)� = 1.

To increase the contribution from the high-q region, where the information of the

di�use scattering is predominantly contained, the reduced total structure function F (q)
is calculated:

F (q) = q (S (q) − 1) (�.��)

F (q) is a normalised, scaled version of the total scattering i(q) obtained experimentally.

As it is still de�ned as a function of reciprocal / q-space, its interpretation is not intuitive

and a transformation into real space is achieved via a sine Fourier transform, resulting in the

reduced pair distribution functionG(r): ‡

G(r) = 2

⇡ �
∞

0
F (q)sin(qr)dq (�.��)

= 2

⇡ �
qmax

qmin

F (q)sin(qr)dq (�.��)

≈ 2

⇡

N−1�
m

Fq,m sin�2⇡m
N

r� (�.��)

where r is the real-space radius, qmin and qmax are the extrema of the collected data, and

the last equation factors in the discrete nature of the data withN sample points, with Fq,m

as themth sample of F (q), and making use of the implied periodicity of a discrete Fourier

transform.

G(r) oscillates around the abscissa andG(r)�→ 0 as r �→ 0with a slope of−4⇡⇢0, where

⇢0 = NA�V is the average number density of the material (atoms per unit cell [# Å-�] ). In a

perfect crystal, this oscillation continues as r �→∞, but in real systems it approaches zero

due to the �nite size of the scattering domains. The function hence contains information
‡In literature, the acronym PDF is used as an umbrella term for several forms of correlation functions

based on Fourier-transformed total scattering data. In this thesis, and if not otherwise speci�ed, PDF refers to
G(r) as de�ned here.
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on the dimensions of the studied material, e.g. crystallite size.

As G(r) is obtained directly from the Fourier transform of the data, measurement

uncertainties are not a function of r, and hence errors during �tting (the di�erence between

a calculated and experimentally observedG(r)) are indicative of the validity of a structural
model at a certain region.[���]G(r) is therefore very useful to interpreting �t quality and used
for all data �tting in this thesis, although the quantity is not directly physically meaningful.

Several directly physically signi�cant correlation functions, however, can be derived,

including g(r), which gives the probability of �nding two atoms separated by a distance

of r:

g(r) = G(r)
4⇡r⇢0

+ 1 (�.��)

An second, important function is the radial distribution functionR(r):

R(r) = 4⇡r2⇢0g(r). (�.��)

which is closely related to the structure of amaterial, as its integral gives the number of atoms

NA within a certain distance window:

NA = � r2

r1
R(r)dr. (�.��)

R(r) is can also be calculated for a given structure model via:

R(r) = 1

N
�
m

�
n

f∗mfn�f�2 �(r − rmn) (�.��)

where the atomic form factors fi are de�ned as in sec. �.�.�, N is the number of atoms,

�(r − rmn) is a Dirac delta function located at the distance rmn between atoms m and n,

and the indices run over all atoms in the structure.
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Further information about the structure is contained in the pair correlation functions gmn

between di�erent atomic pairs in the structure:

gmn(r) = 1

Nm

1

Nn

Nm�
m

Nn�
n

�(r − rmn) (�.��)

where the indices m, n only run over the two species of interest. These functions can be

used to show the relationships (correlations) between di�erent kinds of atoms in a structure,

which is particularly important for complex structures (e.g. disordered rocksalts), where a

simple unit cell is not su�cient to fully describe the material.

Lastly, the reduced scattering functionS(q) can be recovered from the real-space data via an

inverse transformation:

S(q) = 1

q �
∞

0
G(r) sin (qr)dr + 1 (�.��)

As can be seen, R(r) and therefore G(r), as well as S(q), are accessible through both

experiment and structural models. Experimental PDF data can hence be �t using an

iterative approach similar to Rietveld re�nement (sec. �.�.�.�).

�.�.� Reverse Monte Carlo Fitting

"Monte Carlo" is an umbrella term for methods that are based on random sampling to

generate an approximate solution for a given problem.[���] The general principle lies in

calculating a state or a property, which is a function of variables, before and after a random

change is made. If, after comparing the outcomes of the two states, the new one shows an

improvement in a predetermined metric, the move is accepted. Otherwise it is accepted

only with a certain, �nite probability < �. Over time, this results in a map of a property or

state vs. the variables. As moves with a detrimental e�ect are also accepted, albeit with a
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lower frequency, these algorithms can �nd global minima, and do not terminate at the �rst

local minimum.

An example is the internal energy of a solid, which varies as a function of the atomic

coordinates. Using a Monte Carlo approach, the energy can be calculated while the

atomic positions are varied. Over time, a surface of the internal energy vs. di�erent atomic

arrangements is generated, that is guided towards the global minimum by the di�erent

probabilities of acceptingmoves that do and do not lower the energy. Choosing appropriate

parameters for the magnitude of the random moves ensures that the algorithm runs in a

stable fashion.

Reverse Monte Carlo (RMC) methods are similarly based on random moves, however

using experimental data to guide the algorithm. The calculated values are compared to a

dataset, e.g. scattering data, and moves which improve the �t are accepted with a higher

probability than those that do not.[���]

For PDF data, a �rst guess for the structure ismade, usually in the formof a supercell derived

from a Rietveld re�nement. The size of the supercell, often called box, is then based on

the correct unit cell parameters of the average structure, and the atoms within represent the

average atomic con�guration. The algorithm then calculates the PDF for this cell, using the

equations derived in the previous section, and compares it to one or several experimental

datasets.[���] The goodness of �t, �2
k
, is then determined via:[���,���]

�2 =�
m

(yc,m − ye,m)2
�2

m

(�.��)

where yc,l and ye,l are the calculated and experimental value at the mth datapoint. The

parameter �m can be the standard error, or, as in the case of the software used in this work,

a manually set variable, used to weight the contribution of di�erent data.

The total goodness-of-�t �2
T
is then calculated via:[���,���]
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�2
T
=�

n

�2
n (�.��)

where n runs over all datasets used.

For each of these iterations, a random change to the structure is made, e.g. by moving an

atom, or swapping two, and the di�erence between the previous �2
T,old

and the new �2
T,new

is calculated. For the software used in this thesis, the probability of a move being accepted

(pacc), is given by:[���,���]

pacc =
�������������
1, if �2

T,new
≤ �2

T,old

e−
�2

T,new−�2
T,old

2 , if �2
T,new

> �2
T,old

(�.��)

As in conventional Monte Carlo techniques, this �t-dependent acceptance of the change

allows the RMC algorithm to converge towards the global minimum of �2
T
.

Due to the random movements of the atoms, RMC methods tend to converge towards

the most highly disordered structures.[���] These are not necessarily physically or chemically

meaningful, and additional constraints are usually required to guide the calculation. This

can be achieved by including data that are biased towards the long-range order, e.g. S(q)
or Bragg di�raction data, requiring moves to ful�ll both local and long-range criteria. In

this work the algorithm implemented in the RMCpro�le package (Version �.�.�) was used,

which was created for this purpose.[���,���]

�.�.�.� Total Scattering Function Convolution

The supercell used for the optimisation via RMC is of a �nite size, as a compromise between

model accuracy and calculation time, which is accounted for by introducing periodic

boundary conditions at its ends. This periodicity implies that the correlation functions,

such as G(r), can only be calculated to a maximum of half of the shortest length of the

��



cell, and the calculated real space data is therefore truncated at this point. Mathematically,

this is achieved by multiplying G(r) with a step function, the Fourier transform of which

is a sinc function. S(q) is calculated as the Fourier transform of G(r), and therefore in

turn convolvedwith a sinc function. To enable a direct comparison, the experimentalS(q)e
needs to be convolved similarly, resulting in an ’unphysical’ appearance of the �t S(q) data.

�.�.� Practical Aspects of Scattering Experiments

A direct result of the strong interactions between X-rays and matter is that only small

amounts of sample, on the order of milligrams, are needed to collect an i(q) pattern with

a good signal-to-noise ratio. Due to the X-ray form factors, light elements, such as Li, are

hard to detect using X-ray-based techniques, as their scattering power is low. Additionally,

elements with similar atomic numbers, such as the �d TMs, are hard to distinguish. The

strong q-dependence of the scattering factors also requires signi�cant data collection times

for PDF experiments, to achieve su�cient counting statistics in the high-q regions.

As the neutron scattering length b does not scale as a function of Z, techniques based on

this radiation are powerful tools for distinguishing between di�erent TMs, and particularly

to identify positions occupied by Li. b is also constant with q, resulting in good counting

statistics in the high-q region. Theweak interactionbetween the electrically neutral neutrons

and the atoms, however, requires signi�cantly larger sample masses of several ���s of

milligrams, as well as collection times of several hours, to obtain su�cient signal-to-noise.

�.� Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a technique in which the transmission of an

electron beam through a very thin sample is used to analyse the local morphology and

structure.[���] A focussed beam of high-energy electrons is accelerated through an electric

�eld and directed onto the sample surface. Part of it is transmitted and hits a phosphor
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screen or a charge-coupled device (CCD) camera, where an image is formed.

As electrons are charged particles, a strong interaction occurs between the electrons of the

beam and the charges of the nuclei and electrons in the process. The amount of absorption

therefore mainly depends on the number of protons and electrons in the beam path, and

hence Z, as well as the sample thickness.

Due to the low wavelengths of the accelerated electrons, a higher resolution can be achieved

compared to light microscopy, and in high-resolution instruments individual columns of

atoms can be observed.

During the interaction between the electrons and the charges in the materiale, part of the

electrons are scattered, creating a di�raction pattern. These patterns contain information on

the average local crystal structure, as outlined previously (sec. �.�.�).[���] The combination of

both direct observation of the local structure, and the average structure fromdi�raction, can

then be used to characterise the local environments.

�.� X-ray Absorption Spectroscopy (XAS)

Figure �.�: The X-ray absorption spectrum
for Pb. Three absorption edges are visible,
based on excitations from di�erent energy
levels within the atom.
Reprinted from [���], Copyright (����), with
permission from Elsevier.

X-ray absorption spectroscopy (XAS)

entails a wide range of techniques that use

the absorption of X-rays of varying energy

to study materials, based on the fact that

elements absorb radiation at characteristic

energies within the X-ray regime. Increases

in X-ray absorption, due to transitions of

bound electrons into unoccupied states

and the continuum, are used to probe an

element’s unoccupied density of states,

as well as its coordination environment. Synchrotron radiation has made these powerful
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techniques common in battery research, as high-brightness sources of monochromated

X-ray radiation are accessible with moderate experimental e�ort.

When a sample is subject to a beam of X-rays, whose energy is varied, sudden increases

in the absorption are observed at certain, element-speci�c energies (�g. �.�). Each rise in

absorption occurs as a photon is absorbed by an electron, which requires the photon energy

to be equal to the energy of the electronic transition from a bound to an unoccupied state:

h⌫ = Eb→u (�.��)

where h is Planck’s constant (~�.��� ⋅ ��-�� Js), ⌫ is the photon’s frequency, Eb→u is the

energy di�erence between two states. In addition to the minimum energy, the transitions

are also constrained by the selection rules, most importantly the dipole rule for the change

of angular quantum number `: �` = ±1. Due to this, allowed transitions occur between

adjacent shells, e.g. s → p and p → d, and these processes have high absorption intensities

(�g. �.�). Electric quadrupole transitions, where �` = 0,±2, occur as well, however with
much lower intensities, as they have a relative probability of occurring � �.� %, compared to

the dipole transitions.[���,���]

The naming convention of the transitions is based on the principal quantum number n

of the initial state of the electron, where the K, L, M transitions correspond to excitations

from n = �, �, �, respectively (�g. �.�).[���] The energies of the K and L transitions vary

signi�cantly between di�erent elements, but vary only by a few eV for di�erent compounds

of a given element, making XAS an element-speci�c probe.

In solids, the individual atomic orbitals are replaced by a band structure, but the same

principles apply, and XAS can be used to excite electrons into the unoccupied DOS of the

correct character (e.g. the contribution from the d-states) in hybridised orbitals.
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Figure �.�: Simpli�ed electron shells and relevant dipole-allowed electronic transitions in �d
TMs. Absorption processes in red, emission in blue.

The absorption of X-rays follows the Beer-Lambert law:

i(E) = i0(E)e−µ(E)x → µ(E)∝ ln� i(E)
i0(E)� (�.��)

where i is the intensity after passing through the sample, i0 is the initial intensity, E is the

X-ray energy, µ is the absorption coe�cient, and x the distance travelled through the solid

by the X-ray.

The probability of an excitation occurring into a certain �nal state is proportionate to the

empty DOS at that energy, according to Fermi’s golden rule:

µ (E)∝�
f

�� i�∇� f ��� (Ef −Ei + h⌫) (�.��)

where i is the initial state,  f is the �nal state, ∇ is the dipole operator, � is a Dirac delta

function, andEi andEf are the energies of the initial and �nal state, respectively.

A plot of µ(E) vs.E hence contains information on the energetic position and magnitude

of the unoccupied DOS, which is, in turn, strongly related to the oxidation state of the

element and bond lengths to surrounding atoms.
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Experimentally, i0(E) is often detected using an ionisation chamber, through which the

incoming X-ray beam is routed, and i(E) either the same way, or using a suitable proxy

quantity. These are usually based on the �uorescence or electrons emitted by the sample

upon relaxation from the excited state. Frequently used techniques are total �uorescence

yield (TFY), where all radiation emitted from the sample is detected, partial �uorescence

yield (PFY), where only a certain energy range is monitored, and total electron yield, where

the total number of ejected electrons is quanti�ed.[���]

The raw µ(E) obtained this way consists of a downward-sloping region before the rising

edge, the edge itself, and following oscillations, arising from interactions with neighbouring

atoms, that decay with increasing energy (�g. �.�). In order to regularise the data, and make

them comparable to other spectra, they are processed. The in�uence of lower-energy edges

is removed by �tting a �rst order polynomial to the pre-edge region, extrapolating it across

the whole spectrum, and subtracting it. Normalisation is achieved by �tting a second-order

polynomial to the high-energy region, extrapolating it to the low-energy region including

the edge, and dividing all data by the function.[���]

The result of the processing is a �at, normalised spectrum, which exhibits distinct features,

that are the basis for several analysis techniques, that will be discussed in the following (�g.

�.�).

�.�.� X-ray Absorption Near Edge Structure (XANES)

X-ray Absorption Near Edge Structure (XANES) is a powerful XAS technique that

focusses on the region in the immediate vicinity of the edge (�g. �.�). The edge itself is

usually de�ned as the maximum of the �rst derivative of the XAS spectrum, while the

absorption maximum is called the white line. For �d TMs, the XANES region is based on �s

→ �p transitions, which extend up to ~�� eV above the edge, and with the shape de�ned by

the coordination environment and oxidation state of the element.
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Figure �.�: NormalisedMnK edge XAS spectrum of Li�MnO�F, obtained on beamline B��
(DiamondLight Source). Thewhite line energy is ~�.��� keV andXAS techniques and their
energies are shown.

Changes of the oxidation state manifest as shifts of the absorption energy, which can be

explained intuitively by the approximation that a change in number of electrons results

in a change in shielding of the nucleus’ attraction on the remaining negative charges. As

a result, an increase in oxidation state results in a stronger Coulomb attraction, causing

an upward shift of the edge energy. This correlation is not perfect, and other e�ects,

such as bond lengths and -angles, as well as ligand number and charge, can in�uence the

XANES spectrum signi�cantly.[���] In calculations made for MnO� octahedrons with

�xed electronic structure but varying bond lengths, shifts of up to � eV were observed.[���]

Ultimately, the charge density present around the probed ion determines the shielding,

which can be heavily in�uenced by the kind of ligands and their inductive e�ects.

The pre-edge in �d TMK edge XANES is observed at energies immediately above the Fermi

energy and below the main edge (�g. �.�). It is comprised of quadrupole-allowed �s → �d

excitations, as well as dipole-allowed excitations into hybridised �d/�p states, that arise when

no inversion symmetry is present around the TM (e.g. tetrahedral complexes).[���] In Mn

complexes, the shift of the K pre-edge energy has been linked directly to changes in charge

density, and is a better indicator of the oxidation state, compared to the rising K edge.[���–���]

In practice, ’�ngerprinting’ is a commonly used approach to qualitatively study both the
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Figure �.�: Comparison of HERFDXANES and Transmission XANES for the Co K edge
in Li�.�Ni�.��Co�.��Mn�.��O�, measured on beamline ID�� (ESRF) and B�� (Diamond Light
Source), respectively, for a) the K edge and b) the pre-edge region.

K edge XANES region, as well as the pre-edges, in which spectra are compared to ones

of structurally well-characterised references, with known oxidation states and coordination

environments. Through direct comparison, the coordination geometry is then deduced

from peak shapes and intensities, and the oxidation state inferred from the peak positions

of the K edge and pre-edge region.[���]

�.�.�.� High-Energy-Resolution Fluorescence-Detected X-ray Absorption Near

Edge Structure (HERFD-XANES)

Conventional transmission or TFY XANES is subject to lifetime broadening of the core

hole, which smears out the features, particularly in the pre-edge region.[���] In the ����s,

�rst experiments showed that by measuring the PFY in a narrow energy range, similar

to the lifetime broadening, the e�ect could be signi�cantly reduced. This approach,

called high-energy-resolution �uorescence-detected XANES (HERFD-XANES), results in

spectra with much more clearly resolved features (�g. �.�).[���]

Experimentally, the technique requires specially set-up beamlines, where Bragg di�raction

from perfect crystals is used to select a narrow energy range of the �uorescent radiation

emitted by the sample. This can be accomplished using a Johann-type spectrometer, where
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Figure �.��: Schematic of a Johann-type spectrometer for HERFD XANES, XES, and
RIXS.
Reprinted from [���], Copyright (����), with permission from Elsevier.

spherically-bent crystals are used to focus the �uorescent radiation onto a photodiode (�g.

�.��).[���,���,���] Usually part of a strong emission line, such as the maximum of the Kα or Kβ

line, is used, in order to obtain good counting statistics (�g. �.�).[���,���]

�.�.� Extended X-ray Absorption Fine Structure (EXAFS)

At energies above the XANES region, oscillations are observed in XAS spectra (�g. �.�).

These oscillations are causally related to the scatterers surrounding the center atom, and

hence the coordination environment, and form the basis for extended X-ray absorption �ne

structure (EXAFS).

When core electrons are excited into the continuum, where they are not bound to the

nucleus, an electron wave is emitted radially from the atom. This wave is scattered by the

surrounding atoms’ electrons, and the wave functions of the outgoing and backscattered

electron waves overlap, creating an interference pattern. The electron’s wavelength �e, and

hence the interference pattern, is a function of the photoelectron’s energy:

�e = h√
2meEe

(�.��)

where h is Planck’s constant, and me and Ee are the mass and energy of the electron,

respectively.
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The absorption coe�cient µ is a function of themagnitude of the electron’s �nal state wave

function, as shown in eq. �.��, which varies due to the interference with the backscattered

waves, resulting in di�erences in µ(E).
The EXAFS �(E) can then be represented as:

�(E) = µ(E) − µ0(E)
µ0(E) (�.��)

where µ0(E) is the theoretical absorption coe�cient without the in�uence of surrounding

scatterers, and approximated using a spline�t to the high-energy rangewhere the oscillations

have decayed, and extrapolated into the EXAFS region. �(E) is usually plotted as a function
of k = 2⇡�� [Å-�]. �(k) is then often weighted with k2 or k3, in order to increase intensity

in the high-k region. The resulting function is then Fourier transformed, resulting in a

real-space radial distribution function ��(r)�, containing information on the number and

scattering power of the surrounding atoms.

�.� X-ray Emission Spectroscopy (XES)

In addition to XAS, the emission of �uorescent radiation, released during the relaxation of

electrons from excited states, can be used to study the electronic structure of materials (�g.

�.�). Akin to theKabsorption edges, theK�uorescence energies are element speci�c, and can

be used to probe the electronic structure.[���] (Non-resonant) X-ray emission spectroscopy

(XES) makes use of this fact, and is a powerful technique to gain information on the spin

state of a TM.

InK �uorescence spectroscopy, a �s electron is excited to the continuumvia photoionisation,

using a similar experimental set-up as described for HERFD-XANES (�g. �.��). However,

instead of scanning through a range of energies, and monitoring at a �xed emission energy,

the excitation energy is kept constant and the emission energy is scanned.[���] For �d TMs

this results in an initial �dn → �s��dn excitation, where the excited state decays through an

electron transitioning from a higher shell and �lling the energetically unfavourable �s core
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hole. The energy di�erence between the �nal and excited state is emitted as �uorescent

X-ray radiation that can be detected.

Fluorescence is based on electronic transitions and therefore subject to the same selection

rules as outlined for XAS (sec. �.�). The transitions �p → �s (Kα lines, �nal state �p��dn)

and �p→ �s (Kβ lines, �nal state �p��n) are dipole allowed, and have high-intensities with a

ratio of ~�:� between the two (�g. �.�).[���,���] As the wave functions of the �p and �p states

overlap signi�cantly with those of the �d states, these emission lines have a strong chemical

sensitivity in �d TMs, and can be used to study the valence states.[���] Fluorescence from

the �d states directly (�nal state �dn-�) is observed, as well, and the features are called the

Kβ satellite lines.[���] These contain direct information on the valence and ligand states,

however the intensities are �� - ���x lower than those of theKα lines, due to their quadrupole

nature.[���]

Due to concerns about beam damage during operando experiments, Kα �uorescence was

chosen in this thesis, as the high intensity results in lower collection times and hence lower

sample exposure, and will be discussed exclusively in the following. It should be mentioned,

however, that the Kβ main and satellite lines should be an equal, if not more suitable, probe.

�.�.� Chemical Sensitivity of the Kα Fluorescence Lines

The Kα emission lines are split into the Kα� and Kα� lines, due to spin-orbit coupling of the

�p states. The changes to the Kα� line upon delithiation are mainly in�uenced by the spin-

orbit-coupling, but also by the exchange interaction between the �p core hole and the net

spin in the �d valence states.[���] The relationship is given by:

�Exc ∝ Seff

�d ↵ (�.��)

where �Exc is the exchange energy splitting, which broadens the Kα� line, Seff

�d is the

e�ective spin in the �d states acting on the �p electrons, and ↵ is the atomic exchange
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Figure �.��: Kα XES spectrum for Ni in Li�.�Ni�.�Mn�.�O�, showing the Kα� (�.��� keV) and
Kα� (�.��� eV) peaks.
a) IAD calculated between the pristine compound (’Pristine’), and a spectrum collected at
the top of charge (’TOC’); b) FWHM determination using a pseudo-Voigt function to �t
the the Kα� emission line of a spectrum collected at TOC.

parameter that arises directly from the exchange integrals.[���] In �d TMs, the Kα� line

is usually dominated by the �p-�d exchange interaction, and, as a good approximation,

a near-linear relationship exists between its full width at half maximum (FWHM) and

the TM spin state.[���,���,���] The e�ective spin is usually calculated using e.g. DFT, and

lower than the absolute spin of the d electrons. If, however, the spin states of the pristine

compounds are known, changes can be tracked using the changes in Kα� FWHM, provided

that the coordination environment does not change signi�cantly.

In addition to the FWHM, the changes in spin can also be analysed using the integrated

absolute di�erence (IAD) between a spectrum and a reference.[���,���] This data reduction

technique tracks the total changes between the two spectra by calculating the area of the

absolute value of the di�erence (�g. �.��). As it is based on the whole spectrum, it is less

a�ected by the resolution of the data, and a low-noise complement to the FWHM. Using

these two metrics, changes of the spin state, which is directly in�uenced by the oxidation

state of the metal center, can be tracked, making it a powerful tool for the study of �d TM

cathodes.
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Figure �.��: Surface plot of aMnK pre-edge RIXS plane, showing the incident (absorption)
energy, as well as the �nal state energy, corresponding to the energy transfer between the
absorbed and emitted photon.
Reprinted from [���], Copyright (����), with permission from Elsevier.

�.� Resonant Inelastic X-ray Scattering (RIXS)

Resonant inelastic X-ray scattering (RIXS) can be viewed as a combination of XAS and

XES, with the di�erence that the incident energy is scanned through the absorption

edge, and an emission spectrum is collected at each point. Contrary to conventional,

non-resonant XES, where the electrons are excited into the continuum, the electrons are

excited into bound states (resonance), and the element is not ionised.[���] For �d TMs, an

electron can be excited into the unoccupied �d states just above the Fermi level, followed

by the relaxation of a �d electron from the valence band.[���] The energy di�erence between

the absorbed and emitted photons then corresponds to a d-d excitation, and contains

information on the electronic structure of the valence band. Similarly, the core-hole in

the excited state can lead to further excitations in the material, to reduce the energy of the

intermediate state, followed by a decay of the excited electron back to the initial energy level,

and leaving the atom in an excited state (indirect RIXS).
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Figure �.��: Mn K pre-edge RIXS map of the surface in �g. �.��, showing the relationship
with other types of spectroscopy. Constant energy transfer (CET) shows all states that
contribute to a �nal state, whereas the constant incident energy (CIE) shows all �nal states
that arise from an excitation at this energy. Constant emission energy (CEE) is similar to
HERFDXANES, as only a single energy is monitored.
Reprinted from [���], Copyright (����), with permission from Elsevier.

By scanning across the absorption and excitation energies, a �D RIXS map is generated,

which shows the relationship between all resonant (unoccupied DOS) and �nal states

after X-ray photon emission (�gs. �.��, �.��).[���] This way the electronic structure can be

characterised with great detail and high energy resolution, at the expense of long collection

times.

RIXS can be used at all absorption edges, and hence with a variety of energies. It has been

extensively used to study theOK edge in the soft X-ray regime, where the characteristic �nal

state is used to identify O redox in Li-rich materials.[��,��,��,��] Similarly, hard X-ray RIXS can

be used to study the electronic structure of �dTMsusing theK edges, where the �d states can

be characterised with more detail than it is possible with HERFD-XANES (�g. �.��).[���,���]
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Chapter �

Design of an X-ray-Transparent

Operando Cell for the Study of

Lithium-Rich Cathodes

�.� Introduction

Operando characterisation refers to methods where a system is probed at the same time as it

is changing. In the case of battery cathodes, an attribute, e.g. the lattice spacings, is analysed

while the electrode is subject to a controlled electrochemical redox-process. The advantages

over ex-situ approaches include the elimination of cell-to-cell variation and error sources,

such as unwanted reactions due to short circuiting during cell opening, exposure to H�O

or O�, or the relaxation of metastable species. Additionally, system dynamics, which are

otherwise hard to investigate, can be studied directly.

Operando experiments are based on the implicit assumption that the cell reaction occurring

in the system under study is the same as in a ’real’ reference system, e.g. a coin cell, and that

the probing of the system does not alter it. This can not always be assumed to be true, and
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it has been shown that variations in stack pressure† across an electrode surface in�uence the

uniformity of the cell reaction at a local scale, resulting in di�erences in the local state of

charge (SOC).[���] These deviations are almost impossible to detect through the cell voltage

curve, but can falsify results obtained e.g. via spectroscopy or structural probes, and stack

pressure homogeneity needs to be tightly controlled.

For X-ray-based techniques the interaction between the beam and the sample is another

potential error source that can in�uence the outcome of the experiment, particularly

when the beam energy matches or slightly exceeds an absorption edge energy.[���] The

impact can be reduced for structural experiments, e.g. XRD or PDF, through the use

of very high-energy X-rays, but for X-ray spectroscopy, where the techniques inherently

require strong interaction, care needs to be taken to reduce the exposure time to aminimum.

A direct result of these factors is that well-controlled experimental setups, which reproduce

the conditions of the reference system and allow for rapid data collection, are crucial to

obtaining reliable results. This is particularly di�cult for layered Li-rich materials, as the

compounds tend to exhibit slow kinetics and require signi�cant stack pressure on charging

to delithiate the structures su�ciently to observe O redox.[��,���–���] A lack of stack pressure

often manifests as a reduced capacity across the voltage plateau in region �, limiting the

amount of information that can be extracted from the experiment. Strong compression,

however, is di�cult to combine with the requirement for X-ray transparency, as rigid

compression surfaces tend to be thick or made of strongly absorbing materials. This is

particularly true for the low energies required for �d TM K edge spectroscopy and Cu Kα

based XRD, which are in the range of � - �� keV.[���]

†Stack pressure is the compression of the cathode - separator - anode stack in a cell, which is controlled via
a compression spring in coin cells. It controls the contact surface between cell components, aswell as individual
electrode particles and the conductive additives, and hence directly in�uences the contact resistance.
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reported in the literature. As shown in Fig. 2, several
different kinds of in situ/operando cells, such as modified
coin cells, modified pouch cells, Argonne’s multipurpose
in situ X-ray (AMPIX) electrochemical cell11, radially
accessible tubular in situ X-ray (RATIX) cell12, soft XAS
cells13, and capillary type cells14 have been reported for
different types of in situ/operando experiments.
It is worthwhile to give some tips for designing in situ/

operando electrochemical cells as well as for the experi-
mental design to make these cells function properly for
both electrochemical processes and X-ray optics.
(1) The in situ/operando electrochemical cell should

be designed to be easy to assemble/disassemble at

synchrotron facilities. The cell should be highly
reproducible for electrochemical testing. In
addition, the cells should be able to be incorporated
into the existing beamline setup and should fit
properly in X-ray optics. For example, for in situ/
operando experiments with X-ray signal detection
in reflection mode, an in situ/operando cell with a
wide solid angle window for X-ray collection is
often required. For in situ/operando X-ray
tomography measurements, the sample needs to
rotate in a wide range of angles to obtain a series of
2D images for the reconstruction of a 3D image. In
this case, a cylindrical geometry and cell case made

Fig. 2 Various in situ/operando electrochemical cell designs for synchrotron-based X-ray characterization. a Modified coin cell, b pouch cell,
reproduced with permission44. Copyright 2014, Royal Society of Chemistry. c Argonne’s multipurpose in situ X-ray (AMPIX) cell, reproduced with
permission11. Copyright 2012, International Union of Crystallography. d radially accessible tubular in situ X-ray (RATIX) cell, reproduced with
permission12. Copyright 2016, International Union of Crystallography. e A solid gel-type cell for soft XAS, reproduced with permission13. Copyright
2013, Nature Publishing Group. f Capillary type cells. Reproduced with permission14. Copyright 2015, Nature Publishing Group
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Figure �.�: Exploded view of a coin cell,
modi�ed for operando experiments.
Adapted, with permission, from [���]
under a Creative Commons CC BY license.
Copyright (����), the Authors.

X-ray absorption increases with atomic

number Z and the thickness of a system.

In the widely-used experiment setups based

on modi�ed coin cells, transparency is

usually achieved through thin windows

of a low-Z material, such as polyimide or

aluminium.[���,���–���] These foils, however,

can bulge outward under load, resulting

in a lack of stack pressure. In the case

of polyimide, the material is also non-

conductive, which increases the electronic

resistance and can lead to additional reaction inhomogeneity with increasing size of the

window, as electrons have to �ow laterally through the cathode pellet. The e�ect is less

pronounced in cathodes with good kinetics, such as LFP, and can be reduced through the

use of cast electrodes, where the Al foil increases conductivity or coating with conductive

additives.[���–���] Oftentimes, however, this is usually not su�cient to fully overcome the

sluggish reaction kinetics of O redox.[���]

Good results have been reported with beryllium windows, where the low absorption of the

light element enables windows of considerable thickness and sti�ness, and full capacities

can be achieved.[���] The downsides include the element’s toxicity, as well as the fact that it

is oxidised at high potentials.[���]

Coin cell-based setups, in general, require additional peripheral equipment, such as

crimping tools, during assembly, which is not always available at synchrotron facilities and

poses an additional constraint. Coin cells have to be prepared in advance, and are therefore

hard to troubleshoot should problems arise.

Setups using modi�ed pouch cells with polyimide windows have been reported.[���] The
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same stack-pressure problems, however, can be expected to be present, as well as di�culties

with rapid assembly, rendering them less suitable for fundamental research.

The most advanced setup reported to date is the AMPIX cell, developed at the Argonne

National Laboratory.[���] It can be assembled in a glovebox with hand tools and features sti�

glassy carbon windows, which result in good stack pressure and reaction homogeneity.[���]

The cell, however, combines the mechanism for applying stack pressure with the cell’s

sealing mechanism, compressing the stack and seal between the same two rigid parts, and

pressure control is thus achieved via the total thickness of the stack components. This

requires very precise tolerancing of the thicknesses of the cathode, anode, and separator, in

order not to break the windows but achieve su�cient compression, creating a particular

problem for Li-rich materials. Additional preparation time for trial-and-error is therefore

required, which is often not available during synchrotron experiments.

Owing to the discussed factors, an operando cell, purpose-built for Li-rich cathodes, is

presented in the following. It takes the learnings from the previously described solutions

into account and combines excellent X-ray transparency at the energies required for �d TM

X-ray spectroscopy with ease of assembly, and a reliable mechanism for stack compression

and sealing.

�.� Requirements

In order to assist the design process of the operando cell, and establish measurable attributes

and behaviours that can be veri�ed via tests and calculations, the following requirements

were created.

The operando cell shall:

�. Have no more than ± � % di�erence in �rst charge and discharge capacities, at a rate
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of �� mAg-�, compared to a coin cell reference value of ��� mAhg-� for charge, and

���mAhg-� for discharge, respectively, using a Li�.�Ni�.��Co�.��Mn�.��O� cathode pellet

(�� % active material, �� % carbon-based conductive additive, �� % binder).

Rationale: The �rst cycle capacities observed in coin cells vary slightly, mainly

due to the accuracy of the balance used to measure the mass of the cathode pellet.

Li�.�Ni�.��Co�.��Mn�.��O� is a widely used, well-studied compound, and literature values

of the capacity at ��mAg-� are ~���mAhg-� and ~���mAhg-� for charge and discharge,

respectively.[��,��]

�. Have an attenuation of ≤ ��%, excluding contributions from the cell stack, for X-rays

with energies ≥ �.�� keV (Mn K edge), throughout all operational modes.

Rationale: In order to enable rapid data acquisition, the cell attenuation needs to be as

low as possible. The attenuation length of X-rays increases with energy, andMn has the

lowest energy (�.�� keV) out of the set of TMs relevant to this thesis: {Mn, Fe, Co, Ni}.[���]

Ti andVare sometimes used inLi-richmaterials, but as these elements are not used here,

and their very low K edge energies would pose a signi�cant constraint.[��,���,���–���]

�. Be able to be used in transmission geometry with scattering angles of ≥ ��○ and with
signal attenuation as de�ned in requirement �.

Rationale: SomeX-ray probes, such asXRDandPDF, can be performed in transmission

mode and can be based on low-energy radiation such as CuKα. Obtaining a good signal-

to-noise ratio requires su�cient signal intensity at high scattering angles.

�. Be able to be used in re�ection geometry with an angle ≥ ���○ between the incident

and re�ected beam and with signal attenuation as de�ned in requirement �.

Rationale: Many X-ray techniques, such as XRD and TFY XAS can be performed in

re�ection mode, and can be based on low-energy radiation such as Cu Kα. Obtaining a

good signal-to-noise ratio requires su�cient signal intensity at high angles.

�. Enable the illumination of an area of ≥ � mm� of cathode material with the X-ray

beam, in both transmission and re�ection geometry.
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Rationale: As beam damage can occur, several sampling locations need to be available

in one cell, in order to take multiple samples during one experiment. Assuming a beam

cross section of �.� x �.�mm, a �mm� area enables �� samples to be taken.

�. Be hermetically sealed for ≥ �� h at standard ambient temperature and pressure in air

after assembly.

Rationale: In order not to change the electrode materials, and to enable stable

electrochemical reactions in ambient conditions, the cell needs to minimise ingress of

H�O and O�. Assuming capacities of ��� mAhg-� and ��� mAhg-� for the �rst charge

and discharge, as well as ���mAhg-� for both charge and discharge of the second cycle, a

total capacity of ����mAhg-� needs to be passed. At a rate of ��mAg-� this requires ��.� h,

rounded to �� h, for which time H�O or O� shall not in�uence the reactions.

�. Be reusable and able to be assembled inside of a glovebox with hand tools in ≤ ��min.

Rationale: Gloveboxes or dry rooms are required for the assembly of battery cells, to

reduce H�O (and O�) exposure. Gloveboxes are widely available at synchrotrons. With

hand tools, which can be provided by the user, the cell can be assembled and re-assembled

on site without the need for complex equipment.

�. Have no dimension exceeding ��mm in the assembled state.

Rationale: The size needs to be small enough to �t at least one cell onto synchrotron

beamline stages.

�.� Design Description

This section gives an overview of the basic design of the cell. In �g. �.� pictures of the cell

are depicted, and in �g. �.� an overview drawing is presented. A complete list of parts with

details and reference numbers, indicating parts in the following drawings and throughout

the chapter, can be found in table �.�.
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Figure �.�: Pictures of the operando cell. Left: Closed cell after assembly. Right: Cell
components.
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Table �.�: Description and Part List: OperandoCell Parts

# Part or Feature Details
(�) Cell Lid Stainless steel (AISI ���L)
(�) Window, Lid Glassy carbon,� �.�mm, h �.�mm
(�) Insulating Sleeve PEEK; Screw insulation
(�) Insulating Sleeve PEEK; Position pin insulation
(�) Circular Pocket Used for spring positioning & travel
(�) Hole � �.�mm, � �.�mm; For banana plug, negative pole
(�) Cell Base Aluminium (���� - T�)
(�) Annular Insert PEEK; Electronic separation between lid & base
(�) Window, Base Glassy Carbon,� ��.�mm, h �.�mm
(��) Annular Foil Insert Aluminium; Electrical contact to windows
(��) Positioning Pin Brass; Base & lid alignment
(��) Tapped Holes M� thread, THRU; Cell clamping
(��) Conical Pocket Beam path
(��) Tapped Hole M� thread, � �mm;Mounting & positive pole
(��) Copper Spacer Body Copper (oxygen free)
(��) Window Glassy Carbon,� ��.�mm, h �.�mm
(��) Boss, Spacer Compression spring positioning
(��) Cathode Pellet Disc,� �.�mm
(��) Separator -
(��) LithiumMetal Disc -
(��) Compression Spring Stainless steel
(��) O-Ring FKM
(��) M� Socket Head Screw Cell clamping

The cell consists of a lid (sub)assembly, a base (sub)assembly, and a spacer (sub)assembly,

which, together with additional components, such as a compression spring, are used to

compress the cell stack.

The cell lid (�) (�g. �.�) is made of ���L stainless steel (SS) and is �tted with a glassy carbon

(GC) window (�) that is �xed into a pocket (�) with epoxy adhesive, hermetically sealing a

� �mmthrough-thickness hole that enables X-rays to penetrate. It has six counterbore holes

along the outside perimeter, containing polyether ether ketone (PEEK) liners (�), which

provide an electrically insulated opening for the screws (��). Two additional counterbore

holes, lined with PEEK sleeves (�) provide paths for the positioning pins (��).

The base assembly contains the cell base (�), made from ���� - T��� aluminium (�g. �.�).
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Figure �.�: Left: Operando Cell lid assembly, top view, partially exploded; Right: Lid
assembly, bottom view.

Figure �.�: Left: Operando Cell base assembly, top view, partially exploded; Right: Base
assembly, bottom view.

An annular insert (�), made from PEEK, is press-�t into a recess on the top face, separating

the lid (�) and base (�) when the cell is assembled. A glassy carbon window (�) is �tted

into a pocket using epoxy adhesive, creating a �at surface for the cell stack and hermetically

sealing a � �mm through thickness hole that is part of the beam path in transmission. An

annular aluminium foil insert (��), with an � mm hole, covers a section of the top of the

glassy carbon, ensuring conductivity between the base (�) and the window (�).

Six tapped holes (��) provide a means for mechanically connecting the lid (�) and base (�)

via the screws (��). On the bottom face of the base, a conical pocket (��) provides a beam

path for di�racted beams in transmission geometry, and incoming and re�ected beams in

re�ection geometry.
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Figure �.�: Left: Operando Cell cell spacer assembly, bottom view, exploded; Right: Spacer
assembly, top view.

The copper spacer assembly is comprised of the copper body (��), �tted with a glassy carbon

window (��), which covers a� �mm axial hole, that provides a beam bath for a transmitted

beam (�g. �.�). In the assembled cell, the copper spacer (��) is located in the cavity formed

by the base (�) and the annular insert (�), as well as the lid (�) (�g. �.�). A boss (��) protrudes

from the top face of the copper spacer (��), which holds the compression spring (��) in

position.

During cell assembly, a cathode disk (��) is placed on top of the base window (�) in the

circular pocket formed by the PEEK insert (�), and one or more glass �bre or polymer

�lm separators (��) are stacked on top (�g. �.�). A Li metal disc (��) is placed on top,

electrolyte is added, and the stack is covered using the copper spacer (��). During these

assembly steps, the separator (��) and the spacer (��) are held in place by the PEEK insert (�).

A compression spring (��) is placed around the boss of the spacer (��), and an FKMO-ring

(��) is placed around the PEEK insert (�). The lid assembly is lined up using the positioning

pins (��), placed onto the spring (��), and lid and base assemblies are mechanically connected

using the six socket head screws (��), directly compressing the O-ring (��) in the process.

Simultaneously, the cell stack is compressed with the spring (��), resulting in a controlled

application of force.

Optionally, during cell stack assembly, a small piece of polyimide foil (not shown) can be

placed between the Li metal disc (��) and the copper spacer (��), to protect the window

(��) from reacting with the Li. In this case, the Li metal anode (��) needs to have a larger
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diameter than the polyimide foil, to establish an electrical connection with the copper

spacer (��).

Figure �.�: Left: Operando cell assembly, exploded view.
Top right: Closed cell, top view; Bottom right: Closed cell, bottom view.

Once the cell is closed (�g. �.�) the positioning pins (��) can be unscrewed and removed.

The cell is mounted using themounting holes (��) on the bottom face of the base (�), which

simultaneously serve as the electrical connection for the positive terminal, via small ring

terminals. An electrical connection to the negative terminal is made by connecting a �mm

banana connector to one of the holes (�) in the lid (�).

The cell can be used in transmission mode, where the beam enters through the window (�)

in the lid (�), penetrates the window (��) in the copper spacer (��), pierces the cell stack (��,

��, ��) and exits through the window (�) in the base (�) and the conical opening (��). In

re�ectionmode, the bean enters and exits through the window (�) in the base (�), where the

conical opening (��) provides a path for beams at high incoming and exit angles.
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�.� Component and Material Selection

Components in battery cells are subject to reactive conditions, including highly oxidising

and reducing environments at the cathode and anode, respectively, which greatly limits

the number of suitable materials. Among the stable ones, strength and sti�ness are

important factors, in order to reduce deformation during compression of the cell. Electronic

conductivity is equally important for components that act as current collectors, as well as X-

ray transparency for those in the beam path.

�.�.� Window Selection

The structural windows (�, ��), located in the base (�) and spacer (��), are among the most

critical components of the cell. Mechanically, they need to be su�ciently strong and sti�,

in order to provide stack pressure across a large, unsupported area with minimal bowing

(reqs. �. & �.). The material also needs to be electrically conductive, for the window to act as

a current collector, and electrochemically stable, to not in�uence the cell reaction (req. �.).

The window (�) in the lid (�) is not loaded by the stack pressure and only has to withstand

small pressure di�erences arising during sealing and gas production through electrochemical

processes. It also does not act as a current collector, requiring no electrical conductivity.

Both outer windows (�, �) have to be non-permeable to air and moisture, to seal the cell

(req. �.), and all windows (�, �, ��) need to be su�ciently X-ray transparent (req. �.).

�.�.�.� Structural and Electrical Properties

The combination of these properties poses a signi�cant challenge to the used materials.

Candidates were selected based on attributes such as strength, sti�ness, electrical

conductivity, low toxicity, and commercial availability, in conjunction with a low-Z

chemical composition, as it directly in�uences X-ray transparency. For this reason,

aluminium was not selected.
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Table �.�: Physical properties of candidate materials for the window of the operando cell.

Material Y [GPa] FYS [MPa] ⇢ [gcm-�] � [Sm-�]
Glassy carbon (GC)[���] �� ��� �.�� �.�� ⋅ ���

Boron-doped diamond (BDD)[���,���] ���� ��� �.�� �.�� ⋅ ���
Polyimide (PI)[���] �.� ��* �.�� �.�� ⋅ ��-��

*� % elongation, for comparison with the brittle solids GC and BDD.
Y : Young’s modulus; FYS: Flexural yield strength; ⇢: Volumetric mass density; �:
Electrical conductivity.

In table �.� a selection of the mechanical, physical, and electrical properties of the selected

candidate materials are presented.

Glassy carbon (GC), is an amorphous form of carbon that is used as an electrode material

in electrochemistry and has been implemented in similar applications.[���,���] Circular discs

of � �� mm, h �.� mm and � � mm, h �.� mm, respectively, were commercially available

o�-the-shelf and selected for the analysis.[���] Boron-doped diamond (BDD) is crystalline,

also used in electrochemistry, and small plates with dimensions �� x �� x �.�mm (l xw x h)

were available.[���] Polyimide (PI), is frequently used as a window material, and is available

as foils of various thicknesses that can easily be cut to size. For this analysis, a thickness of

h �.�mmwas considered.[���]

The data show that GC possesses a reasonably high mechanical strength, adequate sti�ness,

and is very conductive, compared to BDD, which is extremely strong and sti�, but is

approximately two orders of magnitude less conductive.[���,���,���]

PI has the lowest strength and sti�ness out of the threematerials, and is an electrical insulator,

making it not suitable for the windows with cell stack contact (�, ��).[���] From a structural

point, it can, however, be used for the window (�) of the lid (�).
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Figure �.�: X-ray Mass Attenuation Coe�cients µ�⇢ of C, H, N, and O, plotted vs. X-ray
energy and �t with power functions.[���,���]

�.�.�.� X-ray Transparency

In order to study the X-ray absorption behaviour of these materials in an application-

focussed manner, the energy-dependent X-ray attenuation was calculated for the

commercially available parts, using tabulated values available from NIST (�g �.�).[���,���] As

the mass attenuation coe�cients µ�⇢ [cm�g-�] follow a power law at the energies of interest,

a power function µ�⇢ = aEb + c was �t to the tabulated data and the coe�cients obtained

by evaluating the functions at the energies of the �d TMs.

For polyimide the extinction coe�cient was calculated using a mass-weighted linear

combination of the mass attenuations of the individual elements, µ�⇢ = ∑i wi(µ�⇢)i, using
the chemical formula C22H10N2O5.[���] For BDD the boron doping was neglected.

The transmission was then calculated via the Beer-Lambert law:

i

i0
= e−µh (�.�)

= e−(µ�⇢ ⇢)h (�.�)

where the extinction coe�cient µ is the product of the mass attenuation coe�cient and the

sample density, and h is the total sample thickness.

��



Table �.�: �d K edge energy-dependent transmission of di�erent window candidates [%] .

Element Sc Ti V Cr Mn Fe Co Ni Cu Zn
E [keV] �.�� �.�� �.�� �.�� �.�� �.�� �.�� �.�� �.�� �.��

�.�mmBDD � � � �� �� �� �� �� �� ��
�.�mmGC �� �� �� �� �� �� �� �� �� ��
�.�mmGC �� �� �� �� �� �� �� �� �� ��
�.�mm PI �� �� �� �� �� �� �� �� �� ��

For all samples, the calculated transmission values at the K edge energies of all �d TMs

are listed in table �.�. The data show that the h �.� mm GC discs are �.� - �� x more X-

ray-transparent, compared to BDD, largely due to the density di�erence between the two

materials. Particularly at the minimally required energy of the Mn K edge (req. �.), the GC

disc is � x more transparent. There is only a small di�erence in transparency between GC

and PI for the h �.�mm plates, which is mainly signi�cant at lower energies.

�.�.�.� Selected Components

Based on the high conductivity and transparency of GC, coupled with the materials

adequate strength and sti�ness, GC discs (� �� mm, h �.� mm) were selected as parts for

the structural windows (�, ��). Similarly, GC (� � mm, h �.� mm) was also chosen for the

non-structural window (�) in the lid, due to its overall highest transparency.

�.�.� Spring Selection

To accurately recreate the electrochemical performance of coin cells (req. �.) the force exerted

by the coin cell spring needs to be replicated in the operando cell.

To determine the applied reference force, the dimensions of coin cell parts and the cell

stack components, as well as of crimped cells were accurately measured. The values were

incorporated into a computer-aided design (CAD) model, and the de�ection of the spring

was derived as �.� - �.��mm. The force-displacement curve of ten coin cell wave springs was

measured using a compression rig (Instron ����), and the spring constant kwas obtained via

a �t of Hooke’s law (�g. �.�):
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Figure �.�: Spring constant k, as determined for commercially available wave springs used in
���� coin cells.

F = kx (�.�)

where x is the displacement and F the force.

Using the spring displacement from the CAD model, a force of ��� - ��� N was derived,

which compares well to literature values of coin cell spring forces.[���]

The operando cell should apply a near-constant force across the cell stack, regardless of small

thickness variations of the cell stack components. The error in force�F scales linearly with

the error in spring displacement�x according to:

�F = dF

dx
�x (�.�)

= k�x (�.�)

As a result, a spring with a minimised spring constant is required. As the force is frozen,

the spring’s length needs to be maximised. A stainless steel wave spring with a free length of

��.��mmandk = ��.��Nmm-�was selected, as a compromise between the total cell thickness

and force error, and using a material with good chemical stability. Using this spring, an

average force of ���N is applied when the cell is fully closed.[���]
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�.�.� Base Material Selection

During operation, the base (�) of the cell is in contact with the cathode and subject to highly

oxidising potentials of up to �.� V in battery electrolyte, which it needs to withstand (req.

�.). This environment, in conjunction with cost and structural requirements, greatly limits

the available materials, and leaves some stainless steels, aluminium alloys, and a selection

of structural polymers, most notably polyether ether ketone (PEEK), as potential materials

(tab. �.�).[���]

Most steels, such as AISI ���, show high stability at potentials of up to �.� V, however the

stability has been reported to vary greatlywith the solvent, potentially reducing the�exibility

of the cell.[���] Aluminiumand its alloys readily passivate in electrolytes containingLiPF6 and

LiBF4, making them one of the most stable and commonly used current collector materials

for LiBs.[���] They also possess high strength and sti�ness, as well as excellent conductivity.

The mechanical attributes of PEEK, along with it’s insulating nature, make it less suitable

for this cell design, and ���� - T��� Aluminium was ultimatly chosen for the base of the

cell, based on the materials high strength, good sti�ness, high conductivity, and corrosion

resistance.[���,���–���]

Table �.�: Mechanical and electrical properties of a selection of materials used for the
operando cell.

Material Y [GPa] TYS [MPa] � [S m-�]
PEEK[���] � ��� �.� ⋅ �� -��

���� - T���Aluminium[���–���] �� ��� �.� ⋅ �� �

��� / ��� L Stainless Steel[���] ��� ��� �.� ⋅ �� �

Oxygen-free Copper[���] ��� �� �.� ⋅ �� �

TYS: Tensile yield strength

�.�.� Lid and Spacer Materials Selection

The lid (�) and copper spacer (��) are exposed to electrolyte at the potential of the battery

anode, and hence need to be stable at low potentials (req. �.). Li reacts spontaneously with

aluminium and its alloys, which is therefore not suitable for these components. Stainless
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steel, polymers, and copper are commonly used in similar applications and are potential

candidates for the structural elements.[���,���,���]

For the structural lid (�), AISI ���L stainless steel was chosen, due to the materials high

sti�ness and corrosion resistance, aswell as its bettermachinability and lower price compared

to copper (tab. �.�).[���] For the spacer body (��), copper was chosen, as it is in constant

contact with the electrolyte, widely used as an anode current collector in commercial LiB

cells, and has superiour electrical properties.

�.�.� Insulating Materials Selection

All components which mechanically connect the lid and base assemblies, and therefore

bridge two points that are at di�erent potentials, need to be electrically insulating, to prevent

short-circuiting of the cell (req. �.). PEEKwas chosen as amaterial, due to thematerial’s high

strength, chemical stability, and good machinability (tab. �.�).[���]

�.�.� Cell Dimensioning

The size of the cell is driven by several factors, including req. �., which determines the

maximum allowable size of the cell. Additionally, it needs to be easy to assemble (req.

�.), which requires a certain size for the individual parts to allow for handling inside of a

glovebox. It also needs to accommodate the cell stack, spacer assembly, and the compression

spring (��). A last factor is part interchangeability between coin cells and the operando cell,

which allows use of the cell without much adaptation and reduces variability.

To enable this, the diameter of the separator (��) and copper spacer (��) were chosen to be

�� mm, the same size as comparable parts in coin cells. These parts then drive the size of

the PEEK insert (�), which, in turn, determines the size of the sealing O-ring (��), as well as

the screws (��), required for mechanically connecting the parts, compressing the spring (��),

and clamping the O-ring (��) (subsec. �.�.�). Ultimately, this resulted in a size of� ��mm,

h ��mm for both lid (�) and base (�).
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�.�.� Fastening and Sealing Mechanism

In order to close the cell and seal it hermetically (req. �.), as well as compress the cell stack

(req. �.), a clamping force needs to be applied between the lid and base. This is achieved

using six M� socket head screws (��), which were selected as a size compromise between

miniaturisation of the cell (req. �.) and ease of assembly inside of a glovebox (req. �.).

The force required for the compression of the spring (��) and O-ring (��) does not require

this number of screws, as even M� screws with property class �.� (ISO ���) can withstand

a proof load of ���� N each. The number was chosen, however, to evenly distribute the

clamping force across the surface of the O-ring (��) and the screws are arranged in an

equidistant hexagonal pattern for the same reason.

A �uoroelastomerO-ring (��) (FKM; �� Shore A), deformed by ��%when compressed, was

selected to seal the cell, based on thematerial’s high resistance to various chemicals, including

battery electrolytes.[���] In the cell, the PEEK insert (�) acts as a spacer, maintaining � mm

separation between lid (�) and base (�) and controlling the O-ring and spring compression,

as well as ensuring that the cell cannot be overly compressed or short circuited after closing.

�.� Design Evaluation and Veri�cation

This section evaluates the operando cell, based on the requirements presented in sec. �.�. An

overview is presented in tab. �.�, with details given in the following subsections.

�.�.� Electrochemical Performance

In order to verify compliance with req. �., galvanostatic voltage pro�les using

Li�.�Ni�.��Co�.��Mn�.��O� composite cathodes were collected at �� mAg-� between �.� -

�.� V vs. Li metal. The pro�les observed for charge and discharge are depicted in �g. �.��,

along with representative coin cell data. The absolute values for the charge and discharge
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Table �.�: Requirement veri�cation overview with means of compliance and outcomes.

Req. Description MOC EO AO Compl. Details
�. Electrochem. Capacity Test ≤ � % �.� % Yes �.�.�
�. Max. X-ray Attenuation Analysis ≤ �� % ��.� % Yes �.�.�
�. Operation: Transmission Analysis ≥ ��○ ��○ Yes �.�.�
�. Operation: Re�ection Analysis ≥ ���○ ���○ Yes �.�.�
�. Illuminated Area Analysis ≥ �mm� �mm� Yes �.�.�
�. Hermetic Sealing Test ≥ �� h ��.� h Yes �.�.�
�. Assembly Time Test ≤ ��min �� - ��min Yes �.�.�
�. Physical Size Review ≤ ��mm ��mm Yes �.�.�

MOC: Means of compliance; EO: Expected outcome; AO: Actual outcome; Compl.:
Compliance with the respective requirement.
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Figure �.��: Voltage pro�les obtained for Li�.�Ni�.��Co�.��Mn�.��O� in a coin cell reference, as
well as the operando cell, at ��mAg-� and �� ○C.

capacities are listed in tab. �.�. The data show that the cell complies with req. �. Further

evidence is given in chapter �, where the cell is used extensively.

�.�.� X-ray Transmission and Illuminated Window Area

In order to verify the requirements for X-ray transmission (reqs. �., �., �.), the absorption

was determined using calculations. The requirement for su�cient illuminated cathode area

(req. �.) was used as a boundary condition, to validate it simultaneously.

The transmission depends on the total distance the beam travels through absorbing

materials and the beam paths and resulting absorptions were calculated using simple
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Table �.�: Charge and discharge capacities of the operando cell and ideal reference values.

Reference [mAhg-�] OperandoCell [mAhg-�] � [mAhg-�] � [%]
Qcharge ���.� ���.� �.� �.�
Qdischarge ���.� ���.� �.� �.�
�: Di�erence between the results obtained for the operando cell and the reference values.
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Figure �.��: Angle-dependent transmission of the operando cell in transmission mode at the
MnK edge. ↵ is de�ned as the angle between the beam(s) and the surface normal of the base
window (�).
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geometric assumptions and the methodology as discussed in subsec. �.�.�.

The property in�uencing the absorption most signi�cantly is the angle-dependent path

length through the base window (�) Lp. It is part of the beam path in re�ection and

transmission mode, and varies based on the incident and/or exit angle.

Lp is de�ned as a functionof the angle relative to the surface normal (↵) and canbe calculated

via:

Lp = h

cos (↵) (�.�)

where h is the thickness of the window.

For the calculation of the total absorption in each case, the individual total path lengths

for re�ection and transmission were derived. In transmission mode, the thicknesses of the

spacer window (��) and the lid window (�) are added to Lp(↵), while in re�ection mode,

where the angle of the re�ected beam equals the one of the incident one,Lp(↵) is doubled.

Using the previously presented design, where a circular area of � mm� (� � mm) can

be illuminated with a maximum angle of ��○ to the surface normal, as a constraint,

the transmission was derived and is depicted in �g. �.�� for �.��� keV (Mn K edge). The

transmission exceeds ��% at all angles allowed by the geometry, namely ≤ ��○ in transmission,

and ≤ ���○ in re�ection, with a minimum of ��.�%, observed at ���○ in re�ectionmode. This

veri�es reqs. �., �., �., and �.

For completeness, the transmission values for a direct beam through the cell at all �d TMK

edges are given in the appendix (tab. A.�).
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Figure �.��: Voltage pro�le for the �rst two cycles of Li�.�Ni�.��Co�.��Mn�.��O�, obtained in
the operando cell at ��mAg-�.

�.�.� Hermetic Sealing

In order to verify req. �., it needs to be demonstrated that the cell remains hermetically

sealed for at least �� h. To verify the seal, the electrochemical performance was used as

a proxy, due to its sensitivity to moisture. The voltage pro�le for the �rst two cycles of

Li�.�Ni�.��Co�.��Mn�.��O� was obtained in air, after assembly of the cell in a glovebox (�g.

�.��). The total duration of the experiment lasted ~ ��.� h, demonstrating compliance with

the requirement.

�.�.� Dimensions, Handling, and Practical Considerations

Req. �. requires that no dimension of the cell exceeds ��mm in the assembled state. After

closing and removal of the positioning pins (��), the cell has the shape of a cylinder with

� ��.� mm, h �� mm. This veri�es the requirement and enables the cell to easily �t onto

beamlines (�g. �.�).

Req. �. requires assembly within �� min with hand tools. The cell can be assembled with

a �.� mm hex key and no additional tools apart from a pipette and tweezers. The total

assembly time was benchmarked at �ve to ten minutes, depending on the user’s experience.

The cell is fully reusable, apart from the cell stack, and disassembly takes approximately �ve
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minutes inside of a glovebox, where the cell can be cleaned with cotton buds and tissues

before reassembly, resulting in a total reassembly time of ��-��min.

�.� Summary and Discussion

An operando electrochemical cell, transparent for X-rays with energies corresponding to the

�d TM K absorption edges, was designed and built. Owing to a long compression spring

and rigid glassy carbon windows, the design reliably reproduces the stack pressure and

electrochemistry observed in coin cells. The X-ray transparency of the windows enables

the cell to be used for X-ray experiments in both transmission and re�ection geometries.

The scattering angle range is � - ��○ in transmission, and � - ���○ in re�ection. At the Mn K

absorption edge energy of �.�� keV, the transmission exceeds ��.� % at all scattering angles.

The cell provides a reliable base for advanced X-ray based operando techniques for

fundamental cathode research, including Li-rich materials, such as K edge XANES, Kα &

Kβ XES, and structural probes such as XRD, PDF, and EXAFS.

In practice, the cell has proven to be very performant, and data collection times in

transmission, with glass �bre separators, were in the range of seconds for high-energy XRD

experiments, and tens of seconds for transmission and re�ection �d K edge TM XAS.

Given the reasonably low rates of up to C/� employed during most experiments, even a high

capacity resolution requires longwait periods between data acquisitions, and several cells can

be used in parallel. Fig. �.�� depicts three cells being used simultaneously for transmission

XAS. Most synchrotron stages provide su�cient space, and, to date, a maximum of eight

cells was used simultaneously for combined XRD/PDF experiments on beamline ��-ID-

B at theAdvanced Photon Source (APS), where datawas collected for each cell every ��min.

Use of the cell at synchrotron beamlines has resulted in several lessons learned. These are

mainly related to the mass of the cell, which caused problems at a beamline, where the cells

��



Figure �.��: Three operando cells being used for transmission XAS on Beamline B��,
Diamond Light Source.

had to be mounted on a horizontal beam. The setup needed the cell to protrude into the

beam path, instead of being mounted on a vertical frame. The cell mass limited the number

of cells that could be used in parallel, and a lighter design would have been bene�cial. The

mass could be revisited during a second design iteration, as it is mainly based on the selection

of solid metals for the lid (�) and base (�). Several options are available, and e.g. a design

incorporating a polymer body with metal inserts should be investigated.

Related to the cell mass is the choice of M� screws, which improve the handling but come

at the cost of additional mass, particularly due to the increased cell size required to �t them

around the cell stack and O-ring (��). Smaller screws, potentially coupled with a �xture or

jig to assist with assembly, could reduce the cell volume and mass.

Another lesson learned is the circular cross-section of the cell, which was initially chosen to

enable easy manufacture on a lathe. CNCmilling services, however, allow for cost e�cient

and quick manufacturing of more complex designs, and a cell with e.g. a rectangular cross

section could be stacked more densely on a beam line stage, again increasing the number of

cells in parallel.

These improvements would be particularly bene�cial for low collection time structural

probes, e.g. XRD, where tens of cells could be tested in parallel.
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Lastly, through simple variations of the used materials in contact with the cell stack, the cell

could be adapted for anode studies.
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Chapter �

First-Cycle Transition Metal Oxidation

State Changes in Layered Lithium-Rich

Compounds

�.� Introduction
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Figure �.�: First-charge voltage pro�le for a Li-
rich material, here Li�.�Ni�.��Co�.��Mn�.��O�.
Qualitatively coloured according to the
present understanding of TM and O redox
activity (see text).

Li-rich layered compounds with a

honeycomb superstructure, such as

Li�.�Ni�.�Mn�.�O� (’Li-rich NM’)

and Li�.�Ni�.��Co�.��Mn�.��O� (’Li-rich

NMC’), exhibit combined TM and O

redox.[��,��,��,��,��,��,���,���,���]

Owing to this, their �rst-cycle voltage

pro�les exhibit several distinct features (�g.

�.�). Region � is similar to the ones observed

in stoichiometric, layered Li ion cathodes,

and regularly assigned to TM redox.[��,��]

The voltage plateau in region � is associated
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with reversible O redox, while region � arises mainly due to O loss.[��,��] On discharge, the

redox behaviour is less clearly separated, which is ascribed to structural changes during the

�rst charge lowering the O redox potential.[��,��,���,���]

The exact interplay betweenTMandO redox is still being investigated. It is usually assumed

that pureTM redox only occurs in region �, and that the ’excess’ capacity, observed in regions

� and �, is based on O redox and O loss, as the observed in�ection points between regions �

and � correlate well with the theoretical TM capacities.[��,��] TM and O bands, however, are

expected to overlap and, at a certain point along the voltage pro�le, the phenomena should

occur simultaneously.[��,��,���,���] Particularly the oxidation state of Ni is of high interest, due

to the element’s high voltage and speci�c capacity, arising from theNi�+/Ni�+ redox couple,

as well as the metastable and nature of Ni�+ compounds.[���]

The majority of information on the TM and O oxidation states has been obtained using

ex-situ ’soft’ X-ray techniques with energies < � keV. These include TM L edge soft XAS

(SXAS), which gives insight into the population of TM �d orbitals, O K edge SXAS

and RIXS, which contain information on the O �p states, scanning transmission X-ray

microscopy and nanoscale XAS (STXM-XAS), as well as X-ray photoelectron spectroscopy

(XPS).[��,��,��,��,��,��,��,��,���,���,���,���] While these techniques are powerful tools for analysing the

valence states, they require high vacuum conditions, due to the low energies of the X-rays

and resulting short mean free paths, limiting the techniques to mainly ex-situ experiments.

Some success has been reported for operando soft-XAS on NMC and LFP cathodes using

solid polymer electrolytes,[���] liquid systems with windows of ~��� nm thickness,[���–���] as

well as atmospheric-pressure XPS (APXPS).[���,���] None of these approaches, however, are

suitable for Li-rich layered materials, owing to the sluggish O redox kinetics.[��,���–���]

Soft X-ray techniques also have low sample penetration depths of the order of ��� nm,

making it harder to obtain truly bulk sensitive information, and the extracted information

tends to contain a bias towards the surface.[���,���]
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The ’hard’ X-ray regime > � keV of the �d TMK absorption edges, with absorption lengths

of > �� �m, makes them truly bulk sensitive and suitable for operando experiments, as

the mean free path of the high-energy photons is long and setups do not require vacuum

conditions. Ni, Co, and Mn K edge XANES has been used extensively to probe the

oxidation states in Li-rich compounds, both ex-situ and operando.[��,��,��,��,��,���–���,���,���]

The K edges, however, are less sensitive to the oxidation states, as the dipole-allowed

�s → �p transitions do not probe the valence states directly. As discussed in chapter �,

however, weak quadrupole-allowed �s → �d excitations occur at energies immediately

below the edge and contain information on the energies and symmetry of the unoccupied

valence states.[���,���–���] These can be studied using HERFD-XANES, owing to the highly

resolved absorption peaks, as discussed in sec. �.�.�.�. The technique has been used to study

complexes, catalytic centres, as well as metal oxides, where it was used to characterise the

coordination symmetry and oxidation states.[���,���–���]

Previous work has shown that assigning the pre-edge features is compex in TM oxides, as

interactions with neighbouring TMs can feature heavily.[���,���,���] Nonetheless, the spectra

contain valuable information on the electronic structure of the �d states, and the energy

and shape of the pre-edge peaks is usually well correlated with the oxidation states.[���,���]

The technique can be complemented with XES, due to the similar experimental setup, as

discussed in sec. �.�. In Kα XES, radiation from the �p → �s transition is detected, which

occurs in the hard X-ray regime for �d TMs. Due to spin-interactions between the TM

�p and �d states, the line shape is a function of the spin in the �d orbitals, and hence the

oxidation state.[���]

HERFD-XANES and Kα XES bridge the gap between conventional hard and soft X-ray

techniques, as they enable the direct observation of �d states in the hard X-ray regime. This

��



makes these methods particularly suited for operando experiments. In the following, both

techniques, alongwithXRDandEXAFS, are used operando to investigate theTMoxidation

states in Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O�, using the electrochemical cell

discussed in the previous chapter.

�.� Experimental

Synthesis of Layered Materials Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O� active

materials (AM) were prepared using a sol-gel-assisted solid-state method as described in

�.�.�.�.[���] For �.�� mol of �nal product, stoichiometric amounts of LiCH�COO ⋅ �H�O

(�� %, Alfa Aesar), Ni(CH�COO)� ⋅ �H�O (�� %+, Alfa Aesar), Mn(CH�COO)� ⋅ �H�O

(≥ ��%, SigmaAldrich), Co(CH�COO)� ⋅ �H�O (��%, Alfa Aesar) were dissolved in ��mL

of distilled water with a � % molar excess of Li�CO� (��.��� %, Acros Organics). This was

added to a solution of �.� mol resorcinol (≥ �� %, Sigma Aldrich), dissolved in �.� mol

formaldehyde (��m%inH�O,SigmaAldrich) and stirred for ��min. Following, the solution

was heated to �� ○C until a white gel was formed. This was dried at �� ○C for �� h and then

ground using mortar and pestle. The resulting powder was heated to ��� ○C for �� h (ramp:

� ○C/min), to burn o� organic compounds, and subsequently reacted at ��� ○C for � h in

air (ramp: �� ○C/min).

Free-Standing Cathode Pellet Preparation Self-supporting cathode pellets with a ratio

of �� m% AM, �� m% acetylene carbon black (��.�+ %, Alfa Aesar), and �� m% PTFE

(Imperial Chemical Industries Ltd.) were prepared as described in sec. �.�.�.

Operando X-ray Di�raction Powder X-ray di�raction (XRD) patterns were collected

on beamline I��, Diamond Light Source, Didcot, UK, using operando cells in transmission

mode. The cells were assembled in an argon-�lled glovebox (O� & H�O < �.� ppm), as

described in sec. �.�. Cathode pellets as described in the previous paragraph were used. Li

metal with a thickness of ~��� �m was used as the anode, as well as dry LP�� electrolyte

��



(Sigma Aldrich / Merck), soaked into glass �bre separators (Whatman GF-D).

Six cells were simultaneously cycled galvanostatically between �.� - �.� V using a BioLogic

MPG-� battery cycler at a rate of ��mAg-� at a temperature of ~�� ○C. XRD patterns were

collected using a position-sensitive detector. AnX-ray wavelength of �.�����Åwas selected

using a double-bounce Si(���) monochromator. Data was collected for �� s per sample every

�min. No beam damage was observed.

A background pattern, obtained for an assembled cell without cathode, was subtracted

from the data. Structures were re�ned against each pattern using the Rietveld method as

implemented in the GSAS-II scripting environment based on the Python � programming

language.[���] Instrument parameters were obtained by �tting a silicon standard measured

in a capillary. To analyse the structures, α-NaFeO�-type structures (space group R�m) were

�t to the data, populated with Li according to the capacity. A background function, lattice

parameters a and c, as well as the peak shape and isotropic displacement factors U iso were

re�ned. Fractional coordinates and site populations were not re�ned. The obtained �t

quality was not exceptional, particularly for Li-rich NM, but was su�cient to extract the

lattice parameters, as con�rmed visually from the peak positions (see. A.�).

Operando EXAFS Operando K edge EXAFS was collected on beamline B-��, Diamond

Light Source, Didcot, UK, using operando cells in transmission mode. The cells were

assembled in an argon-�lled glovebox (O� & H�O < �.� ppm), as described in sec. �.�.

Cathode pellets as described previously were used. Li metal with a thickness of ~��� �m

was used as the anode, as well as dry LP�� electrolyte (SigmaAldrich), soaked into glass �bre

separators (Whatman GF-D).

Three cells were simultaneously cycled galvanostatically between �.� - �.�Vusing a BioLogic

MPG-� battery cycler at a temperature of ~�� ○C. The temperature was controlled via

two proportional–integral–derivative (PID)-controlled cartridge heaters connected to the

bottomof an aluminium sample holder (pic. �.��). TheXANES energywas controlled using

a Si(���) double-bounce monochromator, capable of scanning through the energy ranges of

��



all three TMs (Ni, Mn, Co). The energy was calibrated with a Mn foil, resulting in a slight

shift of the edge positions for Ni and Co of about �.� eV.

For each sample, the TM edges were measured sequentially in transmission mode every

��min. No beam damage was observed. Even still the beam was rastered across the area of

the cathode, and each location only visited once. At each point �ve spectrawere collected for

each edge, and averaged for the subsequent analysis. Data processing was performed using

the Athena package.[���] The pre-edge subtraction, data normalisation, and�(E) extraction
was performed as described in secs. �.� and �.�.�. �(k) was weighted by k2 and Fourier

transformed up to k = ��Å-� to obtain ��(r)�.
Operando HERFD-XANES & XES Operando HERFD-XANES and XES spectra

were collected on beamline ID�� at the European Synchrotron Radiation Facility (ESRF),

Grenoble, France, using operando cells, whichwere assembled in an argon-�lled glovebox (O�

& H�O < �.� ppm), as described in sec. �.�. Cathode pellets, as described previously, were

used. Li metal with a thickness of ~��� �mwas used as the anode, and dry LP�� electrolyte

(Sigma Aldrich / Merck), soaked into glass �bre separators (Whatman GF-D).

Two cells were cycled simultaneously and the temperature was kept at ~�� ○C using a PID-

controlled hot air blower connected to a thermocouple on the back of one of the cells. The

cells were cycled galvanostatically between �.� - �.� V at a rate of ��mAg-� for Ni and Mn,

and ��mAg-� for Co (due to time constraints) using a BioLogic SP-��� instrument.

Beam damage was assessed by repeatedly collecting Ni K edge spectra with an unattenuated

beam on the same location. Minor damage was observed in the samples after exposure to

the beam for several minutes, as evidenced by a minor shift of the K edges to lower energies.

The beam-sample-interaction was also visible in the voltage pro�les, where a reversible

voltage increase was observed during beam exposure, particularly in regions linked with O

redox.[��,��,���] Even though the damage appeared to be reversible, the beam was attenuated

and rastered across the surface, and each position was used to acquire just one set of spectra.

For HERFD-XANES, the incident beam’s wavelength was selected using a cryogenically-
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cooled Si(���) crystal double bounce monochromator, and tuned through the respective

TM K edge. The beam energy was calibrated using foils of the respective TMs for Ni and

Co, and an Fe foil for Mn.

Data was collected using four spherically bent Si(���) crystals for Ni and Co, and Ge(���)

crystals forMn, arrangedwith the sample and an avalanche photodiode detector in a vertical

Rowland geometry with a radius of � m. HERFD-XANES data were collected using the

maximum of the respective Kα� emission lines for detection, which were located at the

following positions: Ni: �.���� keV, Co: �.����, Mn: �.���� keV. Spectra were collected

alternately between the two cells every ��mins. During dedicated pre-edge scans, a second

scan of the full XANES region was performed, for normalisation of the pre-edge.

Data processing was performed using custom code written in Python �. Due to the low

background, resulting from the HERFD, no background subtraction was required. The

collected spectra were normalised using the spectral area in the following ranges: Ni: �.��� -

�.��� keV, Co: �.��� - �.��� keV, Mn: �.��� - �.��� keV.

XES spectra were collected for the Kα� and Kα� emission lines, using the following incident

energies: Ni: �.��� keV, Co: �.��� eV, and Mn: �.��� eV. Spectra were collected every

��mins for each cell. The collected spectra were normalised by spectral area in the following

ranges: Ni: �.��� - �.��� keV, Co: �.��� - �.��� keV, andMn: �.��� - �.��� keV.

To probe the changes in local spin magnetic moment with changing lithium-content, the

full width at half maximum (FWHM) of the TM Kα� peaks was determined, as well as the

integrated absolute di�erence (IAD), as described in sec. �.�. Errors were estimated by

applying the respective technique to two spectra obtained for the pristine compound. All

calculations were performed using custom scripts based on Python �.
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�.� Structural Characterisation

The bond lengths surrounding a central atom have a direct impact on the spectra observed

in XAS and XES. To understand the evolution of the long-range, average structures of

the compounds, operando XRD was collected for Li-rich NM and Li-rich NMC. The

patterns were found to correspond to previous reports and selected results of the Rietveld

re�nements are presented in �g. �.�.[��,��] Details are presented in the appendix (sec. A.�).

The data show that the lattice parameters a and c are very similar in the pristine compounds,

and vary only slightly in their aspect ratios. During delithiation, a contracts almost linearly

in both compounds, and at the end of region � they have nearly identical a parameters.

Across the plateau, a is maintained in Li-rich NMC, whereas in Li-rich NM it slightly

contracts. For c a more pronounced change is observed in Li-rich NMC, compared to

Li-rich NM. The parameter grows across region �, and then stays largely constant in the

former, while it continues to grow in the latter. On discharge, it shrinks continuously in

both compounds. The in�uence of c on the unit cell volume, however, is small, and a

dominates.

Interestingly, on discharge, lattice parameter changes are only observed after ~��mAhg-� of

charge have been passed. The parameters revert to their original positions in Li-rich NMC,
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Figure �.�: OperandoTMK edge EXAFS of Li�.�Ni�.�Mn�.�O�. a & b) Contour plots of the
EXAFS spectra for Ni andMn, respectively, as a function of capacity. The red line indicates
the top of charge; c) Corresponding voltage pro�le; d & e) Selected spectra for Ni and Mn,
respectively. The plot colour corresponds to the capacity at which the data was obtained, as
indicated by the coloured dots in the voltage pro�le.

whereas for Li-rich NM the �nal unit cell aspect ratio di�ers from the pristine compound.

These e�ects are also visible in the respective unit cell volumes, where the changes are small

for Li-rich NMC, while Li-rich NM shows a signi�cant volumetric strain, and a large

volume increase on discharge.

To investigate the local environments, operando EXAFS was collected for both compounds,

and the data for Li-rich NM are depicted in �g. �.�.

In the pristine material, a sharp peak is observed for the Ni-O bonds at approximately �.�Å.

The contour plot shows a shift to lower values of the radius r on charging across region �,

along with a decrease in intensity. The intensity is recovered at the beginning of the plateau
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and a well-de�ned peak persists until the top of charge. On discharge, a similar process is

observed in reverse.

The Ni-metal (Ni-M) peak at approximately �.� Å does not change signi�cantly during the

�rst cycle, and only a slight shrinking on charge and expansion on discharge is observed, as

expected from the lattice breathing due to Li extraction and reinsertion.

The Mn-O bond lengths stay very similar during the entire �rst cycle, however the peak

intensity decreases signi�cantly, and does not recover fully on discharge. The nearly

constant peak position suggests no changes in Mn oxidation state, while the intensity

changes suggest a reduction of order around the atom, potentially linked toO redox.[��,��,���]

TheMn-Mpeak has a lower intensity, compared toNi-M, as expected from the honeycomb

ordering of the TM layer, where a larger fraction of the weak scatterer Li is present in

the second Mn coordination sphere.[��,��] Only small changes are observed across the �rst

charge, similar to those of Ni, and the peak is almost fully recovered on discharge.

The EXAFS data for Li-richNMC are depicted in �g. �.�, and show a similar behaviour for

Ni andMn as observed for Li-rich NM.

The pristine spectrum for Co is very similar to that for Mn. On charge, the Co-O bond

distances show a slight shift to lower r, indicating an increase in oxidation state, as well

as a decrease in the peak intensity of approximately �� % of what is observed for Mn. On

discharge, the position, but not the intensity, is recovered. The Co-M peak intensity and

position remains largely unchanged across the whole �rst cycle. The close resemblance to

Mn is expected, as both elements occupy similar positions within the honeycomb.

A closer investigation of the evolution of both compounds’ Ni-O peaks across region

� is depicted in �g. �.�. In Li-rich NM, the initial shift to lower r is accompanied

by a splitting of the peak that is recovered towards the end of the region. The peak

ratios indicate a contraction of four of the bonds, and an elongation of two others,
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Figure �.�: OperandoTMKedge EXAFS of Li�.�Ni�.��Co�.��Mn�.��O�. a, b, c)Contour plots
of the EXAFS spectra for Ni and Mn, respectively, as a function of capacity. The red line
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suggesting Jahn-Teller e�ect (JT) activity. Similar observations have been reported for

LiNi�.��Mn�.��Co�.��O�, where they were attributed to JT-active d� Ni�+ (d� low spin,

S = �.�), as well as for comparable Li-rich materials.[��,���] Similarly, Ni�+ was observed

using magnetic measurements using superconducting quantum interference device

magnetometry (SQUID) in partially delithiated LiNi�.�Mn�.�O�.[���] Given the close

structural similarity between these compounds and Li-rich NM, as well as the voltage and

amount of charge removed, the presence of Ni�+ is a reasonable assumption.

Upon further delithiation, the growth of a sharp peak at lower r (~ �.� Å) is observed, that

persists across regions � & �. This suggests the formation of a JT-inactive species with a

similar coordination sphere, but shorter bond lengths and hence higher oxidation state,

indicating the presence of Ni�+.[���,���]

In Li-richNMC less peak splitting is observed. The transition phase is shorter and the ’�nal’

low-r peak location is reached already after ~��mAhg-�, where its high intensity suggests an

ordered environment. Interestingly, the peak intensity in Li-rich NMC decreases towards

the end of region �, accompanied by a slight shift to lower r, which is not observed in Li-rich

NM. At the top of charge, both compounds exhibit essentially identical Ni-O peaks.
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Figure �.�: NiK edgeHERFDXANES spectra for Li-richNMCand reference compounds.
a) K edges; b) Pre-edge regions.

�.� Transition Metal Oxidation States Probed via

HERFD-XANES and XES

The structural probes give indirect evidence on the oxidation states of the TMs, particularly

for Ni. In the following, results for a more direct investigation of the electronic structure via

HERFD-XANES and XES are presented.

�.�.� Nickel Oxidation States

Ni K edge HERFD-XANES spectra were collected for pristine Li-rich NM and Li-rich

NMC, as well as several Ni�+ and Ni�+ standards, where the TMs are in similar octahedral

coordination environments (�g. �.�). As the observed K and pre-edges for the twomaterials

of interest are virtually identical, only the spectrum for Li-rich NMC is discussed (see �g.

�.�).

The XANES regions of all four compounds show broadly similar features, with Li-rich

NMC and LiNi�.�Mn�.�O� exhibiting the most similarity and almost identical rising edge
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energies. The peak shapes of NiO (Ni�+) and LiNiO� (Ni�+) are very similar, although the

edge for NiO is shifted to lower energies, as would be expected from the lower Ni oxidation

state. Interestingly, the rising edge energies of Li-rich NMC and LiNi�.�Mn�.�O� are ~� eV

higher than NiO, even though all three compounds contain Ni�+.

The pre-edges are less sensitive to the in�uences of the coordination environments, and

two well-separated peaks, at �,���.� eV and �,���.� eV, respectively, are observed for Li-rich

NMC. The one at lower energy matches well with the one observed for NiO, as well as the

�rst peak of LiNi�.�Mn�.�O� and can be assigned to the expected quadrupole-allowed �s →
�d excitations into the un�lled eg orbitals of the d� Ni�+ (t�g� eg�).[���] Noticeably, the energy

of LiNiO� (Ni�+) is only shifted by ~�.� eV, compared to the Ni�+compounds. Similar

observations have been reported for Ni complexes, where both high-spin (hs) and low-spin

(ls) Ni�+, as well as Ni�+ (ls) exhibited similar peak energies.[���,���]

From the t�g� eg� con�guration a twofold degenerated eg state is expected, with no JT

distortion, as supported by the EXAFS results, and hence only one peak should be

observed. Additional peaks, shifted by ~�.� - �.� eV, have also been reported for other

�d TM compounds (TM = Ti, Mn, Co), where the �rst peak arises from the local,

quadrupole-allowed �sTM → �dTM transition, and the higher-energy peak was attributed to

O-mediated transitions into states with mixed p-d-character.[���,���–���] These dipole-allowed

transitions into bands with �pTM -�pO-�dTM ′ character result in an indirect �sTM → �dTM ′

transition, where TM ′is an adjacent TM. The states on TM ′ are subject to a lower core-hole
potential than the ones on TM , and are hence shifted to a higher energy.[���] This mixing is

not possible in systems with inversion symmetry, but can occur if the symmetry is broken

outside of the immediate coordination sphere. Breaking of the local inversion symmetry

can be expected in Li-rich NM and Li-rich NMC through the inhomogeneous honeycomb

ordering, as well in LiNi�.�Mn�.�O�. Similarly, the rocksalt structure ofNiO has no inversion

symmetry and only a single peak is observed. The additional peaks can therefore be assigned
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Figure �.�: Operando Ni K edge HERFD-XANES for Li-rich NM and Li-rich NMC. a,
d) Voltage pro�les, with colour-coded dots indicating the capacities corresponding to the
selected spectra. b, e) Ni K edge; c, f) Pre-edge region.

to non-local excitations.

In �g. �.� the operandoHERFD-XANES spectra for the �rst cycles of Li-rich NM and Li-

rich NMC are presented. The main edges of the compounds show a shift to higher energies

during charge, in accordance with an electrostatic approximation. Interestingly, at the end

of region �, the main edge in Li-rich NMC has already shifted to its maximum, whereas

for Li-rich NM this is only observed after an additional ~�� mAhg-�. The positions are

maintained until the top of charge, and, on discharge, themain edges shift gradually back to

lower energies and the pristine spectra are recovered.

In the pre-edge spectra of Li-rich NMC, the quadrupole-allowed peak is shifted upwards

by ~�.� eV to ~�,���.� eV through region �, and is largely maintained across the plateau. At
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the top of charge some intensity is recovered at �,���.� eV. The Li-rich NM pre-edge shifts

more gradually, similar to what is observed for the main edge, and residual peak intensity

at �,���.� eV remains in regions � and �. On discharge, the spectra for both compounds

gradually shift back and the pristine spectra are recovered.

The low-energy peak at �,���.� eV, observed for Li-rich NMC at ~��� mAhg-�, can be

assigned to Ni�+, as a d� ls con�guration (t�g� eg�) is the only JT-inactive possibility for the

d orbitals to be populated with six (or seven) eletrons.† Almost pure Ni�+ can be assumed

as almost no intensity remains at �,���.� eV. The previous observation that Ni�+ and Ni�+

ls species have approximately the same pre-edge energy, coupled with the sign�cant shift

observed here, further supports this.[���,���]

Based on this assignment, the remainder of the spectra can then be interpreted: Ni is

fully oxidised to Ni�+ in Li-rich NMC after region �, and stays so across the plateau, while

potentially being slightly reduced at the top of charge. Li-rich NM is never fully oxidised to

Ni�+, based on the residual intensity at �,���.� eV, that is observed throughout.

As spectra were collected every ~�� mAhg-�, the oxidation state changes can be tracked

across the entire �rst cycle. To achieve this, the main edge contribution was subtracted

by �tting a Lorentzian function to the rising edges, and a series of Gaussians were �t to

the pre-edge peaks. This allowed for a direct comparison between the low-energy peaks in

the pristine and highly oxidised materials (�g. �.�). In the example �ts it can be seen that

a trade-o� between the �rst peak (blue), assigned to Ni�+, and the second peak (orange),

assigned to Ni�+, is observed. Interestingly, the spectra required a third peak to �t the

pre-edge, indicating another non-local excitation. These are known to occur in other TM

oxides and are discussed in detail for Co later in this chapter.[���,���,���] Although the �tted

area of the orange peak is quite noisy, owing to the neighbouring peaks, the intensity of the

blue Gaussian can be used to track the amount of Ni�+/Ni�+ in the material.
†d� hs: t�g� eg�⇒ JT; d� ls: t�g� eg�⇒ JT ; d� hs: t�g� eg�⇒ JT; d� ls: t�g� eg� �⇒ JT.
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Figure �.�: Gaussian �ts of the operandoNi K pre-edges in Li-rich NM and Li-rich NMC.
a-c) Example �ts for Li-rich NMC obtained at � mAhg-�, ��� mAhg-�, and ��� mAhg-�,
respectively, showing the trade-o� between the Gaussian peak � (blue), associated with the
Ni�+ (and Ni�+) species, and Gaussian peak � (orange), associated with the Ni�+ species; d)
Spectral areas observed for the two peaks in Li-rich NM; e) Spectral areas observed for the
two peaks in Li-rich NMC. Errors were estimated by �tting Gaussians to di�erent spectra
collected for the pristine compound.
Even though the �t datapoints are noisy, owing to the position of the Gaussian � peak in
between several others, Gaussian � and Gaussian � always sum to approximately �.�� a.u.,
and Gaussian � can be used to track the oxidation state.
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The intensity of the Ni�+ peak quanti�es the observations made so far, namely that Ni

is oxidised more slowly in Li-rich NM, and only reaches ~Ni�.�+ on average, while it is

fully oxidised in Li-rich NMC. The data for the latter shows a sudden jump between �� -

�� mAhg-�, where Ni�+/Ni�+ appears to rapidly be oxidised fully. This matches well with

the observations made with EXAFS, where a lot less JT-active Ni�+ was observed for Li-rich

NMC, as well as a sudden peak change between �� - �� mAhg-�. Ni also appears to be

reduced slightly across the plateau in Li-rich NMC, whilst the oxidation state is maintained

in Li-rich NM until discharge, following the trend observed in EXAFS. In conjunction

with the EXAFS data, it can be concluded that during the second half of the discharge Ni is

fully reduced to Ni�+ in both compounds.

The spin states of the TMs, which gives insight into the population of the �d states, was also

probed using operando Kα XES. As discussed in sec. �.�, the Kα line is primarily broadened

due to exchange interaction between the �p and �d states, and a near linear relationship

between the full width at half maximum (FWHM) of the peak and the TM spin state can be

expected in �d TM compounds.[���,���,���] As the coordination environments for Ni in both

Li-rich NM and Li-rich NMC are very similar, the relative changes can be tracked.

A reduction of the total spin would suggest an increase in oxidation state from Ni�+ (t�g�

eg�, S = �) towards Ni�+ (t�g� ego, S = �), manifesting as a narrowing of the Kα� peak at

~�.��� keV. This can be tracked via changes of the FWHM, as well as the IAD as a low-noise

complement. The data are presented in �g. �.�.

The FWHMs of the pristine compounds are very similar, suggesting similar spin states for

Ni in both compounds, in accordance with the previous observations. On charging, similar

trends as for the pre-edges are observed. The FWHM for Li-rich NM decreases gradually

up to ~��� mAhg, where it is maintained until the top of charge. For Li-rich NMC, it

is reduced up to �� mAhg-�, when it jumps to its minimum width. The FWHM of the
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Figure �.�: OperandoNi Kα XES for Li-rich NM and Li-rich NMC. a) Voltage pro�les; b)
Example XES spectra and di�erences, scaled by �.� for visibility. The letters indicate the
state of charge: P: Pristine; TOC: Top-of-charge; DC: Discharged. c) FWHMs of the Kα�
emission lines; d) IADs of the Kα spectra.
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compound begins to decrease after ~���mAhg-�, and the same values are observed for both

compounds at the top of charge, similar to what was observed in EXAFS and the pre-edges.

The total change of the Li-rich NM FWHM is only ~�� % of the change observed for

Li-rich NMC. On discharge, the FWHM increases in both compounds and the pristine

spectra are almost recovered. The IAD shows the same trends, and suggests that no Ni

activity during the second half of the discharge.

The XES data corroborates the observations made previously. Although exact oxidation

states cannot be deduced with the technique, the data show that Ni in Li-rich NM is only

oxidised to approximately �� % of the value observed in Li-rich NMC. Additionally, Ni is

slightly reduced across the �rst-charge plateau in the latter.

�.�.� Cobalt Oxidation States

The second redox-active TM in Li�.�Ni�.��Co�.��Mn�.��O� is Co. In �g. �.�� HERFD-

XANES spectra of the pristine compound, as well as several Co�+/Co�+standards, are

presented.

The Co�+ compounds exhibit very similar K edges as Li-rich NMC, while the energy

of the mixed Co�+/Co�+ oxide Co�O� is shifted to lower values. All edges share a lot of

similarities, particularly among the layered Co�+ materials, as expected from the close

structural relationship.

The pre-edge region for Li-rich NMC exhibits two peaks, at �,���.� eV and �,���.� eV,

respectively, and is similar to those observed for stoichiometric NMC and LCO. These

Co�+ compounds have a �d� ls (t�g� eg�) electron con�guration and only a single peak

in the pre-edge region is expected.[���,���,���,���–���] However, similar to the observations

made for Ni, the additional peak likely arises from non-local excitations. This has

been previously observed in LCO, as well as the closely related Na�.��CoO�, and can be

transferred onto the other layered compounds due to the structural similarity.[���,���,���,���,���]
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Figure�.��:OperandoCoKedgeHERFD-XANES forLi-richNMC. a)Voltage pro�le, with
colour-coded dots indicating the capacities corresponding to the selected spectra; b) K edge
spectra; c) Pre-edge region.

Interestingly, a third, smaller shoulder is visible in the pre-edge of Li-rich NMC, ~�.� eV

above the �rst peak (compare �g. �.�� c), which is again assigned to a non-local excitation,

as similar phenomena were previously observed in LCO.[���] There the di�erent peaks are

assigned to O-mediated transitions into hybridised states with �d character arising from

Co in adjacent layers at di�erent positions, demonstrating the strong interactions in the

material.[���,���,���]

In �g. �.�� the operandoCoK edgeHERFD-XANES spectra for the �rst cycle are presented.
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On charge, the main edge is shifted upwards in energy until approximately ��mAhg-� into

the plateau of region �, where it persists until the top of charge. On discharge, the edge

shifts back linearly. The pristine spectrum is never fully recovered.

In the pre-edge region, the intensity in the region between the two large pre-edge peaks

gradually increases with increasing state of charge until a single, asymmetrical peak is

observed, which is fully established midway through region � and persists until the top

of charge. On discharge, the pre-edge changes are gradually recovered. The shift of the

pre-edge towards higher energy suggests that Co is oxidised and continues to do so well into

the �st-charge plateau.

Interestingly, during the charge in region �, Co appears to be temporarily re-reduced, or at

least not further oxidised. In �g. �.�� a selection of the K and pre edge spectra for the region

are depicted, showing a shift towards lower energies for the former, and a stagnation of the

peak growth for the latter. These changes occur at the same point where a strong upward

shift of the Ni pre edge, as well as a sudden increase in the Ni XES data, are observed,

potentially indicating a charge transfer.

The changes of the Co pre-edge do not correspond to a change from a d� ls to a d� ls state,

which is expected from an oxidation to Co�+. For this, two separate peaks, arising from

excitations into the t�g and eg states, should be observed. A similar peak shapewas previously

reported for Na�.��CoO�, whose average oxidation state of Co�.��+ could suggest that Co is

not fully oxidised upon charging in Li-rich NMC.[���] The asymmetry of the peak observed

at the top of charge, however, suggests a contribution from several overlapping excitations,

and non-local transitions, coupled with the �nite energy resolution, might be covering the

expected peaks. Signi�cant intensity growth is observed at ~�,���.� eV, potentially due to

the expected transition into t�g states. Similar spectra have been reported for calculations

with small crystal �eld splitting, where the empty states in the t�g and eg orbitals overlap
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Figure �.��: Observed shifts of the Co main and pre-edge during the TM redox region � Li-
rich NMC. a) Main edge; b) Pre-edge region.

heavily.[���]

To study the system further, operando Kα XES was performed, and the results are depicted

in �g. �.��. Across region �, and for an additional ~�� mAhg-� into region �, a reduction

of the Kα� FWHM is observed, that is subsequently maintained across the plateau. On

discharge, the peak width increases, and the �nal width exceeds the one of the pristine

compound. The IAD shows very similar changes, but the total di�erence is not recovered

on discharge. During charge, at ~�� mAhg-� and ~��� mAhg-�, slight reductions of the

IAD are observed, with the �rst occurring the same location as the temporary changes in

XANES. The changes are also observed in the FWHM, but, due to the noisy data, they are

not signi�cant.

The reduction of the FWHMon charge suggests a reduction of the total spin in the �d states.

It can be reasonably assumed that Co is in a d� ls (S = �) state in the pristine compound, due

to the similarities with LCO and NMC, where this has been demonstrated.[���,���,���,���–���]

Uponoxidation, the total spin therefore has to increase, as one electron is unpaired, assuming

a d� ls state (t�g� eg�, S = �/�) is reached on charge. As a �rst approximation, this increase in

spin should result in an increase in FWHM, which is not observed.[���] Interestingly, the

changes observed in XES are well correlated with the unit cell volume changes derived from
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Figure �.��: Operando Co Kα XES for Li-rich NMC. a) Voltage pro�le; b) Example spectra
and di�erences, scaled by �.� for visibility. The letters indicate the state of charge: P: Pristine;
TOC:Top-of-charge; DC:Discharged. c) FWHMs of the Kα� emission lines; d) IADs of the
Kα spectra.
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Li�.�Ni�.��Co�.��Mn�.��O�, and reference compounds. a) K edges; b) Pre-edge regions.

XRD, potentially indicating that orbital overlap or a similar factor play a role.

Lastly, the di�erences between the observationsmadewithXANES andXES could be based

on the interaction between the �d states and the core hole for the latter technique, where the

�d electronic con�guration of the excited state does not correspond to the ground state. The

di�erent spin would then change the observations. To assess this, in-depth modelling of the

system would be required. The strong interaction between Co and its neighbours poses an

additional constraint that prevents a conclusive result with regards to the highest oxidation

state of Co in the charged compound.

�.�.� Manganese Oxidation States

Manganese is expected to be redox-inactive in Li-rich NM and Li-rich NMC, as it is in a

Mn�+ (�d�) oxidation state, based on the compositions of the compounds.[��,��] In �g. �.��

the Mn K edge HERFD-XANES spectra for the two materials and reference compounds

are presented. There are broad similarities between the K edge of β-MnO� and the ones of

the pristine compounds. In the pre-edge region, two peaks are expected for TMs with a d�

valence, arising from excitations into the t�g and eg states. These are observed experimentally

for both Li-rich NM and Li-rich NMC, located at �,���.� eV and �,���.� eV, respectively,

as well as for β-MnO�. The observed intensities di�er between the layered compounds and

���



0 200 400 600

Cummulative Cap. [mAhg�1]

2.0

3.0

4.0

5.0
U

(v
s.

L
i+

/L
i)

[V
]

a) Li1.2Ni0.2Mn0.6O2

0 200 400 600

Cummulative Cap. [mAhg�1]

2.0

3.0

4.0

5.0

U
(v

s.
L
i+

/L
i)

[V
]

d) Li1.2Ni0.13Co0.13Mn0.54O2

6.54 6.55 6.56

Energy [keV]

0.0

0.5

1.0

In
te

n
si

ty
[a

.u
.] b)

6.54 6.55 6.56

Energy [keV]

0.0

0.5

1.0

In
te

n
si

ty
[a

.u
.] e)

6.538 6.540 6.542 6.544

Energy [keV]

0.00

0.05

0.10

In
te

n
si

ty
[a

.u
.] c)

6.538 6.540 6.542 6.544

Energy [keV]

0.00

0.05

0.10

In
te

n
si

ty
[a

.u
.] f)

Figure �.��: OperandoMn K edge HERFD-XANES for Li-rich NM and Li-rich NMC. a,
d) Voltage pro�les, with colour-coded dots indicating the capacities corresponding to the
selected spectra. b, e) Mn K edge; c, f) Pre-edge region.

rutile β-MnO�, likely due to the di�erent crystal structures. The energy position of the

peak for Mn�O� (Mn�+) is shifted to lower energies. It can therefore be assumed that Mn�+

is present in Li-rich NM and Li-rich NMC. Unlike for Ni and Co, no non-local excitations

into hybridised states of adjacent TMs are evident in the two compounds.

Operando K edge HERFD-XANES spectra are depicted in �g. �.��. Over the �rst cycle,

neither themain edge nor the pre-edge positions change signi�cantly and only slight changes

of the peak intensities are observed. The pre-edge spectral area increases slightly with state

of charge, and in the fully discharged compound the pristine spectrum is recovered. This is

not observed for the K edge itself, where the spectrum is altered permanently, suggesting

that Mn�+ is retained while structural changes occur.
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Figure �.��: Mn Kα XES for Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O�.

To investigate this further, operando Kα� XES data was obtained (�g. �.��), which shows

signi�cant changes of the FWHMover the entire cycle. This is signi�cant, asMn is expected

to be redox-inactive, and the spin state should not change from the initial d� hs (S = �/�).

During charging, the FWHM of Li-rich NM decreases until the end of region �, where it

stays approximately constant, before increasing again on discharge. For Li-rich NMC, the

decrease occurs constantly until the end of region �, followed by a monotonous decrease on

discharge. As observed for Co, these changes are well correlated with the unit cell volume

changes, suggesting that the di�erence might occur due changes of the orbital overlap.

The IADs show a sudden jump immediately on charging and then remain constant until

the middle of the discharge, where they increase until the end of discharge, and are only

weakly correlated with the FWHM changes. This again, suggests that the changes of the
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XES spectra are not due to a change in Mn �d spin but due to other e�ects. The XES data

does not present a coherent picture and is too complex to be analysed qualitatively, and

modelling is required.

The lack of an energy shift of the pre-edges, however, as well as the small changes of the

intensies, suggest that Mn is not redox-active in either Li-rich NM or Li-rich NMC. The

small changes of the XANESmain edges likely arise from structural changes, as the EXAFS

data show considerable activity surrounding the TMs, while the Mn-O distances remain

constant.[��,���,���] These local structural changes are expected, as most O redox activity is

expected surroundingMn in these compounds.[��,��,��,��]

�.� Summary and Discussion

There is considerable interest in the oxidation states of TMs and O in Li-rich

materials.[��,��,��,��,��,���] While it is usually assumed that full TM oxidation occurs

across the sloping "TM redox" region (region �), it was shown here that this is true for

Li�.�Ni�.��Co�.��Mn�.��O�, but not for Li�.�Ni�.�Mn�.�O�. The latter never reaches Ni�+,

suggesting that more capacity is charge compensated for via O redox than previously

assumed.

TM K edge HERFD-XANES and Kα XES are hard X-ray techniques that allow for truly

bulk sensitive probing of the valence state population in TM oxide compounds.

For Li-rich NM and Li-rich NMC, the analysis of the pristine HERFD-XANES spectra,

including the pre-edge region, could be performed qualitatively and the observed

phenomena were explained through a combination of octahedral �d crystal �eld theory

and non-local transitions into the �d states of adjacent TMs (indirect �sTM → �dTM ′

transitions).[���,���–���] For operando spectra obtained during the �rst cycle, this approach

was still successful for Ni and Mn, whereas for Co an analysis without modelling was not
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possible. The observed oxidation states agree with the structural information, with bond

lengths decreasing as the TM oxidation states increase in the spectroscopic data, and vice

versa.

The XES proved harder to interpret, and seems to be more strongly a�ected by even small

changes of the surrounding structure. This was e.g. observed for Mn, where signi�cantly

changing FWHMs and IADs of the Kα emission spectra were observed, while the XANES

K pre-edge showed almost no change.

The complexities of the Li-rich systems, containing multiple, interacting TMs with

changing spin states, varying lattice parameters, and changes of the ligands due to O redox

andO loss, make a qualitative or semi-quantitative interpretation di�cult andmodelling of

the electronic transitions, based on accurate structural models, is required to fully interpret

this data.

Still, several conclusions about the TM oxidation state changes in the two materials can

be drawn from the data, particularly based on the HERFD-XANES pre-edge regions, in

conjunction with EXAFS.

It is evident that TM oxidation continues into region � in both compounds, mainly

through Ni in Li-rich NM, and Co in Li-rich NMC, suggesting that the bands formed by

hybridised TM �d /O �p states overlap with the one formed by the unhybridisedO �p states

responsible for reversible O redox.[��,���,���] There is strong evidence that Ni�+ is present at

the end of region � in Li-richNMC, while the data for Li-richNM suggests that the element

is never fully oxidised to its tetravalent state, and only reaches its maximum oxidation state

of approximately Ni�.�+ towards the middle of the charge plateau in region �.

A potential explanation for the di�erent behaviour observed for the twomaterials, could be

the tendency of Li-rich NM to form a Ni-rich surface, which is observed to a much lower

extent in Li-rich NMC.[��,���–���] O loss is associated with the surface of the active material,

potentially resulting in a higher fraction of O loss in the areas with high amounts of Ni,
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preventing the full oxidation in Li-rich NM.[��,��,��,��] In Li-rich NMC, a larger fraction of

the Ni is in the bulk, allowing it to be fully oxidised. This outlines a way forward, and the

amount of surface Ni should be quanti�ed, e.g. using secondary ion mass spectrometry

(SIMS) or atom probe tomography.

The rapid oxidation of Ni in Li-rich NMC appears to correlate with a reduction in Co

during the second half of region �, as suggested by the EXAFS bond lengths, as well as the

XANES and XES. The changes to the Co data, however, are small, with noise preventing a

de�nite conclusion, but correlate well with the in�ection point seen in the voltage pro�le,

which suggests two di�erent single-phase reactions.

The results are of particular interest, as they inform the debate about the in�uence of Co

on layered cathode materials. It is known that Co suppresses O loss and has a bene�cial

in�uence on general cathode homogeneity.[���] The results here suggest that it also has

signi�cant in�uence on the redox behaviour of Ni, enabling full oxidation to Ni�+,

potentially due to a more homogeneous structure.

Mn appears to be redox inactive during the entire �rst cycle, in accordance with previous

reports.[��,��] Still, signi�cant changes of the XES spectra are observed, which warrant a

closer investigation, particularly with regards to the e�ects of O redox, whose in�uence

should be most prominent aroundMn.

To understand all of these phenomena, an in-depth analysis of the electronic structure

would be of great interest. This could be achieved through operando TM K edge RIXS.

By fully characterising the TM spin states at certain points along the voltage pro�le, the

exact electronic con�guration could be obtained. In conjunction with calculations of

the observed electronic transitions, this would greatly advance the understanding of the

complex interplay between TM and O redox.
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Chapter �

The Structure of Pristine Disordered

Rocksalt Li�MnO�F

�.� Introduction

Disordered rocksalt compounds, such as Li�MnO�F, are promising materials for Li

ion cathode materials, owing to their large capacities, the �exibility to accommodate

di�erent species, as well as the multitude of O redox environments not found in layered

compounds.[��–��] A detailed introduction is given in sec. �.�. The pristine structures of

these compounds are still subject to discussion, as the high-energy mechanochemical ball

mill synthesis creates small domains, rendering traditional long-range structure analysis

techniques, such as XRD, unsuitable to investigate their details. Solving the local structures

of these materials is vital to understanding the redox processes, particularly O redox.

The structure-electrochemistry relationship of O redox was introduced in sec. �.� and is

of particular interest here. In layered structures, the symmetry of the atomic arrangement

limits the amount of collinear Li-O-Li con�gurations per O to a number between � (no

Li excess in TM layer) and � (full honeycomb with Li), controlling the amount of O redox

(�g. �.�). In disordered rocksalts, however, the disorder between the cation sites results in
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Figure �.�: Statistically expected values for the number of collinear Li-O-Li con�gurations in
layered and fully disordered rocksalt materials.

Li-O-Li arrangements even in stoichiometric compounds, and one con�guration per O

ion can be exceeded in Li-rich materials. This could have a signi�cant impact on O redox,

not only by increasing the number of redox-active Os, but by lowering the average voltage

at which O redox is observed, when multiple collinear Li-O-Li con�gurations are present

around a single O center.

Understanding the local arrangements has further implications, as the disordered structure

requires a �-TMpercolation network for e�cient Li di�usion, contrary to layeredmaterials,

where �-TM networks between the sheets enable quick Li hopping. Depending on the

amount of ordering on a local scale, the amount of accessible Li can vary signi�cantly.[��]

Li�MnO�F exhibits capacities of up to ��� mAhg-� on �rst charge, approximately �� %

more than what is expected from TM redox alone, with a majority of it reversible.[��] The

material shows broad XRD re�ections that correspond to a Fm�m structure, and ��F and

�Li NMR data suggest that the chemical environments around the ions change after ball

milling, demonstrating that it has a disordered rocksalt structure and is not a nanoscale

mixture of the reactants.[��] Details of the local structure, however, are not well understood.
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Pair distribution function (PDF) is a powerful tool for investigating the structure of matter

and is described in detail in sec. �.�.�. The technique treats the Bragg re�ections and di�use

scattering equally, ultimately generating the PDF, a scattering power-weighted histogram of

the interatomic distances. It therefore contains information on the immediate coordination

environments, as well as the crystal structure, making it particularly useful for investigating

disordered structures.[���–���,���–���] In conjunction with Reverse Monte Carlo (RMC), an

approach for �tting complex, low-symmetry structures to experimental data, it can be

used to analyse local environments with high precision.[���–���,���,���,���–���] The following

chapter provides an in-depth analysis of the long-range and local structure of Li�MnO�F

and investigates Li accessibility and O redox.

�.� Experimental

Material Synthesis Li�MnO�F cathode material was prepared by Robert House via a

mechanochemical ball-milling route. LiF (Sigma Aldrich, ��.��� %), Li�O (Alfa Aesar,

��.�%), andMn�O� (SigmaAldrich, ��.�%)weremixed in a �:�:� ratio in amortar and pestle

for �min in a glovebox (O�&H�O<�.�ppm). Themixturewas then transferred into aZrO�

ball-mill jar �lled with � mm ZrO� balls, and hermetically sealed. The mixture was reacted

in a planetary ball mill (Fritsch Pulverisette �) at ��� rpm for �� h total milling time, split

into cycles consisting of � min milling, and �� min pauses in between. Every six hours the

powder was removed from the ball mill jar in a glovebox andmixed using mortar and pestle,

to ensure homogeneity, as the reactants tended to stick to the walls of the jar.

Transmission Electron Microscopy Transmission electron microscope (TEM) images

were collected by Shengda Pu on a JEOL JEM-���F instrument at ��� kV. Samples were

prepared by the author by dispersing cathode powder in dimethyl carbonate (dried over a

molecular sieve) in a glovebox (O� & H�O < �.� ppm), and drop-casting the suspension

onto a holey carbon TEM grid (Agar Scienti�c Ltd.). The samples were loaded onto a
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special TEM sample holder for air sensitive samples in a glovebox, that prevented exposure

to air during transfer into the TEM. The TEM was calibrated using a Pt standard sample.

ElectronPDFwas extracted from electron scattering patterns byKonstantinBorisenko. The

resulting PDFs were normalised to both theM-M/Anion-Anion andM-Anion peaks, as the

attenuation due to varying thicknesses prevents other forms of normalisation.

Mn K Edge XANES Mn K edge XANES spectra were obtained for the as prepared

material on beamline B-�� at Diamond Light Source, Didcot, UK. The XANES energy was

controlled using a Si(���) double-bounce monochromator, and the energy was calibrated

using a Mn foil. Data processing, including pre-edge subtraction and normalisation was

performed as described in sec. �.� using the Athena package.[���] Mn HERFD-XANES

spectra for the references were collected on beamline ID�� at the European Synchrotron

Radiation Facility (ESRF), Grenoble, France. The incident beam was monochromatised

using a cryogenically-cooled Si(���) crystal double bounce set-up, and tuned through the

edge. The beam energy was calibrated using an Fe foil. Data was collected using four

spherically bent Ge(���) crystals, arranged with the sample and an avalanche photodiode

detector in a vertical Rowland geometry with a radius of � m. HERFD-XANES

measurements were collected using the maximum of the Mn Kα� emission line and data

processingwas performed using custom codewritten in Python�. The collected spectrawere

normalised using the spectral area between �.��� - �.��� keV.

Powder X-ray Di�raction Powder X-ray di�raction (XRD) patterns were collected on

beamline I��, DiamondLight Source,Didcot,UK.The sampleswere loaded into borosilicate

glass capillaries inside an Argon �lled glovebox (O� & H�O < �.� ppm), and sealed with

epoxy. After removal from the glovebox the capillarieswere�ame sealed. XRDpatternswere

collected using a position-sensitive detector and radiation set to a wavelength of �.����� Å

using a double-bounce Si(���) monochromator.

Data was analysed using the Rietveld method as implemented in the GSAS package, using

the EXPGUI interface.[���,���] Instrument parameters were obtained by �tting a Silicon
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standard. To analyse the Li�MnO�F structures, a statistically populated disordered rocksalt

unit cell (Fm�m) was �tted against the experimental data. A background function, lattice

parameter a, as well as the peak shape and isotropic displacement factors U iso were re�ned,

while the fractional coordinates and occupancies were not changed.

Neutron Di�raction Neutron di�raction patterns were collected by James Somerville

on the Spallation Neutron Source’s NOMAD instrument at the Oak Ridge National

Laboratory, Oak Ridge, TN, USA, using ~� g of powder in vanadium cans.[���] The data

was normalised against a Vanadium rod and background subtracted.

Neutron di�raction patterns of three detector banks were used to re�ne the structure via the

Rietveld method as implemented in the GSAS package, using the EXPGUI interface.[���,���]

Instrument parameters were provided by NOMAD, and remained �xed during the �tting.

A statistically populated disordered rocksalt unit cell (Fm�m) was used. A background

function, lattice parameter a, as well as the peak shape and isotropic displacement factors

U iso were re�ned, while the fractional coordinates and occupancies were not changed.

Neutron Pair Distribution Function Neutron total scattering data was collected by

James Somerville on the Spallation Neutron Source’s NOMAD instrument at the Oak

Ridge National Laboratory, Oak Ridge, TN, USA, using ~� g of powder in vanadium

cans.[���] The data was normalised against a Vanadium rod and background subtracted.

The total scattering function S(q) was Fourier transformed up to qmax = �� Å, using

software developed for the NOMAD instrument, to generate G(r).[���] ’Rietveld’-like
�tting ofG(r)was performed using the PDF�t� program as implemented in the PDFGUI

frontend.[���,���] Instrument parameters were provided by NOMAD and remained �xed.

The data was �t between �.� - ��Åusing a statistically populated disordered rocksalt unit cell

(Fm�m) with the crystallite size �xed to � nm, as suggested by TEM andG(r) attenuation.
A scale factor, the lattice parameter a, and isotropic displacement factors U iso were re�ned,
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while the fractional coordinates and occupancies were not changed.

Reverse Monte Carlo Fitting Reverse Monte Carlo (RMC) �tting was performed

using the RMCPro�le program package (Version �.�.�).[���,���] Supercells were created

from the unit cell obtained via the previously described re�nement against neutron

di�raction data, with randomly occupied cation and anion sites, according to theLi�MnO�F

stoichiometry. The neutron G(r), S(q), and di�raction patterns obtained on NOMAD

were simultaneously �t.

Distance window constraints of �Åbetween cations and anions and �Å for ions of the same

polarity were used, to prevent the algorithm from �tting low amounts of short-distance

artefacts of similar ions. To eliminate any in�uence of the starting con�guration on the

�t, the atoms were swapped randomly on the cation and anion sites, respectively, for ten

minutes. This resulted in about ���,��� moves being performed, and ensured a random

starting con�guration for each run. For each �t the algorithm was �rst run for ��� mins

with a maximum allowed movement window of �.� Å for all ions, forcing the atoms to

predominantly stay on their sites but cause peak broadening in the calculated spectra. This

ensured a good �t of the average structure, before the calculation was subsequently run

for ���� mins with a distance window of �� Å, allowing the structure to disorder fully.

Cation-cation and anion-anion swaps, where the ions switch their crystallographic sites,

were allowed throughout, and were performed for �� % of all moves. This provides the

possibility of forming clusters of similar atoms, should they be suggested by the data.

The total runtime was �� h, resulting in about ��⋅��� generated moves. Convergence was

monitored via χ� criteria, and visual inspection of the respective �ts. Several trials with

di�erent weightings for the individual datasets were performed, to �nd values that enabled

an adequate �t quality ofG(r), without compromising the long-range order.

Analysis of the RMC-Fit Structures Bond length and nearest neighbour analysis

was performed using custom scripts implemented in the Python� programming language

and using the Python Materials Genomics library (pymatgen), which accounts for the
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translational symmetry of the supercell.[���]

Figure �.�: Section of a rocksalt unit cell. Red:
Anions; Purple: Cations. The central site is
highlighted.
The tetrahedral site formed by four of
the anions is indicated via the grey dotted
lines. The �rst- and second-shell neighbour
relationships for the outlined in the text can
be observed.

Due to the strongly disordered rocksalt

structure (and no evidence of tetrahedral

sites in the �t structure), the �rst-shell

coordinating ions of a given centre were

determined by �nding the six closest

neighbours of opposite polarity to the

centre. Similarly, the second shell species

were obtained by identifying the twelve

closest ions of the same polarity. The

resulting dataset contained, for each ion,

an entry with an individual identi�er,

its species, Cartesian coordinates, along

with lists of the identi�ers of the �rst two

coordination shells.

This data allowed for analysis of the percolation network, by identifying the �� anions A

forming the tetrahedral sites surrounding each Li centre. Using the nearest-neighbour data,

the four anions per tetrahedral site have to ful�l the following two criteria (�g. �.�):

�. Three anions are �rst-shell neighbours of the Li centre, and are therefore found in its

�rst-shell neighbour list. One is not.

�. All four anions have to be one-another’s second-shell neighbours, and are therefore

contained within the others second-shell neighbour lists.

This was implemented by iterating through each of the six �rst-shell anions A for a given

Li. For each A, the four closest ligands A′, that are contained within the Li’s �rst-shell

neighbours, were found. Together, these �ve ligands span half of the coordinating

octahedron surrounding the Li, and are part of four of the eight tetrahedral sites. For each

���



tetrahedral site, three of its four A are contained within these �ve ligands. By repeatedly

�xing one A, and iterating through the other four, the three approximately orthogonal

ligands were found by evaluating if they conform to criterion �. The fourth ligand was

then found by iterating through each A’s second-neighbour lists and evaluating the

contained species with regards to the criteria outlined above. During this process, it was not

discriminated between O�- and F-.

For each tetrahedral site, the adjacent cation species were found via a similar approach, based

on the following criteria:

�. All cations surrounding a tetrahedral site are contained within the �rst-shell

neighbour lists of (only) three of the anions.

�. All cations surrounding a tetrahedral site have to be containedwithin the second-shell

neighbour lists of one another.

This logic-based approachwas found to be very robust at identifying the nearest neighbours,

and performed signi�cantly better than bond angle or symmetry approaches. This is mainly

based on the fact that no quantitative cuto�s (e.g. a bond length maximum, or angle range)

need to be used. The approach hence adapts easily to the strong disorder.

�.� Long-Range Order

The long-range order of as-prepared Li�MnO�F was investigated via synchrotron XRD (�g.

�.�). The pattern shows signi�cantly broadened peaks that can be �t satisfactorily with

a statistically populated rocksalt structure (space group Fm�m), in close agreement with

literature.[��]

Owing to the weak X-ray scattering power of Li, neutron di�raction was additionally

performed. The technique can distinguish betweenLi andMn, due to the di�erent coherent

scattering lengths.† This is not the case for the anions, which scatter neutrons very similarly.
†The neutron scattering lengths are: bLi: -�.��; bMn: -�.��; bO: �.���; bF: �.���.[���]
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Figure �.�: XRD pattern and Rietveld �t of Li�MnO�F (top left), with corresponding unit
cell (top right: Li: Yellow, Mn: Purple, O: Red, F: Blue.) and �t parameters (bottom).
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Figure �.�: Ex-situ neutron di�raction pattern and Rietveld �t of pristine Li�MnO�F.

The di�raction pattern and Rietveld �t are presented in �g. �.�. The re�ned unit cell is in

close agreement to theXRDresults andhas a similar�t quality. This suggests that the average

structure of the material is well described by a rocksalt structure with randomly populated

anion and cation sites.

�.� Morphology, Short-Range Order, and Local

Structure

To investigate the morphology and crystallinity of the pristine compound, transmission

electron microscopy (TEM) images were collected at several magni�cations (�g. �.�). It can

be seen that the material consists of larger particles with sizes in the range of ��-��� nm, and

clear lattice fringes are visible throughout the structure, arising from crystallites with sizes

of ~� nm. The crystallinity appears to be maintained up to the edge of the grains.
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Figure �.�: TEM images obtained for pristine Li�MnO�F.
a) Picture of typical grains, with SAED locations indicated by green rings. Obtained lattice
constants: D�: �.���Å, D�: �.���Å, D�: �.���Å.
b) Selection of a particle with lattice fringes visible throughout.
c) Detail of b) with lattice fringes visible up to the edge of the particle.
d) Example SAED pattern.
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To determine the lattice constants at di�erent points of the grains, selected area electron

di�raction (SAED) patterns were collected at various locations (D�-D� in �g. �.�). The

patterns show that the material is polycrystalline, exhibiting rings with bright spots, which

correspond to a rocksalt structures, that show a spread of lattice parameters around a =

�.��� Å. This is slightly larger than observed via XRD, but observed consistently in all

SAED samples, and is attributed to an o�set in the calibration of the TEM. The variations

between individual TEM patterns however, are consistent and suggest inhomogeneity of

the structure at the local scale.
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Figure �.�: Electron PDF obtained for SAED
collected at the areas depicted in �g. �.� a).
Top: Normalised to �rst M-O/F-peak.
Bottom: Normalised to �rst M-M-peak.

To further analyse this inhomogeneity,

electron pair distribution function was

obtained from the SAED patterns, and

the PDFs derived for locations D�-D� are

displayed in �g. �.�. As electron PDF is

di�cult to normalise, due to the lack of

information on the local composition, the

data was normalised once to the metal-

anion peak (M-A peak; ~�.� Å), as well as

theM-M /A-A peak at ~�.�Å, respectively.

The PDFs show clear di�erences in peak

intensities and positions, supporting the

hypothesis that disorder exists on a local scale. In all PDFs, the M-M / A-A peaks are

very similar, suggesting that the distances are in close agreement throughout, while the

M-A bond distances vary, indicating that there is a spread of local M-A coordination

environments within the material.

Neutron-based PDF is sensitive to Li and can be used to identify the Li sites, due to the
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Figure �.�: Ex-situ neutron PDF and ’Rietveld - like’ �t of pristine Li�MnO�F.
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signi�cantly di�erent scattering lengths for the involved cations.† In �g. �.� the neutron

G(r) for Li�MnO�F is presented. A statistically populated rocksalt structure provides a

good �t to the data (Rw values ≤�.� are considered adequate for PDF), and is in close

agreement with the values obtained for XRD and neutron di�raction. The M-A peak

(~� Å), however, is poorly �t, demonstrating that this average structure does not capture

the local environments well.

Tetrahedral Manganese None of the results indicate the presence of occupied

tetrahedral sites, which could be present due to the high-energy synthesis. X-ray and electron

techniques, however, are not suitable for detecting low amounts of Li, and PDF su�ers from

increased Fourier noise in the low-r regions, potentially masking a small peak around ~�.�Å.

The pre-edge region of the TM K edge XANES spectra is highly sensitive to the presence

of tetrahedral species, as the broken inversion symmetry greatly increases the probability for

excitations to hybridised �d/�s states. In�g. �.� theMnKedge spectra for pristineLi�MnO�F

are depicted, together withHERFD-XANES spectra forMn�O� (Mn�+) andMnO� (Mn�+)

in octahedral environments. The low intensity of the pre-edge in Li�MnO�F, as well as

the peak positions which �t well with those of Mn�O�, suggest that Mn is octahedrally

coordinated and in a trivalent oxidation state, as expected fromthe stoichiometry and average

structure.

†The coherent scattering lengths are: bLi ∶ −1.90; bMn ∶ −3.72; bO ∶ 5.803; bF ∶ 5.654.[���]
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Figure �.�: MnK edgeXANES Spectra for Li�MnO�F (transmissionXANES) and reference
compounds (HERFD-XANES): Left: K edge; Right: Pre edge region.
The peak positions of the Li�MnO�F pre edge correspond well with those of Mn�O�, and
the low intensity suggests that all Mn is octahedrally coordinated.

�.� Combined Reverse Monte-Carlo Re�nement of

Neutron PDF and Di�raction Patterns

To combine the information of the previous paragraphs and understand the local

coordination environments and distortions, a combined RMC �t of the neutron PDF and

di�raction data was performed. The RMC method is capable of introducing large degrees

of disorder, provided this is supported by the data, making it a suitable tool for the analysis

of the local structure.

�.�.� Fit Parameters and Constraints

A �� x �� x �� supercell with ���� atoms and randomly populated anion and cation sites,

according to the stoichiometry of Li�MnO�F, was created. The dimensions of the cell were

based on the neutron di�raction re�nement and the supercell lattice parameter a = ��.���Å

is close to thedomain size in thematerial (~��Å), to enable a representative�t of thedisorder.

The neutron G(r), the reduced scattering function S(q), and the neutron di�raction

data were �t simultaneously, with the latter used to prevent the RMC algorithm from
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over�tting the PDF data. The explicit introduction of long-range order ensures that the

sum of the local environments correspond to the average structure of thematerial, and leads

the algorithm to converge on a physically meaningful result.[���,���] Fits without the explicit

inclusion of the Bragg pattern lead to non-physical results.

A total of eight �ts was performed, each capturing a ’snapshot’ of the structure, and the

results averaged.

�.�.� Fit Results

Figure �.��: View along [���] of a section of
a RMC-�t structure of pristine Li�MnO�F,
showing the disordered rocksalt structure of
the material.
Li: Yellow; Mn: Purple; O: Red; F: Blue.

The RMC calculations converged to �t

strongly disordered rocksalt structures (�g.

�.��) An example �t is depicted in �g. �.�.

The �t quality of the G(r) is improved

signi�cantly, compared to the ’Rietveld-

like’ re�nement, particularly in the region

around the M-A- (~� Å) and M-M/A-A

peaks (~� Å), indicating that the �tted

structure captures the local coordination

environments signi�cantly better. The �t

qualities of S(q), as well as the di�raction
pattern are acceptable. The slightly worse

di�raction pattern �t is due to the weighting of the datasets in the �t, where G(r) was
weighted more highly, to ensure a good �t of the local structure, whilst the di�raction

data was weighted less heavily, to act only as a constraint. S(q) was weighted very low, as

it contains large amounts of high-noise data in the high q regions. The Bragg re�ection

positions observed in the calculated S(q), however, �t well with the experimental data.

A bond length distribution is depicted in �g. �.��. Shorter M-A distances than obtained
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Figure �.�: RMC Fit for neutron G(r) (top), S(q) (middle), and di�raction (bottom) of
pristine Li�MnO�F.
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Bond RMC Bond Length
[Å]

Std. Deviation [Å] Rietveld* - RMC [%]

Li-O �.��� �.��� -�.��
Li-F �.��� �.��� -�.��
Mn-O �.��� �.��� -�.��
Mn-F �.��� �.��� -�.��
Li-Li �.��� �.��� -�.��
Li-Mn �.��� �.��� -�.��
Mn-Mn �.��� �.��� -�.��
O-O �.��� �.��� -�.��
O-F �.��� �.��� -�.��
F-F �.��� �.��� -�.��
* For reference: Rietveld �t: M-A: �.����Å;M-M / A-A: �.����Å.

‚

Figure �.��: Bond length distributions in pristine Li�MnO�F, obtained via RMC, compared
to values obtained via Rietveld �tting against neutron di�raction data.
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Figure �.��: Partial pair correlation functions gij(r) in pristine Li�MnO�F

via Rietveld �ts are observed, with strongly skewed bond distance distributions, explaining

the signi�cantly improved �t of the PDF around ~� Å. The distribution of the Mn-A

bonds is much more narrow, compared to Li-A, suggesting that the Mn ions occupy more

well-de�ned environments.

A narrow distribution and shorter distances are also observed for the Mn-Mn distances,

whereas the Mn-Li and Li-Li distances show broad distributions and larger mean values.

The A-A distances are distributed in an approximately Gaussian shape around a value close

to the average value obtained from Rietveld �tting, and have almost identical distributions.

The partial pair distribution functions gij(r) (�g. �.��), show that the small di�erences

subside after ~� Å for all sublattices, and the A-A and M-M, and A-M peaks merge,

respectively.

Even though the di�erence in coherent scattering lengths for O and F is small, some

di�erences should be observable, on average. Outside of a small preference for four F to

coordinate Li, there seems to be little preference for either anion to coordinate a certain

metal (�g. �.��), and the distribution closely follows what is expected from a binomial

distribution with pLi = �/�, and pMn = �/�.
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Figure �.��: Histograms of the cation coordinationwith �uorine in Li�MnO�F, compared to
the estimate for a binomial distribution (pLi = �/�, and pMn = �/�). Error bars indicate �� %
con�dence intervals for the observed values.

Table �.�: AverageWarren-Cowley parameters
and �⋅standard deviations � (�� % con�dence
interval) obtained for RMC-�t Li�MnO�F.

A-B ↵kl �⋅�
Li-Mn �.�� �.���

O-F �.��� �.���

To quantify the short-range order in a

system with two species, the Warren-

Cowley parameter↵kl can be used.[���,���,���]

It is de�ned as:

↵kl = 1 − pkl

ck

= 1 − plk

cl

(�.�)

where k and l are the two species, ↵kl is the Warren-Cowley parameter for species centred

at k, and l is located in the shell that will be analysed. p is the fraction of actually present

l in the shell, and c is the theoretical concentration, equal to the statistical probability of

�nding the respective species in the next shell assuming random occupation (e.g. cLi = �/�,

and cMn = �/� for Li�MnO�F). ↵kl = � for a solid solution, where the species are randomly

distributed, � ≥ ↵kl > � if there is a clustering of similar species, and ↵kl < � if there is a

preference for dissimilar species.

Although Li�MnO�F has a total of four elements, the approach can be used to assess the

disorder in the cation and anion lattices, respectively. Warren-Cowley parameters were

calculated for all �t structures, and the average values and standard deviations are presented

in tab. �.�. The averaged values are close to zero, demonstrating the statistical occupation of
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the cation and anion sublattices, respectively.

�.�.� Percolation Network Analysis

As discussed in sec. �.�.�, percolation theory predicts that a network of octahedral Li sites,

connected by tetrahedral sites with no coordinating TMs (�-TM sites), is formed in Li-rich

disordered rocksalt compounds, enabling facile Li movement.[��]

To assess the amount of Li connected via a �-TM percolation network in Li�MnO�F, the

degree of connectivity between all adjacent octahedral Li sites was analysed, as discussed

in the experimental section. Sites were determined to be ’connected’ with one another if

they shared at least one �-TM tetrahedral site and furthermore determined to be part of the

percolation network, if a direct path through ’connected’ sites could be established to one

of the outermost Li sites of the supercell.
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Figure �.��: Percolation network and
accessible Li in Li�MnO�F. Error bars
indicate �� % con�dence intervals for the
observed values.

The average results for the RMC-�t

supercell show that ~�.�� Li (�� %) are

accessible in the pristine material (�g.

�.��), which is in good agreement with

percolation theory, which predicts ~�.� Li

to be accessible.[��] Interestingly, almost

all Li that is connected to a �-TM site,

is connected to the percolation network,

and almost no isolated clusters of �-TM-

connected sites exist. The percolation

network within Li�MnO�F explains the

large amount of Li that can be extracted

from the compound (~�.�mols / ���mAhg-� up to �.�V), but also suggests that additional

Li could be extracted, up to a theoretical capacity of ~���mAhg-�, compared to ���mAhg-�

full Li extraction capacity.
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�.�.� Oxygen Redox Environments in Li�MnO�F

O redox depends on the presence of collinear Li-O-Li con�gurations, in which the poor

overlap between Li and O states results in an electrochemically-accessible O �p state (sec.

�.�).[��,��,��] Owing to the disorder of the RMC-�t structure, the criterion for collinear Li-

O-Li con�gurations was expanded, to include Li that occupy the required sites but have

Li-O-Li angles that deviate from ���○. A plot of these angles shows that the data fall into

two groups, as expected (�g. �.��). Interestingly, the high-angle group is not centered around

���○, and exactly collinear Li-O-Li con�gurations seem to be unfavourable. For the analysis

of O redox, the group with angles exceeding ���○ were assumed to be redox-active.
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Figure �.��: Li-O-Li bond angle distribution obtained for the RMC-�t structure of
Li�MnO�F.

For each O in the structure, the total number of coordinating Li, as well as the number

of them ful�lling theO redox criterionwere obtained, and the values are depicted in �g. �.��.

The distribution of Li around O closely follows a binomial distribution with pLi = �/�, and

pMn = �/�, which would be expected for a perfectly statistical population (or if the scattering

di�erence between O and F were zero). Within the bins for � - � Li coordinating O, the

number of Li-O-Li con�gurations is slightly higher than expected statistically.

For O, coordinated with four Li, it is expected that four times more sites with single Li-O-Li

con�gurations, compared to two Li-O-Li, are observed. Experimentally, a ratio of �:� is

observed, indicating that there is a penalty associated with locating four O in the same plane

as the Li, likely due to the larger size of the O�- ion.[���]
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The lower than expected total number of O coordinated with four Li, as well as the low

number of Li-O-Li arrangements, results in a lower than expected total number of Os with

one and two Li-O-Li con�gurations (�g. �.��). There are, however, almost �.� times more O

with a sixfold Li coordination than expected, which result in three Li-O-Li con�gurations

on a single O. These O are likely redox-active at a low potential, and the ones at the surface

should be liable to O loss due to underbonding, when all coordinating Li are extracted.[���]

On average, �.�� collinear Li-O-Li coordinations per O atom are found, close to the �/�

expected from a perfectly disordered structure.[��]

�.� Summary and Discussion

The previously unknown local structure of Li�MnO�F was solved using a combination of

neutron PDF, neutron di�raction, and RMC �tting. The results highlight the importance

of advanced structural characterisation techniques for battery research, particularly for

complex structures like disordered rocksalts or conversion materials.

It was demonstrated that Li�MnO�F assumes a disordered rocksalt structure at a local

level, with an almost perfectly statistical distribution of anions and cations. Interestingly,

there is some ordering around oxygen, and Li�MnO�F was found to have an average of

�.� collinear Li-O-Li con�gurations per O, close to the theoretically expected value for a

perfectly disordered rocksalt (�/�). The con�gurations per O, however, do not follow the

expected distribution, and a preference for zero- and sixfold Li-coordinated oxygen was

found.

This emphasises the requirement to understand the local structure and coordination

environments, in order not to assign wrong amounts of O redox and O loss. An O with six

Li ligands will be oxidised at a lower potential than anOwith a single Li-O-Li con�guration

and can be subject to O loss, if located at the surface of the particle.[��,���] This requires
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detailed, quantitative understanding of the O coordination environments, in order to

engineer materials that are suitable for practical applications.

As expected, a percolation network was observed, making ~�.�� Li (�� %) of the structure’s

Li accessible.[��] This is in close agreement with the expected value from percolation theory

(~ �.�), and resembles the maximum of the accessible Li in the compound.[��] The number

of actually removable Li is an important limit for rocksalt LiB cathodes, in addition to the

TM redox capacity, as it is the physical limit of the theoretical Li extraction capacity. An

understanding of the cation disorder is therefore vital for all disordered compounds.

The simultaneous�tting of a combinationof total scatteringdata anddi�ractionwithRMC

was found to be a powerful tool for understanding these important details, particularly with

neutron-based data, due to the sensitivity for Li. Neutrons furthermore o�er the potential

for ’silencing’ individual scatterers by mixing isotopes with scattering lengths of opposite

signs at an appropriate ratio, and generating scattering patterns where one species does not

contribute. E.g. Li could be silenced via a combination of �Li (b = �.��) and �Li (b = -�.��),

and the resulting PDF and di�raction data added to the re�nement, which would allow for

the precise separation of Mn and Li sites.[���]

This approach, however, cannot be used for F and O, whose isotopes scatter very

similarly.[���] Kβ” XES, however, has previously been used to distinguish between di�erent

ligands, including F and O, aroundMn, and its suitability should be investigated.[���]
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Chapter �

Voltage and Capacity Fade of

Li�MnO�F

�.� Introduction

Disordered rockstalts exhibit signi�cant voltage and capacity fading over the cycle life, which

needs to be controlled if the compounds are to be used in applications.[��–��] Li�MnO�F is

one of the most promising candidates within this space, as it is based on non-toxic elements

and exhibits combined TM and O redox, resulting a a �rst-charge capacity exceeding

���mAhg-�, �� %more than expected from TM redox (���mAhg-�).[��]

The compound’s capacity fade can be separated into two regions (�g. �.�): First, a non-

linear region, occuring over the �rst eight to ten cycles, in which the capacity drops down

to ~���mAhg-�, �� % of the initial capacity, and matching the TM redox capacity (�g. �.�).

Simultaneously, the average discharge voltage is decreased. Over the subsequent cycles the

capacity fade is approximately linear and depends largely on cycle count.[��]

Previous reports showed via XRD that the long-range structure is retained over the �rst ���

cycles, and that the material also appears not to su�er from signi�cant Mn dissolution.[��]

As discussed in the previous chapter, as well as sec. �.�.�, PDF analysis is a powerful tool

for investigating the local structure of matter. In this chapter it is used to analyse changes
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Figure �.�: Electrochemical data for Li�MnO�F. Voltage pro�les for selected cycles (left), and
cyclic charge and discharge capacities (right).

of the local structure in cycled Li�MnO�F. Similarly, electrochemical techniques, including

electrochemical impedance spectroscopy (EIS), are used to study the electrochemical

behaviour.

�.� Experimental

Material Synthesis Li�MnO�F cathodematerial was prepared as described in chapter �.�.

Free-Standing Cathode Pellet Preparation Self-supporting cathode pellets with a ratio

of �� %m AM, �� %m carbon black (acetylene; ��.�+ % Alfa Aesar), and �� %m PTFE

(Imperial Chemical Industries Ltd.) were prepared inside of a glovebox (O� & H�O <

�.� ppm) using vacuum-dried constituents, as described in sec. �.�.�.

Coin Cell and Ex-Situ Sample Preparation Cathodes were assembled in ���� coin

cells (Hohsen Corp.) as described in sec. �.�.�. Li metal anodes and dry LP�� electrolyte

(Sigma Aldrich / Merck), soaked into glass �bre separators (Whatman GF-D), were used.

A BioLogic MPG-� battery tester was used to perform the required electrochemical pro�le.

For ex-situ sample preparation, cycled coin cells were opened inside of a glovebox (O�&H�O

< �.� ppm)within � h after termination of the test pro�le, washedwith dryDMC, and dried.
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Three-Electrode Electrochemical Testing Three-electrode cells were assembled inside

of a glovebox (O� &H�O < �.� ppm) as described in sec. �.�.�, using cathodes as described

above, Li metal anodes and reference electrode. The glass �bre separators (WhatmanGF-D)

were saturatedwith dry LP�� electrolyte (SigmaAldrich /Merck), and hermetically vacuum

sealed in aluminised pouches. The cells were clamped between two pieces of acrylic plastic,

using large binder clips. For charge and discharge pro�les a BioLogic MPG-� battery tester

was used, and the cells cycled between �.� - �.�V at ��mAg-� and �� ○C.

Electrochemical Impedance Spectroscopy Electrochemical impedance spectroscopy

(EIS) was collected in a three electrode set-up, using Li metal as a reference, which has

been shown in the past to possess a high reversibility in di�erent electrolytes, including LP

��.[���–���] Clamped pouch cell assemblies as described in the previous paragraph were used.

EIS spectra were collected at �� ○C using a BioLogic VMP� electrochemical workstation

in a range of ��� kHz - �.�Hz. Potentiostatic experiments were performed with sinusoidal

waves of �mVmaximum amplitude. The obtained data was �tted using the ZView software

(Scribner Associates Inc.).

Transmission Electron Microscopy Transmission electron microscope (TEM) images

were collected by Shengda Pu on a JEOL JEM-���F instrument at ��� kV. Samples were

prepared by the author by removing cycled cathodes from coin cells inside of an Ar-�lled

glovebox (O� &H�O< �.� ppm). The cathodes were washed three times using dry dimethyl

carbonate, and then sonicated for �ve minutes in the same solvent. Particles from the

resulting suspension were drop-cast onto a holey carbon TEM grid (Agar Scienti�c Ltd.).

The samples were loaded onto a special TEM sample holder for air sensitive samples in the

glovebox, that prevented exposure to air during transfer into the TEM.

Operando and Ex-situXANES and EXAFS MnK edgeXAS spectra were collected on

beamline B-�� at the Diamond Light Source, Didcot, UK. The energy was controlled using

a Si(���) double-bounce monochromator, and calibrated using a Mn foil. Ex-situ samples
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for the as prepared material, as well as cycled cathodes, were sealed in aluminised pouches,

inside of an Ar-�lled glovebox (O� & H�O < �.� ppm), to prevent air exposure. The ten

cycle ex-situ sample data was collected by Edouard Boivin and John-JosephMarie.

Operando K edge EXAFS data was collected on the same beamline, using the previously

described operando cell in transmission. Cells were assembled in an Ar �lled glovebox (O� &

H�O<�.�ppm), as described in �.�. Cathodepellets, as described above,with��mm, andLi

metal anodeswith a thickness of ~����mwere used, and dryLP�� electrolyte (SigmaAldrich

/ Merck), soaked into glass �bre separators (Whatman GF-D). Cells were galvanostatically

cycled between �.� - �.�Vusing aBioLogicMPG-�battery cycler at a temperature of ~�� ○C.
The temperature was controlled via two PID-controlled cartridge heaters connected to the

bottom of an aluminium sample holder, in which the cells were mounted (pic. �.��). Even

though no beam damage was observed, the incident beamwas rastered across the area of the

cathode, and each location only visited once. At each point �ve spectra were collected for

each edge, and averaged for the subsequent analysis.

For all samples, data processing was performed using the Athena package.[���] The pre-edge

subtraction, data normalisation, and �(E) extraction was performed as described in secs.

�.� and �.�.�. �(k) was weighted by k2 and Fourier transformed up to k = �� Å-� to obtain

��(r)�.
Ex-situ X-ray Pair Distribution Function Ex-situ total scattering data was collected

by Olaf Borkiewicz on beamline ��-ID-B at the Advanced Photon Source (APS), Argonne,

IL, USA. Samples were packed in sealed polyimide capillaries in an Ar �lled glovebox (O� &

H�O < �.� ppm) by the author. Data was collected using a Si(���)-monochromated beam

with � =�.����� Å, a spot size of �.� x �.� mm, and an area detector. The distance to the

detector was calibrated using a CeO� standard and the background contribution of an

empty capillary and air was measured and subtracted. Sample �D data was integrated and

rebinned using the GSAS-II package, and the total scattering function S(q) extracted.[���]
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S(q)was Fourier transformed up to q = ��Å to obtain the PDFG(r), using the PDFGetX�

program package.[���] ’Rietveld-like’ �tting of the PDF was performed using the PDF�t�

program as implemented in the PDFGUI frontend.[���,���] The data were �t between �.� -

�� Å using a statistically populated disordered rocksalt unit cell (Fm�m) with the crystallite

size �xed to � nm, as suggested by TEM data and G(r) attenuation. No in�uence of the

Li fraction on the �t quality was determined, due to the weak scattering of the element, and

the occupancieswere set based on the�rst-charge capacity. Instrument broadeningwas set to

zero, as the parameter did not improve the �t quality. A scale factor, a dampening factor, the

lattice parameter a, and isotropic displacement factorsU iso were re�ned, while the fractional

coordinates and occupancies were not changed.

Preparation of Multi-Cycled Samples for Ex-situ Neutron Pair Distribution

Function To obtain neutron scattering data on multi-cycled cathode materials, large

amounts (~� g) of cycled active material are required. As all additives, such as carbon and

binder, scatter strongly inNeutron experiments, the number of additives and their amounts

should be reduced to an absolute minimum. Preliminary tests showed that Li�MnO�F

cannot be cycled without a signi�cant amount of carbon as a conductive additive, while the

binder was found to be optional.

A custom cell, called BFC (after the neutron scattering length b and reduced total scattering

function F ), was designed and built, to ease handling of binder-free powder (�g. �.�). The

design features are large base (�), made of aluminium (���� - T�), with an outside diameter

of ���mm,with a pocket into the which an insulating insert (�, PEEK) is �t, that electrically

insulates the anode from the cathode. AnAM/carbonmixture was dispersed on the bottom

of the cell, within the con�nes of the insulating insert, using a sieve, and covered with a glass

�bre separator (Whatman GF-D). A circular Li metal foil anode with ��mm diameter was

placed on top of the powder and the separator soaked with electrolyte. The stack was then
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covered with a copper spacer (�), and a disc spring (�) was placed on top, where it rests in

a groove to prevent slipping. An FKM O-ring (�) was placed inside of a dedicated groove

in the base (�), and a PLA insulating ring (�) placed around it, to prevent electrical contact

between the lid (�) and the base (�). The depth of the groove and thickness of the ring result

in an O-ring compression of �� % when the cell is fully assembled, creating a hermetic seal.

A �-D-printed PLA screw insulator ring (�) was inserted into the designated holes in the

lid (�) and the assembly placed on top of the spring (�). M� x �� cap screws (�) were then

inserted into the holes in the screw insulator (�) and the lid (�) assembly and screwed into

the dedicated tapped holes in the base (�), connecting the two parts mechanically.
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Multi-cycled samples were prepared by

thoroughly mixing �� % Li�MnO�F active

material and �� % carbon black (acetylene;

��.�+%, Alfa Aesar) by grinding for ��min

using an agate mortar and pestle inside

of an Ar-�lled glovebox (O� & H�O <

�.� ppm). Two grams of the resulting

powder were spread on the bottom of a

BFC and the cell assembled as described

above. Dry LP �� electrolyte was used

(Sigma Aldrich / Merck) and the cells

cycled at a rate of �� mAg-� between �.�

- �.� V. The cycled powder was extracted

inside of an Ar-�lled glovebox (O� & H�O

< �.� ppm) immediately after termination

of the last cycle and washed �ve times using

dry PC, with intermediate centrifugation

(�.�min, ���� rpm,ThermoFisherHeraeus
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Multifuge X�) to separate out the liquid and solid phases. The washed powder was dried

inside a heated glovebox antechamber for �� h at �� ○C under vacuum.

Neutron Pair Distribution Function Neutron total scattering data was collected on

the Polaris instrument at the ISIS Neutron and Muon Source, Didcot, UK with help from

Helen Playford. For each sample �.� - �.� g of powder were loaded into vanadium cans and

hermetically sealed, by the author and Robert House, and the total scattering data collected

for six hours, respectively. In addition to the cycled powders, data was also collected on a

carbon sample. For each dataset the scattering data from di�erent detectors were combined

using the Mantid software package and processed using the GudrunN software by Helen

Playford. The carbon in�uence was subtracted, and the data up to �� Å-� was Fourier

transformed to obtain the PDF using the SToG program, as contained in the RMCPro�le

package, by Helen Playford.[���,���,���,���]

’Rietveld’-like �tting ofG(r)was performed using the PDF�t� program as implemented in

the PDFGUI frontend.[���,���] Instrument parameterswere provided byPolaris and remained

�xed. The data was �t between �.� - �� Å using a statistically populated disordered rocksalt

unit cell (Fm�m) with Li content adjusted to the lost capacity and with crystallite size �xed

to � nm. A scale factor, the lattice parameter a, and isotropic displacement factorsU iso were

re�ned, while the fractional coordinates and occupancies were not changed.

�.� Cycle-Dependent Morphology and Local Structure

Changes

The morphology of Li�MnO�F was analysed for discharged cathodes after one and ten

cycles via TEM (�g. �.�). The particle sizes are very similar to those observed for the

pristine compound discussed in chap. �, and lattice fringes are visible throughout the
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Figure �.�: TEM images obtained for cycled Li�MnO�F, showing that the crystalline nature
is maintained. a, b) � cycle, discharged. c, d) �� cycles, discharged.
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structure, arising of domains of ~�� Å size. This suggests that the material’s morphology

does not change signi�cantly during cycling, and that a process such as pulverisation is not

responsible for the decrease in performance.

Changes of the local structure were further analysed using X-ray PDF of multi-cycled

samples. The in�uence of binder and carbon additives on the X-ray PDF was analysed and

found to be small, and only occurs in the region < �Å (�g. A.�). As carbon and Li�MnO�F

have no overlapping peaks, and the carbon in�uence dies down quickly due to the low

structural coherence, the quality of structural �ts is not a�ected signi�cantly.

The X-ray PDF data, collected at intervals for the �rst �� cycles (�g. �.�), suggests a slight

change in lattice parameters after the �rst cycle. On subsequent cycles, no signi�cant

structural changes are observed, even though the capacity has already decreased to ~�� %

of its initial value. The peak positions and intensities of the metal-anion (M-A), as well

as theM-MandA-Apeaks remain constant in the charged and discharged state, respectively.

The data were �t with statistically populated Li�MnO�F disordered rocksalt unit cells (space

group Fm�m; �g. �.� e & f). Di�erences in the lattice parameters are observed between

the charged and discharged samples, with the structure contracting by ~� % on charge.

Interestingly, the M-A peak shifts by only ~-�.�� Å at the same time. A slight increase in

lattice parameter is also observed after discharging the material for the �rst time, and will be

investigated later in this chapter. The quality of the �ts is good in the region above ~� Å,

and poor below, suggesting that the average rocksalt structure is retained.

To investigate the Li environments, which are hard to observe in X-ray-based techniques,

neutron PDF was obtained for samples collected after one, �ve, and �� cycles (�g. �.�). The

attenuation of the G(r) functions is similar to the one observed for the pristine sample,

supporting the previous observation that the material is not pulverised. The data were �t
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Figure �.�: Ex-situX-ray PDF of cycled Li�MnO�F. a, b) Discharged; c, d) Charged;
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Table �.�: Lattice parameter a for multi cycled, discharged Li�MnO�F as obtained from
’Rietveld-like’ �tting of neutron PDF. Details in sec. �.� for the pristine material and sec.
A.� for the cycled compound.

Pristine �Cy. Dchg. �Cy. Dchg. ��Cy. Dchg.
a �.����(�) �.����(�) �.����(�) �.����(�)
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Figure �.�: Ex-situNeutron PDFs of Li�MnO�F. Top: Plotted up to ��Å, showing that the
structural coherence is retained on cycling. Bottom: Plotted up to ��Å.

with statistically populated unit cells (space group Fm�m), with the Li content adjusted

according to the lost capacity, and good �t qualities aroundRwp = ��%were obtained (�gs.

A.�, A.�, A.�). Similar to the X-ray PDF, an increase in lattice parameters is observed after

the �rst discharge, compared to the pristine material (tab. �.�).

The cycled neutron PDF shows changes to the M-A peak bond lengths after the �rst and

�fth discharge. The intensity of the peak decreases below �Å,while it increases in the region

around �.� Å, forming a pronounced shoulder in the peak. This region mainly rises from

Li-A bonds in the pristine compounds, as discussed in chapter �, withMn-A peaks forming

a localised peak centred at ~� Å. This suggests that at least part of the Li environments are

changed over the �rst cycles. As F and O are hard to distinguish using both X-rays and
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neutrons, no assumptions can be made regarding the changes of the Li neighbours. The

shoulder at �.�Å is not observed after �� cycles, likely due to the loss of Li from the lattice.

This is further supported by Mn K edge EXAFS, collected for samples of pristine and

ten-cycle discharged Li�MnO�F (�g. �.�). The observed Mn-A peaks are virtually identical,

whereas the Mn-M peak intensity is decreased and shifted to a lower r. This indicates that

Li is lost from the lattice, as the Mn-Mn distances in the pristine material were found to be

shorter than those observed for Mn-Li.
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Figure �.�: Ex-situ Mn K edge EXAFS of
pristine and ten-cycle discharged Li�MnO�F.

The increase in lattice parameters during

the �rst discharge was investigated using

operando Mn K edge XANES (�g. �.�).

Over the �rst charge, the Mn-M peak

maximum shifts continuously to lower r

on charge, and the intensity decreases. On

discharge the reverse occurs, and the peak is

shifted to its original position after ~ �� %

of the discharge. The total intensity of

the Mn-M peak is not recovered after full

discharge. In conjunction with the observation in PDF, where no changes of theM-A peak

intensity in the Mn region are observed, this suggests that the expanded lattice parameter

arises due to Li extraction. Interestingly, the Mn-O distances are not changed during the

entire cycle, in agreement with the previous observations.

The in�uence of the Mn oxidation state was further analysed via operando Mn K edge

XANES (�g. �.�). The data show that the K edge and pre-edge region predominantly

change during the �rst ��%of the charge cycle, suggesting thatMn is oxidised in this region.

Similarly, it is almost fully reduced to its original value during the �rst ��% of the discharge,
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[Å

�
3
]

e)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

|�
(r

)|
[Å

�
3
]

Figure �.�: OperandoMnK edge EXAFS for the �rst cycle of Li�MnO�F. a) Voltage pro�le,
with coloured markers corresponding to the spectra in e; b) Contour plot of the EXAFS
region; c)M-A peak positions; d)Mn-Mpeak positions. e) Selected spectra, colourmatched
to the dots in a.
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Figure �.�: OperandoMnKedgeXANES for the�rst cycle of Li�MnO�F. a)Voltage pro�le,
with coloured markers corresponding to the spectra in b and c; b) Mn K edge; c) Pre-edge
region.

suggesting O redox activity in the regions with reduced Mn oxidation state changes. The

pristine spectra are almost recovered, suggesting that Mn is fully reduced to Mn�+ after the

�rst cycle.

In summary, the structural changes ofLi�MnO�Fduring the�rst �� cycles appear to bebased

on the e�ects of Li extraction and reinsertion into the material, and no other signi�cant

structural transformations are observed. The capacity loss is therefore likely either linked to

cathode dissolution or a surface phenomenon, and is investigated in the following.

�.� Cycle-Dependent Electrochemical Characterisation

A potential reason for the fade could be the dissolution of Mn into the electrolyte, limiting

the available redox capacity. Although reported not to occur in a signi�cant manner for

Li�MnO�F, Mn dissolution has previously been observed in some Li cathodes, through

the formation of soluble Mn�+ species.[��,���–���] These can be expected to be deposited on

the anode, where they can be detected through an increase in resistance. To investigate

this phenomenon, cathodes were cycled in three-electrode cells against Li, using a Li metal

reference (�g. �.�). The data show that the anode overpotential is very low and, although
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Figure �.�: Three-electrode electrochemistry of Li�MnO�F, cycled at ��mAg-� vs. a Li metal
counter electrode (U c), using a Li metal reference (U r).
a)U−U r (positive electrode); b)U c -U r (negative electrode); c): Di�erential capacitydQ/dU
vs. U obtained for the positive electrode.

slightly inconsistent during discharge, it does not change signi�cantly over the �rst �� cycles

and its overall magnitude is too small to explain the large capacity loss.

The origin of the loss is therefore likely based on a process occurring at the cathode,

as supported by a di�erential capacity plot for the working electrode, obtained for the

same data (�g. �.�, c). On charge, a peak at ~�.� V is observed, which can be assigned to

Mn�+/Mn�+ redox, as well a large redox-active region at higher voltages, whose magnitude

decreases on subsequent cycles. This region is likely linked to O redox, as the behaviour

is similar to the one observed for layered Li-rich materials, and decreases with increasing

cycles, in a similar fashion as the capacity.[���] It should be mentioned that almost no O loss

has been reported for Li�MnO�F.[��]

On the �rst discharge, a large peak at ~�.� V is observed, which can be assigned to

the reduction of Mn�+. Just as for other Li-rich materials, the O redox peaks are not

symmetrical. and a signi�cant amount of the high-voltage charge capacity is not returned at
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potentials >�.� V.[��,��,��,���] A small shoulder, at ~�.� V, could likely arise from O redox, as

it does in some layered compounds.[���]

On subsequent cycles, the peak assigned to Mn oxidation remains very constant, and its

position is not shifted, while the Mn reduction peak continuously shifts to lower energies.

The shift is non-linear, with the majority occurring over the �rst few cycles, corresponding

approximately to the rate of the initial capacity fade of the material. Interestingly, the

shoulder at ~�.� V is very symmetrical for both oxidation and reduction, suggesting a low

overpotential, usually not observed for O redox.[���]

To further understand these di�erences between the oxidation and reduction processes,

electrochemical impedance spectroscopy (EIS) was collected for cycled three-electrode cells

with Li metal reference and counter electrodes. Spectra were recorded for cells relaxed to

OCV after discharging to �.� V (�g. �.��), cells held at �.� V (�g. A.�), and cells held at

�.�V (�g. A.�).

Nyquist plots of the data consistently show signi�cantly larger semicircles for the cathode,

compared to the anode, indicating impedances approximately one to two orders of

magnitude lower for the latter. No increase in anode impedance is observed with cycle

count, in accordance with the previous observations, and the spectra are not discussed

further.

The data observed for the cathode at OCV show two pronounced semicircles, and the

cathode impedance grows signi�cantly with increasing cycle life, a trend that is also observed

in the data collected at �.�V and �.�V.

The spectra were �t using an equivalent circuit consisting of a series connection of a

single resistor (R�), and three parallel resistor-constant phase element (CPE) parallel cells

(R-CPE). Two R-CPE cells were required to satisfactorily �t the �rst semicircle, suggesting

two overlapping processes.[���,���] Fits with equivalent circuits containing a total of two
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Figure �.��: Three-electrode impedance spectra obtained for cycled, discharged Li�MnO�F
at OCV .
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R-CPE cells, as well asWarburg elements, converged to worse goodness of �ts. Each R-CPE

circuit accounts for a process on the cathode, signi�ed by a semicircle in the Nyquist plots,

whilst R� accounts for the purely ohmic resistance contributions to the cell, mainly based

on the electrolyte conductivity. The derived total direct current (DC) resistances, as well as

an example �t, are depicted in �g. �.�� a & b, and the �t parameters for all �ts are listed in

the appendix (tabs. A.��, A.��, A.��).

The totalDC resistances for the discharged cells atOCV, as well as for the �.�Vvoltage hold,

are consistently larger than those observed at �.� V. Interestingly, the discharge resistance

grows over the �rst �ve cycles, before decreasing again, and the �rst-cycle resistance is

recovered after ten cycles.

To study the evolution of theDC resistance for a full cycle, a cell was charged and discharged

using constant magnitude DC pulses of ��min duration, separated by ��min rest intervals,

and the resistances extracted using Ohm’s law (�g. �.�� c & d). During charging, small

overpotentials are observed, and the resistance of the cathode is hence low. Only towards

the end of charge a slightly increased resistance is evident. On discharge, however, the

overpotential increases signi�cantly with decreasing voltage, and grows very large during

the later stages of the cycle. These observations match the behaviour observed in EIS,

namely that the cathode resistance on discharge is signi�cantly larger than on charge. The

values obtained via DC pulses, however, are ~�x larger than those found via EIS, likely due

to low-frequency contributions not captured by the frequency range of the EIS experiments.

To understand the origin of the large resistance, the e�ective capacitances of the CPEs for a

given R-CPE cells were obtained from the EIS data via the following equation:[���,���]

C = Y 1
↵R

1−↵
↵ (�.�)

where C is the real capacitance, Y is the observed capacitance of the CPE (which does

not have a physical meaning), R is the resistance of the corresponding resistor, and ↵ is a
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Figure �.��: Total resistance for Li�MnO�F cathodes.
a) Total resistances obtained via �ts of the EIS data, using the equivalent circuit depicted
in the sample �t b); c) Resistances obtained via DC pulses for the �rst cycle; d) First cycle
voltage pro�le obtained via DC pulses and corresponding OCV curve for interpolated
resting voltages.

���



0

500

1000

1500
R

[�
cm

2
]

OCV 2.0 V 4.8 V

0 2 4 6 8 10

Cycle [#]

10�6

10�4

10�2

C
[F

cm
�

2
]

0 2 4 6 8 10

Cycle [#]

0 2 4 6 8 10

Cycle [#]

Figure �.��: Cycle-dependent �tted resistances (top) and capacitances (bottom) obtained via
EIS. The colours indicate the three R-CPE elements used during �tting.
Data for cells probed at OCV after discharging to �.� V (’OCV’), held at �.� V (’�.� V’ ),
and held at �.�V (’�.�V’).

parameter in�uencing the shape of the R-CPE semicircle (sec. �.�.�). The values for C and

the correspondingR are depicted in �g. �.��.

It can be seen that the high total resistance, observed at OCV and �.� V, is dominated by

an R-CPE circuit associated with a high-capacitance element, on the order of mFcm-� to

tens of mFcm-�. The resistance can be assigned to a charge transfer process, whose R-C

elements usually contribute in the medium-frequency region and have capacitances of a

similar magnitude.[���,���]

The large charge transfer resistanceRct causes a large overpotential, limiting the amount of

charge that can be returned to the cell during galvanostatic experiments. The values seem to

peak within the �rst �ve cycles, and then decrease. This behaviour is well correlated with the

observed initial capacity fade, suggesting that it is the origin of the low coulombic e�ciency.

Similar behaviour, where high Rct values were observed on discharge, has previously been

reported for layered Li�.�Ni�.��Co�.��Mn�.��O�, where it was linked to the sluggish kinetics of
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O redox.[���] As ’excess’ capacities, surpassing TM redox, are only observed over the �rst ten

cycles, this suggests a potential explanation for the observed rapid change observed for the

�rst few cycles.

�.� Summary and Discussion

Disordered rocksalt compounds exhibit signi�cant voltage and capacity fading over the �rst

few to �rst tens of cycles.[��–��,��,��,��] Here it was shown that in Li�MnO�F part of this fade

is based on an increased charge transfer resistance on discharge, which limits the ability to

reinsert Li ions.

The voltage and capacity fade in Li�MnO�F can be split into two regions: A rapid initial

decay over the �rst few cycles, and a gradual fade over the subsequent cycle life. No evidence

was found that suggests a signi�cant structural change with increasing cycle count, and all

data suggests that the rocksalt Fm�m space group is maintained through a stable Mn-based

lattice.

The charge transfer resistance Rct was found to be signi�cantly higher on discharge than

on charge, and peaking over the �rst few discharge cycles.[��,��,���–���,���] This is likely linked

to the slow kinetics of O redox, as has been observed for layered materials, and results in

a reduced Coulombic e�ciency over the �rst few cycles, which is the likely reason for the

initial, fast capacity decay.[��,���–���]

The same e�ect, however, does not appear to be responsible for the continued, nearly linear

capacity fade. This gradual capacity fade remains more elusive, as the high impedance of the

�rst few cycles has reduced to similar magnitude as after the �rst cycle, yet the asymmetry

between the charge and discharge peaks in the di�erential capacity continues to grow. This
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suggests that another e�ect, in addition to Rct, is present. The observed capacity is within

the limits of the Mn�+/ Mn�+ redox couple, which should be fully active within the large

voltage window and exhibit quick kinetics, while the observed behaviour corresponds

more to what has been reported for O redox.[��,���] The well-maintained oxidation peak

also suggests that a signi�cant loss of active material is not the underlying reason. This

corroborates what has previously been reported, where the observed mass loss from the

cathode was minute over the �rst ��� cycles.[��] At no point is the structure limited by

charge carriers, and even after �� cycles only �� % of the accessible Li have been used.

The observed behaviour in the di�erential capacity, in conjunction with the EIS, points

towards either a thermodynamic e�ect, in�uencing the extraction and insertion potentials,

potentially linked toO redox, or a di�usion e�ect. Transport phenomena, such as solid-state

di�usion, were not probed by the frequency range of the EIS and could be the underlying

reason. This requires further study, to identify the exact mechanism.

Neutron PDF suggests a change in Li-A environments, which appears to be the most

promising lead. O redox and TM migration have been shown to be highly correlated

in �d and �d Li-rich materials, and it can be assumed that the redox-activity leads to

some form of local structural reorganisation.[��,��,��,��,��,��,���] Owing to the randomly

populated disordered rocksalt structure, the migration of low amounts ofMn into adjacent

octahedral sites would be hard to detect, as the coordination environment might not

change substantially. Some degree of migration can be expected to take place, given the

amount of �ve- and six-fold Li-coordinated oxygen in the structure, as discussed in the

previous chapter. Upon delithiation, these O are likely highly unstable, and might cause

local changes, creating vacancies and leading toMnmigration.

It is possible that this e�ect was not registered here, due to the reduced quality of the

neutron PDF obtained for electrochemically multicycled material, as several background

contributions were subtracted. By chemically delithiating the material, e.g. via exposure to
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NO�, phase pure compounds could be synthesised and analysed via RMC, to accurately

solve the ’charged’ structure and determine where vacancies exist. In this context, ’silencing’

of the Li via a combination of �Li (b = �.��) and �Li (b = -�.��) would be very bene�cial,

as any changes to the Mn bonds would be directly visible.[���] Similarly, electrochemically

multi-cycled, ’Li-silenced’ material could be used with ’isotope-regular’ Li metal and

electrolyte, to investigate the locations of reinserted Li.

The structural transformations of Li-rich rocksalts remain elusive. Detailed understanding

of the structure-electrochemistry relationship, however, is paramount for making practical

use of this highly promising class of compounds.
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Chapter �

Summary and Outlook

Oxygen redox is one of the most promising approaches for increasing the speci�c energy of

cathodes, however its complex structure-electrochemistry relationship, the resulting voltage

hysteresis, as well as sluggish kinetics have prevented its commercial use, so far.[��,��,��,��,���]

The slow kinetics observed in the material require signi�cant stack pressure to overcome

the e�ects, while the complex electrochemistry exhibited by the materials bene�ts from the

use of more operando techniques. In chapter �, a design for a new operando cell, capable

of reliably producing the required stack pressure was presented. It is transparent for hard

X-rays, including the K absorption and emission edges of TMs commonly used in Li ion

cathodes. By using rigid glassy carbon windows, as well as a long compression spring to

apply the stack pressure, it can accommodate a variety of cell stack thicknesses, making it

versatile and easy to use.

During use of the cell it was found that its high mass poses a problem, as some beamlines

struggle to accommodate an array of several high-mass cells simultaneously. While the

transparency of the cell is su�ciently low to enable fast collection times and allow several

cells to be used in parallel, the mass has prevented this in some instances. A redesign should

therefore entail the partial replacement of high-density metals with polymers, as well as

a size reduction. Similarly, a change of the shape to a rectangular cross-section would be
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bene�cial, as it would increase the stacking density of cells used side-by-side.

In chapter �, this operando cell was used to investigate the TM redox behaviour of

Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O� using K edge HERFD-XANES and XES.

The former allows for the direct study of the TM �d states using hard X-rays, and therefore

enables the real-time collection of truly bulk sensitive data. Kα XES is a great complement,

as it can be collected using the same experimental setup with only minor changes, and

contains information on the TM spin state.

The obtained data show that, on �rst charge, TMs are active far into the regions usually

associatedwithO redox, namely the plateau at ~�.�V, demonstrating overlap of theTMand

Obands. Similarly, it was found thatNi is fully oxidised toNi�+ in Li�.�Ni�.��Co�.��Mn�.��O�,

whereas it is not in Li�.�Ni�.�Mn�.�O�. The observations are more ambiguous for Co and

Mn, predominantly because a qualitative analysis of the XES data proved di�cult. Further

work is required to understand the exact spin states of these elements, which will require

modelling of the compounds. This should be supported via operando TM K edge RIXS

at selected points along the �rst cycle, to understand the oxidation states in much more

detail. Lastly, the origin of the di�erence in Ni oxidation state needs to be understood. One

hypothesis is that it is based on the tendency of Li�.�Ni�.�Mn�.�O� to form Ni-rich surfaces,

which are in close contact with the electrolyte.[��,���–���] This requires validation through

surface analysis, e.g. via SIMS.

Although O redox was initially identi�ed in layered TM oxides, it has also been observed in

disordered rocksalt compounds, including Li�MnO�F.[��] In these materials the structure-

electrochemistry relationship is even more complex, as the highly disordered structure

enables many di�erent O environments.

In chapter �, the structure of Li�MnO�F was solved using a combined �t of neutron PDF

and di�raction patterns via RMC. The obtained structure demonstrates that the cations

and anions are almost perfectly statistically distributed in the compound, and reproduced
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the results expected from percolation theory, as well as the expected average number

of O redox arrangements. Interestingly, however, the distribution of collinear Li-O-Li

con�gurations di�ers from the expected one, demonstrating the importance of solving the

local structures of this class of compounds.

The used methodology was found to be a powerful tool for the simultaneous analysis of the

long- and short-range order, which is, however, limited to pristine compounds, owing to

the sensitivity of neutron techniques to additives such as carbon. Future work should focus

on identifying a method for cycling large amounts of cathode powder, without the need for

conductive additives, as no carbon isotope with a negative scattering length exists, and the

element cannot be ’neutron silenced’.

A promising additional technique is Kβ” XES, which has previously been used to distinguish

di�erent ligands surroundingMn, and it should be investigated if it can be used to accurately

distinguish between F and O aroundMn.[���,���]

In chapter �, the capacity fade of Li�MnO�F was explored in detail, to understand why

rocksalt cathodes su�er from a reduced capacity with increasing cycle count. This fade

was split into two regions, a �rst, rapid one, occurring over the �rst ~�� cycles, and a more

gradual one, observed subsequently. No signi�cant structural reorganisation was observed

with several bulk-sensitive local probes, outside of a change in Li-anion bond distances

after reinsertion. Simultaneously, a large discrepancy between the internal resistance of

the cathode on charge and discharge was found, that was traced to a large charge-transfer

resistance in the regions associated withO redox. This is likely based on the sluggish kinetics

associated with the phenomenon, and was identi�ed as the reason for the initial voltage

fade over the �rst few cycles, as the low Coulombic e�ciency on discharge prevents full

Li reinsertion. A second mechanism was found to be responsible for the continued fade,

but was not traced to a surface phenomenon, and is likely related to mass transport in

the cathode. A closer investigation is required, including EIS up to very low frequencies,

to study the di�usion behaviour of the electrodes. Similarly, as explained in the previous
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section, neutron PDF of additive-free, multi cycled material would be invaluable, and

would allow for RMC �tting of the cycled structure. Similarly, ’silencing’ Li inmulti-cylced

material would be very valuable. This way, many details, including vacancies, potential ion

clustering, as well as di�usion paths and O environments, could be assessed directly.

The cathode research space continues to be exciting, and it is evident that advanced

experimental techniques are required to understand the minute details that ultimately

dominatemacroscopic cathode behaviour. Whilemuch research e�ort is put into solid-state

electrolytes, safe, high-energy cathode materials are crucial for increasing the energy density

of all possible cells, and should remain a focus of the �eld.
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Appendix A

Appendix

A.� Operando Cell X-ray Transmission for the �d TM K

Edges.

In chapter � the X-ray transmission of the operando cell in certain conditions is presented.

For reference, tab. A.� lists the direct transmission through the cells at the �d TM K edge

energies, excluding contributions from the cell stack.

TableA.�: X-ray transmission through the operando cell at�○ scattering angle and the energies
of the �d absorption K edges.

Element Sc Ti V Cr Mn Fe Co Ni Cu Zn
Transmission [%] �.� �.� ��.� ��.� ��.� ��.� ��.� ��.� ��.� ��.�

A.� First-Cycle Operando X-ray Di�raction Patterns

And Fit Details for Li�.�Ni�.�Mn�.�O� and

Li�.�Ni�.��Co�.��Mn�.��O�

To understand the evolution of the long-range structure in chapter �, operando XRD was

obtained for Li�.�Ni�.�Mn�.�O� and Li�.�Ni�.��Co�.��Mn�.��O� (�gs. A.�, A.�). In Li-rich
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NMC, over the TM redox section of the voltage pro�le (< ���mAhg-�), the (���) re�ection

shifts to lower scattering angles, indicating an expansion of the c-axis. Simultaneously the

(���) re�ection shifts to higher q, indicating a contraction of the a-axis. The superstructure

re�ections (SS), arising from in-ab-plane ordering of the TM ions and Li, shift to higher q,

as well. Across the voltage plateau, and for ~ ��� mAhg-� on discharge, the peak positions

remain almost constant, with a slight shift towards higher q for the (���) re�ection, and a

minute shift to lower q for (���). Afterwards, the revert to approximately the positions of

the pristine material. Similar observations are made for Li-rich NM (�g. A.�).
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Figure A.�: OperandoXRD of Li�.�Ni�.�Mn�.�O�.
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Figure A.�: OperandoXRD of Li�.�Ni�.��Co�.��Mn�.��O�.
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Fitted Parameters Structureswere re�ned against theXRDpatterns, whichwere de�ned

by R�m space groups. An overview of the common �t parameters is given in tab. A.�. The

used Li fraction depended on the respective capacity. Li was removed fromWycko� Pos. �a.

Fit quality varied between patterns. All variables are listed in tab. A.� for Li-rich NM and

tab. A.� for Li-rich NMC.

Table A.�: Common XRD re�nement parameters for Li-rich layered materials.

Wycko�
Pos.

Atom x y z Occ.

�a Li �.� �.� �.� Various
�b Li �.� �.� �.� �.�
�b Ni �.� �.� �.� �.�
�b Mn �.� �.� �.� �.�
�c O �.� �.� �.����� �.�

Space group: R�m.
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Table A.�: XRD: Re�ned parameters for Li�.�Ni�.�Mn�.�O�

Cumm. Cap. [mAhg-�] a [Å] c [Å] Volume [Å�] Li fraction [mol] Rwp [%]
� �.����� ��.����� ���.����� �.� ��.�
� �.����� ��.����� ���.����� �.��� ��.�
�� �.����� ��.����� ���.���� �.��� ��.�
�� �.����� ��.����� ���.����� �.��� ��.�
�� �.����� ��.����� ���.����� �.��� ��.�
�� �.����� ��.����� ��.���� �.��� ��.�
�� �.����� ��.����� ��.����� �.��� ��.�
�� �.����� ��.����� ��.���� �.��� ��.�
�� �.����� ��.����� ��.���� �.��� ��.�
�� �.���� ��.����� ��.����� �.��� ��.�
�� �.����� ��.���� ��.����� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.���� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.���� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.���� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.���� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.�� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ���.���� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.���� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.���� ��.����� ���.����� �.��� ��.�
��� �.���� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.���� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.���� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� ��.�
��� �.����� ��.���� ���.���� �.��� ��.�
��� �.���� ��.����� ���.����� �.��� ��.�
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Table A.�: XRD: Re�ned parameters for Li�.�Ni�.��Co�.��Mn�.��O�

Cumm. Cap. [mAhg-�] a [Å] c [Å] Volume [Å�] Li fraction [mol] Rwp [%]
� �.����� ��.����� ���.����� �.� �.�
� �.����� ��.����� ���.����� �.��� �.�
�� �.����� ��.����� ��.���� �.��� �.�
�� �.���� ��.����� ��.����� �.��� �.�
�� �.����� ��.����� ��.����� �.��� �.�
�� �.����� ��.����� ��.����� �.�� ��.�
�� �.����� ��.���� ��.����� �.��� ��.�
�� �.����� ��.����� ��.����� �.��� ��.�
�� �.���� ��.����� ��.����� �.��� ��.�
�� �.����� ��.����� ��.����� �.��� ��.�
�� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.��� ��.����� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.���� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.���� ��.���� ��.����� �.��� ��.�
��� �.����� ��.���� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.�� ��.����� �.��� ��.�
��� �.���� ��.����� ��.���� �.��� �.�
��� �.����� ��.���� ��.����� �.��� �.�
��� �.����� ��.����� ��.���� �.��� ��.�
��� �.����� ��.���� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.���� ��.����� ��.����� �.��� ��.�
��� �.���� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.���� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� �.�
��� �.����� ��.����� ��.����� �.��� ��.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.���� ���.����� �.��� �.�
��� �.���� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�
��� �.����� ��.����� ���.����� �.��� �.�

���



A.� In�uence of Carbon and Binder on X-ray PDFs

In chapter � ex-situX-ray PDF of cycled cathodes is used. To analyse the di�erence between

the G(r) obtained for pristine material, and the same material in a cathode, the functions

for both are plotted in �g. A.�
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Figure A.�: In�uence of binder and carbon on cathode X-ray PDF.

A.� X-ray PDF Fit Details for Multi-Cycled Li�MnO�F

Cathodes

In chapter � ex-situX-ray PDF of cycled cathodes is presented. The following tables contain

the ’Rietveld-like’ �t parameters for each.

Table A.�: Ex-situX-ray PDF and ’Rietveld - like’ �t of a pristine Li�MnO�F cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.
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Table A.�: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a �rst-cycle discharged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�����
�a Mn �.� �.� �.� �.��� �.�����
�b O �.� �.� �.� �.��� �.�����
�b F �.� �.� �.� �.��� �.�����

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

Table A.�: Ex-situX-ray PDF and ’Rietveld - like’ �t of a second-cycle discharged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.���; Fit quality: Rwp = �.������.

Table A.�: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a �fth-cycle discharged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

Table A.�: Ex-situX-ray PDF and ’Rietveld - like’ �t of a tenth-cycle discharged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.
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Table A.��: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a twentieth-cycle discharged
Li�MnO�F cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.��� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

Table A.��: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a �rst-cycle charged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.�� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

Table A.��: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a second-cycle charged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.�� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

Table A.��: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a �fth-cycle charged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.�� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.
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Table A.��: Ex-situ X-ray PDF and ’Rietveld - like’ �t of a tenth-cycle charged Li�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.�� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.

TableA.��: Ex-situX-ray PDF and ’Rietveld - like’�t of a twentieth-cycle chargedLi�MnO�F
cathode.

Wycko� Pos. Atom x y z Occ. U iso
�a Li �.� �.� �.� �.�� �.�������
�a Mn �.� �.� �.� �.��� �.�������
�b O �.� �.� �.� �.��� �.�������
�b F �.� �.� �.� �.��� �.�������

Space group: Fm�m; Lattice constant: a = �.�����; Fit quality: Rwp = �.������.
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A.� Neutron PDF Fit Details for Multi-Cycled

Li�MnO�F

In chapter � ex-situ neutron PDF of cycled cathodes is presented. The following tables

contain the ’Rietveld-like’ �t parameters for each.
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Figure A.�: Ex-situ neutron PDF and ’Rietveld - like’ �t of �rst cycle discharged Li�MnO�F.
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Figure A.�: Ex-situ neutron PDF and ’Rietveld - like’ �t of �ve cycle discharged Li�MnO�F.
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Figure A.�: Ex-situ neutron PDF and ’Rietveld - like’ �t of �� cycle discharged Li�MnO�F.
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A.� Impedance Spectra and Fit Parameters for Multi-

Cycled Li�MnO�F

In chapter � three-electrode impedance data is discussed. The following section contains the

collected spectra and �t parameters for all data not presented in the chapter itself.
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Figure A.�: Impedance of Li�MnO�F at �.� V voltage hold. Fitted parameters are listed in
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