
 
LƴǾŜǎǘƛƎŀǘƛƴƎ 5ƛŦŦǳǎƛƻƴ ŀƴŘ !ƎƛƴƎ aŜŎƘŀƴƛǎƳǎ 

ƛƴ [ƛǘƘƛǳƳπƛƻƴ .ŀǘǘŜǊƛŜǎ 
 

By 

Eniko Zsoldos 

 

Submitted in partial fulfilment of the requirements  

for the degree of Doctor of Philosophy 

 

Dalhousie University 

Halifax, Nova Scotia 

April  2025 

 

 

Dalhousie University is located in Miôkmaôki, the ancestral and unceded 

territory of the Miôkmaq. We are all Treaty people.  

 

 

 

É Copyright by Eniko Zsoldos, 2025   



ii 

 

 

 

 

 

 

 

 

In loving memory of my sister and best friend, Dr. Abeera Shahid, MD (1997 ï 2022) 

 

In her short 25 years on this planet, Abeera did more for society than most people do in 

several lifetimes. She taught me the power of vulnerability, to think with an open mind, to 

dream higher than the tallest mountains, and to empower and uplift the people around you 

as you ascend those mountains. This thesis is for her, and this is my commitment to work 

towards a socially equitable transition to a sustainable future. Itôs not all about chemistry 

and numbers, human lives and lived experiences matter above all else. 

 

  



iii 

Table of Contents 

List of Tables .................................................................................................................. vi 

List of Figures ............................................................................................................... vii 

Abstract ........................................................................................................................ xiii 

List of Abbreviations and Symbols Used ..................................................................... xiv 

Acknowledgements ....................................................................................................... xx 

Chapter 1 Introduction ..................................................................................................... 1 

1.1 Motivation ............................................................................................................ 1 

1.2 Lithium-ion Cell Electrochemistry....................................................................... 8 

1.3 Electrode Material Crystal Structures ................................................................ 12 

1.4 Thermodynamics ................................................................................................ 15 

1.5 Kinetics and Diffusion Processes ....................................................................... 18 

1.6 Electrolytes ......................................................................................................... 22 

1.7 Solid Electrolyte Interphase ............................................................................... 24 

1.8 Degradation Reactions ....................................................................................... 28 

1.9 State of Charge and Battery Operating Windows .............................................. 35 

1.10 Goal of This Work .............................................................................................. 39 

Chapter 2 Experimental Methods .................................................................................. 41 

2.1 Cycling Experiments .......................................................................................... 41 

2.2 Isothermal Microcalorimetry.............................................................................. 43 

2.3 Gas Volume Measurement.................................................................................. 51 

2.4 Electrolyte Analysis with Gas Chromatography Mass Spectroscopy ................ 52 

2.5 Scanning Micro X-Ray Fluorescence (ÕXRF) ................................................... 54 

2.6 Inductively Coupled Plasma ï Optical Emission Spectroscopy (ICP-OES) for 

Transition Metals in Electrolyte .................................................................................... 57 



iv 

2.7 Diffusion Measurements .................................................................................... 58 

Chapter 3 The Atlung Method for Intercalant Diffusion (AMID) ................................. 65 

3.1 AMID Method Development ............................................................................. 65 

3.2 Lithium Diffusivity in NMC Materials: Studying the Effects of Cobalt and Cation 

Mixing ........................................................................................................................... 75 

3.3 Comparison Between AMID and GITT Methods .............................................. 82 

Chapter 4 Parasitic Reactions in LMO/Graphite cells................................................... 85 

4.1 Experimental ...................................................................................................... 85 

4.2 Cold to Hot Formation Study (-10 to 70ÁC) on LMO/AG cells ........................ 88 

4.3 Isothermal Microcalorimetry on Lithiated Graphite Pouch Bags From LMO, LFP, 

NMC Cells With Different Formation Temperatures .................................................. 102 

4.4 Operando IMC on LMO/Graphite Cells During Voltage Holds .......................110 

4.5 Conclusion ........................................................................................................ 121 

Chapter 5 The Effect of State of Charge on Cell Degradation .................................... 123 

5.1 IMC on NMC Cells: Parasitic Heat Flow Varies With SOC ............................ 124 

5.2 Post 90% Capacity Retention: Calorimetry on Aged NMC/Graphite Cells with 

Varying SOC Cycling History .................................................................................... 135 

5.3 LFP/Graphite Cells Cycling Over Varying SOC Windows ............................. 141 

5.4 Proposal: Fe Dissolution Through a Lithium Alkoxide Mechanism ................ 153 

5.5 Varying SOC Window Study on LFP/AGC with 4% VC ................................ 164 

5.6 Commercial LFP/Graphite Cylindrical Cells Cycle Testing in Varying SOC 

Windows ..................................................................................................................... 168 

5.7 Conclusion ........................................................................................................ 172 

Chapter 6 Probing Crosstalk Parasitic Reactions In LFP/Graphite Cells .................... 173 

6.1 Experimental .................................................................................................... 175 

6.2 LFP/Graphite Operando IMC and Cycling Experiments ................................. 177 

6.3 IMC Experiments on Pure Electrolyte Only .................................................... 186 



v 

6.4 Probing Crosstalk Reactions Using IMC Pouch Bag Experiments With 

LFP/Graphite Electrodes ............................................................................................. 195 

6.5 Conclusion .........................................................................................................211 

Chapter 7 Future Work ................................................................................................ 213 

7.1 Effect of Lithium Alkoxides on Transition Metal Dissolution ......................... 214 

7.2 Quantifying Alkoxides in GC-MS Through Reactions with Organic Molecule P-

Anisoyl Chloride (PAC) .............................................................................................. 220 

7.3 Effect of Alkoxides on Cycling Performance .................................................. 229 

7.4 Acid/Base Effects with LiPF6 vs LiFSI ............................................................ 234 

7.5 LFP/Graphite Crosstalk Experiments............................................................... 241 

7.6 Sodium Ion Battery Studies in IMC ................................................................. 243 

7.7 Micro Battery Calorimetry (ÕBC) on NMC/Graphite Cells ............................ 251 

Chapter 8 Conclusion .................................................................................................. 255 

Bibliography ................................................................................................................... 259 

Appendix ......................................................................................................................... 278 

 

 

  



vi 

List of Tables 

Table 4.1: Electrode properties and specifications of pouch cells used in this work. ....... 86 

Table 4.2: Mn deposition values from this work, at the best and worst conditions, converted 

to various units commonly reported in the literature. ....................................................... 96 

Table 4.3: Comparison of Mn deposition mass loadings on negative electrodes, from 

different cell types in the literature ................................................................................... 97 

Table 5.1: Electrode properties and specifications of pouch cells used in this sectioné

......................................................................................................................................... 125 

Table 5.2: Cell voltages and capacities of pouch cells chosen in this section for open circuit 

IMC experiments on lithiated graphite. .......................................................................... 126 

Table 5.3: LFP/graphite cell and electrode material specifications used in this section...

......................................................................................................................................... 141 

Table 5.4: Best óAô Parameters in the capacity fade vs square root time model for 3 cell 

types: SC LMO/graphite, LFP/graphite, BM NMC811/graphite, at different temperatures.

......................................................................................................................................... 167 

Table 6.1: Electrolyte Composition Matrix for LFP / AGC cells in this chapter. ........... 176 

Table 7.1: Proposed future work matrix for alkoxide-induced TM dissolution. ............. 219 

Table 7.2: PAC reaction rate constants and half life extracted from a 2nd order kinetics 

model, from reaction with LiOCH3 in LiFSI and LiPF6 electrolytes at room temperature

......................................................................................................................................... 226 

Table 7.3: Proposed matrix for PAC reactions in detecting alkoxides. ........................... 228 

Table 7.4: Proposed matrix for generating acidic species in the electrolytes of LFP cells

......................................................................................................................................... 240 

Table 7.5: Proposed matrix for investigating crosstalk effects in LFP/graphite cells. .... 242 

Table 7.6: Micro battery calorimetry proposed cell matrix with NMC/silicon cells. ..... 254 

  



vii 

List of Figures 

Figure 1.1: Energy Sankey diagram for the USA in 2023 .................................................. 1 

Figure 1.2: Carbon dioxide emissions from each energy source and comsumption pathway 

along the Sankey diagram for the USA in 2023. ................................................................ 2 

Figure 1.3: Growth of global electricity generation capacity (TWh) by technology.......... 3 

Figure 1.4: California grid power generation in April 2021 and April 2024 in MW of power 

over the course of an average day. ...................................................................................... 5 

Figure 1.5: Power inputs and outputs from all batteries operating on the California 

electricity grid in April 2024. .............................................................................................. 6 

Figure 1.6: A lithium ion cell internal diagram across several orders of magnitude. ....... 10 

Figure 1.7: An overview of cell types and components .....................................................11 

Figure 1.8: Crystal structures for O3-LiNiO2, spinel LiMn2O4, olivine LiFePO4, 2H-

graphite ............................................................................................................................. 12 

Figure 1.9: Voltage vs specific capacity plots from half-cells of each type of electrode active 

material used in this thesis ................................................................................................ 16 

Figure 1.10: Lithium concentration gradient profiles across a battery cell that is 

discharging, charging and a magnified view of lithium concentration within a single 

particle in an electrode ...................................................................................................... 21 

Figure 1.11: Electrolyte component chemical structures, showing salts, solvents, additives 

used in this thesis. ............................................................................................................. 23 

Figure 1.12: Reaction pathways of EC and VC to make SEI components. ...................... 25 

Figure 1.13: Peled's SEI model with heterogenous phases  .............................................. 26 

Figure 1.14: Electrolyte reduction pathways in a catalytic cycle with Mn deposition on the 

negative electrode.. ........................................................................................................... 30 

Figure 1.15: Linear carbonate reduction pathway creating lithium alkoxides. ................. 31 

Figure 1.16: Transesterification reaction of linear carbonate electrolyte solvents.. ......... 32 

Figure 1.17: Dimerization reaction of electrolyte solvents in the presence of lithium 

alkoxide catalysts. ............................................................................................................. 32 

Figure 1.18: Degradation pathways summary in a lithium-ion cell. ................................. 33 



viii 

Figure 1.19: Capacity retention vs cycle number type of plots used in battery degradation 

literature, with varying fade rate behaviours shown ......................................................... 34 

Figure 2.1: Operando IMC data showing the electrode heat flow contributions in 

NMC/graphite cells. .......................................................................................................... 47 

Figure 2.2: IMC instrumentation  ..................................................................................... 50 

Figure 2.3: XRF sample spectra and calibration curves for Fe and Mn ........................... 56 

Figure 2.4: Li concentration in a spherical positive electrode particle responding to a 

current pulse applied. ........................................................................................................ 59 

Figure 2.5: Experimental rate map data from a NMC622/Li coin cell at various discharge 

rates. Mean field theory calculation of electrode potential vs fractional capacity and 

dimensionless surface lithium concentration .................................................................... 62 

Figure 2.6: GITT measurements on a NMC622/Li coin cell. ........................................... 64 

Figure 3.1: Experimental flow chart showing the procedures for AMID ......................... 66 

Figure 3.2: Atlung Method for Intercalant Diffusion (AMID) Cycling Protocol ............. 68 

Figure 3.3: AMID Protocol Analysis Method. .................................................................. 71 

Figure 3.4: IR drop/rise analysis. ...................................................................................... 74 

Figure 3.5: Discharge direction AMID measurements showing fitted Dc vs V plots. ...... 75 

Figure 3.6: Diffusivity vs voltage for LiNi1-xCoxO2 ......................................................... 77 

Figure 3.7: AMID Comparison to GITT & Literature ...................................................... 82 

Figure 4.1: Formation cycle voltage vs capacity, and First Coulombic Efficiency for two 

LMO/AG cell types with 6 formation temperatures from -10ÁC to 70ÁC ........................ 89 

Figure 4.2: 40ÁC cycling data for LMO/AG pouch cells with various formation 

temperatures and formation upper cutoff voltages ........................................................... 90 

Figure 4.3: Mn loading deposited on graphite anodes as measured by ÕXRF after formation  

and after cycling as a function of formation temperature ................................................. 92 

Figure 4.4: Arrhenius plot of Mn deposition vs inverse formation temperature. ............. 99 

Figure 4.5: LMO pouch cell gas evolution during formation and during cycling as a 

function of formation temperature and formation upper cutoff voltage ......................... 100 

Figure 4.6: Gas vs Mn correlations ................................................................................. 101 



ix 

Figure 4.7: Parasitic heat flow from 100% lithiated graphite negative electrode pouch bags 

from 5 different cell types with varying positive electrodes after formation.................. 104 

Figure 4.8: Averaged parasitic heat flow normalized per graphite mass from the last 5 hours 

of negative electrode pouch bag experiments in IMC vs formation temperature.. ......... 106 

Figure 4.9: ÕXRF maps of Mn on 2 cm x 3 cm samples of the artificial graphite anodes 

after a formation cycle at 3 temperatures from 5 cell types. ........................................... 107 

Figure 4.10: Correlating the Mn deposition on the negative electrode with the measured 

parasitic heat flow produced by the lithiated graphite from two LMO cell types. ......... 108 

Figure 4.11: Example operando isothermal microcalorimetry raw data for one LMO/AG 

cell during a sequential voltage hold protocol ................................................................. 111 

Figure 4.12: Measured parasitic heat flows during voltage holds. ..................................112 

Figure 4.13: Integrated parasitic heat energy dissipated during each voltage hold for the 5 

cell types at 40ÁC. Measured and predicted capacity losses using a simple SEI growth 

model assuming an enthalpy of - 212 kJ/mol Li lost. ......................................................114 

Figure 4.14: Correlation plot of measured capacity loss vs Mn deposition and parasitic heat 

vs Mn deposition in 5 LMO cell types and NMC622. .....................................................117 

Figure 4.15: Long term cycling data on SC LMO/AG pouch cells at 20ÁC and 40ÁC. ...119 

Figure 5.1: Cell balancing for NMC/graphite cells ........................................................ 127 

Figure 5.2: Photographs of the extracted graphite electrodes from pouch cells charged to a 

set of 6 known states of charge (SOC) ............................................................................ 128 

Figure 5.3: Isothermal microcalorimetry testing of lithiated graphite electrodes (LixC6) 

from NMC/AG cells at different SOC ............................................................................ 130 

Figure 5.4: Summarized IMC parasitic heat flow data vs SOC, with the graphite half cell 

voltage curve overlaid. .................................................................................................... 133 

Figure 5.5: NMC811/graphite cycling data at 20ÁC, 4.06 V and 4.2 V UCV ................ 136 

Figure 5.6: Aged vs fresh NMC8111/graphite cells in IMC testing at 40ÁC, after cycling 

for 7000 hr at 20ÁC ......................................................................................................... 139 

Figure 5.7: Cell cycling protocol for LFP/graphite pouch cells operating across two state 

of charge (SOC) windows, with either fixed discharge or fixed charge capacities. ....... 143 

Figure 5.8: Coulombic efficiencies at cycle 82 from LFP/graphite cells cycled over various 

SOC windows in a UHPC test at 40ÁC and 55ÁC ........................................................... 144 



x 

Figure 5.9: LFP/AG1 cell cycling capacity fade across different SOC ranges in long-term 

cycling over 2500 hours.   ............................................................................................... 146 

Figure 5.10: LFP/AG2 cell cycling capacity fade across different SOC ranges in long term 

cycling over 2500 hours. ................................................................................................. 148 

Figure 5.11: Iron dissolution and deposition on the negative electrodes of LFP/AG cells 

after cycling through various states of charge windows ................................................. 152 

Figure 5.12: Electrolyte analysis of LFP/AG cells cycled over different SOC ranges ... 155 

Figure 5.13: Lithium methoxide causing iron dissolution mechanism experiments. ..... 157 

Figure 5.14: Proposed degradation pathways for LFP/AG cells cycling over different SOC 

conditions. ....................................................................................................................... 161 

Figure 5.15: LFP/AG1 cell normalized discharge capacity retention cycling over 0 ï 60% 

and 0 ï 80% limited SOC windows. ............................................................................... 163 

Figure 5.16: 70ÁC cycling data over varying average SOC windows, in LFP/AGC cells 

with 4% VC 1.5M LiPF6, EC:DMC 3:7 ......................................................................... 165 

Figure 5.17: Square root time capacity fade model fitting of LFP/graphite cells with 4% 

VC cycled over different SOC windows. ....................................................................... 167 

Figure 5.18: Capacity retention from charge discharge testing commercial LFP/graphite 

cells in varying SOC windows.. ...................................................................................... 170 

Figure 5.19: 20ÁC cycle testing of commercial LFP cells over different average SOC 

windows, with barcodes indicated, from suppliers A123 and FEB. ............................... 171 

Figure 6.1: Formation cycles of LFP/AG pouch cells with 6 different electrolytes, including 

DMOHC solvent blends with DMC, all with 2 VC 1 DTD additives at 40ÁC, C/20. .... 178 

Figure 6.2: Formation metrics of LFP/AG pouch cells with various DMOHC solvent 

blends, all with 2VC 1DTD additives, after 40ÁC formation to 3.65 V. ......................... 180 

Figure 6.3: Comparing parasitic heat flow vs cycle number to capacity retention vs time 

for the same cell types and electrolytes .......................................................................... 183 

Figure 6.4: Cycling LFP/AGC cells at 70ÁC, C/3 rate, 2.5 V ï 3.65 V, with 4% VC additive 

in 4 different combinations of electrolyte solvent and salt. ............................................ 185 

Figure 6.5: Electrolyte-only Pouch Bag heat flows at (a) 60oC, (b) 80oC in an isothermal 

microcalorimeter, with no electrodes present.. ............................................................... 187 

Figure 6.6: GC-MS chromatograms for the liquids and gases generated at 60oC from the 

DMOHC electrolyte-only pouch bags. ........................................................................... 190 



xi 

Figure 6.7: IMC experiment of pouch bag and full cell parasitic heat flows at 60ÁC and 

80ÁC for LFP/AG cells. .................................................................................................. 197 

Figure 6.8: Summarized average parasitic heat flows from the last 5 hours of the pouch bag 

isothermal microcalorimetry experiments. ..................................................................... 200 

Figure 6.9: Arrhenius plots of full cell and negattive electrode parasitic heat flows ...... 202 

Figure 6.10: IMC experiment on LFP/graphite cells with PP tape. ................................ 204 

Figure 6.11: Post calorimetry GC-MS analysis on LFP/graphite cells ........................... 206 

Figure 6.12: Pouch bag gas volume crosstalk data in storage experiments. ................... 207 

Figure 6.13: The effect of excess electrolyte added to pouch bag IMC experiments ..... 209 

Figure 7.1: Iron concentration measured in the electrolyte for varying surface areas of LFP 

electrodes exposed to LiOCH3 for 10 days of storage at 70ÁC. ...................................... 215 

Figure 7.2: Fe and Mn concentration in the electrolyte from varying cell types with added 

1% lithium methoxide compared to control electrolytes. ............................................... 217 

Figure 7.3: Reaction mechanism for acid halides with lithium alkoxides. ..................... 222 

Figure 7.4: Reaction scheme for p-anisoyl chloride (PAC) reacting with an intermediate 

alkoxide from EC ring-opening. ..................................................................................... 222 

Figure 7.5: GC-MS time series of PAC and lithium methoxide reaction in 

stoichiometrically balanced conditions in electrolytes ................................................... 224 

Figure 7.6: Reaction conversion progress over time in LiFSI and LiPF6 salt for the reaction 

of lithium methoxide and PAC producing MMB ............................................................ 225 

Figure 7.7: Cycling capacity retention vs time from LFP/AGC cells with added lithium 

methoxide during degas step ........................................................................................... 230 

Figure 7.8: LiOCH3 quantification and Fe quantification analysis from cycled LFP/AGC 

cells with 5000 ppm initially added lithium methoxide.................................................. 232 

Figure 7.9: Salt-dependent Fe dissolution mechanism, with acid/base hypothesis. ....... 235 

Figure 7.10: Titration plots of HF extracted from electrolytes vs NaOH (aq). ............... 238 

Figure 7.11: Operando IMC on NaNFMZ/HC pouch cells with varying C-rates. ......... 245 

Figure 7.12: Na-ion operando IMC cycling of a full pouch cell NFMZ vs hard carbon (HC), 

coin cell of NFMZ vs Na, and hard carbon vs Na. ......................................................... 247 



xii 

Figure 7.13: NFMZ/HC operando IMC experiment at C/200, with separated heat flow 

contributions for 4 electrolytes tested in pouch cells ...................................................... 249 

Figure 7.14: ÕBC instrument setup. ................................................................................ 251 

Figure 7.15: Heat flow vs capacity and voltage vs capacity data from ÕBattery Calorimeter 

on a Ni83/AGC cell operating in 4 different C-rates and 3 temperatures....................... 253 

 

  



xiii 

Abstract  

As lithium-ion batteries become ubiquitous in electric vehicles and grid energy 

storage, low cost and sustainable materials must be used to meet the worldôs energy 

demands in the equitable transition to renewable energy. In this work, the impact of 

transitioning to cobalt-free positive electrode materials is investigated, specifically in the 

context of lithium diffusivity and rate capability measurements in Ni-rich layered oxides. 

A novel electrochemical method is developed for measuring the lithium chemical diffusion 

coefficient in positive electrode materials. It is found that cobalt is not necessary for fast 

diffusion and rate performance in Ni-rich lithium-ion battery positive electrode materials. 

Subsequently, even more abundant materials, LiFePO4 (LFP) and LiMn2O4 (LMO) are 

investigated to understand some of the mechanisms behind their failure modes. Using 

microcalorimetry, the reactivity of graphite negative electrodes with electrolyte is 

investigated at different states of charge, and with various amounts of manganese deposited 

on the graphite from a LMO positive electrode. These experiments offer mechanistic 

insight into the degradation mode for lithium inventory loss in LMO/graphite cells caused 

by deposited manganese. LFP/graphite cells were cycled over different operating windows, 

where higher average states of charge were found to cause more degradation in a variety 

of conditions. Finally, crosstalk reactions between LFP and graphite electrodes were 

investigated using microcalorimetry. The future work focuses on chemical mechanisms in 

liquid electrolytes, specifically how lithium alkoxide species can affect transition metal 

dissolution, and how to quantify these species to gain further mechanistic understanding of 

cell degradation reactions. Ultimately, the goals of the thesis are to improve batteries using 

sustainable Earth-abundant elements while striving for a longer lifetime.  



xiv 

List of Abbreviations and Symbols Used 

AG = artificial graphite 

AMID = Atlung Method for Intercalant Diffusion 

AMIDR = Atlung Method for Intercalant Diffusion and Resistance 

BESS = battery energy storage system 

BET = BrunauerïEmmettïTeller 

BM = bimodal (in the context of a particle size distribution) 

C-rate = discharge or charge time defined as cell capacity (mAh) divided by current (mA) 

CC = constant current 

CCCV = constant current constant voltage 

DCM = dichloromethane 

DI = deionized 

DEOHC = diethyl-2,5-dioxahexanedioate 

DEC = diethyl carbonate 

DMC = dimethyl carbonate 

DME = dimethyl ether 

DMOHC = dimethyl-2,5-dioxahexane 

DMT = dimethyl terephthalate  

DOD = depth of discharge 

DTD = ethylene sulfate, also known as 1,3,2-Dioxathiolane 2,2-dioxide 

EC = ethylene carbonate 

EIS = electrochemical impedance spectroscopy 



xv 

EMC = ethyl methyl carbonate 

EV = electric vehicle 

FCE = first coulombic efficiency 

FEB = Far East Battery 

FM = formation 

GC-MS = gas chromatography mass spectrometry 

GITT = galvanostatic intermittent titration technique 

HC = hard carbon 

HF = hydrofluoric acid  

ICP-OES = inductively coupled plasma ï optical emission spectroscopy 

IMC = isothermal microcalorimetry 

IPCC = intergovernmental panel on climate change 

KHP = potassium hydrogen phthalate 

LCV = lower cutoff voltage 

LEDC = lithium ethylene decarbonate 

LFO = lithium difluorophosphate 

LFP = lithium iron phosphate (LiFePO4) 

LiDFOB = lithium difluoro(oxalate)borate 

LiFSI = lithium bis(fluorosulfonyl)imide 

LiOMe = lithium methoxide (LiOCH3) 

LiPF6 = lithium hexafluorophosphate 

LMO = lithium manganese oxide (LiMn2O4) 



xvi 

MA = methyl acetate 

MMB - methyl 4-(methoxymethyl)benzoate 

NCA = lithium nickel cobalt aluminum oxide (LiNixCoyAlzO2 where x + y + z = 1) 

NG = natural graphite 

%NiLi = % Nickel in the Li layer of layered oxide materials 

NIST = National Institute of Standards and Technology 

NFMZ = sodium nickel iron manganese zinc oxide (NaNixFeyMnzZnwO2, x+y+z+w=1) 

NMC = lithium nickel manganese cobalt oxide (LiNixMnyCozO2 for x + y + z = 1) 

NMP = N-methyl-2-pyrrolidone 

NMR = nuclear magnetic resonance 

PAC - p-anisoyl chloride 

PES = propene sultone 

PET = polyethylene terephthalate  

PITT = potentiostatic intermittent titration technique 

PP = polypropylene 

PC = polycrystalline 

SC = single crystalline 

SEI = solid electrolyte interphase 

SEM - scanning electron microscopy 

SOC = state of charge 

SOH = state of health 

TAMIII = thermally activated module III, isothermal microcalorimeter by TA Instruments 



xvii 

TM = transition metal 

ÕBC = micro battery calorimeter 

UCV = upper cutoff voltage 

UHPC = ultra high precision charger 

V2G = vehicle to grid 

VC = vinylene carbonate 

XRD = x-ray diffraction 

XRF = x-ray fluorescence 

 

  



xviii 

---- Symbols --- 

Aetd = geometric area of an electrode (cm
2) 

‎ = the number of nearest neighbours of lithium 

Cs = lithium concentration in the solid at the electrode interface (mol/L) 

Cc = lithium concentration in the electrolyte at the cathode surface (mol/L) 

Ca = lithium concentration in the electrolyte at the anode surface (mol/L) 

Dc = chemical diffusion coefficient (cm
2/s) 

= differential capacity with respect to voltage (mAh/V) 

 = measured heat flow (ÕW) 

e = electronic charge 

E0 = site binding energy (eV) 

ῳὉ = change in voltage during a steady state relaxation (V) 

ῳὉ = change in voltage during a transient current pulse (V) 

Eqp = parasitic heat energy (J) 

F = Faradayôs Constant (C/mol) 

ȹH = change in reaction enthalpy (kJ/mol) 

I = current (mA) 

J = current density (mA/cm2) 

k = reaction rate constant (days-1) 

m = mass (g) 

MLetd = mass loading of an electrode active material (mg cm
-2) 



xix 

Mw = molecular weight (g/mol) 

ὔ = Avogadroôs Constant 

n = moles 

– = overpotential (V) 

ή = parasitic heat flow (ÕW) 

Q = quality factor (T/(r2/Dc) 

QD = cell discharge capacity (mAh) 

r = particle radius (cm) 

Rct = charge transfer resistance (ʍ cm2) 

Ὓ = entropy (J/K) 

t = time (s) 

T = temperature (K) 

Ű = fractional capacity, or average lithium concentration in the electrode particle 

U1 = interaction energy of nearest neighbours of lithium ions in the lattice (eV) 

ȹV = voltage polarization (V) 

Vely = volume of electrolyte (mL) 

Vm = molar volume (cm3/mol) 

x = lithium content in a material (dimensionless) 

X* = fractional surface lithium concentration at the electrode surface (dimensionless) 

 

  



xx 

Acknowledgements 

I extend my deepest gratitude to my world-class mentors in the Dahn Lab for 

teaching me everything I know about batteries. Thank you to Dr. Aaron Liu and Dr. 

Nutthaphon Phattharasupakun for training me on positive electrode materials, coin cell 

building and sharing your vast literature wisdom. Thank you to Dr. Marc Cormier for being 

a brilliant theoretical and computational collaborator, who would patiently answer my 

questions about diffusion theory. Thank you to Dr. Eric Logan for training me on 

microcalorimetry and explaining the intricate details of instrumentation, entropy theory, 

graphite staging, and programming. Thank you to Dr. Ahmed Eldesoky for throwing me 

into the biggest pouch cell build (200+ cells) in my first week in the lab in September 2020 

and continuing to raise the standard of cleanliness, attention to detail, and overall cell 

performance in the lab. Thank you to Dr. Lauren Thompson for teaching me about 

electrolyte analysis and Dr. Alex Louli for teaching me about cell failure modes and 

crosstalk. Thank you to Jessie Harlow for teaching me about UHPC analysis, cell 

teardowns, and for the inspirational work she does in the lab to ensure its long term success. 

Thank you to Mike Johnson for teaching me about x-ray fluorescence theory, all kinds of 

instrumentation around the lab, and extensive details about organic chemistry reactions and 

mass fragmentation analysis. 

Thank you to my friends and colleagues Anu Adamson, William Black, Saad 

Azam, Meng Yue, Panyawee Bunyanidhi for our wonderful discussions and extensive 

daily collaborations over the years about LFP cell degradation and electrolyte analysis. I 

firmly believe that all of our projects were made stronger by our complementary skillsets 

and diverse backgrounds, with chemists, engineers, and physicists all working together. 



xxi 

Thank you to the entire Dahn Lab community for cheering on my projects and being 

supportive throughout the last 5 years. There isnôt a single person out of the 30+ people in 

the lab who hasnôt had an impact on this work in some way or another. Whether itôs a 

publication they have shared with me that inspired an idea, an interesting conversation 

brainstorming and comparing our data with each other, a tip on how to do a lab procedure 

more effectively or simply being courteous with one another in the lab by flushing 

antechambers for each other and leaving shared equipment cleaner than they found it. 

Everyone has a role to play in the positive culture of the Dahn Lab that supports a thriving 

ecosystem of researchers. And no ecosystem would have such success without the example 

set by Professor Jeff Dahn. Jeff sets an exceptionally high standard of performance for 

himself and his students, and he helps us meet it by giving his students the inspiration they 

need for their research. 

I would also like to thank my committee members, Prof. Michael Metzger, Prof. 

Chongyin Yang, and Prof. Heather Andreas for your feedback and support throughout the 

years. I also extend my appreciation to Lea Gawne for enabling the smoothest possible 

administrative process during my graduate studies and being a wonderful advocate for 

students and facilitating the positive and supportive culture in the chemistry department.  

I want to thank my friends and family for their love, kindness, generosity and 

unwavering support throughout this journey. Some of these amazing people include: 

Abeera Shahid, Shatakshi Saxena, Ethan Lawler, Svena Yu, Anu Adamson, Divya Rathore, 

Ines Hamam, Matthew Garayt, and Animesh Dutta. Our friendships are the highlight of 

my time in graduate school that made the journey worthwhile.  



 

1 

CHAPTER 1 INTRODUCTION 

1.1 Motivation 

Decarbonizing our global society is one of the grand challenges and opportunities of 

the 21st century. A good starting point is looking at a Sankey diagram, which is an energy 

flowchart to map out the total energy sources and consumption pathways. One such 

diagram for the USA in 2023 is shown below in Figure 1.1 by Lawrence Livermore 

National Laboratory (LLNL)1. Sankey diagrams for Canada in 2017 and the World in 2011 

are shown in the Appendix A.1. Clearly there is a long way to go to increase the renewable 

energy share in this energy landscape, and to reach net-zero emissions by 2050, which has 

been proposed by the IPCC to limit global warming to +1.5ÁC of pre-industrial levels2. 

 

Figure 1.1: Energy Sankey diagram for the USA in 2023, showing energy sources and 

consumption, in units of quads which is a quadrillion British Thermal Units (BTU). For 

reference, one quad is 1.055 x 1018 J (1.055 EJ), or 293 TWh. 
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Considering the CO2 emissions from each energy usage category, as seen in Figure 

1.2 by LLNL1, the three biggest categories are transportation (from petroleum), electricity 

generation (from coal and natural gas), and industrial (from natural gas and petroleum), 

respectively. 

 

Figure 1.2: Carbon dioxide emissions from each energy source and comsumption pathway 

along the Sankey diagram for the USA in 20231. 

 

There are many possible solutions to minimize emissions in each of these 

categories. In the transportation sector, electrification is being pursued by many companies, 

governments and researchers, and this includes electrifying personal vehicles, public 

transport, marine vessels, aviation, and heavy-duty vehicles. In the electricity generation 

sector, increasing the share of renewable energy sources in the energy mix is a good 

strategy, with significant new installations of wind, solar, hydro and geothermal power 

needed globally. Finally, in the industrial sector, there are many approaches to reduce 
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emissions depending on the specific industry; for example, decarbonizing concrete in 

construction by using electrochemically-synthesized cement3, switching from fossil fuel 

thermal heating sources to electric heat pumps, or switching from natural gas to green 

hydrogen for industrial fuels. 

Figure 1.3 published by Ember in their Global Electricity Review of 20244 shows 

the global growth of renewable electricity generation in TWh, compared to fossil fuels, 

normalized to the year that the technology generated 100 TWh. From this graph, it appears 

hopeful that solar and wind are the fastest growing electricity sources in history. However, 

wind and solar only amounted to 4000 TWh generation in 2023, while the global demand 

for electricity was 30,000 TWh4, meaning that significantly more scale-up is needed. 

Nonetheless, including hydro, all renewables accounted for 30% of global electricity 

generation in 20234, which is a new record. 

 

 

Figure 1.3: Growth of global electricity generation capacity (TWh) by various 

technologies, normalized to the year the technology was generating 100 TWh4.  
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One of the challenges associated with transitioning to renewable energy sources is 

the intermittency of renewable resources, resulting in a mismatch between production and 

demand. Therefore, a 100% renewables-powered electricity grid must be paired with some 

energy storage solutions for peak shaving, load shifting, and frequency regulation services. 

Some storage solution types include electrochemical (i.e. lithium-ion and sodium-ion 

batteries), mechanical (i.e. compressed air), gravitational (i.e. pumped hydro), thermal (i.e. 

solar water heaters), and chemical storage (i.e. H2 from electrolysis). 

Battery energy storage systems (BESS) are one of the storage solutions that have 

been used successfully by grids in Australia and California in large scale storage projects 

to complement their renewable electricity generation. The Hornsdale Power Reserve in 

Australia was the largest battery installation in the world in 2017 when it began operations 

at 100 MW peak power and 129 MWh storage capacity5, with the batteries produced by 

Tesla. It was the first large scale project to show how profitable grid batteries can be, with 

an internal rate of return of 30% and a payback period of only 3 years, with the batteries 

projected to last 15+ years. The primary revenue source of Hornsdale came from the 

frequency control ancillary services market5, rather than the load shifting services 

necessary for renewables. However, this was an excellent starting point for proving the 

successful business case of grid scale battery storage. As more batteries are deployed 

globally, it becomes possible for grids to reliably utilize larger fractions of intermittent 

renewable energy sources in their energy mix.  

Today in 2025, the largest BESS capacity is 3.3 GWh at Edwards Sanborn6 in 

California, where its load shifting services are particularly useful with solar power 

generation. Figure 1.4 published by The New York Times7 show the electricity sources on 
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the California grid in 2021 vs 2024. In just 3 years, the deployment of batteries increased 

significantly, especially in the daily usage window of 5 pm to 10 pm with batteries 

displacing natural gas to supply power as solar generation decays during the evening. 

 

 

Figure 1.4: California grid power generation in April 2021 and April 2024 in MW of power 

over the course of an average day7. 

 

Figure 1.5 by the New York Times7 shows how all batteries operated on the 

California electricity grid daily in April 2024, with power supplied to the grid shown as 

positive and power drawn from the grid to charge the batteries for storage shown as 

negative values of power. Each day, the batteries on the California grid shifted a load of 4 

GW from the peak solar power output at noon to a 6 GW peak power usage at 8 pm7. 
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Figure 1.5: Power inputs and outputs from all batteries operating on the California 

electricity grid in April 2024, shown as a daily power profile vs time for each day in April7.  

 

With these storage solutions in place, there are opportunities for deploying smart 

grids, microgrids, localized energy resources (i.e. rooftop solar), and distribution networks 

within communities, especially in rural and off-grid communities. Beyond economic 

benefits, these solutions often provide communities with energy independence, provide 

human health benefits from reduced air pollution8 and ecological benefits, as carbon 

dioxide emitting sources are displaced. 

One opportunity to solve problems in two sectors at once ï both transportation 

electrification and electricity generation from renewables ï is to deploy Vehicle to Grid 

(V2G) technologies9. These allow for electric vehicles to be connected to the grid while 

parked, such that the vehicles can not only charge their batteries from the grid, but also 

discharge their batteries to supply electricity to the grid. This enables resilient power grids, 
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back-up power in emergency outages, and efficient daily energy usage with load shifting 

services for renewables. If V2G technologies are used, then fewer batteries could be 

deployed globally, which reduces the carbon footprint and ecological impact of mining 

battery minerals and manufacturing batteries. Ideal candidates for V2G technologies are 

vehicles with predictable schedules and load requirements, such as electric municipal 

buses, school buses, shuttles, and ferries.  

This thesis focuses on lithium-ion battery technologies, with applications for both 

electric vehicles and grid energy storage for communities. With these challenges in mind, 

some big picture goals are to: 1) improve the sustainability and performance of batteries 

made from Earth-abundant elements to accelerate adoption, 2)  improve the lifetime of 

batteries to many decades, such that they are an attractive, cost-effective, and reliable 

infrastructure option for utilities and governments to install in grids, and 3) optimize the 

usage and charging of existing batteries deployed today to enable as long of a service 

lifetime as possible, with options for V2G applications. With these grand goals stated, this 

thesis will offer to build a brick or two onto the knowledgebase about lithium-ion batteries 

and will do so by standing on the shoulders of giants who came before it. The 2019 

Chemistry Nobel laureates Goodenough, Yoshino, and Whittingham pioneered research on 

some of the electrode materials used in this thesis and deployed in commercial BESS 

systems today, particularly lithium iron phosphate10 (LiFePO4, ñLFPò) positive electrodes. 
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1.2 Lithium-ion Cell Electrochemistry 

Lithium-ion battery cells consist of porous positive and negative electrodes that can 

reversibly store charge electrochemically for many charge-discharge cycles. Electrodes 

could be of insertion type, where lithium is intercalated into the crystal structure of a host 

electrode material, or conversion type, where lithium alloys with the material. In addition 

to the electrode active materials, the other components of a battery cell are a porous 

polymer electronically insulating separator between the electrodes, a lithium-ion 

conductive organic liquid electrolyte permeating throughout the cell, and a casing to 

encapsulate the cell from the environment. Cells can operate reversibly in charging and 

discharging modes by flowing electrons through an external circuit while lithium ions 

transport inside a cell from positive to negative electrode during charge and from negative 

to positive electrode during discharge. This occurs according to the following 

electrochemical half cell reduction reactions, shown in Equations ρȢρ to ρȢυ for the 

different types of electrodes used in this work. 

Positives electrodes are shown discharging, where 0 Ò x Ò 1, with the transition metal 

oxidation states undergoing reduction shown for Ni4+/3+, Mn4+/3+, and Fe3+/2 respectively: 

ὼὒὭ ὼὩ  ὔὭὕ O  ὒὭὔὭὕ ρȢρ  

ὼὒὭ ὼὩ  ὓὲὕ O  ὒὭὓὲὕ ρȢς 

ὼὒὭ ὼὩ  ὊὩὖὕ O  ὒὭὊὩὖὕ ρȢσ 

Negatives electrodes are shown charging, where 0 Ò x Ò 1: 

ὒὭ  Ὡ ᴼ ὒὭ ρȢτ 

ὼὒὭ ὼὩ  ὅ O  ὒὭὅ ρȢυ 
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The overall full cell reaction for an LiFePO4/graphite cell charging is: 

 ,É&Å0/  Ù# O  ,É &Å0/Ù ,É# ρȢφ 

In discharge operation, a lithium ion de-intercalates from the graphite negative 

electrode and becomes solvated by organic carbonate molecules in the liquid electrolyte. 

Then a different lithium ion from solution near the positive electrode interface overcomes 

a charge transfer barrier and intercalates into the positive electrode, while an electron is 

transferred across the external circuit. Figure 1.6 shows a schematic of the internal structure 

of a battery cell with different length scales magnified showing lithium-ion intercalation 

into the positive electrode crystal structure during discharging. The electrode 

microstructures are a porous composite of the active materials mixed with a polymer binder 

for adhesion and nanosized conductive additive carbon black or carbon nanotubes for 

electronic conductivity throughout the electrode. The electrodes are commonly 

manufactured through mixing a slurry where the dispersant is water or N-methyl 

pyrrolidone (NMP) and the solids consist of an active material, the conductive additive, 

and the polymer binder. This slurry is coated onto current collectors which are shown as 

copper foil for the negative and aluminum foil for the positive. 
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Figure 1.6: A lithium ion cell internal diagram across several orders of magnitude showing 

Angstrom-scale chemical interactions of lithium ion solvation and intercalation into 

electrode crystal structures, nanoscale structures of active material crystallites11 and the 

inactive polymer conductive matrix in the electrodes, micro-scale electrode particles, 

separators and current collectors, and finally the macro-scale external electrical circuit. 

 

Figure 1.7 shows photos of the types of cell and electrode configurations used in 

this thesis: (a) 2-electrode coin cell, (b) wound flat pouch cell, (c) single-electrode pouch 

bag, (d) cylindrical pouch cell, (e) negative electrode on copper current collector, (f) 

polymer separator, (g) positive electrode on an aluminum current collector. In some 

academic studies, 3 electrode cells with a reference electrode, working and counter 

electrodes are used to isolate the current applied from the voltage measured. However, in 

this work, the coin cells use lithium metal as both a reference and a counter electrode, 

because the current densities are sufficiently small. This type of cell configuration is called 

a half-cell in the lithium-ion battery literature12.  
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Additionally, pouch bags can be created, which are individual electrodes sealed in 

polymer-aluminum foil laminates as shown in Figure 1.7c. Pouch bags are made from 

disassembling pouch cells (Figure 1.7b) at various states of charge in an inert argon 

glovebox environment, separating the electrodes, re-folding them by hand, and vacuum 

sealing them into new pouch bags. Note that these pouch bags are isolated negative or 

positive electrodes stored at open circuit conditions in this pouch casing, so there are no 

tabs or electron transfer through external circuits, which enables the deconvolution of 

Faradaic and non-Faradaic reactions. Additional types of battery cells used commercially, 

but not shown here, include prismatic cells and cylindrical cells with rigid steel casings. 

 

 

Figure 1.7: An overview of cell types and components; (a) 2032 size coin cell, (b) flat 

wound pouch cell, (c) pouch bag, (d) 13430 size cylindrical pouch cell, (e) negative 

electrode from pouch cell, (f) separator from pouch cell, (g) positive electrode from pouch 

cell.  
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1.3 Electrode Material Crystal Structures 

 

The positive electrode materials studied in this work fall into three categories: 1) 

olivine LiFePO4 (LFP) of orthorhombic structure Pnma space group, 2) layered transition 

metal oxides LiMO2 of trigonal structure Rσm space group, where M is a solid solution of 

the transition metals Ni, Mn, and Co, and 3) spinel LiMn2O4 (LMO) of cubic structure 

Fdσm space group. The only negative electrode material studied in this thesis is graphite 

of space group P63/mmc, and its structure is 2H or 3R with hexagonal sheets of covalently 

bonded sp2 carbon atoms. The crystal structures of these four active material types are 

shown in Figure 1.8 below. These structures are in the pristine discharged state of these 

materials, such that lithium is intercalated in the positive electrode materials and vacant in 

the negative electrode material. These structures represent the materials at zero state of 

charge (SOC). 

 

Figure 1.8: Crystal structures for (a) O3-LiNiO2, (b) spinel LiMn2O4, (c) olivine LiFePO4, 

(d) 2H-graphite. In all structures lithium is shown as green spheres, oxygen is shown as 

red spheres, and the remaining polyhedra are the other elements. 
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The olivine structure of LFP consists of phosphate tetrahedra, Fe octahedra, and Li 

octahedra, comprising 1-dimensional channels for lithium intercalation into LFP. Layered 

oxides consist of 2-dimensional lamellar structures of alternating transition metal layers, 

oxygen layers, lithium layers, and oxygen layers with ABC stacking. Both the transition 

metals and the lithium ions are in octahedral coordination. In spinel LMO, lithium ions are 

arranged in a 3-dimensional network for intercalation in the cubic close packed array of 

oxide ions, with lithium in tetrahedral sites and Mn in octahedral sites. 

In practice, these materials often have defects or deviate from these ideal crystal 

structures when synthesized. Synthesis of layered oxides involves calcination of a mixed 

lithium source and transition metal source in an oxygen-containing environment, for 

example mixing LiOH and Ni(OH)2 with a desired molar ratio of Li:Ni 1:1 in the final 

LiNiO2 material
13. During synthesis, some regions of the materials may be locally lithium-

deficient, and in those regions Ni2+ may form for charge compensation instead of the 

desired Ni3+. LiNiO2 type layered oxides can have cation mixing, where Li+ and Ni2+ 

exchange sites, and this can be quantified by XRD as % Ni in the Li layer. These materials 

can also have surface lithium impurities such as LiOH and Li2CO3. LFP can have anti-site 

defects with Fe and Li exchanging positions, thereby blocking lithium channels and 

reducing capacity14. LMO can be synthesized with excess lithium such that lithium 

occupies Mn sites, thereby decreasing the a lattice parameter15. Graphite can have a 

probability for turbostratic misalignment16,17, where the graphene sheets are not aligned.  

All of these materials undergo reversible volume changes at the level of these unit 

cells as lithium is inserted or removed. During cell operation, these volume changes can 

arise from abrupt phase transitions, two-phase regions with different unit cell dimensions, 
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or gradual volume changes as lithium is added or removed from a structure in a solid-

solution manner. Most of these volume changes are reversible in subsequent charge-

discharge cycles, however they can cause irreversible microcracking in some conditions. 

The maximum theoretical volume changes for the materials used in this thesis are: 11% for 

graphite18, 6.7% for LiFePO4
19, 8% for LiNiO2

20, and 8% for LiMn2O4
21. 
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1.4 Thermodynamics 

As a cell is charged by an external driving force such as an applied current source, 

the lithium content in the electrodes change such that lithium is added to the negative and 

lithium is removed from the positive electrode. These changes in the lithium content affect 

the chemical potential and the electrochemical potentials of the electrode materials, due to 

changes in Gibbs free energy (Equation ρȢχ), which encompasses both the enthalpy of 

intercalation and the configurational entropy associated with lithium occupying host sites.  

ɝ'  Î&% ρȢχ 

In Equation ρȢχ, ȹG is Gibbs Free Energy, n is the moles of electrons transferred per 

ion (1 for Li+), F is Faradayôs constant (96485 C/mol), and E is the electrode potential. Cell 

voltage is the difference between the electrode potentials of the positive and negative 

electrodes. In electrochemistry, to characterize electrode potentials separately, 3-electrode 

cells with reference electrodes are commonly used. However, in this work 2-electrode cells 

are used with Li metal as both a counter and reference electrode. The first charge voltage 

profiles of the electrode materials used in this thesis are shown in Figure 1.9 as half coin 

cells vs Li/Li+ electrodes.  
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Figure 1.9: Voltage vs specific capacity plots from half-cells of each type of electrode active 

material used in this thesis, measured in the first charge at C/20 rate and 30ÁC. (a-c) three 

types of layered oxide positive electrode materials ranging from 50% Ni to 100% Ni content 

as the transition metal, (d) graphite, the only negative electrode material used in this work, 

(e) spinel LMO positive electrode, (f) olivine LFP positive electrode. 

 

As lithium is intercalated into the graphite making LiC6, the voltage drops because 

the electrochemical potential of lithiated graphite approaches the potential of lithium. The 

mechanism for lithium intercalation into graphite is an island staging model22ï25 where 

lithium initially inserts into graphite as dilute lithium, then into galleries of every 4th layer 

of graphite (stage 4 phase), then every 3rd layer (stage 3), every 2nd layer (stage 2) and every 

layer (stage 1) until the graphite is filled with lithium at LiC6. Each vertical step in the 

graphite vs Li voltage curve (Figure 1.9d) represents a pure phase with lithium ordering at 

a specific stage, while the voltage plateaus represent regions with two-phase coexistence.  
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In the positive electrode materials (Figure 1.9 a,b,c,e,f), the first charge delithiates 

the materials, increasing their potential relative to lithium. The x-axis on these plots is 

specific capacity, which is obtained from integrating the charger current over time and 

dividing by the mass of the electrode active material. Other types of materials that are used 

in this thesis but are not shown here include NMC622, NMC640, and LiNi0.95Mn0.05O2, 

which are all solid solution transition metal layered oxides of type LiTMO2 with different 

transition metal (TM) compositions. The mechanism in layered oxide positive electrode 

materials for lithium movement during charge and discharge is hopping through channels 

of divacancies, which are defined as sites where a lithium ion in an octahedral site has two 

neighbouring vacant octahedral sites. Such divacancies have a lower activation energy 

barrier for hopping than single vacancies due to ion repulsion effects26. 
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1.5 Kinetics and Diffusion Processes 

 

Charging and discharging a cell creates lithium concentration gradients in both the 

electrolyte and the electrodes. This can be modelled by Fickôs law of diffusion27 where the 

gradient of concentration (C) is proportional to flux of ions (J), as shown in Equation ρȢψ.  

 ὐ   ​Ὀὅ ρȢψ 

The electrolyte develops a concentration gradient of lithium salt, with both Li+ and anions 

accumulating at one electrode, to maintain electroneutrality, while the salt is depleted at 

the other electrode28. This polarization effect contributes to cell resistance, and at a 

sufficiently high limiting current density, electrolyte depletion can occur at an electrode 

surface, such that ion transfer can no longer occur28. These concentration gradients are 

shown schematically in Figure 1.10a during discharge, Figure 1.10b during charge, and the 

limiting current density expression is shown in Equation ρȢω for a simplified system. The 

assumptions in this simple model of limiting current density are non-porous electrodes and 

no separator, with a single particle electrode separated from a lithium counter electrode by 

spacing d. 

Ὅ  

ὃ
 
τὊὈὅ

Ὠ
 ρȢω 

 

Ilim is the limiting current, A is the geometric electrode area, F is Faradayôs constant 

(96485 C/mol), Dc is the chemical diffusion coefficient of solvated lithium species in the 

electrolyte (on the order of 10-6 cm2/s), Co is the initial concentration of lithium salt in the 

electrolyte in the cell (usually 1.0 - 1.5 mol/L), d is the electrolyte thickness in this model 
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without a separator28. Models for limiting current densities in realistic battery cells, which 

involve thick, porous, tortuous electrodes and porous separators are outside of the scope of 

this thesis. Atlungôs simplified model, showing the linear concentration profile of lithium 

salt across the electrolyte in non-porous electrodes is shown schematically in Figure 1.10a 

and Figure 1.10b, where Co is the initial concentration of lithium salt, Ca is the lithium salt 

concentration at the anode (negative electrode) surface, Cc is the lithium salt concentration 

at the cathode (positive electrode) surface, and Cs is the surface concentration of lithium in 

the solid positive electrode. 

The effects of lithium concentration gradients in the solid electrode materials 

depend on the shape of the electrode particles, and there are often steeper concentration 

gradients with smaller diffusion coefficients (Dc Li solid ~ 10-12 cm2/s) than in the liquid 

electrolyte (Dc Li+ liquid ~ 10-6 cm2/s). There can be 1-dimensional (1D) diffusion in the case 

of thick slab electrodes, 2D diffusion in cylinders of infinite length, and 3D diffusion in 

spheres. For battery electrode materials, 3D diffusion in spherical particles is the best 

model to represent the polycrystalline positive electrode materials such as spheres of 

LiMO2, which are often in a porous electrode accessible by Li flux from the electrolyte in 

all directions. Graphite negative electrodes can be represented by flat cylinders where 

intercalation between graphene layers occurs at the walls of the cylinder and cannot occur 

at the flat basal planes of graphene.  

As lithium ions enter a particle, the surface concentration of lithium increases, and 

the electrode potential is given by the thermodynamic relationships at the surface, as 

described in Equation ρȢχ. However, the interior of the particle has a concentration gradient 

of lithium as depicted in Figure 1.10c, which could be of varying slopes. The steepness of 
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the lithium concentration profile depends on the relative rates of surface lithium flux 

compared to the internal solid diffusion. This is measured by a dimensionless variable 

called ñQò, defined as the expected discharge time (T) divided by the diffusion time 

(r2/D)28. As the cathode particle fills up with lithium during a discharge, the shape of the 

lithium concentration profile remains the same, with more lithium at the surface than in the 

particle interior. The concentration profile shifts up until the surface is fully saturated, 

reaching Cs = 1.0, while the interior remains only partially filled. Integrating the lithium 

content under the concentration profile results in the fractional capacity of lithium that has 

been intercalated into the particle. The fractional capacity is defined as variable Ű, and 

values of Ű = 0 to 0.7 are labelled on Figure 1.10c on the concentration profiles across the 

particle, with steeper concentration gradients present in planar than spherical particles. 

Practically, fractional capacity (Ű) is measured from the discharge current passed through 

the external circuit, integrated over time to calculate cell discharge capacity, and divided 

by the total capacity of the cell at a very slow discharge rate. This concept will be explored 

in more detail in Chapters 2 and 3. 
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Figure 1.10: Lithium concentration gradient profiles across a battery cell that is (a) 

discharging (b) charging and (c) a magnified view of lithium concentration within a single 

particle in an electrode. Variable definitions are: C0 represents the equilibrium lithium 

concentration in the electrolyte, Ca and Cc are lithium concentrations in the electrolyte at 

the anode and cathode interfaces, respectively. Cs is the lithium concentration at the 

surface of the solid electrode (cathode). The dimensionless Q = T/(r2/D), where T is the 

discharge time, r is the particle radius or half of the plane thickness, and D is the chemical 

diffusion coefficient. Ű is fractional capacity or the integrated area under the lithium 

concentration profiles in the solid electrode particles. Figures reproduced with permission 

from Atlung et al28. 
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1.6 Electrolytes  

 

A typical electrolyte is comprised of lithium hexafluorophosphate (LiPF6), lithium 

bis(trifluorosulfonyl)imide (LiFSI) and/or other lithium salts dissolved in organic 

carbonates such as ethylene carbonate (EC), dimethyl carbonate (DMC), or ethyl methyl 

carbonate (EMC)29. Electrolytes are chosen for their electrochemical stability within the 

voltage window of a cell operation, physical properties, and ion transport properties. It is 

desirable for electrolytes to have a wide temperature range of liquid operation with high 

ionic conductivity, a high dielectric constant, and low viscosity. Usually, electrolyte 

solvents are blended to achieve these desired properties. In this thesis, a common 

electrolyte solvent blend is EC:DMC 3:7 vol%, with 1.5 M LiPF6, but the exact electrolytes 

are specified in each chapter and experiment. Additionally, electrolyte additives such as 

vinylene carbonate (VC) and ethylene sulfate (DTD) are added as sacrificial reagents to 

react reductively on the negative electrode and/or oxidatively on the positive electrode. 

These additive reaction products create a stable solid electrolyte interphase (SEI) layer on 

the negative electrode and a cathode electrolyte interphase (CEI) on the positive 

electrode30. The chemical structures of the electrolyte components used in this work are 

shown in Figure 1.11.   
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Figure 1.11: Electrolyte component chemical structures, showing (a) salts, (b) solvents, (c) 

additives used in this thesis. 
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1.7 Solid Electrolyte Interphase 

 

The liquid electrolyte components used in lithium-ion batteries are unstable within 

the operating voltages of the cell, such that the electrolytes spontaneously reduce on the 

negative electrode surface during the first charge of the battery, creating a solid electrolyte 

interphase (SEI). This first cycle is called the formation cycle because the SEI is formed. 

SEI formation is a chemical reaction between the solvents and lithium metal or lithiated 

graphite. This is because the lowest unoccupied molecular orbital (LUMO) energy level of 

electrolytes is below the electrochemical potential energy of lithium or lithiated graphite, 

so electron transfer is facilitated from the negative electrode to the electrolyte. The 

reduction potentials reported in the literature31ï34 for the electrolyte additives and solvents 

used in this thesis, in order of reduction sequence, are: DTD at 1.25 V vs Li/Li+, VC at 0.9 

V vs Li/Li+, EC at 0.8 V vs Li/Li+, and finally DMC at 0.5 V vs Li/Li+. The reaction 

pathways for VC and EC are shown below in Figure 1.12. These reaction products include 

gases, liquids, and solids. The gases (CO2, C2H4) evolve outside of the jellyroll and are 

collected in the pouch bag area of the pouch cells, or they become pressurized inside of 

coin cells or cylindrical cells. The liquids remain in the electrolyte and can participate in 

subsequent reactions on either electrode surface. The solids from these reduction reactions 

precipitate onto the surface of the negative electrode, forming the SEI.  
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Figure 1.12: Reaction pathways of (a) EC and (b) VC to make SEI components LEDC and 

poly-VC31, respectively. 

 

EC has a variety of reaction pathways, with LEDC being the most reported SEI 

product35. However, many other products have also been proposed from EC reduction36,37, 

including polymerized PEC or PEO products, inorganic Li2CO3, lithium ethylene glycol 

(alkoxide species), and other semi-organic carbonate species (ROCO2Li). VC is most 

reported to make poly-VC with CO2 gas evolved
31. However, VC reduction pathways 

involving conversion to EC, LEDC, polycarbonate, polyacetylene have all been 

proposed38. Lastly, the electrolyte salts can also play a role in SEI formation. LiPF6 is 

known to produce LiF phases39. LiFSI is reported40 to create a variety of sulphur-containing 

phases in the SEI, such as Li2S, Li3N(SO2)2, and Li2SO4. 

As described first by Peled41 in 1979, the SEI has the properties of being 

electronically insulating and ionically conductive. A model mosaic schematic of an SEI 

with a few selected phases is shown in Figure 1.13, reproduced from Peled et al42. The 
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formation of an SEI inherently self-inhibits the electrolyte reduction process that created 

the SEI. However, the SEI is not perfectly insulating; it continues to grow in thickness from 

new reduction products every cycle of the battery operation and has been shown to grow 

with a square root time dependence43,44. 

 

Figure 1.13: Peled's SEI model with heterogenous phases on the surface of lithium or 

lithiated carbon electrodes. Reproduced with permission from Peled et al42. 

 

As Peled41 first proposed, the SEI is not a conformal film on the electrode, but 

rather a heterogeneous mosaic of many reduction products forming varied phases. The 

overall SEI thickness can be on the order of 5 nm to 25 nm, but the thickness and its 

composition depend heavily on the exact electrolyte formulation, the reduction products, 

and the operating conditions of the battery (temperature, voltage, time, etc). In addition to 

the SEI growth model where the growth rate is inversely proportional to the thickness, 
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there is another process to be considered: cracking and repair. The active material on which 

the SEI grows, lithiated graphite, is itself a dynamically changing material, and exhibits 

~10% reversible volume expansion/contraction each charge/discharge cycle18. This cyclic 

volume change can cause the heterogeneous SEI components to crack within their 

interfaces, exposing fresh graphite surfaces to the electrolyte, and causing new reduction 

and SEI growth45. It has also been proposed that the solid SEI components can dissolve 

into the liquid electrolyte over time. And finally, the solid phases of the SEI itself can 

change over time, for example Li2CO3 converting into Li2O and evolving CO2 gas
46.  
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1.8 Degradation Reactions 

The lithium inventory in a cell is comprised of the total lithium species in the 

electrolyte salt and the lithium intercalated in the electrodes during cell assembly. Cells are 

typically manufactured in the discharged state, such that the positive electrode contains the 

initial lithium inventory, and the negative electrode is vacant. During cell operation and 

aging, several degradation processes can occur that deplete the accessible lithium inventory 

and reduce the cellôs capacity and energy output. These processes can be grouped into 

electrolyte reduction reactions on the negative electrode (Equation ρȢρπ) and electrolyte 

oxidation reactions on the positive electrode (Equation ρȢρρ). 

ςὼ Ὁὅ ὒὭὅ ςὼ Ὡ  O ὼ ὅὌ ὼ ὒὉὈὅ ὒὭ ὅ ρȢρπ 

ώ ,É  Ù ÓÏÌÖÅÎÔ  ,É.É/  O ,É .É/ ώ ÓÏÌÖÅÎÔ ρȢρρ 

These two degradation reactions are accompanied by a lithium de-intercalation on the 

negative electrode or a Li intercalation on the positive electrode, respectively, both of 

which are self-discharge processes. The positive electrode side self-discharge could be 

reversible; however, the negative electrode electrolyte reduction and SEI growth 

contributes to irreversible capacity fade as lithium inventory is depleted by moving lithium 

from the negative electrode to the SEI.  

The electrolyte oxidation reaction shown in Equation ρȢρρ consumes lithium salt 

in the electrolyte, and this leads to charge slippage and self-discharge, as shown by Smith 

et al47. However, self-discharge can also occur without salt consumption if a lithium ion 

deintercalation from the negative is coupled with a lithium-ion intercalation into the 

positive electrode, and charge balanced with a shuttle molecule transporting charge in the 

opposite direction across the electrolyte, as shown in the mechanism by Sinha et al48. A 
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practical example of a shuttle molecule from recent work is the monomer dimethyl 

terephthalate (DMT), which dissolves from the polymer tape binding a cell jellyroll 

together49.  

Other outcomes of electrolyte degradation mechanisms include gas generation and 

cell resistance growth due to the buildup of surface films on either of the electrodes. As the 

cell impedance increases with aging, a greater overpotential must be applied at the 

electrode/electrolyte interfaces for charge transfer to occur. ȹV is the difference between 

the average charge voltage and the average discharge voltage of the voltage vs capacity 

curve for a cycle. As ȹV increases due to cell impedance growth in aging, the voltage cutoff 

limits are reached sooner, thereby leaving inaccessible lithium in both electrodes on charge 

and discharge, and thus decreasing the accessible cell capacity at a given voltage. This 

failure mode is most commonly observed in NMC materials cycled to high voltages > 4.2 

V50, and LMO materials51, while low voltage NMC materials and LFP exhibit minimal 

impedance growth52ï54.  

Another category of degradation and capacity fade processes is electrode active 

material mass loss. This is different from lithium inventory loss, because this degradation 

mode arises from structural deformation of the positive and negative electrodes, such as 

microcracking of particles from unit cell volume expansions, as well as mechanical and 

electrical disconnections within a porous electrode and its current collector. These 

processes may occur from the failures of inactive components, such as insufficient polymer 

binder for adhesion or ineffective conductive additive for electronic conductivity. When 

active material mass loss occurs, the lithium inventory in the disconnected material may 

still be intact, but it is electrically isolated and inaccessible, resulting in capacity fade.  
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One example of positive electrode material mass loss is the electrochemical 

oxidation and dissolution of transition metals from the positive electrode into the 

electrolyte. The transition metal dissolution is often accompanied by rearranging of the 

positive electrode material surface structure to maintain electroneutrality with fewer 

transition metals, and this results in lithium ions intercalating into the positive electrode, 

thereby causing self-discharge. This is shown for the case of Mn dissolving from spinel 

LMO in Equation ρȢρς.  

ςÙ ,É ,É-Î/ ᴼ Ù-Î  ,É -Î / ρȢρς  

This dissolution process is often followed by the dissolved transition metals diffusing to 

the negative electrode, where the metals are deposited on the SEI. Mn is observed to deposit 

onto the negative electrode at various oxidation states55. The deposited Mn has been 

observed to cause gas evolution and capacity fade through SEI growth, with the catalytic 

redox cycle of Mn2+/Mn0 illustrated in this schematic in Figure 1.14 by Solchenbach et al56.  

 

Figure 1.14: Electrolyte reduction pathways in a catalytic cycle with Mn deposition on the 

negative electrode. Figure reproduced with permission from Solchenbach et al56. 
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A poorly passivated negative electrode rich in deposited Mn can produce lithium 

alkoxides and continually reduce electrolyte solvents, causing cell dry out, increasing cell 

impedance, and ultimately causing cell capacity fade by reducing the lithium inventory 

through uncontrolled SEI growth rather than a self-passivating SEI56. The effect of 

deposited Mn on SEI growth from LMO cells is investigated in Chapter 4, and Fe 

deposition from LFP cells is explored in Chapter 5.  

 Many types of non-passivating electrolyte reactions can occur in the bulk liquid 

state or on the surfaces of poorly passivated electrodes. For example, the reduction of linear 

carbonates like DMC is shown in Figure 1.15 to produce lithium methoxide and CO gas. 

Equivalently for DEC, lithium ethoxide would be produced. The lithium alkoxide species 

are not stable solid SEI components, because they can catalyze many subsequent reactions, 

and they sometimes dissolve into the electrolyte57.  

 

Figure 1.15: Linear carbonate reduction pathway creating lithium alkoxides. Figure 

reproduced with permission from Strehle et al31. 

 

Lithium alkoxides, located in either the bulk liquid electrolyte or on the SEI, can 

catalyze further reactions such as transesterification and dimerization. A typical 

transesterification reaction is EMC producing DEC and DMC, where the ethyl and methyl 

groups simply exchange on the carbonates, as shown in Figure 1.16. 
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Figure 1.16: Transesterification reaction of linear carbonate electrolyte solvents, catalyzed 

by lithium alkoxides. Two ethyl methyl carbonate (EMC) molecules produce a dimethyl 

carbonate (DMC) and a diethyl carbonate (DEC) molecule. 

 

Secondarily, alkoxides can catalyze the ring-opening of cyclic carbonates and the 

dimerization with linear carbonates to make alkyl dicarbonates32, such as EC and DMC 

reacting to make dimethyl-2,5-dioxahexane (DMOHC) as shown in Figure 1.17. In 

addition to the earlier role of the additive VC mentioned in SEI formation, excess VC is 

also effective at scavenging lithium alkoxides, as proposed by Petibon et al58 and by Sasaki 

et al59. These reactions cause VC oligomerization, and thus the alkoxide-catalyzed 

reactions of carbonate solvent transesterification and dimerization are both suppressed59,60. 

 

 

Figure 1.17: Dimerization reaction of electrolyte solvents in the presence of lithium 

alkoxide catalysts. In the case of Rô = Rò = CH3, then DMC + EC produce DMOHC. The 

R groups may also be ethyl groups (-CH2CH3) in other electrolyte formulations. 

 

A summary of the various cell degradation mechanisms discussed here are shown 

in Figure 1.18, and these encompass multiple pathways for lithium inventory loss and 

active material loss. One mechanism not discussed so far is the formation of lithium 

dendrites from plating lithium during fast charging in cold temperatures, or transition metal 
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dendrites from dissolution and deposition processes. Both types of dendrites can potentially 

puncture through the separator, causing an internal short circuit. Depending on the type of 

short circuit and dendrite morphology, a soft short can cause gradual self-discharge of the 

battery, while a hard internal short is a safety issue because it can cause a rapid electron 

transfer between electrodes which heats up the cell and could initiate thermal runaway.  

 

 

Figure 1.18: Degradation pathways summary in a lithium-ion cell. Figure reproduced with 

permission from Birkl et al61. 

 

With all these degradation mechanisms in mind, we can transition to understanding 

capacity retention plots. In contrast to the first cycle voltage vs capacity plots shown in 

Figure 1.9, when a battery is cycled over many hundreds of charge-discharge cycles, the 

results are summarized by plotting the discharge capacity vs cycle number or cycling time. 

These plots are useful to measure how the various processes of lithium inventory loss and 

active material degradation evolve over time, with categories such as ñsublinearò square-

root time dependent capacity fade, linear capacity fade, and super-linear capacity fade, 
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which is also called rollover or ñkneeò failure62. Figure 1.19 shows 3 examples of these 

degradation profiles over cycle number. The standard in the battery field is to consider the 

end-of-life criterion of a rechargeable battery when it reaches 80% of its initial capacity 

retention. 

 

Figure 1.19: Capacity retention vs cycle number type of plots used in battery degradation 

literature, with varying fade rate behaviours shown. Figure reproduced with permission 

from Attia et al62. 
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1.9 State of Charge and Battery Operating Windows 

Independent of the composition of the electrode materials and the electrolyte 

discussed so far, another factor that affects battery performance is the usage and operation 

conditions of those batteries. These conditions include operating temperatures, charging 

and discharge currents, storage times, operating voltage, and state of charge (SOC) ranges. 

These factors are specific to each application, where consumer electronics, EVs, BESS, 

V2G all have different requirements, different circumstances for operating profitably, 

different access to battery management system software, and different heating/cooling 

apparatus. How to operate existing commercial battery systems to optimize performance is 

particularly of interest to consumers (i.e. EV drivers or phone users), where they can not 

change the electrode materials or electrolytes in their systems.  

State of charge (SOC) is a unitless and normalized quantity representing the capacity 

of a battery cell from 0% to 100%. During every charge-discharge cycle, cells could be 

operated to undergo reversible SOC changes from 0% to 100%. In contrast to reversible 

SOC cycles, the state of health (SOH) of batteries decays irreversibly over time from 100% 

to 80%, and in the literature, SOH is a measure of both capacity retention and resistance 

growth. In this thesis, only normalized capacity retention at 80% is considered as the end-

of-life criterion, where the discharge capacity at cycle x is normalized to cycle 2. C/n-rate 

is the current required to charge or discharge a battery cell in n hours. Voltage limits are 

called upper cutoff voltage (UCV) and lower cutoff voltage (LCV) and could be indicated 

as 2.5 V ï 3.65 V for example.  

Constant current (CC) cycling is the most common mode of battery operation and is 

used throughout this thesis. Typically, a fixed C-rate is applied to charge or discharge a 
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battery until the designated cutoff voltages are reached. Constant voltage (CV) mode, also 

called a voltage hold, means applying a varying decaying current to maintain a constant 

voltage, until a given time or minimum current value is reached. This is often done to 

equilibrate a cell to ensure that all parts of the jellyroll are at the same potential, i.e. across 

the thickness of an electrode. Often a combination of constant current constant voltage 

(CCCV) cycling is used to charge cells up to a UCV at C/3 rate, then hold the voltage at 

the UCV until current decays to C/20 rate. Check-up cycles are slow rate C/20 cycles 

performed from LCV to UCV, meaning that they exercise a larger portion of the available 

capacity of the cell in that cycling experiment. Checkup cycles are often done after every 

100 regular cycles, where the regular cycles are specific to the experiment. The regular 

cycles could be C/3 cycles, or they could be partial cycles at different depths of discharge 

(DOD). DOD is another dimensionless quantity for capacity in one cycle that is discharged. 

For example, if the SOC is discharged from 100% to 75%, then the DOD is 25%. However, 

if a cell is charged from 0% to 25%, there is no equivalent concept in the literature called 

ñdepth of chargeò. For clarity in this thesis, instead of DOD, both the lower and upper 

limits of SOC are always specified when operating in limited SOC range cycles.  

There have been studies by Gauthier et al63 on operating polycrystalline (PC) 

NMC622/graphite cells with varying SOC ranges, with either the upper cutoff voltage or 

the lower cutoff voltage held constant. In either case, Gauthier found that minimizing the 

width of the operating windows (from 100% to 25%) is key to minimize capacity fade, and 

that cycling at the upper voltage region (4.1 V cutoff) or lower voltage region (2.5 V cutoff) 

does not matter. In other words, cycling 0 ï 25% vs 75 ï 100% both produced similarly 

improved capacity retention compared to cycling the full range of 0 ï 100%. These results 
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were explained by severe particle cracking observed in the PC NMC622 material when 

cycling over the full SOC range, caused by large anisotropic volume changes of the unit 

cells.  

A study on single crystalline (SC) NMC811/graphite cells by Eldesoky et al64 varied 

the DOD from 25% to 100% in a similar way by fixing the upper cutoff voltage at 4.06 V 

or 4.2 V, but found no microcracking at any voltage when single crystalline cathodes were 

used. In Eldesokyôs study, the best performing cells cycled over 25 ï 100% SOC or 0 ï 

100% SOC, and the worst performing cells cycled over 75 ï 100% SOC. This indicates 

that volume changes are not an issue in this system; instead the average SOC or voltage 

may be a more important factor. However, lower average SOC cycling was not tested. 

Another study by Gao et al65 showed that 0 ï 20% SOC is optimal for cycling commercial 

NMC/graphite prismatic cells of 8 Ah size. In that study, the degradation was dependent 

on the average SOC, which they mapped in 20% SOC increments from bottom to top of 

charge. However, they also observed microcracking and the full range of 0 ï 100% SOC 

showed the most degradation, matching Gauthierôs work63.  

Other studies on LFP materials investigate different ranges of SOC window widths, 

but primarily cycle with a fixed 50% average SOC, such that the ranges investigated are 

45% ï 55% vs 0% ï 100%. Those studies66ï68 show conflicting results about whether a 

wide or narrow SOC range is optimal for LFP cells. Our study69 on cycling LFP cells with 

different average SOCs is presented in Chapter 5. An important study by Keil et al70 about 

calendar aging of NMC and LFP cells shows that storage at high temperatures and high 

SOC are factors that both independently and combined cause irreversible capacity fade in 

both commercial cell chemistries.  
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A study on SC NMC532/graphite cells by Harlow et al71 shows trends matching Keil 

et al70, such that high temperature (55ÁC) and high voltage (4.3 V) cause more capacity 

fade in both storage and in cycling experiments. The cells studied by Harlow were later 

measured by Bauer et al72, showing zero capacity fade when the SC NMC532/graphite 

cells are stored at 20ÁC for 5 years. Additionally, the Harlow study71 found that electrolyte 

additives are important for improving storage performance, with a 2% VC + 1% DTD 

additive blend outperforming 1% lithium difluorophosphate (LFO) additive due to better 

graphite-passivating properties of the SEI formed from 2% VC + 1% DTD. 

Another consideration is that the real usage of batteries in EV or BESS applications 

is often a complex mix of cycling at various rates and storage at various temperatures, 

which are not represented well in lab scale research tests, because those commonly have 

fixed currents and temperatures. A study by Karger et al45 suggests that aging from cycling 

and calendar storage studies cannot simply be added, because this underestimates the true 

degradation. In contrast, Geslin et al73 shows that lab scale testing overestimates real 

degradation in EV use cases. They show that EV driving profiles with dynamic charge-

discharge pulses results in 40% longer cycle life compared to lab scale testing with constant 

current 0 ï 100% SOC testing in NCA/graphite-silicon commercial cell types.  
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1.10 Goal of This Work 

The goals of this work fall under three categories: (1) use electrochemical 

measurement methods to probe rate performance in positive electrode materials and 

develop a method to quantify the lithium diffusion coefficient, (2) use calorimetry to probe 

degradation reactions, particularly parasitic processes on the negative electrode that limit 

cell lifetime, with a focus on SEI growth and transition metal deposition, (3) understand 

how charging and operating conditions affect cell lifetime and performance from a 

chemical mechanistic perspective.  

Chapter 2 describes the experimental techniques and instrumentation used in this 

work, such as ultra high precision coulometry (UHPC), isothermal microcalorimetry 

(IMC), x-ray fluorescence (XRF), inductively coupled plasma optical emission 

spectroscopy (ICP-OES), gas chromatography mass spectrometry (GC-MS). Then a brief 

literature review describes existing methods for measuring lithium diffusivity such as 

galvanostatic intermittent titration technique (GITT). Chapter 3 introduces a new method 

for measuring diffusivity and show examples of results obtained from applying this method 

to studying the effect of cobalt substitution in LiNiO2 materials.  

Chapter 4 transitions to understanding the failure modes of LMO/graphite cells, 

measuring parasitic reactions using calorimetry and the effects of Mn dissolution using 

XRF. This is expanded to an understanding of graphite reactivity showing calorimetry data 

from five cell types after the negative electrodes have been exposed to varying degrees of 

aging based on different formation temperatures. Chapter 5 examines the reactivity of 

lithiated graphite electrodes with electrolyte based on the state of charge (SOC) and 

presents a study on LFP/graphite cells cycled over different SOC windows. A model for Fe 
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dissolution caused by lithium alkoxides species in the electrolyte is proposed. Chapter 6 

probes crosstalk parasitic reactions in LFP/graphite cells at elevated temperatures to 

investigate degradation pathways that are accelerated at high temperatures.  

Chapter 7 proposes future work, primarily related to the reaction pathways of lithium 

alkoxides in the electrolytes of lithium-ion cells. This chapter shows data that raises more 

questions than it answers, for example: what is the mechanism through which alkoxides 

cause transition metal dissolution? Why do alkoxides behave differently in LiPF6 vs LiFSI 

salt-containing electrolytes; is there a pH effect? How can alkoxides be quantified as a 

function of cycle aging time in cells? Chapter 8 concludes the thesis by summarizing the 

findings of the previous chapters. 
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CHAPTER 2 EXPERIMENTAL METHODS 

 

2.1 Cycling Experiments 

 

Three types of battery cyclers are used throughout this thesis for charge-discharge 

cycle testing at constant temperatures. Coin cell diffusion cycling is done on custom built 

ultra high precision coulometry (UHPC) chargers at Dalhousie University47. Dalhousie 

UHPC chargers consist of Keithley instruments 220 or 2602B precision current supplies, 

6.5- or 8.5-digit Keithley voltmeters (model 2000 or model 2002, respectively), and 

measure the voltage drop across Texas Components Corp precision resistors, which have a 

low noise (0.01 ÕV per 1 V) and low temperature coefficient (0.2 ppm/ÁC)74. This results 

in current measurements with an accuracy of 0.003% and a precision of 0.001%, which is 

essential for accurate measurements of coulombic efficiency (CE). Charge and discharge 

currents are measured to more than 5 digits of accuracy. Pouch cell formation cycles are 

done on a Maccor 4000 series cycler, with a voltage accuracy of Ñ 0.02% Full Scale (FS) 

and a current accuracy of Ñ 0.05% FS. Pouch cell cycle aging studies are done on a Neware 

BTS4000 cycler, with a current accuracy of Ñ 0.05% FS. Coin cells were operated in a 2-

electrode setup with custom built clips for contacting the positive and negative electrodes. 

Pouch cells were connected to the chargers on custom built holders using alligator clips 

with a 4-point probe measurement technique, such that the two voltage measurement leads, 

one to each electrode, were connected closest to the cell tabs, and two current supply leads 

were connected further from the cell tabs. 
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Rather than reporting current densities in mA/cm2 as done in other fields of 

electrochemistry, in lithium-ion battery literature, currents are more commonly given in 

C/n-rates, where n is the number of hours for a complete charge or discharge. C-rates can 

be converted to a current density by normalizing by the electrode area and cell capacity. In 

this work, electrode areas are on the order of 1 cm2 for coin cells with 0.2 mAh to 1 mAh 

capacity, and 70 to 90 cm2 for pouch cells with 240 mAh capacity. 

The experimental details for coin cell diffusion tests on UHPC chargers are given in 

Chapter 3, but briefly these tests consist of current pulses ranging from 2C to C/160 rates 

in constant current (CC) mode, across various voltage intervals, and with open circuit 

relaxation periods in between the charging/discharging pulses. The typical cycling 

protocols for pouch cells consist of CC charge-discharge cycles at C/3 rate, and check-up 

cycles every 100 cycles at a C/20 rate. The voltage limits are 3.0 V - 4.2 V for LMO cells, 

and 2.5 V - 3.65 V for LFP cells. Specific test protocols, C-rates, and voltage ranges are 

specified in each chapter. 
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2.2 Isothermal Microcalorimetry 

 

Isothermal Microcalorimetry (IMC) is a technique for measuring the heat flow 

between a sample and a reference chamber under a near-constant temperature and pressure. 

Specifically for battery cell applications, operando IMC refers to heat flow measurements 

of a battery cell while it is being charged and discharged by an external circuit. In this type 

of system, there are three contributions to heat flow: 1) joule heating, 2) reversible 

intercalation heat, and 3) parasitic heat from irreversible reactions75. Equation ςȢρ 

summarizes these contributions, where q is total heat, t is time, I is current, ɖ is 

overpotential, T is temperature, e is electronic charge, S+ and S- are entropy in the positive 

and negative electrode materials respectively, x is degree of lithiation, and qp is parasitic 

heat. This expression with parasitic heat included comes from Krause et al76. The original 

heat and energy balance model applied to lithium-ion cells was published by researchers 

without parasitic heat contributions in the contexts of LiAl/FeS cells77, Li/LiMo6S8 cells
78 

and Li/LiMn2O4 cells
79. 
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One way to simplify experiments is to do open circuit measurements (I = 0), such 

that only parasitic heat flows are measured from chemical reactions without 

electrochemical contributions. In these conditions, it is appropriate to neglect the entropy 

and the overpotential contributions to heat because no external current is flowing. One 

assumption in this method is that the state of charge (SOC) of the cell remains constant 
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during the IMC test, implying that any self-discharge reactions are minimal. If there are 

severe self-discharge reactions that affect the lithiation content of the positive and negative 

electrodes, then entropy changes, as well as the corresponding polarization heat flow, 

should also be considered as a heat contribution. This is a possible source of error in this 

thesis because entropy and polarization contributions to heat are not considered in open 

circuit conditions. 

Open circuit IMC measurements are done in this thesis on samples of full cells, 

separated positive and negative electrode pouch bags, and pouch bags of electrolyte only. 

These measurements reveal the parasitic heat flow generated by the chemical reactivity of 

the materials in the cell and IMC results can be used to find reaction enthalpies if the 

reaction mechanism is known and only one reaction is occurring at a time. However, in a 

lithium-ion battery cell with a complex mixture of electrolytes and interphases such as the 

SEI, many reactions could be occurring simultaneously and therefore a net total parasitic 

heat flow can be measured. Nonetheless, IMC is a useful tool to make comparisons 

between different samples in terms of their reactivities.  

In experiments with current applied during operando IMC experiments, the measured 

experimental heat flow can be averaged over a cycle, as described by Equation 2.2, where 

óchgô is charge, ódisô is discharge, and óavgô is average. When cycling over a given voltage 

interval, the heat contributions from reversible entropy changes in the electrode materials 

cancel out in charge and discharge. Therefore, if heat flow is measured in both charge and 

discharge, the average of the total heat flow between charge and discharge is simply the 

overpotential (joule heating) contribution and the irreversible parasitic contribution. The 

overpotential can be determined from (ɖ = ȹV/2) at each state of charge of the cell. Then 
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parasitic heat flow (qp/dt) is calculated using Equation 2.2, introduced by Glazier in his 

PhD thesis80.  
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An equivalent form of this expression to find the parasitic heat energy is shown in Equation 

2.3, shown by Downie81, where the charge and discharge heat flows are integrated over 

time, and the cell polarization energy is subtracted.  
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Finally, once the overpotential and parasitic heat flows are calculated, then the 

entropy heat flow is simply the remaining portion of the total measured heat flow. From 

this method, all 3 heat contributions: parasitic, overpotential and entropy can be separated 

for a cell during cycling, and this is done in experiments throughout this thesis. However, 

from this method, the source of the entropy heat flow is unclear in a full cell: Is the entropy 

from lithium ordering in the positive or negative electrode or both? To answer this, half 

cells can be tested for each electrode of interest, and this was done for NMC111/graphite 

cells in Downieôs PhD thesis81, with the experimental results shown in Figure 2.1. From 

this experiment, the entropy heat flow measured in NMC111/graphite is primarily from 

graphite staging features, particularly with large entropy heat features observed in the 

voltage plateau region between the stage 2L and stage 2 phases. Additionally, Logan82 used 



 

46 

statistical thermodynamic calculations to verify the heat observed from lithium ordering 

entropy in this mixed phase region of graphite stage 2L to stage 2, in LFP/graphite cells. 

In the graphite stage 2 to stage 1 region, approximately zero entropy heat flow is expected 

as those are both perfectly ordered phases with respect to lithium occupying host sites. 

Likewise in LiFePO4 and FePO4, there are no heat contributions associated with entropy 

from lithium ordering. 

An additional consideration for heat flow calculations associated with entropy is 

the assumption of reversibility. In the calculations shown in Equations 2.1 to 2.3, it is 

assumed that a charge-discharge cycle is reversible with nearly identical capacity, meaning 

a coulombic efficiency close to 1.0. This assumption is most appropriate when cycling aged 

cells in IMC, over a small voltage window of interest, using a small current (i.e. C/200), 

and testing over short time durations. This assumption is inaccurate when large losses are 

present, such as a first formation cycle, fast currents, and when irreversible structural 

changes occur in electrode materials. Alternative methods for calculating an entropy 

coefficient are discussed in the literature83 by measuring open circuit cell voltage as a 

function of temperature, and this method does not rely on an assumption of reversibility. 

This method of entropy coefficient determination is not used in this thesis but could be 

suggested in future work to complement and verify the entropy heat flow results shown in 

the thesis. 
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Figure 2.1: Operando IMC data by Downie81 showing the electrode heat flow contributions 

in NMC/graphite cells at 40ÁC, C/10 rate, in (a) Graphite/Li, (b) NMC111/Li, and (c) 

NMC111/Graphite coin cells. 
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In this work, the IMC instrumentation used is a thermally activated module (TAMIII) 

microcalorimeter by TA Instruments. The TAMIII consists of 12 x 20 mL sample holders 

called ampoules, which are thermally insulated from the environment and lowered into in 

a precisely temperature-controlled chamber inside a steel cylinder that acts as a heat sink. 

Each sample ampoule is separated from a reference ampoule, that stays inside the 

calorimeter, by a series of thermopiles that amplify the potential difference associated with 

minor temperature changes between the sample and reference ampoules. The TAMIII has 

specifications of operation temperature ranging from 15 ÁC to 150 ÁC, with 1.0 x 10-4 ÁC 

accuracy and 1.0 x 10-5 ÁC/24h temperature control stability76. The measured heat flow to 

and from each ampoule has 1 nW precision and 1 ÕW accuracy, and a constant noise level 

of 100 nW76. The signal to noise ratio depends on the measured signal, with some 

experiments shown in this thesis having remarkably small parasitic heat flow values near 

1 ÕW, with a signal to noise ratio of 10:1, while other experiments with heat flow values 

near 100 ÕW have a signal to noise ratio of 1000:1. All of the IMC data in this thesis was 

collected using duplicate samples of pouch cells or pouch bags, and summarized heat flow 

data is shown as the average of these two measurements with an error representing the 

standard deviation of the two samples. In IMC method development work by Downie81, 

four identical pouch cells manufactured by LiFUN were measured to more accurately 

quantify the error in cell-to-cell variability, which she reported as Ñ 4 ÕW. Therefore, in 

this work the assumed cell-to-cell variability (Ñ 4 ÕW) is larger than the instrumental error 

(Ñ 1 ÕW). 

The cells inside the ampoules are connected to a Maccor 4000-series charger via 

wires that have low thermal conductivity and high electrical conductivity to minimize the 
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heat flow leaking out of the ampoules through the wires. These are 32-gauge cryogenic 

polyimide coated bronze phosphor wires with a thermal conductivity of  

48 Wm-1K-1 at 300 K, which is a very low thermal conductivity compared to copper  

(400 Wm-1K-1)76. The IMC instrumentation overview is shown in Figure 2.2a,b below, with 

the 12 TAM channels connected to a computer, and a view of an ampoule assembly 

removed from the calorimeter, with o-rings and magnetic stops to further assist with 

thermal isolation. 

Krause et al76 conducted operando IMC on graphite/graphite symmetric coin cells, 

where they correlated measured parasitic heat to the capacity of lithium inventory lost 

during cycling. Figure 2.1c shows the measured parasitic heat energy during cycling at 

C/20 in 40 ÁC conditions plotted against the moles of lithium inventory lost. In their study 

design, the only source of lithium inventory loss was SEI growth, so this is an excellent 

condition for calculating the net enthalpy of SEI growth on graphite, which they 

determined to be -212 kJ/mol or ï 3 eV/Li atom at 40ÁC76. Our work in Chapter 4 uses this 

data from the literature to rationalize our results about the enthalpy of SEI growth in spinel 

LMO/graphite cells.  

In the literature75,82,84,85, IMC has been used for measuring parasitic heat flow of 

NMC/graphite and LFP/graphite pouch cells to predict and rank cell lifetime, with longer 

lifetime corresponding to less parasitic heat flow. Larger parasitic heat flow from a cell 

indicates the occurrence of more severe degradation reactions with larger enthalpies or a 

faster rate of degradation reactions that shorten lifetime. As discussed in Chapter 1, 

examples of these degradation reactions include SEI growth, electrolyte reduction and 

oxidation, gas generation, transition metal dissolution and deposition.  
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Figure 2.2: IMC instrumentation (a) a channel removed from the calorimeter with 32-

guage wires connected to a test cell for resistor calibration, (b) the TAMIII assembly with 

all 12 channels inserted into the calorimeter, the wires connected to a charger, and the 

computer displaying 12 heat flow signals vs time. (c) data from Krause et al76 showing the 

parasitic enthalpy from SEI growth in graphite/graphite symmetric cells. 

 

Additionally, IMC has been used by other groups for measuring the heat flow 

associated with the hysteresis in voltage curves of silicon anode materials, as well as 

measuring entropy and polarization losses as a function of C-rate86ï89. IMC was used to 

find the enthalpy associated with various phase transitions, such as in NMC811 materials90. 

In studying the conversion electrode material Fe3O4, Huie et al
91ï93 used IMC to study the 

heat associated with Faradaic and non-Faradaic reactions. 
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2.3 Gas Volume Measurement 

 

As described in Chapter 1, cells can produce gases from various parasitic reaction 

processes, such as: SEI formation and growth from electrolyte reduction, cathode side 

electrolyte oxidation, and oxygen release from layered oxide cathode94. In coin cell and 

cylindrical cell formats, these gases accumulate in the pressurized cell casing. However, in 

pouch cell experiments in this thesis, the gases can evolve into the pouch bag which can 

expand and accommodate up to 3 mL gas at standard temperature and pressure (STP) in 

the 240 mAh pouch cells. The evolved gases from pouch cells during formation and cycling 

were measured using the Archimedes method described by Aiken et al95. The method 

involves submerging pouch cells in a beaker underwater and measuring the displaced water 

volume through a microbalance based on the reduced weight of the cell in the presence of 

a buoyant force from gases in the pouch bag. Using the known density of DI water (1.0 

g/mL) the mass measurement is converted to gas volume. This measurement is done at 

room temperature before and after formation, to calculate the volume of formation gases, 

then subsequently the cells are degassed and resealed under -90 kPa and 160ÁC using an 

MTI Corp vacuum sealer. Finally, the gas measurement was also repeated post degas 

(before cycling starts) and after the cycling tests to calculate the gas accumulated during 

cycle testing. 
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2.4 Electrolyte Analysis with Gas Chromatography Mass Spectroscopy 

Chemical composition analysis of the liquid electrolytes in the pouch cells was done 

through gas chromatography coupled with mass spectroscopy (GC-MS). The sample of 

interest, an electrolyte mixture with many molecules, is volatilized into gas, then separated 

into its individual molecular components through a column, and finally the analytes 

undergo electron ionization and mass analysis detection of the molecular ion fragmentation 

patterns.  

Electrolytes can be extracted from pouch cells post cycle testing using either an 

extraction solvent after cycling, or by overfilling the cells initially with excess electrolyte. 

In this work, the pouch cells were filled with 1.0 g methyl acetate (MA) as an electrolyte 

extraction solvent. The cells were allowed to equilibrate for > 1 week to ensure uniform 

mixing between the aged electrolyte in the electrode pores and the added MA32. From each 

cell, ~ 0.75 g diluted electrolyte mixture was extracted. 

Electrolyte samples were prepared in 15 mL high-clarity conical tubes (FALCON). 100 

ÕL electrolyte was diluted to a total volume of 5.0 mL with dichloromethane (DCM). Using 

liquid-liquid extraction, non-volatile and water-soluble components of the electrolyte were 

extracted using two rinses with 0.1 mL of distilled water. Following liquid-liquid 

extraction, samples were dried using anhydrous magnesium sulfate (Sigma Aldrich) and 

1.5 mL of the DCM solution was transferred to GC-MS vials (Agilent Technologies). This 

process ensures that no salts (LiPF6) nor water are present in the sample for analysis, 

because these components can damage the GC-MS injector made of borosilicate or damage 

the analytical column made of polysiloxanes.  
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GC operates via the principles of chromatography, such that analytes are separated from 

each other in a column via different affinities to the mobile phase compared to the 

stationary phase, thereby resulting in a series of elution times through the column. In this 

work, using an Agilent 7890B GC, the column was a BR-5MS (5% phenyl, 95% dimethyl 

arylene siloxane) 30m column with an inner diameter of 0.25 mm and a 1 ɛm thick coating, 

while the mobile phase is He gas with a flow rate of 0.68 mL/min. The oven temperature 

was ramped from 30ÁC to 260ÁC at a rate of 15ÁC/min to volatilize the analytes. In this 

setup, analytes with higher boiling points are expected to elute at later times, such as larger 

sized molecules and more polar molecules (i.e. EC, dimerization products) compared to 

smaller and less polar molecules (i.e. DMC).  

Most of the molecules of interest elute between 5 mins and 20 mins retention time in 

our temperature and time settings of the column. To avoid saturating the detector with the 

DCM solvent, a detection time delay of 3.5 mins was applied, during which no analytes 

are detected. A consequence of this method is that small molecules with low boiling points 

that elute at the same time or before DCM are not detected. The molecules that are not 

detectable include methanol, ethanol, dimethyl ether, methyl acetate and methyl formate.  

After the separation of the analytes by GC, the molecules are detected using mass 

spectroscopy (MS), to obtain their molecular fragmentation patterns. The MS used was an 

Agilent 5977B single-quadrupole mass spectrometer. Transfer between the GC and MS 

used a 250ÁC line, then electron ionization was done with a 70-eV ion source set to 250ÁC. 

The molecular structures were identified by matching the M/Z (mass:charge ratio) patterns 

to reference patterns in the NIST Mass Spectral Search Program Library, version 3.0, 

updated April 18 2023. 
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2.5 Scanning Micro X-Ray Fluorescence (ÕXRF)  

 

XRF operates by irradiating samples with x-rays, causing electron ionization  from 

core energy levels. After irradiation, higher energy electrons relax down to fill the electron 

hole, emitting a secondary fluorescent photon in this process that corresponds to the exact 

energy level difference, characteristic of each unique element. This technique allows the 

precise quantification of the elemental composition of a solid sample. However, this 

technique cannot elucidate the oxidation state or chemical environment of the sample, 

because the majority of the signal is from K and L transitions in energy levels below the 

valence level, and the energy differences between various valence oxidation states are too 

small for the detector resolution. In scanning ÕXRF, a poly capillary lens guides the source 

x-rays into a 20 Õm spot size on the sample and scans across the larger sample, giving an 

elemental composition distribution across a heterogenous sample. 

In this work, ÕXRF is used to identify and quantify the transition metals of interest: 

Fe, Mn, Ni, Co on graphite negative electrodes extracted from full pouch cells after cycle 

testing. In this process, the primary signal is the 10 Õm thick copper foil substrate that the 

graphite is coated onto. However, the trace elemental signals of Fe and Mn are still visible 

and quantifiable, as seen below in Figure 2.3a,b. Samples were prepared by discharging 

cells post cycle testing below 2.5 V, cutting open the pouch cells in a fume hood, separating 

the electrodes, and allowing them to dry for 24 hours. Samples of 2 cm x 3 cm were cut 

from the anode and taped onto an acrylic plate. The parameters used on the Bruker M4 

Tornado ÕXRF were a Rh x-ray source, Al 200Õm Ti 200Õm filter, 600 ÕA tube current, 

50 kV accelerating voltage, 100 Õm step size, 15 ms/pixel scan rate, and two 
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spectrophotometers detecting fluorescent photons in the range of 0 to 15 keV. The counts 

for quantifying Fe KŬ peak (6.4 keV) or Mn KŬ peak (5.9 keV) were integrated by the 

Bruker software, as seen in Figure 2.3a,b, and were then divided by the sample area 

analyzed in units of cm2.  

Calibration standards were prepared on dry graphite-coated copper foil, with separate 

samples for each transition metal of interest, with a gradient of sputtered Fe and Mn 

loadings (2 to 35 Õg/cm2), to establish calibration factors which convert the XRF counts to 

a mass loading per area. The calibration factor for Fe is 0.00105 Õg/count Ñ 4.6% and for 

Mn is 0.00121 Õg/count Ñ 5.9% error, as seen in Figure 2.3c,d. Note that only the slope of 

the calibration curve is used for conversion of metal counts to mass loading, and not the y-

intercept values, because they are unphysical when the y-intercept is not zero. The 

background signal from a dry pristine graphite electrode is 1.45 Õg Fe/cm2 and 0.62 Õg Mn 

/cm2, and these transition metal loadings do not vary significantly between various artificial 

graphite suppliers, as shown in Figure 2.3e for AGA, AGC, AGD. When analyzing 

electrodes post cycle testing using XRF, the transition metal signal is first converted from 

counts to mass loading, then normalized to the sample area analyzed, and finally the 

background signal from pristine graphite is subtracted. Alternatively in some plots shown 

throughout this thesis, the background signal is not subtracted and in those cases the 

background Fe or Mn signal is shown and labelled as a dotted line in the plots. 
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Figure 2.3: XRF sample spectra (a,b) and calibration curves for (c) Fe and (d) Mn using 

known sputtered masses of Fe and Mn metals onto pristine graphite electrodes. (e) Pristine 

graphite XRF spectra for 3 commercial artificial graphite samples showing the background 

signals without any sputtered nor deposited transition metals. Note: the areas (cm2) 

selected on the electrodes are different between panels a, b, e, making the raw counts not 

comparable.  
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2.6 Inductively Coupled Plasma ï Optical Emission Spectroscopy (ICP-

OES) for Transition Metals in Electrolyte 

In addition to quantifying deposited transition metals on graphite anodes, the 

dissolved transition metals in the electrolytes can also be quantified. ICP-OES was used 

for this purpose on electrolyte samples extracted from cells or pouch bags. ICP-OES 

operates by measuring the intensity of light emissions at a characteristic wavelength from 

excited ions. Liquid samples are nebulized into an aerosol in an argon carrier gas, and then 

ionized and electronically excited in an argon plasma at > 6000 K96. As the electrons relax 

down to ground state, then emit light at wavelengths specific to the element, and this is 

measured with an optical spectrometer with a charge coupled device detector. The light 

intensity detected is linearly proportional to the elemental concentration in the sample, so 

calibration curves made from known transition metal standards (Fe, Mn) are used to 

quantify the unknown transition metal content in the electrolytes.  

Electrolyte analysis for the lithium methoxide experiments in Chapters 5 & 7 were 

done in a liquid-liquid extraction of 2% HNO3 (aq) and dichloromethane (DCM). The 

dissolved transition metals (Fe) and lithium salts (LiPF6, LiFSI) reside in the top aqueous 

layer, while the organic components (DMOHC, VC, EC, DMC) are in the bottom organic 

layer in DCM. The approximate masses used are 0.5 g extracted electrolyte from cells, 5.0 

g DCM (discarded), and 2 washes of 1.0 g HNO3. The exact mass for each sample is 

recorded and used to convert from Fe concentration in the ICP sample dissolved in HNO3 

to Fe concentration in the cell electrolyte. The samples of dissolved Fe in HNO3 were 

analyzed using ICP-OES (iCAP 7400 Dual View, Thermo Fischer Scientific, USA) by 

Daniel Chevalrier at the Minerals Engineering Laboratory at Dalhousie University. 
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2.7 Diffusion Measurements  

To understand the experimental techniques behind measuring lithium diffusivity in a 

battery cell, one must examine the mechanism of how lithium concentration in an electrode 

material depends on an applied current pulse. Figure 2.4a shows a simple equivalent circuit 

model for a lithium ion battery cell with 3 components: a series resistor connected to a 

resistor and capacitor in parallel. RS represents the series resistance from electrolyte, metal 

wires, and other contributions. RCT is the charge transfer resistance of a lithium ion 

transporting between an electrode and the electrolyte at an interface, and CDL is the double 

layer capacitance of that interface. In this simple model, RCT and CDL represent the charge 

transfer at both the negative and positive electrode interfaces, however a more complex 

model could incorporate a parallel RC circuit term for each interface, as shown in 

literature97.  

Figure 2.4b shows a schematic of a discharge and charge pulse applied to a cell 

consisting of constant negative or positive current, respectively, followed by relaxation to 

steady state. Figure 2.4c shows the cellôs voltage response to these two current pulses, 

based on the equivalent circuit model. A discharge current results in an instantaneous 

voltage drop equal to the product of the cell series resistance (Rs) and current (I) applied, 

as shown by Ohmôs Law (ȹV = IRS), thereby decreasing the cell voltage by ȹV instantly, 

followed by a voltage decrease of IRct from charge transfer resistance, and finally there is 

a gradually decreasing voltage for the duration of the pulse as the cell discharges. As the 

cell is discharging, lithium ions are intercalating into the positive electrode particle, 

resulting in a higher concentration of lithium at the particle surface than in the interior28. 

Upon the termination of the discharge current pulse, there is an instant voltage rise equal 
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again to IRs, then IRCT, and followed by a gradual voltage relaxation at longer timescales. 

During the relaxation after discharge, chemical diffusion occurs from the higher lithium 

concentration at the particle surface to the interior of the particle from all directions (3-

dimensional)28. Figure 2.4 right side shows a similar process for a charge pulse with rising 

cell voltage and lithium de-intercalation from the positive electrode particle, resulting in 

more lithium in the center than the surface.  

 

Figure 2.4: Li concentration in a spherical positive electrode particle responding to a 

current pulse applied. (a) cell equivalent circuit model, (b) current pulse applied, (c) 

voltage response, (d) lithium concentration profile across a spherical particle of radius r. 

 

Translating this mechanistic picture into equations, we can define a dimensionless 

quality factor Q as the discharge time (T) divided by the diffusion time (r2/Dc), as shown 

in Equation 2.4.  
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Where j is the current density in units of mA/cm2, F is Faradayôs constant (96485 C/mol), 

Vm is the molar volume of the electrode material in cm
3/mol, r is the particle radius in cm, 

and Dc is the chemical diffusion coefficient in cm
2/s. As an example for calculating Vm, for 

the material LiNi0.6Mn0.2Co0.2O2 (NMC622) the density is 4.76 g/cm
3 and the molar mass 

is 96.931 g/mol, yielding a molar volume of 20.36 cm3/mol.  

The dimensionless surface concentration of lithium (X*) can be calculated as a 

function of the measured fractional capacity (Ű) and Q, according to Equation 2.5, which is 

Equation 9 in Atlung et al28.  
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In the example for spherical particles of NMC622, the geometric constants are A = 3, B = 

5, Ŭ1 = 4.4934, Ŭ2 = 7.7253, Ŭ3 = 10.9041, as derived in Atlung et al, in the solution to 

Fickôs law for spherical boundary conditions28. Finally, the positive electrode potential is 

calculated approximately based on the dimensionless surface concentration X* according 

to Equation 2.6, using mean field theory approximations.  
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This equation comes from the Gibbs Free Energy of lithium intercalation into a lattice and 

the configurational entropy from randomly distributed lithium. E0 is the site binding energy 

for lithium in the octahedral lattice site, ‎ is the number of nearest neighbours of lithium, 

U1 is the interaction energy of nearest neighbours of lithium ions in the lattice, which is not 

a purely repulsive coulomb interaction of point charges but rather an interaction between 



 

61 

screened ions that depends on their spacing and the electronic conductivity of the host 

lattice98,99. 

Experimentally, the concentration of lithium at the surface of a particle can be 

measured through the potential difference between the positive electrode and a negative 

lithium electrode, as discussed in Chapter 1 with the Atlung model. The negative electrode, 

selected to be lithium metal, is convenient because it is both the counter and reference 

electrode, holding a constant potential of 0 V, and does not have any lithium intercalation 

or lithium diffusion limitations. Therefore, coin cells are used for testing various positive 

electrodes for lithium diffusivity paired with lithium metal negative electrodes. Figure 2.5a 

shows the experimental data of a discharge rate map on a NMC622/Li coin cell with C-

rates ranging from 40C to C/80, corresponding to j = 0.002 to 6.3 mA/cm2. Figure 2.5b 

shows the theoretical calculation for a voltage curve based on the equations discussed 

above. Figure 2.5c shows the relationship between surface lithium concentration and 

average lithium concentration (Ű). The assumptions used in these calculations are random 

lattice site filling of lithium (mean field theory98) and considering first nearest neighbour 

repulsive lithium-lithium interactions. The model parameters used are Dc = 5 x 10
-11 cm2/s, 

r = 3 Õm, E0 = - 4.2 eV, ‎Ὗ= 1.4 eV, T = 300 K, Vm = 20.36 cm
3/mol. This mean field 

theory model is too simplistic to describe the shape of the voltage profile of NMC622/Li, 

as seen by the disagreement between Figure 2.5 a and b, but the fractional capacity 

accessible at each C-rate is approximately well described. Therefore, accessible fractional 

capacity will be a key metric in the diffusion modelling work in Chapter 3.  
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Figure 2.5: (a) Experimental rate map data from a NMC622/Li coin cell at various 

discharge rates. (b) Mean field theory calculation of electrode potential vs fractional 

capacity calculated using Equation 2.4. (c) dimensionless surface lithium concentration vs 

average lithium concentration at various discharge rates calculated using Equation 2.3. 

 

These rate maps are an important test for battery cells because slow diffusion (low 

Dc, low Q) limits accessible capacity at industrially relevant current densities. With 

increasing current, the IR drop also increases, thereby reducing the discharge voltage, so 

the overall energy output of a cell is significantly limited under high discharge currents. 

Therefore, it is desirable to develop electrode materials with fast lithium transport 

properties, and a first step to doing so is to reliably measure diffusion coefficients to make 

reliable comparisons between electrode materials. 

A common way to measure the lithium chemical diffusion coefficient (Dc) in the 

literature is using a method called Galvanostatic Intermittent Titration Technique (GITT), 

developed by Weppner and Huggins in 1977.100 By applying alternating pulses of current 

and relaxation in either charge or discharge direction, and measuring the resulting cell 

voltage, the Dc can be calculated according to Equation 2.7.  
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In Equation 2.7, tp is the current pulse duration (s), m is the active electrode mass (g), Vm 

is the molar volume (cm3/mol), Mw is the molar mass (g/mol), S is the surface area (cm
2), 

ῳὉ is the change in voltage during the steady state relaxation (V), and ῳὉ is the change 

in voltage during the transient current pulse (V). Nickol et al101 applied the GITT equation 

to spherical particles, and defined specific points on the voltage profile as E0 to E4, resulting 

in the simplified expression shown in Equation 2.8, where r is the particle radius. 
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Examples of a GITT measurement are shown in Figure 2.6a for a charge pulse and Figure 

2.6b for a discharge pulse, with voltage points E0 to E4 labelled. In this example with 

NMC622/Li coin cells, the NMC particle size is r = 3 Õm. The voltage vs square root time 

profile should be a linear fit for the GITT equations to model the system with the 

assumptions that the pulse time is significantly shorter than the diffusion time (tp << r
2/D). 

These linear fits are shown in Figure 2.6c,d, confirming that the approximation holds true: 

a pulse time of 60 s is much shorter than the diffusion time of ~1800 s. 

 A novel method called the Atlung Method for Intercalant Diffusion (AMID) is 

introduced and described in Chapter 3, with appropriate comparisons to the GITT method, 

and applications shown for calculating the lithium diffusion coefficient in Ni-rich layered 

oxides of varying compositions. 
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Figure 2.6: GITT measurements on a NMC622/Li coin cell for (a) a 1-minute long C/10 

rate charge pulse, (b) a 1-minute long C/10 discharge pulse, (c,d) voltage vs square root 

time linear fittings for the GITT pulses shown in (a) and (b) respectively. 
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CHAPTER 3 THE ATLUNG METHOD FOR 

INTERCALANT DIFFUSION (AMID)  

This chapter focuses on the development of the Atlung Method for Intercalant 

Diffusion (AMID) and shows some selected applications for measuring the solid lithium 

diffusion coefficient in some positive electrode materials. The work in this chapter has 

been published in two publications with the author contributions detailed below102,103. Marc 

Cormier wrote the analysis software in Python for fitting the experimental data and 

calculating the diffusion coefficients. I synthesized the electrode materials, built the coin 

cells, optimized the AMID protocol, analyzed the data using Marcôs software, plotted 

summary graphs, and wrote the two manuscripts. Nutthaphon Phattharasupakun, Aaron 

Liu, and Mitchell Ball had discussions with me around experimental design and 

interpreting the physical meaning of our diffusion measurements, which they also applied 

to other materials and wrote these respective publications104ï106. Divya Rathore trained me 

on the positive electrode material synthesis processes using tube furnaces. Professor Jeff 

Dahn advised the project direction and mentored me throughout the manuscript writing 

and revision process. 

3.1 AMID Method Development 

Figure 3.1 shows a flow chart summarizing the cell assembly, testing, and analysis 

steps in the AMID to reliably measure lithium diffusivity in a test material. First, a thin 

mass loading electrode must be coated to minimize the IR drop, and the effect of mass 

loading and IR drops will be explained in Figure 3.4. Then, the positive electrode is 

assembled into a coin cell with a lithium negative electrode, one thin separator and a 
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conductive electrolyte to minimize cell resistance from all sources. Next, the 

electrochemical testing consists of multiple charge or discharge steps with varying C-rates 

in each voltage interval. The steps are then repeated for all voltage intervals of the test 

material. Voltage intervals should be chosen based on the half-cell voltage vs capacity 

curve, noting that plateaus require smaller intervals. C-rates should be selected depending 

on the material diffusivity: spinel materials would require faster C-rates than layered or 

olivine.  

 

Figure 3.1: Experimental flow chart showing the procedures for AMID cell assembly, test, 

and analysis. 
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Figure 3.2 shows the detailed cycling protocol for an AMID test performed on coin 

cells using the Ultra-High precision charger (UHPC) at Dalhousie University.  In discharge 

AMID testing (Figure 3.2a,b), the cells were tested at 30oC in a voltage window of 3.0 - 

4.3 V (vs Li/Li+) at a current density of C/20 (10 mA/g, 8 ÕA/cm2) for the first cycle and 

then charged to 4.3 V at C/40. The signature discharge protocol107 was performed on the 

subsequent discharge every 0.1 V interval until 3.6 V at current densities of 2C, 1C, C/2.5, 

C/5, C/10, C/20, C/40, C/80, and C/160 with a 15 min open circuit relaxation between each 

discharge step. Finally, the cells were finally charged back to 4.3 V at C/40 to ensure that 

no change in the total capacity occurred during the stepwise discharging at various rates, 

and this is confirmed visually in Figure 3.2b. In the charge direction AMID testing (Figure 

3.2c,d), the formation cycle was at C/40 to 4.4 V, discharged to 3.0 V, then charged in 

AMID voltage intervals of 3.0-3.7 V, and then subsequently 0.1 V intervals to 4.4 V. In 

each interval the same C-rates were used as in the discharge protocol (2C to C/160) with 

15 min OCV periods in between each charge step. The insets show a magnified view of a 

single voltage interval (3.9 ï 4.0 V) vs fractional capacity in that interval. The first fastest 

current charge or discharge step (2C-rate) shows the largest fractional capacity measured, 

the vertical voltage relaxations correspond to the OCV periods where no capacity is 

measured, and then the steps repeat with incrementally smaller currents that add more 

capacity to the voltage interval. 
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Figure 3.2: Atlung Method for Intercalant Diffusion (AMID) Cycling Protocol. (a),(b) 

Discharge direction AMID protocol, showing (a) Voltage vs Time, (b) Voltage vs capacity 

with an inset magnifying one 0.1 V voltage interval. (c), (d) Charge direction AMID 

protocol, showing (c) Voltage vs Time, (d) Voltage vs capacity with an inset magnifying one 

0.1 V voltage interval. This example is for an r = 3 Õm SC NMC622/Li coin cell at 30ÁC. 

 

Figure 3.3a and 3.3b show another example voltage interval annotated, and Figures 

3.3c and 3.3d show how the AMID data were analyzed by plotting fractional capacity vs 

effective C-rate for each voltage interval. By using this protocol, one can identify the 

capacity achieved in a single voltage interval (0.1 V) at 9 different C-rates, without having 

to do 9 cycles over the same interval again.104,107 This is because the capacities are 

cumulative, such that the total 1C capacity (A+B) is the sum of the 2C capacity (A) and 
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the extra capacity achieved in the 1C discharge step (B), as shown in Figure 3.3b. In Figure 

3.3c, these cumulative capacities are then plotted vs n in C/n-rate on a log scale.   

Note that the effective C-rate for a single voltage interval is larger than the C-rate 

for the full cell capacity. In Figure 3.3, about 45 mAh/g of the total 200 mAh/g is present 

in the 3.8 V to 3.7 V discharge interval. The first rate of 2C, which is a discharge current 

of 400 ÕA for this cell, is an effective rate closer to ~10C for this voltage interval.  Since 

each voltage interval has a different capacity, the effective C-rates must be calculated for 

each voltage interval separately; by dividing the applied current by the capacity in the each 

voltage interval.  

Figure 3.3d shows the same data from Figure 3.3c, plotted on a new x-axis with 

dimensionless variable Q, where Q = 3600neffDc/r
2. The value of Dc was found by fitting 

this dataset to the theoretical Atlung curve for spheres and using the known single crystal 

radius of 3 Õm. In this example, the Dc resulting in the best fit is 2.4 x 10
-11 cm2/s. Equation 

σȢρ was modified from Equation 2.5 by having X* = 1, such that the relative surface 

concentration of lithium is defined as fully saturated at the end of each discharge step, 

which occurs 9 times in each voltage interval. 
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The fractional capacity (Ű) in a voltage interval is  Ű   which is the measured 

capacity in mAh at a particular C-rate divided by the maximum possible capacity in that 

voltage interval at the slowest rate. The fractional capacity is also called cathode utilization 

in the literature.28,108 The dimensionless variable Q, defined by Atlung as Q = T /(r2/D) 
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describes the quality of lithium transport in the cathode material.28 T is the total time 

required to fully charge or discharge a material in each voltage interval. Q was redefined 

to make it easier to calculate from the experimentally varied effective C-rates as Q = 

3600neffDc/r
2. Substituting these two expressions for Ű and Q into Equation σȢρ, one arrives 

at Equation σȢς, which is the final expression used in the AMID fitting process: 
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The measured rate map data in each voltage interval is fit to the theoretical curve by 

allowing the two variables Dc and cmax to vary, and using known values for radius, neff, and 

measured capacity. Additionally, the ɻ ÓÅÒÉÅÓ ÅØÐÁÎÓÉÏÎ ÉÓ ÅÖÁÌÕÁÔÅÄ ÎÕÍÅÒÉÃÁÌÌÙ ÂÙ 

ÓÏÌÖÉÎÇ ɻ ÃÏÔ ɻ  ρ ÆÏÒ ρ  É  ρυψȟ ×ÈÉÃÈ ÃÏÎÖÅÒÇÅÓ ÔÏ ÁÎ ÁÃÃÕÒÁÃÙ ÉÎ 1 ÏÆ ρ ÉÎ ρπτȢ 
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Figure 3.3: AMID Protocol Analysis Method. (a) Voltage vs capacity in a signature curve 

discharge interval from 3.8 to 3.7 V, comprised of successively slower C-rates with 15 mins 

OCV relaxation periods in between. With an electrode loading of 0.2 mAh/cm2, the 2C to 

C/160 discharge currents correspond to 400 ÕA and 1.25 ÕA, respectively. (b) Voltage vs 

fractional capacity measured in the discharge steps, showing that the capacity from each 

C-rate is added cumulatively. (c) Capacity vs n in C/n-rate in protocol, as well as a top x-

axis showing the effective C-rate which is calculated from the capacity/current in the 

interval. (d) Fractional capacity vs Q where Q is a unitless variable defined as 3600nD/r2. 

By fitting our data to the theoretical Atlung curve for spherical particles, we can extract 

the diffusion constant. This example is for an r = 3 Õm SC NMC622/Li coin cell at 30ÁC. 

 

Figure 3.4 shows an analysis of IR drops from various cell designs with varied 

electrolytes, separators, and electrode mass loadings on NMC622/Li half-cells.  Figure 3.4a 

shows that a cell with a large IR drop in a current step achieves a smaller capacity within 

the 0.1 V interval than cells with smaller IR drops. Following the calculations shown in 
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Equation σȢς and Figure 3.3, larger IR drops corresponding to lower fractional capacities 

(Ű) result in a lower apparent diffusion coefficient. Therefore, an unoptimized cell design 

with a high resistance underestimates the diffusion coefficient. It is worth investigating 

what causes large IR drops and which experimental variables can be changed to minimize 

the IR drop.  

The resistance of a cell includes electrical series resistance (current collectors, 

external circuit wires), series electrolyte resistance, charge transfer impedance at the active 

material to electrolyte interface, and resistance through the porous electrode via conductive 

carbon pathways. When applying AMID protocols to NMC622/Li half cells with 

commercially relevant mass loadings (10 ï 40 mg/cm2), the IR drop was found to be far 

too high: nearly the full 100 mV of an interval was lost due to resistance, as seen in Figure 

3.4b. Incrementally, the mass loadings of electrodes was minimized by coating diluted 

slurries with more NMP solvent (reducing 50 wt% solids to 35 wt% solids), replacing 

active material content in the electrodes with binder and conductive carbon (92% active to 

84% active), and using a thinner doctor blade gap (800 Õm to 40 Õm). The reason for the 

reduced IR drops (Figure 3.4b) with lower mass loading electrodes is that a lower current 

is used for the constant C/2.5 rate discharge step, thereby lowering the IR drop via 

decreasing I from 4.53 mA to 0.08 mA.  

One note on these thin mass loading electrodes (< 1.0 mg/cm2 active) is that their 

masses become more difficult to measure accurately and to coat reproducibly as they 

become thinner. Mass loadings are determined by weighing 12.75 mm diameter punched 

electrodes using a microbalance and subtracting the mass from a punch of aluminum foil 

substrate. The mass of identically coated NMC622 electrodes on the aluminum foil ranged 
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from 8.1 mg to 8.6 mg, corresponding to mass loadings of 1.0 Ñ 0.3 mg/cm2. A set of 5 

punches of bare aluminum foil ranged from 7.07 to 7.16 mg, corresponding to an inactive 

foil mass loading of 5.57 Ñ 0.03 mg/cm2, which is a smaller error for the aluminum foil 

masses compared to the mass loading variation of the NMC622 coatings. Therefore, a 

source of error in coating thin electrodes is the non-uniformity and sample to sample 

variation caused by coating a diluted slurry with a thin gap bar.       

Once thinner electrodes were reliably coated at 1.0 Ñ 0.3  mg/cm2 loading (0.2 

mAh/cm2), the separator thickness was then reduced from two separators to one, which 

reduced the IR drop by half, by reducing the resistance across the electrolyte at the same 

current, as shown in Figure 3.4a. Switching electrolyte solvents from FEC:DMC 1:4 to 

EC:DMC 1:1 further reduced the measured IR drop, due to better electrolyte conductivity 

and better lithium passivation with less charge transfer resistance. In the literature, others 

have also reported that electrolyte salt choice impacts charge transfer resistance, kinetics 

and cell rate performance, and that resistance can be minimized by using a dual salt 

electrolyte109. In all cases, efforts should be made to investigate and minimize resistance 

contributions of cells used in diffusivity measurements. In Figure 3.4, all electrodes were 

tested using an AMID protocol with C-rates from C/2.5 to C/160. From this initial 

screening, the best cell design for diffusivity measurements consists of: a positive electrode 

of composition 84:8:8 active:PVDF:SuperS, coated to create a low areal capacity of 0.2 

mAh/cm2, paired with a lithium negative electrode in a half coin cell, separated with one 

thin separator, and filled with an electrolyte of composition 1.5 M LiPF6 EC:DMC 1:1. 

From Figure 3.4b, this cell design shows an IR drop of 5 mV in a 100 mV interval, when 

tested at a C/2.5 rate. Moving forward with this cell design, we revised the protocol to 
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include faster C-rates; adding 1C and 2C to obtain a fully spanned fractional capacity in 

the Atlung curves of fractional capacity vs Q (3600neffD/r
2). 

 

Figure 3.4: IR drop/rise analysis. (a) Different electrolytes and separators affect the IR 

drop and the resulting capacity. All data shown at the same mass loading (0.8 mg/cm2) and 

temperature (30oC). In these protocols with higher IR cells, the first discharge step is at a 

C/2.5 rate. (b), IR drop vs electrode mass loading at the C/2.5 rate step, with varying 

currents, in the 3.9 to 3.8 V interval, at 30oC. 
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3.2 Lithium Diffusivity in NMC Materials: Studying the Effects of 

Cobalt and Cation Mixing 

 

After this optimization work to reduce the IR drop, Figure 3.5 shows reliable AMID 

measurements in the discharge direction for single crystal active materials NMC622 and 

NMC640 with the low IR cell design, appropriate 2C to C/160 rates, 15 mins OCV and 0.1 

V intervals. This figure shows optimal cell and protocol conditions, leading to the lowest 

IR drops, and the lowest cell to cell variability on duplicates as seen by the small error bars 

in these measurements.  

 

 

Figure 3.5: Discharge direction AMID measurements showing fitted Dc vs V plots, from 

cell testing at 30ÁC to 55ÁC,  for (a) 6 Õm single crystal NMC622 and (b) 2 Õm single 

crystal NMC640. Duplicate cells were made at each temperature. All cells have 0.9 mg/cm2 

loading, with 1.5 M LiPF6 EC:DMC 1:1 electrolyte, 1 Celgard separator. AMID test 

includes 15 mins OCV, 0.1 V intervals (4.3 V - 3.6 V), 2C to C/160 rates. 
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Comparing the two materials tested, this figure highlights some of the challenges 

associated with cobalt-free NMC materials (NMC640) having intrinsically smaller 

diffusivity by nearly 2 orders of magnitude in the lower voltage kinetic hindrance region, 

and 1 order of magnitude smaller diffusivity at moderate and higher voltages. Higher 

operating temperatures do not bridge this gap in diffusion, so this explains why smaller 

particle sizes of NMC640 (2 Õm) compared to NMC622 (6 Õm) are produced by vendors 

so that similar rate capability of NMC640 cells to NMC622 cells can be achieved. The 

characteristic discharge time scales with the square of the particle radius (T = r2/D). 

Rietveld refinement done on powder XRD reveals cation mixing values of 5.69% Ni in Li 

layer for NMC640 compared to 1.11% Ni in Li for NMC622 as seen in the SI of Zsoldos 

et al102. The increased cation mixing between layers for the cobalt-free sample can explain 

this reduction in diffusivity, because the additional nickel atoms in the lithium layer reduce 

the number lithium divacancy channels available for migration. 

To further explore the effects of cobalt on Ni-Li cation mixing and lithium 

diffusivity, a series of 6 positive electrode materials were synthesized of the composition 

LiNi1-xCoxO2 with x = 0, 0.02, 0.04, 0.06, 0.08, 0.10. In other words, 0% to 10% cobalt 

was substituted for nickel in 2% increments, low mass loading electrodes coated, coin cells 

built and AMID measurements were conducted, as described in Zsoldos et al103. The 

synthesis conditions for the 6 samples were 700ÁC calcination in O2 for 20 hours with a Li 

to Transition Metal (TM) molar ratio of 1.02, with 13 Õm polycrystalline Ni(1-x)Cox(OH)2 

precursors mixed with LiOH. The primary particle sizes varied in each sample, as detailed 

in the publication, but were all roughly 200 nm and this was the ñrò value used in the AMID 

fitting calculation. Figure 3.6 shows the diffusivity vs voltage for each of the six LiNi1-
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xCoxO2 materials from a 3-inch diameter tube furnace synthesis, and Figure 3.6b shows the 

same plot for the materials in a repeated synthesis in a different batch in a 2-inch furnace. 

Each furnace batch of synthesized materials had different cation mixing values, detailed in 

the publication103, resulting in different diffusivity in the low and high voltage regions.  

 

 

Figure 3.6: Measured diffusivity vs voltage using the AMID in half cell triplicates of LiNi1-

xCoxO2 with 0.1 V discharge intervals, 2C to C/160 rates, low mass loading cell design, at 

30ÁC, using volume averaged primary particle radii in the AMID fitting calculation. The 

diffusion coefficient data shown are from positive electrode materials synthesized in the (a) 

3-inch furnace and (b) 2-inch furnace under the same synthesis conditions of flow rate, 

temperature, time, and lithium content. 

 

For most of the voltage ranges (3.6 V to 4.2 V), the diffusion coefficient is very 

similar between all samples, regardless of cobalt content. In the high voltage range (4.2 V 

to 4.3 V) the diffusivity is larger with increasing cobalt content, with a 10x increase in 

diffusivity from 2% to 4% cobalt. This suggests that Co-free Ni-rich materials can have 

comparable rate performance to materials containing cobalt, if the upper cutoff voltage is 

restricted to avoid the H2-H3 phase transition region. The details of the AMID fittings 
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showing fractional capacity vs Q, as well as the weighted fit error, the fractional capacity 

span, and the fractional IR drops are shown for all 18 cells in this analysis in the SI Figures 

S5 to S10 of Zsoldos et al103.  

Comparing these results to literature results on lithium diffusivity in other 

materials, such as LiCoO2 and LiNiO2
110ï112

, one observes that the dependence of 

diffusivity on voltage (or degree of lithiation) is consistent. Lithium diffusion is fastest at 

the intermediate states of charge or voltage (3.85 V), and slowest at the extremes (4.25 V 

and 3.3 V). In the low voltage kinetic hindrance region, the mechanism for the slow 

diffusion is the limited number of divacancy channels available as the positive electrode 

materials fill up with lithium atoms. There is a minor effect shown in Figure 3.6b for 

materials synthesized in the 2-inch diameter furnace where Co-free cathodes have worse 

kinetic hindrance diffusion (at 3.3 V) than the 10% Co cathodes. This can be attributed to 

the increased cation mixing (%NiLi = 2.9% vs 0.2%) which further decreases the 

availability of lithium divacancies due to the presence of nickel atoms in the lithium layer. 

Some sources for this difference in cation mixing for the materials synthesized in the two 

furnaces could be: different oxygen flow velocity, different temperature gradients along 

the length and diameter of the tube furnaces, or different gas flow regimes (turbulent vs 

laminar). These synthesis parameters were not explored in this work but are suggested to 

investigate in future work. The effect of cobalt on lithium diffusivity at 3.3 V is minimal 

in the Figure 3.6a data for materials synthesized in the 3-inch diameter furnace because 

those materials all have similar %NiLi regardless of cobalt content. Therefore, one can 

conclude that cobalt improves a materialôs tolerance to bad synthesis conditions, such as a 

faster flow velocity in the 2-inch furnace, because both furnaces had the same volumetric 
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flow rate of O2. The 10% cobalt material synthesized in the 2-inch furnace has equivalent 

diffusivity in the low voltage range as the 0% cobalt material synthesized in the 3-inch 

furnace.  

However, the more pronounced effect from cobalt is on the high voltage diffusivity 

(4.25 V), which is observed regardless of synthesis furnace. There are two contributing 

factors to this mechanism: c-axis collapse and the gradual suppression of the H2ïH3 two-

phase region with > 5% cobalt. The change in the c-axis is smaller when Co is present 

which limits the effects of cation repulsion. In situ XRD measurements reported previously 

show that the c lattice parameter for LiNiO2 contracts abruptly from 14.2 ¡ to 13.6 ¡ (ȹc 

= 0.6 ¡) during delithiation from the H2 to the H3 phase113. For Ni-rich materials with 5% 

to 10% dopants of Mn, Al, Mg or Co there is a single phase region where the c lattice 

contracts gradually from 14.2 ¡ to 13.8 ¡ (ȹc = 0.4 ¡)20. These mechanisms provide 

greater interlayer spacing for faster lithium diffusion compared to LiNiO2. Therefore, 

cobalt and other dopants can both limit the magnitude of c-axis collapse and suppress the 

two-phase region at high voltage, depending on the amount of cobalt substituted. Li et al20 

observed that at 5% cobalt substitution, the H2-H3 two phase region was maintained, while 

for 5% dopants of Mn, Al, Mg, the transition was suppressed. For each of these materials 

with or without dopants, the H3 phase has a very small c-axis. Therefore, there is slower 

Li diffusivity in the H3 phase than in the H2 phase for all Ni-rich materials. 

To directly analyze the effect of 0 to 10% cobalt on diffusivity, Appendix A-3 

shows the measured Dc vs cobalt content from Figure 3.6 separated into different panels 

for each voltage interval from 4.3 V to 3.0 V. In Appendix A-3 panels b-h, one can more 

clearly observe that cobalt does not significantly impact the diffusion coefficient in the 
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intervals between 4.2 and 3.0 V. However, in panel a where the discharge voltage interval 

is 4.3 to 4.2 V, the diffusion coefficient increases by 1 or 2 orders of magnitude, depending 

on the furnace used in the synthesis, while the cobalt content increases from 0% to 10%.  

Therefore, in this high voltage region coinciding with the H2-H3 transition, cobalt has a 

significant effect on improving diffusivity for Ni-rich cathodes, because the two-phase 

region is incrementally suppressed for higher cobalt amounts. As reported in other work20, 

dopants such as Mg, Mn, and Al can also eliminate the two phase region in the H2-H3 

transition using lower contents of those dopants than is needed for cobalt. Therefore, it is 

reasonable to assume that these dopants could have a similar effect to cobalt in improving 

high voltage lithium diffusivity. It is recommended that future work study the effect of 

other dopants on lithium diffusivity in Co-free materials. 

To generalize these results to other Ni-rich materials, rather than plotting % cobalt 

on the x-axis, Appendix A-4 shows this same diffusivity data from Figure 3.6 plotted 

against %Ni in the Li layer. Datasets for the LiNi1-xCoxO2 series from both synthesis 

furnace experiments are shown in Appendix A-4, along with previous data published by 

our group105. Phattharasupakunôs dataset was for Li-deficient LiNiO2 with Li:Ni ratios 

ranging from 0.88 to 1.02 in synthesis, which resulted in %NiLi values of 6% to 1.5%. 

Appendix A-4 extrapolates the trend shown in Phattharasupakunôs publication105, which is 

that the diffusivity on a logarithmic scale is inversely correlated to %NiLi. In other words, 

a small increase in the amount of cation mixing will cause a dramatic reduction in 

diffusivity of Ni-rich layered oxide materials, leading to poor rate capability and accessible 

capacity. Therefore, it is essential to minimize Ni:Li interlayer cation mixing to improve 

lithium diffusivity, whether by using cobalt or through alternative means. In general, the 
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samples made in the 2 inch furnace have higher amounts of Ni in the Li Layer than samples 

made in the 3 inch furnace, indicating that synthesis conditions such as temperature, time, 

and flow velocity could be used to minimize cation mixing and maximize lithium 

diffusivity for a given material composition. Based on Appendices A-3 and A-4, we 

conclude that cation mixing is a better predictor of lithium diffusivity than cobalt content. 
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3.3 Comparison Between AMID and GITT Methods 

Now that the AMID has been benchmarked across a set of different positive 

electrode materials, we can also compare our results to the standard method of measuring 

lithium diffusivity in literature: galvanostatic intermittent titration technique (GITT). 

Figure 3.7 compares Dc results measured by both the AMID and GITT protocols using 

identical cells with optimized low IR cell design in NMC622/Li cells, during both charge 

and discharge directions.  

 

Figure 3.7: AMID Comparison to GITT & Literature (a) AMID D vs V and (b) GITT D vs 

V measurements on the same NMC622 cell triplicates at 30oC. (c) literature data on 

NMC622 measured by GITT, PITT and EIS. The AMID conditions are 2C to C/160 rates, 

15 mins OCV, 3.0 V - 4.3 V. The GITT conditions are 1 min C/10 charge or discharge pulses, 

5 mins OCV. All cells have 0.8 mg/cm2 loading with electrode composition 84% NMC622, 

8% PVDF, 8% SuperS, electrolyte is 1.5 M LiPF6 EC:DMC 1:1, and 1 Celgard separator. 
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The GITT protocol shown here consists of 1-minute long pulses of C/10 current, with 

5 mins OCV relaxation periods in between, which meets the Weppner and Huggins100 

criteria of Ű << L2 / D.  In this example, L = 3 Õm, D = 10-10 cm2/s, then t << 15 mins, and 

this is true when using a 1-minute pulse time. Despite removing some of the errors from 

our GITT measurement by using an appropriately short pulse time and a low-IR design 

(thin and conductive electrodes, conductive electrolyte, single separator), our GITT results 

in discharge are clearly unreliable. The nearly 3 orders of magnitude increase in Dc at 4.3V 

in the H2-H3 transition is unphysical, as is the low Dc at 3.7 V. In the charge direction, our 

GITT results seem to agree with the AMID results within an order of magnitude (Figure 

3.7a and b).  

Figure 3.7c shows literature diffusivity values reported on the same material 

(NMC622) by a range of methods: potentiostatic intermittent titration technique (PITT), 

GITT, and electrochemical impedance spectroscopy (EIS) from the sources listed in the 

legend114ï118. One can see that these literature values span a wide range of Dc results, 

regardless of the measurement method, and they show that NMC622 has a different 

diffusivity when measured in the charge and discharge directions, sometimes as different 

as 10x!117 We observe this current direction dependence for diffusivity in our GITT results 

too, but in the AMID tests on the same cells diffusivity is independent of current direction. 

Clearly, the charge or discharge dependence of diffusivity is not a fundamental material 

property but a phenomenon that arises from the measurement method and the equilibrium 

relaxation protocol used. An additional consideration when comparing literature results is 

the choice of primary or secondary particle radius for calculating electrochemical active 

surface area in GITT, since all the literature data shown in Figure 3.7c is from 
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polycrystalline (PC) NMC622. My colleagues have shown in other work that the primary 

particle radius is the appropriate choice for calculating diffusivity in polycrystalline 

materials105,106, because lithium diffusivity along grain boundaries is faster, thereby making 

the primary particle size the critical dimension for lithium diffusion in PC materials.  

In conclusion, the AMID was developed to measure lithium diffusion coefficients in 

positive electrode materials and it was optimized through a low resistance cell construction 

and suitable protocol design. The AMID was applied to determine the effects of cobalt 

substitution for Ni and the effect of cation mixing on lithium diffusivity in Ni-rich layered 

oxides. Finally, the AMID results were compared to GITT methods in this work and in the 

literature. This work was continued was Mitchell Ball119 in 2023, who developed the 

ñAMID and resistanceò (AMIDR) method to more accurately quantify the chemical and 

tracer lithium diffusion coefficients of battery active materials, and quantify the resistance 

contribution during cell testing. While the AMID attempted to minimize IR drops and 

resistance contributions to increase the likelihood that diffusion is the limiting factor in 

measurements, the AMIDR takes this one step further by accurately quantifying both 

impedance values and diffusion constants. The AMIDR119 has a number of advantages over 

AMID, particularly the use of a 3-electrode cell setup to measure voltage and applied 

current independently, a higher resolution of smaller voltage intervals, and a more 

sophisticated analysis technique designed to minimize errors and to ensure that current 

pulses and subsequent relaxation periods are complete. In the optimized cases in this 

chapter, the IR drop was shown to be 5 mV out of the 100 mV voltage interval, and in those 

cases, the AMID is suitable for determining the diffusion coefficient reliably, with minimal 

errors associated with cell resistance.    
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CHAPTER 4  

PARASITIC REACTIONS IN LMO/GRAPHITE CELLS 

 

This chapter focuses on understanding the degradation mechanisms in spinel LiMn2O4 

(LMO) / artificial graphite (AG) pouch cells, particularly using IMC and XRF techniques, 

in investigating the influence of formation temperature. The work in this chapter has been 

published in the Journal of the Electrochemical Society120, with the author contributions 

detailed below. The candidate prepared the cells, conducted the IMC and XRF 

measurements, analyzed the data and wrote the manuscript. Dr. Eric Logan trained me on 

IMC measurements. Dr. Ahmed Eldesoky trained me on XRF. Professor Jeff Dahn advised 

the project direction and experiment design. 

 

4.1 Experimental 

 

The electrolyte used in filling all LMO/graphite cells throughout this chapter is 

composed of ethylene carbonate (EC): dimethyl carbonate (DMC) 3:7 w/w, 1.5 M LiPF6 

salt, with 2 wt% vinylene carbonate (VC) and 1 wt% ethylene sulfate (DTD) as additives. 

Impurity levels are H2O < 10 ppm in all components and HF < 1 ppm for solvents (EC, 

DMC), HF < 30 ppm for salt (LiPF6).   

240 mAh dry (no electrolyte) wound pouch cells manufactured by LiFUN 

Technologies (Block J, Tanyes Science Park, No.128 of Chuangye Avenue, Tianyuan 
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District, Zhuzhou City, Hunan Province, P.R.China) were cut open in an argon-filled 

glovebox, and baked at 120ÁC under vacuum for 14 hours to remove any residual moisture. 

Then the cells were filled with about 0.85 mL (1.0 g) electrolyte, and heat sealed under -

90 kPa and 160ÁC using an MTI Corp vacuum sealer. The filled cells were then placed into 

a cell fixture with ~ 10 PSI pressure applied through metal shims and rubber blocks during 

manual assembly. 

The details of the pouch cells tested in this chapter are specified in the Table 4.1. 

There were 3 types of spinel LMO materials investigated, all paired with one artificial 

graphite (AG) material, labelled ñAGAò in the work of Eldesoky et al16,17. The LMO 

materials differed in their crystallite sizes with polycrystalline (PC) vs single crystalline 

(SC) as indicated, as well as differed in their amounts of lithium excess in the LMO unit 

cells. Additionally, a blended cathode composition of 25% NMC622 and 75% PC LMO-2 

was tested, alongside the pure NMC622 cathode from the blend as a control. 

 

Table 4.1: Electrode properties and specifications of pouch cells used in this work. 

 PC  

LMO-1 / 

AG 

PC 

LMO-2 / 

AG 

SC LMO 

/ AG 

25% NMC622 

+ 75% PC-

LMO-2 / AG 

NMC622 / 

AG 

Lithium Excess (x 

in Li1+xMn2-xO4) 

0.078 Ñ 

0.016 

0.011 Ñ 

0.003 

0.125 Ñ 

0.029 
_ _ 

Positive Mass 

Loading (mg/cm2) 
22.2 22.7 23.1 23.5 29.2 

Positive Electrode 

Density (g/cm3) 
2.72 2.79 3.04 2.85 3.01 

Negative Mass 

loading (mg/cm2) 
8.8 10.1 8.5 10.7 18.2 

Negative Electrode 

Density (g/cm3) 
1.55 1.55 1.55 1.55 1.55 
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The standard formation (FM) condition in this study was at 40ÁC, with an initial 

charge to 1.5 V, then a 24-hour voltage hold at 1.5 V for electrolyte wetting, followed by 

a C/20 constant current (12 mA) charge to 4.2 V, and discharge to 3.0 V. This formation 

protocol is varied throughout this work as indicated in the relevant figures, with 

temperatures of -10ÁC, 0ÁC, 25ÁC, 40ÁC, 55ÁC, 70ÁC and upper cutoff voltages of 3.0 V, 

3.6 V and 4.2 V.  

Charge-discharge testing was done on Neware cyclers at C/2.25-rate cycling between 

3.0 V and 4.2 V limits. For easier comparison with other units of current used in the 

literature, this C/2.25 rate converts to currents and current densities of 80 mA or 1 mA/cm2 

positive electrode area. In a different experiment, in situ voltage holds are done with cells 

in the IMC channels at 40ÁC, with 100-hour-long voltage holds at 3.8 V, 4.0 V, 4.2 V and 

4.3 V. The current decay is measured at each voltage hold using a Keithley 2602B source-

measure unit.  
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4.2 Cold to Hot Formation Study (-10 to 70ÁC) on LMO/AG cells 

 

The motivation for this work is based on Eldesoky et al.ôs study51 on the same type 

of LMO/AG pouch cells, where they found that Mn deposition primarily occurs in the first 

25 cycles of cell lifetime and is positively correlated with temperature. Therefore, this study 

investigates various formation conditions to suppress Mn dissolution and deposition in the 

formation cycle and measures the long-term effects after cycling. Figure 4.1 shows the 

formation voltage vs capacity curves for 2 types of LiMn2O4/AG cells operating in 6 

temperatures from -10ÁC to 70ÁC, as well as the first coulombic efficiency (FCE) for the 

cell types of single crystal (SC LMO) and polycrystalline (PC LMO-2). A voltage 

polarization reduction effect is seen in panels (a) and (d) as the formation temperature 

increases from -10oC to 25oC, from increased electrolyte conductivity and increased 

lithium diffusion rates in both the LMO and lithiated graphite materials. At these colder 

formation temperatures, the discharge capacity endpoints all return to a similar point, 

leading to similar FCE values. In 40oC to 70oC formation in panels (b) and (e), there is 

minimal difference in the voltage polarization, but there is a significant reduction in 

discharge capacities and FCE observed at hotter temperatures. As will be shown in 

subsequent figures, this capacity loss at elevated temperature is due to severe Mn 

dissolution from the LMO positive electrode and deposition onto the negative electrode, 

causing lithium inventory loss at the negative electrode. As will be shown in calorimetry 

data, these discharge capacity losses are increased in the presence of deposited Mn at hotter 

temperatures, because the Mn-containing lithiated graphite becomes more reactive with 

electrolyte. 
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Figure 4.1: Formation cycle voltage vs capacity (a,b,d,e) and First Coulombic Efficiency 

(c,f) for two LMO/AG cell types with 6 formation temperatures from -10ÁC to 70ÁC. The 

electrolyte is 1.5 M LiPF6, EC:DMC 3:7, 2VC 1DTD. The formation protocol is at C/20 

rate, 4.2 V charge, 2.5 V discharge, 4.2 V charge, followed by a 4.2 V hold for 36 hr.  

 

To investigate the effects of formation conditions such as temperature (-10ÁC to 

70ÁC) and upper cutoff voltage (UCV) (3.0 ï 4.2 V) on cycling performance, 4 cells 

undergoing each formation condition were made. Two cells per group were disassembled 
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after formation and Mn deposition on the negative electrodes was measured by ÕXRF, 

while the remaining 2 cells were cycled at 40ÁC, between 3.0 ï 4.2 V at C/2.25 rates, and 

then disassembled for Mn deposition measurements after long term cycling. Figure 4.2 

shows that formation temperature and UCV have little to no impact on cycling 

performance. All SC LMO cells achieve 90% capacity retention after 200 cycles, and all 

PC LMO-2 cells achieve 80% capacity retention after 60 to 80 cycles. The cells that 

underwent 70oC formation may look decent in capacity retention, which is normalized to 

cycle 2, but this is at the expense of significant capacity lost in formation due to Mn 

deposition and the correspondingly thicker SEI. Overall, while all LMO cells perform 

poorly in cycling, SC LMO is better than PC LMO-2, corroborating the results reported by 

Eldesoky et al51. The mechanism for this difference in the materials can be a combination 

of smaller surface area present in larger particle size single crystals of LMO compared to 

polycrystalline LMO, and the extra lithium excess present in the SC LMO material. 

 

Figure 4.2: 40ÁC cycling data for LMO/AG pouch cells with various formation 

temperatures (a,b) and formation upper cutoff voltages (c). The discharge capacity, 

normalized capacity retention are shown vs cycle number for these cells. All cells shown 

have identical electrolytes (2VC 1DTD) and identical cycling conditions 3.0 V ï 4.2 V at 

C/2.25 rate. 
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Figure 4.3 shows Mn deposition loading (Õg/cm2) on the negative electrode of 

LMO cells, measured by ÕXRF, as a function of formation temperature and formation 

upper cutoff voltage. Panels a-c show the post formation Mn deposition, panels d-f show 

the post cycling Mn, and panels g-i show the net Mn accumulated during cycling, which is 

simply the difference between post cycling Mn and post formation Mn. Colder temperature 

reduces Mn deposition for both LMO cell types in just a single formation cycle.  

Combining -10ÁC formation with lowering the UCV to 3.0 V, which is done through a 3.0 

V hold for 20 hours, further reduced Mn deposition. The formation cycle discharge 

capacities for the various upper cutoff voltages are: 176 mAh for 4.2 V, 7 mAh for 3.6 V, 

and 0.01 mAh (effectively zero capacity) for 3.0 V. These lower voltage ñformation cyclesò 

are effectively voltage holds for 20 hours at 3.0 V or 3.6 V, then 20 hours at 2.5V, in an 

attempt to create an SEI where VC is reduced, while minimal Mn is deposited. It is 

impressive that by combining low temperature and low voltage, we observe decreased Mn 

deposition during formation down to 0.75 Õg/cm2 for PC LMO-2, which is the worst 

performing LMO material in this study. For the SC LMO, -10oC to 4.2 V formation 

eliminated Mn deposition below the ÕXRF detection limit. In these successful formation 

conditions, we hypothesize that the electrolyte additive has sufficient time to begin 

passivating the negative electrode because the reduction potential of VC starts at 1.5 V vs 

Li+/Li31, while Mn dissolution and deposition was shown to accelerate in LMO/graphite 

cells > 3.0 V51. However, other studies121 have found that the onset of Mn2+ reduction can 

be as early as 1.3 V vs Li+/Li, therefore this strategy of limiting the upper cutoff voltage is 

not appropriate for eliminating Mn deposition, as seen in the data in Figure 4.3c. 

Additionally, at colder temperatures the Mn dissolution and deposition kinetics are 
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hindered. Overall, colder temperatures and lower voltages seem to be effective at reducing 

the Mn dissolution and deposition after formation, however, this does not translate into 

better cycling performance. 

 

 

Figure 4.3: Mn loading deposited on graphite anodes as measured by ÕXRF after 

formation (a,b,c), after cycling (d,e,f), and net Mn deposition (g, h, i) as a function of 

formation temperature and formation upper cutoff voltage. 

 






















































































































































































































































































































































































