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ABSTRACT 

 

 

 

The electrolyte is crucial to successful lithium ion cell operation.  The composition, 

including the solvents and additives used will dictate how long the cell lasts. There are only 

a few studies that study the electrolytes from cells that have gone through a prolonged 

cycling sequence, even fewer that do this while focusing on specific additive combinations. 

This work studies a matrix of Li-ion cells with additives vinylene carbonate and ethylene 

sulfate to determine which additive combination is optimal for long cell lifetimes. The 

results are determined through a novel electrolyte extraction technique that uses NMR and 

GC-MS to quantify known electrolyte components and identify unknowns.  

The extraction method and NMR/GC-MS method are presented in this work along with 

the results from the tested cells. Cells with 1 or 2% VC and 1% DTD had the most stable 

cycling performance but a surprising amount of electrolyte salt consumption. μ-XRF 

transition metal analysis of the negative electrodes are also presented. The possible 

degradation mechanisms of electrolytes were described but the cells tested were absent of 

any such products. Many additional projects using the NMR/GC-MS method described are 

proposed as future work.  

 Lastly, NMR was used to additionally determine some transport properties of Li-ion cell 

electrolytes. Results found salts in methyl acetate to have faster diffusion rates compared 

to a DMC solution.  The technique will be further used to measure physicochemical 

properties of modern Li-ion cell electrolytes 
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CHAPTER 1 – INTRODUCTION 

 

 

1.1 Justification 

 

Over the past year, the world has seen public demand for action on issues of climate and 

environment increase dramatically.1 This increase in interest is primarily led by the 

frustration of youth across the world. Most notably activists like Greta Thunberg from 

Sweden and Autumn Peltier from Canada have emphasized that climate change is a human 

rights issue with women, people of colour and other marginalized communities,  likely to 

be disproportionately affected by climate change.2–4 

 Luckily, many countries have established targets to lower emissions, but it is yet to 

be determined if they take these targets seriously.5,6 Canada, for example, has the goal to 

reach net-zero emissions by 2050. According to the Center for Climate and Energy 

Solutions, energy production of all types (electricity, heat, transportation) accounts for 72% 

of all global emissions, and subsequently, resources are being heavily invested into 

renewable, emission-free energy technologies.7  

One of the most prevalent symbols of emission-free technology is the electric 

vehicle. Many countries are implementing policies to mandate the removal of combustion 

engines, and thus, battery research and manufacturing is rapidly expanding.8  The battery 

of choice for most electric vehicles is the lithium-ion due to its long cycle life and high 

energy density.9 They are the storage device also found in cell phones, laptops, and power 

tools, as well as in larger devices such as home and large-scale gird energy storage. It is 

estimated that the market for LIBs both for large and small scale applications is expected 
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to reach $129.3 billion (USD) by 2027.10 However, many improvements are desired to 

reduce cost, improve lifetime, energy density and safety.  

 This thesis presents work primarily focusing on how to improve lithium-ion cell 

lifetimes with the spotlight on how making small changes to the electrolyte can result in 

significant improvements. Another portion of the thesis tries to understand why a specific 

electrolyte blend was so successful through using a variety of analysis techniques.  

 

1.2 Li-ion cells 

 

A Li-ion cell is an electrochemical storage device that uses electrode materials that can 

store lithium atoms. Figure 1.1 shows an example of a lithium-ion pouch cell, with only 

the external connections seen.  Figure 1.2 shows a schematic of a Li-ion cell during charge 

and discharge. Figure 1.2a shows how the lithium atoms move from the anode (negative 

electrode) through the electrolyte to intercalate back into the cathode (positive electrode) 

during discharge. The movement of positive charge will be balanced by the flow of 

electrons from the negative electrode to the positive electrode resulting in a generated 

current throughout the external circuit. Concurrently, the potential of the positive electrode 

would decrease while the negative electrode increases until the lower discharge potential 

is reached (Figure 1.3).  

 During charge shown in Figure 1.2b, an electric current is provided to the cell, 

causing electrons to flow into the negative electrode. To balance the charge, Li+ cations 

then travel through the electrolyte and intercalate between the graphene layers.  During 

charge, the lithiated negative electrode potential decreases to ~0.08 V vs. Li/Li+ (Figure 

1.3a).   
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Figure 1.1 A pouch cell that is used in this work, showing the size of the cell (40 mm 

long, 20 mm wide, 3.5 mm thick) with additional gas bag and electrical connections. 

 

 

Figure 1.2 a) Li-ion cell during discharge. b) Li-ion cell during charging.11  
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Figure 1.3 a) Voltage profiles for a) graphite anode and b) LiNi0.5Mn0.3Co0.2O2 cathode 

 

 

while the delithiated positive electrode potential increased up to 4.3 V vs. Li/Li+ (Figure 

1.3b), the difference between the electrode potentials determines the potential of the full 

Li-ion cell. Figure 1.4 shows a partially opened pouch cell with its components partially 

unwound. The negative electrode is separated from the positive electrode by a separator.  

The negative electrode adheres to a copper current collector while the positive electrode 

uses an aluminum current collector. Both electrodes are connected to tabs at the end of the 

cell. The entire cell is wound together in a “jelly roll” then cased in a pouch bag made of a 

plastic-aluminum laminate.  
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Figure 1.4 The inside components of a pouch cell with the jelly roll (anode, separator and 

cathode) visible. 

 

1.3 Negative electrode 

In Li-ion cells, the negative electrode is mainly graphite with small amounts of binder and 

conductive additive to ensure that the graphite particles are adhered together and are 

electrically connected to the copper current collector. Graphite is comprised of layers of 

graphene held together by weak Van der Waals forces allowing lithium ions to intercalate 

without significant structural changes. During charge, the lithium atoms intercalate 

between the graphene layers as per reaction:  

𝑦𝐿𝑖+ +  𝑦𝑒− + 𝐶 →   𝐿𝑖𝑦𝐶.  (0 ≤ y ≤1)       (1.1) 

The reaction concurring on the positive electrode is given by: 

𝐿𝑖[𝑀]𝑂2 → 𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐿𝑖1−𝑥[𝑀]𝑂2. (0 ≤ x ≤1)    (1.2) 

 

/* 
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The overall reaction is given by: 

𝐿𝑖[𝑀]𝑂2 + 𝑦𝐶6 → 𝐿𝑖1−𝑥[𝑀]𝑂2 + 𝑦𝐿𝑖𝑥/𝑦𝐶6.                        (1.3) 

Theoretically, the maximum storage capacity is 372 mAh/g for the LiC6 phase. The 

negative electrode is shown in Figure 1.4. 

 Besides graphite, other materials of interest like silicon and graphite-silicon 

composites are explored as a silicon anode has a theoretical specific energy of 3600 mAh/g. 

However, the mechanism differs; instead of intercalation, the alloying of lithium to silicon 

causes extreme volume expansions leading to rapid capacity losses. Despite this, some Li-

cell manufacturers are using silicon in their graphite to increase energy density. 

 

1.4 Positive electrode 

  Positive electrode materials are commonly layered transition metal oxides like 

LiNixMnyCoxO2 (NMC), LiNixCoyAlyO2 (NCA), and LiCoO2 (LCO) along with a binder 

and conductive additives that ensure proper adherence to the aluminum current collector 

and electrical conductivity. Other positive electrode materials having different 

crystallographic structures like olivine LiFePO4 (LFP) and spinel LiMnO2 (LMO) are also 

used in commercial Li-ion cells.12,13  Nickel-containing materials take on a layered 

structure where the lithium-atoms are stored between the transition-metal/oxygen slabs. 

Upon charging, the Li atoms are removed from the material as it oxidizes, the spacing 

between the layers changes, but overall, the structure maintains its integrity.  

 This study will use LiNi0.5Mn0.3Co0.2O2 (NMC532), where the subscripts show the 

molar fraction of each transition metal. The current trend in the industry with positive 
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electrode materials is to increase the nickel content, thereby increasing specific capacity.14  

Higher nickel content results in shorter cell lifetimes and thermal instability. Another trend 

is to decrease the cobalt content due to ethical issues related to cobalt mining. The cathode 

material selected to be used in Li-ion cells depends on what concessions are willing to be 

made on specific capacity, thermal stability, and cost.   

 

1.5 Electrolyte  

The role of the electrolyte is to facilitate the exchange of Li-ions between the electrodes 

during cell operation. It is made of a dissolved lithium salt in organic solvents. The 

electrolyte is ionically conductive and electrically insulating and it should be resistive to 

reacting with charged electrode materials.  

 The most common lithium salt is lithium hexafluorophosphate (LiPF6); it is highly 

soluble in polar organic solvents giving high ionic conductivity. Figure 1.5 shows the 

structure of several carbonate solvents that are used in Li-ion cells. Most modern 

electrolytes contain ethylene carbonate (EC) and one or more linear carbonates.15,16 
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Figure 1.5 Chemical structure of some electrolyte solvent and additives.   

 

An ideal electrolyte would have an electrochemical window larger than the operating 

potentials of the electrodes, low viscosity to promote Li-ion diffusion, and a high dielectric 

constant. It is also essential that the electrolyte remains liquid in a wide temperature range, 

is stable against other cell components, is safe, and has low toxicity and cost.  

 Chapter 2 goes into more detail about electrolytes for Li-ion cells and the unwanted 

reactions that can happen with charged electrode material surfaces.  

 

1.6 Solid electrolyte interphase (SEI) on the negative electrode 

 

Unfortunately, there are no electrolytes that can operate at the extreme potentials of Li-ion 

cell electrodes without reacting. Nevertheless, the cell operates due to the formation of the 

solid electrolyte interphase (SEI) comprised of the electrolyte reduction products when the 

cell is first charged. The SEI prevents long-term capacity losses from further reactions 
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between the electrolyte and electrode. This layer is passivating, ionically conductive, but 

electrically insulating. It is comprised of compounds that allow Li-ions to pass through, but 

further electrolyte reduction is impeded by the limited electron transport. A good SEI is 

also stable with time and temperature.  

The mechanism(s) of how the Li-ion transports through the SEI from the bulk 

electrolyte is still unclear. It is known that this step is a barrier to efficient Li-ion transport. 

Li cations must get desolvated upon the surface of the SEI then migrate through the SEI to 

get intercalated into the graphite.17 Various computational methods have been used to study 

this mechanism but are limited in scope due to the complexity of the SEI.18 Our current 

understanding has been mostly a result of experimental work.   

 EC-based electrolytes result in an SEI that is primarily composed of the products 

of the reaction of EC with lithium.19 However, simultaneously, the reduction of salts and 

other compounds can occur.  

It was found that the composition of the SEI can be altered by adding compounds 

that have a reduction potential above EC.20 The addition of such compounds has been 

shown to lower resistivity and provide better stability for the cell.  Figure 1.5 also shows 

the structure of vinylene carbonate (VC) and ethylene sulphate (DTD), which are additives 

known to help improve cell lifetimes. They are added to the electrolyte in small amounts 

making up < 5 wt% in total.  

The use of additives has been described as a “dark art” with little basis for using a 

specific compound.21 This area of electrolyte development is also considered one of the 

most economical ways to improve Li-ion cells. However, it can be time-intensive, due to 
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the random nature of additive selection. Therefore, investing in understanding the 

fundamental chemistry and electrochemistry of additives should be a priority.    

The term SEI was first introduced in 1979 by Peled.22  Later in 1997, he suggested 

a mosaic structure for the SEI comprised of both organic and inorganic (Li -containing) 

insoluble or partially soluble compounds.23 Since then, several other models of the SEI 

have been proposed.18 It is generally accepted that the SEI thickness is between ~10-50 nm 

thick.24–27  Figure 1.6 is a model of the SEI by Nie et al.28 By analyzing the surfaces of 

cycled negative electrodes through various techniques, the group managed to deduce some 

components of the SEI. 

 In EC/LiPF6 based electrolyte, the SEI produced in the work by Nie et al. is 

primarily composed of lithium ethylene dicarbonate (LEDC) and lithium fluoride (LiF).  

Chapter 2 will discuss the possible mechanism for the formation of LEDC and LiF. It 

should be noted that recently, after many years of consensus that LEDC is a component of 

the SEI, Wang et al, argue lithium ethylene mono-carbonate (LEMC) is in the primary SEI 

component and was mistaken for LEDC.29 LEMC they argue has a significantly higher 

ionic conductivity compared to LEDC allowing for facile Li+ diffusion.  However, this 

work needs to be corroborated, but this discovery highlights the complexity and fluctuating 

nature of SEI research.   
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Figure 1.6 Figure from a 2013 publication by Nie et al28 shows a schematic figure of SEI 

formed on graphite anodes during the first cycle. Reproduced with permission from J. 

Phys. Chem. C, 2013, 117 (3), 1257–1267. Copyright 2013, American Chemical Society 

 

 The electrolyte used in a Li-ion cell dictates the composition and thickness of an 

SEI. The study by Nie et el, using no additives, provided information on what the SEI looks 

like on a fundamental level, however, most commercial cells use some type of additive, 

and their addition can dramatically change the composition.28 Figure 1.7 shows a schematic 

of different SEI’s by Madec et al. They studied the composition of the SEI with and without 

the additives VC and ES (ethylene sulfite).30 They used x-ray photoelectron spectroscopy 

to determine the composition and relative thicknesses of SEIs of NMC111/graphite cells 

filled with 1M LiPF6 in EC: EMC(3:7 wt). VC and ES were added in a 2 wt% amount, 

either solely or in combination.  They tested cells repeatedly cycled and compared to cells 

that had only undergone a single cycle (formation).   

 Madec et al. used the repetition of species and the size of the text font in Figure 1.7 

to represent the relative amount of each product in the SEI. The positioning of each 

compound estimates the location of species in the SEI layer, suggesting non-uniformity. 
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Most theories about the SEI composition suggest a non-uniform SEI.31,32 Unlike the 

previous model, this work found evidence of lithium alkyl carbonates  (ROCO2Li) as a 

significant product in all electrolytes tested. However, similarly to Nie’s work, LiF was 

found to be present in all SEI layers regardless of additives. LiF was found to be more 

present in the graphite/SEI interphase, where organic species were found more on the 

outskirts of the SEI. A significant amount of lithium oxide (Li2O) was found in the control 

cells tested. Li2O forms from further reduction of carbonate degradation compounds.24 

However, cells containing VC or ES found that Li2O formation was suppressed, thus 

suggesting that the additives limit adverse reaction pathways.  

 

Figure 1.7 Figure from a 2015 publication by Madec et al30 shows a schematic of the  SEI 

formed on graphite anodes during the first cycle and cycling to 4.2V. Reproduced with 

permission from Phys. Chem. Chem. Phys. 2015, 17 (40), 27062–27076. Copyright 2015, 

The Royal Society of Chemistry 

 

  Li2O, also, is an inorganic compound that is a result of side reactions that can also 

produce Li2CO3, lithium fluorophosphates, lithium alkoxides, and lithium carboxylates, to 

name a few.33 In the Madec paper, cells that contained VC had a thinner  SEI and were 
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found to have a slightly higher organic content. A VC oligomer was detected in VC and 

VC+ES cells.  Also, cells with VC had LiF dispersed more evenly throughout the SEI. 

Cells that contained ES only had SEIs that were thinner than control cells and had a higher 

inorganic component compared to VC only. Cells with ES only had an SEI that thickened 

during cycling significantly and included sulphur species.   Combined, the presence of ES 

and VC, resembled the SEI of VC only cells with additional LiF, along with similar 

thicknesses. 

  LiF has low ionic and electron conductivity. LiF is thought to be crucial in blocking 

electron transfer from the graphite to the electrolyte.18,34,35 Lastly, LiF is 

thermodynamically stable as a reduction product so the compound provides stability to the 

SEI.  However, it is unclear why more LiF is produced when VC and ES are combined.  

 Modelling the SEI is a continual effort, but very challenging once additives are 

introduced.  Recently, a model of the SEI created by Qian et el.20 shown in Figure 1.8 

compared VC and lithium difluorophosphate (LPF), another additive known to help 

promote Li-ion cell lifetimes. They used NMC532/graphite pouch cells with a base 

electrolyte consisting of 1M LiPF6 in EC:DEC (3:7 wt).  The additives were combined and 

tested separately against an additive-free cell.  They also showed the cathode-electrolyte 

interphase (CEI) in their models. The CEI is also passivating but considered to be more 

stable compared to the SEI (at lower voltages) hence why SEI improvement and study have 

been a priority.  

 The model by Qian et al. was developed by testing two different additives in a 

similar manner to Madec et al. This paper is valuable as it discusses possible reasons behind 

the synergistic effect between the two additives. Figure 1.8 agrees with Madec et al that 
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VC only cells produce an SEI with a more significant portion being organic.30 Figure 1.8 

also agrees with Madec et al in that both models also discuss the presence of Li2O in VC 

only cells. Figure 1.8  differs from Figure 1.7 by showing a more significant amount of  

Li2CO3 in the SEI of all the cells tested. Li2CO3 is found to be usefu1 in Li-transport across 

the SEI.36  

 

Figure 1.8 Figure from a 2019 publication by Qian et al20 shows different schematics of 

the effect of additives on the SEI & CEI formation and electrolyte decomposition of 

NMC532/AG pouch bag cells, with the specific atomic ratio of different components in 

the corresponding SEI on the anode. Reproduced with permission from Energy Storage 

Mater. 2019, 20, 208–215. Copyright 2018, Elsevier B.V 

 

 Figure 1.8 shows that the thinnest SEI was produced when the two additives tested 

1%VC +1%LPF were put into a cell together. Their theory is that LPF suppresses the 

consumption of VC enough that it still provides the passivating qualities from the organic 

content (R2CO3) without increasing impedance. Li2O is present in the dual additive 

combination but in a lower quantity, and the overall inorganic portion has increased (LiF 

and Li2CO3 ) compared to the VC only cell. From this article, it is implied that a higher 
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fraction of inorganic compounds in the SEI tends to produce better SEIs. This agrees with 

Madec et al. despite the use of different electrolyte blends in their studies. 

  Overall, making models and analyzing the SEI is a way to understand the effect of 

additives on Li-ion cell performance. However, this thesis aims to understand if bulk 

electrolyte degradation occurs with additives and, if so, to what extent. Improving the 

electrolyte is an underappreciated and a far more economical approach to improving Li-

ion cell lifetimes and energy density. Findings and techniques used in this work will 

hopefully be useful in guiding future electrolyte designs.  

1.7 Outline of the thesis 

 

Chapter 2 discusses modern electrolytes and specific electrolyte degradation reactions.  

Chapter 3 discusses the methods used and developed to study the aged cells in this work. 

Chapter 4 discusses the results using NMC532 cells containing various combinations of 

the additives VC and DTD. This work in chapter 4 has been prepared for publication and 

is waiting for approval to publish from Tesla.  

Chapter 5 Introduces using Pulse field gradient NMR for measurements of Li-ion cell 

electrolytes. Methods and Results are described.  

This work is published in The Journal of Physical Chemistry C, Ester-Based Electrolytes 

for Fast Charging of Energy Dense Lithium-Ion Batteries, E. R. Logan, D. S. Hall, Marc 

M. E. Cormier, T. Taskovic, Michael Bauer, Ines Hamam, Helena Hebecker, Laurent 

Molino, and J. R. Dahn. 2020, 124, 23, 12269-12280.  

Chapter 6 summarizes the findings in chapters 4 and 5 and discusses future work. 
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CHAPTER 2 – OVERVIEW OF ELECTROLYTE SYSTEMS AND 

REACTIONS 

 

Non-aqueous electrolytes used in Li-ion cells are a mix of lithium salts and organic 

solvents. The primary role of the electrolyte is to act as the medium in which ions can move 

between electrodes while being electronically insulating. The lithium-ion cell is a hostile 

environment, where many unwanted reactions can occur.37 The main reason behind the 

instability comes from the fact that the potentials of the Li-ion cell electrodes are normally 

outside of the electrochemical stability window of the electrolyte. Specifically,  the 

negative electrode has an electrochemical potential above the lowest unoccupied molecular 

orbital (LUMO) of the electrolyte.38 When this happens it is thermodynamically favorable 

for the electrolyte to reduce. Luckily, the stability window is maintained due to the 

formation of the SEI. Modern electrolytes are all tailored to create a passivating layer on 

the negative electrode. 

 The electrolyte needs to support fast ion solvation and desolvation to enable the  

desired charge and discharge rates.17 Ionic conductivity must also be high (>1 mS/cm) to 

allow for sufficient rate capacbility.39 It must be thermally stable at the temperature of 

operating and stored cells. Safety is another critical factor; electrolytes should have high 

flashpoints and low toxicity. Lastly, it is desired that electrolytes have low production and 

materials cost and to be made of sustainable materials.37   
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2.1 Modern Electrolytes  

 

One of the significant enablers to successful Li-ion cells was the realization that was using 

the solvent propylene carbonate (PC) over EC lead to severe structural damage to the 

graphite.40 Figure 2.1 shows the chemical structure of PC.  PC was initially used as it has 

a lower melting point (-48.8°C) compared to EC (36.4°C). PC was shown later to be unable 

to form a stable SEI. It is incredible that a single methylene group delayed the development 

of Li-ion cells for a few years. Fong et al. were the ones to discover that a passivating SEI 

on the graphite could be created by using EC.41  EC is now considered an indispensable 

solvent for Li-ion batteries.  

 

Figure 2.1 Chemical structure of propylene carbonate 

 

 Modern electrolytes also contain one or more linear carbonates to create a mixture 

with a  melting point below room temperature.42 Electrolyte blends have an EC content 

typically in the 35-30% range by weight. Linear carbonates typically have low viscosity 

and low dielectric constants. EMC is commonly chosen for its electrochemical stability 

window and low melting point.43 However, using EMC or other linear carbonates alone 

does not produce a stable SEI.  

 The last major component of modern Li-ion battery electrolytes is the salt. The salt 

picked should provide stability for the solution and allow Li-ions to transport easily. The 
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salt should be electrochemically stable over the operating potentials. In addition, the salt 

should be thermally stable, cheap, and inert to the other cell parts.42  

 The most common salt used in commercial cells is LiPF6, as it provides high 

conductivity and has good safety properties.37 LiPF6 was chosen as it has a decent 

conductivity, thermal and electrochemical stability. LiPF6 is stable on carbon substrates up 

to 4.4 V is Li/Li+ and LiPF6 is less reactive to the aluminum current collector compared to 

other salts.44,45 At high temperatures, LiPF6 can decompose into LiF and PF5, resulting in 

reactions with the electrolyte.46 LiPF6 is also very reactive with water; reacting to form 

HF.12 LiPF6 is therefore made in anhydrous conditions, leading to some additional costs.  

 The salt concentration is selected to maximize ion conductivity and Li+ diffusivity. 

Diffusivity and conductivity depend on the viscosity of the electrolyte and the dielectric 

constant. Figure 2.2 shows multiple examples of the relationship between conductivity and 

salt concentration.  
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Figure 2.2 Ionic conductivity as a function of LiPF6 concentration for electrolytes 

containing solvent mixtures (a) DMC, (b) EC:DMC 10:90, (c) EC:DMC 20:80, and (d) 

EC:DMC 30:70 (wt. %) for temperatures between 0°C and 40°C. Calculations from the 

AEM (Advanced electrolyte model) are shown as solid lines. Reproduced with 

permission from J. Electrochem. Soc. 2018, 165 (3), 705–716. Copyright 2018, The 

Electrochemical Society. (CC BY 4.0) 

 

Figure 2.2 also shows that for any solvent, at low salt concentrations the 

relationship to conductivity is linear. In this region the viscosity is low, and the dielectric 

constant is high. The curve then reaches a maximum conductivity, where the corresponding 

concentration would be ideal for that solvent.  Once past that point, the conductivity starts 

to dip. This is due to an increase in viscosity and ion-pairing which both result in the 

hindering of ionic motion.39,47 
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 Figure 2.2 also shows that conductivity and viscosity are dependent on temperature. 

High temperatures usually lead to lower viscosity electrolytes allowing for the salt 

concentration to increase and, therefore, give even higher conductivity.48 Most electrolytes 

for commercial cells will have salt concentrations ranging from 1.0-1.5 M depending on 

solvents used and operating temperature.  

 A perfect electrolyte used in a lithium-ion cell would not react with other cell 

components or change in composition over its lifetime. Unfortunately, electrolytes go 

through changes caused by a variety of reactions.  These reactions are either 

electrochemical or chemical, resulting in decomposition of the electrolyte during charge-

discharge cycling or storage. The reduction and oxidation of the electrolyte can happen at 

the surfaces of the electrodes, with additional reactions involving reaction products. 

Changes to the surfaces of the electrode materials are also a possibility.49 The kinetics of 

these reactions vary, completing over the course of days  to decades.50,51 Studies that 

identify electrolyte changes and components are typically limited to short-term tests at  

highly elevated temperatures. There are a limited number of studies that investigate 

electrolyte changes over-long term. In the subsequent parts of this chapter, common 

electrolyte reactions are reviewed to help provide context for the results in Chapter 4. 

2.2 Electrolyte Reduction 

 

When the negative electrode reaches low voltages vs. Li/Li+ for the first time, the 

electrolyte will reduce at the interface.52 As mentioned previously, this is where the SEI is 

formed. If sacrificial additives are used, they are preferably reduced at a higher voltage (vs. 

Li/Li+) to modify the SEI for the better. The reduction mechanism of EC and linear 
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carbonates will be discussed. It is also common to see electrolyte reduction schemes to 

show the added electron to be paired with a neutralizing lithium cation. This is done to 

show the electronic neutrality of the electrolyte. 

 Figure 2.3 shows the EC reduction reaction occurring with either two electrons 

(Figure 2.3 a) or one (Figure 2.3 b).15 The reduction creates a radical carbonate anion 

intermediate in the first step, followed by further reaction with another radical species to 

terminate the reaction. The intermediates produced in the reduction reactions for EC and 

the linear carbonates can combine in more ways than the examples shown. 

 

Figure 2.3 Reduction reactions of EC (routes a and b). 

 

 Figure 2.3 route (a) shows the two-electron reduction reaction of EC where the 

additional electron and lithium-ion forms Li2CO3(s) and a significant amount of ethylene 

gas. From chapter 1, it was discussed that Li2CO3 could be a significant component of the 

SEI. However, reactions other those seen in Figure 2.3 could result in the formation of 

Li2CO3.   

 The one-electron reduction of EC (Figure 2.3) route (b) relies on the radical 

carbonate anion combining with an additional radical carbonate anion to form the dilithium 

alkoxide intermediate. This results in the formation of ethylene gas and LEDC. LEDC is a 

solid that is insoluble in electrolyte and has been widely reported to contribute to the SEI 
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by effectively passivating the negative electrode.15 It should be noted that LEDC is 

suggested to be ionically and electronically insulating.53  

Recent reports are disputing that LEDC is in the SEI and that LEMC is the primary 

component.29 Wong, Xu, Eichhorn and colleagues argue that LEMC is the main reduction 

compound on the negative electrode surface. They concluded this by trying to synthesize 

the appropriate intermediates and were unable to do so for LEDC. They did find that LEDC 

and LEMC go through a facile reversible hydrolysis reaction.54, which may explain the 

possible formation pathway to LEDC, and may explain how so many researchers claimed 

to find it in their electrolyte samples. The team argued that LEDC cannot exist in a cell 

environment as there will always be traces of protons. LEMC shows high Li+ conductivity, 

and it is believed that the OH group in LEMC helps facilitate Li+ motion through the SEI. 

Wang et al. have provided new mechanistic insights into EC reduction, however further 

study is needed to understand whether LEMC is produced via LEDC or through another 

nucleophilic attack of ethylene carbonate.  

There is another proposed reduction mechanism of EC, where the intermediate has 

a radical on the central carbon atom. This intermediate would combine with an electron 

and a Li+ ion to form carbon monoxide gas and lithium 1,2 ethanediolate (CH2OLi)2. 

However, gas analysis of cells post cycling showed ethylene gas to be the primary 

component, indicating the reduction reaction to favour the reaction shown in Figure 2.3.55 

In addition to the products described, it has been shown that EC can reduce to LiF in the 

presence of LiPF6, lithium alkoxides, LiOCO2R and other polycarbonates on the negative 

electrode.56–58   
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 As stated earlier, electrolytes are a combination of EC and other linear carbonates. 

Figure 2.4 routes (a) and (b) shows proposed linear carbonate reduction reactions. 59,60   

 

Figure 2.4 Proposed reduction mechanism of linear carbonates routes a and b. 

 

Figure 2.3 route (a) shows a one-electron pathway where the linear carbonate 

combines with the lithium-ion and electron to form a Li-alkoxide (ROLi) and carbon 

dioxide. However, it has been shown that linear carbonates can also be reduced in a two-

electron pathway.59 The linear carbonate is shown in Figure 2.3 (route b) to reduce to form 

carbon monoxide and Li-alkoxides via a carbonate intermediate. Esters can also be formed 

from the radical carbon intermediate reacting with other radical hydrogens or alkyl 

groups.19   

2.3 Transesterification reactions  

 

Lithium alkoxides are primarily produced from the reduction of linear carbonates; 

however, they can also be produced from the nucleophilic reaction between lithium 1,2- 

ethanediolate and a linear carbonate. This reaction reforms EC and additional lithium 

alkoxides.  Lithium alkoxides are nucleophiles that are able to react to both cyclic and 

linear carbonates; they are able to attack the carbon of the carbonate resulting in 

transesterification.61,62 The reaction is an ester-exchange performed on the more positively 
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charged carbon atom of the carbonate and the stabilized intermediate with a delocalized 

charge from the oxygen atoms. 

Reactions of lithium alkoxides and the bulk electrolyte results in substituted alkyl 

groups and alkyl-dicarbonates. If an electrolyte initially contained EC and EMC, the 

transesterification products are most likely to be DMC and diethyl carbonate (DEC). The 

transesterification of EMC to DMC and DEC is as follows. The reaction is acid catalyzed. 

52,63,64 

 

 

Li-alkoxides can also allow for the reaction between linear carbonates and EC to take 

place creating dimerization products: 

 

The dimerization products (reaction with EC) are expected to be dimethyl-2,5-

dioxahexane carboxylate (DMOHC), diethyl-2,5-dioxahexane carboxylate (DEOHC) and 

ethylmethyl-2,5-dioxahexane carboxylate (EMOHC).65 These dimerization products can 

be produced from any linear carbonate.  The reduction of linear carbonates can follow 

many pathways and the by-products can further react. Therefore, the presence of esters, 
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aldehydes, methyl or methyl formate have all been reportedly found in electrolytes from 

cycled cells.42   

  Transesterification and subsequent reactions lead to products that are detrimental 

to cell lifetime. The production of DEOHC reflects the degree of transesterification and 

has been found to result in an increase in impedance of lithium-ion cells.66,67 One theory 

suggests that these long-chain dicarbonates are more viscous than the bulk electrolyte and 

will result in a decrease in electrolyte conductivity.68 The degree of transesterification and 

dimerization depends on the stability of the SEI, as well as the operating potential.60 It is 

hypothesized that continual alkoxide formation on the anode surface may result in the 

anionic-alkoxide (meth or ethoxide)  to diffuse (or migrate) to the cathode during cycling.69 

This would result in a build-up of electrolyte decomposition products on the positive 

electrode surface, resulting in an increase in resistance. Therefore, ineffective negative 

electrode passivation (formation of excessive alkoxide species) may result in resistance 

increases on the positive electrode.  The cells in this thesis do not cycle to exceptionally 

high voltages and it is not expected that a significant transesterification will occur with the 

electrolyte systems used which passivate the negative electrodes well.60,70  

 Additives have also been shown to minimize lithium alkoxide formation and 

subsequent reactions.20,52,56 The mechanism of how this happens is still not clear. One 

theory is that additives help form a stable SEI layer by reducing at a higher potential than 

electrolyte solvents preventing additional solvent from reducing.52 Another theory is that 

additives could scavenge lithium alkoxides from solution.56,71  

 Qian, Hu, Zou and colleagues measured the amount of dimerization products using 

liquid chromatography-mass spectroscopy (LC-MS)20 on cells that contained electrolytes 
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with the additives VC, LiPO2F2 (LPF), VC+LFP or blank. They found DEOHC to be 

present in the blank electrolyte (12.6% of the total amount) and in the VC only system 

(0.35% out of the total amount). VC thus inhibited the trans-esterification reaction between 

EC and DEC. Electrolytes that contained LPF or LPF+VC contained no DEOHC 

suggesting that LPF totally blocks transesterification between carbonate solvent molecules. 

It is assumed that Li-alkoxide formation is also impeded, but this was not explicitly stated 

in the article. 

 

2.4 Decomposition of LiPF6 

 

LiPF6 exhibits good stability but can decompose at elevated temperatures, especially over 

60°C.46,65 When this happens, LiPF6 forms PF5 and LiF, as shown in Equation 2.4. 

𝐿𝑖𝑃𝐹6(𝑠𝑜𝑙) ↔ 𝐿𝑖𝐹(𝑠) +  𝑃𝐹5(𝑠𝑜𝑙)               (2.4) 

PF5 is a strong Lewis acid, able to accept an electron pair, making it very reactive towards 

the electrolyte, electrodes and SEI. Water can also react with LiPF6, even in trace amounts. 

72 One reaction is shown in Equation 2.5.64 PF5 can further react with water to produce HF 

and POF3, as shown in Equation 2.6.64 

2𝐻2𝑂(𝑙) +  𝐿𝑖𝑃𝐹6(𝑠𝑜𝑙) →  𝐿𝑖𝑃𝑂2𝐹2(𝑠𝑜𝑙) + 4𝐻𝐹(𝑠𝑜𝑙)        (2.4) 

 𝑃𝐹5(𝑠𝑜𝑙) +  𝐻2𝑂(𝑙) ↔ 𝑃𝑂𝐹3(𝑠𝑜𝑙) + 2𝐻𝐹(𝑠𝑜𝑙)                   (2.6)  

The products of the decomposition of salt have been shown to play a role in further 

reactions with the solvent.73–76 PF5 can catalyze the ring-opening of EC.37,46,68 The resulting 

products can then further react with linear carbonates to form alkyl carbonates DMOHC, 
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DEOHC and EMOHC.77 The reaction between water and salt can be suppressed if the 

solvent used has a high dielectric constant. This is due to the increased ionization of LiPF6 

in high dielectric solvents.73 

 Additives also have been shown to be useful in mitigating the damaging effects of 

salt decomposition. Han et al. showed that an additive (trimethylsilyl)isothiocyanate 

(TMNSNCS) acts as a Lewis base that can scavenge for HF and PF5.
78  This additive did 

not help improve cycling performance but did allow for cells to operate longer at elevated 

temperatures. For specific applications, this may be useful.  

 

2.5 Salt loss in solution 

It is possible that the salt in electrolytes gets consumed over the course of charge and 

discharge cycling. Studies of electrolytes from cells cycled for a long time have shown a 

decrease in salt concentration.79 To maintain the balance of charge in the electrolyte, for 

every Li+ ion removed from the solution, an anion must also be removed or the generation 

of a proton or other cation must occur. It is not clear if transition metal cations dissolved 

in electrolyte from the positive electrode participate in maintaining electrolyte neutrality. 

One possibility is that the salt is removed to form Li-containing compounds LiF (insoluble) 

and LiPO2F2 (~1% soluble). 80 

 

2.6 Cross-talk in Li-ion cells 

The term cross-talk in Li-ion cells refers to chemical or electrochemical side reactions on 

an electrode that produce soluble products.81 These products can then physically cross the 
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separator and react chemically or electrochemically with the other electrode. When 

studying electrolytes, it is important to consider cross-talk reactions as a reason for the 

capacity fade sometimes seen in cells. However, cross-talk reactions can also be considered 

beneficial and sometimes benign to cell lifetime.81  Any side reactions stemming from 

cross-talk can lead to loss of cyclable Li, impedance rises and loss of active material.82,83 

It is important to note that the cross-talk mechanism is highly dependent on the positive 

and negative electrode materials used.84  

 On the positive electrode, sources of cross-talk mainly come from transition metal 

dissolving into the electrolyte, formation of reactive oxygen species and CO2/CO 

production.83,85,86 For the negative electrode, gases produced can participate in cross-talk 

reactions along with long-chain oligomers discussed earlier in this chapter.87  

 A major source of CO2 production in a cell comes from the oxidation of the organic 

electrolyte. CO2 and to a lesser extent CO were found to be evolved at a potential as low 

as 4.2V vs Li/Li+.88 Full electrolyte oxidation is not observed until 4.8 V vs Li/Li+.89 The 

positive electrode material used can determine the extent of CO2 evolution. Jung et al 

tracked CO2 and CO evolution over a range of potentials for variety of positive electrode 

materials.90 After normalizing for surface area, they found NMC materials had lower onset 

potentials for CO2  and CO evolution compared to LNMO (lithium nickel manganese 

oxide) materials. Metzger et al used isotopic labeling of EC and EMC to find that most 

CO2/CO evolution comes from electrolyte oxidation while the rest comes from electrode 

oxidation.91  

 It is suggested that CO2 can be beneficial to cell lifetime and has been used as an 

additive.92 Most likely it improves the passivation of the negative electrode SEI, although 
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the mechanism is not clear. Lucht et al created an SEI in a cell that was absent of any CO2.
93 

It was found that little to no Li2CO3 was formed. Schwenke et al studied CO2 at low 

potentials and found the compound to reduce to form carbonates and oxalates.94 These 

products have low solubilities and therefore can help contribute in creating a passivating 

layer on the negative electrode surface.  

 Lastly, on the positive electrode, reactive oxygen species can be produced that can 

influence the negative electrode performance. Oxygen from oxide active materials can be 

electrochemically reacted at high potentials. This can be in the form of a singlet oxygen, 

superoxide anion (𝑂2
−) and other reactive oxygen species.81 However, it is expected that 

these oxygen species will react with the electrolyte before reaching the negative electrode 

and those products are expected to be capable of cross-talk, Gueguen et al, showed POF3, 

a compound which is formed from a reactive oxygen species, was consumed on a graphite 

electrode but not on a delithiated LFP (lithium iron phosphate) electrode.95  

 Now, the negative electrode will be discussed. Specifically, how the degradation 

products discussed thus far in this thesis can cross over to the positive electrode and alter 

the cathode-electrolyte interface. Work by Sahore, Dogan and Bloom investigated the 

origin of electrolyte decomposition species.96 To do that, they built a two-compartment 

pouch cell using a solid-state lithium-ion conducting separator that allowed only Li+ ions 

to move through during cycling. The negative electrode and the positive electrode 

compartments could then be analyzed separately. The analysis of the aged electrolyte was 

done using high-performance-liquid chromatography coupled to an MS as well as NMR 

spectroscopy. They used a graphite negative electrode and an NMC-type positive electrode 

with 1.2M LiPF6 in EC:EMC 3:7 by weight electrolyte with no beneficial additives. The 
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results are compared to electrolyte from a cell that had a typical microporous 

polypropylene-based separator.   

 Figure 2.5 shows the proposed products generated when cross-talk is allowed to 

happen (polypropylene separator cell). These compounds are unique as they were not seen 

in either compartment of the two-compartment cell. They proposed these structures based 

on the molecular weight, calculated number of carbons and several assumptions. Many of 

these species contain unsaturated carbon bonds and C-F bonds and had not been reported 

in the literature for Li-ion battery electrolytes. Removal of hydrogen bonds and the addition 

of F atoms could be an indication of oxidation reactions. They also found that some of 

these species contained phosphorus and likely originated from the reaction of PF5  with EC, 

EMC, and the transesterification products described earlier.  They also described that 

species were generated at the negative electrode then oxidized at the positive electrode to 

create the complex structures.  
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Figure 2.5 Proposed chemical structures for molecules corresponding to detected m/z 

peaks for species only present in an electrolyte where cross-talk reactions occurred.96 

Reprinted with permission from Chem. Mater. 2019 31 (8) 2884–91. Copyright 2019 

American Chemical Society 

 

 The work by Sahore et al. was not quantitative, but in Figure 2.5, compounds at the 

top of the figure had higher measured intensities in the HP-LC chromatograms.  It is 

important to note that no additives were used in that study. The compounds suggested may 

or may not be detrimental to cell lifetimes. Further work will be needed to make these 

conclusions. However, it is exciting that a method is available to study the products of 

electrolyte decomposition. Applying this method to study cells with additives in their 

electrolytes will also be very interesting.  
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2.7 Transition metal dissolution  

During cycling, it is possible that metal from the positive electrode can dissolve into the  

electrolyte then travel to the negative electrode to deposit on the surface.55,66 These metals 

can possibly alter the formation and growth of the SEI. It is still not clear what the 

mechanism of failure is for a metal contaminated SEI.  Metals have been detected on the 

negative electrode surface for a variety of cathode materials, electrolytes and cycling 

conditions. 30,85,98,99 The mechanism of how metals end up on the negative electrode surface 

is still debated along with why or if the deposited metals are detrimental to battery life.100,101  

 Many different transition metal oxides materials, including NMC materials, have 

been shown to undergo transition metal dissolution. The reaction is exacerbated at higher 

temperatures for cycled cells.101 In addition, higher upper-cut off voltages also have shown 

to promote metal dissolution.60,80 The decomposition of LiPF6 by heat or water possibly 

results in HF formation, which could then, in turn, promote transition metal 

dissolution.80,102 In addition, long-chain electrolyte decomposition products may help 

promote metal dissolution by acting as chelating agents to the metal ion.42  

 For NMC materials, Mn has been reported to have the most severe dissolution.42 

Reports also suggest that when the positive electrode converted from a layered to a spinel 

structure, Mn dissolution was more pronounced.103,104 The consensus is that dissolved Mn 

is in the Mn3+ or Mn2+ state.105 Figure 2.6 shows two possible mechanisms for migration of 

Mn2+ ions.106 Figure 2.6 (a) shows a simple mechanism where the charged Mn2+ ions get 

solvated and travel to the negative electrode surface.  
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Figure 2.6 Two models of transport and deposition of Mn2+ ions in Li-ion batteries. (a) 

Mn2+ ions are solvated by carbonate molecules in the same fashion as Li+ ions, and drift 

along the field lines penetrating through the outer (organic) SEI (ii) and become 

deposited into the inner (mineral) SEI layer at the graphite particle surface (i). (b) 

Electrolyte decomposition products with chelating groups reach the cathode and form 

neutral complexes of Mn(II) that diffusively migrate to the graphite surface, bypassing 

the outer SEI, and these complexes become chemisorbed on the surface of lithium 

carbonate crystallites in the inner SEI layer that serves as an ion exchanger.106 Reprinted 

with permission from J. Phys. Chem. C 2014 118 (42) 

24 335–48. Copyright 2014 American Chemical Society 

 

Many groups report a range of 50-200 ppm of dissolved metals (not just Mn).107 

Compared to the concentration of conductive salt ~1M or greater expected in the 

electrolyte, transition metals are extremely diluted. Transition metal ion transport is to be 

governed by diffusion.  

 Figure 2.6 (b) shows the metal ions coordinating to the decomposition products of 

the electrolyte like LEDC. The complex then gets chemisorbed onto the inner SEI layer. 
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Again, more recent reports refute that LEDC or other decomposition products will solvate 

the metal ion.108,109 Wang demonstrated that Mn2+ is preferentially solvated over Li+ by the 

PF-
6 anion and EC.109  However, Wang also describes that this solvation sheath is unstable 

even before it reaches the SEI. This instability is what results in electrolyte reduction on 

the negative electrode with the deposited metals.  

 Figure 2.6 (b) is also partially refuted as it was found by Tornheim et al. that Mn 

can also be observed at the surface of the SEI when highly fluorinated electrolytes are 

used.108 It was found that highly fluorinated electrolytes could lower the HOMO and 

LUMO of the solvent leading to an increase in anodic stability.110 The lower LUMO levels 

also thermodynamically favor cathodic reactions on the surface of the negative electrode.  

In conventional electrolytes, Mn ions are found in the bulk of the SEI.108  The electrolyte 

environment around the solvated metal is what governs the deposition at the negative 

electrode, and the SEI composition determines where the metal will be found.81  

 Ideas to prevent transition metal ions from depositing on the negative electrode 

surface, revolve around creating a strong SEI. Therefore, using additives that can limit the 

production of problematic decomposition products may hinder or prevent metal 

dissolution. It was also suggested that coatings can help stabilize the positive electrode 

surface, neutralizing the mechanisms of metal dissolution.81 However, there is no known 

way to prevent this phenomenon entirely. The key to understanding transition metal 

dissolution will be to study the positive electrode-electrolyte interface further.   
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2.8 Summary  

The content discussed in Chapters 1 and 2 was included to provide background information 

for the work presented in Chapters 4. Key considerations include the role additives play 

for the electrode surface, electrolyte decomposition products and the transition metal 

dissolution of the positive electrode.   
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CHAPTER 3 – EXPERIMENTAL METHODS 

 

 

Li-ion cells used in this work are wound pouch cells that were produced without electrolyte 

by a large manufacturer. The cells are machine-made and hence very uniform. Therefore, 

the effect of electrolyte and additives on cell performance can be confidently ascribed to 

those variables and not to cell-to-cell variation. 

 

3.1 Cell specifications  

 

Cells studied in Chapter 4 consisted of dry Li(Ni0.5Mn0.3Co0.2)O2 (NMC532)/graphite 

pouch cells (215 mAh at 4.3V) which arrived sealed from Li-FUN Technology (Xinma 

Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou City, Hunan Province, 

China, 412000). The positive electrodes used single-crystal NMC532 (94% by weight), 4% 

conducting diluents and 2% polyvinylidene fluoride (PVDF) binder. The NMC532 

particles were coated with a Ti-based coating as described by Ma et al.111 The negative 

electrode consisted of 95.4% artificial graphite (15–30 μm particle size), 2% carbon black 

and 2.6% sodium carboxymethylcellulose (NaCMC)/styrene butadiene rubber (SBR) 

binder. The positive and negative electrode single side loadings were 21.1 mg/cm2 and 

11.5 mg/cm2, respectively.  Before filling with the designed electrolytes, pouch cells were 

cut open and dried at 100 °C under vacuum for 14 h to remove residual moisture. 
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3.2 Cell filling  

Pouch cells were filled with 0.85 mL (~1.0 g) electrolyte in an Ar-filled glove box and 

sealed with a pouch sealer (MSK-115A Vacuum Sealing Machine, MTI Instruments) at 

170°C under vacuum at -90 kPa of pressure. Figure 3.1 (a-b) shows the process of filling a 

cell.  

 

Figure 3.1- Shows the process of filing cells. a) cells filled with 0.85 ml of electrolyte. b) 

vacuumed sealed and c) cell ready to start the formation cycle. 

 

3.3 Electrolytes  

 

All electrolytes were prepared to contain 1.33 m LiPF6 (Shenzhen Capchem, China ≥ 

99.9%) in EC:EMC:DMC 25:5:70 (by volume) (Shenzhen Capchem, ≥99.5%, water 

content 19.7 ppm). The two additives used in this study were VC and DTD (Shenzhen 

Capchem ≥99.8% and Suzhou Yacoo Chemical Reagent Co ≥ 98%, respectively). In total, 

eight electrolytes were prepared by varying the combinations of VC and DTD by weight. 

Table 3.1 shows the combinations created. 
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Table 3.1 Additive combinations used in cells discussed in Chapter 4.  

Weight % VC Weight %DTD 

1 0 

1 1 

1 2 

1 3 

2 0 

2 1 

2 2 

2 3 

       

3.4 Cell formation 

 

After filling, sealed cells were held at 1.5 V for 24 hours at room temperature to ensure the 

full wetting of the electrodes. The cells were then transferred to a 40°C temperature-

controlled box to undergo formation. Cells were charged using a Maccor 4000 series 

charger to their upper cut-off voltage at C/20 (10.75 mA) then discharged at the same rate 

to 3.8 V.  The cells were transferred back to an Ar-filled glovebox, degassed (to remove 

SEI formation products) and vacuum-sealed again in the same manner previously 

described. 

The formation cycle is important for SEI formation. Figure 3.2 shows a part of the 

differential capacity (dQ/dV) vs. voltage (V) curve for two cells with different electrolytes. 

Where Q is the capacity in units of ampere hour. It is the number of hours for which a cell 

delivers a current equal to the discharge rate at the nominal voltage of the battery. The 

dQ/dV curve will have peaks that correspond to the reduction of specific species.52 The 

reduced species will form the passivating film on the negative electrode if they are not 
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liquid or gases thus hindering further electrolyte reduction during subsequent cycles. Burns 

et al. found that EC will start reducing at ~2.9V (~0.4 V vs. Li/Li+) during the first cycle.112   

Figure 3.2 compares the dQ/dV curves during formation for cells with no additives present 

(black) to an electrolyte with VC and DTD present (red). Figure 3.2 shows the expected 

EC reduction region. The additives suppress EC reduction by being preferentially reduced 

and thereby successfully passivating the electrode.  

 

 

Figure 3.2 – Differential capacity (mAh V-1) vs voltage (V) profile for two cells. Cell 

with no additives (black) shows EC reduction around 2.9 V. Cell with additives 2%VC 

+1%DTD (red) starts reducing around 2.6 V. 

 

 

3.5 Cell Cycling 

 

When studying cell performance, it is important that the cycling equipment used can 

provide the necessary data for interpretation. These systems can record the voltage, current, 
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charge capacity, discharge capacity and time for a cell as it cycles. Prepared cells were 

tested for long-term cycling following the same protocol described in Ma et al.113 Cells 

were charged and discharged at 1C rate between 3.0 and 4.3V. After 100 cycles of 1C/1C, 

each cell was cycled at C/20 for 1.5 cycles then an additional sequence of increasing 

discharge rates of C/2, 1C, 2C and 3C with the charging rate maintained at 1C was 

preferred.  The tests were made at (20.0 ± 0.5)°C in a climate-controlled room or (40.0 ± 

0.1)°C in a temperature-controlled box. Neware (Shenzhen, China) chargers were used for 

these tests.   

 The charge (Qc) and discharge (Qd) capacities were recorded vs. the charge-

discharge cycle number. During the charge and discharge cycles, the cell potential is also 

recorded. The difference between the average charge and discharge potential is ∆V. 

Increases in ∆V can be due to impedance growth in the cell.114  This property of a cell can 

be used to estimate SEI resistance growth during cycling.  

3.6 Gas measurements  

The amount of gas produced in the cells during formation and cycling was measured using 

the Archimedes’ principle.  The cells were at 3.8 V for the volume measurements.  The 

procedure used is described in Aiken et al.115  Cells are hung below an analytical balance 

(Shimadzu, AUW00D) and submerged in room temperature de-ionized water (18.2 MΩ-

cm, Thermo Scientific Barnstead Nanopure Water Purification System) and weighed. 

Figure 3.3 shows photographs of the apparatus (a) and an example of a cell submerged in 

water (b). Due to the cells being sealed the mass of the cell remains constant. The difference 

between the weight of a cell before and after testing is proportional to the volume of gas 

produced.   
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Figure 3.3 shows the gas measurement apparatus (a) and  an example of a cell being 

submerged in water while being weighed (b). 

 

3.7 Electrochemical impedance spectroscopy (EIS) 

 

EIS is a technique that gives impedance information on an electrochemical system (in-

situ).  EIS measures cell impedance for a range of frequencies. Typically, a sinusoidal 

voltage signal is applied to the system at a specific frequency, then the resulting current at 

that frequency is measured. The process repeats for the desired frequency range.116 The 

voltage must be small enough to get a linear current response from the cell. Figure 3.4 (a) 

shows a simple circuit model of a full cell. This work measures full-cell impedance and 

reports the charge-transfer resistance (Rct) extracted from the Nyquist plots produced from 

the raw EIS data (Figure 3.4 (b)). Nyquist plots are commonly used to plot EIS data, where 
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the real part of the impedance is plotted on the x-axis and the negative imaginary part of 

the impedance (from the capacitor) is plotted on the y-axis. Rct is found from the Nyquist 

plots as the total dimeter from the “semi-circle” portion of the spectrum. 

 

 

 

 

Figure 3.4 a) Circuit model of a full lithium-ion cell, b) an example of a Nyquist plot that 

is absent of contact impedance and diffusion (W) contributions.  

 

Rct a) 
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Figure 3.4 (a) shows a circuit model used to describe sources of impedance a cell. 

The solution resistance (Rs) is modelled as a resistor to manifest as a single point on the 

real axis of a Nyquist plot. The solution resistance is the resistance of the lithium-ion 

moving through the electrolyte. The contact impedance (Rcontact) represents the impedance 

from the electrode material current collector interface. This is modelled as a CPE (constant 

phase element), which can be considered as an imperfect capacitor, in parallel with a 

resistor. Faradaic reactions are modelled with two circuit components, where CPE models 

charging of the double layer, and R is the resistance to charge transfer. W is the Warburg 

impedance used to represent diffusion effects. Rcontact and W are not considered in this 

work. Here, Rct is a combination charge transfer resistance of the of negative and positive 

electrodes of a lithium-ion cell. It includes the resistance of the lithium-ion moving through 

the SEI and resistance due to the desolvation of lithium ions at the negative electrode 

surface. 

A Biologic VMP3 (Seyssient-Pariset, France) electrochemical test station 

performed the EIS tests.  The measurements done on the cell were at (10.0 ± 0.1)°C in a 

controlled temperature box (Novonix, Bedford, N.S., Canada).117 Data were collected with 

ten points per decade from 100 kHz to 10 MHz with a signal amplitude of 10 mV. The 

charge transfer resistance (Rct) from the full cell is reported.    

 

3.8 Electrolyte extraction method  

 

Often, when trying to extract electrolyte from a heavily cycled pouch cell, the amount of 

electrolyte which can be extracted, compared to that initially added, is severely diminished. 
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The cell appears practically dry upon opening. However, long-lived cells are some of the 

most valuable and analyzing their electrolytes is important in understanding the reason 

behind their longevity. A method was developed to ensure that the analysis would not be 

limited by extraction volume. After cycling, cells were discharged to 2.5 V and moved into 

an Ar-filled glovebox.60 Figure 3.5 shows a visual representation of all the steps to extract 

electrolyte from a cell.  A small opening was made in the pouch cell using scissors where 

0.6 mL of acetonitrile (Sigma, HPLC grade) was added using a syringe (Figure 3.5 (b)). 

The solvent was then massaged into the pouch cell to promote mixing. To prevent 

evaporation of the solvent-electrolyte mixture, the opening made in the cells was sealed 

with atactic polypropylene using a Mastercraft (Canadian Tire, Canada) dual-temperature 

glue gun (Figure 3.5 (c)).  Cells were weighed after sealing, then stored upright in the Ar-

filled glove box for 24 hours to allow for thorough mixing of the electrolyte and solvent 

throughout the jellyroll.  Before unsealing, cells were weighed again to verify that no mass 

loss occurred.  Once reopened, a 1 mL syringe was used to remove as much of the extract 

as possible, normally between 0.5 and 0.8 mL.  

 The extracted electrolyte mixture was added to a 10.00 mL glass volumetric flask 

containing (Figure 3.5 (d)) 1.00 mL of acetonitrile, 0.50 mL of deuterated acetonitrile 

(Sigma), and 0.20 mL of 1,4 bis(trifluoromethyl)benzene (Sigma, internal standard) before 

final dilution to 10.00 mL with acetonitrile. 0.70 mL of the mixed solution was transferred 

to a Wilmad glass NMR tube (Wilmad 506-PP-8) and capped with a gas-tight Wilmad 

NMR cap (WG-3891-100). Figure 3.6 shows an image of samples sealed with the gas-tight 

cap.  
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Figure 3.5 a) Cell before extraction; b) where cell would be initially cut open. c) Cell 

sealed with polypropylene after the addition of acetonitrile. d) extraction moved to a 

volumetric flask for sample preparation for NMR measurement (e).  

 

 

Figure 3.6  Photograph of NMR samples with gas-tight caps.  
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To confirm that acetonitrile was not reacting with the electrolyte or electrodes, a simple 

NMR (nuclear magnetic resonance spectroscopy) experiment was performed. An NMR 

technique reported by Schwenke et al. was used to see if acetonitrile would dissolve any 

SEI (solid electrolyte interphase) components.94  In this case, tests were performed using a 

single pouch cell that was completely discharged after cycling and dismantled. The 

negative electrode pieces (from the same cell) were all washed with DMC 3 times, then 

left to dry in a fumehood. After drying, they were immersed in 0.5mL acetonitrile or water 

for 30 minutes. Samples washed with water had a few drops of D2O added, and samples 

washed with acetonitrile had a few drops of d-acetonitrile added for shimming. Figure 3.7 

shows the results of the 1H NMR experiment and show that acetonitrile does not dissolve 

any SEI components. It should be noted that acetonitrile has high chemical and oxidative 

stability.118 
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Figure 3.7 The results of the NMR experiment where acetonitrile was verified not to 

dissolve SEI components. The acetonitrile spectrum (lower half) has a broad peak, most 

likely due to poor shimming. However, the acetonitrile is not dissolving components of 

the negative electrode SEI. 

 

 

The cell electrolyte extraction method was also verified using 1H NMR and 7Li NMR by 

comparing extracted electrolyte from a cell held at 1.5 V for 24 hours to that of a fresh 

sample. Table 3.2 shows small differences between the measured original electrolyte and 

the sample obtained from the wetted cell, for Li, EC, EMC and DMC concentrations. No 

other products were observed in the extracted electrolyte sample. 
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Table 3.2 Comparing the results from 1H and 7Li NMR between fresh electrolyte (1.4 

m LiPF6 in EC:EMC:DMC (20:47:33 wt%) electrolyte) and the same composition 

extracted from a wetted cell. 

  
Li conc 

/ m 

σ EC Conc / % 

total solvent 

σ EMC Conc / % 

total solvent 
 DMC Conc / % 

total solvent 

σ 

Fresh Electrolyte 

n=3 

1.36 0.07 20.7 0.20 47.4 0.30 32.0 0.50 

Extracted 

Electrolyte n=2 

1.368 0.003 17.8 0.30 44.90 0.14 37.4 0.50 

 

3.9 Gas chromatography (GC) -Mass Spectroscopy (MS) 

 

A GC is an instrument used to separate multiple analytes of interest in a sample. Figure 3.8 

shows a schematic of a gas chromatograph and mass spectrometer.  The GC sample is first 

injected through a septum into the inlet. The sample moves into the column by the carrier 

gas (mobile phase), which is continuously flushed through the system. The components 

separate based on the different interactions of the analyte with the stationary phase (the 

column).119 The separated components then elute out of the column with different retention 

times (tR). The carrier gas used and the column will determine the extent of mixture 

separation. Retention time can be estimated by summing the projected travel time of a 

specific analyte through a column and the delay time of the analyte due to its interactions 

with the stationary phase.  



49 

 

 

Figure 3.8 Schematic of a GC-MS. Taken with permission from Lauren Thompson, 

Changes to the electrolyte in aged Li-ion cells, M.SC. thesis, Dalhousie University, 

Halifax, NS (2018).120 

 

 

The temperature profile used in a GC system can improve the separation of 

compounds in a mixture by emphasizing the separation of compounds with a lower boiling 

point from a compound with a higher boiling point. This technique does not help separate 

compounds with similar boiling points, only a specifically designed column can force the 

separation.121 The separated components can only be identified and quantified by using a 

detector. This thesis uses a mass spectrometer as a detector.   

 

Mass spectroscopy  

 

Figure 3.8 shows a schematic of a mass spectrometer in addition to the GC system. Once 

compounds elute from the GC column, they enter the transfer line to get ionized in the 
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electron ionization chamber.122  In the chamber, electrons bombard the sample causing a 

radical cation to be generated.  Equation 3.1 shows the radical cation to be ionized with a 

1+ charge. The ionization process can also fragment molecules further, as shown in 

Equation 3.2 where AB gets fragmented into a cation and a neutral radical.  

 

𝑀 +  𝑒− →  𝑀∙+ +  2𝑒−        (3.1) 

𝐴𝐵 +  𝑒− →  𝐴+ + 𝐵∙ + 2𝑒−         (3.2) 

 

In the next step, all fragmented ions get accelerated into a finely focused beam so 

that they all have the same kinetic energy. The fragments then get sorted in a quadrupole 

mass analyzer. Figure 3.7 shows the analyzer to have four rods, two have a positive 

potential (red), and two have a negative potential (blue). A voltage is applied to the rods, 

and it is applied either as an alternating current or direct current with variable frequency. 

Any charged species that pass through will interact with the electric field.  The manner of 

in an ion interacts with the rods depends on the charge of the ion, the mass of the ion and 

the potential, which is applied to the rods. Potentials are set for a specific mass-to-charge 

ratio. Any ion that is not that specific ratio will collide into the rods and are filtered out. 

The system then scans various mass-to-charge ratios by changing the voltage applied to 

the rods. By increasing the potential, higher mass-to-charge ratios can reach the detector.  

 The final destination for the filtered ions is the electron multiplier detector. Ions 

collide within the walls of the detector to eject electrons. The ejected electrons produce a 

current that is converted into a voltage reading for quantification.  
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3.11 Gas Chromatography-Mass spectrometry sample preparation  

 

After NMR sample preparation, the remaining extracted electrolyte was removed from the 

Ar-filled glovebox for GC-MS analysis. Potentially damaging lithium salt and HF were 

removed from the GC-MS sample using a salt assisted liquid-liquid extraction (SALLE) 

method.123 Due to water and acetonitrile being miscible, the addition of inorganic salt in 

the aqueous layer increases the polarity difference between the aqueous layer and organic 

layer, effectively removing the LiPF6 salt. Figure 3.9 shows the steps to prepare the 

electrolyte for sample preparation.  First, a 3.0 mL aliquot of 10.0 mL electrolyte sample 

mixture was transferred to a 15 mL polypropylene vial (a) with the addition of 0.4 mL of 

highly concentrated aqueous ammonium sulfate solution (~3 M) (b), capped and mixed for 

30 seconds. The salt was added to ensure that no lithium was left in the organic layer. The 

tube was then centrifuged at 920 g at 12°C for 20 minutes to promote the separation of the 

organic and aqueous layers. Three drops of the organic top layer were further diluted with 

~1.5 mL of  acetonitrile in a small, 1.5 mL GC vial.  
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Figure 3.9- Steps to complete sample preparation for GC-MS analysis using a) 3 ml of 

extracted electrolyte and b) 0.4 ml ammonium salt solution.  

 

 Standard solutions were created to quantify and determine the detection limits of 

degraded electrolyte components. A calibration solution with known amounts of EC, 

DMC, DEC, EMC, VC, DEOHC (diethyl-2,5-dioxahexane carboxylate) and DMOHC 

(dimethyl-2,5-dioxahexane carboxylate) was added to a known amount of acetonitrile.  

An Agilent 7890 gas chromatograph (Bruker BR-5MS, 30 m column) coupled to 

an Agilent 5977b single-quadrupole mass spectrometer was used for organic analysis. The 

carrier gas was helium (99.999%) at a constant flow of 0.68 mL/min. 1.5 uL of the sample 

was injected into the inlet (260°C, split ratio 100:1) then carried onto the column at 35°C 

for 5 minutes before ramping column temperature to 100°C at 15 °C/min, then to 240°C at 

30°C/min where the oven was held for the duration of the 20-minute run.  Samples were 

ionized via electron impact in the mass spectrometer.  

Calibration standards were measured for each sample set. Each sample and standard were 

injected twice for reproducibility. Peaks were identified based on retention time and 

expected mass/charge ratios and quantified based on the integration of appropriate 
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mass/charge ratio signals.  Detection limits for each compound were determined based on 

standard deviations of the blank sample, and uncertainty in quantifying the samples was 

estimated by the deviation of the calibration curve (R2 > 0.98) from linearity.  

 

3.12 Nuclear magnetic spectroscopy (NMR)  

 

A significant portion of the work in this thesis uses NMR for the analysis of electrolytes. 

NMR is a spectroscopic technique that relies on the magnetic dipoles generated from 

certain atomic nuclei. Examples include hydrogen (1H), carbon(13C), fluorine(19F) and 

lithium(7Li).124 The commonality between these nuclei is that they have an odd number of 

protons or neutrons (or both), resulting in a net magnetic moment. These nuclei have an 

intrinsic spin that is described by their nuclear spin quantum number I. I=0 denotes no spin 

followed by values of ½, 1, 3/2, etc. I determines the number of quantum mechanical states 

in an external uniform magnetic field with the formula 2I +1. For the proton, it has  I=1/2; 

therefore this nucleus has 2 possible states.  

Magnetic moment is quantized as spin up (m=+1/2) and spin down (m= -1/2). Figure 3.10 

shows an example of an NMR system with all the components labelled. A sample is 

inserted into the bore where it is held above a superconducting magnetic producing a large 

magnetic field Bo. The magnetic field will force the magnetic moments of the nuclei to 

either align in the direction of the field (spin up-preferred) or in the opposite direction (spin 

down). Figure 3.11 shows the energy difference between the two states as a function of Bo. 

The energy of the dipole moment for each nucleus is:  

𝐸 =  −𝛾𝑚ℏ𝐵0          (3.3) 
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Figure 3.10 −Simplified diagram of a nuclear magnetic resonance spectrometer. At the 

heart of the 1 H NMR spectrometer is a superconducting magnet. This must be kept at 4 

K, so needs to be emerged in liquid helium, which is hindered from evaporating by 

vacuum and nitrogen jackets. The probe, containing the RF coil sits in the bottom of the 

magnet within its bore. The sample is always contained within the 1 H NMR tube; it is 

gently dropped into the probe on a cushion of air. Here the superconducting magnet 

causes the protons magnetic moments to align with the magnetic field and the RF coil 

sends RF pulses to excite them and collects the free-induction decay (FID) as they relax 

back to equilibrium. The pulse programs are created using the computer and sent to the 

console, which acts both as a radiofrequency transmitter and receiver. The signals are 

amplified on transmission and receipt. The FIDs are Fourier transformed (mathematically 

deconvoluted) to produce 1 H NMR spectra of intensity versus chemical shift (d) using 

the computer. Reproduced with permission from Atherosclerosis, 2014, 237 (1), 287-

300.125 Copyright 2014 Elsevier. (CC By 3.0) 

 

where 𝛾 is the gyromagnetic ratio, a constant that depends on the specific nucleus, m is the 

magnetic moment, and ℏ is Plank’s constant. At a specific Bo the energy difference between 

the two spin states is equal to: 

𝐸 =  𝛾ℏ𝐵𝑜          (3.4) 
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Figure 3.11− The energy difference between nuclei with spin-up (+1/2) and spin-down (-

1/2) in an external magnetic field. 

 

If no magnetic field is applied, the two states will be equally populated by nuclei. 

If a field is applied, the lower energy spin-state m=+1/2 will have a higher population of 

nuclei, resulting in the nuclei having a net alignment in the direction of the magnetic field.  

 The transition from the lower energy state (spin-up) to a higher energy state (spin-

down) is done by applying a pulse of radiation at the specific frequency and given magnetic 

field strength for a short amount of time. The relationship between the applied radio 

frequency (Larmour frequency) ν, and magnetic field strength BO is as follows: 

𝑣 = (
𝛾

2𝜋
)𝐵𝑜          (3.5)  

Therefore, to achieve resonance for the proton (1H) the ratio of 𝑣 to Bo must equal 
𝛾

2𝜋
. It 

should be noted that modern spectrometers use a superconducting magnet (Figure 3.10) 

that have magnetic fields that are extremely stable. Typically, frequency is varied to 

achieve resonance with a specific nucleus. However, the naming convention of NMR 
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spectrometers still uses the resonance frequency of 1H NMR to describe the system. For 

example, a 7.05T magnet is referred to as a 300 MHz spectrometer. 

 The process of recording NMR spectra is done through the pulsed-Fourier 

transform (FT) method. When the sample is in the bore, in the magnetic field, a short pulse 

of high-power radiofrequency energy is applied. This pulse will excite all the nuclei of 

interest in the sample. Immediately after the pulse, the excited spins will precess around 

the external magnetic fields as a unit. Figure 3.12 shows the net magnetization vector (Mo) 

before (a) and after (b) an applied pulse. Mo is a sum of magnetic moments of all the 

spinning (precessing) nuclei that are aligned to the Bo direction.126 Since the spin-up (+1/2) 

direction is the lower energy state, the Mo vector is in the +z direction.  Figure 3.12 (b) 

shows the M, after a pulse was applied. Mo will start to tip into the xy plane. The magnetic 

component generated in the xy plane (FID) is detected as a function of time by a receiver 

coil that is in the xy plane. After the pulse, M will start to relax back down to the ground 

state (z-axis) also in a precessing motion. It should be noted that this relaxation does not 

give rise to an FID. The acquired FID is converted into the frequency domain using a 

Fourier transform. The frequency scale is then typically converted to the chemical shift 

scale (ppm) to be independent of magnetic field strength. 
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Figure 3.12−Representation of the net magnetization vector (Mo) before (a) and after (b) 

an applied pulse on a cartesian plane.  

 

To increase the signal to noise ratio (S/N), the number of scans is increased. To 

double the S/N ratio, the number of scans needs to be quadrupled. However, the benefit of 

increasing the number of scans diminishes after a point. The work in Chapter 4 is 

quantitative, but it can only be considered quantitative if the appropriate time between 

scans is used. The spin-lattice relaxation or pulse delay time (T1) is the time it takes for the 

net magnetization (M) to return to the ground state. The time used between scans is 

normally recommended to be 5xT1 due to the exponential relationship between 

magnetization and time. Different nuclei relax at different rates. T1 values are dependent 

on nuclear environment, temperature, and solvent. If the T1 time selected is too short, the 

subsequent pulse could potentially push the signal out of the xy plane, resulting in 

attenuation or removal of the signal. For quantitative analysis, T1 values must be long 

enough to ensure that the nuclei can return to the ground state before the next pulse.   

 The NMR spectra contain characteristic peaks of each nuclei of interest. The peak 

location and splitting pattern depend on the local electronic environment of each nucleus. 
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Using 1H NMR as an example, if the electron density around the protons is high, these 

protons will be shielded (closer to the 0 ppm point); if it is low, the peak is expected to be 

found downfield. The splitting pattern of each proton depends on how many unique 

neighbouring protons are next to it. The splitting pattern follows the n+1 rule, where n is 

the number of unique neighbours.124  

In Chapter 4, a Bruker Avance 300 MHz spectrometer was used to collect 7Li, 1H, 

and 19F NMR spectra. A pulse length-based concentration determination (PULCON) 

method was used, allowing for an external standard to be used for quantitative 7Li 

analysis.127 For the 7Li NMR measurements, 16 scans were done with a pulse delay time 

of 2 seconds. The external standard used was of the same composition described in Table 

3.5. The PULCON set up was done using  Bruker Topspin software 2.1.128The Pulcon 

method was used for 7Li NMR measurements due to the difficulty in finding an internal 

standard that is inert to the lithium salt found in electrolytes. 1H NMR and 19F NMR 

experiments used the internal standard, 1,4-bis(trifluoromethyl)benzene, for quantitative 

analysis. For purposes of quantification and based upon relaxation time (T1) 

measurements, the pulse delay time was increased to 80 seconds for 1H NMR and 10 

seconds for 19F NMR to ensure complete relaxation of the spins. The long relaxation times 

improve the accuracy of the results. 1H NMR and 19F NMR spectra were collected, 

accumulating 16 and 32 scans, respectively. 

 Figure 3.13 shows an example of a 19F NMR spectra. The internal standard, 1,4-

bis(trifluoromethyl)benzene peak at -63.8 ppm, was cut off for clarity. Figure 3.14 shows 

an example of a 1H NMR spectra. The acetonitrile peak at 1.9 ppm was cut off for clarity. 

Lastly, Figure 3.15 shows an example of 7Li NMR spectra containing LiPF6 in solution. It 
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should be noted that any solvated Li ions will appear as a single peak in the 7Li NMR 

spectra.   

 

Figure 3.13− An example of 19F NMR spectra. The peaks are identified. 

 

Figure 3.14−An example of 1H NMR spectra. The acetonitrile peak is cut off for clarity.  
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Figure 3.15- An example of a 7Li NMR spectra.  

 

 

3.13 NMR error treatment  

 

NMR samples of known composition and concentration went through testing to verify the 

precision and accuracy of the measurements. Samples were prepared from 1.35 m LiPF6 in 

EC:EMC (3:7 wt%) and diluted using the above-mentioned compounds. Consecutive 7Li 

NMR measurements of a known solution were accurate (< 0.23% relative error) and precise 

(relative standard deviation ~1%). Table 3.3 shows results that describe the accuracy and 

precision of the method.   

Table 3.3: Showing the accuracy and precision of Li measurements using a sample 

of known LiPF6
 concentration of  24.8 ± 0.3  mM prepared from a 1.35 m LiPF6 in 

EC:EMC (3:7 wt%) electrolyte by dilution.   

 

Trial   Li+ concentration in NMR sample reported by the 

spectrometer (mM) 

% Error from 

Expected 

1 24.79 0.2 

2 24.77 0.2 

3 24.81 0.1 

σ 0.02   
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A different sample was prepared to verify instrument stability. This was also from 

a prepared 1.35 m LiPF6 in EC:EMC (3:7) electrolyte by dilution.  Table 3.4 shows that low 

variations were seen over the 4 day period.  

 

Table 3.4: NMR sample containing 16.1 ± 0.3 mM LiPF6, internal standard (1,4-

bis(trifluoromethyl)benzene), d-DMSO and acetonitrile.  Tested once a day over 4 

days.  Prepared from a 1.35 m LiPF6 in EC:EMC (3:7) electrolyte by dilution. 
 

 

Day Li+ Concentration Result from NMR (mM) % Error from Expected  

1 16.25 0.8 

2 16.29 1.0 

3 16.36 1.5 

4 16.30 1.1 

σ 0.05  

 

Table 3.5 shows that 1H NMR and 19F NMR experiments on a known sample found 

small differences between the measured and expected organic compound concentrations. 

These measurements were done consecutively.  

 

Table 3.5: Prepared extraction solution containing (16.2 ± 0.3) mM of LiPF6 in 

EC(66.3 ± 0.3 mM):EMC, internal standard (1,4-Bis(trifluoromethyl)benzene), d-

DMSO and acetonitrile. Prepared from a 1.35 m LiPF6 in EC:EMC (3:7 wt%) electrolyte 

by dilution.  

 

Trial 

Number  

𝑷𝑭𝟔
− concentration reported by 

19 F NMR (mM) 

% Error 

from 

expected 

EC 

concentration 

reported by 
1H NMR 

(mM) 

% Error 

from 

expected 

1 16.8 3.5 65.5 1.2 

2 16.6 2.3 69.7 5.1 

3 16.6 2.2 64.7 2.5 

σ 0.1  3.0  
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The same sample was also measured over four days to verify instrument stability.  

Table 3.6 shows that low variations were seen over the 4-day period. 

Table 3.6: NMR sample of containing 16.2± 0.3 mM of LiPF6 in EC (66.3 ±0.3 

mM):EMC, internal standard (1,4-bis(trifluoromethyl)benzene), d-DMSO and 

acetonitrile  tested once a day over 4 days. Prepared from a 1.2 m LiPF6 in EC:EMC 

(3:7 wt%) electrolyte by dilution. 

 

Day 𝑷𝑭𝟔
−concentration 

from 19F NMR 

measurements 

(mM)  

% Error 

from 

expected 

EC 

Concentration 

from 1H NMR 

(mM)  

% Error from 

expected 

1 16.83 4.40 65.7 0.9 

2 16.98 5.33 63.2 4.7 

3 16.45 2.05 68.5 3.3 

4 16.52 2.48 65.3 1.5 

σ 0.3  2.2  

 

 

3.14 Calculating LiPF6 concentrations 

 

To calculate LiPF6 concentrations, quantitative results from NMR and semi-quantitative 

results from GC-MS were combined. GC-MS can only report the concentrations of analytes 

within the GC vial. Therefore, the ratios between known components are only used for 

analysis. First, GC-MS mass ratios were used to determine the mole ratios of EC, EMC 

and DMC. This was necessary as electrolyte systems for LIB’s often comprise several 

organic carbonates with similar chemical structures varying even just by a single methyl 

group (i.e. methyl group on EMC vs. DMC) and are difficult to distinguish with this NMR 

instrumentation. The mass ratios from GC-MS are applied to the EC concentration 

(determined from 1H NMR) to determine the concentration of EMC and DMC.  Using 19F 

NMR or 7Li NMR acquired spectra, the number of mols of the 𝑃𝐹6
− anion or Li+ cation is 
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determined, respectively. The molality is then able to be calculated using moles of salt and 

total mass of solvent (uncertainty propagated appropriately).    

 

3.14 Micro-X-ray Fluorescence spectroscopy (µ-XRF) 

 

Micro-X-ray Fluorescence spectroscopy (µ-XRF) is used in Chapter 4 to see the degree of 

Ni, Mn and Co deposition at the negative electrode. This technique follows the same 

principles of X-ray Fluorescence (XRF) but at a higher spatial resolution that allows for 

fine two-dimensional mapping of the sample.129 

Figure 3.16 shows a diagram of the basic principles of XRF. To begin, the sample 

is bombarded with an X-ray beam, which causes inner shell electrons in the K shell to get 

ejected out of the atom. Electrons from the outer L or M shell fill the void left behind, 

emitting fluorescence radiation Kα and Kβ respectfully. The emitted radiation is measured 

by a photon detector where the specific radiation can be identified and quantified. Different 

atoms have different relaxation processes that have specific energies associated with these 

processes. For example, MnKα1 has an energy of 5.900 keV and NiKα1 is 7.48 keV.130 
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Figure 3.16−A diagram showing the basic principles behind XRF.131 

 

3.15 µ-XRF Measurements (performed by Ahmed Eldesoky) 

 

μXRF calibrants for Ni. Mn and Co were prepared as previously described.60 A M4 

Tornado Micro-X-Ray Fluorescence Instrument at the University of New Brunswick 

(Bruker, Madison, WI, USA) was used to obtain the µ-XRF data. The Mn-coated fresh 

electrode was used to calibrate signal counts measured. The transition metal (TM) signal 

to known mass loading ratio was determined at four different positions on the calibrant and 

their average determined the signal count to mass ratio used to convert TM net counts from 

each sample to a mass loading in terms of μg/cm2. The fractional error in the data was taken 

to be the same as the ratio of the standard deviation of the four calibration measurements 

divided by their average. Cells were discharged to 2.5 V and were cut open in a fume hood.  

The cell stack was unrolled and allowed to dry completely before μXRF analysis. A portion 

of the negative electrode was cut and mounted on a flat polyacrylic plate with double-sided 

tape, which was placed on the μXRF stage. Sample scanning was carried out using a 45 
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μm step size with a 25 μm spot size, a scanning rate of 4.00 mm/sec and a 200 μA tube 

current in the range of 0 to 50 keV under vacuum (<20 mbar).   

Figure 3.17 (a) shows an example of Mn loading on a negative electrode from a dry 

NM532/graphite cell (0.0 ± 0.0 ug cm-2). Figure 3.17 (b) shows Mn loading on a negative 

electrode from an NM532/graphite cell that went through multiple charge and discharge 

cycles.  

 

Figure 3.0.17 −a) Mn µ-XRF signal for a negative electrode from a dry NM532/graphite 

cell. b) Mn µ-XRF for a negative electrode from a NM532/graphite cell that went through 

multiple charge and discharge cycles.  

 

3.16 Summary  

Methods used in Chapters 4 and 5 have been described in this chapter. The extraction 

technique and the sample preparation technique were developed to obtain as much 

electrolyte from an intact cell studied in Chapter 4. The combination of GC-MS and NMR 

allowed for quantification of the salt content. After analysis, electrodes were able to be 

recovered for additional analysis by µ-XRF. The NMR method will be used solely in 

Chapter 5; however, further details specific to the measurement will be described in that 

chapter. 
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CHAPTER 4 − INVESTIGATING OPTIMAL VINYLENE CARBONATE 

AND ETHYLENE SULFATE LOADINGS IN NMC532/GRAPHITE 

CELLS 

 

 
This work was adapted from the prepared manuscript:  

T. Taskovic, L.M Thompson, A. Eldesoky, M.D Lumsden, and J.R Dahn 

Optimizing Electrolyte Additive Loadings in NMC532/graphite Cells: Vinylene Carbonate 

and Ethylene Sulfate 

 

Tina Taskovic, prepared the pouch cells, measured the volume of gas produced and 

performed the EIS measurements. Tina Taskovic and Lauren Thompson developed the 

electrolyte extraction method, and validation. The NMR method was developed by Tina 

Taskovic, Lauren Thompson and Mike Lumsden. The GC-MS sample preparation and 

method were developed by Tina Taskovic and Lauren Thompson. Ahmed Eldesoky 

performed μ-XRF analysis. Tina Taskovic prepared all the figures. Lauren Thompson and 

Jeff Dahn provided guidance throughout method developments, validation, and 

interpretation. Tina Taskovic prepared the manuscript which was edited by the appropriate 

authors.  

 This chapter shows the cycling results along with post-cycling analysis of cells with 

different weight percentages of additives vinylene carbonate (VC) and ethylene sulfate 

(DTD). Cells underwent prolonged charge-discharge cycling at 20°C and 40°C. The 

volume of gas produced during formation and cycle testing was measured.  The impedance 

spectra of the cells before and after cycling was measured. After testing, the electrolyte 

was extracted for study by nuclear magnetic resonance spectroscopy (NMR) and gas 

chromatography/mass spectroscopy (GC-MS) to determine what changes in electrolyte 
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composition had occurred. Some cells had their negative electrodes studied by scanning 

micro-X-ray fluorescence to quantify the amount of transition metals which transferred 

from the positive electrode to the negative electrode during the testing. 

 

4.1 Cycling, Gas and EIS Results 

 

The combination of VC and DTD, discussed by Li et al., works synergistically to 

improve cell lifetime.132 Cells containing VC in combination with other additives like DTD 

mitigate against impedance growth seen in cells only containing VC.113 Cells only 

containing DTD have been shown to have shorter lifetimes compared to dual additive 

cells.133 VC and DTD combinations were only considered because a significant amount of 

work is required to optimize a binary combination. 

 Figure 4.1 and 4.2 shows the normalized capacity and ∆V versus cycle 

number for the NMC532/graphite cell testing. Four replicate cells were filled with one of 

the eight electrolyte blends, so that one pair was cycled at 20°C and other at 40°C. The 

post-cycling analysis was split between the pairs; one underwent NMR and GC-MS 

analysis, and the other was used for μ-XRF analysis. Most combinations of VC and DTD 

lead to cycle lifetimes reaching over 2000 cycles with less than 20% capacity loss. At 40oC, 

cells with 1% VC or 2% VC+3% DTD showed the largest capacity losses. At 20oC, cells 

with 2% VC or 2% VC+3% DTD had the largest capacity losses, which also had the largest 

changes in ∆V during cycling. Cells containing high amounts of VC and DTD (sum being 

4% by weight or greater) displayed higher capacity losses than those with less additive. As 

expected, cells solely containing VC underperformed.134 The underperforming cells had 
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the commonality that their respective ∆V values increased during cycling, signifying an 

increase in internal resistance.  

 

Figure 4.1 Normalized capacity (cycle 5) and voltage polarization (∆V) vs cycle count 

results for the prepared cells. a-d, show the results for the 20°C cycling.  
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Figure 4.2 Normalized capacity (cycle 5) and voltage polarization (∆V) vs cycle count 

results for the prepared cells. e-h, show the results for the 40°C. The legend in Figure 4.1 

also applies to all the graphs in this figure.  

 

 

The best performing cells were those that contained 1% DTD with either 1% VC 

or 2% VC at 20 and 40°C.  In Figure 4.3, the influence of the amount of DTD on capacity 

retention in a cell is clearly demonstrated. Cells with 1% DTD had the best capacity 

retention at cycle 1700.  Cells containing greater than 1% DTD had similar results to cells 

with only VC. This suggests that excess DTD is not desirable. 
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Figure 4.3 Normalized capacity at cycle 1700 (Q1700) taken from the normalized 

capacity (Q5) data seen in Figure 1 vs the percent amount of DTD in the cell. Panel a) 

shows results for 1VC cells. Panel b) shows results for 2VC, results are shown for both 

20°C and 40°C cycling.  

 

Madec et al. showed that cells with only DTD tend to eventually fail.135 Li et al. 

also studied DTD without VC in Li/graphite half cells and reached a similar conclusion 

that 1% DTD had the best cycling performance.136 DTD has been shown to be beneficial 

to the formation of the SEI.137 DTD has been described to go through a ring-opening 

reduction similar to EC, producing lithium sulphites, lithium sulfates, ethylene gas and 

other lithium alkyl sulphites that are involved in the creation of a robust SEI.136,138  
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Figure 4.4 (a) shows the average volume of gas produced after formation.  The 

more DTD is added to the cell, the more gas is produced. This is observation has been 

made before.138 However, less than 1 mL (4 mL/Ahr) of gas was produced. The excess gas 

is a result of the decomposition of DTD and most likely this gas is ethylene.138 The cells 

with 2% VC had slightly less gas production on average. There are no correlations between 

the cycling results and the amount of gas produced during formation, which was removed 

from the cells after formation by degassing. Further analysis is needed to identify and 

quantify the various gasses formed after the initial cycle. Figure 4.4 (b) shows the average 

volume change of cycled cells sorted by temperature. The volume change could have 

additionally come from possible electrode swelling. Overall, for all electrolyte blends, less 

gas was produced during cycling than during formation. Volume is greater for the cells 

cycled at 40°C compared to 20°C because increased temperature promotes the kinetics of 

parasitic reactions. Cells containing 1% DTD and either 1% VC or 2% VC show less 

volume change than the other additive combinations; however, this is more noticeable at 

40 °C. 
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Figure 4.4 a) Average volume of gas produced (mL) after formation. b) Average volume 

of gas produced (mL) after cycling for each electrolyte blend. Separated by temperature. 

 

Figure 4.5 (a) shows EIS results for the cells before and after cycling. Figure 4.6 a) 

and b) shows an example of the corresponding Nyquist plots for cells before cycling. The 

graph displays the average Rct (Ω/cm2) measured for each cell type. The results are further 

separated by cycling temperature. Results for 20oC are in green and for 40°C in blue. Cells 

containing DTD in most cases had lower Rct values on average after cycling when 

compared to the results after formation.  Cells without DTD saw Rct increase after cycling. 

Figure 4.5b shows the percentage increase in ΔV per cycle which occurred during the 

testing in Figure 4.1 and 4.2. There is little correlation between Figures 4.5a and 4.5b which 

suggests the change in DC resistance of the cell is not dominated by changes in charge 

transfer resistance. All cells with 1% DTD and either 1 or 2% VC show very little increase 

in ΔV during testing at either 20 or 40oC.   
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Figure 4.5 (a) EIS results for all cells after formation (red) and post-cycling. Post-cycling 

results are differentiated, 20°C cells are in green and 40°C cells are in blue. b) The 

percent increase in ∆V in the first 1700 cycles for each cell type, separated by 

temperature. 

 



74 

 

 
Figure 4.6 a) Shows the a raw EIS spectrum of all cells containing 1%VC in the 

electrolyte. b) Shows the a raw EIS spectrum of all cells containing 2%VC in the 

electrolyte  EIS measurements were taken at 10 ± 0.1°C at 3.8V. Data were collected 

with ten points per decade from 100 kHz to 10 mHz with a signal amplitude of 10 mV 

 

 

 

 

 

a) 

b) 
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4.2 NMR and GC-MS Results  

 

Figure 4.7 shows the Li+ and 𝑃𝐹6
− molality in the electrolytes of the cells displayed 

in Figure 1 after testing as measured by NMR. No evidence of LiPO2F2 (lithium 

difluorophosphate) was seen in any of the samples measured. The black dotted line in each 

panel is the initial molality of the salt (1.33 m). In most cases, the Li+ and 𝑃𝐹6
−

 results are 

statistically the same due to the confidence intervals for the 19F NMR and 1Li NMR 

measurements. Both the 20 and 40oC results show that there was a significant decrease in 

salt molality during cycling for cells with 1% DTD and either 1 or 2% VC. This is rather 

surprising given that these same cells were those with the best capacity retention and the 

smallest impedance growth. It is known that electrolyte oxidation involving 𝑃𝐹6
− can 

remove Li+ ions from the electrolyte in order to maintain charge neutrality.139 These 

removed lithium ions would then contribute to the lithium inventory of the cell, hence 

increasing capacity. 



76 

 

 

Figure 4.7 Average calculated Li+ and𝑃𝐹6
− concentrations for each electrolyte blend. a)  

Results shown for cells cycled at 20°C. b) Results shown for cells cycled at 40°C. 

If a cell contains 1 mL of electrolyte with 1.5 M LiPF6, then the electrolyte contains 

1.5 x 10-3 moles of Li+.  Figure 4.7 suggests that approximately 0.2 M of Li+ from the 

electrolyte could be added to the inventory for the cells with 1% DTD.  The capacity of 

extra lithium would be 8 mAh corresponding to 3 x 10-4 moles of Li+. Figure 4.1 and 4.2 

shows that the fractional capacity retention for cells tested at 40°C is improved by about 

0.05 between cells with 1% VC + 1% DTD or 2% VC + 1% DTD compared to cells with 

1% VC or cells with 2% VC. Since the cells have an initial capacity of 215 mAh, this 0.05 

improvement in fractional capacity retention corresponds to 11 mAh which is close to the 

8 mAh that could be due to the inventory added from the loss of salt.  This simple 

calculation does not prove that loss of Li salt is the reason for the improved capacity 

retention of cells with VC + 1% DTD, but it is certainly very suggestive. 
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Figure 4.8 shows the ratio of EC to EMC+DMC in these cells after the testing 

period.  The results are further separated by temperature, and the original ratio is denoted 

by the black dotted line. Most cells showed the consumption of linear carbonates over EC, 

and cells with a higher percentage of DTD typically had a greater EC to a linear carbonate 

ratio. No DEC or transesterification products (like DMOHC and DEOHC) were detected 

by the GC-MS, as well as no VC or DTD. Overall, no major changes were found to occur 

in the electrolytes of the cells analyzed. This speaks to the robustness of the electrolyte, 

being able to withstand a relatively high charging rate and over 2000 cycles without major 

changes observed in the electrolyte.  
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Figure 4.8 Ratio of EC:(EMC+DMC) (linear carbonates) found in cells after cycling 

using GC-MS. a)  Results shown for cells cycled at 20°C. b) Results shown for cells 

cycled at 40°C. 

 

4.3 μXRF results 

 

Transition metal deposition on the negative electrode was examined using scanning 

μXRF. Figure 4.7 shows the results of the μXRF measurements for Ni, Co, and Mn for 

cells of each electrolyte type. The results are further separated by the cell cycling 

temperature.  It is found that 0.01%-0.03% of the total original amounts of transition metals 

in the positive electrode were deposited onto the negative electrode from the samples 

tested. The levels of transition metals are in agreement with the levels reported by 

Thompson et al. who included additives in their cells, and much lower than the levels  
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Figure 4.9 μXRF results of negative electrode pieces for each electrolyte blend. Results 

are reported for Ni, Mn and Co. a)  Results shown for cells cycled at 20°C. b) Results 

shown for cells cycled at 40°C. 

 

reported by Gilbert et al. who did not include additives in their cells.60,97  The overall 

amount of transition metal deposition was higher for the 20°C samples than the 40°C 

samples. It is possible that small amounts of lithium plating could be occurring in cells 

tested at 1C at 20oC. Perhaps the plated lithium can undergo ion exchange effectively with 

dissolved transition metals as xLi + Mx+ → xLi+ + M, hence leading to higher amounts of 

transition metals on the negative electrode in cells tested at 20oC. In most samples, Co and 

Mn comprised most of the transition metal dissolution. Ni concentrations were small, 
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especially at 40°C.  For the 20°C measurements, the VC only samples had the highest Mn 

concentrations compared to the other samples containing DTD. However, this observation 

does not replicate in the 40°C samples, where the 1% VC sample was very similar to the 

other DTD samples. If one only looks at the 20°C samples, the presence of DTD may 

somehow prevent transition metal dissolution.  Again, this observation is not seen for the 

40°C samples.  

 When comparing the μXRF results in Figure 4.9 to the cycling results seen in Figure 

4.1 and 4.2, the capacity fade seen does not correlate well with the amount of transition 

metal dissolution. The capacity fade is caused by a different mechanism. Harlow et al. 

showed that for cells of the same chemistry as those considered here tested at 40oC, the 

major contributors to capacity loss were lithium inventory loss and impedance growth.70   

 

4.4 Concluding Remarks  

 

NMC532/graphite cells made with a variety of combinations of the electrolyte 

additives VC and DTD went through a prolonged charging/discharging protocol at 1C 

between 3.0 V to 4.3 V at both 20 and 40oC. This allowed for a thorough screening of the 

cells to determine which combination of the two additives yielded cells with the least 

amount of capacity fade and lowest internal resistance changes. Quantitative analysis of 

the electrolytes after cycling determined the composition changes. Finally, the transition 

metal loading on the negative electrode was measured.  

At both 20 and 40oC, the cells with the additives 1% VC + 1% DTD and 2% 

VC+1% DTD showed the best capacity retention. Most of the cells attained over 2000 

cycles with the best performing cells showing no indication of imminent failure. EIS 
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measurements showed that cells with DTD had lower charge transfer impedance after 

cycling than cells without DTD. The additive choice, 1% VC +1% DTD would be a good 

option for an application that favours lower impedance. It was also shown that the more 

DTD added to a cell, the more gas would be produced during formation. Cells with 1% VC 

or 2%VC+3%DTD had some of the worst cycling performances and also the largest 

volumes of gas produced during formation. During cycling these cells produced volumes 

of gas only slightly larger than that of the best performing cells.  

NMR results suggested that the cells containing 1% DTD had more significant salt 

consumption from the electrolyte than cells without or with more than 1% DTD. This was 

surprising as these cells had the best performance. It was suggested that this salt loss may 

add Li to the cycling inventory but further work will need to be done to verify the 

mechanism. GC-MS work showed no transesterification by-products or other post-cycling 

products. The EC to linear carbonate ratio increased when compared to the original 

electrolyte suggesting the consumption of linear carbonates during the long term cycling. 

In most cases, change in the EC:linear carbonate ratio was more significant for cells 

containing more than a total of 3% of the additives. Since no other products were seen (at 

the sensitivity of the instruments used), it is assumed the reacted solvent and salt 

contributed to the SEI formation at one or both electrodes. This is opposite to what is seen 

in the literature where studies of the thermal and electrochemical degradation of 

electrolytes produced several decomposition products.96,140,141 However, these papers 

studied electrolytes systems without any additives, showing the importance of additives to 

electrolyte stability.   
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Transition metals transferred to the negative from the positive electrode represented 

0.03% or less of the original transition metals in the positive electrode. Cells cycled at 20°C 

had a higher loading of transition metal on the negative electrode surface compared to the 

40°C cells. The reason behind this is unclear and warrants further investigation. Due to the 

limited amount of transition metal transferred to the negative electrode, it is unlikely that 

transition metal dissolution contributed significantly to the capacity loss seen.   
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CHAPTER 5 − STUDYING THE DYNAMICS OF LIPF6 SALT IN 

ELECTROLYTE SOLVENTS 

 

 

This work was adapted from the article:   

E.R. Logan, D.S Hall, Marc M.E. Cormier, T. Taskovic, Michael Bauer, Ines Hamam, 

Helena Hebecker, Laurent Molino, and J.R. Dahn 

Ester-Based Electrolytes for Fast Charging of Energy Dense Lithium-Ion Batteries,  

J. Phys. Chem. C 2020, 124, 12269−12280 

Tina Taskovic and Eric Logan performed the PFG-NMR measurements and subsequent 

figures.   

 

5.1 Importance of transport properties to Li-ion cell modelling 

 

As discussed in the background, Li-ions cells require an electrolyte that will allow for 

efficient transport of Li-ions between the electrodes (high conductivity). Measuring 

conductivity is a common and easy way to evaluate an electrolyte in question.142 However, 

conductivity, dielectric constant, and viscosity alone do not give a full picture of the ionic 

transport in an electrolyte.  

 Many researchers who study cell performance using physics-based models require 

additional transport properties to have their models be relatively accurate. Some of these 

properties include the Li-ion transference number, diffusivity, and activity coefficients.39 

This chapter focuses on measuring the diffusivity values of the LiPF6 salt in two different 

electrolyte environments, DMC, and MA (Methyl Acetate).  
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 Outside of the desire to understand the bulk transport properties of electrolytes on 

a fundamental level, there is a demand from the electric vehicle (EV) industry to push for 

higher charging rates. The US Advanced Battery Consortium has sent the goal to produce 

cells that can achieve 80% capacity in 15 mins by 2023.143 High discharging rates are only 

required for times when high power is needed (i.e. the acceleration of an electric vehicle). 

One method to increase charging rates is to create cells with thin electrodes that inherently 

have small diffusion lengths.144 However, thinner electrodes limit the volumetric energy 

density of a cell, which is not ideal for EV applications. Thus, the electrolyte has been the 

focus when it comes to designing cells capable of fast charging rates. Currently, some 

electrolyte systems are known to allow plating of lithium on the graphite electrode during 

a high-rate charging.145 Lithium plating is a severe degradation mechanism that occurs 

when the graphite potential dips below 0 V vs Li/Li+.146 This scenario follows Equation 

5.1. 

𝑥𝐿𝑖 
+  +  𝑥𝑒− → 𝑥𝐿𝑖   (x ≤0 ≤1)     (5.1) 

Faster charging rates can lead to the incomplete utilization of the active material 

during operation. Slow Li+ diffusion (D) through the electrolyte will increase 

overpotentials, which can lead to lithium plating at the negative electrode. Another 

valuable property is the Li+ transference number (t+), which is defined as the fraction of 

ionic current contributed by Li+ movement. If the transference number is low < 0.5, a 

concentration gradient will form during battery operations, as most of the total ionic 

conductivity comes from the anion motion. These gradients become exacerbated at higher 

charging rates that can also limit the operating voltage of the cell and limit the thickness of 

the electrodes used. A higher cation transference number would lessen these gradients and 
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facilitate faster-charging rates. A cation transference number of 1.0 would be the ideal 

scenario. Figure 5.1 shows a representation of how increasing the Li+ transference number 

lessens the concentration gradient across the cell for increasing charging rates. Upon 

charge, ions move from the positive electrode to the negative electrode causing the salt 

concentration to increase on the positive electrode side.  

 

Figure 5.1 A representation of Li+ concentration variation across a cell ( x=cell coordinate 

position) during charge. The black line is the scenario where the t+ =1.0. The blue line is 

when t+ =0.7, and the red line is when t+ =0.4. The scenarios where the charging rate is 

increased are marked and show an increase in gradient size. Reproduced with permission 

from ACS Energy Lett. 2, (11), 2563-2575 (2017). Copyright 

2017, American Chemical Society.147 

 

 The diffusion coefficient and transference number determine the concentration 

gradients that form under load. Lastly, the salt activity coefficient f ± is another valuable 

property that determines any voltage polarization resulting from the gradient.148 Figure 5.2 

shows examples of electrolyte salt concentrations gradients across a cell during discharge. 

This work was a simulation of an NCA/graphite cell; the rate (1C) and the thickness of the 

electrodes were kept constant. During discharge, ions move from the negative electrode to 

the positive, causing a shift in salt concentration in the opposite direction. As the cell 
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continues to discharge, at one point, the salt concentration dips to zero on the positive 

electrode side. Once salt concentration dips to zero, the ionic current is not accessible to 

that area.  

 

Figure 5.2 Simulated electrolyte salt concentration as a function of cell coordinate of an 

NCA/Gr cell discharged at the C/1 rate. Both positive and negative electrodes were 245 

μm in thickness. Reproduced with permission from J. Electrochem. Soc., 163, (2), A138-

A149 (2016). Copyright 2001, The Electrochemical Society.149 Under CC BY-NC-ND 

4.0. 

 

 The transport properties D, t+ and f ± must be known to create models and 

simulations of cell performance. However, data is needed for a range of concentrations. 

Despite electrolytes having concentrations around 1.0 M to 1.5 M, it is known from 

simulations that the localized concentration within the negative electrode can exceed 2 M 

(Figure 5.2 is also an example).149,150 Measuring transport properties for a variety of 

concentrations is therefore useful for accurate electrochemical modelling.   

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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 Aliphatic esters are increasingly studied for use in Li-ion cell electrolytes due to 

their low melting points and viscosities. Commonly they are added as a co-solvent to 

traditional carbonate-based electrolytes and have been found to mitigate the issue of 

lithium-plating at high charging rates.  Lower molecular weight esters (like MA) tend to 

have the highest conductivity but tend not to form stable SEI’s. It was found by Petibon et 

al. that electrolytes with esters significantly improve with the addition of additives.151 The 

increasing interest in using esters in Li-ion cell electrolytes comes with the desire for more 

transport data on these systems.  

5.2 Pulsed field Gradient NMR 

 

Pulsed field gradient NMR (PFG-NMR) is a two-dimensional (2D) NMR technique that 

has been used for the study of self-diffusion and transport of species in solution.124 One-

dimensional (1D) NMR indeed has two-dimensions (frequency vs intensity), the term 1D 

refers to single-frequency axes derived from the Fourier transformation. 2D NMR then 

refers to the two frequency axes seen on the spectrum. 2D NMR implies that there are 

multiple pulses in the operational sequence. Compared to electrochemical methods, NMR 

has the advantage of providing ion-specific information on transport properties.148 

Therefore, electrolytes with multiple components can be investigated.  

 PFG-NMR creates a linear magnetic field gradient along the length of the NMR 

tube, such that the field is slightly stronger at one end than the other.152 Modern high field 

NMR spectrometers are equipped with hardware that can rapidly ramp up the magnetic 

field in any of the three orthogonal axes. PFG allows spatial resolution in NMR 

measurements and is the basis for all imaging.  
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 The diffusion measurement used is diffusion-ordered spectroscopy (DOSY), which 

is a spin-echo technique.126 Stejskal, and Tanner first described the Echo technique in 

1965.153 Figure 5.3 shows the basic principle around PFG where δ is the gradient width 

(pulse time) and ∆ is the signal (diffusion) delay time. 

 

Figure 5.3 a) Schematic diagram of the PFG spin-echo pulse sequence. b) The phase 

evolution of the spins at different locations along the gradient direction.154  

 

 At the start of the sequence, the 90° pulse flips the spins into the X-Y plane, where 

spins begin to precess with their characteristic frequencies.152 Next, the application of a 

gradient δ encodes a spatial component to the spin, providing a “snapshot” of the current 

positioning. Due to the gradient not being uniform, the precessional frequencies will 

change. At the end of the applied gradient, a magnetization helix is observed aligned to the 

z-axis. The second gradient applies an opposite dephasing to the magnetization, and the 

signal is restored to back to its original positioning. The 180° pulse that occurs between the 

two applied gradients at ∆/2 creates the “echo”  by inverting the dispersed magnetization 
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such that once ∆ is reached, the magnetization is negative of what it was following the first 

gradient pulse.152 However, because the time before the second pulse (∆) is when diffusion 

takes place, the “echo” will dampen out signals where the mean molecular displacement is 

on the order of the pitch of the magnetization helix. The resulting translational diffusion is 

based on the decay of the spin-echo signal or, in other words, the diffusion decay profile. 

Rapid diffusion rates result in rapid decay rates.  The DOSY work done in this chapter uses 

PFG-simulated echoes to limit the chances of chemical shift changes and J-coupling 

evolution. The big difference is that instead of a 180° pulse, two 90° pulses are used.152  

Most DOSY pulse sequences used in the literature, and the sequence used in this work have 

additional pulses than the ones shown above that can manage gradient stabilization, fluid 

convection and artifact removal.    

 To obtain the diffusion coefficient for a specific signal, the same 2D experiments 

are done for a variety of magnetic field strengths. The resultant attenuation curve (intensity 

vs gradient-field strength) is fitted using the Stejskal-Tanner formula, Equation 5.2.153   

𝐼 = 𝐼𝑜𝑒𝑥𝑝 [−𝐷[2𝜋𝐺𝑖𝛿]2 ∆−𝛿

3
]        (5.2) 

where D is the diffusion coefficient, I is the integrated intensity (resonance of the desired 

compound). I0 is the intensity at a small gradient field strength. γ is the gyromagnetic ratio, 

Gi is the gradient strength, δ is the gradient width (pulse time) and ∆ is the signal delay 

time. To perform the experiment, δ and ∆ are optimized manually to ensure that the gradient 

ramp adequately digitizes the decay profile.  
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5.3 Experimental Methods 

 

 The electrolyte samples for the PFG-NMR experiments were prepared in an argon-

filled glovebox (>0.1 ppm water content). Six samples were prepared in total, 0.1, 0.2, 0.5, 

1.0, 2.0, and 3.0 m LiPF6 in dimethyl carbonate (DMC ) (purity 99.95%) and in methyl 

acetate (MA) (purity > 99.95%). Fluorinated ethylene propylene (FEP) tube liners 

(Aldrich) were used to house the electrolyte sample for the NMR experiments. Deuterated 

acetone (Aldrich) was added in between the glass NMR tube and the liner. Figure 5.4 shows 

an example of the set-up. The tops of the NMR samples were wrapped with parafilm to 

ensure limited electrolyte evaporation. All experiments were at 300.0 ± 0.1 K. 

 

Figure 5.4 A picture of the liner-glass tube set-up.  

 
7Li and 19F self-diffusivities were measured by using a double stimulated echo with a 

longitudinal eddy current delay pulse sequence along with bipolar pulse pairs. The time 

between gradient pulses Δ and the gradient pulse delay δ were optimized for each run. The 

strength of the field gradient (g) was increased in 16 equidistant steps for each sample. The 

maximum gradient strength reached for all samples was 32.35 G/cm. To obtain diffusivity 
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values, fits of the signal attenuation and the parameters of the pulse sequence were used 

with Stejskal’s and Tanner’s equation.153 This calculation was performed by using the 

Bruker Topspin software 2.1. 

5.4 Results 

 

 Figure 5.5 shows the diffusion constants calculated from the results of the DOSY 

experiments. Both the cation (Li+) and anion (PF6
-) results are shown for DMC and MA 

electrolytes for each salt concentration measured. The error bars seen for each diffusivity 

value were calculated based on the attenuation curve fit quality. Work from Krachkovskiy 

et al.148 and Feng et al.155 are included for comparison. It is generally known that diffusion 

rates of ions in solution are faster at low concentrations, due to the high degree of ionic 

dissociation and negligible ion pairing.156  The results show that salt diffusion in MA is 

faster than in DMC and the EC-linear carbonate mixture. This is expected due to the 

conductivity of MA being high.144 In the concentration range of 0.1−3.0 m, the diffusivity 

of Li+ is nearly a factor of 2 higher in MA compared to DMC. The diffusivity of PF6
− is 

also considerably higher in MA compared to DMC. This result is remarkable given the 

molecular similarity of these two solvents.   

It is important to note that PFG-NMR is unable to differentiate between nuclei in 

neutral and charged aggregates.148 This inability to differentiate will introduce error into 

the calculation of the transference number for a specific charged species. Solwijk et al.157 

suggested that diffusivity of free ions and neutral aggregates can be separated by 

additionally measuring specific conductivity (κ) of the solution. Then the charge diffusivity 

Dκ can be calculated via Equation 5.3. 
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𝐷𝜅 =
𝑘𝐵𝑇

𝑐𝑠𝑒2
𝜅           (5.3) 

where kB denotes the Boltzmann constant, T is temperature, e is the elementary charge, and 

cs is the known total salt concentration (number density of molecules). However, in this 

work, specific conductivity was not measured; therefore the results seen may also have 

contributions from neutral aggregates.  

 

Figure 5.5 Lithium ion diffusion coefficients in LiPF6 solutions in MA or DMC, 

measured by 7Li and 19F PFG-NMR as a function of salt concentration. All measurements 

were performed at 300K.144 Work from Krachkovskiy et al.148 also used PFG-NMR with 

EC: DMC(1:1) mixtures and is included in this figure also at 300K. Also, work from 

Feng et al.155 used PFG-NMR on EC: DEC(1:1) mixtures and included in the figure at 

300K.  

 

 Figure 5.5 also shows for each electrolyte tested that the diffusion coefficient for 

19F in PF-
6 is higher than the diffusion coefficient for 7Li in Li+; the literature supports these 

findings .147 Li+ ions are preferentially solvated where more molecules are found in its 
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solvation shell compared to the bulker anion, resulting in slower diffusion rates for the 

cation. 

As stated earlier, both diffusion constants and Li+ transference numbers are 

essential properties to evaluating the performance of a Li-ion cell electrolyte. If it is 

assumed that the effective diffusivity of the neutral ionic aggregate is zero, then the 

diffusivity of charged species would be equal to their diffusion coefficients. 155 The sum of 

the ionic diffusivity can then be considered as the total charge diffusivity. The cation 

transference number (t+), in this case, the Li+ transference number, can then be calculated 

from the diffusion constants (Equation 5.4). It is essentially the fraction of the total ionic 

conductivity carried by the Li+ cation.  

𝐿𝑖 𝑡+ =  
𝐷

𝐿𝑖+

𝐷𝐿𝑖++ 𝐷𝑃𝐹6
−
          (5.4) 

 Figure 5.6 shows the calculated Li+ transference numbers with the error propagated 

from the diffusion coefficients. The results from Krachkovskiy et al.148 and Feng et al.155 

are also included for comparison. It is desired to have Li+ transference numbers that are as 

high as possible.147 This would mitigate against the concentration profiles produced in cells 

and especially for scenarios of high-rate charging. Unfortunately, using high conductivity 

electrolytes does not always lead to high Li+ transference numbers. Electrolytes with high 

conductivity and high Li+ transference numbers are elusive due to the limitations of ion 

transport when the anion is immobilized.147  

 Figure 5.5 results show that the transference numbers found are higher than the 

values reported by Krachkovskiy et al148 and Feng et al.155, where similar transference 

numbers were measured in both DMC and MA (on the order of 0.4−0.5). However, 
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electrolytes in MA have a consistently lower transference number by a small margin. These 

electrolytes may be a benefit to high-rate charging applications. However, using them on 

their own would most likely lead to cell failure, as they would not be able to form a 

passivating layer on the negative electrode.151  

 

Figure 5.6 Li-ion transference number as calculated from PFG-NMR measurements for 

LiPF6 in both DMC and MA as a function of salt concentration.144 Work from 

Krachkovskiy et al.148 and Feng et al.155 is also included.  All data is reported at 300K 

 

5.5 Conclusions  

 

Chapter 5 reports the results from PFG-NMR, DOSY experiments on Li-ion cell 

electrolytes. Electrolytes DMC and MA were compared for a variety of salt concentrations 

(0.1-3.0M). Diffusion coefficients of the cation (Li+) and anion (PF6
-) were reported and 
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found that MA had the highest reported rates when compared to the DMC and other results 

from the literature. For DMC and MA, the anion diffusion coefficient was higher than the 

cation. This work supports the use of MA as an electrolyte for possible fast-charging 

applications.70,151,158 From the diffusion coefficients, the cation transference number is 

possible to calculate (ignoring ion-pairing effects). The results are reported, and DMC and 

MA were found to have very similar results (0.4-0.5).  
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CHAPTER 6 – CONCLUSIONS 

 

 

6.1 Concluding Remarks 

 

The Li-ion cell battery is a technology that has impacted the lives of most people in the 

world.159 Their most common application is in the powering of many different consumer 

electronics. However, further work is needed to make them more affordable, safer, and 

longer-lasting. Hopefully, then Li-ion batteries can be more widely adopted into 

applications like electric vehicles and grid energy storage. 

The results from this thesis show an electrolyte analysis method that can test a 

variety of electrolytes, especially for cells that have had cycled for an extended period. In 

addition, a method to measure diffusion constants of salt in electrolytes is described in this 

thesis and opens another avenue for fundamental electrolyte analysis. 

 The focus of this Thesis is the electrolyte, specifically understanding how the 

electrolyte changes in cells after a prolonged period of cycling. The importance of the 

electrolyte was outlined in Chapter 2, with an emphasis on how the electrolyte is the main 

contributor to a stable SEI.160 A stable SEI layer is vital for a cell to have a long lifetime. 

The SEI can also be modified by additives to limit the reactions between the negative 

electrode and the electrolyte. The methods developed in Chapter 3 were used to investigate 

the degradation products that can possibly be produced.60 Additionally, the method allows 

for further analysis of the electrodes.  

 The extraction method for cell electrolytes and sample preparation for analysis in 

NMR and GC-MS are described in Chapter 3. From one extraction, two different 
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measurements were made. NMR and GC-MS allowed for direct quantification of known 

electrolyte components in the extraction mixture while GC-MS additionally was used to 

identify possible degradation products present in the same mixture. It was found that the 

extraction solvent used (acetonitrile) did not affect the surface of the negative electrode. 

The negative electrodes were recovered for further analysis by μ-XRF.  

 Chapter 4 used the methods described in Chapter 3 to test cells with various 

combinations of the additives VC and DTD. In Chapter 4, it was found that the cells with 

1VC or 2VC, and 1DTD had the best capacity retention and cycling performance. 

Electrolyte analysis of all the cells found no known degradation products (within the 

detection limits of the techniques used), but it was discovered that cells with 1% or 2% VC 

and 1% DTD had considerable salt consumption. The correlation between salt consumption 

in the electrolyte and cell cycling performance needs to be further investigated and verified. 

However, it may be an indication of some novel degradation mechanism brought on by 

using VC and DTD in a specific ratio. Analysis of the negative electrodes found small 

amounts of transition metal deposited on the surface, with little correlation to capacity 

losses seen in the cells tested. Therefore, it is expected that cells lost capacity due to 

thickening of the negative electrode SEI which consumes lithium inventory. The additive 

combination 1% or 2% VC and 1DTD is excellent for use in Li-ion cell electrolytes; 

however, further work is needed to understand the fundamental reasons why.  

 The work in Chapter 5 takes a different look at electrolytes and investigates their 

physical transport properties. A PFG-NMR technique was introduced to perform DOSY 

experiments that, when processed, provided the diffusion coefficients of various species in 

solution.152 Further estimations can be made then to calculate Li-ion transference numbers. 
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In Chapter 5, the movement of the LiPF6 cation and anion in either DMC or MA was 

investigated by DOSY. It was found that when salt is in MA, both the cation and anion had 

faster diffusion rates compared to the same salt in DMC. MA, thus, is a useful solvent to 

use in electrolyte formulations catered to high-rate charging. However, MA and DMC were 

found to be comparable when it comes to the calculated transference numbers, but together 

were higher when compared to values reported in the literature.155,161 Obtaining physical 

constants such as diffusion coefficients are essential to researchers who use physics-based 

models to predict the suitability of an electrolyte in a cell. However, it is vital that the 

constants obtained are accurate to make these models mirror reality as much as possible.  

6.2 Future work 

 

The results of Chapter 4 inspired an experiment currently underway. To investigate why 

the additive combination 1% or 2% VC and 1% DTD performed so well. The same type of 

cells used in Chapter 4 were filled with the same electrolyte except that the only additive 

combination used 1%VC +1%DTD. The big experimental difference is that the cells are 

cycling at 70°C to promote the kinetics of possible electrolyte decomposition reactions. 

Cells will be taken off at different degrees of capacity loss, such as at 10% and 20%. The 

NMR and GC-MS method will be used to analyze the electrolyte from these cells. In 

addition, Li-ion differential thermal analysis (DTA) will be used also to estimate the 

concentration of each electrolyte component.79 It is expected that the capacity loss would 

be connected to the state of the electrolyte. Keeping the cells identical allows for a thorough 

analysis of the electrolyte decomposition progression, if any. Significantly less dilution 

will be made before GC-MS and NMR experiments so that hopefully trace decomposition 

products can be detected. Additionally, the same electrolyte will be thermally aged in a 
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pouch bag (the same laminate material used to house the cells used in Chapter 4) for 

different lengths of time. This will be done to see how the electrolyte behaves in the 

absence of charged electrodes. Differences and similarities in the analysis can provide 

important mechanistic information.  

To further understand the connection between the 1% or 2% VC and 1% DTD 

additive combination and the excessive salt consumption seen in cells with that 

combination, cells identical to that of Chapter 4 are filled with the 1%VC+ 1%DTD 

combination, but the concentration of LiPF6 salt is varied. Electrolytes with 0.2M, 0.6M, 

1.5M and 2M concentrations of salt will be compared to see the degree of consumption 

after a period of cycling at room temperature. Lower salt concentrations will inevitably 

lead to cell failure due to the electrolyte not being as conductive.39 However, doing an 

experiment like this will put a spotlight on any mechanisms that the additive combination 

has with the LiPF6 salt.  

The methods described in Chapter 3 will be further improved. Currently, the pure 

electrolyte from a cell goes through two dilutions using acetonitrile. The initial one happens 

within the cell, followed by the subsequent dilution using a 10.0ml volumetric flask. The 

large dilutions may prevent some decomposition products from being detected in the GC-

MS as their concentration would be too low. Therefore, using a 5.0 ml volumetric flask (or 

less) perhaps could be a solution. An additional benefit to reducing the dilution factors will 

be to minimize solvent use per cell, keeping in line with green chemistry principles.162  

Future work can use the methods discussed in Chapter 3 to investigate different 

electrolytes with different additive systems.  Chapter 4 describes an electrolyte using three 

different carbonates, two different additives and one type of salt. However, many more 
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combinations are possible. Frequently, a new additive is introduced to Li-ion cells and 

often it is unknown how it may behave in the cell and how it compares to an established 

additive(s). The only way to find out is to test it in a systematic way as was done in Chapter 

4.  In addition, several reports have mentioned using various salts in electrolyte 

formulations.163,164 It is essential when studying electrolyte systems that only one variable 

is changed in a matrix of cells. That way, changes seen can be attributed to that single 

alteration. Some notable additives to study in the future include LiPO2F2 (salt), 

fluoroethylene carbonate, and other fluorophosphate complexes like lithium 

tris(oxalate)phosphate (LiTFOP).70,144  

 Another area of work to focus on in the future will be to develop a method to 

identify and quantify the components of the SEI formed on the negative electrode surface. 

It will be interesting to measure components such as LiF, Li2CO3 and other inorganic SEI 

components.18 It has been shown in Chapter 3 that acetonitrile does not dissolve inorganic 

components. Therefore, it is a possibility that after the electrolyte analysis method is 

complete, the negative electrode from cells can go through additional analysis. This is akin 

to the μ-XRF measurements performed. The method by Schwenke et al.94 has been shown 

to be suitable for SEI analysis; the method has also been described in Chapter 3. However, 

improvements to this method can be made to ensure that the internal standards used are 

stable. Another option is to develop the NMR method to have an external standard. It is 

also worth investigating the conflicting reports of whether LEDC or LEMC is present in 

Li-ion cell SEIs. The work done by Schwenke et al.94 shows a significant amount of LEDC 

in their SEI analysis and no LEMC. This must be verified given the significant claims that 

Wang et al.29 made describing that LEMC is the primary component. LEMC has been 
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described to go through rapid hydrolysis to form LEDC. The method by Schwenke et al.94 

must be altered to avoid any hydrolysis reactions. This could be done by possibly not using 

D2O to dissolve the SEI components and using dimethyl sulfoxide instead as it has a high 

dielectric constant.  

 Future work will also involve the use of a novel low-field benchtop NMR system 

which is being purchased now with NSERC RTI funding. These systems use permanent 

magnetics that range from 40MHz to 100 MHz in size.165 The systems are calibrated to 2-

3 nuclei and require no deuterated solvents. The system is also easily transportable. No 

liquid helium cooling is needed making the technique a lot greener compared to traditional 

high-field systems. In addition, the benchtop system can make quantitative work more 

streamlined, and economical. 

 Work done in Chapter 5, looking at the salt diffusion in MA and DMC, can be 

expanded to several other electrolyte systems. It will be important to collect data on 

established electrolyte systems currently used in commercial cells. These include different 

concentrations of LiPF6 in EC mixed with one or more linear carbonates. Examples include 

EC:EMC:DMC (25:5:70 v:v:v) and EC:EMC (3:7 v:v). Additionally, MA will be 

investigated further through the addition of co-solvents such as FEC. Currently underway 

are diffusion measurements of “anode-free” electrolyte systems.166 These are often dual 

salt systems, with one example containing lithium difluoro(oxalate)borate (LiDFOB) and 

lithium tetrafluoroborate (LiBF4) in FEC:DEC (1:2 v:v). These electrolyte systems were 

created for lithium metal cycling. The diffusion data has not been reported before for these 

novel electrolyte systems and could be useful to the future development of lithium metal 

cells. However, as stated in Chapter 5, NMR cannot differentiate between neutral and 
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charged species. Therefore, future work will need to be combined with direct conductivity 

measurements to differentiate the charged and neutral species. This will also improve the 

accuracy of calculated transference numbers.  

 Recently, a novel DOSY method was created to probe the solution structure of Li-

ion cell electrolytes.167 It is a DOSY method that uses an internal standard, toluene, which 

has a negligible coordinating ability to the electrolyte. It can be used to determine the 

solvation state and average solvation number of electrolyte solvents. In addition, it is 

possible to see viscosity changes. Typically, vibrational spectroscopy is used for this 

purpose but due to so many electrolyte compounds having similar functional groups it can 

be difficult to interpret vibrational spectra.168 Future work will explore using DOSY-NMR 

as an experiment to obtain a larger range of physiochemical properties of modern 

electrolytes.  
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