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ABSTRACT 

 

 

 

Electrolyte composition is crucial to the lifetime, cycling capability and safety of Li-ion 

cells. Many studies have measured electrolyte changes after formation or during the first 

few charge and discharge cycles, while very few consider long-term changes that occur to 

Li-ion electrolytes. This work highlights some previous research and describes rigorous 

electrolyte analysis methods. The development of the electrolyte extraction method, 

which allows for the reconstruction of electrolyte composition, is discussed and applied 

to cells which have been cycled for many months.  

The developed centrifuge and GC-MS/ICP-MS methods are presented in this work along 

with results from cells cycled to various upper cutoff potentials and from cells containing 

a low-viscosity co-solvent.  Results from 𝜇-XRF transition metal analysis of the negative 

electrode are also presented. The findings indicate some salt loss from electrolyte in cells 

cycled to the higher upper cutoff potentials and minimal Mn deposition found on the 

negative electrode. Potential reaction mechanisms to describe the observed changes are 

discussed and compared to previous studies. Now that the methods for rigorous analysis 

of the electrolyte have been established, many additional projects have been proposed as 

future work. 
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1. CHAPTER 1 – INTRODUCTION 

 

 

Justification 

 

In Nova Scotia and beyond, individuals and governments are recognizing the long-term 

costs of non-renewable energy production and focusing emphasis on more renewable 

sources such as solar, wind, geothermal and hydroelectric.1  Countries such as Iceland and 

Costa Rica produce close to 100% of their electrical energy from renewable sources and 

are investing in clean transport and smart grid technologies.2  In 2013, Nova Scotia 

produced 20% of its electrical energy from renewable sources and will increase production 

to 40% by 2020.1   To increase significantly beyond 40%, electrical energy storage devices 

are needed.1   

The popularity of electric vehicles has increased dramatically over the past eight years as 

an alternative to fossil fuel-powered vehicles.  In 2017, electric and hybrid vehicle 

production increased almost 60% from 2016.3  Still, according to the International Energy 

Agency, renewable energy representation in the transportation sector is limited.4  If 

electrical energy storage becomes less expensive, electric vehicles become more affordable 

and larger transport vehicles such as buses and trucks convert to clean energy, then this 

large gap in renewable energy implementation can be closed.  

In order for renewable energy sources to attain wide implementation, electrical energy 

storage will be required on a large scale which may require multiple technologies such as 

pumped hydro, redox flow batteries, lithium-ion batteries, etc.1,4,5  
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Lithium-ion batteries are the most common portable rechargeable energy storage device 

available today.  They can be tailored for small devices such as cell phones, laptops, and 

power tools as well as for large devices such as hybrid/electric vehicles, home energy 

storage and large-scale grid energy storage.5  However, it is important to reduce their cost, 

and improve their lifetime, energy density and safety.5,6  

The work presented in this thesis primarily focuses on studies associated with improving 

the lifetime of Li-ion cells.  The studies included have been designed to help identify the 

mechanisms that lead to cell failure at elevated temperatures, with various electrolyte 

compositions and higher upper cutoff potentials.  Once such mechanisms have been 

elucidated, they can hopefully be eliminated and extend cell lifetime. 

 

Li-ion cells 

 

Li-ion cells store electric energy in the form of electrochemical potential energy via Li+ 

atoms transferred from one host structure to another.6  Figure 1.1 shows a schematic of a 

Li-ion cell.  Figure 1.1a shows the ion and electron movement during charge, where an 

electric current is provided to the cell, delivering electrons to the negative electrode 

(graphite).  The added negative charge is balanced by positive charge which is delivered 

via Li+ cations traveling through the electrolyte and intercalating between the graphite 

layers.  

During this time, the change of lithium content in the electrode materials causes the positive 

and negative electrode potentials to change as shown Figure 1.2.  During a charge of a Li-
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ion cell, the lithiated negative electrode experiences a decrease in potential to about 0.08 

V vs. Li/Li+ upon intercalation (red line) while the delithiated positive electrode 

 

Figure 1.1 - a.) Li-ion cell during charging.  b) Li-ion cell during discharging.7 

 

Figure 1.2 - Calculated potential vs. capacity plots for  full cell (black), positive electrode 

(blue) and negative electrode (red) vs. Li/Li+ .8 

a. b. 
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experiences an increase in potential, up to 4.3 V vs. Li/Li+ (blue line).  The difference 

between these potentials determines the potential of the full Li-ion cell (black line). 

During discharge, Li-ions will leave the graphite electrode travel through the electrolyte 

and intercalate back into the positive electrode as shown in Figure 1.1b.  The flow of Li+ 

ions prompts the flow of electrons from the negative electrode to the positive electrode and 

results in current generation along the external circuit.  In response, the potential of the 

positive electrode decreases and the potential of the negative electrode increases until the 

lower discharge potential is reached (Figure 1.2). 

Figure 1.3 shows a schematic of a wound cell and its components that will be discussed 

below. As shown, the negative and positive electrodes, which are separated by a separator, 

are wound together as a ‘jelly roll’ in a case (either a can for a cylindrical cell or a pouch 

bag for a pouch cell). Figure 1.3 shows a profile view of the jelly roll with the outer layers 

of electrodes unwound. The electrodes are both connected to separate tabs at the end of the 

wound cell for charging and discharging. 

 

Figure 1.3 - Simplified diagram of a wound pouch cell. 
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Negative electrode  

 

Li-ion cell negative electrodes are comprised of mainly graphite and small amounts of 

binder and conductive additive.  Graphite is a layered material in which Li-ions can 

intercalate and the binder and conductive additive ensure that the graphite particles are 

adhered to and are electrically connected to the copper current collector.6  The negative 

electrode is indicated in Figure 1.3.  

Silicon has also been studied as a potential anode material due to its larger theoretical 

specific capacity (3579 mAh g-1 compared to 372 mAh g-1 for graphite) however it 

experiences extreme volume expansion upon alloying with lithium (up to 300%) and, 

consequently, possible loss of electrical connection during contraction when lithium is 

removed.6  Nevertheless, Si and Si-containing materials are being incorporated at up to 10 

or 20% by weight along with graphite in some high energy density Li-ion cells. 

 

Positive electrode  

 

Positive electrodes typically consist of a lithium transition metal dioxide (LiMO2), a binder 

and conductive additive.  The LiMO2 (M = transition metal(s)) usually takes a layered 

structure also allowing for Li-ion insertion, although spinel or olivine structures are also 

found in some commercial Li-ion cells.  The binder and conductive additive also ensure 

good connection to the aluminum current collector and electrical connectivity.6 The 

positive electrode is indicated in Figure 1.3.  

The transition metals used have been studied extensively over the course of Li-ion battery 

development.  Cobalt was found to give large capacity, high stability and safety,6 in LiCoO2 
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(LCO) however, the material costs have almost quadrupled in the past two years in addition 

to significant social costs.9  Many Li-ion positive electrode materials now substitute a 

mixture of transition metals (such as Ni, Mn and Co) to balance performance with cost.5  

These mixtures are designated by their molar percent, for example, Li(Ni0.5Mn0.3Co0.2)O2 

(NMC532) contains 50% Ni, 30% Mn and 20% Co.  

 

Electrolyte 

 

As mentioned above, the electrolyte (indicated in Figure 1.3) facilitates the exchange of 

Li-ions between the negative and the positive electrode.  A typical electrolyte mixture must 

be ionically conductive, electrically insulating and must limit parasitic reactions between 

the electrolyte and the charged electrode materials.  Using a good electrolyte is a cost-

effective way to improve cell performance and lifetime.10  

The ionic conductivity of an electrolyte originates from the dissolved salt.  The most 

common salt in Li-ion cells is lithium hexafluorophosphate (LiPF6), which is highly 

soluble, imparts high ionic conductivity and is available at low cost.  However, LiPF6 can 

decompose at elevated temperatures and it can also react with trace amounts of water to 

form unwanted products like HF.6,10   

A mixture of carbonates is typically used as the solvent.  Such a mixture can have a 

dielectric constant high enough to dissolve and dissociate the salt, an electrochemical 

stability window larger than the electrode operating potentials and a low viscosity to 

maximize ionic conductivity and Li-ion diffusion.  Suitable electrolytes are liquid over the 

expected operating temperature range of the cell.  The carbonates most commonly used are 
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ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC) or 

diethyl carbonate (DEC).10   

A more detailed description of electrolytes for Li-ion cells and observed unwanted 

reactions with charged electrode material surfaces is discussed in Chapter 2. 

 

Solid electrolyte interphase (SEI) 

 

EC or electrolyte additives are used for their ability to preferentially reduce at the negative 

electrode to form a stable layer at the interphase between the electrode and electrolyte.  To 

be more specific, they react with Li+ and e- to form Li-containing products as well as other 

products.  This layer of reaction products is called the solid electrolyte interphase (SEI) 

and is arguably the most important component of Li-ions cells designed for extended 

lifetime and good capacity retention.6  It is desirable that this layer be stable with time and 

temperature, have a low resistance and to prevent, or at least dramatically hinder, unwanted 

reactions between the electrode and the electrolyte.10  This layer is not shown in Figure 1.3, 

but is estimated to form a layer ~25 Å to ~100 Å thick on the negative and positive 

electrodes.10  

 

Separator  

 

Li-ion electrodes are often stacked or wound together in the cell as shown in Figure 1.3.  

To prevent contact and potential short circuits between charged electrodes, a microporous 

separator, usually made of polypropylene and/or polyethylene provides a barrier for 
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electrical contact while still allowing electrolyte to permeate.  The layer also provides 

safety from overheating by the polyethylene layer, which at 135°C will melt, closing the 

micropores, hence blocking ion transport.6 

 

Methods to improve Li-ion technology 

 

Current strategies used to improve Li-ion cell energy density, lifetime, cost and safety 

include modifying or changing the electrode materials and changing the electrolyte with 

special attention to the additives.  Through salt, solvent and additive choice, it is possible 

to take less expensive and moderately decent electrodes and increase the upper cutoff 

voltage to increase energy density or extend cell lifetime, thereby decreasing the effective 

cost.10 

The work presented in this thesis aims to identify the electrolyte degradation reactions that 

occur in aged cells and to examine how increasing the upper cutoff potential affects these 

reactions.  Findings will help guide future electrolyte designs to extend Li-ion lifetime and 

increase energy density. 

 

Outline of thesis 

 

Chapter 2 discusses current electrolytes and known reactions that occur in short-term 

testing. 

Chapter 3 discusses the electrolyte analysis methods developed and applied for the studies 

of aged cells in this work. 
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Chapter 4 discusses results from NMC532 cells cycled at various upper cutoff voltages. 

This work was submitted to the Journal of the Electrochemical Society for publication on 

June 28, 2018. 

Chapter 5 discusses results from NMC532 cells cycled at various upper cutoff potentials 

and containing different electrolytes.   

Chapter 6 summarizes findings from Chapter 4 and Chapter 5 and introduces future work 

underway and planned. 
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2. CHAPTER 2 – ELECTROLYTE REACTIONS IN LI-ION CELLS 

 

 

  

Lithium-ion transport is critical to the operation of Li-ion cells.  In the electrolyte, the salt 

concentration, solvent choice and additive mixture are carefully designed to maximize cell 

performance.  Li-ions must transport between the negative electrode and the positive 

electrode easily, as measured by conductivity and Li-ion diffusivity.10  The salt choice 

influences cost, conductivity, Li-ion diffusivity and moisture sensitivity as well as 

electrochemical and thermal stability. The solvent choice is important to allow for adequate 

conductivity as well as stability within the electrochemical potential windows of both the 

positive and negative electrodes.  Additives can be chosen to preferentially reduce at the 

negative electrode to form the protective negative electrode SEI to extend lifetime.  The 

electrolyte must be electronically insulating to prevent direct self-discharge.10  Preferably 

these components would be available at low cost, be safe for the user, the manufacturing 

process and the environment.10  Lastly when the salt, solvent and additive(s) are combined, 

they would ideally remain inert toward each other.10  A well-designed electrolyte system 

can expand the operating potentials of a cell to increase the energy density of the cell.10 

 

Current electrolyte systems 

 

Understanding the development of electrolytes currently used in Li-ion cells exemplifies 

the physical, electrical and thermal requirements needed for an effective electrolyte system.  
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Current common systems use LiPF6 in an EC and EMC solvent blend.  Additives can be 

included to improve SEI, safety and cycling properties.10 

Salts considered for Li-ion cells should have good stability in the solvent solution and 

should transport Li-ions with minimal resistance.  The salt should be electrochemically 

stable within the operating potentials and thermally stable within the operating 

temperatures.  Ideally, the salt would be low cost, non-toxic and non-reactive towards other 

cell components.10 

The most common salt used in non-aqueous Li-ions cells is LiPF6.  LiPF6 has been used in 

Li-ion technology since the 1990s10 and has been the salt of choice for a combination of 

properties.  Some anions of salts studied were found to be too strong of a Lewis acid (such 

as AlX4
-, X = halides) or Lewis base (such as Br- or I-).10  Other salts that have been studied 

and that had promising cycling performance include lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and LiAsF6. These were found to be 

stable,11,12 however, LiTFSI did not prevent corrosion of the aluminum current collector, 

causing aluminum dissolution and solid products which increase cell impedance13 and 

potentially causing the electrode material to separate from the current collector.  LiAsF6 

had good conductivity and was not reactive with the current collector but could be very 

toxic in the As3+ and As0 oxidation state.10,14  While LiPF6 does not have the best 

conductivity, dissolution, thermal stability nor electrochemically stability, it has an 

acceptable blend of these characteristics.15  LiPF6 is electrochemically stable up to 4.4 V 

vs. Li/Li+ on glassy carbon substrates10,14 and  is less reactive toward the aluminum current 

collector than LiTFSI.10,16  LiPF6 is thermally stable at room temperature, however its 
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decomposition products, LiF and PF5, become more favored at elevated temperatures and 

are hence increasingly available to react with solvent.10,17 

The reactivity of LiPF6 toward water can be problematic as a decomposition product, HF, 

is acidic and can create problems in Li-ion cells.16,18  Therefore, electrolytes containing 

LiPF6 are normally handled under extremely dry conditions, although there have been 

reports that water added intentionally to Li-ion cells can actually improve their 

behavior.19,20 (Potentially from the basic environment created which limits PF5 production 

as will be discussed below.) LiPF6 manufacturers are able to produce the salt with high 

purity and low amounts of water content.18,21,22  

The salt concentration of an electrolyte is normally chosen to maximize ionic conductivity 

and Li+ ion diffusivity.  The conductivity and diffusivity are influenced by both the 

dielectric constant and viscosity of the electrolyte and the diffusivity is also influenced by 

the Li+ ion transference number.  The dielectric constant, or relative permittivity, quantifies 

the reduction in force between charged particles in a medium compared to a vacuum. This 

effectively measures the ability of a solvent to dissolve ionic species. The viscosity 

measures how easily a fluid flows or how easily objects can flow through a fluid.  An 

electrolyte with a high dielectric constant combined with a low viscosity typically has high 

conductivity.   

As the concentration of salt in solution increases, the ionic conductivity increases until a 

maximum value.  The conductivity then decreases because further increased salt content 

dramatically increases solution viscosity which hinders ionic motion.23,24  At higher 

concentrations ion-pairing amongst the ions can occur which can further decrease 
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conductivity.  However, Logan et al. have shown that in the electrolyte systems considered 

in this thesis the concentrations are low enough that ion pairing is not occurring.24,25 

The electrolyte conductivity and viscosity are temperature dependent and can be tailored 

by changing solvents and salt concentration for specific applications and operating 

temperature ranges.  Typically, a temperature increase causes the viscosity to decrease, 

allowing for a higher salt concentration and higher conductivity to be achieved as shown 

in Figure 2.1.10,26   

 

Figure 2.1 - Figure from a 2001 publication by Ding et al.26 shows the conductivity (k) 

vs. molal concentration (m) of LiPF6 in EC:EMC (3:7) at various temperatures (T).  

Reproduced with permission from J. Electrochem. Soc., 148, A1204 (2001). Copyright 

2001, The Electrochemical Society. 
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Solvents currently used in Li-ion cells are typically a mixture of cyclic and linear 

carbonates.   Linear carbonates generally have a low viscosity but a low dielectric constant.  

A typical linear carbonate is EMC which was chosen for its electrochemical stability 

window,27 low viscosity and low melting point.  Pure linear carbonates will reduce on the 

negative electrode at ~0.8 V vs. Li/Li+.28  Figure 2.2 shows the differential capacity 

(dQ/dV) peak corresponding to the reduction of EMC when the full cell is at 3.2 V, or the 

negative electrode is at ~0.4 V vs. Li/Li+. However, linear carbonates do not produce a 

sufficiently stable SEI.28  EC was found by Fong et al. to passivate the graphite anode 

effectively by developing a suitable SEI.29  EC also has a large dielectric constant and is 

capable of dissolving LiPF6 to at least 4 M.  However, EC has a melting point of ~36°C so 

it is necessary to use an additional solvent such as a linear carbonate to depress the melting 

point.  Such a solvent mixture retains the positive characteristics of EC and linear 

carbonates10 while remaining a liquid over a wide temperature range.  

Additives are also currently used to improve SEI stability and to prevent/hinder unwanted 

parasitic reactions in cells.28,30-33  Additives are included in electrolyte in small quantities 

to minimize changes to the bulk properties of the electrolyte but gain the advantages in 

lifetime, stability, safety, etc. and minimize capacity loss.10  Additives that have been 

studied previously and found to be effective include fluoroethylene carbonate (FEC), 

vinylene carbonate (VC), propene sultone (PES), and ethylene sulfate (1,3,2-dioxathiolane 

2,2-dioxide, also abbreviated as DTD).  In this thesis the additive system includes FEC and 

DTD. 

. 
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Figure 2.2 – Reproduced from Ma et al.28 The differential capacity is shown as voltage 

increases for cells with 5% FEC and without FEC. The cell with no FEC (black) shows 

an EMC reduction peak around 3.2 V vs. graphite. The cell with FEC (red) reduce at a 

lower voltage of about 2.5 V vs. graphite. Reproduced with permission from J. 

Electrochem. Soc., 164, A5010 (2017). Copyright 2017, The Electrochemical Society. 

 

Ideally an electrolyte used in a lithium-ion cell would not change for the lifetime of the 

cell.  However, these electrolytes are subjected to physical changes and electrochemical 

and chemical decomposition reactions over the course of cell charge-discharge cycling 

which can result in changes to electrolyte composition.  Very little is known about the 

changes that occur to the electrolyte during cell cycling or storage and their potential effects 

on cell lifetime.34   

Long-term electrolyte solution changes could originate from reduction, oxidation or 

decomposition of the electrolyte, subsequent reactions of these reaction products and 
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changes to the surfaces of the electrode materials.  Reactions that are kinetically hindered 

could occur over longer time frames such as months or years.31,35,36  Previous studies have 

identified some of the oxidation and reduction products, decomposition products as well 

as products of some subsequent reactions that occur in the short-term at elevated 

temperatures or on poorly passivated electrodes. In the next sections, previous findings of 

studies on electrolyte reactions are reviewed. Subsequent reactions between reaction 

products are also discussed.  This information is included to help understand some of the 

long-term changes observed in Li-ion electrolytes in aged cells. 

 

Electrolyte reduction 

 

Electrolyte will reduce at the negative electrode during the first charge of a Li-ion cell as 

the negative electrode reaches lower voltages vs. Li/Li+.28  This is shown in Figure 2.2, 

where peaks in dV/dQ vs. V occur and the corresponding voltage of the negative and 

positive electrodes is given in Figure 1.2. A well-designed electrolyte may contain a 

specific amount of sacrificial additive that can reduce at a higher voltage (vs. Li/Li+) to  

modify the SEI formed and extend lifetime.  Next, the reduction mechanisms of the bulk 

electrolyte (including EC, linear carbonates and additives) will be discussed.   

The reduction of EC is expected to either occur via one or two electrons31,33 as shown in 

Figure 2.3, routes (a.) and (b.). These reduction reactions typically create a radical 

carbonate anion intermediate by the first reduction steps for EC.10  The radical species will 

then combine with another formed radical species to terminate the reaction.  The radical 

species shown in these reduction reactions for EC, as well as the reduction reactions for 
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linear carbonates, can also combine to form many additional species not shown in these 

reaction examples.   

The one electron reduction is outlined in route (a.) where the radical carbonate anion 

combines with the carbonate of a second radical carbonate anion to form an ethylene 

dicarbonate anion.  The products of this reaction include lithium ethylene dicarbonate 

(LEDC), a solid contributing to the SEI, and ethylene gas.37  LEDC is effective for 

passivating the negative electrode.10,37  The stability of LEDC is expected to originate from 

the coordinated network of organic carbonate and lithium ions.31,33,37  

Via the same radical carbonate anion intermediate as above, an additional gained electron 

and lithium ion would form Li2CO3 solid in the SEI and ethylene gas as shown in route 

(b.).  In an alternative reduction mechanism shown in route (c.) where the proposed acyl 

radical intermediate occurs on the central carbon. This would then combine with an 

additional electron and Li+ ion to form CO gas and lithium 1,2-ethanediolate.38  Ethylene 

was found to be the main reduction product of EC (four times larger than the CO 

production) which indicates the reduction reaction favors route (a.).31  In addition to LEDC 

and Li2CO3 that form during SEI formation, it has also been shown that EC can reduce to 

form lithium alkoxides, LiF (when combined with LiPF6), LiOCO2R, and polycarbonates 

on the negative electrode.31,37,39 

Proposed linear carbonate reduction reactions are shown in Figure 2.3, routes (d.) and (e.).  

In route (d.), the linear carbonate combines with one electron to form an alkyl carbonate 

and Li-alkoxide.33  However, it has also been shown that linear carbonates can also follow 

a two electron reduction pathway.40  Linear carbonates can reduce to form CO and Li-

alkoxides via a carbon radical intermediate route (e.).41  Additionally, it is possible that the 
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carbon radical intermediate can react with other radical hydrogens or alkyl groups to form 

esters.41,42  

Additives used can also reduce at the anode.  Some claim that improved SEI and cycle life 

can be attributed to preferential additive reduction products on the anode and the lower 

impedance that can result.31,43  The products forming a solid contributing to the SEI are no 

longer in solution and any gas not removed in the formation gas removal step described in 

Chapter 3 can partially dissolve in the electrolyte according to Henry’s law.  The liquid 

products formed in the reduction reactions discussed above can continue to react in the 

cell.  Particularly reactive are the lithium alkoxides formed from the reduction of linear 

carbonate as shown in Figure 2.3, routes (d.) and (e.). 

Lithium alkoxides are nucleophiles able to attack the carbon of the carbonate.41,44,45  The 

alkoxide can perform an ester exchange reaction known as transesterification on both linear 

and cyclic carbonates via the more positively charged central carbon of carbonates and 

stabilized intermediate containing delocalized charge from oxygen atoms.40  An additional 

source of lithium alkoxides originates from the nucleophilic reaction of lithium 1,2-

ethanediolate (produced via route (c.)) and a linear carbonate to form EC and two additional 

lithium alkoxides.40,41  Overall, this would cause EC to be reformed from the original 

reduction reaction as well as CO gas and two lithium alkoxides to be formed.  

Products of electrolyte reactions with lithium alkoxides include substituted alkyl groups as 

well as the dimerization of EC to form alkyl-dicarbonates.42  For an electrolyte system 

initially containing EC and EMC, the transesterification products are expected to be DMC 

and DEC and the dimerization products are expected to be dimethyly-2,5-dioxahexane
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Figure 2.3 - Reduction reactions of linear carbonates (routes a., b. and c.) and cyclic carbonate, EC (routes d. and e.). 
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carboxylate (DMOHC), diethyl-2,5-dioxahexane carboxylate (DEOHC) and ethylmethyl-

2,5-dioxahexane carboxylate (EMOHC). These reactions are further illustrated in  

Chapter 4.  

In 1997, Takeuchi et al. and Yoshida et al. found that transesterification only occurred at 

graphite electrodes at low potential and not on the uncharged electrode.41,44  Yoshida et al. 

proposed that the lithium alkoxide products from the reduction of EC and linear carbonates 

could facilitate transesterification.41  In 2005, Sasaki et al. used half cells to show that the 

transesterification reaction was dependent on the presence of Li-alkoxides by exposing 

electrolyte mixtures to added Li-alkoxide and monitoring the products.40  They found that 

no transesterification or dimerization occurred without the added alkoxide.  It was also 

shown that the reaction occurred even without the presence of LiPF6, however it did 

proceed faster with the addition of salt which was attributed to the Lewis acidity of the 

decomposed PF6
- (PF5) enhancing the positive charge densities on the carbonate.40  As 

suggested from earlier findings that the ester exchange reactions were reversible,44 Sasaki 

et al. also found that the dimerization products could decompose to EC and linear carbonate 

in the presence of alkoxides.40  Similarly, the formation of DMC and DEC from EMC will 

proceed until equilibrium is reached.   

The extent of transesterification and dimerization in cells is affected by the passivation of 

the anode via SEI formation, the charge and discharge current as well as the operating 

potential of the cell.44,46 The alkyl dicarbonates formed from the dimerization reaction are 

generally unwanted as these compounds are more viscous and would therefore cause a 

decrease in electrolyte conductivity.40 
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Minimizing Li-alkoxide formation 

 

Additives for Li-ion cells have been shown to minimize lithium alkoxide formation and 

their subsequent reactions,28,31 however, the mechanism by which this is achieved is still 

debated.  Most additives are thought to form a more stable SEI layer at a higher potential 

(vs. Li/Li+) than electrolyte solvents on the negative electrode which prevents additional 

solvent from reducing at the surface.28  Other additives are thought to scavenge lithium 

alkoxides from solution.31,47 

In 2017, Ma et al. used the differential capacity in response to voltage to show that the 

additives, such as VC, FEC and methylene ethylene carbonate (MEC) will 

characteristically reduce at higher potentials (vs. Li/Li+) than the bulk solvent28 and 

effectively passivate the negative electrode.  This will prevent the bulk solution from 

forming Li-alkoxides and no transesterification was measured in the electrolyte after cell 

formation.30,31   

Petibon et al. also showed that excess FEC (up to 10%) can preferentially react with lithium 

alkoxides in solution before linear carbonates or cyclic carbonates (shown in Equation 

2.1).47 

 

 

(2.1) 

In their study, it was found the onset of transesterification and drastic capacity fade did not 

occur until all FEC was consumed by Li-alkoxides.47  The higher reactivity of FEC with 
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Li-alkoxide compared to EC was attributed to the presence of the electron-withdrawing 

fluorine atom on the carbon ring.47 

Strehle et al. also studied Li-alkoxide generation on graphite electrodes with VC as an 

additive.  Using online-electrochemical mass spectrometry (OE-MS), they measured the 

gases produced by the electrochemical cell in real time.31  The electrolyte used was 1.1 m 

LiPF6 in EC:EMC (3:7) with and without VC added in various fractions.  Carbon monoxide 

production was monitored to quantify Li-alkoxide formation from the reduction of EMC. 

It is important to note that the reduction of EC via route (c.) in Figure 2.3 also produces 

CO.  Ethylene production from EC (as shown in Figure 2.3, routes (c.) and (d.)) was 

monitored to measure the reduction of EC.   The reduction of VC was monitored by CO2 

production.31  VC had been shown to reduce to produce CO2 and an alkoxide radical which 

can react with an additional VC molecule to form a stable oiligomer or polymer of VC.43   

The gas monitoring in this study showed that the addition of VC caused an initial increase 

in CO2 production, suppressed C2H4 production, but still produced CO from the formation 

of Li-alkoxides.  Pure CO2 was then used as an additive to the electrolyte without VC and 

showed that CO2 consumption lead to a decrease in transesterification products.  Previously 

CO2 had been used to improve the SEI layer at the anode.33,48  They therefore attributed 

the improved performance in the presence of VC to the formation of CO2 and its 

scavenging of lithium alkoxides.  Similarly, Zhang proposed that CO2 could react with a 

lithium alkoxide to form insoluble LiOCO2R’.33  

This study by Strehle et al. proposes an interesting mechanism for the effectiveness of VC, 

yet some important considerations such as quantification and experimental set up remain.  

For example, in Strehle et al.’s Figure 4, the amount of transesterification is completely 
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suppressed with the addition of 2 % VC while the addition of CO2 only reduces the 

transesterification by 2/3.31 Strehle et al. also attributed CO production to the reduction of 

linear carbonate, however in another study which characterized the gas produced from cells 

containing increasing amounts of VC (from 0 % to 6 %), the volume of CO gas produced 

increased with VC content.49  Therefore, it could be that some of the CO produced in the 

study by Strehle et al. originates from VC rather than the reduction of the solvent.  

Finally, as will be discussed below, recent research has discovered the importance of 

chemical dialog between the negative and positive electrodes. Therefore, many of the 

electrolyte-electrode reaction mechanisms are potentially missing when Strehle et al. only 

consider the effect of an additive on one electrode. 

 

Decomposition of LiPF6 

 

While LiPF6 has good stability compared to the other salts discussed above, at elevated 

temperatures and in altered chemical environments the stability decreases.  In such 

situations, LiPF6 can decompose to form PF5 and LiF according to Equation 2.2.42,50   

LiPF6 (sol)   ↔    LiF(𝑠)  +   PF5 (sol) (2.2) 

Especially at elevated temperatures (higher than 60°C), LiPF6 can act as a major catalyst 

for electrolyte, electrode, SEI and surface layer decomposition.10,17  The product PF5 is a 

strong Lewis acid, capable of accepting an electron pair.51 

In the presence of trace water, LiPF6 will also decompose (Equation 2.3) .   

 2 H2O(𝑠𝑜𝑙)  +   LiPF6 (sol)   ↔   LiPO2F2 (sol)  + 4 HF(𝑠𝑜𝑙) (2.3) 
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As discussed in “current electrolyte systems” section, the implementation of LiPF6 in Li-

ion cells was initially limited by the purity of salt available from manufacturers.  Excess 

water in salt received from a manufacturer or water contamination of a cell can result in 

unwanted LiPF6 and PF5 reactions (Equation 2.3 and Equation 2.4) .  

 PF5(sol)  +   H2O(𝑙)   ↔    POF3(sol)  +   2 HF(𝑠𝑜𝑙)   (2.4) 

Products of these reactions include HF, a strong acid, POF3 and LiPO2F2.
18,22,36,52,53  

PF5, acting as a Lewis acid, can facilitate the acid catalyzed ring opening of EC.10,17,40  The 

reactivity of PF5 with EC has been shown to be larger than with the linear carbonates.50  

The opened ring of EC can then undergo multiple reactions.  The first is polymerization 

with additional EC molecules to form poly(ethylene oxide)-like (PEO) polymers and 

CO2.
50  As CO2 is a product of the polymerization reaction, as it forms, the reaction rate 

decreases.50  Any added CO2 will also slow the reaction while any reactions that consume 

CO2 will allow polymerization to proceed.  This may be another Li-ion cell mechanism 

which benefits from excess CO2 as it may help to slow EC polymerization.  Otherwise the 

formed polymer layers would increase impedance and cause power fade.50  

Once the EC ring has been opened, it can also react with a linear carbonate to form the 

alkyl dicarbonates DMOHC, DEOHC and EMOHC.50  To determine the reactivity between 

PF5 and some electrolytes, Sloop et al. exposed pure EC:DMC (not exposed to charged 

electrodes) to freshly formed PF5 gas and found that DMOHC was formed.17  When 

EC:EMC was exposed to PF5, transesterification products DMC and DEC as well as 

dimerization products DMOCH, DEOHC, and EMOHC were formed.50   
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Sasaki et al. also studied DEOHC formation in the presence of Li-alkoxides both with 

LiPF6 and without LiPF6.
40  The results showed that DEOHC production was accelerated 

in the presence of LiPF6.   The authors suggested that PF5 (as a Lewis acid) plays a catalytic 

role in DEOHC production rather than as an active species by enhancing the positive 

charge densities on the carbon atoms of carbonate groups.  Therefore, accelerating the rate 

of the nucleophilic attack of the alkoxides anion.40  Additional reaction products of PF5 and 

linear carbonates include RF, ROR, alkenes and CO2.
10   

 

Salt loss in solution 

 

Many of the reactions discussed in this chapter also have the capability of removing lithium 

salt from solution via precipitation reactions.  While some capacity loss in Li-ion cells has 

been attributed to damage to electrodes which causes lithium to be unavailable for 

intercalation or deintercalation processes,10 studies of electrolytes from older cells have 

shown a decrease in salt concentration.54  To maintain the charge balance in the electrolyte, 

any Li+ removed from solution must coincide with the removal of an anion from solution 

or the generation of a proton. This is potentially from reactions in this chapter that produce 

insoluble Li-containing compounds such as LiF (insoluble) and LiPO2F2 (~ 1% 

soluble).55,56 

 

Cross-talk – exchange of species between electrodes 

 

Recent studies52,57,58 have considered the individual reactions that occur when the 

electrolyte is exposed to only a lithiated negative electrode, a delithiated positive electrode 
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or a full cell.  These studies have identified potential negative/positive interactions that are 

pivotal to cell performance.  In general, it was found that in systems with a missing 

electrode, parasitic reactions and impedance are accelerated.    

In 2016, Xiong et al. used pouch bags to separate lithiated graphite negative electrodes and 

delithiated positive electrodes to isolate reactions between charged electrodes and the 

electrolyte.57,58  In this summary, the positive (delithiated) and negative electrode (lithiated 

graphite) will be referred to as positive and negative electrodes even when separated from 

the full electrode configuration for ease of comparison.  The gases formed during storage 

of these individual electrodes were measured using a GC coupled with a thermal 

conductivity detector (TCD) and compared with gases from standard pouch cells under the 

same storage conditions.  Findings included limited gas production in pouch bags 

containing only the lithiated graphite and in the full pouch cell while the pouch bag 

containing only the delithiated positive electrode had the largest volumes of gas formed.58 

Most of the gas produced in the pouch bag containing the positive electrode was CO2 while 

the gas produced in the the full pouch cells contained significantly less CO2 (over half the 

CO2 produced by full cells). This indicates that the presence of the anode consumes the 

CO2 produced by the positive electrode.  Most of the gas produced in full pouch cells was 

H2.  Some CO was produced in positive pouch bags and full pouch cells, but no observable 

difference or trend was determined.  Little to no methane production occurred in positive 

pouch bags.58   

Positive electrode pouch bags containing the additive PES where the electrode had been 

charged to 4.4 V had over four-times the gas production than pouch bags where the positive 
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electrode had been charged to 4.2 V in the 500-hour observation period, indicating that gas 

generation is dependent on upper cutoff potential.58  

The total charge transfer resistance (measured by impedance) for the 4.4 V positive 

electrodes in pouch bags increased over ten times larger than positive electrodes from the 

full pouch cell.  The authors suggest that oxidized products formed at remain at positive 

electrode in pouch bags and increase impedance, while these oxidized products are 

removed by the negative electrode in full cells.58   

In one study, Kim et al. monitored the impedance, decomposition of LiPF6 and production 

of alkyl dicarbonates of electrodes stored in 1.0 M LiPF6 in EC:DEC (1:2) for two weeks.52  

The findings included slightly increased impedance in positive electrodes, suggesting that 

the presence of the negative electrode prevents major resistive products from accumulating 

onto the positive electrode.52,58  The extent of LiPF6 decomposition was found to be larger 

in electrolytes containing only the delithiated positive electrode.  The authors attributed 

this to species created by the negative electrode creating a more basic environment which 

would suppress any PF5 Lewis acid formed from PF6
- decomposition.36,52,53  

For these storage experiments it was found that the negative electrode was the main source 

for EMOHC and DEOHC formation as electrolytes with only the negative electrode 

present produced these species while systems with only the positive electrode produced 

very little.52  The full pouch cell produced EMOHC concentrations similar (within 2%) to 

the concentrations produced by positive electrode-free systems.  The DEOHC 

concentrations measured in the positive electrode-free systems were much higher (over 

150% for NMC cells and over 500% for LCO cells) than those measured in the full cells 

indicating the presence of the positive electrode must minimize the DEOHC formation in 
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full cell systems.52  Interestingly, DMOHC was only formed in the full cells.  While a small 

amount was measured in the electrolyte containing only the positive electrode, no DMOHC 

was measured in the stored electrolyte containing the negative electrode, suggesting that 

DMOHC generation requires the presence of both electrodes.52 

CO2 has also been shown to have reactivity at the positive and negative electrodes.  Ikeda 

et al. showed how CO2 could reduce at the anode via electron transport through the SEI to 

form oxalate, formate, carbonate and CO.59,60  Oxalate and formate can travel to cathode 

to be re-oxidized and generate CO2. Sloop et al. also found that a cell (containing 1.0 M 

LiPF6 in EC:(EMC/DMC)) saturated with CO2 slowed the polymerization of EC but that 

the anode could reduce CO2 to oxalate, carbonate (CO3
-) and CO. The carbonate remained 

at the negative electrode while the oxalate could be oxidized at the positive electrode to 

reform CO2.
50 This would result in a reversible self-discharge as there is no permanent loss 

of charge while the formation of CO and carbonate are irreversible (causes permanent 

capacity loss) and also increases the amount of products building up on the SEI.50 

The self-discharge effect of CO2 and the oxalate reduction product was investigated by 

Ellis et al. in 2017. The study compared the self-discharge rates of cells with and without 

CO2. No significant difference was observable, suggesting CO2/oxalate shuttle does not 

occur.61  

Other negative/positive electrode interactions are hypothesized to occur in Li-ion 

cells32,52,62,63 such as the production of acidic species at the positive which migrate to the 

negative and decompose the SEI resulting in irreversible capacity loss.52,63  In contrast, 

some studies have shown a product from the positive electrode can form a passivating film 
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on the negative,62 while others have seen oxidation products from the positive can migrate 

to the negative to form a solid.32   

 

Electrode and SEI dissolution 

 

Previous studies have reported the propensity of Mn to dissolve from the positive electrode. 

While there has been some study of transition metal dissolution for positive electrodes 

containing Ni and Co, their dissolution is reported to be less severe than Mn dissolution.10  

Gu et al. found that Mn dissolution was especially prevalent when the positive electrode 

underwent conversion from layered to spinel. 64,65  Additionally, it has been found that cells 

cycled to higher positive electrode potentials, at higher temperatures, in more acidic 

electrolyte environments and that had higher positive electrode surface areas showed 

increased transition metal dissolution.10,66,67  The dissolution of Mn and then transport 

through the electrolyte is hypothesized to be facilitated by an acetylacetonate or an oxalate 

anion,67 however it is difficult to characterize this species due to its low concentration.68 

The deposition of Mn at the negative electrode causes an increase in negative electrode 

impedance,67 however, the method to which Mn is incorporated into the SEI layer is still 

debated. It was thought that Mn would reduce at the negative electrode, however this 

process could be kinetically hindered by the thickness of the SEI and the transport of Mn2+ 

through the SEI.68  Instead, some have suggested that a small amount of Mn2+ reduces to 

Mn0 while the remainder exists as Mn2+ in theSEI.66,67    Manganese(II) could exist in the 

SEI via substitution of Li+ from compounds, such as LiF and Li2CO3, from which Li+ is 

immobile, forming MnF2 and MnCO3, these are likely less readily formed than the 

substitution of Li+ from compounds such as lithium alkyl carbonate.68  Conflicting data on 
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the presence of Mn0, MnF2 and MnCO3 in the SEI indicate that more characterization of 

the negative electrode is necessary.66-68   

Upon exposure to high temperature, Richard et al have shown that for a cell containing a 

carbon electrode and 1.0 M LiPF6 in EC:DEC (3:7), the SEI of the carbon negative 

electrode decomposes from LEDC into Li2CO3 over time.10,55  This reaction may be 

kinetically hindered but may take place slowly as Li-ion cells age as it has been found that 

lithium alkyl carbonates convert into Li2CO3 over long periods of time.10,55  Richard et al. 

also found a large amount of LiF in the SEI layer. 

Genieser et al found that at elevated temperatures (above 80°C) the morphology and 

chemical composition of the negative electrode SEI changes throughout cycling.34,56  In 

another experiment at high temperature (70°C), Andersson et al. concluded that damage 

occurred to the graphite negative electrodes’ SEIs during extended storage from evidence 

that the electrolyte (1.0 M LiPF6 in EC:DMC (2:1 v/v)) reduction peak reappeared during 

the first cycle after storage.69  In the same study, the LiF content of the SEI at the negative 

electrode was found to increase at elevated temperatures. The authors attribute the Li+ to 

originate from the electrolyte salt.  Others have shown that the positive electrode also 

experiences decomposition and rebuilding of surface layers at elevated temperatures which 

can cause capacity fade and loss of power.70,71 

Findings from the studies discussed in this section where electrodes are separated from 

each other are valuable in determining the dialog that occurs during full cell charge and 

discharge. The consumption of CO2 gas by the negative electrode is potentially a cause of 

Li+ loss from electrodes and SEI growth. LiPF6 decomposition was shown to occur 

primarily at the positive electrode and the formation of dimerization products was shown 



31 
 

to occur at the negative electrode. These findings help contextualize the results from 

Chapter 4 and Chapter 5.  

 

Summary 

 

The discussion of electrolyte reactions in this chapter is included to provide context for the 

work presented in this thesis. Important considerations include the mechanisms of 

transesterification and dimerization involving Li-alkoxide formation and ring opening of 

EC respectively, the “cross-talk” between electrodes, and the potential reformation of SEI 

layers over time.  
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3. CHAPTER 3 – EXPERIMENTAL METHODS 

 

 

Li-ion cells can have many geometric configurations such as wound, cylindrical or 

stacked. Wound pouch cells provided without electrolyte that were mass produced by a 

major manufacturer were used in this work. These machine-made cells are very uniform 

and can be filled easily with various electrolyte compositions, therefore isolating the 

effects of electrolyte and additives. Li-ion cells are described by their size. For example, 

the cells studied in this thesis are referred to as 402035-size cells as they are 40 mm long, 

20 mm wide and 3.5 mm thick.6  

 

Cell specifications 

 

Cells studied in Chapters 4 and Chapter 5 consisted of sealed, dried (no electrolyte), 

machine-produced 402035-size (240 mAh) pouch cells that were purchased from LiFun 

Technologies (Xinma Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou 

City, Hunan Provence, PRC, 412000).  The positive electrodes in cells studied in Chapter 

4 and Chapter 5 used single crystal NMC532 positive electrode material72 with 94% 

NMC532, 4% conducting diluents (2% Super S carbon black and 2% KS-6 graphite, both 

from Imerys) and 2% polyvinylidine fluoride (PVDF) binder (source unknown, supplied 

by LiFUN).  The negative electrode consisted of 96% artificial graphite (15-30 μm particle 

size, grage AML-400 from Kaijin (China)), 2% carbon black (Super S Carbon Black) and 

2% sodium carboxymethylcellulose (NaCMC)/styrene butadiene rubber (SBR) binder 
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(source unknown, supplied by LiFUN).  The positive electrode loading was 21.3 mg cm-2 

and the density after compression was 3.5 g cm-3.  The negative electrode loading was 

selected so that the cells could be charged to 4.5 V without lithium plating.  The negative 

electrode coating density was 1.55 g cm-3 after compression. 

 

Cell filling 

 

Once in the Ar-filled glovebox, cells were filled with ~1.0 g of prepared electrolyte and 

vacuum sealed at 170°C under -90 kPa gauge pressure with a vacuum heat sealer (Model 

MSK-115A from MTI Corporation).  Cells were weighed before and after sealing to ensure 

no significant solvent loss.  

 

Electrolytes 

 

All electrolytes were prepared with 1.1 m LiPF6 salt (BASF, 99.94%, water content < 14 

ppm). The solvent studied in Chapter 4 was 3:7 weight ratio (3:7) ethylene carbonate (EC) 

: ethyl methyl carbonate (EMC) (BASF, USA, EC purity: 99.95%, EMC purity: 99.99%, 

water content < 10 ppm) with additives: 2% weight fluoroethylene carbonate (FEC) 

(BASF, 99.94%, water content < 100 ppm) and 1% 1,3,2-dioxathiolane-2,2-dioxide (DTD) 

(Suzhou Yacoo Chemical Reagent Co., >98%). The solvents used in Chapter 5 were either 

3:7 weight ratio (3:7) ethylene carbonate (EC) : dimethyl carbonate (DMC) (BASF, USA,  

EC purity: 99.95%, DMC purity: 99.95%, water content < 20 ppm)  or 80% EC:DMC (3:7) 

and 20% methyl acetate (MA) (BASF, USA, purity: 99.99%). Both electrolyte mixtures 

used 2% weight FEC and 1% DTD as additives.  
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Cell formation 

 

Sealed cells were first held at 1.5 V for 24 hours to help ensure full wetting of the electrodes 

and then transferred to a 40.0 ± 0.1 °C temperature-controlled box to undergo formation 

on a Maccor 4000 series charger at C/20 (11 mA) to 3.5 V, held at 3.5 V for 1 hour and 

removed to degas SEI formation products in the same glove box and with the same sealing 

conditions as above.  Degassed cells then continued first formation on the Maccor to their 

designated upper cutoff potential then discharged to 3.8 V. A schematic of a cell formation 

protocol is shown in Figure 3.1. 

 

Figure 3.1 - Typical cell formation protocol voltage (black) and charge current (red) 

 

As discussed in Chapter 1, the first charge cycle is important for SEI formation. Figure 

3.2 shows the differential capacity (dQ/dV) vs. voltage (V) measured for a part of the 

first formation charge and discharge. An increase in differential capacity originates from 



35 
 

the electrolyte gaining an electron and Li+ ion at the negative electrode to form the SEI. 

The peak in dQ/dV will occur at the reduction potential of the specific species.28  For 

example, it has been shown by Burns et al. that the common electrolyte component, EC, 

will reduce at the negative electrode at ~2.9 V during the first charge of a full cell (~0.4 

V vs. Li/Li+).73  Figure 3.2 shows the peak in differential capacity for EC reduction (red) 

at this voltage.  The reduction produces a passivating film on the negative electrode, 

ideally preventing any further reduction of electrolyte in subsequent cycles.  

 

Figure 3.2 - The differential capacity is shown as voltage increases for two cells. The cell 

with no additives (red) shows an EC reduction peak around 3.0 V. The cell with 2% VC 

(black) reduces at a lower voltage of about 2.8 V. 

 

Use of additives can change the composition of the SEI so it is more passivating.28,73 

Additives such as VC and FEC will preferentially reduce at higher potentials (vs. Li/Li+) 
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on the negative electrode than EC or linear carbonate and create effective, long lasting 

protection from further electrolyte reduction. The amount of additive used is carefully 

chosen to keep the impedance low. Figure 3.2 also shows the differential capacity 

measured in a full cell during the first charge for an electrolyte containing an additive. 

The preferential reduction can be seen in Figure 3.2, as the electrolyte containing 2% VC 

(in black) will reduce at an earlier full cell potential. There is also no EC reduction peak 

observed in this cell, indicating the initial amount of VC was successful in passivating the 

negative electrode.   

 

Cell cycling 

 

Cycling equipment is essential for studying cell performance. A typical charger system 

can apply a potential or current and monitor the cell current or potential, respectively, 

throughout many charge and discharge cycles to mimic charging and discharging 

conditions in everyday use. These are connected to cells via two wires to apply the 

potential (or current, depending on the protocol) and two wires to measure the current (or 

potential). From these systems, it is possible to record the voltage, current, charge 

capacity, discharge capacity and time for a given cell.  

Cells used in Chapter 4 were placed in a 55.0 ± 0.1 °C temperature-controlled box for the 

duration of testing and cycled using a Newware (Shenzhen, China) charging system at C/3 

(80 mA) rate between 2.8 V and the designated upper cutoff voltage.  Constant current – 

constant voltage (CCCV) mode was used to charge cells until the current was less than 
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C/20 (11 mA).  After every 50 cycles, a C/10 (22 mA) charge and discharge cycle was 

performed. Figure 3.3 shows an example charge and discharge protocol. 

 

Figure 3.3 – Charging protocol showing voltage (black) and current (red) vs. time. The 

protocol consists of 50 charge and discharge cycles at C/3 (80 mA) followed by one 

charge and discharge cycle at C/10 (22 mA). This sequence is repeated until end of 

testing. 

 

Cells studied in Chapter 5 were placed in a 55.0 ± 0.1 °C temperature-controlled box for 

the duration of testing and cycling using a Moli charging system (Canada). The cells 

were charged and discharged at C/3 (80 mA) between 2.9 V and the designated upper 

cutoff voltage. After 50 cycles, a C/20 (11 mA) charge and discharge cycle was 

performed to check absolute capacity loss and impedance growth. Figure 3.3 shows a 

similar charge and discharge protocol 
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Many cell diagnostics can be extracted from cells’ charge and discharge data. The charge 

(Qc) and discharge (Qd) capacities can be recorded vs. charge-discharge cycle number. The 

potential throughout charge and discharge cycling is also recorded. The average charge 

potential and average discharge potential can be used to calculate ΔV, the difference 

between these two potentials. As cells age, ΔV can increase due to impedance growth in 

the cell. This is shown in Figure 3.4, where the charge and discharge voltages are plotted 

vs. capacity for a fresh cell and an aged cell (with 700 cycles). The aged cell, with a ΔV of 

0.082 V compared to the original ΔV of 0.057 V, exhibits increased polarization and 

therefore increased overall impedance. The overall resistance in a cell can include the 

resistance from multiple components such as electrical connections, electrolyte, electrodes 

and the SEI layers on both electrodes.  The polarization can be used to estimate SEI 

resistance growth as the resistance due to electrical connections, electrodes and electrolyte 

is expected to remain relatively constant.74 

  

Gas measurements 

 

The volume of gas produced during formation and during cycling was measured using 

Archimedes’ principle.75  Cells were hung below an analytical balance (Shimadzu, 

AUW00D) and suspended in room temperature de-ionized water (18.2 MΩ-cm, Thermo 

Scientific Barnstead Nanopure Water Purification System) and weighed.  Because the mass 

of the sealed cells remains constant, the difference in weight of the submerged cells before 

and after testing is proportional to the amount of gas produced.   
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Treatment of error 

 

Errors throughout this work were determined by calculating the standard deviation (s) 

between the individual instrument readings, x, the average instrument reading, �̅�, and the 

sample size, n, according to the Equation 3.1.76 

𝑠 =  √
(𝑥1 − �̅� )2 + (𝑥2 − �̅� )2 + … (𝑥𝑛 − �̅� )2

n − 1
 (3.1) 

The standard deviation was then used to determine the confidence interval to determine the 

statistical significance of the data to each other and/or to the expected concentrations/initial 

values. This was done according to Equation 3.2, where y is the confidence interval and zt 

is the Student’s T value based on the 95% confidence level.76 

𝑦 = 𝑧𝑡

𝑠

√n
 (3.2) 

The Student’s T values at 95% confidence for n=2, 3 and 4 are 12.706, 4.303 and 3.182, 

respectively.  The errors calculated in this chapter are based on multiple cells/electrolyte 

samples made to validate these methods. The sample size is indicated for each test. In 

Chapter 4 and Chapter 5, either one or two cells were available that experienced the same 

cycling and electrolyte conditions, therefore, the errors calculated represent standard 

deviation in the instrument and calibration.  
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Previous extraction method 

 

An existing method for liquid-liquid electrolyte extraction is shown schematically in 

Figure 3.5a.  The method includes removing a discharged (2.0 V) jelly roll from the 

pouch and adding it to a polytetrafluoroethylene (PTFE) vial containing dichloromethane  

  

Figure 3.4 – a) Voltage plotted vs. capacity of cell for charge and discharge cycle 1 

(black) and charge and discharge cycle 700 (red). The difference in average voltage, used 

for ΔV calculation, is shown by the dotted line. b) zoomed-in view of (a.), emphasizing 

the change in average charge and discharge voltage which occurred during cycling. 
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(CH2Cl2) solvent (Optima, Fisher Chemical, US, >99.9 %) for electrolyte extraction.  The 

PTFE vial was then machine-shaken in two directions for a total of 30 minutes. Some of 

the extract is removed and filtered with a syringe filter containing a PTFE membrane with 

a 0.45 μm pore size into a second PTFE vial containing additional CH2Cl2 and deionized-

water for LiPF6 and HF extraction.30  The new solution was then shaken for another 5 

minutes, centrifuged for 20 minutes at 2200 RPM (centripetal acceleration = 800g) to 

separate the organic and inorganic layers, then the bottom, organic layer was removed for 

gas chromatography-mass spectrometry (GC-MS) analysis.  This method extracts most the 

electrolyte in a wound cell but exposes the SEI to potentially damaging solvents, rendering 

the remainder of the cell unavailable for additional study. 

 

 

Figure 3.5 - a) Schematic of the previous liquid-liquid extraction method.30 b) Schematic 

of the modified extraction method which uses a centrifuge to extract electrolyte from 

cells. 
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Modified extraction method using a centrifuge 

 

Figure 3.5b shows a schematic of the centrifuge method.  For this method, the pouch bag 

of discharged cell (2.0 V) was cleaned of any markings and scored on either end of the 

jelly roll. Previous centrifuge techniques have removed the separator to extract 

electrolyte,77 however here, the entire cell was placed in a 15 mL polypropylene (PP) vial. 

The cap was fitted with a 9 mm PTFE/silicon seal to prevent solvent evaporation.  The tube 

was then centrifuged at 2200 RPM (800g acceleration) at 30°C for 20 minutes.  The sealed 

vials were weighed before and after centrifuging to ensure no significant solvent loss.  Of 

the original 0.9 to 1.0 g of electrolyte added during cell filling, approximately 0.1 g to 0.2 

g of electrolyte was recovered from this process. The pure electrolyte was then removed 

from the PP vial with a 1 mL syringe and diluted for GC-MS and inductively coupled 

plasma-mass spectrometry (ICP-MS) analyses.  Electrodes were unwound from the jelly 

roll and allowed to dry in a fume hood overnight. This process will evaporate volatile 

components of the residual electrolyte such as EMC and DMC. Ethylene carbonate, LiPF6 

and other non-volatile components (manganese compunds) will remain in the pores of the 

electrode.  A representative segment of the anode was then used for μ-XRF analysis. 

The liquid-liquid extraction and centrifuge methods are compared in Figure 3.6.  Here, 

cells (n=2) with three different electrolyte systems were processed with both methods. 

Figure 3.6a shows 2% VC and 98% EMC, Figure 3.6b shows 20% EC, 50% EMC and 30 

% DEC, and Figure 3.6c shows 30% EC and 70% EMC.  Results, reported in panels a, b 

and c, show no significant difference between samples prepared through liquid-liquid 

extraction or centrifuge extraction at 95% confidence intervals.   
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Is the electrolyte centrifuged from a cell representative of the electrolyte within the core 

of the jelly roll? 

 

A possible concern is that the electrolyte centrifuged from a cell may be dominated by 

electrolyte from the periphery of the jelly roll and not from the core of the jelly roll.  This 

is because there is normally a small excess of electrolyte added to cells.  Experiments were 

 

 

Figure 3.6 - Comparing known electrolyte mixtures measured using liquid-liquid 

extraction and centrifuge extraction methods a) 2% VC and 98% EMC. B) 20% EC, 50% 

EMC and 30% DMC. c) 30% EC and 70 % EMC. 

 

designed to probe the time needed for the electrolyte to be homogeneous between the 

periphery and core of a jelly roll within a pouch cell.   

First, fresh, dry cells were filled with 0.8 mL of 1.1 m LiPF6 in EC:DEC (3:7), sealed and 

wet for 24 hours at 1.5 V to allow for electrolyte permeation into electrode (Figure 3.7a).  

The cells were cut just below the heat seal in an Ar-filled glovebox and filled with an 

additional 0.7 mL of DMC (Figure 3.7b). The cells were then sealed again and later opened 
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for GC-MS and ICP-MS analysis at various times (n=2) after the second filling (1 hour, 1 

day, 8 days and 21 days). The organic mass ratios and Li concentration were compared to 

the expected homogeneous compositions to determine the time required for jelly roll 

electrolyte system to become homogenous (Figure 3.7c and Figure 3.7d).  Results (Figure 

3.8) showed that the expected homogeneous EC and DEC content were 90 ± 10 % 

recovered after 1 day (Figure 3.8a and Figure 3.8b, respectively) and DMC was 107 ± 7 % 

recovered after 1 day (Figure 3.8c). The data shows no statistically significant difference 

between mass ratios of organic species measured after one day and the expected mass 

ratios.  After 8 days, the mass ratios matched the expected ratios for a homogeneous 

electrolyte suggesting full mixing after 8 days.   

 

Figure 3.7 - Schematic view of the pouch cell during the electrolyte mixing study. a) 

pouch bag wet with 1.1 m LiPF6 in EC:DEC (3:7 weight %). b) DMC added to the pouch 

cell. c) solutions begin mixing. d) time later when electrolyte achieves uniform 

composition. 

ICP-MS analysis for Li measurement showed that after 8 days 90 ± 10 % of the expected 

lithium was recovered (Figure 3.8d). The data shows no statistically significant difference 
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between measured and expected lithium concentration at 95% confidence intervals after 8 

days.  After 21 days the expected and measured lithium contents agreed exactly.  Thus, 

whatever electrolyte extracted using a centrifuge from a cell tested for 21 days or more will 

be representative of the liquid electrolyte in the core of the jelly roll.  

The charge-discharge cycle test times of the cells considered in Chapter 4 and Chapter 5 

(about 200 days) were much longer than the time needed for the electrolyte to homogenized 

between core and periphery.  Thus, the electrolyte centrifuge method extracts 

representative of that in the core of the jelly roll. 

 

GCMS sample preparation 

One drop of a pure electrolyte sample was diluted into clean PTFE vials containing ~20 

mL of a CH2Cl2 organic phase and ~0.1 mL de-ionized aqueous phase to ensure complete 

extraction of salts. The samples were then shaken for a total of 30 minutes in two directions 

and centrifuged for 20 minutes at 15 ± 1 °C and 2200 RPM (800g acceleration) to ensure 

adequate extraction and separation of phases, respectively. The bottom, organic layer was 

then sampled using a transfer pipette for analysis. The aqueous layer was small enough that 

it does not cover the entire surface and the pipette is inserted to avoid the aqueous layer. 

To be sure that only the organic layer was used, only the bottom portion of pipetted liquid 

was delivered to sample vial.    

For cells containing MA (discussed in Chapter 5), it was necessary to develop a new 

detection method for the GC-MS. Using the existing GC column, it was not possible to 

detect MA amongst the large CH2Cl2 solvent peak as they had similar retention times. 
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Instead, a second solvent, toluene (ACS Grade, Fisher Chemical, US, >99.5%), was chosen 

for its miscibility with electrolyte components, immiscibility with water and expected 

higher retention time than MA.  The extraction procedure was like the CH2Cl2 extraction:  

 

Figure 3.8 - GC-MS and ICP-MS results for the electrolyte mixing study. a) mass fraction 

of EC recovered compared to that expected based on homogeneous mixing (dashed line). 

b) mass fraction of DEC recovered compared to expected (dashed line). c) mass fraction 



47 
 

of DMC recovered compared to expected (dashed line). d) Fraction of Li+ molal 

concentration recovered compared to expected concentration (dashed line). 

One drop of a pure electrolyte sample was diluted into clean PTFE vials containing ~20 

mL of a toluene organic phase and ~0.1 mL de-ionized aqueous phase to ensure complete 

extraction of salts. The samples were then shaken for a total of 30 minutes in two directions 

and centrifuged for 20 minutes at 15 ± 1°C and 2200 RPM (800g acceleration) to ensure 

adequate extraction and separation of phases, respectively. The top, organic layer was then 

sampled using a transfer pipette for analysis.  

Without changing the column, the toluene method can measure MA, EMC and DMC as 

well as other electrolyte components, however, sections of the toluene solvent peak can 

overlap with DEC peaks. Because of this, the toluene method is used in parallel with the 

CH2Cl2 extraction method to measure MA as well as the other organic electrolyte 

components. For relative quantification, the measured concentration of MA is scaled with 

a common peak (either EMC or DMC) as these are expected to be most miscible with both 

toluene and CH2Cl2. To test the quality of the extraction method, sample measurement and 

quantification, known, freshly prepared electrolyte was processed. MA was measured 

within 1 % of the expected concentration.  

 

Gas chromatography  

 

A gas chromatograph is a common instrument used to separate components of a mixture 

or sample with boiling points below ~300°C (depending on experimental setup and 

column). Figure 3.9 shows a schematic of the gas chromatography and mass spectrometer 

system. During gas chromatography, the sample is injected through a septum into the inlet. 
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Carrier gas (the mobile phase) is continuously flushed through the port to enter the column 

(containing the stationary phase) with the sample gas.78  

 

Figure 3.9 - Schematic of a GC-MS 

 

The projected travel time through the column (tM) and the delay due to stationary phase 

interactions (tR’) can be combined to estimate the retention time of a compound (tR) as in 

Equation 3.3.   

 𝑡𝑅 =  𝑡𝑀 +  𝑡𝑅
,

 (3.3) 

The time required for components to travel through the column depends on the length of 

the column (L) and the average linear velocity of mobile phase (ū) as described in Equation 

3.4.   



49 
 

 𝑡𝑀 =
𝐿

�̅�
 (3.4) 

The interaction between compounds and stationary phase is determined by the retention 

factor (k), summarized by Equation 3. where K is the distribution constant of solute 

between stationary (cs) and mobile phase (cm) (Equation 3.) and β is the ratio between the 

volume of the mobile phase (Vm)  and the volume of the stationary phase (Vs) (Equation 

3.).78 

 𝑘 =
𝐾

𝛽
 (3.5) 

 𝐾 =  
𝑐𝑠

𝑐𝑚
 (3.6) 

 𝛽 =  
𝑉𝑚

𝑉𝑠
 (3.7) 

The total retention time can then be summarized by Equation 3.. 

 𝑡𝑅 =  
𝐿

�̅�
(1 +  

𝐾

𝛽
) (3.8) 

The retention time is therefore proportional to length of column and inversely proportional 

to average linear velocity. The volume ratio, β, is determined by total column diameter 

(including the inner coating) and inner diameter (excluding the inner coating) while the 

distribution constant, K, is determined by the activity of a species with regards to the solid 

substrate. This can be determined by intermolecular interactions and temperature and will 

determine the degree of separation.78,79  

Temperature profiles are often used to improve the separation of compounds with lower 

boiling points from compounds with higher boiling points. However, for compounds with 
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similar boiling points, it becomes important to select a column with adequate differences 

in intermolecular forces between stationary phase and mobile phase.78,79  

Gas chromatographs, which can achieve sample separation, are often paired with a detector 

that allows the separated components to be identified and quantified.78,80  For this study, a 

mass spectrometer was used in series with the chromatography column. 

 

Mass spectrometry 

 

Figure 3.9 shows a schematic of the mass spectrometer coupled to the chromatography 

column. As the separated compounds elute the column, they enter the transfer line then the 

electron ionization chamber. Here, electrons are used to generate ionic species which then 

enter the quadrupole analyzer to separate the ionic species according to mass to charge 

ratios (m/z). The species then reaches the detector for characterization and 

quantification.81,82 

In the electron ionization chamber, electrons with 70 eV energy bombard the sample 

(molecule, M) to generate a radical cation according to Equation 3..  The radical cation 

contains an unpaired electron and therefore a net 1+ charge.  

 𝑀 + 𝑒− →  𝑀•+ + 2 𝑒− (3.9) 

The electron ionization process can also split molecules to produce fragmented species. 

For example, molecule AB can ionize to from fragment A+ as a cation, fragment B• as a 

neutral radical species, as in Equation 3..81  

 𝐴𝐵 + 𝑒− →  𝐴+ +  𝐵 • + 2 𝑒− (3.10) 
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The species are then passed through the quadrupole analyzer. The quadrupole analyzer 

consists of four rods: two at a positive potential (red) and two at a negative potential (blue) 

in opposite corners, shown in Figure 3.9. While the neutral species will not interact with 

the field generated by the charged rods, any ionic species will interact in the electric field.  

The voltage applied to the rods consists of direct current and variable frequency or 

alternating current.  

An ion’s attraction to the charged rods will depend on the charge of the ion, the mass of 

the ion and the potential applied to the rods. Considering most species generated by 

electron ionization typically have a charge of 1+, the attraction and repulsion of the ions 

with various masses to the rods can be balanced with the alternating current applied. 

Depending on the voltage applied, a specific mass to charge ratio will pass through the 

quadrupole and the lower and higher mass to charge ratios will be filtered out of the 

path.81,82 

A full mass to charge ratio scan begins with a low direct current and low amplitude 

alternating current. Both potentials increase throughout the scan, however, the alternating 

potential increases at a higher rate. By increasing the applied potentials, the mass to charge 

ratio of ions allowed through the quadrupole will increase.82 

Finally, the filtered ions will reach the electron multiplying detector which uses the 

incoming ions to eject electrons. The electrons continue to expel more electrons at 

subsequent surfaces until the current of incoming electrons on a negative electrode surface 

are measured and converted to a voltage reading for quantification. 
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GC-MS sample measurement  

 

An Agilent 7890 Gas Chromatograph coupled to an Agilent 5977B single-quadrupole mass 

spectrometer was used for organic analysis.  The inlet was equipped with a split/spitless 

injector and a 30 m BR-5MS column with an inner diameter of 0.25 mm and coating 

thickness of 1 μm. The column was chosen for its relatively non-polar properties. The 

carrier gas was helium (99.999%) at a constant flow of 1.3 mL/min.  Samples were injected 

into the inlet at 250°C and carried onto the column via carrier gas. To separate species with 

different boiling points, the oven was first held at 35°C for 8 minutes then increased in 

temperature at a rate of 40°C/min until the oven temperature reached 290°C.  The final 

oven temperature was held for 5 minutes to ensure all compounds were evolved from 

column.  The transfer line to the MS detector was held at 250°C.  The mass spectrometer, 

containing an electron impact ionization module, had a 200°C ion source and electrons 

with sufficient energy to induce ionization  (70 eV).30,82  A minimum 5-point calibration 

curve with an r2 value of > 0.998 was generated from standards prepared on analysis day 

with known concentrations.  Each sample and standard were injected twice to ensure 

reproducibility.  A full scan of the mass to charge ratio filter was performed on each 

injection.  Data analysis used the appropriate mass to charge ratios to identify and quantify 

each peak at the appropriate retention time. 

 

Inductively coupled plasma mass spectrometry 

 

Figure 3.10 shows a diagram of an inductively coupled plasma mass spectrometry (ICP-

MS) instrument. ICP-MS instruments are excellent for elemental analysis.83,84 The 
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principles of ICP-MS are like that of the mass spectrometer described above, however, 

rather than forming ions through electron ionization, a plasma torch is used.82 

 

Figure 3.10 - Diagram of an ICP-MS instrument 

 

During sample analysis, a sample is injected into the spray chamber along with argon gas 

which is used to vaporize the sample. The vapor then travels to the torch where the sample 

is ignited with plasma gas.  The oxidation of the vaporized sample generates positively 
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charged ions. These ions go on to enter the first vacuum chamber to be separated from the 

non-ionized species. The principle separation occurs at the ion filter and is followed by 

additional separation in the ion optics chamber. Here, the aid of a collision gas helps 

separate ionized species from unwanted polyatomic ions. Ionized samples then can be sent 

through the quadrupole mass spectrometer, were they are filtered by the same principles 

describe above. The separation of elements occurs in the quadruple as the potential applied 

can be tuned for the elemental masses desired. Also like the GC-MS, the ICP-MS uses an 

electron multiplying detector which multiplies the electrons expelled by the collision at the 

detector interface to ultimately measure a signal voltage at the terminating anode.85,86  

 

ICP-MS sample preparation and measurement 

 

Figure 3.11 shows a schematic of the ICP sample preparation process.  About 0.10 g of 

pure electrolyte was weighed into PTFE vials containing ~20.0 g of aqueous 2% HNO3 

(ACS Grade, Sigma Aldrich, US, 70%) and ~0.2 g of CH2Cl2 for organic separation.  Vials 

were shaken for 20 minutes in one direction, 20 minutes in the perpendicular direction and 

centrifuged at 15 ± 1 °C and 2200 RPM (800g acceleration) for 20 minutes to adequately 

extract the Li+ into the aqueous phase and separate the aqueous and organic layers.  For the 

second dilution, approximately 0.11 g of the aqueous top layer was added to ~50.0 g of 2% 

HNO3 and shaken for 5 minutes.  Target concentrations for the ICP-MS instrument were 

between 0 and 100 μgL-1 Li+. Samples were then sealed in PP vials and stored in a 

refrigerator at 10 ± 2 °C until analysis.  
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Figure 3.11 - A schematic showing ICP sample preparation. 

 

On the day of sample analysis, lithium standards were diluted from 1000 mg L-1 stock 

solution (ICP Standard, Ultra Scientific, US, 1000 ppm in 2% HNO3) with 2% HNO3, to 

produce a six-point calibration curve of 0, 20, 40, 60, 80 and 100 μg L-1 of Li+ with an r2 

value greater than 0.9999.  A freshly prepared 1.1 m LiPF6 in EC:EMC (3:7) electrolyte 

with known concentration also underwent sample processing and ICP-MS analysis to 

ensure measured concentrations were accurate.  
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An iCAP Q ICP-MS (Thermo Fisher Scientific, MA, USA) paired with an ESI SC-4DXS 

autosampler (Elemental Scienctific , NE, USA) was used for sample analysis following the 

protocol developed by Smith et al.87 All samples were run in Kinetic Energy 

Discrimination (KED) mode, using high purity helium (99.999%) as the collision gas. 

Online internal standard addition was performed to correct for any instrumental drift if 

necessary using 50 μg L-1 scandium and an SC FAST Valve (Elemental Scientific, NE, 

USA). A quality control check standard was analyzed every 20 samples.  Samples were 

measured with 0.01 s dwell time and 25 sweeps.  A minimum of 3 main runs with a 

maximum relative standard deviation of 5.0% were taken for each sample. 

 

Robustness of ICP measurements 

 

The ICP-MS method was tested periodically with electrolytes of known concentrations to 

ensure the robustness, reproducibility and stability of the method over time.88  This test 

included four ICP-MS samples prepared on day 1 from an electrolyte of known salt and 

solvent concentration.   These samples were then stored in a 10 ± 2 °C refrigerator in PP 

vials which were wrapped with Parafilm™. On day 6, an additional four samples were 

prepared from a new electrolyte of known salt and solvent concentration prepared the same 

day.  Both sets of samples were measured by ICP-MS on day 6 and on day 7.  The average 

fraction of Li+ recovery for both electrolyte samples on both days are shown in Figure 3.12.  

Within a 95% confidence interval, there is no significant difference between the expected 

Li+ concentration and the measured concentration on either day of measurement and after 

seven days of sample storage.  Each of the four samples also have good agreement (within 

5%).  
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Figure 3.12 – Fraction of Li+ molal concentration measured compared to expected 

concentration, measured on day 6 and day 7 of the electrolyte storage experiment 

 

Mn calibration for X-ray fluorescence analysis 

 

A Mn calibration curve was prepared using a Corona Vacuum Coaters (Vancouver, BC, 

Canada) model V-3T sputtering system.  This method, developed by Dahn et al,89 uses a 

mask opening over the target and a rotating substrate table to create gradients in the amount 

of deposited material on a substrate.  The linear mask used in this work generates a linear 

mass per unit area increase vs. position on the substrate (Figure 3.13a).  Pre-weighed 

aluminum foil discs were used to measure the mass per unit area deposited vs. position.  

(Figure 3.13b).  Deposition increased from 0.0 g cm-2 to about 30 g cm-2 across the 

sputtering track.  The scatter in the mass-position curve in Figure 3.13b is due to variations 

in the average amount of adhesive left on the back side of the foil discs.  The average value 

was subtracted from the mass vs. position calibration.   
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During the same sputtering run, fresh graphite negative electrodes were mounted on the 

substrate table next to the aluminum foil weigh discs.  The same “wedge” of Mn was 

deposited onto the graphite negative electrodes.  Several of these Mn-coated electrodes 

were then used to record the Mn count per unit area vs. position on the electrode (Figure 

3.13c) to be compared with the mass per unit area vs. position of the weigh discs (Figure 

3.13b), thus allowing a calibration curve to be constructed. 

 

Figure 3.13 - a) schematic sputtering loading vs. position on the sputtering track. b) Mn 

loading (µg cm-2) vs. position on the sputtering track. c) μ-XRF Mn signal count per cm2 

vs. position on the fresh negative electrode exposed to the Mn sputtering procedure. 
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Micro X-ray fluorescence  

 

Micro X-Ray Fluorescence (µ-XRF) is used in this study to map Ni, Mn and Co deposition 

at the negative electrode.84  µ-XRF uses the principles of X-Ray Fluorescence (XRF) but 

has the sampling precision to quantify signals in the x and y direction, generating a two-

dimensional mapping of a sample.  

XRF measurements use high energy radiation to characterize specific atoms. Figure 3.14 

shows the electron absorption (Figure 3.14a.), electron ejection (Figure 3.14b.) and election 

relaxation (c.) processes.  An X-ray with enough energy will eject an electron from a lower 

energy level (n=1, K shell) of an atom (Figure 3.14a and Figure 3.14b). During the 

relaxation phase, another electron from a higher energy level (n=2,3,4...) will drop to the 

lower level (n=1) to stabilize the electron configuration. This transition of an electron from 

a higher energy level to a lower energy level will release the energy difference via radiation, 

called fluorescence (Figure 3.14c). The fluorescent rays can then be measured via a photon 

detector where specific energies of radiation can be identified and quantified. For different 

atoms, the relaxation process will have a unique energy associated with this transition, for 

example the associated energy for Mn is 5.900 keV and Ni is 7.480 keV.90  

The penetration depth of the μ-XRF is expected to exceed the thickness of the electrode 

coating.  According to the Beer-Lambert law, Equation 3.11 measures the fraction of x-ray 

intensity (I/Io) at sample thickness, t, and with linear attenuation coefficient, 𝜇𝑙.
91 

𝐼

𝐼𝑜
= 𝑒−𝜇𝑙 𝑡 (3.11) 
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The calculated x-ray linear attenuation coefficient for RhKα, MnKα, NiKα and CoKα in carbon 

are 0.74, 1.48, 0.32, and 0.40 cm-1, respectfully (based on expected mass ratios of each 

component). These were compared with a sample thickness of 80 μm and showed intensity 

factors above 0.98, indicating  that all transition metals throughout the electrode would be 

detected by this method.  

 

μ-XRF measurements 

 

The Mn-coated fresh electrode was used to calibrate signal counts measured with a M4 

Tornado Micro-X-Ray Fluorescence Instrument (Bruker, Madison, WI, USA).  Figure 

3.13c shows the Mn signal counts vs. position on the electrode.  The samples were placed 

in a vacuum sealed chamber directly on a motion stage. The sample analysis and imaging 

 

Figure 3.14 – a) an electron in the n = 1 orbital is shown absorbing X-ray radiation b) the 

electron is expelled from the n = 1 orbital. c). an electron from the n = 2 orbital drops to n 

= 1 orbital to take the favorable electron configuration and the net decrease of energy is 

released as fluorescent radiation. 
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were carried out with a Rh X-ray tube92 using the 0-50 keV range and a tube current of 200 

µA. Sample scanning was done at a rate of 4.00 mm sec-1 using a 40 µm spot size. Complete 

elemental analysis was performed at each position.  The Mn signal count for the samples 

were then fitted using calibration data from Figure 3.13b and Figure 3.13c to determine the 

Mn mass per area on the electrodes. The average Mn loading over the sampled anode area 

was then calculated and is reported here. Error was calculated using a regression analysis 

of calibration curve at 95% confidence intervals.  Ni and Co μ-XRF signals were also 

measured from the aged electrodes and were compared to the Mn μ-XRF signals. 

A negative electrode from a dry pouch cell and from a freshly formed pouch cell were 

measured via μ-XRF to quantitatively show the magnitude of Mn deposition before 

electrolyte filling and after formation, before cycling.  Figure 3.15a shows the Mn loading 

on the negative electrode of a dry cell (0.0 ± 0.0 g cm-2) and Figure 3.15b shows the Mn 

loading on the negative electrode of a freshly formed cell (0.52 ± 0.09 g cm-2).  Figure 

3.15 shows images of the Mn signal maps over the approximately 3 cm x 2 cm electrode 

studied.  The negative electrode from a dry fresh pouch cell showed no Mn signal.  Similar 

measurements on the copper foil current collector also showed no Mn signal. 
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Figure 3.15 - a) Mn μ-XRF signal for negative electrode from dry pouch cell showing no 

Mn. b) Mn μ-XRF signal for negative electrode from a NMC532/graphite cell after 

formation showing Mn on the negative electrode.   The images represent a portion of the 

electrode that was 3 cm x 2 cm. 

 

Summary 

The methods developed in this work, including the centrifuge extraction, organic analysis 

via GC-MS and salt analysis via ICP-MS, have made it possible for pure electrolyte to be 

removed from a pouch cell and for the semiqualitative composition of both the organic 

and salt components of the electrolyte to be determined. The method also allows the 

electrodes to be recovered for additional analysis. In this work, μ-XRF was used to 

evaluate the extent of transition metal dissolution on the negative electrodes.  
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4. CHAPTER 4 – CHARACTERIZATION OF ELECTROLYTE AND 

NEGATIVE ELECTRODES FROM NMC532 CELLS CYCLED AT VARIOUS 

UPPER CUTOFF POTENTIALS 
 

 

 

This work was adapted from the article: 

L.M. Thompson, W. Stone, A. Eldesoky, N.K. Smith, C.R.M McFarlane, J.S. Kim, M. B. 

Johnson, R. Petibon and J.R. Dahn 

Quantifying changes to the electrolyte and negative electrode in aged NMC532/graphite 

lithium-ion cells (submitted to Journal of Electrochemical Society on June 28, 2018) 

 

Will Stone prepared the pouch cells for this study and measured the volume of gas 

produced. Lauren Thompson developed the electrolyte extraction method, preparation and 

validation, the GC-MS modified method, preparation and validation and the ICP-MS 

method preparation and validation used in this study. The GC-MS instrumentation method 

was adapted from Remi Petibon and the ICP-MS instrumentation method was adapted from 

Nathan Smith and Jong Kim. Ahmed Eldesoky performed XRF analysis under supervision 

of Chris McFarlane. Lauren Thompson prepared all figures except Figure 4.3 and Figure 

4.4 (prepared by Jeff Dahn). Jeff Dahn provided guidance throughout method design, 

validation and interpretation. Lauren Thompson prepared the manuscript which was edited 

and approved by the appropriate authors.  
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This chapter considers a matrix of cells cycled to various upper cutoff potentials. The 

results from the electrolyte analysis of these cells are presented in this chapter to evaluate 

the effect of increasing the energy density of these cells via increasing the upper cutoff 

potential. The electrolyte used has previously been shown to effectively passivate the 

negative electrode after formation and extend the cycle lifetime of the cell. The cells were 

opened after over 750 charge and discharge cycles to evaluate the long-term electrolyte 

degradation mechanisms occurring within the cell.   

 

Cell and cycling specifications  

 

The matrix of cells considered in this chapter includes NMC532 cells that were filled with 

1.1 m LiPF6 salt in EC:EMC (3:7) with 2% FEC and 1% DTD as additives. The cells were 

charged and discharged at 55°C for over 750 cycles to various upper cutoff potentials (4.0, 

4.1, 4.2, 4.3 and 4.4 V) using a Neware charging device.  A constant current – constant 

voltage mode was used to charge full cells at C/3 (80 mA) until the upper cutoff potential 

was reached. Then the voltage was fixed until the current was less than C/20 (11 mA).  

Every 50 cycles, a C/10 (22 mA) charge and discharge was performed.  Cells available for 

electrolyte analysis included one cell cycled to 4.2 V, one cell cycled to 4.3 V, two cells 

cycled to 4.0, two cells cycled to 4.1 and two cells cycled to 4.4 V upper cutoff potentials. 

Figure 4.1a shows the capacity vs. cycle count for the NMC532/graphite cells studied here.     

The upper cutoff potentials for the tested cells are given in the legend of Figure 4.1.  As 

expected, the initial capacity increases with increased upper cutoff potential.  Cells cycled 

at higher upper cutoff potentials (4.3 V and 4.4 V) had lost 30 mAh of capacity.  All cells 

have lost on average 12.2 ± 0.2 % capacity after almost 750 cycles at 55oC.  Figure 4.1b 
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shows the difference in average charge and discharge voltage (ΔV) vs. cycle count.  This 

polarization tracks impedance growth (mostly of the SEIwhich increases as upper cutoff 

potential increases.  Cells cycled at 4.4 V have faster impedance growth than cells cycled 

at 4.0 V.  

 

Results 

 

Figure 4.2 shows post cycling analysis for the matrix of cells considered in this Chapter.  

Figure 4.2a shows gas production after cycling plotted for the five different upper cutoff 

potentials.  There is a general trend of increased gas production as the upper cutoff potential 

increases, however, one cell at 4.0 V exhibited gas production comparable to the 4.4 V 

cells, therefore no definitive trend can be reported.  The scale of gas production for these 

pouch cells remains small (< 0.4 mL) compared to the original volume of the cells (2.5 

mL).    

Figure 4.2b shows DMC and DEC solvent fractions compared to EMC plotted as the 

fraction of transesterification, defined here to be: 

[Fraction DMC + Fraction DEC]/[Fraction DMC + Fraction DEC + Fraction EMC] 

Figure 4.2b shows that transesterification increases as the upper cutoff potential increases 

from 0.0 % transesterification at 4.0 V to 11.8 ± 0.2 % at 4.4 V.  DMC and DEC have been 

shown to be formed from the Li-alkoxide facilitated trans-esterification reaction for 

EMC.28,30  In freshly formed cells the presence of these products indicates the existence of 

Li-alkoxides, likely formed from the reduction of EMC at an un-passivated negative 

electrode.28,30,45  Li-alkoxide formation and subsequent reaction with linear carbonate are 
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Figure 4.1 – a) Capacity (mAh) vs. cycle number for NMC532/graphite cells tested using 

currents of C/3 (CCCV) at 55oC.  The upper cutoff potential of the various cells is given 

in the legend. b) ΔV vs. cycle number for cells considered. 

shown in Equation 4.1 and Equation 4.2, respectively.  The presence of transesterification 

products later in life was hypothesized to originate from the passivation of dissolved 

transition metals upon deposition at the negative electrode.93 
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Figure 4.2 - Post-testing analysis results for the cells described by Figure 4.1.  a) gas 

produced. b) mass fraction of trans-esterification. c) EC: (linear carbonate) mass ratio. d) 

Li+ concentration. e) Mn loading on the negative electrode all plotted vs. upper cutoff 

potential. 
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(4.1) 

 

 

(4.2) 

 

However, limited transition metals found at the negative electrode, as discussed below, 

suggests another mechanism is involved.  Li-alkoxides can also facilitate reactions between 

linear carbonates and EC.  DEOHC and DMOHC are dimerization products also expected 

in the presence of Li-alkoxides as shown by Equation 4.3.28,30,45   

 

(4.3) 

 

DMOHC and DEOHC were not observed in any of the electrolyte samples to the detection 

limit of 50 ppm by weight. The detection limit was determined by smallest distinguishable 

peak area of DMOHC and DEOHC.  This suggests that Li-alkoxides were not present and 

another mechanism is responsible for the transesterification of linear carbonates and that 

the dimerization reaction of EC and EMC can be facilitated by another species.  Some 

studies, such as that conducted by Zhang et al. have suggested that the presence of PF5, a 

decomposition product of PF6 (see Equation 2.2), can act as a Lewis acid to open the EC 

ring.10,94  The opened ring can then react with EMC/DEC to form DEOHC.  This reaction, 
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as shown in Equation 2.2, would be accompanied by Li+ consumption, which is also not 

observed in this matrix (see Figure 4.2d). 

Figure 4.2c shows the EC to linear carbonate (EMC, DMC and DEC) ratio.  The EC:linear 

carbonate ratio was also monitored to observe any possible changes to the initial 3:7 weight 

ratio (shown by solid line in Figure 4.2c).  The plotted ratios show no significant difference 

to the original EC:EMC ratio.  Even cells with high fractions of transesterification have the 

same linear carbonate:EC ratio as the original electrolyte.   This suggests that any EC or 

linear carbonate loss (gas formation, SEI formation) occurs at the approximately the same 

rate or is very small compared to the original amount of solvents in the cell.  Given that the 

maximum volume of gas measured in a cell was only 0.4 mL, that 1 mL of electrolyte was 

added to the cells and a typical 700:1 gas:liquid volume ratio (at 1 atm pressure) for a 

typical liquid:gas transition one might conclude that only a small amount of solvent could 

have reacted.  However, Ellis et al.61 have recently shown that many gases generated in 

cells are also consumed, so that the amount of gas remaining in a cell may not represent 

the total amount generated during the life of the cell.  In any event, whatever the 

mechanism, the EC : linear carbonate ratio in these cells does not change after about 750 

cycles at 55oC.  

Figure 4.2d shows the Li+ concentration remaining in the electrolyte measured by ICP-MS. 

The original Li+ concentration is shown as the solid horizontal line.  The results show no 

significant difference between measured Li+ concentration and the original Li+ 

concentration.  This suggests that Li+ has not been consumed or has been consumed at the 

same rate as the solvent in these cells.  Readers should take care to notice that these are 

very good cells showing excellent capacity retention at 55oC (see Figure 4.1a). 
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Figure 4.2e shows the Mn loadings found at the negative electrode for each cell.  The results 

show an increase in Mn deposited at the negative electrode in cells tested at higher upper 

cutoff potentials.  However, one pair cell at 4.0 V also shows higher amounts of Mn, 

making it hard to determine a definitive trend.  The Mn loading found on freshly formed 

cells is included as the solid line to show that the amount of Mn on the negative electrode 

did not increase substantially for cells tested to upper cutoffs of 4.1 and 4.3 V compared to 

freshly formed cells.  The original NMC532 positive electrode loading of 21.3 mg cm-2 

yields a Mn loading in the positive electrode of 3.6 mg cm-2.   If 0.1% of the Mn from the 

positive electrode migrated to the negative electrode, a loading on the negative electrode 

of 3.6 g cm-2 would be expected.  This loading level is shown in Figure 4.2e as the dashed 

line.    

For spherical NMC532 particles having a radius of 3 μm (an approximation for the single 

crystal NMC532 used in these cells) complete removal of 0.1% of the transition metals 

would represent a layer that is 0.5 nm thick or one to two atomic layers thick.72  This is 

certainly an underestimate of the depth from which transition metals might dissolve in the 

NMC532 particles.  If 10% of the transition metals in near-surface layers were to dissolve, 

then this might impact a depth of 5 nm or so which is consistent with many TEM images 

of reconstructed surfaces on NMC particles after testing. This comparison is included to 

emphasize the small magnitude of Mn dissolution in this matrix compared to prior cells 

which have experienced severe surface layer dissolution.   
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Figure 4.3 - Comparing the Ni (black) and Co (blue) μ-XRF signals to the Mn μ-XRF 

signal for the negative electrodes recovered from the cells described by Figure 4.1 and 

Figure 4.2.  The solid black and solid blue lines represent the expected ratios of all 

transition metals have equal probability for dissolution from NMC532. 

Figure 4.3 compares the raw μ-XRF count rates for Ni (black data points) and Co (blue 

data points) compared to Mn as found on the negative electrodes in the tested cells.  The 

solid black and solid blue lines in Figure 4.3 represent the expected ratios based on equal 

probabilities for dissolution of Ni, Mn and Co from NMC532.   The relative sensitivity of 

the μ-XRF instrument was estimated by measuring the count rates per cm2 from pure Ni, 

Co and Mn metal samples which were found to be in the ratio 1:0.96:0.81.  These correction 

factors have not been applied to the data in Figure 4.3.  The purpose of Figure 4.3 is to 
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show that Ni and Co dissolve from the NMC532 positive electrode to approximately the 

expected extent and that Mn does not dissolve in far greater quantities than Ni and Co.  In 

a recent study published by Gilbert et al.95 it was also observed that transition metals were 

deposited onto the negative electrode at the expected mass ratios. 

 

Comparison to results from Gilbert et al.95 

 

Figure 4.4 compares results for Mn deposition on the negative electrode from this study to 

those recently published by Gilbert et al.95  Gilbert et al. used cells containing NMC532 

and NCA positive electrodes (average secondary particle radius of 6 μm) and a graphite 

negative electrode. Gilbert et al. reported the Mn content as weight fraction of the negative 

electrode, so it was necessary to convert the data in Figure 4.2 into the same units.  This 

required some thought, because the positive and negative electrode loadings used in ref. 94 

were different than those used here.  Gilbert et al. used a positive loading of 9.2 mg cm-2 

while a loading of 21.3 mg cm-2 was used here.  However, because the negative/positive 

electrode mass ratios in the cells ref. 94 and the cells studied here were about the same, the 

negative electrode loading scales with the positive electrode loading.  Therefore, in the end, 

it was only necessary to divide the Mn mass loadings in Figure 4.2 by the negative electrode 

mass per unit area (12.8 mg cm-2) to get a meaningful comparison.   
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Figure 4.4 - Comparing results for Mn deposition on the negative electrode in this study 

to those from Gilbert et al.95  The legend in the Figure indicates the upper cutoff voltage 

and which study the data points correspond to. The solid line shows a trendline for the 

data from this work. The dashed line shows a linear fit of data from Gilbert et al. Cells in 

the Gilbert et al. study were tested at 30oC for 900 hours.  Cells in this study were tested 

at 55oC for 5000 hours. 

 

Gilbert et al. found that the amount of Mn deposition at the negative electrode increased as 

the fraction of capacity loss increased.  The NMC532/graphite coin cells in their study 

contained 1.1 M LiPF6 in EC:EMC (3:7) and no additives.  Their cells experienced 37% 

capacity loss after cycling between 3.0 and 4.4 V at 30oC for only about 900 hours (200 
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cycles at C-rate).  By contrast, cells in this study experienced a maximum of 12.2% capacity 

loss after cycling for over 5000 hours at 55°C (750 cycles at C/3 rate).  Figure 4.4 suggests 

that the Mn loading found on cycled negative electrodes in this study appears to fall within 

the trend identified by Gilbert et al.  However, it very important to realize that the Mn 

loading on the negative electrodes in the cells of this study measured directly after 

formation (with no capacity loss) does not agree with the trend proposed by Gilbert et al., 

but rather suggests a relationship schematically shown by the curved solid line in Figure 

4.4.   

The data in Figure 4.4 for the cells in this study suggests that when transition metal 

dissolution is controlled through the selection of suitable additives and/or other strategies, 

transition metal dissolution and subsequent deposition on the negative electrode does not 

play a dominant role in the failure mechanism of NMC/graphite Li-ion cells.  This is a very 

important point that readers need to appreciate.   

Gilbert et al.95 state in their conclusions: “…  it is our belief that controlling TM dissolution 

from the oxide surfaces through various possible preventive measures can lead to the 

development of high voltage LIBs with extended operation time. Any method of reducing 

the stress and fracture of oxide particles that leads to enhanced TM dissolution should 

reduce both capacity fade and impedance rise.  These methods could include changes in 

oxide synthesis conditions to strengthen primary particle boundaries, oxide coatings and 

electrolyte additives to minimize corrosion reactions at the oxide-electrolyte interfaces, 

etc.”  

The electrolyte mixture in this study likely provides more stable SEI layers on both the 

positive and negative electrode which prevents severe transition metal dissolution.  Since 
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transition metal dissolution has been shown to be driven by HF formation from PF6
-,96 it 

could also be that the difference in the results from this study and the Gilbert study 

originates from relative amounts of formed PF5 and HF.  This is also consistent with the 

lack of dimerization products measured in the electrolyte in this study.97  Additionally, Li 

et al found that NMC532/graphite pouch cells with single crystal positive electrode 

materials, as used in this study, had longer cycling lifetime and better performance than 

cells with polycrystalline materials.98  Figure 4.4 suggests that further reductions in 

transition metal dissolution and deposition at the negative electrode may have little impact 

on lifetime, however, more data points are needed, particularly at larger capacity losses, to 

make an adequate comparison and prediction.  

 

Fraction of transesterification and Mn loading vs. impedance growth 

 

Figure 4.1b showed that the difference in average charge and discharge voltage (ΔV) 

increased with cycle number more rapidly as the upper cutoff potential increased.  Since 

ΔV is a measure of impedance growth in the cells it is interesting to see how it correlates 

to the amounts of degradation products found.  The value of ΔV at the end of the testing in 

Figure 4.1b was used for comparison.  Figure 4.5a shows that the fraction of 

transesterification products (DMC and DEC) increased as ΔV increased, suggesting that 

the amount of transesterification may be related the impedance growth.  It would not be 

prudent to suggest causality without knowing the reaction mechanisms responsible for the 

transesterification.  Similarly, Figure 4.5b may suggest the Mn loading at the negative 

electrode increases as ΔV increases but the data shows significant scatter.  Again, it is not 
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possible to suggest a causal relationship between Mn on the negative electrode and 

impedance growth, when the amount of Mn on the negative electrode is very small.   

 

Figure 4.5 - a) Fraction of transesterification compared to ΔV measured at the end of the 

charge-discharge testing shown in Figure 4.1. b) Mn loading on the negative electrode 

compared to ΔV. 

Concluding remarks 

 

The results showed that increased upper cutoff potential increased the amount of the 

transesterification products DMC and DEC.  The increased fraction of transesterification 

products in cells tested to higher potential correlated well to the increase in impedance 

growth rate (Figure 4.1b and Figure 4.5a) in cells tested to higher potential.  This suggests 

that the mechanism of impedance growth is associated with electrolyte oxidation at the 
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positive electrode side and that transesterification is an indicator or a product of these 

reactions.  

The amount of transition metals transferred from the positive to the negative electrode was 

less than 0.1% of all the transition metals in the positive electrode for all the cells tested.  

There may be an increase in the amount of transition metals transferred with upper cutoff 

potential, but scatter in the data makes it hard to discern if this trend is real.  Cells tested at 

4.1 V and at 4.3 V for 8 months and 55oC showed only about twice as much Mn on the 

negative electrode as freshly formed cells (Figure 4.2e).  It is therefore difficult for the 

authors to believe that transition metal dissolution in these cells is a significant contributor 

to cell capacity loss.   

There was no significant change in salt content or EC:linear carbonate ratio in these cells 

compared to the original electrolyte even for cells tested to 4.4 V.  These results are not too 

surprising given that all cells had less than 10 % capacity loss and were all decreasing in 

capacity at similar, steady rates with no indication of cell failure. Future studies will 

consider older cells with more extreme capacity loss.  

The results from this study were compared to those of a similar study by Gilbert et al.95  

The amounts of Mn and other transition metals found on the negative electrode were an 

order of magnitude smaller than the Gilbert et al. study, even though cells studied here 

were tested for 5 times longer and at 55oC (this work) instead of 30oC (Gilbert et al.).  

These results point to the importance of electrolyte additives and other strategies in 

controlling transition metal dissolution. 
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5. CHAPTER 5 – ELECTROLYTE AND NEGATIVE ELECTRODE ANALYSIS 

FOR NMC532 CELLS CONTAINING MA AND CYCLED TO VARIOUS 

UPPER CUTOFF POTENTIALS 

 

 

 

 

Lauren Thompson prepared the pouch cells for this study and measured the gas production. 

Lauren Thompson developed the electrolyte extraction method, preparation and validation, 

the GC-MS modified method, preparation and validation and the ICP-MS method 

preparation and validation used in this study. The GC-MS instrumentation method was 

adapted from Remi Petibon and the ICP-MS instrumentation method was adapted from 

Nathan Smith and Jong Kim. Ahmed Eldesoky performed XRF analysis under supervision 

of Chris McFarlane. Lauren Thompson prepared the text and all figures except Figure 5.4 

(adapted from Jeff Dahn). Jeff Dahn provided guidance throughout method design, 

validation and interpretation.  

 

Recently low viscosity co-solvents have been explored to decrease electrolyte viscosity, 

increase electrolyte conductivity and allow for increased charging rates of Li-ion cells.99-

101  For this cell design and these electrode loadings (described in Chapter 3), the cells 

containing MA could be charged at 2C while cells without MA showed unwanted Li-

plating at 1.5C.102  However, too much MA as a solvent can decrease cell lifetime and it 

has been found that a reasonable fraction of MA is around 20% MA.100  The results 

discussed in this chapter include electrolyte analysis from cells both with and without MA 

as a co-solvent that have been charged and discharged for over 700 cycles.  Due to limited 

charger availability the 4.1 V cell with MA was omitted. 
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Results from this matrix will need to be replicated as future work due to a combination of 

limited cell availability (one cell per condition), potentially poor instrumental connections, 

errors in GC-MS sampling (wrong inlet liner) and mis-labeled linear carbonate (labeled 

EC:EMC by manufacturer then tested as EC:DMC).  Still, the findings from the electrolyte 

and XRF analysis including the salt concentrations from the ICP-MS, the lack of detected 

dimerization products, and measured transition metals on the negative electrode expose 

clues of electrolyte fate and cell aging mechanisms.  

 

Cell and cycling specifications 

 

Figure 5.1 shows the capacity vs. cycle count for the NMC532/graphite cells included in 

this matrix.  A Moli cycling instrument was used to charge and discharge these cells at C/3 

(80 mA) in a 55.0 ± 0.1 oC temperature-controlled box.  Every 50 cycles a current of C/20 

was used for 2 charge and discharge cycles to check the absolute capacity.   The electrolyte 

used was either 1.1 m LiPF6 in EC:DMC + 2% FEC + 1% DTD or 1.1 m LiPF6 in 80% 

EC:DMC, 20% MA + 2% FEC + 1% DTD. The upper cutoff potentials for the tested cells 

were 4.1, 4.3, and 4.5 V. As the upper cutoff potential increased, the capacity also 

increased.  For both electrolytes used, cells cycled at higher upper cutoff potentials (4.5 V) 

had lost ~55 mAh of capacity where the cells (without MA) cycled to (4.1 and 4.3 V) had 

lost ~30 mAh of capacity.  All cells lost on average 16 ± 5 % capacity after almost 750 

cycles at 55oC.   

Figure 5.1a also shows inconsistent capacity measurements around 220 cycles. This drop 

in capacity for all cells was due to a change in the charging program which had a lower 



80 
 

upper cutoff potential but was corrected after ~20 cycles. The second inconsistent 

measurements occurred for both cells cycled to 4.5 V and for one of the cells without MA 

cycled to 4.3 V at around to 550 cycles. This occurred after the cells were measured via 

differential thermal analysis (DTA) and could be from capacity loss or, more likely, a poor 

electrical connection. 

Figure 5.1b shows the difference in average charge and discharge voltage (ΔV) vs. cycle 

count for both electrolytes in this matrix. The polarization tracks impedance growth and is 

shown to increase as upper cutoff potential increases.  In early stages of cycling, the cells 

cycled to 4.5 V experienced a notably higher rate of impedance increase. The cells cycled 

to 4.3 V and lower had very little polarization growth. The cycling protocol changes 

mentioned in the previous paragraph appear to also affect the impedance growth. A slight 

decrease in polarization can be observed around 220 cycles where the protocol was 

modified, however a significant difference is not discernable due to charge potential 

variations. The poor reconnection around 550 cycles and the sudden drop in capacity for 

the cells charged to 4.5 V also coincides with a sudden increase in measured impedance, 

which could also originate from a poor electrical connection. Also, after this time, the cell 

cycled to 4.3 V without MA experienced an inconsistent but overall increase in impedance, 

but the cell cycled to 4.3 V with MA had a slight decrease in measured impedance. These 

results are likely due to a poor electrical connection causing irregular voltage readings.  
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Figure 5.1 – Discharge capacity (mAh) vs. cycle number for NMC532/graphite cells 

tested using currents of C/3 (CCCV) at 55oC.  The upper cutoff potential of the various 

cells is given in the legend.  
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Results  

 

Figure 5.2a shows the volume of gas produced after cycling at the various upper cutoff 

potentials. As the upper cutoff potential increased, the volume of gas produced increases. 

As measured in previous studies, the cells containing MA showed larger volumes of gas 

produced, especially when cycled to 4.5 V.100,102  The gas produced is likely due to 

electrolyte oxidation at the positive electrode100 and is consistent with the lack of Li+ 

inventory loss as will be presented below. Overall the gas production for all cells is small 

(< 0.6 mL) compared to the original volume of these cells (2.5 mL).  

Figure 5.2b shows the fraction of MA remaining in the cells as well as the original 

calculated fraction of MA for the electrolyte (solid line). As expected, no MA was found 

in cells that did not originally contain MA. The measured fraction of MA for cells 

containing MA was within the original fraction (0.193 ± 0.008) for the cell cycled to 4.3 

V and slightly smaller for the cell cycled to 4.5V.  

In an additional matrix, the fraction of MA was measured after formation. The fraction of 

MA in the solvent found after formation was slightly higher (0.21 ± 0.02) than the original 

MA fraction (0.171 ± 0.008), indicating the solvent or additives were consumed faster than 

MA. The fraction of MA found in electrolyte after about 750 cycles is within the range of 

the fraction found after formation for cell cycled to 4.3 V but slightly lower for cells cycled 

to 4.5 V. 
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Figure 5.2 - Post-testing analysis results for the cells described by Figure 5.1.  a) gas 

produced. b) mass fraction of MA. c) EC: (linear carbonate) mass ratio. d) Li+ 

concentration. e) Mn loading on the negative electrode all plotted vs. upper cutoff 

potential. 
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Figure 5.2c shows the calculated EC:linear carbonate ratio for the various upper cutoff 

potentials and the electrolyte mixtures. On average, the measured ratios are larger than 

the original EC:DMC ratio of 3:7. These results are inconsistent with the ratios observed 

in Chapter 4 and are not as reliable as previous findings as the wrong inlet liner (for 

splitless rather than split injection) was used during sample delivery. This also explains 

the larger variation in ratios for the same sample as shown by the confidence intervals.  

The fraction of transesterification was not able to be calculated for these cells as the 

transesterification product of DMC is DMC.  GC-MS analysis also showed no DMOHC 

or DEOHC for these cells which is consistent with the results from Chapter 4.  

Figure 5.2d shows the Li+ concentrations measured using ICP-MS compared to the original 

calculated Li+ concentration (solid line). The results show a decrease in salt concentrations 

(~30%) for the cells without MA cycled to 4.3 V and 4.5 V while the salt concentration for 

the cell cycled to 4.1 V is not significantly different from the original concentration. For 

cells containing MA, the Li+ concentration is also not significantly different than the 

original Li+ concentration. While the performance and impedance for these cells are similar 

(see Figure 5.1) it is interesting that the concentration of Li+ differs for these cells.  

The disappearance of Li+ from the electrolyte must also consume an anion species as well.  

Products of these reactions, discussed in Chapter 2, include LiF and LiPO2F2.  LiF and PF5, 

as described by Equation 2.1, originate from the decomposition of LiPF6. LiPO2F2 

originates from the reaction between LiPF6 and trace water (Equation 2.2) and from the 

reaction between Li2CO3 and LiPF6 as shown in Equation 5.1.61,103 

 2 Li2CO3 (s)  +   LiPF6 (sol)    ↔    2 CO2(g)  + 4 LiF(s)  + LiPO2F2 (s)  (5.1) 
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Li2CO3 is a product of EC reduction as shown in route (b.) of Figure 2.3, however, Zhang 

et al. found that CO2 produced by electrolyte oxidation in cells can later be consumed to 

form Li2CO3.
103

  It is expected that at the higher upper cutoff potentials, more CO2 is 

produced via electrolyte oxidation which can react with Li+ and e- to form Li2CO3 and can 

further consume LiPF6 to remove salt from the electrolyte solution.61  This proposed 

reaction would explain why electrolyte from cells cycled to the higher upper cutoff 

potentials experience a decrease in salt concentration.  

These salt consumption reactions do not appear to occur in cells with MA. This is 

potentially due to alternative reduction and/or oxidation reactions that occur on the 

negative and positive electrode, respectively.  Glazier et al. found that increasing MA 

content in electrolytes showed increased oxidation reactions occurring at the positive 

electrode in Li-ion cells.100  Ma et al. also found through storage tests that parasitic 

reactions occur at the positive and negative electrode when 20% MA is used.102  Perhaps 

the oxidation or reduction of MA initiates a shuttle reaction between electrodes which 

either limits CO2 production or EC reduction and therefore limits Li2CO3 formation. This 

would limit the extent of reaction with LiPF6 and therefore the consumption of electrolyte 

salt. 

Future studies that include post-cycling electrode analysis will help identify the mechanism 

of Li+ consumption in these electrolytes.  This could help identify LiF or LiPO2F2 at the 

electrode surfaces.  Gas characterization could also help in identifying the organic reactions 

that take place.  Pouch bag storage experiments containing separate electrodes will also 

help identify any oxidation or reduction shuttle reactions in the presence of MA.  
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Figure 5.2e shows the measured Mn loading on the negative electrode taken from these 

cells. The solid line shows the level of Mn loading after formation while the dotted line 

represents 0.1% of the Mn loading from the positive electrode as described in Chapter 4. 

The Mn loadings on the negative electrodes from cells cycled to 4.1 V and 4.3 V were 

much less than 0.1% of Mn loading from the cathode and were comparable to the Mn 

loading on the negative electrode found after formation. For cells charged to 4.5 V, the Mn 

deposition was equal to or larger than 0.1% of the positive electrode loading. The cell 

containing MA also had a Mn loading close to double the loading of the cell without MA, 

yet both these cells had similar capacity fade (~20%). This suggests the capacity fade is 

independent of Mn dissolution.  

Figure 5.3 shows the concentration of Li+ in the electrolyte (a.) and the loading of Mn 

found on the negative electrode (b.) vs. capacity loss. For cells without MA, increasing 

capacity loss coincides with decreasing Li+ concentration while cells with MA did not 

experience significant salt loss. These results suggest that capacity loss is independent of 

the Li+ concentration, at least for the cells studied here.  

Figure 5.3b shows the Mn deposition found at the negative electrode for cells both with 

and without MA vs. capacity loss.  Like the observed trend between Mn deposition and 

capacity loss in found in cells discussed in Chapter 4, the results from this study follows a 

“hooked” trend.  This trend appears independent of electrolyte composition, however, 

additional data points for cells containing MA and cells with more capacity loss are needed 

to identify a relationship. 
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Figure 5.3 - a) Li+ concentration in electrolyte post-cycling compared to capacity loss. b) 

Mn loading on the negative electrode compared to capacity loss. 

 

Comparison to results from Gilbert et al. 

 

Figure 5.4 compares the results for Mn deposition on the negative electrode to the data 

recently published on Mn deposition by Gilbert et al.95 as discussed in Chapter 4. The cells 

cycled in this study experienced much more extreme cycling conditions including higher 

temperature and more cycle counts yet reached a maximum of only 24% capacity loss 

compared to the 37% reached by cells from Gilbert et al.95 which experienced much less 

aggressive cycling conditions. Similar to the results in Chapter 4, Mn deposition appears 
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to follow a ‘hooked’ trend where the extent Mn deposition is constant after formation and 

as capacity loss increases until about 20% capacity loss where the Mn deposition suddenly 

increases. This contrasts Gilbert et al.’s conclusion that Mn deposition is directly 

proportional to capacity loss.  

Also similar to results discussed in Chapter 4, cells in this study are far superior to the 

cells used by Gilbert et al.95 The cycling history for these cells was more extreme, yet the 

capacity losses were less than Gilbert et al.’s cells cycled to 4.4 and 4.45 V.95  This 

exemplifies that a well-designed electrolyte mixture and/or an improved positive 

electrode material, such as single crystal NMC532, can control Mn deposition.  

The Li+ concentration of the electrolyte and the Mn deposition at the negative electrode are 

compared to the increase in ΔV, or impedance growth, of the cells both with and without 

MA in Figure 5.5.  A cell after 4.0 V formation is shown with ΔV = 0.  Figure 5.5a shows 

the Li+ concentration measured in the electrolyte sample.  For cells without MA, the 

increasing impedance coincides with a decrease in Li+ electrolyte concentration. This 

relationship is not linear, suggesting loss of salt is not the primary contributor to impedance 

growth.  However, the removal of Li+ from the electrolyte has the potential to increase 

solution resistance by decreasing conductivity. Therefore, this relationship will require 

further study through electrochemical impedance spectroscopy and symmetrical cell 

studies.  Figure 5.5a also shows that cells containing MA do not show a decrease in Li+ 

concentration but rather retain their Li+ concentrations even when impedance increases.   

Figure 5.5b shows that the Mn deposition at the negative electrode is not directly 

proportional to the impedance growth within the range studied.  Figure 5.5b also shows 
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Figure 5.4 - Comparing results for Mn deposition on the negative electrode in this study 

to those from Gilbert et al.95  The legend in the Figure indicates the upper cutoff voltage 

and which study the data points correspond to.  Cells in the Gilbert et al. study were 

tested at 30oC for 900 hours.  Cells in this study were tested at 55oC for 5000 hours. 

 

that while the impedance increases in cells cycled to 4.5 V both with and without MA are 

comparable, the Mn deposition for the cell containing MA is double the deposition for the 

cell without MA.  These findings suggest that Mn deposition is not primarily responsible 

for impedance growth.  



90 
 

 

 

Figure 5.5 - a) Li+ concentration in electrolyte post-cycling compared to increase in ΔV 

measured at the end of the charge-discharge testing shown in Figure 5.1b. b) Mn loading 

on the negative electrode compared to increase in ΔV. 

 

Concluding remarks 

 

The results from electrolyte analysis and negative electrode analysis for single crystal 

NMC532 cells charged and discharged for over 700 cycles were presented in this chapter. 

Two electrolyte mixtures were studied at various upper cutoff potentials. 

Analyses of the Li+ concentration in the electrolyte found that cells containing MA retained 

a Li+ concentration comparable to the original concentration while the electrolyte studied 
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from cells without MA and that were charged to higher upper cutoff potentials experienced 

Li+ loss.  This loss must coincide with the removal of an anion from solution.  Based on 

previous research, it is likely the removal of salt occurs between Li2CO3 and LiPF6.  The 

retention of salt concentration measured in MA containing cells indicates an alternative 

reduction and oxidation reaction occurs at the respective electrodes which does not increase 

Li2CO3 in solution.  Future work is required to confirm the mechanism for Li+ removal 

from solution and the relationship between MA and Li+ retention.  

Mn loadings found on the negative electrodes were measured for all cells and shown to 

equivalent to less than 0.1% of the positive electrode Mn loading.  For cells cycled to 4.1 

and 4.3 V, Mn loading at the negative electrode was comparable to the Mn loading found 

after cell formation.  For this matrix, Mn deposition does not appear to contribute 

significantly to capacity loss. 

These results of Mn deposition were compared to the results presented by Gilbert et al.  

Like the results discussed in Chapter 4, cells from this study did not indicate a linear 

relationship between Mn deposition and capacity loss.  
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6. CHAPTER 6 – CONCLUSIONS 

 

 

 

Concluding remarks 

Li-ion batteries are currently used for many portable electronics yet, if made more safe, 

affordable and long-lasting, the applications for Li-ion batteries could expand to more 

portable devices, more affordable electric vehicles and expanded electrical grid 

installations. In this work, the importance of the electrolyte was highlighted as a contributor 

to the SEI composition and as the Li-ion transport facilitator between both electrodes. A 

stable SEI layer is critical to long lifetime for cells while effective Li-ion transport can 

decrease overall cell resistance. The methods in Chapter 3 were developed to uncover the 

degradation reactions that occur in the electrolyte and in cells via reconstructing the 

electrolyte composition and allowing the electrodes to be recovered for further analysis.   

The electrolyte extraction method, analysis methods and the proof of concepts were 

presented in Chapter 3. It was shown that the pure electrolyte could be centrifuged from 

the jelly roll without significant solvent loss and that with adequate time before analysis, 

is an accurate representation of the entire electrolyte. The existing GC-MS method could 

be modified to use this pure electrolyte and to quantify the fraction of organic solvents. 

Using the pure electrolyte, an additional organic solvent extraction could be used to 

quantify the fraction of MA. An aqueous extraction of the electrolyte could also be 

performed to measure Li+ content via ICP-MS. Since the electrodes were not exposed to 

additional solvent, they were recovered for further analysis. In this work, the negative 

electrodes were recovered for μ-XRF analysis.  
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Chapters 4 and 5 discussed initial findings using the methods developed in this work. In 

Chapter 4, it was found that when the upper cutoff potential increased the fraction of 

transesterification increased. The lack of dimerization suggested that for these cells, the 

transesterification and dimerization processes do not rely on the same activating species. 

The small amount of Mn deposition at the negative electrode for most cells was 

comparable to the Mn deposition after formation.  

The matrix in Chapter 5, which included two electrolyte mixtures, showed that the cells 

had comparable performance and impedance growth, however, the cells without MA 

experienced salt loss. The salt loss was likely due to LiPF6 reacting with Li2CO3 to form 

mostly insoluble LiF and LiPO2F2. Further characterization of gas products and electrode 

surfaces will be required to identify the difference in salt consumption mechanisms 

between cells with and without MA. The amount of Mn deposition in cells both with and 

without MA is also comparable to that after formation, apart from cells cycled to 4.5 V.  

 

Future work 

 

Many additional studies are underway that contain cells destined for these analyses. 

These include plans to recreate the study using MA as a co-solvent. With the correct 

electrolyte, consistent analysis methods and an adequate number of cells, the fraction of 

transesterification can be calculated, the EC:EMC ratio can be determined, and pair cells 

can be reserved for periodic testing (for example, before and after cell failure).  

Analysis is underway on another set of cells containing NMC622 positive electrodes and 

1.1 m LiPF6 in EC:EMC (3:7) with 2% VC. This matrix was also designed to include 
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cycling protocols and storage protocols with two different upper cutoff potentials (4.1 V 

and 4.3 V). Figure 6.1 shows the discharge capacity vs. cycle number for the cycled cells. 

The cells were either cycled or stored at three different temperatures (20°C, 40°C, 55°C). 

The storage cells are included to observe electrolyte reactions at the positive electrode.  

The results from this study will probe the effect of increased upper cutoff potential and 

increased temperature. The temperature study will potentially allow reaction kinetics to 

be determined. Half of these cells have been removed after 400 cycles and analyzed 

while the second half continued cycling and will be opened for analysis soon.  

Another matrix in the process of cycling and disassembly includes both NMC532 (1.1 m 

LiPF6 in EC:EMC (3:7) with 2%VC and 1% DTD) and NMC622 (1.1 m LiPF6 in EC:EMC 

(3:7) with 2%VC, 1% methylene methanedisulfonate (MMDS) and 0.5% LiPO2F2 (LFO)) 

positive electrodes. This large matrix includes cells that are designated for cycling and 

storage at both 4.3 V and 4.4 V. Figure 6.2 and Figure 6.3 show the discharge capacity 

plotted vs. cycle number for NMC532 and NMC622 cells. The cells are stored or cycled at 

both 40°C and 55°C. Enough cells were formed so that cells could be removed every three 

months for one year (some cells since have been removed prematurely due to cell failure). 

The results from this study will not only show the effect of increased upper cutoff potentials 

and increased temperature but will provide a time dependent look at the electrolyte and 

negative electrode compositions throughout cycling or storage life.  

Recently, the electrolyte centrifuge extraction method has been modified to be performed 

in a sealed pouch bag. After centrifuging, the lower section of the bag containing the 

electrolyte layer is heat sealed from the upper section containing the jelly roll. With this 

method, the electrodes can be recovered for symmetric cells, full cells, or XPS analysis. 
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Figure 6.1 – Discharge capacity vs. cycle number for NMC532 cells with 1.1 m LiPF6 in 

EC:EMC (3:7) and 2% VC + 1% DTD at 20°C (black), 40°C (blue), 55°C (red) with a.) 

Upper cutoff potential of 4.3 V and b.) upper cuttof potential 4.1 V. 

 

This will help determine the impedance contributions from the positive and negative 

electrodes for the large matrices of cells that are soon to be opened for analysis. For 

example, results from this analysis could confirm the difference in surface species on 
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Figure 6.2 - Discharge capacity vs. cycle number for NMC532 cells containing 1.1 m 

LiPF6 in EC:EMC (3:7) with 2% VC and 1% DTD cycled at 40°C and 55°C at upper 

cutoff potentials a.) 4.4 V and b.) 4.3 V. 

 

electrodes from cells both with and without MA discussed in Chapter 5. This would help 

to identify the mechanism for electrolyte salt consumption in cells without MA and 

electrolyte salt retention in cells with MA. 
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Figure 6.3 - Discharge capacity vs. cycle number for NMC622 cells containing 1.1 m 

LiPF6 in EC:EMC (3:7) with 2% VC, 1% MMDS and 0.5% LFO cycled at 40°C (black) 

and 55°C (blue) at upper cutoff potentials a.) 4.4 V and b.) 4.3 V. 

 

As gas is often a product of the electrolyte reactions, future work will likely include cells 

destined for gas characterization. The pouch bag extraction set up introduced in this chapter 

could potentially be modified to remove gas from a cell for characterization.  This would 
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allow results including gas composition, electrolyte composition and electrode 

composition to be compared to proposed chemical mechanisms.  The method would allow 

one cell to be used for analysis and for all components of the cell to be compared. 

Additionally, computationally models can be employed to evaluate the agreement between 

theoretical chemical reactions and the observed organic, inorganic and gaseous products.  

Other techniques used for electrolyte characterization can be coupled with this work 

including Li-ion DTA54 and Fourier transformed infra-red spectroscopy (FTIR).104  DTA 

uses the reheating profile of a cell to track changes in salt and solvent content. This is 

nondestructive and can be performed at any stage of life.54  The DTA results for a cell can 

be used to estimate the extent of electrolyte changes and to determine when to open a cell 

for the destructive GC-MS and ICP-MS analysis. FTIR has been explored as a method to 

measure salt and solvent composition using as little as a drop of electrolyte.104  This method 

uses standards to characterize the infra-red absorption patterns of the salt and solvent bonds 

then to quantify an unknown electrolyte composition. The FTIR method is destructive but 

is a rapid way to measure organic and aqueous electrolyte components. 

In the future, the methods developed in this work will also be used to measure changes to 

electrolyte that occur in cells with different electrode compositions. This could include an 

analysis of electrolyte from other positive electrode materials, such as NCA (Ni, Co and 

Al) as well as a comparison to results found in this work from NMC positive electrodes. 

Other electrode materials, such as Si-containing negative electrodes, could be studied to 

observe their effect on electrolyte composition. This would help identify potential 

electrode-electrolyte interactions different to the graphite interactions discussed in this 

work. 
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Like the pouch bag analysis discussed in Chapter 2,57,58 the methods in this study could be 

used to compare the organic and salt content of electrolytes exposed to only one electrode 

and to both electrodes. This would isolate electrode and electrolyte reactions and help 

identify potential shuttle mechanisms that occur in the full cell.  

Other new cell chemistries include the use of high-salt, non-flammable electrolytes (above 

2-3 M) for cells with lithium metal negative electrodes.105,106  These electrolytes can 

improve cycling lifetime and improve safety of cells by limiting dendrite growth.105,106  

Analysis of the electrolyte from these cells throughout their cycling life would identify the 

degradation mechanisms occurring in the liquid solution. This would include probing salt 

loss and solvent degradation for these high-salt chemistries. 

The combined results from the work presented in this thesis as well as the large number of 

studies underway and planned will combine to identify the mechanisms that lead to failure 

of a wide variety of all cell chemistries. 
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