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ABSTRACT 

Understanding the mechanisms affecting the lifetime of lithium-ion cells is critical 

to extend cell lifetime and increase the energy density for applications such as grid energy 

storage and electric vehicles.  Unwanted, or parasitic, reactions between the electrode 

materials and the electrolyte can consume the available lithium and electrolyte 

components, limiting cell lifetime.  This work developed methods of probing parasitic 

reactions in-situ and non-destructively in short experiments using isothermal 

microcalorimetry.  The effect of different electrode materials, electrolyte additives, and 

solvents on cell lifetime was investigating by isolating the heat flow due to parasitic 

reactions ï the parasitic heat flow.   

Three methods were developed in this work.  The first method probed the reactions 

occurring during the formation of the solid electrolyte interphase, which occurs the first 

time a cell is charged.  The measured heat flow was compared to theoretical estimates of 

the heat flow of proposed reaction pathways using computed values in the literature.  

The second method used the measured heat flow during slow charge-discharge 

cycles to isolate the parasitic heat flow as a function of cell voltage.  The method was used 

in multiple studies to explore the effects of electrolyte additives, solvents, positive 

electrode coatings, positive electrode composition, and negative electrode materials on the 

parasitic heat flow.  The technique correlated with cell performance in almost all cases, but 

the results suggested that differences between electrode or electrolyte components could 

introduce different types of parasitic reactions, affecting the parasitic heat flow. 

Finally, a method was introduced to probe the reaction enthalpies of parasitic 

reactions using high-precision voltage-holds.  The study found that different solvents and 

positive electrode coatings played a large role in determining the types of parasitic 

reactions occurring in cells. Additionally, the rates and types of parasitic reactions were 

found to change significantly with the cell voltage.   

The methods developed in this work provided insight into the mechanisms 

responsible for limited lifetime in the cells studied and contributed to a better understanding 

of parasitic reactions in lithium-ion cells.  New measurement techniques found that changes 

in parasitic processes could be quantified, and depend on cell voltage, electrode materials, 

electrode coatings, and electrolyte chemistries.  
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PES prop-1-ene-1,3-sultone 

PES211 additive blend containing 2% PES, 1% DTD, 1% TTSPi 

PPF pyridine boron pentafluoride 

PVDF polyvinylidene fluoride 

q heat 

Qc charge capacity 

Qd discharge capacity 

ή  heat flow 

ή  heat flow during charge 

ή  heat flow during discharge 

ή parasitic heat flow 

ή  average parasitic heat flow  

ή  parasitic heat flow during charge 

ή  parasitic heat flow during discharge 

Qp parasitic capacity 

Rcell cell resistance 

Rct charge transfer resistance 

S entropy  

s entropy per site  
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Tm melting temperature 
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VC  vinylene carbonate 
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ȹH enthalpy of reaction 
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Ů dielectric constant 

ɖ overpotential 

ɖv viscosity  

ɛ- negative electrode chemical potential 

ɛ+ positive electrode chemical potential 

ɟ density 

Ű time constant 

ɤ frequency 

  



xxi 

 

ACKNOWLEDGEMENTS  

I would like to acknowledge my supervisor, Dr. Jeff Dahn for his unwavering 

dedication to every member of the Lab.  Without his constant support, motivation, and 

excitement surrounding our research, this degree would not have been such an engaging, 

energizing experience.   

I would like to acknowledge Tesla, 3M Company, Dalhousie University, NSERC, 

and the Walter Sumner Foundation for financial support through various portions of this 

work.  

  I would like to acknowledge every member of the Dahn Lab over the last few 

years.  It has been a privilege to work with such a diverse group of researchers from 

numerous scientific fields from around the globe.  You have all taught me a great deal 

about research, collaboration, community, and friendship.  I would especially like to thank 

Dr. Jing Li for being a constant source of inspiration and mentorship, as well as a great 

friend.  

Finally, I would like to acknowledge the people closest to me.  Mom and Dad: Your 

support has been unparalleled.  Though distance separates us, you are always with me.  

Sean, Christie, Jon, Alex, and Lauren: Thank-you for providing me with much needed 

breaks from my work through physical labour, Skype chats, and making time for me even 

though I have little to give to you.  Drew: Honk.  Katie: Thank-you for being there every 

step of the way.  Thank-you for learning and growing with me, and for being my rock.  I 

cannot wait for our next adventure and all the adventures to follow.  

 

 



1 

 

CHAPTER 1  INTRODUCTION  

1.1 MOTIVATION  

Lithium-ion cells are used as energy storage devices in portable electronics, electric 

vehicles (EVs), and more recently grid energy storage.  Lithium-ion cells for applications 

such as grid storage and EVs must have lifetimes on the order of ten years or more, have 

high energy density and specific energy, perform well in a wide range of temperatures, 

charge and discharge quickly, be safe, and low in cost.   

Many commercialized lithium-ion chemistries have a desirable theoretical energy 

density due to large charge storage capacity and high operating potentials.1,2  However, 

many commonly used chemistries operate at potentials which cause reactions between the 

electrode surfaces and the liquid electrolyte, consuming electrolyte and lithium, decreasing 

the lifetime of cells.3,4  Increasing the stability of the electrolyte and the electrolyte-

electrode interfaces would allow for higher energy density lithium-ion cells, and in turn 

lower cost, can improve safety, and increase lifetime.   

The development of high energy density lithium-ion cells requires a deeper 

understanding of the mechanisms responsible for decreased lifetime.  Ideally, methods 

which predict the lifetime of cells would take weeks or months, rather than charging and 

discharging cells for years or decades.  Therefore, high-precision measurements which 

directly probe unwanted reaction processes in cells are desired.  Techniques which allow 

for sensitive measurements of parasitic reactions will help guide the advancement of 

materials and electrolytes for high energy density lithium-ion cells with long lifetime.   
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1.2 OVERVIEW OF L ITHIUM -ION CELLS  

A secondary (rechargeable) lithium-ion cell is an electrochemical órocking-chairô 

device which utilizes a difference in chemical potential between two materials that can 

reversibly store lithium to store energy or do work in a circuit.  A lithium-ion cell typically 

contains a positive electrode and a negative electrode on metallic current collectors, a 

porous, insulating separator, and a non-aqueous liquid electrolyte.   

Electrode materials are typically layered materials in which lithium atoms can be 

reversibly inserted (intercalation) or removed (deintercalation) between layers.  For 

example, LiCoO2 is an example of a positive electrode material with alternating layers of 

lithium, oxygen, cobalt, oxygen, lithium, etc., and graphite (which will be referred to as C6 

in this thesis) is a common layered negative electrode material.  Electrode materials are 

typically blended with a polymeric binder to bond particles together and to the current 

collector.  A conductive carbon is also usually mixed into the electrode to provide 

electronic connection between particles.  More details about positive and negative 

electrode materials will be discussed in Sections 1.3 and 1.4, respectively.  The separator 

is a microporous polymer film which allows for electrolyte and Li+ ions to pass between 

electrodes while maintaining electrical isolation.  The separator will not be discussed in 

detail in this work.  The liquid electrolyte acts as the means of ion transport between 

electrodes and typically contains a lithium salt such as lithium hexafluorophosphate 

(LiPF6) dissolved in a blend of carbonate solvents such as ethylene carbonate (EC) and 

ethyl methyl carbonate (EMC).  Electrolytes will be discussed in detail in Section 1.5.   

To maximize energy density, electrodes are typically coated on both sides of the 

current collectors.  In most cells the current collectors are aluminum foil for the positive 
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electrode and copper foil for the negative electrode.  The electrodes and separator are 

assembled in one of many configurations such as stacked, folded, or wound.  The bulk 

shape of the cell interior is often referred to as the jelly-roll.  A schematic of the basic 

interior components of a wound, cylindrical lithium-ion cell is shown in Figure 1.1.  The 

jelly-roll is contained in either a flexible pouch or a hard metal enclosure, which is filled 

with electrolyte when assembled.  The negative electrode is usually designed to be wider 

than the positive electrode for safety reasons, creating an óoverhangô region, as seen in 

Figure 1.1.  The overhang prevents Li+ ions from the positive electrode from plating as Li 

metal on the edge of the negative electrode current collector when a cell is charging.   

 
Figure 1.1: A schematic of lithium-ion cell components. 

The basic operation of a lithium-ion cell is outlined in Figure 1.2.  When charging 

a cell, current is applied through an external circuit, driving electrons from the positive 

electrode to the negative electrode.  To maintain charge balance in the cell, lithium ions 

deintercalate from the positive electrode structure (LiMO2 in Figure 1.2, where M is a 

transition metal) and intercalate into the graphite negative electrode.  The lithium atoms in 

the negative electrode have a higher chemical potential (‘ ) than the lithium atoms in the 

positive electrode (‘ ).  Thus, when the cell is charged, work is done on the 

Separator

Negative electrode 

(Cu current collector)

Positive electrode 

(Al current collector)

ñJelly rollò

Overhang
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electrochemical system and energy is stored in the cell.  When a load is placed in the 

external circuit, the reverse happens spontaneously: electrons flow through the circuit from 

the negative electrode to the positive electrode, releasing the stored energy as work in the 

circuit while lithium atoms deintercalate from the negative electrode and intercalate into 

the positive electrode.   

 

Figure 1.2: The basic functions of a lithium-ion cell during charge (red arrows) and 

discharge (blue arrows). 

The half-cell intercalation reaction of each electrode and the full cell reaction can 

be expressed by 

 Positive:   LiMO 2 O  Li 1-xMO2 + x Li + x e-  

Negative:   y Li + y e- + C6  OLi yC6 

Full Cell:  LiMO 2 + x/y C6 O  Li 1-xMO2 + x/y Li yC6 

 

1.1 
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The equilibrium voltage of the cell is given in volts (V) by 

 
ὠ

‘ ώ ‘ ρ ὼ

Ὡ
 

1.2 

where Ὡ is the electronic charge and (1 ï x) and y are the lithium contents of the positive 

and negative electrode half-cell reactions shown above.  The cell capacity is defined as the 

total amount of charge transferred in the external circuit during the total time of a charge 

or discharge between two fixed voltage limits and is typically given in amp hours (Ah) or 

milliamp hours (mAh).  For example, using a constant current (Ὅ in amps, A) the capacity 

of a charge cycle over a time ὸ (in hours, h) would be 

 
ὗ ὍὨὸ ὍὸȢ 

1.3 

 

Specific capacity refers to the capacity per unit mass, typically expressed in mAh/g.  The 

energy of a cell is simply the capacity multiplied by the average voltage of the cell and is 

usually expressed in Watt hours (Wh).  Specific energy density and volumetric energy 

density refer to the energy per unit mass or volume, respectively, given in Wh kg-1 

or Wh L- 1.    

Figure 1.3 shows the voltage of a full cell (black) with an LiNi0.5Mn0.3Co0.2O2 

positive electrode and a graphite negative electrode plotted against the cell capacity.  Also 

shown are the constituent positive (blue) and negative (red, right axis) electrode voltage 

measured vs. a lithium metal reference (Li/Li+).  The electrode material voltage curves are 

aligned such that the óbalanceô of the cell is shown, (i.e., the relative capacities of each 

material in the cell) and demonstrate where the features in the full cell voltage-capacity 

curve come from.  Cells are balanced for operation between specific voltage ranges.  As 
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depicted in Figure 1.3 (the cell is balanced for 4.5 V operation) the positive electrode is 

always designed to have less capacity than the negative electrode before the full cell 

reaches the designed upper cut off voltage.  A larger negative electrode capacity ensures 

that when charging the cell (moving towards the right in Figure 1.3), the negative electrode 

does not become fully lithiated and begin to plate Li metal on the surface of the electrode.   

 

 

Figure 1.3: Voltage of a full cell (black), the LiNi0.5Mn0.3Co0.2O2 positive electrode (blue) 

and the graphite negative electrode (red) plotted vs. capacity.  As capacity increases, Li is 

removed from the positive electrode and inserted into the negative electrode.  

The choice of electrode materials governs many properties of a cell, such as the 

operating cell voltage, specific capacity, and the energy density.  The choice of electrode 

materials and electrolyte influences the rate capabilities (whether the cell can 

charge/discharge quickly), lifetime, and cost.  Lifetime can refer to either calendar lifetime 

(measured in hours, years, etc.)  or charge-discharge cycle lifetime (measured in number 

of cycles).  Processes which contribute to decreased lifetime can be physical degradation 

of cell components (particle cracking, electrical disconnection, lithium metal formation, 

etc.), or chemical degradation (reactions between the electrolyte and electrodes, oxygen 
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loss and transition metal dissolution from the positive electrode, thermal decomposition of 

electrolyte or salt, etc.).5ï9  The rate and severity of these failure mechanisms depend on 

the materials used and the conditions cells are exposed to such as temperature, voltage, and 

rate.  Understanding the root cause of failure mechanisms in cells is critical to improve the 

lifetime of lithium-ion cells.   

In this work, the physical degradation of cell materials is considered, but the 

majority of failure analysis focuses on chemical degradation involving reactions at the 

electrolyte-electrode interfaces.  The term óparasitic reactionsô is typically used to describe 

these chemical processes and covers a wide variety of mechanisms.  Due to the complexity 

of the electrochemical system inside a lithium-ion cell, the exact processes that occur 

during parasitic reactions are not well understood.  Parasitic reactions will be discussed in 

detail in Section 1.6.  

This section provided a basic, qualitative overview of lithium-ion cell operation 

and cell failure.  The following three sections will go into further detail describing the 

positive and negative electrodes, as well as components of the electrolyte.  Details 

regarding parasitic reactions and the effects of parasitic reactions on cell performance will 

then be discussed.  Background will be given with an emphasis on materials and techniques 

used in this thesis.   

 

1.3 POSITIVE ELECTRODE MATERIALS  

To achieve cells with high energy density, positive electrode materials with high 

operating potential vs. Li/Li + and/or high specific capacity are required.  This work only 

considers commercialized (functional) positive electrode materials which operate at high 
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average voltage (>3.8 V) and yield high specific capacities.  Figure 1.4 shows the voltage 

vs. specific capacity curves of five commercialized positive electrode materials.  According 

to Figure 1.4, layered metal oxides with the chemical formula LiMO 2 (where M is a blend 

of transition metals) are materials of interest to this work.  In order to use the full theoretical 

capacity of layered metal oxides, the positive electrode material must be charged to 

potentials upwards of 4.7 V.  Typical electrolytes are not stable at these high potentials, 

leading to parasitic reactions (specifically electrolyte oxidation).  Some materials such as 

LiNi 0.5Mn1.5O4 (LNMO) operate at a very high average voltage of ~4.75 V with a 

theoretical capacity of 146 mAh g-1.10ï12  However, due to operating potentials of up to 5.0 

V, LNMO suffers from challenges due to electrolyte stability which are out of the scope of 

the current work.10,11,13  Section 1.6 discusses the impact of high voltage operation on 

parasitic reactions in lithium-ion cells.  This work uses two types of layered transition metal 

oxides which will be discussed in Section 1.3.1 and 1.3.2.  Electrode surface coatings will 

be introduced in Section 1.3.3.  
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Figure 1.4: Voltage vs. specific capacity of common commercialized positive electrode 

materials during lithiation. Selected data digitized from Reference 14. 

1.3.1 NMC 

A common positive electrode material is based on the formula LiNixMnyCo1-x-yO2.  

The shorthand name for this material is NMC and is commonly referred to by its ratio of 

nickel, manganese, and cobalt.  For example, LiNi0.33Mn0.33Co0.33O2 is called NMC111, 

LiNi 0.5Mn0.3Co0.2O2 is called NMC532, etc.  NMC is based on the first commercialized 

lithium-ion positive electrode material LiCoO2 (LCO), identified in 1980.15  In recent years 

NMC has replaced LCO in many applications due to its superior thermal and structural 

stability, high useful specific capacity (160 ï 200 mAh g-1 vs. 145-180 mAh g-1), 

significantly lower cost, and high rate capabilities.14,16ï19  The layered structure of the 

LiMO 2 family is described by the Rσm space group and is shown in Figure 1.5, where M 

is either Ni, Mn, or Co in NMC.  Transition metal atoms occupy the 3a sites and while 

lithium occupies 3b sites, forming alternating layers of lithium and transition metal atoms 

octahedrally coordinated by oxygen atoms.   
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Figure 1.5: Rσm space-group a) trigonal unit cell (111 projection) and b) extended 

boundaries illustrating a layered structure.  

Many types of NMC have been investigated to achieve optimal combinations of 

properties from each transition metal.  Increasing the amount of Ni relative to Co in NMC 

reduces the cost due to lower Co content, but yields lower thermal stability20ï22 and can 

increase the number of Ni2+ ions preferentially occupying Li  sites.23  High Ni content in 

NMC also can lead to more electrolyte oxidation, but is necessary to decrease Co 

content.24,25  Fortunately, developments in electrolyte chemistries and positive electrode 

surface coatings have allowed for the use of some high Ni-containing NMC chemistries, 

and will be discussed shortly.  Adding Co to LiNiO2 was found to mitigate the degree of 

cationic disorder between layers in materials using low cost synthesis.26  Manganese is 

much cheaper and less toxic than Ni and Co, but contributes to a phase transition to a spinel 

structure,27 and Mn2+ dissolution into electrolyte when high ratios of Mn are used.5,28   A 

few types of NMC have become quite popular which achieve a balance of cost, energy 

density, and structural and chemical stability, namely NMC111, NMC442, NMC532, and 
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NMC622.14,25  NMC811 is a promising material which significantly decreases Co content 

compared to other chemistries and is being adopted by some manufacturers.22,25,29  

Most of this work involves three different chemistries of NMC: NMC442, 

NMC532, and NMC622.  The details of the materials will be noted in the text where 

applicable.  

1.3.2 NCA 

LiNi xCoyAl 1-x-yO2 (NCA) is another common positive electrode material based on 

the layered structure of LCO and NMC.  Al has been found to improve overall structural 

and thermal stability, as well as the electrochemical performance compared to materials 

without Al.30  However, since Al3+ is electrochemically inactive, NCA must contain low 

concentrations of Al in order to maintain its high specific capacity of ~200 mAh g-1.14  

Therefore NCA materials typically contain high ratios of Ni:(Co+Al) of 4:1.31,32   NCA has 

also been reported to show structural degradation at particle grain boundaries during long-

term use.33   

Some portions of this work involve a proprietary NCA material in cells provided 

by one of Teslaôs suppliers.    

1.3.3 Coatings 

Positive electrode coatings have become a popular way of mitigating reactions with 

electrolyte, particularly in high-nickel NMC materials.  Coatings such as Al2O3 have been 

found to protect against electrolyte oxidation and damage from hydrofluoric acid, HF, 

increasing the lifetime of cells.34,35  TiO2 has also been found to help create a protective 

coating which allows for high rate capabilities.36  LaPO4 has been found to increase lifetime 

at moderate potentials and increase surface structural stability of Mn-containing positive 
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electrode materials such as LiMn2O4,
37 but was found to decrease performance in NMC 

cells operated above 4.4 V.38   

Some of the materials in this work have positive electrode coatings: either Al2O3 or 

proprietary materials.  Some comparisons between coatings will be made, and the presence 

of coatings will be indicated in the text when applicable.  

 

1.4 NEGATIVE ELECTRODE MATERIALS  

Like the positive electrode materials introduced in Section 1.3, this work uses 

commercialized materials which yield high cell potentials (low negative electrode potential 

vs. Li/Li +) and have high specific capacity.  The ideal candidate based on these metrics 

alone would be to use Li metal.  Lithium can be plated and stripped from a Li metal 

negative electrode instead of using an intercalation material.  However, Li metal electrodes 

have been found to cause issues due to heterogeneous stripping and plating of Li, leading 

to lithium dendrites.39  These imperfections can cause capacity loss and safety issues due 

to lithium loss and short circuits in cells, leading to self-discharge or catastrophic 

failure.39,40  The use of Li  metal electrodes is a topic of interest in the field, but is not 

applicable to this body of work.  Some commercialized negative electrode materials such 

as Li 4Ti5O12 (LTO) yield cells which have very long lifetime, good safety and structural 

stability, but have low specific capacity and high negative electrode operating voltages 

(175 mAh g-1 and 1.55 V vs Li/Li+ respectively for LTO).41      

1.4.1 Graphite  

Graphite is the most widely used negative electrode due to its low potential vs. 

Li/Li + (average voltage of ~0.15 V), relatively high theoretical specific capacity of ~370 
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mAh g-1, low volume expansion (~10% along the stacking axis during lithiation), and 

compatibility with long lifetime cells.14,42  Figure 1.6a shows the voltage vs. specific 

capacity of graphite during charge.  Figure 1.6a depicts the multiple labelled plateau 

regions during charge.  These voltage plateaus are due to two coexisting phases of LixC6, 

and the sloped regions are due to the presence of a single phase.43,44  This multi-stage 

intercalation process is commonly referred to as staging.  In Figure 1.6, stage 1 is labelled 

ó1ô, and multi-phase regions are labeled by the two coexisting phases (eg. 1-2).  An óLô 

indicates a óliquidô-like state in which no preferential ordering within lithium layers occurs.  

Figure 1.6b illustrates the stages of LixC6 as lithium is inserted (0 < x < 1).  The stage 

number represents the number of graphene sheets between layers of intercalated lithium.  

 

Figure 1.6: a) Charge voltage curve of graphite during constant current discharge with 

labelled two-phase and single-phase regions. b) Cartoon representation of graphite stages. 

Lithium atoms are shown as green circles between graphite layers (black lines). 

Though safe, non-toxic, and inexpensive, graphite has some limitations.  The low 

operating potential of graphite vs. Li/Li + means that electrolyte species can be reduced at 

the surface, creating reactions which can form gas or a solid layer over the surface of the 

graphite.  This layer can increase impedance in the cell and consumes some of the available 

lithium in the cell.  However, this layer called the solid electrolyte interphase (SEI) has 

C6
Stage 4

Stage 2
Stage 1

Stage 3a b
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also been found to mitigate further reduction and protect the graphite surface when certain 

chemicals are used.45ï47  This protective SEI layer will be discussed further in Section 1.5.  

Another issue that can arise is the intercalation of electrolyte solvent species into the 

graphite layers, causing exfoliation, increased surface area, and subsequently more reaction 

products.48,49  Finely tuned protective layers or surface coatings can prevent solvent 

intercalation.45,48,49    

Graphite materials for lithium-ion cells can be manufactured from natural graphite 

sources or synthesized from petroleum products.  In this work, the source of the graphite 

type used in each chapter will be distinguished by the terms natural graphite (NG) and 

synthetic, aka artificial graphite (AG).  A comparative study between NG and AG is 

discussed in Chapter 5 of this thesis.   

Most cells used in this thesis contain graphite alone as the negative electrode 

material. Some cells use a blend of graphite and silicon oxide (SiO).    

1.4.2 Silicon-containing Materials 

Although graphite has a high specific capacity compared to most positive electrode 

materials, it is not comparable to that of silicon.  Lithium can reversibly alloy with Si up to 

a composition of Li15Si4 with a low operational voltage vs. Li/Li +, and a large specific 

capacity of 3500 mAh g-1, but a volume expansion of ~300%.50ï52  The large volume 

expansion occurs in every direction, and can cause particle strain and cracking during 

charge, leading to loss of material during discharge (contraction).53  Particle cracking also 

leads to newly exposed surface area for parasitic reactions to take place, consuming 

electrolyte and Li .54,55  To mitigate some of this volume expansion, materials such as SiO 

and SiO-C nanocomposites have been investigated and show improved performance 
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compared to Si.56ï59  Combining graphite and Si-containing materials is one way to trade 

off higher capacity with shorter lifetime.  Using combinations of low expansion materials 

such as graphite with Si/SiO may also decrease the impact of lithiation on structural 

damage to the entire electrode during cycling.  

Parts of this work use cells containing a blend of graphite and SiO as the negative 

electrode and will be noted in the text where applicable.   

 

1.5 ELECTROLYTES  

Electrolytes provide the means of ion transport in lithium-ion cells.  This work uses 

non-aqueous, liquid electrolytes composed of a lithium salt dissolved in solvent.  In almost 

every case there is one or more chemical additive(s) in the electrolyte.  Electrolytes should 

ideally have good lithium diffusion kinetics (high ionic conductivity and low viscosity) to 

allow for fast charging and discharging rates, high temperature stability, and 

electrochemical stability suitable for the electrode chemistries.  This section will introduce 

the components of electrolytes, and Section 1.6 will  discuss the limitations of electrolytes 

in high energy density systems with respect to parasitic reactions. 

1.5.1 Salts 

The most common lithium salt is lithium hexafluorophosphate (LiPF6).  LiPF6 has 

a high solution conductivity when dissolved in typical solvents, and good electrochemical 

stability.60  LiPF6 has been found to decompose electrochemically to form lithium fluoride 

(LiF) which can help to protect electrodes from parasitic reactions.  However, products of 

thermal decomposition of LiPF6 such as PF5 have been found to contribute to the 

production of CO2, fluorophosphates, esters, and hydrofluoric acid (HF) above 55°C.9,60,61  
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Alternatives to LiPF6 have been investigated including lithium tetrafluoroborate (LiBF4), 

which yields electrolytes with better thermal stability than LiPF6, but lower conductivity 

and poor synergy with graphite electrodes.62,63 Lithium bis(oxolato)borate (LiBOB) has 

been shown to increase thermal stability and cycling performance in NCA/graphite cells at 

55°C, but also increases the impedance of the cells, leading to poor rate performance.64ï66  

Blends of LiPF6 and LiBF4
63 or LiBOB66 have shown compromises between the above 

advantages and disadvantages.   

Although many salts have been investigated, LiPF6 remains the most popular 

choice for academic and commercial use.  This work only uses LiPF6. 

1.5.2 Solvents 

Solvents in lithium-ion cells present some of the largest issues facing the 

advancement of high energy density, long lifetime cells.  Solvents have a strong impact on 

the performance of cells at different temperatures, the temperature stability of the 

electrolyte, and the voltage stability of the electrolyte.   Typically, a blend of cyclic and 

linear carbonates is used as the solvent in a lithium-ion cell.  Some fluorinated carbonates 

are also used as solvents.  Table 1 shows the chemical structures and some chemical 

properties of the solvents used in this work: melting point (Tm), boiling point (Tb), viscosity 

(ɖv), and dielectric constant (Ů). 
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Table 1: Properties of solvents used in this work.   

Solvent name 

(short form) 
Chemical Structure 

Tm 

(°C) 

Tb 

(°C) 

ɖv 

(cP 25°C) 

Ů 

(25°C) 
Ref. 

Ethylene 

Carbonate (EC) 
 

36.4 248 1.90 (40°C) 
89.78 

(40°C) 
3 

Dimethyl 

Carbonate 

(DMC) 
 

4.6 91 0.59 3.11 3 

Ethyl Methyl 

Carbonate 

(EMC)  

-53 110 0.65 2.95 3 

Methyl Acetate  

(MA)  
 

-98 57 0.4 6.68 67,68 

Fluoroethylene 

Carbonate (FEC) 
 

~20 212 3.5 108 69,70 

Bis(2,2,2-

trifluoroethyl) 

Carbonate 

(TFEC)  

-43* 118 Not found Not found 71 

* Measured in the Dahn Lab with a TA DSC q2000 (±1°C) 

The rate performance of cells is largely affected by the ionic transport properties of 

the electrolyte.  The viscosity and dielectric constant play a large role in transport 

properties.  Cyclic carbonates such as EC are used to increase the salt dissociation (larger 

number of charge carriers) due to a higher dielectric constant.  However, cyclic carbonates 

tend to have high viscosity and tend to be solid at room temperature.  Propylene carbonate 

(PC) is another cyclic carbonate with similar properties to EC, but has been found to co-

intercalate into graphite, causing exfoliation and active material loss.48,49,72  Linear 

carbonates such as EMC and DMC have a low dielectric constant, but a lower viscosity 

and melting point than cyclic carbonates, leading to better ion mobility and performance at 

low temperatures.73   Blends of carbonates such as EC:EMC:DMC (1:1:1 wt.) are typically 

used in cells because of the balance of physical properties between solvents.3  Other co-
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solvents have been investigated to yield good lithium mobility during low temperature 

performance.   

Esters such as methyl acetate (MA) and ethyl acetate (EA) have low viscosities, 

low melting points, and the ability to impart high ionic conductivity to the electrolyte.  MA 

was first investigated by NASA as a solvent for lithium-ion cells for very low temperature 

applications due to a melting point of -98 °C.67  MA can improve conductivity by 18% and 

viscosity by 30% at room temperature compared a blend of EC:EMC:DMC (25:5:70 wt.) 

when 20% wt. of MA is added as a co-solvent.68  Studies have found that that MA can 

significantly increase the high-rate performance of NMC/graphite cells.74,75  However, MA 

has also been found to contribute to decreased cell lifetime due to unwanted reactions with 

electrodes.75,76  Some of the work in this thesis investigated the effect of MA on high rate 

performance and cell lifetime, and will be discussed in Chapter 6.  MA has the potential to 

allow for very high rate performance in cells and allow for lower temperature applications 

compared to traditional electrolytes.   

Lithium mobility is not the only consideration for electrolyte solvents.  The 

electrochemical stability of the electrolyte plays a major role in determining if  a lithium-

ion cell will have a long lifetime.  If the electrochemical stability window of the electrolyte 

encompasses the potential ranges of both the positive and negative electrode at all states of 

lithiation (~0.1 V ï 4.7 V vs Li/Li +), then unwanted electrochemical side reactions would 

be less likely.  However, most electrolytes made with carbonate solvents tend to oxidize 

over 4.0 V vs. Li/Li +.3,77ï79  Some solvents such as FEC have been found to oxidize at 

potentials around 4.5 V. 80,81  However, FEC also tends to reduce at higher potentials than 

most other solvents, leading to electrolyte reduction at the negative electrode.82,83  EC is 
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also known to reduce on graphite (low voltage) negative electrodes, forming products such 

as ethylene, lithium carbonate (Li 2CO3), and lithium ethylene dicarbonate 

((CH2OCO2Li)2).
77,84ï86  The instability of electrolytes provides a challenge to the 

adaptation of high energy density cells due to the broad potential range.  Fortunately, the 

study of electrolyte decomposition has led to the realization that some reaction products 

actually help prevent further reactions and will be discussed in the next section. 

1.5.3 The Solid Electrolyte Interphase 

Some reaction products from electrolyte oxidation and reduction form an 

electrically insulating and ionically permeable (passivating) layer on electrodes known as 

the solid electrolyte interphase (SEI).4,46,46,72,77,86,87  The operational voltage of graphite is 

much lower than the reduction potential of most solvent molecules, so during the first 

charge of a lithium-ion cell a significant amount of electrolyte reduction occurs, forming 

the negative electrode SEI.  The first cycle of a lithium-ion cell is known as the óformation 

cycleô.  Similar processes can happen at the positive electrode due to oxidation products. 

The SEI layers can then mitigate further oxidation and reduction. 

  Many past studies have focused on the negative electrode SEI due to the 

widespread adaptation of low-voltage graphite negative electrodes.47,82,83,88  More recently, 

similar films have been found on the positive electrode due to oxidation reactions.89ï91  The 

SEI has been found to contain not only products of solvent reactions, but is also influenced 

by salt and transition metals leached from the positive electrode.5,92,93  Products from 

reactions at one electrode have also been found to influence the composition of the other 

electrode SEI.94  This chemical interaction between electrodes is termed ócross-talkô.   
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1.5.4 Additiv es 

Although the SEI layers formed by solvent reactions can help to slow reactions in 

cells, most solvents do not form completely passivating SEIs.  For example, FEC and EC 

have been found to form slightly passivating SEIs, but the continual growth of SEI leads 

to shorter lifetime and limits lithium kinetics.46,77,95  Some chemicals with much higher 

reduction potentials than typical solvents have been found to create very robust SEIs, and 

reduce before the solvent during the formation cycle.  When added in controlled amounts, 

these chemicals can be used to create SEI layers with good passivation and lithium kinetics.  

The SEIs created by these chemical óadditivesô then help prevent further parasitic 

reactions.4,83,95ï98  

Electrolyte additives allow for a simple, cost effective way of hindering parasitic 

reactions in lithium-ion cells.  A chemical is usually described as an additive when it is 

used in concentrations of less than 5% by weight (wt.) of the total electrolyte solution.  

Additive concentrations and blends can be adjusted to tune properties of the SEI during 

cell manufacturing with little change to the production process.  Hundreds of additives 

have been studied in the literature.  Figure 1.7 shows the additives used in this thesis and 

the abbreviations.  
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Figure 1.7: Chemical structures and abbreviations of additives used in this work. 

Vinylene carbonate (VC) is perhaps the most well-known electrolyte additive.  The 

reduction potential of VC is higher than that of EC, and the products of VC reduction form 

a very stable, passivating SEI on graphite electrodes compared to that of EC.87,99,100   

Products of VC reduction include lithium alkyl carbonates (ROCO2Li), lithium oxalate 

(Li 2C2O4), Li2CO3, and polymerized VC.83,87  Similar to VC, FEC has been found to form 

similar SEI products, but also forms LiF which contributes to the protective properties of 

both positive and negative electrode SEIs.61,83,101,102   

Sulfur containing additives such as ethylene sulfate (DTD), methyl 

methanedisulfonate (MMDS), and prop-1-ene-1,3-sultone (PES) have been found to lead 

to a very homogeneous, passivating negative electrode SEI containing ROCO2Li, 

ROSO2Li, Li 2CO3, and lithium sulfite (Li 2SO3).
103ï106  These additives tend to form SEIs 

with good lithium mobility, allowing for fast ion transfer when used in small amounts.105,106  

vinylene carbonate
VC

ethylene sulfate
DTD

prop-1-ene-1,3-sultone
PES

methylene methanedisulfonate
MMDS

tris(trimethylsilyl) phosphite
TTSPi

fluoroethylene carbonate
FEC

pyridine boron trifluoride 
PBF

pyridine phosphorus pentafluoride 
PPF

triallyl phosphate
TAP

tris(trimethylsilyl) phosphate
TTSP
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Sulfur containing additives such as DTD and MMDS have also been found to contribute 

to positive electrode SEI layers which also impede electrolyte oxidation.105,107 

Many works have investigated combining additives to blend desired SEI 

properties.108ï113  One such combination is composed of 2% wt. PES, 1% wt. DTD (or 

MMDS) and 1% wt. TTSPi.  This additive blend is called PES211 and has been found to 

create very protective SEI layers and yield very long lifetimes compared to almost every 

other additive combination in the literature in NMC/graphite cells.35,113ï115  However, due 

to thick SEI layers on the negative electrode, cells containing PES211 cannot facilitate fast 

lithium diffusion through the SEI, leading to lithium plating on the negative electrode 

during high-rate charging.116     

Although studied for decades, the exact composition of the SEI, and the chemical 

pathways leading to its formation are not well understood.  The above references typically 

use surface or gas analysis after SEI formation to probe the SEI composition.  The number 

of parameters present in a lithium-ion cell electrochemical system makes it difficult to 

determine preferential reaction pathways leading to SEI formation, even with modern 

computational techniques.   In-situ analysis techniques are needed to probe SEI formation 

mechanisms and compare results with other post-mortem analyses and computational 

studies.  Chapter 4 will introduce a technique that could probe formation reactions in-situ 

and non-destructively.   

The development of additive systems is extremely important for high-energy 

density lithium-ion cells.  Understanding, or at least quantifying the parasitic reaction 

processes that are responsible for cell failure is critical to design interphases between the 

electrodes and electrolytes which prevent or dramatically hinder the decomposition of 
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electrolyte.  The next section will give an overview on different types of parasitic reactions 

and the impact of each on cell lifetime. 

 

1.6 PARASITIC REACTIONS AND CELL FAILURE  

A parasitic reaction in a lithium-ion cell refers to any chemical reaction other than 

reversible lithium intercalation between electrodes.  This work is primarily concerned with 

the electrochemical decomposition of the electrolyte via oxidation or reduction, which are 

assumed to be the dominant types of parasitic reactions occurring in cells.  Other types of 

parasitic reactions include (but are not limited to): thermal decomposition,9,60,117,118 

oxidation or alloying of the negative and positive electrode current collectors, 

respectively,119,120 transition metal dissolution from the positive electrode,5,6,93,121 and 

oxygen release61,122 from the positive electrode.    

Electrolyte species can readily oxidize at the positive electrode when the chemical 

potential of the positive electrode is lower than the kinetic stability window of the 

electrolyte species.  Similarly, a molecule can reduce when the chemical potential of the 

negative electrode is higher than the kinetic stability window of the electrolyte species.  

Passivating SEI layers can effectively raise and lower the upper and lower stability limits 

of the electrolyte with respect to the electrodes.  Figure 1.8 demonstrates a schematic of 

the kinetic stability window of an electrolyte species with respect to the electrode potentials 

at a high state of charge (SOC), and the effect of the SEI layers.  As the cell is charged 

(moving to the right in Figure 1.8), the chemical potential of the negative electrode 

increases rapidly at first, then begins to plateau as graphite staging occurs.  Since the 

operational potential of graphite is outside the stability limit of most solvents, electrolyte 
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reduction can readily occur if the negative electrode SEI layer is not sufficiently 

passivating.  While a cell is charging the chemical potential of the positive electrode 

decreases, especially after ~50% delithiation.  If the stability limit of electrolyte species is 

not sufficient for operation at these potentials, species will readily oxidize at the surface.  

 

Figure 1.8: Energy level diagram of the kinetic electrolyte stability window with respect to 

the chemical potential of the positive and negative electrodes. Voltage-capacity curves of 

a graphite negative electrode (red) and NMC positive electrode (blue) have been added for 

conceptual aid.  When a cell is at low voltage the electrolyte tends to be stable with respect 

to the electrodes.  When the cell is at high voltage the electrolyte can be unstable at the 

electrodes and oxidize or reduce.  The SEI effectively widens the stability window on the 

positive electrode and negative electrode, preventing further oxidation and reduction at 

high cell voltage, respectively. 

Figure 1.8 demonstrates the issues surrounding high energy density lie in the 

voltage stability of electrolytes.  If the graphite negative electrode is sufficiently passivated, 

minimal electrolyte reduction will occur.  However, the potential of the positive electrode 

continually increases during charge.  If all the theoretical capacity of the positive electrode 

is to be used, either electrolytes with very high oxidation potentials or very robust positive 
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electrode SEI layers are needed.  Leaving lithium-ion cells at a fully charged or fully 

discharged state for long periods of time causes higher rates of parasitic reactions to occur.  

For technologies such as grid storage for renewable energy and EVs long storage times are 

ideal, and therefore require more stable electrolyte systems.   

In addition to the kinetic stability window of the electrolyte, the composition of the 

electrode materials and temperature have been found to influence the rate and products of 

parasitic reactions, which further complicates the study of cell failure.4,93,121,123   

Computational studies have attempted to predict parasitic reaction pathways using 

quantum chemistry, but rely on simplified models which do not replicate the chemical 

environment in a real cell.84,124ï129  Computational techniques tend to overestimate the 

stability of electrolytes, although the observed trends tend to agree with experimental 

findings.124,129    

This section will introduce the general mechanisms of electrolyte oxidation, 

reduction, cross-talk, and reversible redox shuttles in lithium-ion cells.  The impact of these 

reactions on various performance metrics and cell lifetime will also be discussed.   

Schematics of the active charge and discharge processes in a cell are shown in 

Figure 1.9.  This section contains similar diagrams depicting parasitic reaction processes 

during charge and discharge.  Figure 1.9 can be used to compare parasitic processes to the 

ideal case.   
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Figure 1.9: a) Charge and b) discharge processes of a lithium-ion cell. The positive and 

negative electrodes are denoted by a white '+' and a '-', respectively. 

1.6.1 Electrolyte Oxidation 

If a solvent species denoted S oxidizes at the positive electrode, it loses an electron, 

creating a charge imbalance in the cell.  Thus, to maintain charge balance in the electrodes 

and the electrolyte, a lithium-ion must be removed from the electrolyte and intercalated 

into an electrode.  Figure 1.10a demonstrates an oxidation process during charge and Figure 

1.10b shows oxidation during discharge.  Figure 1.10c shows an oxidation process when a 

cell is in open circuit.   

 

Figure 1.10: Electrolyte oxidation during a) charge, b) discharge, or c) open circuit.   
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During charge, oxidation causes electrons to be passed through the circuit and 

lithium is intercalated into the negative electrode.  The current due to charge balance counts 

towards the cell charge capacity but is irreversible during discharge.  During discharge 

oxidation causes lithium to intercalate into the positive electrode without passing current 

through the external circuit, decreasing the discharge capacity of the cell.  In the scenario 

described by Figure 1.10, the Li+ concentration in the electrolyte is decreased.  

1.6.2 Charge Endpoint Capacity Slippage 

The excess capacity during charge and lost capacity during discharge from 

oxidation reactions can be used as a performance metric.  Figure 1.11 shows that when 

plotting cell voltage vs. cumulative capacity over many cycles, oxidation causes the voltage 

curve to shift, or slip, towards higher capacity.  The difference in capacity between the 

upper cut-off voltage points of each cycle is called ócharge endpoint capacity slippageô, 

labelled ȹQc in Figure 1.11.  The discharge endpoint slippage, ȹQd, can be defined in a 

similar manner for the lower cut-off voltage.   
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Figure 1.11: Voltage vs capacity of an NMC532/graphite cell during 8 cycles between 3.0 

V and 4.3 V. a) shows the full voltage range, b) shows a blown-up view of the discharge 

endpoint slippage, and c) shows a blown-up view of the charge endpoint capacity slippage. 

Typically, the charge endpoint capacity relative to the end of the first cycle is used 

as a diagnosis of the relative amount of electrolyte oxidation occurring when comparing 

different cells.121  Such a plot is shown in Figure 1.12, in which Cell A experiences less 

electrolyte oxidation than Cell B, and thus shows a slower increase in charge endpoint 

capacity.   

ɲQd

ɲQccb

a
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Figure 1.12: Charge endpoint capacity vs cycle number for two cells under identical cycling 

conditions. Cell A has less electrolyte oxidation. 

1.6.3 Self-Discharge 

Figure 1.10c shows that oxidation causes lithium intercalation into the positive 

electrode (self-discharge) in an open circuit condition.  At the top of charge, graphite is 

typically in the stage-2 to stage-1 plateau, and positive electrode materials typically have a 

sloped voltage curve.  Therefore, any change in the open circuit voltage (OCV) at the top 

of charge is due to self-discharge from oxidation processes.130  A common comparative 

test is to measure the OCV of cells with different solvents or additives at various 

temperatures and voltages.  These OCV tests are a very simple way to probe electrolyte 

oxidation and are referred to as óstorageô tests.  Storage tests can also be done at low cell 

voltage to probe electrolyte reduction.  At low cell voltages the positive electrode is not as 

oxidative, while negative electrodes can still react with electrolyte.  Therefore, low-voltage 

storage tests are also useful to probe reduction reactions.  
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Figure 1.13 shows an example of a storage test at 60°C where Cell A (shown in 

black) experiences less electrolyte oxidation than Cell B (shown in red).  Duplicates of 

each cell are shown to demonstrate the consistency of the measurements.  

 

Figure 1.13: Open circuit storage test at 60°C and a starting voltage of 4.2 V.  Cell A (black) 

experiences less electrolyte oxidation as Cell B (red).  Results for identical pair cells are 

shown. 

1.6.4 Electrolyte Reduction 

When electrolyte species S is reduced at the negative electrode, gaining an electron, 

it can react with Li+ from the salt, electrode, or SEI.4,47,121,131  Figure 1.14 shows a 

schematic of electrolyte reduction.  Charge balance is maintained by lithium 

deintercalation from the negative electrode, so no additional current is passed through the 

circuit, unlike during electrolyte oxidation.  Thus, the schematic is unchanged for reduction 

during charge, discharge, and OCV.   
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Figure 1.14: Electrolyte reduction at the negative electrode.  Electrolyte species S reduces, 

gaining an electron from the negative electrode.  A Li + ion then reacts irreversibly with S- 

to form species X, shown as a solid product to demonstrate SEI growth. 

1.6.5 Capacity Fade 

Electrolyte reduction irreversibly consumes Li in a cell, which influences the 

achievable capacity.  To illustrate the effect of electrolyte reduction on cell capacity, 

consider the following situation:  N Li atoms are available in the positive electrode.  (N ï 

n) are intercalated into the negative electrode during charge and n Li atoms are consumed 

in reduction reactions.   Then the maximum reversible amount of lithium would be (N ï n) 

during discharge.  After discharge when the graphite is empty of lithium, the positive 

electrode contains (N ï n) Li atoms and the cell has n fewer Li atoms in its óinventoryô.  

The positive electrode can never be fully lithiated after any reduction occurs.   

Capacity loss, usually called capacity fade (Qfade) in the literature, can be quantified 

by the change in charge or discharge capacity (Qd) between a cycle (n-1) and subsequent 

cycle n: 

 ὗ ὗ ὗ Ȣ 1.4 

Capacity fade can also be written as the difference between charge endpoint 

capacity slippage and subsequent discharge endpoint capacity slippage: 
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 ὗ ɝὗ ɝὗ Ȣ 1.5 

Capacity loss due to reduction can be visualized as the electrode voltage curves 

effectively shifting with respect to each other and is called óshift lossô. Figure 1.15 

demonstrates the effect of electrolyte reduction on capacity loss and shift loss in an 

NMC/graphite cell using the example above.   

 

Figure 1.15: Relative electrode shift due to electrolyte reduction in an NMC/graphite cell 

cycled between 3.0 V and 4.2 V. The NMC positive electrode is shown as a blue curve, the 

graphite negative electrode is shown by a red curve, and the full cell is shown in black.  a) 

Before cycling the electrode voltage curves align at 0 mAh and the positive electrode 

contains N Li atoms.  b) After cycling, n Li atoms have been consumed in reduction 

processes. When graphite empties, the positive electrode contains N ï n Li atoms, and the 

available capacity of the cell is decreased.    

The discharge capacity or fractional discharge capacity vs. cycle number or time 

can be used as a tool to probe electrolyte reduction.  However, capacity loss can also be 
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caused by active material loss or an increasing rate of oxidation, which can cause 

difficulties when comparing results between cell chemistries.121,132,133  The fractional 

discharge capacity for two cells cycled under identical conditions is shown in Figure 1.16.  

Cell A (shown in black) experiences less fade than Cell B (shown in red) and might 

therefore have fewer reduction processes occurring.  

 

Figure 1.16: Fractional capacity fade for two cells under identical cycling conditions. Cell 

A may experience less electrolyte reduction causing capacity loss than Cell B. 

A useful technique has been developed to fit full cell voltage curves to the 

constituent positive and negative electrode curves before and after cycling.132,134,135  This 

technique to measure electrode shift loss fits the derivatives of reference electrode voltage 

curves to the full cell voltage curve to determine the amount of shift loss that has occurred.  

Thus, this method is called ódV/dQ analysisô.  Capacity fade due to active mass loss can be 

accounted for by shrinking the relative size of the voltage curves in addition to relative 

slippage.  However, dV/dQ analysis requires low rate cycles and high precision to achieve 

clear features in the voltage curves. 
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1.6.6 Cross-talk and Shuttle Reactions 

As mentioned previously, when an electrolyte species is oxidized or reduced 

products from the reactions can migrate to the other electrode and further react there.  This 

interaction between electrodes is called cross-talk.  Figure 1.17 shows a cross-talk reaction 

beginning with species S oxidizing at the positive electrode and migrating to the negative 

electrode to be reduced.  Some cross-talk processes have the same effect on slippage, 

storage, and capacity fade as the combination of a single oxidation reaction and a single 

reduction reaction combined.  However, the implications of cross-talk reactions mean that 

not only do the individual electrode materials play a role in the rate and type of reactions 

occurring in cells, but the combination of electrode materials can also affect the parasitic 

reactions that occur.  Therefore, solvent or additive systems cannot be developed 

universally for all cells and must be tuned to each unique combination of chemistries.   

 

Figure 1.17: Cross-talk between electrodes. Electrolyte species S is oxidized at the positive 

electrode, and the product is reduced at the negative electrode into SEI species X. a) shows 

cross-talk during charge and b) shows cross-talk during discharge and OCV. 

One special type of cross-talk reaction is a reversible óshuttle reactionô, 

demonstrated in Figure 1.18.136,137  After a species S is oxidized to S+ at the positive 

electrode it can migrate to the negative electrode and reversibly reduce back to S.  During 
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charge and discharge a shuttle reaction causes charge endpoint capacity slippage, but does 

not contribute to capacity fade, SEI growth (and thus impedance growth), or any other 

detrimental effects.   

 

Figure 1.18: A reversible electrolyte shuttle reaction.  Species S is oxidized at the positive 

electrode, migrates to the negative electrode, and reduces reversibly back to S.  a) During 

charge a current supplies charge balance to the cell. b) During discharge or OCV a self-

discharge mechanism provides charge balance.  

Truly reversible redox shuttles can influence the measured capacity loss or charge 

endpoint capacity slippage without having an impact on the lifetime of a cell.  However, it 

is likely rare that a shuttle reaction involving species from the electrolyte is truly reversible.  

It may be that multiple transits of a molecule occur between electrodes before the oxidized 

species reacts and cannot transfer charge anymore.  Therefore, measurements of charge 

endpoint capacity slippage can overestimate the degree of electrolyte oxidation if a large 

number of transits can occur compared to a single transit.  Some works have employed 

redox shuttle molecules with specific activation potentials to prevent cell overcharge in 

systems where individual cell voltages are not monitored.136,138ï140   
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1.6.7 Coulombic Efficiency  

All failure mechanisms in a lithium-ion cell contribute to a discrepancy in the 

amount of capacity supplied to a cell during charge (Qc) and the subsequent amount of 

capacity which can be recovered during discharge (Qd).
121,141  The ratio of discharge 

capacity to the previous charge capacity is called the coulombic efficiency, or CE:     

 
#%

ὗ

ὗ
 Ȣ 1.6 

If the CE of a cell is exactly unity, a cell would last forever.  The CE has contributions 

from the fractional charge endpoint capacity slippage (oxidation) per cycle and the 

fractional capacity fade (reduction and active material loss) per cycle, both with respect to 

the discharge capacity of the cycle: 121 

 
#% ρ

ɝὗ

ὗ

ὗ

ὗ
Ȣ 1.7 

The CE of a cell has been found to be a very good short-term predictor of cell failure 

if measured with enough accuracy.121,141,142  Figure 1.19 shows the CE of two cells tested 

under identical conditions.  Cell A has a higher CE than Cell B, meaning Cell A has fewer 

parasitic reactions and/or less material degradation occurring.  Thus, Cell A will very likely 

have a longer lifetime. 
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Figure 1.19: Coulombic efficiency vs cycle number for two cells under identical cycling 

conditions.  Cell A has a higher CE than Cell B and will likely have a longer lifetime.  

Small changes in temperature (as seen in cycle 10) can have a noticeable impact on high-

precision measurements.  

If a cell is to last 100 cycles before it reaches 80% of its original capacity, a CE of 

~0.998 is required.  For a cell to last 10000 cycles to 80% capacity, a CE of ~0.99998 is 

required.  The precision in CE measurements is therefore very important and must be on 

the order of 10-5 to predict cell lifetimes in the tens of thousands of cycles.  The ultra-high 

precision charger at Dalhousie University is capable of these precision measurements, and 

has been used extensively as a tool to probe parasitic reactions and cell lifetimes with 

different electrode chemistries, solvent systems, and additives.108ï113,121,135,141ï143  

1.6.8 Impedance 

Electrolyte oxidation and reduction consumes electrolyte species over time, which 

can ultimately lead to cell failure if too much electrolyte is decomposed or if thick, 

passivating layers form.  The rate of these processes tends to slow over time as SEI growth 

occurs, as seen by the increase in CE in Figure 1.19.  However, SEI growth increases the 

impedance of a cell over time, limiting Li+ diffusion which can lead to Li plating on the 

negative electrode.116,144,145   
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The impedance of a cell has contributions from the electrolyte, electrode materials, 

and SEI layers.2,146,147  The internal resistance of all the components of the cell (Rcell) 

contributes an overpotential (ɖ), when a direct current I is applied.  The overpotential also 

has contributions from the intrinsic voltage hysteresis of the electrode materials (Vhyst), 

diffusion effects, and lithium concentration gradients.148,149  The overpotential can be 

interpreted as the difference between the measured cell voltage (Vcell) and the 

thermodynamic equilibrium voltage of the electrodes.  Ignoring the impact of diffusion 

effects, the overpotential can be written as  

 ʂ ὠ ὠ ὍὙ ὠ Ȣ 1.8 

  During charge the overpotential increases the measured cell voltage by ɖ and 

decreases the cell voltage by ɖ during discharge.  The separation of charge and discharge 

voltage is often referred to as voltage polarization.  Figure 1.20a shows voltage polarization 

during one cycle of an NMC532/graphite cell.  The current applied to the cell was small 

and equal to the cell capacity over 20 hours (C/20), or 12 mA.  A higher current would 

increase ɖ as shown by Equation 1.8.  Cell impedance is often monitored during cycling 

by observing the difference in average voltage (ὠ) between charge and discharge, called 

ȹV:   

 ɝ6 ὠ ὠ Ȣ 1.9 

Figure 1.20b shows ȹV vs. cycle number for two cells.  Cell A, in black experiences less 

impedance growth than Cell B, in red.    
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Figure 1.20: a) Voltage vs capacity of a charge discharge cycle of an NMC532/graphite 

cell at a C/20 rate from 3.0 V to 4.3 V. The inset shows a blown-up scale depicting voltage 

polarization, when ɖ is the cell overpotential. b) ȹV vs. cycle for two cells cycled under 

identical conditions.  Cell A (black) has less impedance growth than Cell B (red).  

 

1.7 SCOPE OF THESIS 

The previous sections introduced the components of lithium-ion cells, some of the 

major challenges in adapting high energy density cells while maintaining long lifetime, and 

some common methods to probe parasitic reactions.  This aim of the work presented in this 

thesis is to develop new testing methods to investigate parasitic reactions in lithium-ion 

cells that are complementary to existing techniques.  Desired methods are in-situ and non-

destructive and can be made on machine-made pouch cells yielding consistent results.  

This work aims to combine existing electrochemical techniques with isothermal 

microcalorimetry.  Isothermal microcalorimetry is a method of measuring the thermal 

power, or heat flow, of a sample (in this case a lithium-ion cell).  During normal operation 

a lithium-ion cell has multiple contributions to the heat flow, including a portion due to the 

energy absorbed and released in parasitic reactions.  In theory it should be possible to use 
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the information from this óparasitic heat flowô to learn more about parasitic reactions.  

Chapter 2 will discuss isothermal microcalorimetry and its application to lithium-ion 

research.  Past works using isothermal calorimetry to study lithium-ion cells will be 

discussed and the current work will be motivated.  Emphasis will be given towards works 

which used isothermal microcalorimetry to study parasitic reactions.150ï154 

Chapter 3 will discuss the experimental techniques used in this thesis including the 

cells used in this work, electrolytes, ultra-high precision coulometry, long-term cycling, 

gas evolution measurements, electrochemical impedance spectroscopy, storage 

experiments, and isothermal microcalorimetry of cells.  The treatment of uncertainty 

throughout this work will also be discussed briefly.  

Chapter 4 will introduce the use of isothermal microcalorimetry to help determine 

SEI formation processes.  The heat flow during SEI formation is compared with quantum 

chemistry calculations and electrochemical tests.  

Chapter 5 will introduce a method to measure the average parasitic heat flow of a 

lithium-ion cell as a function of voltage during a slow charge-discharge process.  The 

application of this charge-discharge technique will be discussed using two studies: the 

effect of voltage and electrolyte additives in electrolytes containing no EC in 

NMC442/graphite cells, and the effect of graphite type and additive content on parasitic 

reactions in NMC532/graphite cells.  

Chapter 6 will di scuss additional developments to the charge-discharge method.  

The treatment of the cell overpotential will be considered to increase the cycling rate of the 

experiments.  Additionally, a technique will be introduced which approximates the heat 

flow due to the changes in entropy of the electrode materials, which can be used to 
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differentiate between the parasitic heat flow during charge and discharge.  These 

developments are applied to two studies: the effect of MA on parasitic reactions in 

NMC532/graphite and NCA/SiO-graphite cells, and the effect of various NMC 

compositions and positive electrode coatings on the parasitic heat flow of NMC/graphite 

cells.   

Chapter 7 will introduce a technique which aims to extract information about the 

net enthalpy reaction of parasitic reactions in lithium-ion cells.  The heat flow of a cell was 

measured during voltage-hold conditions while the current is provided by precision current 

sources.  The use of calorimetry to determine the enthalpy of reaction was validated in 

proof-of-concept studies using reversible shuttle molecules.  The voltage-hold technique 

was then applied to study the effect of three solvent systems (organic carbonates, organic 

carbonates with MA, and fluorinated carbonates) and positive electrode coatings on 

parasitic reaction enthalpy.   

Chapter 8 will discuss the impact and conclusions of this work and provide 

recommendations for future studies using isothermal microcalorimetry to study parasitic 

reactions in lithium-ion cells.  
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CHAPTER 2  LITHIUM -ION ISOTHERMAL MICROCALO RIMETRY  

Isothermal microcalorimetry is a method of measuring the thermal power, or heat 

flow, of a sample at constant temperature.  This chapter will introduce the use of isothermal 

microcalorimetry for the study of lithium-ion cells.  Section 2.1 will derive the model used 

in this work for the heat flow of a lithium-ion cell during operation and discuss each 

contribution to the heat flow.  Past studies of lithium-ion cells using isothermal 

microcalorimetry will be discussed in Section 2.3, with a focus on studies probing parasitic 

reactions.   

2.1 HEAT FLOW OF A L ITHIUM -ION CELL  

2.1.1 Derivation of Measured Heat Flow 

The derivation below was adapted from Dr. Laura Downieôs thesis.155  The change 

in energy (U) of a lithium-ion cell at a constant temperature (T) is expressed as the sum of 

the change in heat (qô) supplied to the cell and the change in work done on the cell (W): 

 ὨὟ Ὠή ὨὡȢ 2.1 

The thermal power, or heat flow given off by the cell (q) as measured by the calorimeter 

can then be written as: 

 Ὠή

Ὠὸ

Ὠὡ

Ὠὸ

ὨὟ

Ὠὸ
Ȣ 2.2 

The change in internal energy can be rewritten in terms of the entropy (S) and Gibbs free 

energy (G) (at constant volume and pressure):  

 ὨὟ ὝὨὛὨὋ Ȣ 2.3 
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When a cell is charged by a current I, the time derivative of the electrochemical 

work done to the cell is equal to the supplied current multiplied by the cell voltage (Vcell).  

During discharge this work is done to the system.  Therefore, the current supplied to a cell 

during charge is defined as positive, and the current supplied by the cell during discharge 

is negative.  Work is also done to the system by the change in volume of the cell (v) 

multiplied by the pressure (P): 

 Ὠὡ

Ὠὸ
Ὅὠ ὖ

ὨÖ

Ὠὸ
 Ȣ 2.4 

The change in volume in pouch cells due to gas generation in this work is on the 

order of 0 mL to 0.5 mL.  Volume growth of 0.5 mL at 1 atm over one day of testing would 

yield a heat flow of 0.59 µW, which is at the detection limit (~1 µW) of the calorimeter 

used in this work.  Additionally, the cell volume fluctuates due to reversible structural 

changes in the electrode materials.  The reversible volume change from electrode materials 

has been found to be ~30 µL.59  Therefore, the change in volume is considered negligible 

and not considered in this work.  Combining equations 2.2, 2.3, and 2.4, the heat flow 

measured by the calorimeter is given by: 

  Ὠή

Ὠὸ
Ὅὠ Ὕ

ὨὛ

Ὠὸ

ὨὋ

Ὠὸ
Ȣ 2.5 

The entropy of mixing due to concentration gradients in the electrode materials and 

electrolyte are negligible in comparison to the change in configurational entropy and phase 

changes in the electrode materials.156  Therefore, only changes in entropy related to the 

change in lithiation state of the electrode materials will be considered.  The entropy 

contribution can be expressed as the change in entropy per lithium site (s) with the change 
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in lithium content in the material (x), where x is the ratio of filled lithium sites (n) to the 

total number of sites (N):   

 ὨὛ

Ὠὼ
ὔ
Ὠί

Ὠὼ
 Ȣ 2.6 

The entropy and Gibbs free energy of each electrode must be considered independently, 

denoted by + and ï subscripts for the positive and negative electrodes, respectively.  

Equation 2.5 may be combined with Equation 2.6 using the chain-rule for derivatives, to 

give: 

 Ὠή

Ὠὸ
Ὅὠ Ὕὔ

Ὠί

Ὠὼ

Ὠὼ

Ὠὸ
 
Ὠί

Ὠὼ

Ὠὼ

Ὠὸ

ὨὋ

Ὠὼ

Ὠὼ

Ὠὸ
 
ὨὋ

Ὠὼ

Ὠὼ

Ὠὸ
  Ȣ 2.7 

The change in fractional lithium content of each electrode can be expressed by: 

 Ὠὼ

Ὠὸ
ᶸ
Ὅ

ὔὩ
 2.8 

where e is the electronic charge.  During charge (positive I), the positive electrode is 

delithiated (negative change in x), and the negative electrode is lithiated (positive change 

in x).   

The change in Gibbôs free energy with lithium content can be written in terms of 

the chemical potential:  

 ὨὋ

Ὠὼ

ὨὋ

Ὠὲ
ὔ ὔ‘ Ȣ 2.9 

Substituting Equations 2.8 and 2.9 into 2.7 yields: 

 Ὠή

Ὠὸ
Ὅὠ

ὍὝ

Ὡ

Ὠί

Ὠὼ

Ὠί

Ὠὼ

Ὅ

Ὡ
‘  ‘ Ȣ 2.10 

Equation 1.1 shows that the last term in 2.10 is equal to the thermodynamic 

equilibrium voltage between the electrodes, Veq multiplied by I.  The difference between 

the measured and equilibrium potentials is the cell overpotential (see Section 1.6.8).   
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 ὠ ὠ – 2.11 

Equation 2.10 can then be written as 

 
ή
Ὠή

Ὠὸ
Ὅ–

ὍὝ

Ὡ

Ὠί

Ὠὼ

Ὠί

Ὠὼ
Ȣ 2.12 

Equation 2.12 describes the measured heat flow of an ideal cell.  As discussed in Section 

1.6, parasitic reactions occur in cells, which are not described by Equation 2.12.  Every 

chemical process absorbs or emits energy, in this case in the form of heat.  Therefore, a 

term to account for the parasitic heat flow must be added (ή):   

 
ή Ὅ–

ὍὝ

Ὡ

Ὠί

Ὠὼ

Ὠί

Ὠὼ
ή Ȣ 2.13 

As will be seen, ή is highly dependent on the cell voltage, materials, and electrolyte used.   

Equation 2.13 describes the heat flow of a lithium-ion cell with an applied current.  

This thesis uses various experimental protocols to isolate the parasitic heat flow using 

Equation 2.13.  The first term in Equation 2.13, the overpotential heat flow, and the second 

term, the entropic heat flow, will be discussed in the next sections. 

2.1.2 Overpotential 

As discussed in Section 1.6.8, the overpotential of a cell is the difference between 

the measured cell voltage and the thermodynamic equilibrium voltage of the electrode 

materials.  Using Equation 1.8, the heat flow due to overpotential can be expressed as  

 Ὅ–ὍὙ Ὅὠ Ȣ 2.14 

The voltage hysteresis is positive during charge and negative during discharge.  Therefore, 

the overpotential heat flow is always exothermic.  Since the overpotential heat flow is 

current-dependent, the magnitude of this term can be adjusted with respect to the parasitic 

heat flow to increase the accuracy of measurements.    
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2.1.3 Entropy 

As mentioned above, the only considerable contribution to entropic heat flow in 

lithium-ion cells is due to the changes in entropy of the electrode materials.  

Configurational entropy changes arise as lithium ions are inserted into or removed from 

the electrode material lattice structures.  In some materials such as LixMo6Se8 (from 0<x<1) 

the entropy  as a function of x can be modeled well by a mean-field lattice gas 

approximation, in which lithium randomly occupies sites during lithiation.157,158  However, 

in most materials such as graphite, NMC, NCA, and LCO, phase transitions take place 

yielding complicated entropy profiles.159ï161 

Experimental methods have been developed to measure the change in entropy of 

materials as a function of lithiation using potentiometric studies159ï162 and electrothermal 

impedance spectroscopy (ETIS).159  Potentiometric techniques measure the change in OCV 

with the temperature of a cell at many states of charge (xô) to obtain an entropy profile, 

given by 

 ὨὛὼᴂ

Ὠὼ
Ὡ
Ὠὠ ὼ

ὨὝ
Ȣ 2.15 

However, long relaxation times for the lithium concentration in the electrode 

materials when the cell potential is changed causes this technique to be very time 

consuming (>30 hours per state of charge) for use in this work.  ETIS techniques measure 

a temperature differential between the cell and the ambient temperature ignoring 

contributions to heat due to parasitic reactions in cells.  Therefore, such a treatment of 

measuring the change in entropy is also unsuitable for this work.  Due to the limitations of 

the existing techniques outlined above, the present work aimed to develop techniques to 
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extract the parasitic heat flow that did not depend on a robust treatment of the entropic heat 

flow.   

Equation 2.13 shows that the entropic heat flow is dependent on the current applied 

to the cell.  This current dependence has two advantages: the entropic heat flow is reversible 

between charge and discharge, and, as for the overpotential heat flow, the magnitude of the 

entropic heat flow can be controlled by the current.  Chapter 5 uses the reversibility and 

proportionality of the entropic heat flow of a cell to the applied current to calculate the 

parasitic heat flow.  Chapter 6 introduces a new technique using the methods developed in 

Chapter 5 to obtain an approximation of the entropic heat flow.    

2.1.4 Heat Flow of an NMC/graphite cell 

Figure 2.1a shows the heat flow (in black) of one cycle of a machine-made 

NMC532/graphite cell at a rate of C/20 (10 mA) from 3.0 V to 4.2 V as a function of 

capacity.  Section 3.1 will discuss the pouch cells used in this work in more detail.  The 

measured cell voltage is shown on the right axis, in blue.  The heat flow and voltage during 

charge and discharge are shown as solid and dashed lines, respectively.  An orange line 

demonstrates the approximate level of irreversible heat flow.  Irreversible heat flow is due 

to the overpotential heat flow and the parasitic heat flow.  The reversible entropic heat flow 

causes an approximate mirror-like effect around the irreversible heat flow as a function of 

voltage.  Figure 2.1b shows a blown-up scale of the high-voltage region of the cycle in 

which heat flow is plotted against cell voltage.   
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Figure 2.1: Heat flow profile of an NMC532/graphite cell during charge to 4.2 V (solid 

line) and discharge to 3.0 V (dashed line) at 10 mA and 40°C. Heat flow is shown in black 

and cell voltage is shown in blue.  An orange line shows the approximate irreversible heat 

flow.  a) Full cycle view.  b) Blown up view of the high-voltage region, demonstrating an 

increase in parasitic heat flow, plotted against voltage.  

In Figure 2.1b the heat flow appears to increase, deviating from the average heat 

flow above ~4.0 V.  The sudden increase in heat flow was due to parasitic reactions 

occurring in the cell at high voltage.  When the positive electrode voltage increased out of 

the stability window of the electrolyte, the rate of oxidation and likely reduction and cross-

talk processes increased (see Section 1.6).   

 

2.2 PARASITIC HEAT FLOW  

Almost all past work using isothermal microcalorimetry has focused on measuring 

the magnitude of the parasitic heat flow.  However, the effect of different types of parasitic 

reactions must be considered carefully when comparing the magnitude of parasitic heat 

flow between different cell chemistries.  Section 1.6 introduced the mechanisms taking 

place inside a cell during electrolyte oxidation and reduction.   

a b
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When an oxidation reaction occurs (with no cross-talk) in a cell with an applied 

current, an internal current forms inside the cell due to the transfer of positive charge from 

one electrode to the other (see Figure 1.10).  This current will be referred to as the parasitic 

current, Ip.  The parasitic current causes a heat flow of IpV.  Additionally, the enthalpy of 

reaction of the oxidation process ȹHox, occurring at a rate kox, causes a heat flow of ï

koxȹHox.  The enthalpy of reaction is the difference between the enthalpies of the products 

and the reactants.  Therefore, an exothermic reaction has a negative enthalpy of reaction.  

The parasitic heat flow of one type of oxidation process is therefore 

 ή Ὅὠ Ὧ ɝὌ Ȣ 2.16 

During a reduction reaction (with no cross-talk, shown in Figure 1.14), no internal 

transfer of charge occurs.  Therefore, the parasitic heat flow due to one type of reduction 

process is simply 

 ή Ὧ ɝὌ Ȣ 2.17 

The total heat flow of all reactions occurring in a cell can be expressed as 

 ή Ὅὠ ὯɝὌȢ 2.18 

Equations 2.16 to 2.18 demonstrate that different types of reactions can have a large 

impact on the parasitic heat flow of a cell.  If a cell has a considerable rate of reduction 

reactions and no oxidation reactions, it may still have a lower parasitic heat flow compared 

to a cell with fewer oxidation reactions due to the IpV term present in the cell experiencing 

electrolyte oxidation.  Cross-talk reactions, in which there would be a contribution from 

IpV and the net reaction enthalpies of chemical reactions at both electrodes must also be 

considered.   
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The effect of different reactions on parasitic heat flow must be considered 

throughout this work when comparing the magnitude of parasitic heat flow between cells.  

Chapter 7 will introduce some methods which aim to probe the reaction enthalpies of 

parasitic reactions. 

The following section will introduce some isothermal microcalorimetry studies that 

have been done in the past, with an emphasis on studies which probed parasitic reactions 

in lithium-ion cells.   

 

2.3 PAST STUDIES OF L ITHIUM -ION ISOTHERMAL M ICROCALORIMETRY  

Isothermal calorimetry studies on lithium-ion cells began as early as 1985,157 and 

until recently, largely focused on the overpotential and entropic terms, neglecting the heat 

flow due to parasitic reactions.  Some of these studies aimed to probe structural changes in 

positive and negative electrode materials using the entropic heat flow.157,163ï168  Kobayashi 

et al.168 investigated the effect of cycling a commercial LCO/graphite cell over 700 times 

on the total heat flow of the cell.  Separate coin cells which contained LCO/Li, graphite/Li, 

and LCO/graphite were measured.  The cells with Li metal electrodes are called half-cells.  

By studying the entropy profiles of the full cells compared to half-cells it was found that 

the main degradation mechanism of the commercial cell over 700 cycles was due to active 

material mass loss of the graphite negative electrode.  Lu and Prakesh169 showed that 

graphite staging transitions in mesocarbon microbeads yield reversible entropic heat flow 

which agrees with graphite entropy profiles found by other techniques. Other studies have 

investigated the effect of charge and discharge rate on heat generation, with a focus on 

thermal management.165,170ï172   
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Of particular interest to the present work are studies which have used very high 

accuracy isothermal microcalorimeters to probe parasitic reactions in cells.  Krause et al.150 

developed the first of such methods probing the parasitic reactions occurring in cells 

containing LTO and graphite negative electrode materials.  Equation 2.13 showed that the 

entropic heat flow is reversible between charge and discharge, and the overpotential heat 

flow is always exothermic.  The parasitic energy (Ep) of one cycle (of time t) was calculated 

using the difference between the integrated charge and discharge heat flow (ή  and ή ) 

(to remove the entropic contribution) minus the overpotential heat flow of the cycle 

calculated as the difference between the integrated IV power during charge (IVch) and 

discharge (IVdis): 

 
Ὁ ή ή Ὠὸ ή Ὠὸ Ὅὠ Ὠὸ Ὅὠ Ὠὸ 2.19 

The method developed by Krause et al. enabled measurements of the parasitic 

energy of small coin cells (capacity ~2 mAh) with ±5% to 15% uncertainty.  The magnitude 

of the parasitic heat flow agreed with the observed trend in measurements of CE and 

capacity fade.  The method can be applied to voltage windows to explore the effects of 

average voltage on parasitic heat flow but cannot be used to measure the parasitic heat flow 

as a continuous function of voltage.  The method was also used to calculate the enthalpy 

of reaction using the total parasitic energy divided by the moles of lithium lost per cycle, 

measured by capacity fade (see Section 1.6.5), assuming the only contribution to parasitic 

heat flow was due to reaction enthalpy.   

A more recent publication by Krause et al.151 used the same method of extracting 

the parasitic energy and explored the effect of different rates and voltage windows. The 

study compared machine-made, wound LCO/graphite pouch cells with a capacity of ~250 
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mAh.  The method proved to be consistent at rates of 10 mA and 20 mA.  However, the 

method could still only determine coarse-grained effects of voltage on parasitic heat flow.  

Additionally, the consistency in the data may only be suitable for comparisons between 

cells with a substantial difference in performance. 

A significant amount of work was done by Dr. Laura (Downie) McCalla to probe 

parasitic reactions using isothermal microcalorimetry.  Many parts of this work are a 

continuation of Dr. Downieôs work in the Dahn Lab.   

Downie et al.152 studied the total measured heat flow of LCO/graphite pouch cells 

containing varying amounts of VC as an electrolyte additive.  By cycling at a low rate of 

<C/100 (2 mA) from 3.9 V to 4.2 V, the contributions of entropic heat flow and 

overpotential heat flow were small enough to observe considerable differences due to 

parasitic heat flow.  The results showed that in the voltage ranges studied, the addition of 

VC decreased the parasitic heat flow in cells, in agreement with measurements of CE.  

However, being qualitative, the technique did not account for differences in resistance due 

to thicker SEI layers in cells with more VC.  Additionally, without accounting for the 

entropic heat flow, different cell chemistries are not comparable using this method.   

Downie and Dahn153 then developed a method to calculate the parasitic heat flow 

by modelling each contribution in Equation 2.13 by a linear or quadratic function f (eg.  f 

= Az + B, where A and B are fitting parameters and z is the state of charge).  The 

overpotential heat flow was assumed to be primarily due to internal resistance, so the 

voltage hysteresis was not included.  Under this treatment, Equation 2.13 becomes  

 ή Ὢ ᾀϽὍ Ὢ ᾀϽὍ Ὢ ᾀȢ 2.20 
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Pouch cells (LCO/graphite and NMC/graphite) with capacities of ~200 mAh were 

charged and discharged in small voltage windows of 0.1 V above 3.9 V at rates of 10 mA, 

5 mA, 2 mA, and 1 mA.  The fitting parameters for each term were then adjusted to provide 

a least squares fit over all four currents in each voltage window.  Figure 2.2i shows an 

example of the fitted data for the four currents from 4.2 V to 4.3 V using quadratic entropic 

and parasitic terms and a linear overpotential term.  The dashed magenta line represents 

the extracted parasitic heat flow using the fitting method.  It should be noted that the 

parasitic heat flow appeared to be well represented by the average of the 1 mA charge-

discharge data.  Figure 2.2ii shows the fitted components for the highest current, 10 mA, 

in a) and the lowest current, 1mA, in b).  Figure 2.2iii demonstrates the results of this fitting 

method for two NMC442/graphite cells containing a control electrolyte (no additives) and 

the same electrolyte with 2% wt. VC as an additive.   

 

Figure 2.2: Figures from Downie and Dahn.153 i) Fitted heat flow of an NMC/graphite 

pouch cell cycled at four rates between 4.2 V and 4.3 V using a quadratic entropic term 

and linear terms for overpotential and parasitic heat flow. The dashed magenta line 

represents the calculated parasitic heat flow ii) The resulting functions for entropic, 

overpotential (polarization), and parasitic heat flow at 10 mA and 1 mA. iii) Extracted 

parasitic heat flow for NMC/graphite cells with 2% wt. VC as an additive and a control (no 

additive) electrolyte. Figures used with permission from the Journal of the Electrochemical 

Society, 161, A1782-A1787 (2014).153 
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The above method developed by Downie and Dahn was capable of obtaining the 

parasitic heat flow as a function of voltage and extracting and comparing the parasitic heat 

flow of any cell type.  However, the experiments had several drawbacks.  Since each 

voltage range required multiple currents, the experiments took a substantial amount of 

time.  As seen in Figure 2.2iii, the extracted parasitic heat flow was discontinuous at the 

voltage endpoints.  Possible reasons for the discontinuities were:  

1. Model functions: Heat flow components are not modelled realistically by linear 

or quadratic functions, even in small voltage ranges. 

2. Overpotential: Heat flow contributions from voltage hysteresis needed to be 

considered, especially during cycles with higher currents.  Additionally, overpotential 

caused by higher currents causes the measured cell potential to show anomalous behaviour 

near voltage endpoints when current changes, as seen in 10 mA and 5mA cycles in Figure 

2.2i.   

3. Time dependence: SEI growth due to parasitic reactions mitigates parasitic 

reactions and therefore parasitic heat flow.  Fitting used in this method assumed the 

parasitic heat flow function was the same during each cycle. 

To address point 3 above, Downie et al.154 added a time dependence to the parasitic 

heat flow term in Equation 2.20.  The results showed that the parasitic heat flow did change 

over time and the inclusion of a time dependent term could improve the model.  However, 

the experiments still required a long time and yielded large discrepancies at voltage 

endpoints.  Additionally, any heat flow caused by an impedance increase in the cell over 

the four cycles at each voltage range may be absorbed into the time-dependent parasitic 

term, contributing to additional uncertainty.  
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To explore the effect of voltage hysteresis, Downie et al.173 explored the effect of 

current and cell materials on the cell overpotential.  A voltage dependent overpotential term 

was included in the time dependent model based on the cell type used.   

Downieôs methods were the first reported techniques to provide accurate 

measurements of parasitic heat flow over large voltage ranges that were independent of the 

cell type used.  However, the methods required lengthy data collection times and very 

careful treatment of data during the fitting process.  Cells chemistries could be compared 

using this method provided the difference in heat flow was larger than the uncertainty in 

fits and the discrepancies between voltage window endpoints.  It was one goal of this thesis 

to improve on the approach developed by Downie and coworkers.    
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CHAPTER 3  EXPERIMENTAL TECHNI QUES 

3.1 POUCH CELLS  

All electrochemical measurements used in this work were performed on small, 

machine-made, wound pouch cells ranging from 180 mAh to 370 mAh in capacity.  Figure 

3.1 (cell 1) shows the cell geometry used for NMC/graphite cells used in this work.  All 

NMC/graphite cells used in this work were made by LiFUN Technology (Zhuzhou City, 

Hunan Province, PRC).  Figure 3.1 (cell 2) shows the cell geometry used for NCA/SiO-

graphite cells used in this work.  All NCA/SiO-graphite cells used in this work were 

obtained from one of Teslaôs suppliers.  Figure 3.1a shows each of the exterior pouch cell 

geometries.  The extra room above each jelly-roll allows for any gas generated to be moved 

out of the electrode stack.  Figure 3.1b shows the jelly-rolls when removed from the cells.  

Figure 3.1c and d show the unwound jelly-rolls of the NMC/graphite and NCA/SiO-

graphite geometries, respectively.  In each case, the positive electrode is on top, the 

negative electrode is on the bottom, and the separator envelopes the negative electrode.  

 

Figure 3.1: The two cell geometries used in this thesis. a) 1: LiFUN NMC/graphite pouch 

cell, 2: Panasonic NCA/SiO-graphite cylindrical pouch cell. b) Jelly-rolls of the two cell 

types. c) Unrolled NMC/graphite cell. d) Unrolled NCA/SiO-graphite cell. 
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Table 2 lists the specifications for all cells used in this work, where data were 

available.  In each experiment throughout this work, the cells used will be indicated by the 

cell name provided in the first row of Table 2.  
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Table 2: Cell builds used in this work 

CB = carbon black, KS-6 = artificial graphite, PVDF = polyvinylidene fluoride, PE = polyethylene, CMC = carboxymethyl cellulose, 

SBR = styrene butadiene rubber 
 

Cell Name NMC442/AG NMC532A/NG NMC532B/NG NMC622A/NG NMC622B/NG SC NMC532/NG SC NMC532/AG 
Coated 

SCNMC532/ 

Uncoated 

SCNMC532/AG 

NCA/SiO-

graphite 

Manufacturer  LiFUN LiFUN LiFUN LiFUN LiFUN LiFUN LiFUN LiFUN LiFUN 
Tesla 

Supplier 

Balance Voltage 4.7 V 4.5 V 4.5 V 4.5 V 4.5 V 4.5 V 4.5 V 4.4 V 4.4 V 4.2 V 

Capacity to 4.2 V 160 mAh 260 mAh 260 mAh 245 mAh 245 mAh 225 mAh 225 mAh 225 mAh 225 mAh 360 mAh 

Positive Electrode 

Material  
NMC442 NMC532 NMC532 NMC622 NMC622 

Single crystal 
NMC532 

Single crystal 
NMC532 

Single crystal 
NMC532 

Single crystal 
NMC532 

NCA 

Coating  None Al2O3 Proprietary Al2O3 Proprietary Proprietary Proprietary Proprietary None  

Pos. Elect. 

conductive 

additives 

 CB CB CB CB CB+KS-6 CB+KS-6 CB+KS-6 CB+KS-6  

Pos. Elect. Binder   PVDF PVDF PVDF PVDF PVDF PVDF PVDF PVDF  

Positive Electrode 

Composition Ratio 
 96:02:02 96:02:02 96:02:02 96:02:02 94:2:2:2 94:2:2:2 94:2:2:2 94:2:2:2  

Separator  PE PE PE PE PE PE PE PE  

Negative Electrode 

Material  

Artificial 

graphite 

Natural graphite 

BTR918II 

Natural graphite 

BTR918II 

Natural graphite 

BTR918II 

Natural graphite 

BTR918II 

Natural graphite 

BTR918II 

Arti ficial graphite 

Kaijin AML400 

Artificial 
graphite Kaijin 

AML400 

Artificial graphite 

Kaijin AML400 

SiO-
graphite 

blend 

Negative Electrode 

conductive additive 
 CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR  

Negative Electrode 

Composition  
 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.2 95.4/1.3/2.2/1.1 95.4/1.3/2.2/1.1  

Positive Electrode 

Material Source 
Umicore Umicore Umicore Umicore Umicore     N/A 

Negative Electrode 

Material Source 
 BTR BTR BTR BTR BTR Kaijin Kaijin Kaijin N/A 

5
8 
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3.2 ELECTROLYTES  

All electrolytes used in pouch cells were made in an argon-filled glovebox.  Table 

3 lists the supplier and purity of each chemical used in this work.  Each experiment will 

refer to chemicals used in this table.  

Table 3: Electrolyte chemicals used in this work 

Electrolyte 

Chemical 

Common name Company Purity 

(%)  

Water content 

(ppm) 

LiPF6 lithium hexafluorophosphate BASF 99.9 <20 

EC ethylene carbonate  BASF 99.95 <10 

EMC ethyl methyl carbonate  BASF 99.92 <20 

EC:EMC:DMC 

(25:5:70 wt.) 

blend of EC, EMC and dimethyl 

carbonate (DMC) 

BASF or Capchem 99.92  <20 

EC:EMC  

(3:7 vol.) 

blend of EC and EMC BASF or Capchem 99.92 <20 

FEC fluoroethylene carbonate BASF  99.94 <20 

TFEC bis(2,2,2-trifluoroethyl) carbonate  HSC Corporation 99.8 
 

MA methyl acetate BASF 99.99 
 

VC vinylene carbonate BASF 99.5 <100 

TAP triallyl phosphate TCI America >94 
 

TTSPi tris(trimethylsilyl)phosphite  TCI America >95 
 

TTSP tris(trimethylsilyl)phosphate TCI America >98 
 

PES prop-1-ene-1,3-sultone Lianchuang Medicinal 

Chemistry Co., Ltd 

98.2 
 

PBF pyridine boron trifluoride 3M >97 
 

DTD 1,3,2-dioxathiolane-2,2-dioxide Sigma Aldrich 98 
 

DDB 2,5-di-tert-butyl-1,4-

dimethoxybenzene 

Sigma Aldrich 98 
 

DBDB 3,5-di-tert-butyl-1,4-

dimethoxybenzene 

Odom Lab, University 

of Kentucky 

NA  

DMB 2,5-dimethyl-1,4-

dimethoxybenzene 

Odom Lab, University 

of Kentucky 

NA  
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3.3 CELL FORMATION CYCLE  

The formation cycle of a cell is the first cycle the cell undergoes after being filled 

with electrolyte.  Ideally most of the SEI is formed during this cycle.  This work used 

different rates and upper cut-off voltages during formation.  Therefore, each experiment 

will specify the specifics of each formation process.  However, some information is 

common to every formation protocol, and will be discussed below. 

Before being filled with electrolyte, cells were cut open and heated in a vacuum 

oven for 14 hours at 80°C (NMC442/graphite) or 100°C (all other cells) to remove residual 

moisture.  The cells were then transferred into an argon-filled glovebox without exposure 

to air.  In the glovebox, cells were filled with a predetermined amount of electrolyte with 

an adjustable air-displacement pipette.  The volume of electrolyte used will be noted in 

discussion of each experiment.  Cells were sealed with a compact vacuum sealer (MSK-

115A, MTI Corp.).  NMC/graphite cells were sealed for 4 seconds at 165°C and -90 kPa.  

NCA/SiO-graphite cells were sealed for 5 seconds at 170°C and -90 kPa.  All cells were 

then placed in cell holders and connected to a ówetting stationô which held cells at a 

constant voltage of 1.5 V for 24 hours to ensure complete electrode wetting by the 

electrolyte. 

Cells were then connected to a Maccor 4000 series cycler (Maccor Inc.).  Three 

formation protocols were used in this work, and will be referred to by Formation A, B, or 

C.  The upper cut-off voltage (UCV) used in each protocol will be noted in the text where 

applicable as it varied by experiment.  The term ódegasô below refers to moving cells into 

the glovebox, cutting open the pouch to release gas, and resealing the cell using the same 

vacuum sealing conditions as noted above.   
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The formation protocols are: 

A. NMC/graphite:  Clamp cell between rubber spacers to displace gas formed during 

formation.  Charge to UCV at a C/20 rate in a 40 ± 0.1°C temperature box.  Hold 

at UCV for one hour.  Discharge to 3.8 V at C/20.  Hold at 3.8 V for one hour. 

Degas. 

B. NCA/SiO-graphite:  Charge for one hour at a rate of C/2 in a 40 ± 0.1°C temperature 

box (50% SOC).  Store at OCV in a 60 ± 0.1°C temperature box for 23 hours.  Move 

back to 40 ± 0.1°C and charge to 4.2 V at C/2 and hold for one hour.  Discharge to 

3.8 V at C/2 and hold for one hour. Degas.  

C. Heat flow during formation:  Charge at 2 mA (~C/100) at 40°C up to 3.5 V. 

 

3.4 LONG-TERM CYCLING  

One of the simplest ways to test the lifetime of a cell is to perform charge-discharge 

cycling.  By varying the temperature, UCV, and rate, the lifetime of electrode materials, 

coatings, solvents, co-solvents, and additives can be tested head-to-head.  Typically, these 

tests are done at moderate to high rates to accelerate degradation mechanisms.  Due to the 

desired rates, long testing times, and high throughputs of long-term cycling experiments, 

the accuracy of measurements is typically not sufficient to compare charge-endpoint 

slippage or CE.  Therefore, long-term cycling tests are typically used to track discharge 

capacity, normalized capacity, and ȹV over hundreds or thousands of cycles or hours.  

Cells were clamped between rubber blocks in cell holders and placed in 40.0 ± 

0.1°C or 20.0 ± 0.1°C temperature boxes or a temperature-controlled room at 20 ± 1°C.  

Cells were connected to Neware battery testers (Neware, Shenzhen, China) and were 
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cycled between specified lower and upper voltage cut-offs at various rates.  The rate, 

temperature, and voltage limits of each testing profile will be specified in each experiment.   

Long-term cycling tests were done using constant-current-constant-voltage 

(CCCV) conditions during charge and a constant-current discharge.  A CCCV charge 

means the cell is charged to the upper cut-off voltage at constant current.  The cell is then 

held at the upper cut-off (constant-voltage) until the current drops below a specified value 

(typically C/20).  The constant voltage portion ensures that all cells reach a more uniform 

state of charge regardless of the constant current rate.   

 

3.5 ULTRA -HIGH PRECISION COULOMETRY  

Ultra-high precision coulometry (UHPC) allows for accurate measurements of the 

CE, charge-endpoint slippage, capacity fade, and ȹV.  The UHPC at Dalhousie has an 

accuracy of 5 ppm in measurements of CE, which is necessary to extrapolate lifetime on 

the order of many thousands of cycles (see Section 1.6.7).141  The high-precision primarily 

comes from the measurement of the supplied current.  The current is supplied from a 

Keithley 2602B source-meter (0.002% of full scale setpoint accuracy) and measured 

externally by the voltage drop over a precision resistor as measured by a Keithley 2002.174  

The measurement accuracy of the current is 0.003% of full scale.141  For reference, the 

accuracy of the Maccor 4000 and Neware systems are 0.05% and 0.1% of full scale, 

respectively.175,176  Additional improvements in precision are due to the accuracy in voltage 

measurements (< 0.2 mV vs. 1 mV and 2.5 mV for the Maccor and Neware systems), and 
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time between measurements (<1 s due to linear interpolation vs. 10 ms and 1-5s1 for the 

Maccor and Neware systems, respectively).175,176   

UHPC measurements reported in this work were performed at 40.0 ± 0.1°C in 

temperature-controlled boxes.  UHPC measurements are typically made at low rates to 

reduce the uncertainty in CE.  This work performed most tests using C/20 constant current 

cycling between two voltage set points for 16 cycles.  Specifics of each protocol will be 

noted for each experiment.  

 

3.6 GAS MEASUREMENTS 

3.6.1 Ex-situ gas measurements 

Ex-situ gas measurements were performed by measuring the weight of a cell 

submerged in water before and after various testing protocols.  Ex-situ gas measurements 

are a quick and useful way to determine the overall gas production of any test such as 

formation or long-term cycling.  When time-dependent or voltage-dependent effects on gas 

generation are desired, in-situ methods are more useful (next section).  In this work, all cell 

volumes were measured before and after formation, calorimetry tests, and cycling.  The 

results are shown when applicable.  

For ex-situ gas measurements, cells were suspended by a hook connected to a 

precision balance and submerged in NanoPure water (Barnstead NanoPure, Thermo 

Scientific) with a resistivity of 18 MÝ cm and density of 0.9982 g cm-3 at 20°C.  The density 

of water changes approximately 0.0002 g cm-3 per degree Celsius around 20°C.177  The 

volumes of pouch cells used in this study were ~2.5 mL, and changes in volumes were 

                                                 
1 Multiple versions of Neware systems were used during this thesis 
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considered significant over 0.1 mL.  Therefore, a density of 1 g cm-3 was used for convenience, 

with negligible loss in accuracy.   

Using Archimedesô principle, a cell of mass mcell and volume vcell suspended in a liquid 

with density ɟ would yield a mass mmeas measured by the balance given by 

 ά ά ”ὺ Ȣ 3.1 

When measured again after any given test, the difference in mass before and after the test 

yields 

 ɝά ɝά ”ɝὺ Ȣ 3.2 

Considering the mass of the sealed cell cannot change, and assuming a density of 1 g cm-3 

the magnitude of the change in volume is equal to the change in mass of the cell:  

 ɝά ”ɝὺ  Ȣ 3.3 

3.6.2 In -situ gas measurements 

In-situ gas measurements can be made in tandem with electrochemical 

measurements to observe time, rate, and voltage dependent gas generation.  For example, 

in-situ gas measurements can determine the onset voltage of gas production during the 

formation cycle or the onset of gas-producing parasitic reactions during high-voltage tests. 

Measurements  were performed by using the apparatus and procedure described by 

Aiken et al.178  Cells were suspended in silicone vacuum pump oil and the change in weight 

was measured using sensitive load cells and converted to volume using Archimedesô 

principle.  Cells were connected to a Neware cycler for electrochemical tests.  The specifics 

of each protocol will be discussed for each experiment.  
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3.7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Electrochemical impedance spectroscopy (EIS) is a very useful technique to probe 

the effects of different electrode materials, electrolytes, and testing conditions on the 

evolution of cell impedance.  As mentioned in Section 1.6.8 parasitic reactions can form 

reaction products which thicken the SEI layers, increasing cell impedance.  Additionally, 

mechanical damage to electrodes such as particle cracking or loss of electrical connection 

and salt or electrolyte loss can contribute to the cell impedance.146,147,179ï181  EIS 

measurements are made by applying a small oscillating potential (V) typically on the order 

of millivolts to a cell and measuring the current response.  The impedance of the cell (Zcell) 

is then given by    

 
ὤ

ὠ

Ὅ
Ȣ 3.4 

A simple schematic of an electrode-electrolyte interface can be modelled as 

follows: a resistor (Rs) and capacitor (C) in parallel can be used to represent the electronic 

resistance and electrochemical double-layer capacitance formed by the SEI, and a resistor 

(Rel) can be used to represent the ionic resistance of the electrolyte.  This circuit section is 

shown in Figure 3.2a.  The equivalent impedance of this system can be written as 
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3.5 

The positive real vs. negative imaginary components of the impedance can be plotted to 

compare EIS óspectraô between cells.  This type of plot is referred to as a Nyquist plot.  

Figure 3.2b shows the Nyquist plot for the simple circuit section shown in Figure 3.2a, in 
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which the impedance components are typically multiplied by the electrode area.  The high-

frequency intercept in this case is due to the ionic resistance of the electrolyte.  The 

diameter of the semi-circle is equal to the charge-transfer resistance (called Rct) through 

the SEI.    

 

Figure 3.2: a) A simple circuit component model of an electrode-electrolyte interface. b) 

A Nyquist plot of the circuit section shown in a) when an AC response is measured, given 

by Equation 3.5.  The signal frequency ɤ increases from right to left.  

Figure 3.2 demonstrates the simplest case scenario for one ideal electrode.  In a cell 

there are two electrodes, inhomogeneous SEI layers, connections between cell particles, 

different sizes and shapes of particles, connections between the electrode particles and 

current collectors, and the separator.  Complex modelling and fitting of impedance spectra 

using many parameters cells have been reported in the literature.147,179,180,182  However, 

these treatments are quite intensive and are out of the scope of this thesis.  Typically, the 

Rct value of the diameter of the semi-circle in the Nyquist plot is used to compare 

impedance between cells, or before and after tests.  Changes in Rct value indicate the total 

increase in charge transfer resistance through both electrodes, SEI layers, and the 

electrolyte.  This work primarily uses the Rct value to make comparisons between cells.  

EIS measurements before and after tests in this work were performed in a 10.0 ± 

0.1°C temperature box.  AC impedance spectra were collected at a cell voltage of 3.8 V 
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from 10 kHz to either 10 mHz, 30 mHz, or 100 mHz (ten points per decade) with a signal 

amplitude of 10 mV using a Biologic VMP-3. 

One experiment in Chapter 6 used an automated EIS technique.  Automated EIS 

measurements were made using an in-house frequency response analysis (FRA) system 

described by Nelson et al.146  Cells were cycled at a rate of C/3 between 3.0 V and 4.2 V 

in a 40 ± 0.1°C temperature box with a constant voltage hold until the current reached C/20 

at the top of charge.  Every 20 cycles an FRA cycle was performed.  In an FRA cycle the 

current was changed to C/20 and every 0.1 V during both charge and discharge the current 

was stopped and the impedance spectrum was collected.  

 

3.8 STORAGE EXPERIMENTS  

Storage experiments can probe the rate of reactions at the positive or negative 

electrode by measuring the OCV of a cell at high or low cell voltages, respectively (see 

Section 1.6.3).  Storage experiments were performed after cycling a cell twice between two 

specified voltage endpoints at a rate of C/20.  Cells were then charged or discharged to the 

desired storage voltage, held at a constant voltage for 24 hours, and immediately transferred 

to a 60°C ± 0.1°C temperature box connected to high-precision Keithley voltage meters 

(Keithley Instruments) through a switching network.  Cell voltages were recorded once 

every 15 minutes for the first 6 hours, then once every 6 hours for 494 hours.  

 

3.9 ISOTHERMAL M ICROCALORIMETRY  

A significant amount of preliminary work was done by Dr. Laura (Downie) 

McCalla to establish isothermal microcalorimetry in the Dahn Lab at Dalhousie University.  
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The experimental setup described below was established during Downieôs PhD work.155  

Changes to the setup by Downie were only made to repair broken cables or to connect cells 

to different charging systems.  Section 3.9.1 will discuss the measurement of heat flow 

using an isothermal microcalorimeter.  Section 3.9.2 will describe the experimental setup 

used in this work.  Section 3.9.3 will describe the baseline and calibration method used 

before each experiment.  Section 3.9.4 will discuss the treatment of uncertainty in 

measurements of heat flow.  

3.9.1 Heat Flow Measurements 

Isothermal microcalorimetry experiments were performed using a TAM III 

isothermal microcalorimeter (TA Instruments).  The TAM III used in this work had twelve 

microcalorimeters with 20 mL sample holders (ampoules).  The TAM III has an operational 

temperature range of 15°C to 150°C with a temperature stability of 10 µK/24h and 

precision of 100 µK.183,184  The temperature precision is achieved using a temperature 

monitoring system with 32 platinum resistance thermometer sensors and a proprietary 

heating and cooling system.183  The calorimeters monitor the heat flow to an accuracy of 1 

µW, have a sensitivity of 100 nW, and a maximum detectable heat flow of 50 mW.183,184  

The accuracy of the calorimeter is limited by the temperature stability of the oil-filled 

thermal bath, and the precision is limited by the detection limit of the thermocouple 

sensors.  Figure 3.3 shows an expanded view of one calorimeter channel in the TAM III.   
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Figure 3.3: A labelled schematic of the interior of a TAM III calorimeter.  Figure adapted 

from Reference 184.  

The heat flow from the sample ampoule can be expressed in terms of the rate of 

heat exchange from the sample and the rate of heat accumulation in the sample.  Given the 

heat conductance of the sample (ks), the temperature difference between the surroundings 

and the sample (ȹT), and the heat capacity of the sample (Cs), the heat flow can be 

expressed by 

 Ὠή

Ὠὸ
ËɝὝ #

ὨὝ

Ὠὸ
Ȣ 3.6 

A potential difference (Vs) is measured across the thermopile which is proportional 

to its Seebeck coefficient (Sb) and the temperature difference between the sample and heat 

sink.  Assuming isothermal environmental conditions, Equation 3.6 can be written as 

 Ὠή
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Assuming the heat transfer due to the temperature differential is distributed 

uniformly, a lumped thermal capacitance model can be used.  The thermal conductance of 

the sample ampoule is then given by the heat capacitance of the ampoule divided by the 

time constant of the ampoule (Űs).  Equation 3.7 becomes 

 Ὠή

Ὠὸ

#

Ὓ†
ὠ †

Ὠὠ

Ὠὸ
‐ ὠ †

Ὠὠ

Ὠὸ
Ȣ 3.8 

The constant Ůs is the calibration constant of the calorimeter.  The time constant is 

determined by the calorimeter and is defined as the time required for the sample ampoule, 

which does not generate heat, to reach approximately 63.2% of a target heat flow when a 

known heat is applied.  The time constants for the calorimeters in the TAM III are 

297 ± 3 s, or approximately five minutes.183   

To reduce uncertainty in measurements, the TAM III has a reference ampoule for 

each calorimeter channel.  The heat capacity, Seebeck coefficients, and time constants are 

assumed to be equal between each sample and reference ampoule.  The heat flow of the 

sample including a correction for the reference ampoule is given by 

  

 

Ὠή

Ὠὸ
‐ὠ ὠ †

Ὠὠ ὠ

Ὠὸ
Ȣ 3.9 

The last term in Equation 3.9 is used to correct the measured heat flow for the time 

response of the calorimeter.  This work did not apply this time correction.  Therefore, the 

heat flow measured by the calorimeter in this work is given by 

 Ὠή

Ὠὸ
‐ὠ ὠȢ 3.10 
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3.9.2 Experimental Setup  

Figure 3.4a shows a photo of the TAM III.  Each channel is seen with a black cap 

and a white cable.  Each channel contains a lifter which lowers the ampoule into the 

calorimeter.  The lifter assembly and labelled components are shown in Figure 3.4b.  The 

lifter contains a series of thermal barriers ending with a rubber O-ring to limit heat transfer 

through the air out of the calorimeter.  One thermal barrier (C in Figure 3.4b) is made of 

high-iron steel to act as a magnetic stop to allow for temperature equilibration when 

lowering a room temperature sample into the calorimeter.  All cells were allowed to 

equilibrate for a minimum of 45 minutes before lowering into the calorimeter.  The spring 

helps create firm contact between the ampoule and the bottom of the calorimeter.   

Figure 3.4c shows the cell and connections inside the ampoule as well as the spring-

seal on the ampoule cap.  The ampoule contains the cell, which is connected to two pairs 

(voltage and current for each electrode) of 32 gauge dual-twist cryogenic polyimide coated 

phosphor bronze wires (LakeShore Cyrotronics Inc.).  The wires have a thermal conductivity 

of 48 W/mĀK at 300 K to minimize heat transfer out of the calorimeter.185  Holes were drilled 

through each of the thermal barriers in the lifters to allow the wires to be fed into the ampoule.  

The holes were sealed with Torr Seal (Varian Inc.) epoxy resin once the wires were in place.  

Cell connections and wires were covered with Kapton ® tape (to prevent short circuiting or 

wearing of the wire coating) due to its durability and high thermal stability.  The small gauge 

wires were spliced onto CAT-5 ethernet cables outside of the lifter which allowed for lifters to 

be moved and connected easily.  
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Figure 3.4: a) The TAM III isothermal microcalorimeter (TA Instruments) used in this 

work. b) One of 12 lifters (one for each channel) with labelled components. c) A close-up 

view of the cell connections inside the ampoule, and the ampoule components.  

3.9.3 Baseline and Calibration 

The TAM III has an internal calibration setting in which finely tuned heaters give 

a known heat flow which is measured by the calorimeter.  However, an independent 

calibration was performed to remove any potential baseline offset due to a cell, wires, and 

tape within the ampoule.  A dry pouch cell was cut open and a precision resistor (10.00 ± 

0.01 Ý, TE Connectivity, Part: YR1B10RCC) was inserted into the cell.  The wire leads 

were connected, and the calibration cell was sealed in the ampoule and lowered into the 

calorimeter after equilibrating at the magnetic stop for 45 minutes.  Once in the calorimeter, 

the cells required at least 24 hours to reach a stable baseline.  A 0.0 mW baseline was then 

set as the average heat flow over a stable, one-hour window.   Each channel was connected 

to the Maccor 4000 cycling system and a current of 15 mA was applied to the calibration 

resistor for 3 hours to provide a heat flow of 2.25 mW.  During the last 30 minutes the 

current was applied, the measured signal was calibrated to 2.25 mW.  The cell was allowed 
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to rest for 24 hours to ensure the heat flow reached 0.0 ± 0.5 mW before removing the 

calibration cell and inserting test cells.  

3.9.4 Experimental Notes and Uncertainty 

All calorimetry experiments presented in this thesis were conducted at 40°C.  

Experimental protocols varied by experiment and the details of each will be discussed in 

the applicable section.  

Downie found the reproducibility of heat flow measurements to be equivalent to 

the cell-to-cell variability in other electrochemical tests.155  Therefore, the uncertainty in 

measurements is limited by the small differences due to cell construction.  This work used 

machine-made pouch cells, so cell-to-cell variability was small.  Ellis et al. found that the 

standard deviation in the capacity of cells similar to cells used in this thesis was 1 mAh for 

26 cells with an average capacity of 196 mAh.186  The measurements of CE and charge 

endpoint capacity slippage per cycle after 16 cycles at C/20 and 40°C were found to be 

0.99835 ± 0.00002 and 0.179 ± 0.003 mAh cycle-1, respectively.   

Most experiments were performed using pair cells to ensure consistency, unless 

otherwise noted.  Uncertainty is typically reported as the range of values between pair cells, 

which is a conservative estimate.  Downie found that the standard deviation between 

seemingly identical pouch cells cycled at 1 mA was approximately ±2 µW (1-2% of signal).  

Approximately 2% is a good estimate of the uncertainty of a single pouch cell in this work 

as the currents used and magnitude of the measured heat flow were on the same orders of 

magnitude.  Most pair cells reported in this work show similar variability, so in most cases 

data from one cell are shown to simplify comparisons.   
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3.10 GENERAL NOTES ON UNCERTAINTY  

This thesis does not treat data with any robust error analysis.  Identical pair cells 

were used for almost every experiment presented in this thesis.  The dominating source of 

uncertainty was due to the cell-to-cell variability in the manufacturing process which will 

be seen to be very small.  In some cases, the data from both pair cells are presented.  The 

uncertainty in these measurements can be approximated by the range between pair cell 

data.   In other cases the averaged data of pair cells are shown and the reported uncertainty 

is the range between pair cells.   

Other sources of uncertainty include mixing electrolyte solutions, filling and 

degassing pouch cells, temperature fluctuations during testing, and power outages.  When 

mixing electrolytes, care was taken to ensure chemicals were weighed to within 1% of the 

target value.  The uncertainty in electrolyte volume during filling was assumed to be less 

than 1%.  Some electrolyte can be lost during vacuum sealing after filling or degassing.  

The mass of cells before and after vacuum sealing was measured for 10 cells and was found 

to be the same within 3% on average.  Multiple power interruptions occurred during this 

work which caused anomalous data points which will be noted in the text.   
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CHAPTER 4 USING HEAT FLOW TO P ROBE SOLID EL ECTROLYTE 

INTERPHASE FORMATION REACTIONS  

The work in this chapter was a collaborative effort with Dr. David Hall.  Some cells 

used in this chapter were made by Dr. Hall and some cells were made by the author.  All 

calorimetry measurements and data processing were performed by the author of this thesis.  

Dr. Hall authored187 and co-authored188 the two works cited in this chapter from which 

density-functional theory (DFT) results are used. 

As discussed in Section 1.5.4, electrolyte additives are used to form passivating SEI 

layers which protect electrodes from parasitic reactions.  However, little is known about 

the exact pathways occurring during SEI formation.  Although SEI-forming reactions from 

additives are desired, they are parasitic reactions by definition and as such may be useful 

to this body of work.  Formation reactions will emit or absorb heat based on the reaction 

pathway(s).  Therefore, isothermal microcalorimetry may be a useful tool to probe 

formation reactions.  Results from the heat flow of formation can be compared to 

theoretical values in an attempt to understand the mechanisms and products present during 

and after SEI formation.   

Unlike the rest of this thesis, this chapter does not contribute to the understanding 

of the unwanted parasitic reactions which affect cell lifetime during operation.  However, 

this chapter demonstrates how isothermal microcalorimetry can be used to develop and 

understand the electrode-electrolyte interfaces responsible for most parasitic reactions.  

This technique is the first reported method to use isothermal microcalorimetry to probe 

formation reactions.   
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4.1 EXPERIMENTAL  

This work used NMC442/AG cells (180 mAh balanced to 4.7 V).  The control 

electrolyte was EC:EMC (3:7 wt.) with 1.0 M LiPF6.  The additives used in this study were 

VC, FEC, PES, and PBF.  Additives were included in the specified weight percentages in 

each study (2% or 4%).   Electrochemical tests were performed using the Maccor 4000 

cycler.  Formation protocol C was used for each experiment (see Section 3.3).  Cells were 

not clamped between rubber blocks during formation due to the small size of the 

calorimeter ampoule. 

 

4.2 HEAT FLOW OF FORMATION  

Some results in this section are reprinted with permission from Phys. Chem. Chem. 

Phys., 18, 11383ï11390 (2016).189  Copyright 2017, the Royal Society of Chemistry.  Dr. 

Hall prepared the manuscript. 

During the start of a formation cycle the graphite negative electrode potential drops 

rapidly below the reduction potential of electrolyte species.  When this occurs, the 

electrolyte preferentially reduces, reacting with lithium on the electrode surface instead of 

intercalating into the graphite.  Since NMC has a relatively flat voltage curve at the 

beginning of charge, a plateau can be seen in the full cell voltage when reduction occurs at 

the negative electrode.  As the SEI grows and begins to become passivating the rate of 

reaction slows, and the graphite begins to intercalate lithium, increasing the cell voltage.   

Figure 4.1 shows the measured voltage of a cell with the control electrolyte in red 

during the first ~10% of charge.  Blue lines mark the region where the majority of 

electrolyte reduction takes place.  A green line marks the approximate time when the 
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negative electrode begins to intercalate lithium and the cell begins to charge.  The measured 

heat flow is shown in black.  Studies have found that electrolyte species which are more 

coordinated to Li+ (EC especially) in electrolyte are preferentially consumed in reactions 

at the electrodes.131,190  Therefore, it is assumed that EC reduction dominates the SEI 

formation process here.     

 

 

Figure 4.1: The heat flow (black) and voltage (red) of an NMC442/AG cell with control 

electrolyte containing EC during a formation cycle at 2 mA (~C/100).  The onset of EC 

reduction produces a large heat flow.  As the SEI forms, the rate of EC reduction decreases 

and the cell begins to charge.   

The magnitude of the heat flow during the EC reduction plateau in Figure 4.1 (4 

mW) is an order of magnitude higher than is measured with identical cells at the same rate 

during non-formation cycles (0.1 mW) (see Figure 2.2).  When the rate of reaction slowed 

and the cell began charging, the heat flow decayed to the previously observed levels of heat 

flow during normal operation.  The large, distinct features observed in Figure 4.1 were an 

indication the isothermal microcalorimetry was a good tool to probe formation processes.   

EC reduction

Cell Charging
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Figure 4.2a shows a comparison between the voltage curves of cells containing the 

control electrolyte and the control electrolyte with 2% VC, 2% FEC, 2% PES, and 2% or 

4% PBF.  Figure 4.2b shows the heat flow during formation beneath each voltage curve.  

In each case the heat flow and voltage measurements of pair cells differed by only a few 

percent, so only one of each pair cells are shown.  Figure 4.2 shows that each additive had 

a unique heat flow profile, and some additives mitigated the EC reduction plateau such as 

VC, FEC and PES, while PBF did not, indicated by the 2.8 V plateaus.  The heat flow of 

the control cell exhibited small features at the beginning of charge.  The exact reason for 

these features is not known but could be due to reactions with very small quantities of water 

in the cell, and a portion could be due to the entropic heat flow of the positive electrode.  

No such features appeared in the heat flow from cells containing additives since the 

additives reduced almost immediately, at higher negative electrode potentials than EC.   
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Figure 4.2: a) Measured cell voltage and b) heat flow during cell formation at 2 mA 

(~C/100) from NMC442/AG cells that contained either the control electrolyte with no 

additives (black, labelled EC to indicate EC reduction) or control electrolyte with additives 

as labelled. 

Figure 4.2 shows that the amount of charge required to form the SEI ranged from 

5 mAh to 10 mAh for each additive.  For example, 2% wt. VC given a two-electron 

reduction process would consume about 11.2 mAh of charge.  However, this is slightly 

more than the capacity used by VC formation in Figure 4.2.  A one electron reduction 

would yield 5.6 mAh of capacity.  The capacity of the formation of 4% PBF was 

approximately twice that of 2% PBF, and the heat flow profiles were very similar.   A 

larger than expected charge capacity, and an increasing cell voltage during additive 

reduction could mean that other processes such as EC reduction and lithium intercalation 

into graphite take place alongside additive reduction.  A smaller than expected capacity 

would indicate that all of the additive was not consumed during formation.  However, there 
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was likely excess additive dissolved in electrolyte outside of the jelly-roll, so not all 

additive molecules in the electrolyte were expected to react at the graphite surface.  GC 

experiments would be a useful way to probe excess electrolyte after formation.   

The electrochemical features in the voltage curves in Figure 4.2a can be viewed 

more conveniently by plotting heat flow with the derivative of the capacity with respect to 

voltage (differential capacity, or dQ/dV).  Each voltage plateau is seen as a peak in dQ/dV.  

Figure 4.3 shows that every electrochemical feature in the dQ/dV plot corresponds to a 

feature in the heat flow.  Heat flow features are labelled by the possible species being 

reduced. 

 

Figure 4.3: The heat flow and differential capacity of a) control electrolyte (EC reduction), 

b) 2% VC, c) 2% FEC, d) 2% PBF, e) 4% PBF, and f) 2% PES. 

As mentioned previously, FEC may react to produce VC and LiF.83,101,191  Density 

functional theory (DFT) calculations have shown that radical anions formed by the 
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reduction of VC may initiate spontaneous VC polymerization.192  The two electrochemical 

features in Figure 4.3b for VC were not consistent with the reported reaction schemes of a 

one electron reduction followed by a spontaneous chemical step.  The initial feature in VC 

may be due to the larger water impurity in the VC used here (100 ppm vs. 10-20 ppm).  

The initial electrochemical feature for FEC in Figure 4.3c occurred at a lower cell voltage 

than VC, and the second two features occurred at approximately the same voltages.  The 

matching cell voltages and dual-peaks in both dQ/dV and heat flow suggest the second and 

third steps in FEC and VC may be similar.  However, the final step in both VC and FEC 

occurred at the same cell voltage as EC reduction, so it is possible that a small amount of 

EC is reduction was present, and the one-electron reduction scheme for VC is valid.  The 

SEI formation reactions of FEC and VC are of great interest to the lithium-ion field and 

future work could investigate these reaction pathways using the methods outlined in this 

chapter.   

The heat flow and dQ/dV of PES had one electrochemical feature possibly followed 

by a small amount of EC reduction.  The heat flow PBF showed one or two electrochemical 

features at very similar cell voltages followed by a large amount of EC reduction.  The next 

sections will investigate the formation reactions of PBF and PES in more detail. 

 

4.3 PYRIDINE BORON TRIFLUOR IDE  

Figure 4.2 showed that PBF exhibited a clear voltage plateau and a more consistent 

heat flow than other additives.  The reduction of PBF was thus a good candidate to attempt 

to combine theoretical studies and experimental results probing formation reactions.  

Although PBF did not seem to passivate the negative electrode, PBF has been found to 
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decrease charge endpoint capacity slippage, increase CE, and lead to lower voltage fade 

during high voltage storage.193ï195  Therefore, reactions which occur at the negative 

electrode during formation may contribute to a positive electrode SEI, and warrant 

investigation.   

Hall et al. proposed a two-step electrochemical reaction for the reduction of PBF 

shown in Equations 4.1 and 4.2.187  A one-electron reduction to form LiPBF is followed 

by another one-electron reaction with lithium and EC to form C3H5LiO2 and Li2(PBF)2.  

The absence of gaseous products was supported by gas chromatography (GC) and in-situ 

gas measurements.187 

 

 
4.1 

 

 

4.2 

 The standard potentials of each electrochemical step were calculated using DFT to 

be 1.27 V and 3.92 V vs. Li/Li +, respectively.187  Assuming the positive electrode was at 

~3.6 V at the beginning of charge the corresponding cell potential to initiate reduction 

would be approximately 2.3 V, in good agreement with Figure 4.2 (plateau at ~2.2 V).  The 

second step would then occur at an overpotential of 3.92 V ï 1.27 V = 2.65 V.  Assuming 

the first reaction step occurred at the negative electrode potential, the heat flow due to the 

reaction overpotentials for the two-electron (n = 2) reduction would be given by  
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At the negative electrode, Li+ preferentially reacts at the surface so there should be 

approximately no entropic heat flow from the graphite electrode.  An approximation of the 

level of heat flow from the entropic changes in the positive electrode can be made assuming 

a simple mean field lattice gas model.  The entropy (S) can be expressed using Stirlingôs 

approximation with the number of ways to arrange n lithium atoms in N sites using the 

ratio of lithiation (x = n / N) which starts at x = 1.0 for the fresh positive electrode: 

 Ὓ ὔὯ ὼÌÎὼ ρ ὼÌÎρ ὼ Ȣ 4.4 

The heat flow due to changes in entropy from Equation 4.4 is on the order of -0.5 to -0.15 

mW for the duration of the PBF reduction plateau and is given by:157 

 
ή

ὍὝ

Ὡ

Ὠί

Ὠὼ

ὍὝ

ὔὩ

ὨὛ

Ὠὼ
Ὅ
ὯὝ

Ὡ
 ÌÎ

ὼ

ρ ὼ
Ȣ 4.5 

The heat flow from the cell overpotential (not the reaction overpotential) is 

approximately 1µW at the currents used here, which is within the uncertainty of the 

calorimeter and three orders of magnitude less than measured heat flow.  Additional heat 

flow comes from the enthalpy of reaction (ȹH) of any chemical step involved in the 

reaction pathway multiplied by the rate of reaction.  The heat flow due to reaction enthalpy 

is then 
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where F is the Faraday constant, yielding a total heat flow during formation of: 
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Hall et al. assumed the two-step reaction of PBF was purely faradaic, ignoring any 

chemical steps potentially involved with the second step (Equation 4.2).  Although likely 
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an oversimplification, the heat flow due to the electrochemical overpotential can be used 

to make qualitative comparisons between the experimental and theoretical results.  

 Figure 4.4 shows the measured (black) and calculated values (orange) of the heat 

flow during formation of 2% PBF and 4% PBF excluding the enthalpy of reaction involved 

in the second step.  The length of the calculated value ends at the amount of capacity 

available from PBF reduction assuming a constant rate of reaction (6.8 mAh for 2% PBF).    

 

Figure 4.4: The measured heat flow of formation for a) 2% PBF and b) 4% PBF (black) 

and calculated values (orange).  The cell voltage is shown in blue.   

The calculated heat flow in Figure 4.4 appears to be an underestimate due to the 

exclusion of the reaction enthalpy for any chemical step resulting from the second 

reduction.  However, the enthalpy of reaction term was likely exothermic in this case, as 
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the heat flow of formation decayed as the reaction rate slowed (indicated by an increase in 

cell voltage).  Further work could focus on determining any contributions to reaction 

enthalpy involved in any chemical steps.   

The values of experimental and theoretical heat flow obtained for PBF show that 

isothermal microcalorimetry could be a useful tool to probe formation reactions but is 

restricted by the uncertainty in DFT calculations and the complexity of the reaction 

mechanisms.  The accuracy of calculated standard potentials is limited by the accuracy of 

the Li/Li+ reference value, the accuracy of solvation model used, surface interactions of the 

reduced species, the size of the basis set, and the accuracy of the density functional itself.  

An uncertainty in ~10% in the calculation of the standard potentials could lead to upwards 

of 0.5 mW of additional heat flow.  Experiments on pouch cells are consistent; however, 

the exact potential of the negative electrode is difficult to determine.  Future studies could 

use graphite/Li-metal reference coin cells (also called half-cells) to measure the reduction 

potential of PBF to compare with pouch cells and DFT-calculated values.   

The next section will briefly look at a case where many possible reaction enthalpies 

of a chemical step after two electrochemical steps have been calculated. 

 

4.4 PROP-1-ENE-1,3-SULTONE 

The heat flow of formation for 2% PES was shown in Figure 4.1 and Figure 4.2.  

The heat flow of PES was the highest of all additives tested (~4.8 mW) and showed a single 

reduction feature, likely followed by a small amount of EC reduction.  Self et al.188 

proposed a formation pathway for PES beginning with two consecutive one-electron steps 

followed by a spontaneous chemical step.  The two electrochemical steps yield an organo-
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lithium compound Li2PES which then may spontaneously react with EC, EMC, or PES.  

The two electrochemical steps were given by 

 

 

4.8 

and 

 

. 

4.9 

The standard potentials of the two electrochemical steps were 0.9 V and 4.3 V vs. 

Li/Li +, respectively.  Similar to the methods above for PBF, assuming the positive electrode 

was at a cell voltage of 3.6 V, the cell voltage corresponding to a 0.9 V negative electrode 

potential would be 2.5 V.   The observed voltage plateau occurred at cell voltage of ~2.4 

V, in good agreement with the calculation.  The overpotential for the second step would 

then be 4.3 V ï 0.9 V = 3.4 V.   

Self et al. proposed 18 chemical pathways for the reaction of Li2PES with EC, 

EMC, or PES.   Each reaction was found to be spontaneous (æG < 0) and exothermic (æH 

< 0).  The purpose of this study was to develop a method to help support possible pathways 

of SEI formation.  Therefore, the specifics and likelihood of each reaction, and the 

calculations are out of the scope of this thesis.  For simplicity, the 18 pathways were split 

into four groups based on similarities in the magnitude of the reaction enthalpy and reaction 

products.  i) reactions of Li2PES with EC or EMC yielding lithium alkoxides (æH = -0.046 

eV, -0.051 eV, -0.185 eV, -0.195 eV, 0.550 eV, -0.63 eV), ii) reactions of Li2PES with 

EMC which produce lithium semicarbonates (æH = -1.68 eV, -1.857 eV, -1.858 eV, -1.976 

eV), iii) reactions of Li2PES with PES (æH = -2.214 eV, -2.221 eV, -2.298 eV, -2.333 eV, 
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-2.357 eV, -2.575 eV), and iv) reactions of Li2PES with EC which produce lithium 

semicarbonates (æH = -3.63 eV, -3.67 eV).  Figure 4.5 shows the average calculated heat 

flow of reaction groups i) to iv) compared to the measured heat flow using Equation 4.7.   

 

Figure 4.5: Heat flow of formation for 2% PES.  Experimental data are shown in black and 

calculated heat flow of reaction groups i) to iv) is shown in orange.  Cell voltage is shown 

in blue.  

If the DFT calculations performed by Self et al. were assumed to be accurate, the 

heat flow data would suggest that reactions which produce lithium semicarbonates from 

Li 2PES and EMC (group ii), and reactions of Li2PES with PES (group iii) were the most 

likely pathways.  As discussed above the uncertainties involved in DFT calculations are 

difficult to quantify.  However, in the present case the large differences between pathways 

ii) and iii) vs. i) and iv) may allow for slightly more confidence in the comparison with 

experimental results.   

In the case of PES, isothermal microcalorimetry may be a useful tool to probe SEI 

formation reactions in-situ and non-invasively.  Techniques which probe reaction products 

such as GC and surface characterization such as X-ray photoelectron spectroscopy (XPS) 

after formation are difficult to interpret due to air exposure, rinsing of the electrode surface, 
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and since ex-situ and post-mortem studies cannot probe the reactions in real time.  The use 

of isothermal microcalorimetry may be useful to eliminate possible pathways when other 

techniques cannot differentiate between different reactions.   

 

4.5 CONCLUSIONS 

This chapter introduced a method to measure the heat flow during the formation 

cycle of a lithium-ion cell.  Contributions to heat flow include the chemical overpotential 

of each electrochemical reduction step, the enthalpy change during any chemical reactions, 

and the changes in entropy of the positive electrode.  Heat flow was measured for a control 

cell containing 1.2 M LiPF6 in EC:EMC (3:7 wt.), and cells with the control electrolyte and 

2% or 4% of VC, FEC, PES, and PBF.  Each electrochemical feature in voltage curves had 

a corresponding feature in the heat flow data.  Voltage plateaus and heat flow features at 

~2.8 V were consistent between the control electrolyte and PBF, suggesting PBF does not 

passivate the negative electrode against EC reduction.   

Experimental results for the reaction of PBF were compared to DFT calculations 

from the literature of the standard potentials of a proposed reaction pathway.  Results 

underestimated the theoretical heat flow, but more work is needed to ensure the accuracy 

of DFT measurements and investigate the simplified second electrochemical step which 

may include a chemical step with reaction enthalpy. 

A comparison of the heat flow of PES with theoretical results from the literature 

was made for a proposed reaction pathway composed of two electrochemical steps 

followed by a chemical step.  Of 18 possible reactions, two categories of reactions were 

deemed most likely based on the comparison of theoretical to experimental heat flows. 
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The method developed here motivates further work in the investigation of 

electrolyte additive reaction pathways using isothermal microcalorimetry.  Combining 

experimental data with calculations may be necessary to narrow down options when 

multiple reaction pathways are feasible.  Isothermal microcalorimetry was proven to be a 

unique way of probing electrochemical reactions in-situ.  
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CHAPTER 5  CHARGE-DISCHARGE METHOD OF EXTRACTING 

PARASITIC HEAT FLOW  

5.1 MOTIVATION  

As discussed in Section 2.3, previous methods of extracting the parasitic heat flow 

of lithium-ion cells have certain limitations.  Methods developed by Krause et al. utilized 

the reversibility of entropic heat flow to obtain the total parasitic energy over a voltage 

window but cannot be used to measure parasitic heat flow as a continuous function of 

voltage.150,151  Methods developed by Downie et al. could obtain the parasitic heat flow as 

a function of voltage.153,154  However, Downieôs methods required very long experimental 

times and fitting of complicated heat flow profiles with linear or polynomial functions over 

small voltage windows.  The work in this chapter uses ideas from the works of both Krauseô 

and Downieôs works.  The aim of the work in this chapter was to develop a method to 

extract the parasitic heat flow of a cell as a continuous function of voltage, with no fitting 

required.   

Downie et al. found that the parasitic heat flow obtained using time-dependent 

fitting methods was very similar to the average between the total charge and discharge heat 

flow at the lowest of four rates used (1 mA, ~C/200).154  Recalling Equation 2.13, the 

entropic heat flow is proportional to the applied current and is thus reversible between 

charge and discharge.  Therefore, the entropic heat flow as a function of voltage is 

cancelled out when averaged, as used by Krause.150  The overpotential heat flow was quite 

small at 1 mA in the cells used by Downie and as such did not contribute significantly to 

the average heat flow.  By using a small current, effects from the cell overpotential near 

charge-discharge endpoints (when the current switches) were also avoided.  Thus, charging 
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and discharging a cell using a small current can be an effective way to obtain the parasitic 

heat flow. 

5.2 METHOD  

5.2.1 General Derivation 

Using equation 2.13 and substituting the direction of current (positive for charge, 

negative for discharge), the average heat flow between charge and discharge as a function 

of voltage yields  
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Equation 5.2 shows that the average parasitic heat flow as a function of voltage 

between the charge and discharge of a cycle can be found by subtracting the heat flow due 

to overpotential from the average of the total heat flow.  This ócharge-discharge methodô 

allows for the measurement of the magnitude of the parasitic heat flow and does not rely 

on any fitting methods or robust treatment of the entropy of the electrode materials. 

Additionally, since the parasitic heat flow is obtained over one cycle at one rate (compared 

to four cycles at four rates in Downieôs works) the effects of the time dependence of 

parasitic reactions from cycle to cycle do not need to be accounted for.  However, the 

charge-discharge method presented here cannot differentiate between the parasitic heat 

flow during charge and the parasitic heat flow during discharge during the single cycle at 

one rate, whereas Downieôs fitting methods could.   
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Low currents must be used when using the charge-discharge method to maximize 

the magnitude of parasitic heat flow compared to entropic and overpotential components, 

and to minimize the effects of voltage drop or rise due to overpotential at current switch 

points.  In this chapter, 1 mA (~C/160 to C/200) was used.  Since just one full charge and 

discharge cycle at a rate of C/200 would take 400 hours to complete, only measurements 

in specific voltage ranges could be probed.  Typically, the high voltage range (> 4.0 V) 

was of interest since most parasitic reactions occur above 4.0 V.  When probing reactions 

at the negative electrode only, low voltage ranges could be used.  Voltage ranges in this 

chapter ranged from 0.2 V to 0.7 V between endpoints, or ~60 hours to ~160 hours per 

cycle.   

5.2.2 Overpotential Treatment 

The cell voltage was measured during all calorimetry tests.  The cell overpotential 

could be approximated to reasonable accuracy using the voltage measurements throughout 

the tests.  Equation 1.8 showed that to calculate an overpotential the equilibrium voltage is 

needed, and can be rewritten as   

 – ȿὠ ὠ ȿ. 5.3 

Figure 5.1a shows the measured cell voltage vs. cumulative capacity for a 1 mA 

charge and discharge of a ~180 mAh NMC442/AG cell in a voltage window from 3.9 V to 

4.4 V.  The discharge voltage did not reach 0 Ah at the end of discharge due to charge 

endpoint slippage and capacity fade (Section 1.6).  Figure 5.1b shows the measured cell 

voltage vs. SOC (treated here as the fractional charge or discharge capacity).  The 

overpotential in this chapter was treated as half of the difference between the charge and 

discharge voltage curves as a function of SOC.  Figure 5.2 shows the calculated 
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overpotential and the overpotential heat flow (current multiplied by overpotential) on the 

left and right axes, respectively.  The calculated overpotential heat flow from 3.9 V to 4.4 

V at 1 mA was found to be on the order of 10 µW on average. 

 

Figure 5.1: a) Cell voltage during charge (solid line) and discharge (dashed line) plotted 

vs. cumulative capacity for an NMC442/AG cell. b) Cell voltage vs. SOC (fractional 

capacity) 

 

Figure 5.2: Calculated overpotential (left axis) and overpotential heat flow (right axis) 

during charge (solid line) and discharge (dashed line) of the cell in Figure 5.1 assuming a 

1 mA current. 

a b
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5.2.3 Parasitic Heat Flow and Consistency 

Figure 5.3 shows the parasitic heat flow from the example above from 3.9 V to 4.4 

V at 1 mA in red.  The total measured charge and discharge heat flows are shown as solid 

and dashed black lines, respectively.  The overpotential heat flow calculated above is 

shown in blue.  The parasitic heat flow calculated using the charge-discharge method and 

the above treatment of the overpotential ranged from 25 µW to 200 µW.  At the cycle end-

points the calculated overpotential heat flow approached 0 mW as a result of the calculation 

using the cell SOC.  Although not a true representation of the heat flow near the cycle 

endpoints, the contribution to overpotential was small enough to consider the SOC 

treatment as a good approximation to the overpotential heat flow.  Chapter 6 develops the 

treatment of overpotential further when larger currents than C/200 are used.   

 

Figure 5.3: Parasitic heat flow (red) calculated as the average of the measured charge (solid 

black) and discharge (dashed black) heat flow minus the heat flow from the calculated 

overpotential (blue) during charge (solid) and discharge (dashed).  

Figure 5.4 demonstrates the typical consistency between pair cells using the charge-

discharge method.  Three additive blends are shown in Figure 5.4 in SC-NMC532/AG cells 
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cycled from 4.0 V to 4.4 V at 1 mA.  The data for each pair of cells were almost identical.  

Figure 5.4 shows that the charge-discharge method is a consistent technique.  Therefore, 

slight differences in parasitic heat flow can be detected and correlated to cell performance.      

 

Figure 5.4: Parasitic heat flow of pair cells (SC-NMC532/AG) cycled from 4.0 V to 4.4 V 

at 1 mA found using the charge-discharge method with three different additive blends (A, 

B, and C). The data show excellent cell-to-cell consistency.  

The charge-discharge method can be used to probe the effect of different voltage 

ranges on the magnitude of parasitic heat flow.  The effectiveness of new additive or 

solvent systems can be investigated by comparing different additives in the same cell type, 

or by comparing different solvent systems.  As mentioned previously, the differences 

between charge and discharge parasitic heat flows cannot be differentiated using the 

charge-discharge method, as only the average parasitic heat flow can be obtained.  Chapter 

6 will introduce a method which approximately separates the components of charge and 

discharge parasitic heat flow by estimating the entropic heat flow using the charge-

discharge method.   



96 

 

Section 5.3 will demonstrate a study using the charge-discharge method to compare 

the parasitic heat flow of cells with EC-free electrolytes with various additives to a 

traditional EC-containing electrolyte.  Section 5.4 will discuss a study in which the charge-

discharge method was used to support various other electrochemical testing methods when 

comparing the effect of artificial graphite and natural graphite negative electrode materials 

and additive loadings on the parasitic heat flow.  

 

5.3 STUDY : THE EFFECT OF ADDITIVES IN EC-FREE ELECTROLYTES  

The work in this section is adapted with permission from J. Electrochem. Soc. 164 

A567-A573 (2017), Copyright Journal of the Electrochemical Society, 2017.196  Dr. Remi 

Petibon assisted in the design of the experiment and provided the cells used in calorimeter 

and UHPC experiments.  The author performed all calorimetry measurements, data 

processing, and preparation of the manuscript.  

5.3.1 Motivation  

Blends of EC, EMC, and DMC have been ubiquitous in the lithium-ion field due to 

the passivating film-forming features of EC, and the transport properties and low 

temperature performance of EMC and DMC.  However, a recent work by Petibon et al. 

found that electrolytes containing only EMC as a solvent were found to out-perform EC-

containing electrolytes during high voltage tests (> 4.4 V).197  By creating a simple 

electrolyte containing only EMC as a solvent and a small amount of VC as a passivating 

additive, cell cycle life and CE during 4.4 V cycling was greatly improved over electrolytes 

containing EC.  Co-additives were found to further improve aspects of cycle performance 

and safety.   
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The study presented in this section aimed to investigate the effect of high voltage 

on the parasitic heat flow of EC-containing and EC-free electrolytes and to validate the 

charge-discharge method with UHPC studies.  The effect of other film-forming additives 

combined with VC in EMC was also studied.   

5.3.2 Experimental 

The cells used in this work were NMC442/AG.  The EC-containing electrolyte used 

in this work was 1.0 M LiPF6 in EC:EMC (3:7 wt.) with 2% wt. PES, 1% wt. DTD, and 

1% wt. TTSPi.  The additive blend used is also known as PES211, and was discussed in 

Section 1.5.4.  The EC-free electrolyte used in this work was 1.0 M LiPF6 in EMC with 

2% wt. VC.  Co-additives to the EC-free electrolyte were also studied and included TTSP, 

PPF, and TAP added at 1% wt.  Cells were filled with 0.9 g of electrolyte.  The shorthand 

names used throughout this work are shown in Table 4.   

Table 4: Electrolyte compositions (1.0 M LiPF6) 

Name Solvent Additives (wt. %) 

Control EC:EMC (3:7 wt.) 2% PES 1% DTD 1% TTSPi 

EMC:VC EMC 2% VC  

EMC:VC + TTSP  EMC 2% VC 1% TTSP 

EMC:VC + PPF EMC 2% VC 1% PPF 

EMC:VC + TAP EMC 2% VC 1% TAP 

 

Cells were formed using formation protocol A up to 4.2 V.  Cells used for 

calorimetry studies underwent four cycles from 2.8 V to 4.2 V at 40°C to ensure a well 

formed SEI prior to measuring the parasitic heat flow.  Cells were then cycled in the 

calorimeter at 1 mA between 3.9 V and the following sequence of upper cut off voltages: 

4.2 V, 4.3 V, twice to 4.4 V, twice to 4.5 V, 4.6 V, and twice to 4.2 V.   Some voltage 

ranges were repeated to investigate the effect of repeated exposure to the same voltage 

range.  Cell volumes and EIS spectra were measured before and after calorimetry tests.   
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Cells for UHPC studies were connected to the UHPC at 40°C and cycled using a 

óbarnô cycling protocol for 16 cycles.  Cells were charged at 15 mA from 2.8 V to 4.3 V, 

then at 5 mA up to 4.5 V.  Cells were then discharged at 5 mA from 4.5 V to 4.3 V and 15 

mA from 4.3 V to 2.8 V.  

5.3.3 Results and Discussion 

Figure 5.5 shows the UHPC results of the barn-cycle protocol, proposed by Xia et 

al. to enhance the effects of high-voltage operation for screening electrolyte additives.198  

Figure 5.5a shows the CE results for each pair of cells.  The EC-free electrolytes all had 

higher CE than the control electrolyte ï including EMC:VC ï even though the additive 

combination PES211 has been found to perform better than 2VC in EC-containing 

electrolytes.113,199  Figure 5.5b shows the charge endpoint capacity slippage relative to the 

end of the first charge.  As discussed in Section 1.6.2, higher charge endpoint capacity 

slippage indicates electrolyte oxidation at the positive electrode.  The EC-free electrolytes 

had lower charge endpoint capacity slippage than the control, suggesting that EMC was 

less reactive at the positive electrode at high voltage, or that it made a better positive 

electrode SEI than EC-containing electrolytes.  The capacity fade was also lower for EC-

free electrolytes, shown in Figure 5.5c, likely indicating less electrolyte reduction 

consuming lithium at the negative electrode when EMC was used instead of EC.  In each 

case, EMC:VC was found to have the worst performance of EC-free electrolytes.  The 

UHPC performance of EC-free electrolytes at high voltage was enhanced by the addition 

of all co-additives in the study, particularly by PPF and TTSP.   
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Figure 5.5: UHPC results for the barn cycling protocol from 2.8 V to 4.5 V at 40°C.  a) 

Coulombic efficiency, b) relative charge endpoint, and c) discharge capacity.  

Next, the effect of the above electrolytes on parasitic heat flow was studied to 

understand trends in heat flow compared to UHPC results.  Figure 5.6a and Figure 5.6b 

show the calculated parasitic heat flow during cycles to 4.2 V and 4.3 V, respectively.  The 

difference in parasitic heat flow from one control cell is shown in the bottom panel of each 

graph.  Only one cell of each electrolyte type is shown for simplicity.  Pair cell parasitic 

a

b

c
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heat flow values were within 1% for almost all cells in all cycles (a summary figure later 

in the text demonstrates the consistency between cells in this study).  Figure 5.6 shows that 

EC-free electrolytes had higher parasitic heat flow than the control up to 4.3 V.  EMC:VC+ 

PPF had similar parasitic heat flow to the control.  The observed differences in performance 

may have been due to the presence of quite protective SEI layers in the control cell due to 

the high loading additives.  The difference plots in Figure 5.6 show that the relative 

performance of cells did not change significantly from 4.2 V to 4.3 V.  The difference in 

scale should also be noted between cycles.   

 

Figure 5.6: Calculated parasitic heat flow during cycles between 3.9 V and a) 4.2 V and b) 

4.3 V at 1 mA and 40°C.  The bottom panels show the difference between each cell and 

the control cell.   

Figures 5.7a, b, c, and d show the parasitic heat flow during the two cycles to 4.4 

V and two cycles to 4.5 V, respectively.  All electrolytes had almost identical parasitic heat 

flow during the first cycle to 4.4 V.  A large onset of parasitic heat flow occurred just above 

4.3 V for all cells, suggesting all electrolytes had limited stability above a cell voltage of 

a b
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4.3 V (corresponding to a positive electrode potential of ~4.4 V).  However, during the 

second cycle to 4.4 V, the parasitic heat flow was less than half that of the first cycle.  The 

lower parasitic heat flow suggested that oxidation products from parasitic reactions in the 

first cycle to 4.4 V might have created a passivating SEI on the positive electrodes in all 

cells.   

 

Figure 5.7: Calculated parasitic heat flow during cycles between 3.9 V and a,b) 4.4 V, c) 

4.5 V, and d) 4.6V at 1 mA and 40°C.  The bottom panels show the difference between 

each cell and the control cell. 

a b

c d
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Figure 5.7c and Figure 5.7d show that above 4.4 V EC-free electrolytes had lower 

parasitic heat flow than the control.  During the two cycles to 4.5 V, the heat flow of the 

control cell increased at the bottom of charge.  An increasing parasitic heat flow suggests 

SEI layers in the control cell were becoming less passivating or more cross-talk reactions 

from the oxidation products may have been occurring.  In all cycles above 4.3 V, EMC:VC 

without co-additives performed worse than with co-additives.   

Figure 5.8a shows the parasitic heat flow for the cycle from 3.9 V to 4.6 V.  The 

same trend was observed as in cycles to 4.5 V: The parasitic heat flow of the control cell 

increased at low voltages and was higher than EC-free cells throughout the voltage range.  

Figure 5.8b shows the parasitic heat flow during the first and last cycles to 4.2 V.  Ideally 

the parasitic heat flow would decrease between the first and last cycles due to the build-up 

of SEI.  Figure 5.8b shows that EC-free electrolytes likely developed protective SEI layers 

over the cycles to high voltage, whereas the control cells had the same level of parasitic 

heat flow as the beginning of the protocol from 3.9 V to 4.1 V.    
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Figure 5.8: Calculated parasitic heat flow during cycles between 3.9 V and a) 4.6 V and b) 

the first (solid lines) and last (dashed lines) cycles to 4.2 V at 1 mA and 40°C.  The bottom 

panels show the difference between each cell and the control cell. 

Figure 5.9 shows a summary of all cycles in the calorimetry protocol.  The mean 

parasitic heat flow per cycle was calculated for each cell.  The average between each pair 

of cells is plotted, and the range between pair cells is shown by the error bars.  The benefit 

of EC-free electrolytes is seen clearly when the ordering of cells changed during the two 

cycles to 4.4 V.  The control cell then exhibited much higher parasitic heat flow over the 

4.5 V and 4.6 V cycles.  As found in Figure 5.6 to Figure 5.8, co-additives were beneficial 

compared to EMC:VC at high voltage.  However, there was no co-additive which stood 

out compared to the others.   

 

a b
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Figure 5.9: Average calculated parasitic heat flow over each cycle between 3.9 V and the 

labelled voltage limits 1 mA and 40°C.  Each point represents the average of the pair cells 

used.  The control cell data show the range between pair cells to demonstrate the 

measurement uncertainty. 

Calorimetry experiments at high voltage agreed with UHPC results in this study.  

The charge-discharge method proved to be a consistent method to obtain the parasitic heat 

flow as a function of voltage, with little difference between pair cells.  Parasitic heat flow 

at low voltages in each cycle and comparisons between parasitic heat flow at the beginning 

and end of the experiment yielded insight into the development of the SEI layers in each 

electrolyte.  Obtaining parasitic heat flow as a continuous function of voltage allowed for 

important observations such as small differences between electrolytes, and the sudden 

onset of a large amount of parasitic heat flow above 4.3 V.  However, the parasitic heat 

flow could not differentiate between co-additives, similar to UHPC results.  

Figure 5.10 shows EIS results taken after formation at a cell voltage of 3.8 V.  The 

Rct (diameters of the semi-circular spectra, see Section 3.7) were quite large for EMC:VC 
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+ TAP compared to all other electrolytes.  Otherwise, EC-free electrolytes had smaller Rct 

values compared to the control.  The average Rct value between pair cells are shown in 

Figure 5.10b, where the error bars indicate the range between pair cells.  A passivating SEI 

with low Rct is desired when designing cells for high-rate applications.   Figure 5.10c shows 

the gas produced during formation (grey) and after calorimetry experiments (red).  Ideally 

a cell would produce minimal gas during high-voltage operation.  Typical commercial cells 

do not feature gas pouches like the cells used here, so generated gas can induce cell failure. 

Figure 5.10b and Figure 5.10c show that the cells with the lowest Rct exhibited the largest 

amount of gas production.  Although the control cell had significantly more parasitic heat 

flow at high voltage, the gas volume of control cells was the lowest of all cells after 

calorimetry experiments.   EMC:VC + PPF perhaps showed the best compromise of high 

CE, low Rct, and moderate gas production.  Figure 5.10d shows a photograph of the 

separator from each electrolyte.  EC-free electrolytes contained lighter-colored separators 

than the control, which had large, dark deposits stuck to the surface.  The color of the 

separator might represent a qualitative comparison of the number of side-reactions 

occurring in cells.   
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Figure 5.10: a) EIS spectra for each cell after cell formation.  b) Average Rct of pair cells 

after formation.  c) Average gas volumes of pair cells after formation (grey) and after 

calorimetry experiments (red).  Error bars demonstrate the range between pair cells.  d) 

Photograph of the separators of each electrolyte after calorimeter experiments (same order 

as in the legend from left to right).  

5.3.4 Conclusions 

EC-free electrolytes with simple additive blends were shown to have superior 

performance above 4.4 V compared to a well-known high voltage additive blend in an EC-

containing electrolyte.  EC-free electrolytes produced more gas than the EC-containing 

control electrolyte, but typically had lower impedance.  Results from UHPC experiments 

agreed with the parasitic heat flow calculated using the charge-discharge method.   The 

charge-discharge method demonstrated the effect of upper cut off voltage on parasitic heat 

a b

c
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flow on both types of electrolyte, clearly demonstrating a higher degree of parasitic 

reactions in EC-containing cells after exposure above 4.4 V.   

Future studies on EC-free electrolytes should focus on maintaining high CE and 

low Rct while also reducing the amount of gas generated in parasitic reactions.  A study 

after the work in this section authored by Lin Ma et al. (and coauthored by the author of 

this thesis) focused on optimizing the additive content in EC-free electrolytes, and also 

used the charge-discharge method of obtaining parasitic heat flow.200  In the study by Ma 

et al. 3% wt. VC was found to be the optimal amount of VC in a 1.0 M LiPF6 EMC 

electrolyte in the cells used (which were identical to the cells in this section).  It was also 

found that 3% wt. FEC as an additive yielded less parasitic heat flow than when VC was 

used as the additive.  However, another study investigated physical properties of EC-free 

electrolytes and found the absence of EC yielded lower electrolyte conductivities.201  

Therefore, only EMC as a solvent can negatively impact the high-rate properties of cells 

containing EC-free electrolytes. 

 

5.4 STUDY : THE EFFECT OF ADDITIVE CONTENT AND GRAPHITE TYPES ON PARASITIC 

REACTIONS  

The work in this section is adapted with permission from J. Electrochem. Soc. 164, 

A3545-A3555, (2017), Copyright the Journal of the Electrochemical Society, 2017.   The 

study was a collaborative effort and combined data from different authors.  In-situ gas 

measurements were performed by Jenn Allen, an undergraduate summer student co-

supervised by the author of this thesis.  UHPC and long-term cycling results were obtained 

from Dr. Jing Li.  Alex Louli performed in-situ pressure measurements on cells.  All other 
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measurements, data processing, and preparation of the manuscript was performed by the 

author.  

5.4.1 Motivation  

As discussed throughout this thesis, electrolyte additives have been widely used to 

mitigate parasitic reactions that occur at both electrodes in lithium-ion cells.  Improving 

the stability of electrode-electrolyte interfaces allows for cells to be operated at higher 

positive electrode potentials, thus increasing the available capacity and energy density of 

the cell while decreasing the cost per kWh.   

Another way of addressing the issues of cost and energy density is to use materials 

with intrinsically higher energy density such as natural graphite (NG) as a negative 

electrode material instead of synthetic graphite, here called artificial graphite (AG).  NG is 

known to perform poorly in some cells, which has in the past been attributed to surface 

exfoliation and cracking of particles.48,49,202,203  Park et al. found spherical natural graphite 

showed signs of particle swelling and cracking caused by mechanical strain during cycling, 

which could be suppressed using a carbon coating process.48  Carbon coatings on natural 

graphite negative electrodes have been studied in the past to avoid exfoliation from 

propylene carbonate-containing electrolytes, but these coatings might decrease the energy 

density.202,203  AG performance reported in the literature appears to outperform natural 

graphite.  However, few direct comparisons of artificial and natural graphite exist in the 

literature.  Lee et al.204 found that plasma treated AG performed better in long term cycling 

and rate testing, and had a similar irreversible capacity compared to the treated NG, while 

the NG material had a higher specific capacity.  The purpose of the present study was to 
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elucidate the differences in electrochemical performance of AG and NG using non-

destructive techniques, in otherwise identical electrochemical systems.   

The ternary electrolyte additive blend, PES211 ( 2% wt. PES, 1% wt. DTD, 1% wt. 

TTSPi) in 1.2 M LiPF6 EC:EMC (3:7 wt.) was used in different loading amounts to provide 

different levels of SEI protection (i.e. x = 0.5 PES211 would use half of the weight percent 

of additive loading: 1% PES, 0.5% DTD, 0.5% TTSPi).  Li et al. provided an in-depth 

study on the electrochemical properties of the materials studied in this work and found that 

AG containing cells performed better than NG cells in long term cycling experiments from 

3.0 V to 4.2 V and 4.3 V at 20°C and 40°C, and showed better performance in UHPC 

testing.205  However, UHPC and long-term cycling experiments alone were not sufficient 

to explain the differences in performance between AG and NG cells.   

This section expands on Liôs work, providing results of in-situ measurements of 

parasitic heat flow using isothermal microcalorimetry, as well as in-situ gas and in-situ 

pressure measurements of pouch cells.  The charge-discharge method was used as a way 

of probing parasitic reactions, but in conjunction with gas and pressure measurements 

aimed to make more specific conclusions about the failure mechanisms present in NG.  

5.4.2 Experimental 

The cells in this work were SC-NMC532/AG and SC-NMC532/NG.  Single-crystal 

NMC532 has been found to have superior performance at high voltage to polycrystalline 

NMC which is typically used in cells.206  By using a positive electrode which performs 

well, differences in the performance of AG and NG negative electrode materials may be 

more apparent.  Details of the electrochemical performance of single crystal NMC532 can 



110 

 

be found in Reference 206.   The properties of the AG and NG graphite materials used in 

this work are summarized in Table 5.   

Table 5: Physical properties of AG and NG used in this study (provided by suppliers) 

Type D50 

(µm) 
Tap Density 

(g/cm
3
) 

Specific 

Surface 

Area (m
2
/g) 

Press 

Density 

(g/cm
3
) 

Reversible 

capacity 

(mAh/g) 

First Cycle 

Efficiency 

(%)  

Pr* Pt^ 

AG 16 (3) 1.1 1.2 (5) N/A ~345 ~92.1 0.13 0.02 

NG 18 (2) 1.1 (1) 3.8 (8) 1.80(5) ~360 ~94 0.06 0.07 
*Probability of random stacking  
^Probability of 3R (rhombohedral) stacking 

 

The base electrolyte used in this work was 1.2 M LiPF6 EC:EMC (3:7 wt.).  The 

additive blend was a 100%, 50%, or 25% loading of PES211.  Cells were filled with 0.84 

mL of electrolyte.  Shorthand cell names are used throughout the rest of this work and refer 

to the additive loading and graphite type.  For example, 0.5 NG corresponds the 50% 

additive loading in an NG cell: 1% PES, 0.5% DTD, and 0.5% TTSPi in an SC-

NMC532/NG cell.   

Cells for isothermal microcalorimetry experiments were formed to 4.2 V using 

formation protocol A.  Cells were then placed in the calorimeter at 40°C and cycled four 

times using a C/20 rate between 3.0 V and 4.2 V to ensure a well formed, stable SEI on the 

negative electrode.  Cells were then cycled three times at 1 mA between 3.65 V and 3.85 

V to investigate the effect of parasitic reactions at the negative electrode, to avoid large 

amounts of parasitic reactions associated with a high voltage positive electrode.  Cells were 

then cycled between 4.0 V and different upper cut-off limits: 4.2 V, 4.3 V (twice), 4.4 V 

(twice) and again 4.2 V (twice) at 1 mA to investigate the performance and the parasitic 

heat flow in different high voltage ranges.   
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UHPC cycling was performed between 3.0 V and 4.1 V, 4.2 V, 4.3 V, and 4.4 V at 

C/20, 40°C for 16 cycles. 

During in-situ gas measurements 0.25 AG, 0.25 NG, 1.0 AG, and 1.0 NG cells were 

cycled once between 3.0 and 4.3 V and then held at 4.4 V for 100 hours and 4.5 V for 100 

hours at 40°C to investigate differences in gas production between AG and NG.   

Scanning electron microscopy (SEM) was performed with a NanoScience Phenom 

Pro G2 Desktop SEM.  Uncycled dry NMC532/AG and NMC532/NG pouch cells were 

disassembled, and small pieces of the negative electrodes were cut out and mounted on 

double-sided carbon tape and stuck to the SEM sample stubs.   

In-situ stack pressure measurements were made in the apparatus described by Louli 

et al. in Reference 59.  Pouch cells were volumetrically constrained in an aluminum 

enclosure such that any volume expansion of the cell would exert a force on the enclosure.  

The force was measured with subminiature load cells (LCKD - OMEGA Engineering), 

with capacities of 100 or 250 lbs (445 and 1112 N), connected to DP25B-S-A (OMEGA 

Engineering) strain gauge panel meters. The load cells were fastened in the enclosure with 

the pouch cell, separated by a force distributing plate. The measured force was converted 

to Pa using the pouch cell area of ~6.0 cm2. For in-situ measurements, the pouch cells were 

connected to an E-One Moli Energy Canada battery testing system at 40.0 ± 0.1Cꜛ. The 

analog 0-10 V output of the strain gauge panel meter was connected to a óslave channelô, 

allowing for simultaneous voltage and pressure measurements. 

Long-term cycling was performed at a C/3 rate with a CCCV protocol at 40°C.  

Every 50 cycles a C/20 cycle was performed to test low-rate capacity retention.   
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5.4.3 Results and Discussion 

Figure 5.11 shows SEM images of the AG and NG electrodes used in this work.  

AG particles were much smaller than NG particles and were more varied in size and shape.  

NG particles were more spherical, with larger pores between particles.    

 

Figure 5.11: SEM images of a,b) AG electrode surface c,d) NG electrode surface 

Figure 5.12 provides the summarized details of 16 UHPC cycles performed at 40°C 

at a C/20 rate from 3.0 V to 4.1 V, 4.2 V, 4.3 V and 4.4 V.  Fractional charge endpoint 

capacity slippage per hour and fractional fade per hour are shown as the value at the end 

of the 16th cycle, and coulombic inefficiency (CIE = 1 ï CE) per hour is shown as the 

linearly interpolated value at the 16th cycle using results of the previous five cycles, plotted 

as a function of upper cut-off voltage.  Figures 5.12a, c, and e show the fractional fade per 

hour, fractional charge endpoint capacity slippage per hour, and coulombic inefficiency 

per hour, respectively, for 1.0 AG (black), 0.5 AG (red) and 0.25 AG (orange).  Figures 

5.12 b, d and f show the UHPC results for 1.0 NG (blue), 0.5 NG (magenta) and 0.25 NG 
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(light blue) cells.  The color scheme is consistent throughout this work.  In each plot for 

NG cells, 1.0 NG and 0.5 NG cells use the same y-axis as AG cells on the left, and the 0.25 

NG cells use the light blue y-axis on the right.  Points show the average value between pair 

cells and the error bars represent the range between pair cells.  

 

Figure 5.12: UHPC results of additive blend loadings of 0.25, 0.5, and 1.0 in AG cells (left 

column) and NG (right column ï only 0.25 NG is represented on the right y-axis): a) 

Fractional charge endpoint slippage per hour, b) fractional discharge capacity fade per 

hour, and c) CIE per hour cycling between 3.0 V and 4.1 V, 4.2 V, 4.3 V, and 4.4 V at C/20 

and 40°C.  Points represent the value at the 16th cycle (slippage and fade) and the projected 

16th cycle value based on a linear fit of the last 5 cycles (CIE), plotted as a function of 

upper cut-off voltage.  Calculated CIE is shown as a dotted line and represents the sum of 

the fractional slippage and fade results. 
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Figures 5.12 a and b show 1.0 AG and 1.0 NG cells had comparable charge endpoint 

capacity slippage, which may suggest the magnitude of electrolyte oxidation at the positive 

electrode in these cells was similar.  Figure 5.12c shows that the capacity fade in NG cells 

was always larger than in AG cells with the same additive loading.  Table 5 shows that the 

surface area of NG was larger than AG, which could suggest more surface reactions 

occurred on NG due to a less protective SEI, leading to this higher fade, which would make 

the comparison between these graphite types difficult.  However, the surface area was 

obtained using BrunauerïEmmettïTeller (BET) analysis and may not be a good indication 

of the electrochemically active surface area.  Pore-size distribution analysis was not 

available at the time of the present study.  A nitrogen molecule (used in the BET method) 

is much smaller in size than electrolyte solvent and additive molecules used in Li-ion cells.  

To be convinced the additive loadings were appropriate to compare, Figure 5.13 shows the 

normalized differential capacity (dQ/dV) vs. voltage during cell formation for 0.25, 0.5, 

and 1.0 AG and NG cells.  In each case, the additive (2.5 V) and solvent (2.8 V ï 3.0 V) 

reduction peaks were very similar between cells with the same additive loading which 

suggests that regardless of the BET surface area, the electrochemically active surface area 

between the graphite samples was effectively the same.   
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Figure 5.13: Differential capacity dQ/dV plotted against cell voltage for a) AG cells and b) 

NG cells. 

In Figure 5.12, as the additive loading was decreased to 0.5, NG cells tended to 

have corresponding increases in charge endpoint capacity slippage.  However, both AG 

and NG had relatively little change in fade.  When the additive loading was further 

decreased to 0.25, fade more than doubled in NG cells and stayed about the same in AG 

cells.  At the same time, charge endpoint capacity slippage increased slightly in AG cells 

while increasing by an order of magnitude in NG cells.  In all cells other than 0.25 NG cells 

the slippage and fade increased with upper cut-off voltage.  At 4.3 V, 0.25 NG cells showed 

a dramatic decrease in slippage and fade.  However, not enough to remain competitive with 

0.5 and 1.0 loading cells.  This curious behaviour may be due to a large onset of reactions 

over 4.2 V, such as oxygen evolution from the NMC532 surface as recently reported by 

Xiong et al.207 and by Jung et al.8 which could result in a thickened, more protective SEI 

layer.   This is purely speculation but is an interesting observation for future studies.  Due 



116 

 

to the slightly higher fade in NG cells and the larger effect of decreased additive loading 

on NG cells, the CIE in NG cells was higher at all additive loadings and under all cycling 

conditions.  A possible explanation for the observed performance may reside in the 

structural properties of the graphite types.   

The typically low Pr-value (the probability of random stacking between layers of 

graphite, or turbostratic misalignment) of natural graphite (see Table 5) may suggest that 

there is less ñpinningò between adjacent graphene layers and that more local exfoliation 

occurs during lithiation/delithiation, creating more surface to passivate and more 

electrolyte reduction products.  Electrolyte reduction products such as lithium alkoxides 

can migrate to the positive electrode and be oxidized there creating charge endpoint 

capacity slippage in UHPC experiments.  Low charge endpoint capacity slippage in 1.0 

NG UHPC results could be explained by fewer parasitic reactions at the surface of graphite 

particles with a protective SEI, regardless of the possible internal particle strain and or 

expansion.  When the additive content was decreased, the SEI layer was less protective and 

mechanical strain or expansion may have weakened the SEI, exposing new graphite surface 

where solvent was reduced to create new SEI and other reactants.  Both 1.0 AG and 0.5 

AG cells performed similarly in UHPC tests, suggesting a more stable SEI and a graphite 

structure less likely to exfoliate, probably because of the larger Pr-value of AG compared 

to NG.  Following these assumptions, the large increase in slippage and fade in 0.25 NG 

cells may originate from continual formation of unstable SEI and associated reduction 

products, causing continual loss of lithium inventory resulting in significant capacity loss.  

The migration of reduction products such as alkoxides to the positive electrode could have 

increased the charge endpoint capacity slippage.  The increase in charge endpoint capacity 



117 

 

slippage for both the 0.25 AG and 0.25 NG cells indicated an insufficient amount of 

additive in order to fully passivate the graphite electrodes.  The lack of passivation was 

also observed in Figure 5.13, where solvent reduction occurred for both 0.25 AG and 0.25 

NG but not for other additive loadings. 

Isothermal microcalorimetry was then used to investigate how the parasitic heat 

flow (calculated using the charge-discharge method) compared with the results from UHPC 

studies.  Low voltage cycles were performed when the graphite was in the stage-2L to 

stage-2 voltage plateau (cell voltage ~3.6 V to 3.9 V) and high-voltage cycles took place 

during the stage-2 to stage-1 plateau cell voltage > 4.0 V.  Measuring parasitic heat flow 

during voltage plateaus decreased any effects of slight mismatches in entropic changes as 

a function of voltage during charge and discharge.   

The extracted parasitic heat flows from three consecutive low voltage cycles (3.65 

V to 3.85 V) at 1 mA are shown in Figure 5.14.  This low potential range was selected to 

try to minimize effects of electrolyte oxidation at the positive electrode and only probe 

reactions occurring at the negative side.  It must be stressed, however, that species created 

by reduction reactions at the negative electrode could migrate to the positive side and still 

be oxidized at 3.65 V.  Results for pair cells are not shown but were nearly identical in 

every case.  A summary image later in this work (Figure 5.16) shows the differences 

between pair cell results.  1.0 AG, 1.0 NG and 0.5 AG cells yielded nearly identical heat 

flows through the voltage range in all three cycles, except between 3.8 V and 3.85 V, where 

1.0 NG cells had slightly higher parasitic heat flow.  0.25 AG cells showed slightly higher 

parasitic heat flow throughout the voltage range in all cycles.  However, the 0.25 NG cells 

had much higher parasitic heat flow than 0.25 AG: over five times higher at 3.65 V and 
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three times as high at 3.85 V.  The similar levels of parasitic heat flow between 1.0 AG and 

1.0 NG suggest the full additive loading was sufficient to provide an effective SEI on both 

negative electrodes.  The 0.25 AG cells showed only a small increase in parasitic heat flow 

over 1.0 and 0.5 AG, while much higher parasitic heat flow in 0.25 NG indicated a much 

higher rate of parasitic reactions.    

 

Figure 5.14: Extracted parasitic heat flow of each cell and electrolyte type during 3 cycles 

between 3.65 V and 3.85 V at 1mA and 40°C. Noise seen during the first and second cycles 

were due to power interruptions. Numbers in the top left of each panel correspond to the 1 

mA cycle number in the microcalorimetry protocol. 

Parasitic heat flow measured during high voltage cycles between 4.0 V and 4.3 V 

(two cycles) and 4.0 and 4.4 V (two cycles) are shown in Figure 5.15.  Numerical labels in 

each panel indicate the 1 mA cycle number, i.e. 4.3 V cycles occurred before 4.4 V cycles.  

At high voltage, the effects of additive loadings did not change significantly from low 

voltage results, suggesting that processes initiated at the negative electrode were being 

probed.  The 1.0 AG and 1.0 NG cells still showed equivalent parasitic heat flows, which 

suggests the oxidized products from high voltage reactions at the positive electrode did not 

have different effects on the two negative electrode materials if a sufficient SEI was 

present.  As the additive loading was decreased, AG cells showed a gradual increase in 

parasitic heat flow, indicating either more oxidation products were reducing at the less 
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protected negative electrode or more reduction products from the negative electrode were 

oxidizing at the positive electrode.  Either option could explain the difference in parasitic 

heat flow of 1.0 AG and 0.5 AG when cells were exposed to high voltage.  The 0.25 NG 

cells were not plotted in Figure 5.15 as to appropriately show differences between the AG 

cells and 1.0 NG cells.  The 0.25 NG cells contained parasitic heat flow an order of 

magnitude larger than that of the 1.0 AG cells and are shown in a summary in Figure 5.16.   

 

Figure 5.15: Extracted parasitic heat flow for two cycles from 4.0 V to 4.3 V and 4.0 V to 

4.4 V at 40°C.  Numbers in each panel correspond to the 1 mA cycle number in the 

microcalorimetry protocol. 

In Figure 5.16, the heat flow was integrated over the entire voltage range for each 

cell and averaged to give the mean parasitic heat flow per cycle.  Figure 5.16a shows the 

summarized results including the 0.25 NG cells and Figure 5.16b shows the results 
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excluding the 0.25 NG cells to compare the results clearly.  Points in Figure 5.16 indicate 

the average between two pair cells and error bars show the range between pair cells.  The 

parasitic heat flow of 0.25NG cells continued to deviate compared to other cells from the 

low voltage cycling, increasing significantly at high voltage.  While all AG cells and 1.0 

NG cells decreased in parasitic heat flow during the second cycle to 4.3 V and 4.4 V, 0.25 

NG increased, suggesting the passivating qualities of the SEI were not improving.  Due to 

the increase in parasitic heat flow even at low voltages and the large deviation from the 

performance of 0.25 AG cells, these parasitic reactions/processes were attributed to 

originating at the negative electrode.   

 

Figure 5.16: Summary of all microcalorimetry cycles.  The mean parasitic heat flow over 

each cycle is shown for all cells in a), and b) shows a zoomed in view of cells excluding 

the 0.25 NG cells. 

Figure 5.17 shows the in-situ volume measurements of 1.0 and 0.25 AG and NG 

cells during 2 cycles from 3.0 V to 4.3 V at 40°C measured at a C/20 rate followed by 100 

hour voltage-holds at 4.4 V and 4.5 V.  The 1.0 AG and 1.0 NG cells showed no gas 

evolution during either voltage-hold.  The 0.25 AG cells show no gas evolution at 4.4 V 

and until approximately 30 and 50 hours into the 4.5 V hold.  The 0.25 NG cells show a 
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small amount of gas production at 4.4 V and a steadily increasing amount of gas at 4.5 V.  

Increased gas production at high voltage suggested an increase in parasitic reactions.  The 

cells had identical positive electrodes, so the increased gas production must have resulted 

from interactions between the negative and positive electrodes.  Species created at the 

negative electrode must have moved to the positive and react there, generating at least some 

of the gas.  These results suggest that a full additive loading was sufficient to protect the 

negative electrode from creating these species.  The 0.25 loading was insufficient to protect 

NG from generating these species while AG cells did not produce gas until long after 

exposure to 4.5 V.  In-situ gas results agreed with microcalorimetry results, which showed 

continually increasing parasitic reactions in 0.25 NG cells at high voltage while all other 

cells decreased in parasitic heat flow with time.  

 

Figure 5.17: In-situ volume measurements during 4.4 V and 4.5 V holds at 40°C for 100 

hours each. a) The voltage vs time for a 1.0 AG cell. b) cell volume change vs time, 

normalized to the bottom of discharge of the first cycle. 

To investigate the effect of mechanical strain and particle swelling in NG cells, in-

situ stack pressure measurements were performed.  Cells were placed in aluminum cell 

holders between a metal plate and a pressure sensor.  The cell thickness was therefore 
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constrained so that swelling would cause a stack pressure increase as compliant material in 

the cells compressed.  Cells were cycled between 3.0 V and 4.2 V at a C/6 rate at 40°C.  

The method and apparatus are described in detail by Louli et al.59  The raw voltage and 

pressure vs. time for one of each cell are shown in Figure 5.18a (1.0 AG and 1.0 NG) and 

in Figure 5.18b (0.25 AG and 0.25 NG).  Figure 5.18c and Figure 5.18d summarize the 

pressure data by plotting the change in average pressure integrated over cycle time vs cycle 

number and the change in pressure at top of charge vs. cycle number, respectively.  The 

1.0 AG cells showed minimal change in average pressure and top of charge pressure over 

the course of over 1 month of cycling.  The 0.25 AG cells showed a small increase over 

1.0 AG cells during cycling.  Conversely, 1.0 and 0.25 NG cells both showed large 

increases in average pressure and pressure at top and bottom of charge.  The increase in 

stack pressure at top of charge could indicate the continual mechanical strain and swelling 

of graphite particles, as well as SEI growth.  If the method was sensitive enough to measure 

SEI growth, the thickening of SEI layers may also be the reason behind the slightly higher 

pressure in 0.25 AG cells.  The increase in pressure at bottom of charge suggested the 

expansion of NG and possibly the increase in SEI thickness was irreversible.   



123 

 

 

Figure 5.18: In-situ pressure measurements of a) 1.0 AG and 1.0 NG cells, b) 0.25 AG and 

0.25 NG cells vs. time cycled from 3.0 V to 4.2 V at a rate of C/6 at 40°C.  c) The averaged 

pressure over each cycle. d) The change in pressure at top of charge. 

Although in-situ stack pressure measurements are not yet mature enough to 

elucidate all of the mechanisms behind the increases in pressure, the results shown here 

can be used to connect to the findings of both UHPC and calorimetry measurements. 

To probe the mechanism responsible for the observed capacity loss in NG cells, 1.0 

AG and 1.0 NG cells which underwent UHPC cycling to 4.2 V were tested using dV/dQ 

analysis.132,135   The full additive loading 4.2 V cells were chosen to minimize the influence 

of electrolyte oxidation and to observe the impact of graphite expansion on the full additive 

loading after many cycles at a high rate, which was not possible in calorimetry studies.  

After UHPC cycling, long-term cycling was performed on AG and NG at a C/3 rate with a 

constant voltage hold at top of charge until the current reached a value of C/20 for 558 and 

586 cycles, respectively at 40°C.  Cells were then cycled on the UHPC system once again 
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for two cycles at C/20.  Figures 5.19a, b, and c show the discharge capacity, normalized 

discharge capacity, and æV, respectively, during the long-term cycling.  Figure 5.19 shows 

that even with the full additive loading, 1.0 NG cells had higher capacity fade and 

impedance growth than 1.0 AG cells.  The dV/dQ analysis results are shown in Table 6.   

 

Figure 5.19: Long term cycling results for NMC532/AG and NMC532/NG cells from 3.0 

V to 4.3 V during C/3 CCCV cycling at 40°C.  a) discharge capacity, b) fractional discharge 

capacity, and c) æV.  1.0 AG cells (black diamonds) and 1.0 NG cells (blue circles) were 

used for dV/dQ analysis. 
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Table 6: dV/dQ fitting results for AG and NG cells 

Cell 
Cycle 

number 

Normalized 

Capacity  

Negative 

Shift 

(mAh) 

Positive 

Shift (mAh) 

Negative 

Mass (g) 

Positive 

Mass (g) 

Total Shift 

(mAh) 

AG 
2 1.00 -4.09997 0.25996 0.88 1.154 

13.45 
559 0.946 -3.3 -13.39108 0.8863 1.158 

NG 
2 1.00 -3.62 0.08 0.886 1.14 

31.33 
587 0.866 -1.8 -29.43404 0.894 1.13971 

Total Shift = (pos. at cycle 2) ï (pos. at end) + (neg. at end) ï (neg. at cycle 2)  

 

Fits to the dV/dQ and dQ/dV data using the reference materials for AG cells, shown 

in Figure 5.20a and Figure 5.20b, and NG shown in Figure 5.20c and Figure 5.20d, 

demonstrated good fitting of all voltage curve features.  The AG cells had approximately 

95% capacity retention after 560 cycles while the NG cell had 87% capacity retention.  The 

total relative electrode shift (both electrodes relative to cycle 2) for AG and NG cells was 

13.45 mAh and 31.33 mAh respectively, and the electrode material mass loss was found to 

be negligible for both cells.  Therefore, the observed capacity fade in NG cells was not due 

to mass loss caused by particle expansion and damage, but due to lithium inventory loss at 

the negative electrode, which was worse for the NG cells.  The loss of lithium inventory 

can be supported by the impedance growth seen in NG cells, likely caused by a thickening 

SEI.   



126 

 

 

Figure 5.20: dV/dQ fitting results of 1.0 AG cells before (a) and after 550 cycles (b), and 

1.0 NG cells before (c) and after (b) 586 cycles.  The positive electrode reference curves 

are shown in blue, negative reference in red, fitted results in green, and experimental results 

in grey.   

Figure 5.21a and Figure 5.21c demonstrate the fitted relative positions of the 

positive and negative electrode voltage curves of AG and NG cells, respectively, during 

the first full UHPC cycle.  Figure 5.21b and Figure 5.21d show the results of post long-

term cycling.  The NG cells initially had slightly more negative electrode capacity than AG 

cells and contained a larger stage-2-stage-1 voltage plateau.  The NG cells may therefore 

have spent a slightly longer amount of time in the two-phase plateau during high voltage 

cycling in early cycles.  It is unknown if different times in graphite stages may have 

influenced the amount of particle swelling, and thus the parasitic heat flow or cycling 

performance, though the similar trends in AG and NG cells in microcalorimetry results 
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suggest that it did not.  Additionally, due to the large amount of relative electrode shift 

caused by lithium inventory loss, the time spent in the stage-2-stage-1 plateau was smaller 

in NG than AG cells after cycling.  Future work could investigate the effects of the amount 

of time spent in specific graphite stages in NG.  Internal stress might impact the cell more 

when graphite is in the stage-1 phase.    

 

Figure 5.21: dV/dQ fitting of the first cycle of a) 1.0 AG and b) 1.0 NG cells.  The full cell 

voltage curve is shown in black, the fitted positive electrode curve in blue, and the fitted 

negative electrode in red.  The relative endpoint positions for the positive electrode and the 

full cell, and the position of the stage-2 graphite feature are shown as dotted lines. 

Considering the results obtained from UHPC, microcalorimetry, in-situ pressure 

measurements, in-situ gas measurements, and dV/dQ fitting, the proposed mechanism for 

the observed performance of NG is shown in Figure 5.22.  In Figure 5.22a, a graphite 

particle in a 0.25 NG cell has a thin SEI layer (red) after formation.  During cycling the 

particle expands and contracts, breaking the SEI and reducing solvent or products of 

electrolyte oxidation from the positive electrode to form new SEI or other reaction 
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products, including gas. The mechanism was supported by the large parasitic heat flow and 

gas production of 0.25 NG cells, as well as the large relative electrode shift loss found in 

UHPC dV/dQ measurements.  Over time the products of the continual SEI formation may 

have led to the increased impedance.  Figure 5.22b proposes that a sufficiently thick SEI 

such as in 1.0 NG could sustain the strain of expansion and suppress surface area exposure, 

preventing reduction of solvent or other electrolyte species on the graphite surface.  Low 

shift loss, no gas production, and low parasitic heat flow, all close to that of AG cells 

suggested that a sufficient SEI can help mitigate some unwanted performance 

characteristics of NG cells. 

 

 

Figure 5.22: The proposed mechanism responsible for the observed UHPC performance of 

natural graphite. a) 0.25 NG cells with a thin or incomplete SEI film does not fully protect 

the electrode particles during expansion and contraction, causing electrolyte solvent or 

oxidized species to reduce at the exposed surface. b) 1.0 NG cells likely have a thick and 

fully formed SEI which is sufficient to withstand mechanical strain and does not expose 

new areas of electrode. 

The above data in this section were all consistent with the model presented above.  

However, when the same graphite types were used in cells with different positive electrode 

materials, such as Al2O3-coated NMC622A and high-voltage coated NMC622B, major 

1.0 NG

0.25 NG

Reactions

a Formation b Cycling
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differences could be seen.  In 622A cells undergoing long-term cycling the two graphite 

types behaved similarly or even oppositely!  Figures 5.23a, b, and c show the long-term 

cycling of 622A/AG and 622A/NG and Figures 5.23d, e, and f show data for 622B/AG and 

622B/NG, all with the full loading 1.0 PES211 electrolyte at 40oC, C/3 CCCV, 3.0 to 4.2V.  

Figure 5.23 shows that just by changing the positive electrode coating, dramatic differences 

between the capacity retention and impedance growth of cells with the different graphite 

types were observed.  The impedance growth for NMC622A cells with AG negative 

electrodes was worse compared to that of the cells with NG negative electrodes which was 

completely opposite to the behaviour observed in NMC532 cells.  Interestingly, 

NMC622B/AG cells showed slightly worse impedance growth than NMC622B/NG cells, 

but the capacity retention and fade rate were much better in NMC622B/AG cells than 

NMC622B/NG cells.  However, the effect of 0.25 PES211 was not tested, which would 

likely show much worse performance for cells with NG.  The entire suite of experiments 

presented in this paper for the NMC532 cells have not yet been applied to the NMC622 

cells.   The purpose of Figure 5.23 is to alert readers that everything in a Li-ion cell matters 

and it is dangerous to create explanatory models for one cell chemistry and apply them, 

without verification, to other cell chemistries.  Comparing Figure 5.19 and Figure 5.23 

strongly suggests that inter-electrode interactions and electrode coatings play a strong role 

in determining the response of the graphite electrode. 
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Figure 5.23: Long term cycling results for coated NMC622/AG and NMC622/NG cells 

with 1.0 PES211 electrolyte cycled at C/3 CCCV at 40°C. a,d) discharge capacity, b,e) 

fractional discharge capacity, and c,f) æV. NMC622A cells are shown in the left panels 

(a,b, and c) and NMC622B are shown in the right panels (d, e, and f). AG cells are shown 

as black diamonds and NG cells are shown as blue circles.   

5.4.4 Conclusions 

The electrochemical performance of SC-NMC532/AG and SC-NMC532/NG cells 

was studied using UHPC and in-situ measurements: isothermal microcalorimetry, gas 

volume, and pressure.  Cells contained varying amounts of a 2% wt. PES, 1% wt. DTD, 

1% wt. TTSPi additive blend to study the effect of the negative electrode material and the 

impact of the SEI.  When additive loading was decreased in cells containing AG there was 

little increase in parasitic heat flow, minimal impact on UHPC metrics, very little 
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irreversible cell expansion measured by in-situ pressure measurements, no gas production 

during in-situ high voltage-holds, and little relative electrode shift loss in dV/dQ tests.  In 

contrast, NG cells showed similar electrochemical performance and parasitic heat flow to 

AG when a full additive loading was used, but very large amounts of parasitic heat flow, 

poor electrochemical performance, gas production, and large shift loss when the additive 

loading was decreased.  Pressure measurements showed irreversible expansion in all NG 

cells.  The results suggest that NG undergoes irreversible particle strain and expansion, 

which does not increase the amount of parasitic reactions if  a protective SEI film is present, 

as was the case in NG cells with a full additive loading.  When the additive loading was 

decreased, the SEI layer was insufficient to protect newly created surface area on the 

expanding NG particles.  Solvent and oxidation products from high voltage reactions at the 

positive electrode then continually reduced on the negative electrode, forming an unstable 

SEI, which caused the observed high parasitic heat flow, charge endpoint capacity slippage, 

capacity fade and low CIE.   

The charge-discharge method of determining the parasitic heat flow was able to 

identify differences in the parasitic heat flow between cells with different types of graphite 

negative electrode, but otherwise identical cell chemistries.  The results allowed for 

confidence in the proposed mechanisms for NG performance in SC-NMC532 cells and 

were consistent with all other measurements.  Parasitic heat flow results confirmed that 

cross-talk reactions were prominent in cells with small additive loadings since cells with 

the same positive electrode materials had large differences in parasitic heat flow at high 

voltage.   
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5.5 CHAPTER CONCLUSIONS 

The two studies presented in this chapter showed that the charge-discharge method 

is an effective way to obtain the parasitic heat flow of a lithium-ion cell during operation.  

The parasitic heat flow as a continuous function of voltage was useful when comparing 

cells with similar parasitic heat flow and was consistent between pair cells in both studies.  

The charge-discharge method introduced in this chapter was also used in studies to 

investigate the performance of single-crystal NMC532 compared to polycrystalline 

NMC532,206 and the optimization of additive content in EC-free electrolytes.200  

The treatment of cell overpotential used in this chapter was only realistic when very 

low rates were used, such as C/200 (1 mA).  Experimental protocols took approximately 

six weeks in the two studies in this chapter.  Ideally, cells would take less time to test, so 

higher rates may be useful.  Additionally, obtaining the difference between parasitic heat 

flow during charge and discharge of a cell would allow for more informative comparisons 

between cells.  During the first exposure to high voltage, a large onset of parasitic reactions 

may form SEI products on the positive electrode, mitigating some reactions during 

discharge.   

The next chapter introduces further developments to the charge-discharge method 

which aim to help shorten experiment times by charging at slightly higher rates, and to 

obtain differences between charge and discharge parasitic heat flow.  
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CHAPTER 6  IMPROVING THE CHARG E-DISCHARGE METHOD  

The charge-discharge method of obtaining parasitic heat flow introduced in the 

previous chapter was found to be consistent between pair cells and supported existing 

methods of probing cell performance such as UHPC, long-term cycling, and gas 

measurements.   

However, the difference in parasitic heat flow between charge and discharge could 

not be obtained due to the averaging of the entropic heat flow in the charge-discharge 

method.  When cells were cycled slowly (1 mA in the previous chapter) the parasitic heat 

flow likely changed between a set voltage point during charge and the same voltage during 

discharge as reaction products thickened or stripped away the SEI.  Obtaining the parasitic 

heat flow during charge and discharge may be a useful tool to observe the onset of parasitic 

reactions during the first exposure of a cell to a high voltage range.  Section 6.1 of this 

chapter introduces a way to approximate the entropic heat flow of a cell to find the 

differences between the parasitic heat flow during charge and discharge.  Section 6.2 

presents a study in which the charge and discharge parasitic heat flows were calculated for 

different types of NMC/graphite cells with different coating types.  The study also showed 

that the parasitic heat flow must be considered very carefully when cells with different 

materials and coatings were compared, motivating new methods of measuring the parasitic 

heat flow.  

Additionally, the previous chapter showed that the treatment of overpotential was 

not realistic and required more attention if  larger currents were to be used to speed up 

measurements.  Section 6.3 aims to improve upon the accuracy and speed of the charge-

discharge method by calculating a more realistic overpotential for cells during 
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measurements.  Section 6.4 presents the results of two studies which explore the effect of 

methyl acetate (MA) in SC-NMC532/AG and NCA/SiO-graphite cells.  The experiments 

further motivate the need for a more robust technique to differentiate between different 

reactions which may occur in cells.   

 

6.1 CHARGE AND DISCHARGE PARASITIC HEAT FLOW  

The charge-discharge method was used to show that parasitic heat flow changes 

with UCV, and also between cycles in the same voltage window.  In the previous chapter, 

cells exhibited very high parasitic heat flow during the first cycle to a new UCV.  During 

the charge portion of a cycle to a new voltage range, parasitic reaction products would 

typically begin to create more passivating SEI layers, decreasing the parasitic heat flow 

during the next cycle, but also during the discharge portion of the initial cycle.  Therefore, 

the magnitude of the parasitic heat flows during charge and discharge in the initial high-

voltage cycle were likely different.  During the next cycle to the same UCV the parasitic 

heat flows between charge and discharge were likely much more similar than the previous 

cycle due to the initial build-up of SEI.   

If the parasitic heat flow of a cell is assumed to be exactly the same between charge 

and discharge, the entropic heat flow can be found using the measured charge (ch) and 

discharge (dis) heat flow.  The measured heat flow during each portion of a cycle as a 

function of voltage are given (using a simplified version of Equation 2.13) by  

 ή ή  ή  ή  6.1 

and 

 ή ή  ή  ή Ȣ 6.2 
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where ή  is the entropic heat flow and ή  is the overpotential heat flow.  If the 

assumption is made that the parasitic heat flows are the same between charge and 

discharge, and substituting the reversibility of entropic heat flow between charge and 

discharge, Equations 6.1 and 6.2 become 

 ή ή ή  ή 6.3 

and 

 ή ή ή  ήȢ 6.4 

The entropic heat flow can then be calculated for a cycle with identical charge and 

discharge parasitic heat flow by 

 ή
ή ή

ς
  
ή  ή  

ς
Ȣ 6.5 

The second term on the right hand side in Equation 6.5 is effectively zero since the 

overpotential heat flow during charge is almost identical to that of discharge using the 

methods outlined in Section 5.2.2.   

Once the entropic heat flow is obtained for one cycle it may be used to calculate 

the parasitic heat flow during charge or discharge in any other cycle, since the entropic heat 

flow should not change between cycles.  The charge and discharge parasitic heat flows can 

be expressed (using a simplified version of Equation 2.13) as  

 ή ή ή  ή  6.6 

and 

 ή ή ή  ή Ȣ 6.7 

Equations 6.5, 6.6, and 6.7 are only true if the parasitic heat flow during charge is 

exactly the same as during discharge as a function of voltage during the cycle in which the 

entropic heat flow was calculated.  Therefore, in reality the method developed here is only 
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an approximate calculation and should be considered as a qualitative way to observe 

differences in parasitic heat flow between charge and discharge.   

Figure 6.1a shows the measured heat flow during charge (solid lines) and discharge 

(dashed lines) of two cell types (NMC532B/NG and NMC622B/NG) with identical 

electrolytes during a 1 mA cycle between 3.9 V and 4.4 V following a previous cycle to 

4.4 V (the details of the experiment will be discussed in the next section).  The reversible 

nature of the entropic heat flow can be observed in Figure 6.1a, in which the parasitic heat 

flow is approximately the average between the measured charge and discharge heat flow.  

While likely not exactly the same, the parasitic heat flow could be assumed to be similar 

between charge and discharge since the cell had been cycled to 4.4 V previously.  Equation 

6.5 was then used to find the entropic heat flow during charge (ή ) and discharge 

( ή ) for each cell.  The calculated charge and discharge entropic heat flows are 

shown in Figure 6.1b.  

 

Figure 6.1: a) Heat flow during charge (solid lines) and discharge (dashed lines)  

NMC532B/NG (orange) and NMC622B/NG (blue) cells during a cycle between 3.9 V and 

4.4 V at 1 mA after a previous cycle to 4.4 V at 40°C. b) The calculated entropic heat flow 

during charge (solid lines) and discharge (dashed lines).  

ŀ ō
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The sharp features at the beginning of the charge portion of the cycle in Figure 6.1 

were due to the initial change in current at the beginning of charge.  The ócrossoverô 

behaviour in the entropic heat flow seen in Figure 6.1b was likely due to the graphite stage-

2 transition between two-phase regions.  Figure 6.2 shows the typical cell balance in the 

cells used in Figure 6.1 (the cell shown in Figure 6.2 is NMC532B/NG).  The full cell 

voltage is shown in black, the positive electrode in blue, and the negative electrode in red.  

Cells in Figure 6.1 were balanced for 4.5 V operation and transitioned through the graphite 

stage-2 region around 3.9 V to 4.0 V.  It is possible that a significant amount of shift loss 

(see Section 1.6.5) could cause entropy features to shift as a function of voltage between 

cycles.  Therefore, some anomalous features in charge and discharge parasitic heat flow 

using this method may appear in voltage ranges where large changes in entropy occur.  

Figure 6.1 also demonstrates the consistency of the entropic heat flow calculation between 

pair cells.  Slight differences in electrode balancing between cells yielded slightly different 

entropic heat flow between pair cells at lower voltages.  After the stage-2 feature, both 

pairs of cells had the same values of entropic heat flow, demonstrating excellent 

consistency. 
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Figure 6.2: Voltage vs. capacity for an NMC532B/NG full cell (black), positive electrode 

(blue), and negative electrode (red).  The dashed red lines show that the phase-2 graphite 

transition occurred at a cell voltage of approximately 3.9 V. 

The parasitic heat flows during charge and discharge for each cell were calculated 

using Equations 6.6 and 6.7 and the entropic heat flow shown in Figure 6.1b.  Figure 6.3 

shows the charge and discharge parasitic heat flows of the cells above during the initial 

cycle to 4.4 V (prior to the cycle shown in Figure 6.1).  The parasitic heat flow obtained 

using the charge-discharge method would be the average of the solid and dashed lines for 

each cell.   
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Figure 6.3: Charge (solid lines) and discharge (dashed lines) parasitic heat flow during a 

cycle between 3.9 V and 4.4 V at 1 mA and 40°C prior to the cycle in which the entropic 

heat flow was calculated.  A pair of NMC532B/NG (orange) and NMC532B/NG (blue) are 

shown. 

The parasitic heat flow during charge in Figure 6.3 was lower than the parasitic 

heat flow during discharge on average for each cell.  The parasitic heat flow during charge 

increased sharply above 4.3 V for each cell and decreased smoothly during discharge as 

might intuitively be expected (the cycle shown was the first time the cell was exposed to a 

cell voltage over 4.3 V).  Slight differences can be noted between cells, such as the faster 

increase in parasitic heat flow at a slightly lower voltage in NMC622B/NG cells compared 

to NMC532B/NG cells.  The voltage region from 3.9 V to 4.0 V in Figure 6.3 was not 

consistent between cells, likely an artifact of the stage-2 features in entropic heat flow. 

Otherwise, pair cells showed good consistency.   

The method developed in this section will be referred to as the óentropic methodô 

of calculating parasitic heat flow.  The following section will describe a study which 






































































































































































