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ABSTRACT

Understanding themechanismaffectingthe lifetime of lithium-ion cellsis critical
to extend cell lifetime and increase the energy density for applications such as grid energy
storage and electric vehiclesUnwanted, or parasiticeactions between the electrode
materials and the electrolyte can some the available lithium and electrolyte
components, limitingcell lifetime. This work developed methods of probing parasitic
reactions in-situ and nondestructively in short experiments using isothermal
microcalorimetry. The effect of different eleatde materials, electrolyte additives, and
solvents oncell lifetime was investigating by isolating the heat flow due to parasitic
reactiong the parasitic heat flow

Three methods were developed in this work. The first mathatuked the reactions
occuring during the formation of the solid electrolyte interphaskich occurs the first
time acel is charged The measured heat flow was compared to theoretstahateof
theheat flowof proposed reaction pathways using computed values in the literatu

The second method used the measured heat flow during slow -clischarge
cyclesto isolate the parasitic heat flow as a function of cell voltage. The method was used
in multiple studiesto explore the effestof electrolyte additives, solvents, [ibge
electrode coatings, positive electrode composition, and negative electrode manethals
parasitic heat flow. The technique corretatath cell performance ialmost allcases, but
the results suggested that differences betvedertrode or eldmlyte componentsould
introduce different types of parasitic reactions, affecting the parasitic heat flow.

Finally, a method was introduced to probe tleactionenthalpies of parasitic
reactions using higkprecision voltagéolds. The study found thdtfferent solvents and
positive electrode coatings pky a large role in determining the types of parasitic
reactions occurring in cells. Additionally, the rates and types of parasitic reactions were
found to changsignificantlywith the cell voltage.

The methods developed in this wogtovided insight into the mechanisms
responsible for limited lifetiman the cellsstudied anadontributed to a better understanding
of parasitic reactions in lithiusion cells. New measurement techniques found thahgea
in parasitic processes could be quaadif and depend on cell voltggdectrodamaterials,
electrode coatinggind electrolyte chemistries
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CHAPTER 1 INTRODUCTION

1.1 MOTIVATION

Lithium-ion cells araised as energy storage devices in portable electronics, electric
vehicles EVs), and more recently greehergy storage. Lithiuaon cells for applications
such as grid storage and EMsisthave lifeimes on the order of tegears or moreghave
high energy densitand specific energyperform well in a wide range of temperatures,
charge and discharge quickhgsafe, and lown cost.

Many commercialized lithiurion chemistries have a desirable tretmal energy
density due to largeharge storageapacity and high operatingtentials'? However,
many commonly used chemistries operate at potentials whitdereactions between the
electrode surfacesnd the liquid electrolyte&eonsumingelectrolyte and lithiumglecreasing
the lifetime of cell$* Increasing the stability of the electrolyéad he electrolyte
electrode interfaes would allow for higher energy density lithition cells, and in turn
lower costcanimprovesafey, andincrease lifetime

The development of high energy dewslithium-ion cells requires aleeper
understanding of the mechanisms responsibtedécreased lifetime. Ideally, methods
which predict the lifetime of cells would take weeks or monthsgerahancharging and
dischargingcells for years ordecades. Therefore, higinecision measurements which
directly probeunwanted reactio processes in cells agesired Techniques which allow
for sensitive measurements of parasitic reactions will lgeide the advancement of

materials and electrolytes for high energy density lithiamcellswith long lifetime



1.2 OVERVIEW OF LITHIUM -ION CELLS

A secondaryrechargeablelithium-ion cell is an electrochemica@ r o c-d&kh anigr 6
device which utilizesa difference inchemical potentiabetween twamaterialsthat can
reversibly store lithium to store energy or do work in a circiitithium-ion cell typically
contains agpositive electrodeand a negative electrode ometallic current collectors, a
porous, nsulating separator, anchan-aqueoudiquid electrolyte.

Electrode materials are typically layered materials in whibilum atomscan be
reversibly inserted (intercalation) or removed (deintercalatlmetyveen layers For
example, LiCoQis an examle of a positive electrode materiadith alternating layersf
lithium, oxygen, cobalt, oxygen, lithium, etc., and graphitki¢h will be referred to aSe
in this thesiy is a commorayerednegative electrode materiaElectrode materials are
typically blended with a polymeric binder twond particles together and to the current
collector. A conductive carbors also usually mixed into the electrod® provide
electronic connection between particlesMore details about positive and negative
electrodematerials will be discussed Bectionsl.3and1.4, respectively.The separator
is amicroporous polymefilm which allows for electrolyte andi* ionsto pass between
electrodes while maintaininglectrical isolation. The separator will not be discussed in
detail in this work. The liquid electrolyteacts as the means of ion transport between
electrodes andypically containsa lithium salt such ad#ithium hexafluorophosphate
(LiPFe) dissolved ina blend of carbonate solvents such as ethylene carbonate (EC) and
ethyl methyl carbonate (EMC). Electrolytes will be discussed in det&gationl.5.

To maximize energy density, electrodes are typically coated on lugh sf the

current collectors. In most cells the current collectors are aluminum foil for the positive



electrode and coppdoil for the negative electrode. The electrodes and separator are
assembled in onef many configurations such asacked, foldedor wound The bulk

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

interior components of wound cylindricallithium-ion cell is shown inFigurel.1. The

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

with electrolyte when assembled@he negative electrode is usually designebdeavider

thant he positive electrode for safassegninr easor
Figurel.l. The overhang prevents‘lions from the positive electrode from platiaglLi

metal on theedge of thenegative electrode current collector when a cell is charging.

Separator
Negative electrode
(Cu current collector)

N Overhang
Positive electrode

(Al current collector)

Figurel.1l: A schematic ofithium-ion cell components.

Thebasic operation of Bthium-ion cell is outlined inFigure1.2. When charging
a cell, current is applied through an external circuit, driving electrons from the positive
electrale to the negative electrode. To maintain charge balance in the cell, lidniam
deintercalate from the positive electrode structui®@- in Figure 1.2, where M is a
transition metgland intercalate into the gtaipe negatie electrode.Thelithium atoms in
the negativeelectrode hve a higher chemical potent{al ) than the lithiumatomsin the

positive electrode(* ). Thus, when the cell is charged, work is dome the



electrochemical system and energy is stored incdte When a load is placed in the
external circuitthe reverse happens spontanegiedectrons flow through the circuit from
the negative electrode to the positive electrodieasing the stored energy as work in the
circuit while lithium atomsdeintercalate from the negative electrode and intercalate into

the positive electrode.

he
— >
00000 o P D S
° ° ° 0 ° Charge %.

[+ 0 O 0 0 0 I g :;
° ° ° ° ° ° Discharge %
° 000 | ==

O O O OO o

Positive Electrode Separator Negative Electrode
oTM @ O OLi E|ectr0|yte < > Ce

Al Current Collector
Cu Current Collector

Figure 1.2: The basic functions of &thium-ion cell during charge (recérrowg and
discharge (bluarrows.

The haltcell intercalation reaction of each electrode and the fullrealttioncan

be expresseby

Positive: LIMO2© LiixMO2+xLi+xe
Negative: yLi+ye +CeO LiyCs 11
Full Cell: LIMO2 +x/y Ce¢© Li1xMO2+ x/y LiyCe



Theequilibriumvoltageof the cellis givenin volts (V) by

, ‘ P W 1.2
w

whereQis the electronic chargend (17 x) andy arethelithium contens of the positive
and negative electrode haléll reactions shown abov@&he cell @padty is defined as the
total amount of charge transferred in the external cidwiing the total time ofacharge
or dischargdetween twdixed voltage limitsand is typicallygivenin amp hours (Ah) or
milliamp hours (mAh) For example, using a constamrrent("On amps, Althe capacity

of a charge cyclever a timed (in hours, hwould be

¥ ™o B

Specific capacity refers to the capacity per unit mass, typically expressethiig. The
energy of a cell is simply the capacity multiplied by the average voltage oélihendis
usually expressed iwatt hours (Wh). Specific energy density and volumetric energy
density refer to the energy per unit mass or volume, respegctigsign in Wh kgt
orWhL1

Figure 1.3 shows the voltage of a full cell (black) with an LiMW/no3Coo 202
positive electrode and a graphite negative electptotéed against the cell capacitplso
shown are the constiat positive (blue) and negatieed, right axis)electrode voltage
measureds.a lithium metal reference (Li/L). Theelectrode materialoltagecurves are
aligned such that t he ¢ hlelrettive apacitied of dadh e
material in the cell) and demonstrate where the features in the full cell walétggeity

curve come from.Cells are balanced for operation between specific voltage radges.
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depicted inFigure 1.3 (the cell is balanced for 4¥ operation)the positive electrodis
always designed to havess capacity than the negative electrbeéore the full cell
reaches the designed upper cut off voltagdarger negative electrode capaoc#ysurs
that when charging the cethpving towads the right ifFigure1.3), the negative electrode

doesnot become fully lithiatednd begin to plate linetalon the surface of the electrode

T T T n 1.2
Positive electrode >
4 ®
S Full Cell 108@
g <
)
o S
g a
Oal
=3 {042
=
Negative electrode
2 L A | A | LN 0
0 100 200 300

Capacity (mAh)
Figurel.3: Voltage of a full ell (black), the LiNy.sMno.2Can.20O- positive electrode (blue)

and the graphite negative electrode (q@ldjtedvs.capacity As capacity increases, Li is
removed from the positive electrode and inserted into the negative electrode.

The choice of electsxde materials governs many properties of a cell, such as the
operatingcell voltage specificcapacity,andthe energy densit The choice of electrode
materials and electrolyte influences the rate capabilities (whether the cell can
charge/discharge quibg, lifetime, and cost.Lifetime can refer to either calendar lifetime
(measured in hours, years, etc.) chargedischargecycle lifetime (measured in number
of cycles). Processes which contribute to decreased lifetime can be physical degradation
of cell components (particle cracking, electrical disconnection, lithium natalation

etc), or chemical degradatiome@ctionsbetweenthe electrolyte and electrodeoxygen
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lossandtransition metatlissolutionfrom the positive electrodéhermal decompsition of
electrolyteor salt etc).>'® The rate and severity of these failure mechasisiepend on
the materials useahd the conditions cells are eggedto such as temperature, voltage, and
rate Understanding the root cause of failure mechanisms in cellgicglcto improve the
lifetime of lithium-ion cells.

In this work, the physical degradation of cellaterialsis considered, but the
majority of failure analysis focusesnachemical degradation involvingactions at the
electrolytee | ect rode i nterfaces. The term O6paras
thesechemicalprocesses antbva's a wide variety of mechanisms. Dioghe omplexity
of the electrochemical system insidditaium-ion cell, the exact processdbat occur
duringparasitic reactionare notwell understood. Parasitic reactions will be discussed in
detail inSectionl.6.

This sectio provided a basic, qualitative ovemieof lithium-ion cell operation
and cell failure The following three sections wilgjo into further detaiblescriling the
positive and negative electrodes, as well as components of the electr@tails
regardingparasitic reactions and the effects of parasitic reactions on cell performiéince
then be discussedackground will be given with an emphasis on materials and techniques

used in this thesis.

1.3 POsSITIVE ELECTRODE MATERIALS
To achieve cells with highnergy density, positive electrode materials with high
operatingpotentialvs Li/Li © andor high specific capacitare required.This work only

considerscommercializedfunctional) positive electrode materials which operatédigh



average voltage (>3¥8) and yield high specific capacitieigurel.4 shows the voltage
vs specific capacity curves of fik@mmercializegbositive electrode materialé.ccording

to Figurel.4, layered metal oxidesith the chemical formul&aiMO » (where M is a blend

of transition metals) are materials of interest to this worlarder to use the full theoretical
capacity of layerednetal oxidesthe positive electrodanaterial must be charged to
potentials upwards of 4V. Typical electrolytes are not stable at these high potentials,
leading to parasitic reactions (specifically electrolyte oxidati®gme materials such as
LiNiosMn1504 (LNMO) operate at a very highverage voltage of ~4.75 V with a
theoretical capaty of 146 mAh ¢'.1%1? However, due to operating potentiafsupto 5.0

V, LNMO suffers fromchallengesiue to electrolyte stability which are out of the scope of
the current work®':13 Section1.6 discusesthe impact of high voltage operation on
parasitic reactions ilithium-ion cells. Thiswork uses two types ddyeredtransition metal
oxideswhich will be discussed iBectionl.3.1and1.3.2 Electrode surface coatings will

be introduced irBectionl1.3.3
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LiNi0.8C00.15A|0.0502
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Figure 1.4: Voltagevs. specific @pacityof common commercialized positive electrode
materialsduring lithiation Seleceddatadigitized from Referenc&4.

1.3.1 NMC

A commonpositive electrode materia@ based on the formula LiNyCo01.x.yOo.
The shorthand name for this materiaNiSIC andis commonlyreferred to byts ratio of
nickel, manganese, and cobalt. For example, d4fno.33:Cm.3:0- is called NMC111,
LiNi0.sMno.3Cm.20:2 is calledNMC532, etc. NMC is based on the first commercialized
lithium-ion positive electrode material LiCeQL.CO), identifiedin 1980 In recent years
NMC has replaced LC@ many applicationslue to its superior thermal and structural
stability, high useful specific capacity (160 200 mAh ¢' vs 145180 mAh g%,
significantly lower cost, and high rate capabilittés®1® The layered structure dhe
LiMO family is described by thed®n space group and is shownHRigure 1.5, where M
is either Ni, Mn, or Can NMC. Transition metahtoms ocuapy the 3a sites and while
lithium occupies 3b sites, forming alternating layers of lithium taaisition metal atoms

octahedrally coordinatdaly oxygenatoms
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Figure 1.5: Rom spacegroup a) trigonal nit cell (111 projection) and b) extended
boundariesllustrating a layered structure

Many types of NMC have been investigatedathieveoptimal combinationsof
properties from eactnansition metal Increasing the amount bfi relative to Can NMC
reduces the cost due to lower Co contédnit yields lower thermal stabil@??> andcan
increasethe numberof Ni?* ions preferentially occupyinbi sites®> High Ni contentin
NMC also can lead to more electrolyte oxidation, but is necessary to decrease Co
content?*?® Fortunately, develaments in electrolyte chemistries and positive electrode
surface coatings have allowed for the ussahehigh Ni-containing NMC chemistries,
and will be discussed shorthAdding Coto LiNiO2 was found to mitigate the degree of
cationic disordebetweenlayersin materials using low cost synthe$is Manganese is
much cheaper and less toxic tidirandCo, butcontributes to @hasernansition to a spinel
structure?” and Mrf* dissolution into kctrolytewhen high ratios of Mareused>?® A
few types of NMChave become quite populatich achieve a balance obst, energy

density, and structural and chemical stahilitgmely NMC111, NMC442, NMC532, and
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NMC6221425 NMC811 is a promising material which significantly decreases Co content
compared to other chemistriasd is being adopted by some manufactuiets?

Most of this work involvesthree different chemistries of NNC: NMC442,
NMC532, and NMC622. The details of the materials will be noted in the text where
applicable.

1.3.2 NCA

LiNixCo/Al 1.xyO2 (NCA) is another common positive electrode material based on
the layered structure of LCO and NMC. Rds beerfound to improe overall structural
and thermal stabilityas well as the electrochemical performaoompare to materials
without AL However, since A" is electrochemically inactive, NCA must contain low
concentrations of Al in order to maintain its high specific capacity of ~200 m4afi g
Therefore NCA materials typically contdiigh ratios of Ni:(Co+Al) 0f4:1.31:32 NCA has
also been reported to show structural degradation at particle grain boundaries during long
term use®®

Some portions of this work involva proprietary NCA materiah cells provided

by one of Tesl abs suppliers

1.3.3 Coatings

Positive electrode coatings have become a popular way of mitigaéingons with
electrolyte particularlyin high-nickel NMC materials. Coatings such as@dhave been
found to protect against electrolyte oxidation and damage hyanofluoric acid,HF,
increasing the lifetime of celf:® TiO: has also been found to help create a protective
coating which allow for high rate capabilitie$. LaPQ, has been found to increase lifetime

at moderate potentials and increasefacestructural stability of Mrcontaining positive
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electrode materialsuch as LiMaO4,%" but was found to ecrease performance in NMC
cells operated above 4.4%.

Some of the materials in this work have positive electrode coatings: eiterokl
proprietary materialsSome comparisons between coatings will be made, and the presence

of coatings will be indicated in the text whapplicable

1.4 NEGATIVE ELECTRODE MATERIALS

Like the positive electrode materials introdudedSectionl1.3, this work uses
commercializeanaterials which yield high cell potentiglew negative electrode potential
vs. Li/Li *) and havehigh specific capacity.The ideal candidate based on these metrics
alone would beao use Li metal. lthium can be plated and stgpd froma Li metal
negative electrode instead of using an cd&tion material. However, bietal electrodes
have been found to cause issues due to heterogeneous stripping and platihepdirig
to lithium dendrites® These imperfections can causapacity loss and safety issues due
to lithium loss and short circuits in cells, leading to sk#ficharge or catastrophic
failure3°4% The use ofLi metal electrodess a topic of interest in the fieldout is not
applicable to this body of workSome commercializedegative electrode materssuch
asLisTisO12 (LTO) yield cells whit have very long lifetimegood safetyand structural
stability, but havelow specific capacity and highegative electrodeperating voltages

(175 mAh g' and 1.55 Ws Li/Li* respectivelyfor LTO).*

1.4.1 Graphite
Graphite is the most widely used negative electrode due to its low potestial

Li/Li * (average voltage of ~0.15 Wielatively high theoretical specific capacity of ~370

12



mAh g?, low volume expansiofi~10% along the stacking axiduring lithiatior), and
compatibility with long lifetime cells*4? Figure 1.6a showsthe voltage vs specific

capacity of grapite during charge. Figure 1.6a depictsthe multiple labelled plateau

regions during chargeThesevoltageplateaus are due to tvamexistingphases of LiCs,

and the sloped regions are due to the presence of a single*ptfadéis multi-stage
intercalationprocess is commonly referred to as stagilmgFigurel.6, stage 1 is labelled

6106, a-phdse magiong are labeled by the two coexisting pHages2). An OLO
i ndi c at elikestate i Whichpapretér@ntial ordering within lithium layers occurs.

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

number represents the number of graphene sheets between layers of intercalated lith

0.8 a - . : . : . - b G Stage 4 Stage 3
' °0 55 2%2%%
) o0 —
50 55 —==2
20—
Stage 1
Stage 2 0000
. % 5% 9000
Q000
2939 0000
. . . . e N0 Q000
0 100 200 300 400 B o — Q000
[
Capacity (mAh) e as Q000

Figure 1.6: a) Chargevoltage curve of graphite during constant current discharge with
labelled twephase and singlphase regions. b) Cartoon representation of graphite stages.
Lithium atoms are showas green circles between graphite layers (black lines).

Though safe, notoxic, and inexpensive, graphite has some limitations. The low
operating potential of graphites Li/Li* means that electrolyte specizen bereducel at
the surface, creating reitonswhich can form gasr a solid layer over the surface of the
graphite. This layer can increase impedance indbkandconsumesome othe available
lithium in the cell However, thislayer called the solid electrolyte interphase (SEd#s

13



alsobeen found to mitigate further reduction grdtectthe graphite surfac&hen certain
chemicals are uséd.*’ This protectiveSEllayer will be discusseflrtherin Sectionl.5.
Another issue that can arise is the intercalation of electrghyfieent species into the
graphite layers, causing exfoliation, increased surface area, and subsequently more reaction
products*®#°  Finely tunedprotective layersor surface coatirgycan prevent solvent
intercalatiorf:>48:49

Graphite materials fdithium-ion cells can be manufactured from natural graphite
sources osynthesizedrom petroleim products In this work, the source of the graphite
type used in eachbhapterwill be distinguished by the terms natural graphite (NG) and
synthetic,aka artificial graphite (AG). A comparativetudy between NG and AG is
discussed ilChapter 9of this thesis

Most cdls used in this thesis contagraphitealone as thenegative electrode
material. Some cells use a blend of graphite and silicon oxide (SiO).
1.4.2 Silicon-containing Materials

Although graphite has a high spacidapacity compared to most positive electrode
materials, it is not comparable to that of silicdithium canreversiblyalloy with Si up to
a composition of LisSis with a low operational voltages. Li/Li*, and a largespecific
capacity of 380 mAh g, but a volume expansion of ~300%> The large volume
expansion occurs in every direction, and can cause pastig@ andcracking during
charge, leading to loss of material during discharge (aotivn)>® Particle cracking also
leads to newly exposed surface area garasitic reactionso take place, consuming
electrolyte and.i.>**° To mitigate some of this volume expansion, materials such as SiO

and SiOC nanocomposites have been investigated and show improved performance
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compared to Si%% Combining graphite and Siontaining materials is one way trade
off higher capacity with shorter lifetimdJsing combinations of low @ansion materials
such asgraphite with Si/SiOmay also decrease th@mpact of lithiation onstructural
damagedo the entire electrodduring cycling.
Parts of this work use cells containing a blend of graphite and SiO as the negative

electrode anavill be noted in the text where applicable.

1.5 ELECTROLYTES

Electrolytes providéhemeans of ion transport lithium-ion cells. This work uses
norraqueous, liquid electrolytes composed of a lithium salt dissolved in solmeaitmost
every case there is one morechemicaladditivgs) in the electrolyte.Electrolytes should
ideally have good lithium diffusion kinetics (high iordonductivity andow viscosity) to
allow for fast charging and discharging rates, high temperature stability, and
electrochemidastability suitable for thelectrode chemistriesThis section will introduce
the components of electrolyteendSectionl.6 will discuss the limitations of electrolytes

in high energy density systems witspect to parasitic reactions.

1.5.1 Salts

The most common lithium sak lithium hexafluorophosphat&iPFe). LiPFshas
a high solution conductivitwhen dissolved in typical solven@and good electrochemical
stability®® LiPFs has been found to decompose electrochemically to fithimm fluoride
(LiF) which can help to protect electrodes from parasitic reactions. However, products of
thermal decomposition of LiRFsuch as P&have been found to contribute to the

production of CQ, fluorophosphates, esters, and hydrofluoric ddid) above 5°C %6061
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Alternatives to LiPE have been investigated inding lithium tetrafluoroboraté iBF4),
which yields electrolytes with better thermal stability than kjRfut lower conductivity
and poor synergy with graphite electro8&% Lithium bis(oxolato)borate (LiBOBjas
been shown to increase thermal stability and cycling performance in NCA/graphite cells at
55°C, but also increases the impedance efdélls, leading to poor rate performaftés
Blends of LiPk and LiBR®® or LiBOB®® have shown compromises between the above
advantages and disadvantages.

Although many salts have been investigated, kiRFnains the most popular

choice for academic and commercial use. This work onlyLiBé%.

1.5.2 Solvents

Solvents inlithium-ion cells presentsome of thelargest issues facing the
advancement dfigh energy density, long lifetime cells. Solvents have a strong impact on
the performance of cells at different temperatures, témeperaturestability of the
electrolyte, and the voltage sthilyi of the electrolyte. Typically, a blend of cyclic and
linearcarbonates is used as the solvent lithaum-ion cell. Some fluorinated carbonates
are also used as solvent3able 1 shows the chemical structsrand some clemical
properties of the solventsed in this workmelting point (T), boiling point (Ty), viscosity

(dv), and dielectric constant)(
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Tablel: Properties of solvents used in this work.

o

Solvent name Tm To dv U

(short form) Chemical Structure °C) °C) (cP 25C) (25°C) Ref.
Q
Ethylene [ 89.78 3
Carbonate (EC) O):o 364 248 190(40C)  io0
Dimethyl 0
Carbonate . 4.6 91 0.59 3.11 3
(DMC) o~ o
Ethyl Methyl 0
Carbonate Py 53 110 0.65 2.95 3
(EMC) oo
Methyl Acetate o
- 67,68
(MA) )J\O/ 98 57 0.4 6.68
Fl thyl R
uoroethylene —0 _ 69,70
Carbonate (FEC) /[o> 20 212 3.5 108
Bis(2,2,2 j)\
trifluoroethyl) i -
Carbonate X\O O/X 43* 118 Not found Not found
(TFEC)

* Measured in the Dahn Lab with a TA DSC g2¢60°C)

The rate performance of celtslargelyaffected by the ionitransport propertiesf
the electrolyte. The viscosity and dielectric constant play a large role in transport
properties.Cyclic carbonatesuch a€£C are used tancrease the salt dissociation (larger
number of charge carriers) due to a higher dielectric condteowever, cyclic carbonates
tend tohave high viscosjtand tend to be solid at room temperatuPeopylene carbonate
(PC) is amther cyclic carbonate with similar properties to EC, but has been found to co
intercalate into graphite, causing exfoliation and active material*16%%> Linear
carbonatesuch as EMC and DM@Gave a low dielectric constant, but a lower viscosity
andmelting pointthan cyclic carbonateteading to better ion mobility and performance at
low temperature§® Blendsof carbonatesuch as£C:EMC:DMC(1:1:1 wt.)are typically

used in cells becausé¥ the balance gphysicalproperties between solveritsOther ce
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solvents have been investigated to yield good lithium mobility during low temperature
performance.

Esters such as methyl acetate (Vaxd ethyl acetate (EAhavelow viscosities,
low melting points, and the ability to impart high ionic conductivity to the electrolyte. MA
was first investigated by NASA as a solventlftium-ion cellsfor very low temperature
applicationgdue to a melting point 608°C.%” MA can improve conductivitpy 18% and
viscosity by 30% at room temperature compared a blend of EC:EMC:DMC (25:5:70 wt.)
when20% wt.of MA is added as a esolvent®® Studies have found that that MA can
significantly increase the higtate performance of NMC/graphitelts.”*"> However, MA
has also been found to contribute to decreased cell lifetime due to unwanted reactions with
electrodeg>’® Some of the work in this thesis investigated the effect of MA on high rate
performancend cell lifetime, and will be discussedGhapter 6 MA has the potential to
allow for very high rate performance in cells and allow fordotemperature applications
compared taraditional electrolytes.

Lithium mobility is not the only consideration foglectrolyte solvents. The
electrochemicastability of the electrolyte plays a major role in determirifng lithium-
ion cell will have a long lifetimelf the electrochemical stability window of the electrolyte
encompasses the potential ranges of both the positive and negative electrode at all states of
lithiation (~Q1V T 4.7 VvsLi/Li ¥), then unwanteélectrochemicaside reactions would
be less likely. However, most electrolytes made with carbonate solventstteoxidize
over 4.0 Vvs Li/Li *>7""® Some solvents such as FEC have been found to oxidize at
potentialsaround 4.5 V88! However FEC also tends to reduce at higher potentials than

most other solvents, leading to electrolyte reduction at the negative elé@#ddeC is
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also known to reduce on graphite (low voltage) negative electrodes, forming products such
as ethylene lithium carbonate (Li.COs), and lithium ethylene dicarbonate
((CH20CQuLi)2).77848  The instability of electrolytes provides a challenge to the
adaptation of high energy density cealige to the broad potential rangEortunately, the

study of electrolyte decomposition has led to the realizationstitat reaction products

actuallyhelp 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 farm
electrically insulating and ionically pernm#a (passivatinglayeron electrodeknown as
the solid electrolyte interphagd&El).446:46.72.77.8687The gperational voltage of graphite is
much lower than the reduction potential of most solvent molecules, so during the first
charge of a lithiurrAon cell a significant amount of electrolyte reduction occurs, forming
thenegative electrod8EI. The firsttycle of a lithiumioncellisk nown as t he o6fo
c y c ISeniar processes can happen at the positive electhoeléo oxdation products.
The SEllayerscanthenmitigate further oxidation and reduction

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

widespread adaptatiai low-voltage graphite negative electrodé&28388More recently,
similar films have been found dhe positive electrode due to oxidati@action$9 %! The
SEI has been found to contain not onlggucts of solvent reactions, but is also influenced
by salt and transition metals leached from the positive electf3d@. Products from
reactions at onelectrodehavealsobeen found to influence the composition of ttleer

electrode SE®* Thi s chemical interactionthkk@ween el
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1.5.4 Additives

Although the SEI layers formed by solvent reactions can help to slow reactions in
cells, most solvents do not form completely passivating SEls. For example, FEC and EC
have been found to form slightly passivating SEIs, but the continual growth oé&ts! |
to shorter lifetime and limits lithium kinetié&.’"*> Some chemicals with much higher
reduction potentials than typical solvents have beend to create very robust SEls, and
reduce before the solvent during the formation cyMéhen added in controlled amounts,
these chengials can be used to create SEI layers with good passivation and lithium kinetics.
The SEls created by theshemical6 addi ti vesd thenparsdit p pr e
reactiongh83.95%8

Electrolyte additives allow for a simple, cost effective wayioteringparasitic
reactions inlithium-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 concentratios and blends can be adjusted to tune properties @Ehduring
cell manufacturing with little change to the production process. Hundreds of additives
have been studied in the literatudéigure 1.7 shows the additives used in this thesis and

theabbreviations
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Figurel.7: Chemical structureand abbreviationsef additives used in this work.

Vinylene carbonate (VC) is perhaps the most€ebwnelectrolyteadditive. The
reduction potential of VC is higher than that of,EB@d tlke products of VC reduction form
a very stable, passivating SEI on graphite electrodes compared to that36f°E€.
Products of VC reduction include lithium alkyl carbona@©COLI), lithium oxalate
(Li2C20a), LioCQOs, and polymerized VE*8” Similar to VC, FEC has beeondnd to form
similar SElproducts, but also formsF which contributes to the protective properties of
both positive and negative electrode SEf§:101.102

Sulfur containing additives such as ethylene sulfate (DTD), methyl
methanedisulfonate (MMDS), and prégene-1,3-sultone (PES) have been found to lead
to a very homogeneouys passivatingnegative electrodeSEI containing ROCQLI,
ROSQLI, Li2COs, andlithium sulfite (Li2S0s).1¥1% These additives tend to form SEls

with good lithium maility, allowing for fast ion transfevhen used in small amouri$:1%6
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Sulfur containing additivesuch adDTD and MMDS have also been found to contribute
to positive electrode SEI layers whialsoimpede etctrolyte oxidatiort?>107

Many works have investigated combining additives to blend desired SEI
properties®® 113 One such combination isomposed of 2% wt. PES, 1% wt. DTDr (
MMDS) and 1% wt. TTSPi. This additive blend is called PES211 and has beghtéou
create very protective SEI layers and yield very long lifesicampared to almost every
other additive combination in the literature in NMC/graphite céft$31'> 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 highrate charging*®

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 gaanalysis after SEI formation to probe 8t€l composition. The number
of parameters present inlithium-ion cell electrochemical system maki¢ difficult to
determine preferential reaction pathways leading to SEI formation, even with modern
computatimal techniques. In-situ analysis technigues are needegrobe SEI formation
mechanisms and compare results with other-pustem analyses and computational
studies. Chapter 4will introduce a techniquéhat could probe fanation reactionf-situ
and nordestructively

The development of additive systems is extremely important for-énghgy
densitylithium-ion cells. Understandingyr at least quantifyinghe parasitic reaction
processes that are responsible for falure is critical to design interphases between the

electrodes and electrolytes which preventdramatically hindethe decomposition of
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electrolyte. The next section will give an overview on different types of parasitic reactions

and the impact of ehaon cell lifetime.

1.6 PARASITIC REACTIONS AND CELL FAILURE

A parasitic reaction in Bthium-ion cell refers to any chemical reaction other than
reversible lithium intercalation between electrodes. This work is primarily concerned with
the electrochemicalecomposition of the electrolyteéa oxidation or reductiorwhichare
assumed to be the dominaypes of parasitic reactiosioccurring in cells. Other types of
parasitic reactions includéout are not limited o thermal decompositioht®:117:118
oxidation or alloying of the negative and positive electrode current collectors,
respectively}1%12° transition metal dissolutiorfrom the positive electroch® 312! and
oxygen releagé'?2from the positive electrode.

Electrolyte species can readily oxidizettag positive electrode when tobbkemical
potential of the positive electrode is lower than Kieetic stability window of the
electrolyte speciesSimilarly, a molecule can reduce when the chemical potential of the
negative electrodes higher than the kinetic stability window of the electrolyte sygecie
Passivating SEI layers can effectivearseandlower the uppe and lower stability limits
of the electrolyte with respect to the electrodégure 1.8 demonstrates a schematic of
thekineticstability window of an electrolyte spesiwith respect to the electrode potentials
at a high sta of charge (SOC)nd the effect of the SHEdyers. As the cell is charged
(moving to the right inFigure 1.8), the chemical potential of the negative electrode
increases rapidly at first, then begins to plateau as graphitegtagcurs. Since the

operational potential of graphite is outside the stability limit of most solvelastrolyte
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reduction can readily occur if the negative electrode SEI layer is not sufficiently
passivating. While a cell is charging the chemicakeptal 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.

Low cell voltage High cell voltage
o-
E — |V
SEl o M.

Kinetic stability window

S ]

Cell Capacity

Figurel.8: Energy level diagram of the kinetic electrolyte stability window with respect to
the chemical potential of the positive and negative electrodes. Valtageity curves of

a graphite negative electrode (red) and NMC pasikectrode (blue) have been added for
conceptual aidWhen 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 rechi The SEI effectively widens the stability window on the
positive electrode and negative electrode, preventing further oxidation and rediction
high cell voltagerespectively.

Figure 1.8 demonstrates the issues surroundimghhenergy density lie in the
voltage stability of electrolytes. If the graphite negative electrode is sufficiently passivated
minimal electrolyte reduction will occur. Howevéng potentialof the positive electrode
continually increases during chargi 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 neededealinglithium-ion cells at a fully charged or fully
dischargedtate 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 thekinetic stability window of the electrolyte, the composition of the
electrode materials and temperature have been found to infltrencate and products of
parasitic reactions, which further complicates the study of cell fdiftirgl123
Computational studies have attempted to predict parasitic reaction pathways using
guantum chemistry, but rely on simplified natsl which do not replicate the chemical
environment in a real céif:1?412% Computational techniques tend to overestimate the
stability of electrolytesalthoughthe observed trends tend to agree with experimental
findings 24129

This section will introduce the general mechanisms of electrolyte oxidation,
reductiongcrosstalk, and reversible redoshuttlesin lithium-ion cells. The impact of these
reactions on various performance metrics andliéetime will also be discussed

Schematicof the active charge and discharge proceseea cellare shown in
Figure1.9. This section contains similar diagrams depicting parasitic reaction processes
during charge and dischargEigure1.9 can be used toompare parasitic processes to the

ideal case.
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Figure1.9: a) Charge and b) discharge processeslhiam-ion cell. The positive and
negative electrodes are denoted by a white '+' and@spectively.

1.6.1 Electrolyte Oxidation

If a solvent species denoted S oxeliat the positive electrode, it loses an electron,
creating a charge imbalance in the cell. Thouspaintain charge balanoethe electrodes
and the electrolytea lithium-ion must be removed from the electrolyte and intercalated
into an electrodeFigurel.10ademonstrates an oxidation process ducimgygeandFigure
1.10b shows oxidation during dischargeigure1.10c shows an oxidation process when a

cell is inopen ciraiit.

a b C
— T ~ |7 X
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s— Lit = s—
>Lir—> L=

Figurel.10: Electrolyte oxidation during a) chard® dischargeor ¢) open circuit
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During charge oxidation causeglectronsto be passed through the circuaind
lithium is intercalated into thnegative electrode. The current duehtarge balanceouns
towards thecell chargecapacitybut is irreversibleduring discharge. During discharge
oxidation causes lithium to intercalate into the positive electrode without passing current
through theexternal circuit, decreasing the discharge capacity of the lcethe scenario
described by Figure 1.10, theldoncentration in the electrolyte is decreased.

1.6.2 Charge Endpoint Capacity Slippage

The excess capacity during charge and lost capacity gluischarge from
oxidation reactions can be used as a performance méhgtre 1.11 shows that \wen
plotting cell voltagevs. cumulativecapacity over many cyclesxidation causes the voltage
curve to shift, or slip, towardsigher capacity. The difference in capacity between the
upper cutoff voltage pointsof each cyclé s cal | ed Oaapactysd @ pepradgredi, |
labelledgc in Figurel.11. The dischargendpoint slippagegQad, can be defined in a

similar manner for the lower cuiff voltage.

27



28 L 1 L 1 L 1 L 1

0 0.05 0.1 0.15 0.2 0.25
Capacity (Ah)
3.4 : 42— .j T
C e
43} — T
gs.z
()
O’ -
% 428}
> 3F +“— 1
NQy .
4.26
28 1 1 1 1 1
0 0.002  0.004 0.006 0.008 0.236 0.24 0.244 0.248
Capacity (Ah) Capacity (Ah)

Figurel.11: Voltagevscapacity of an NMG32graphit cell during 8 cycles between 3.0
V and 4.3 V. a) shows the full voltage range, b) shows a blggwiew of the discharge
endpoint slippage, and c) shows a blempgnview of the charge endpoitdpacityslippage.

Typically, the charge endpoint capacityatéle to the end of the first cycle is used
as a diagnosis of the relative amount of electrolyte oxidation occurring when comparing
different cells!?! Such a plot is shown iRigure1.12, in which Cell A experiences less
electrolyte oxidation than Cell B, anblusshows a slower increase in charge endpoint

capaciy.
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Figurel.12: Charge endpoint capacitgcycle number for two cellsnder identical cycling
conditions Cell A has less electrolyte oxidation.

1.6.3 Self-Discharge

Figure 1.10c shows thatoxidation causes lithium intercalation into the positive
electrode (seftlischarge)n an open circuit condition At the top of charge, graphite is
typically in the stage tostagel plateayand positive electrode materials typically have a
slopal voltage curve. Thereforany change in the open circuit voltage (OGW¥}he top
of chargeis due toself-discharge fronoxidation processe€s® A common comparative
test is tomeasure the OCV of cells with different solvents ddiaves at various
temperatures and voltages. These OCV tests are a very simple way to probe electrolyte
oxidation and ar e r &forage testdcaisobe dore atdostetl r a g e 6
voltage to probe electrolyte reduction. At low celltages the positive electrode is not as
oxidative,while negative electrodesan still react with electrolyteTherefore, lowvoltage

storage testare also usefub probe reductioneactions
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Figure 1.13showsan example of a storage test at 60°C where Cell A (shown in
black) experiences less electrolyte oxidation than Cell B (shown in @2dplicates of

each cell are shown to demonstrate the consistency of the measurements.
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Figurel.13: Open circuit storage test at®@and a starting voltage of 4.2 \Cell A (black)

experiences less electrolyte oxidation as Cell B (ré&bsults for identical pair cells are
shown.

1.6.4 Electrolyte Reduction

When electrolyte spées S is reduced at the negative electrode, gaining an electron,
it can reactwith Li* from the salt, electrode, or SE{/121131 Figure 1.14 shows a
schematic of electrolyte reduction. Charge balance is maintacheby lithium
deintercalation from the negative electrosie hoadditional currat is passed through the

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

during charge, discharge, and OCV.
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Figurel.14: Electrolyte reductiomt the negative electrode. Electrolyte species S reduces,
gaining an electron fra the negative electrodé 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, whicfluencesthe
achievable capacity.To illustrate the effect of electrolyte reduction on cell capacity,
corsider the following situationN Li atomsare available ithe positive electrode(N i
n) are intercalated into the negative electrddang charge and Li atoms are consumed
in reduction reactions Thenthe maximunreversible amount of lithiurwould be N T n)
during discharge After dischargewhen thegraphite is empty of lithiumthe positive
electrode containd\(1 n) Li atoms and the cell hasf e we r L atomygoin
The positive electrode can never be fully lithiated after any reduction occurs.

Capacity loss, usually called capacity faQedg in the literature, can be quantified
by the change in charge or discharge capa@ty fetween a cyclen(l) and sbsequent
cyclen:

¥} ¥} v 8 14

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

capacity slippage and subsequent discharge endpoint capacity slippage:
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Capacity loss due to reduction can be visualized as the electrode voltage curves

effectively shifting with respect teach other and is calledl s h i f.tFigute @.55s 6

demonstrates the effect efectrolyte reduction omapacity lossand shift lossin an

NMC/graphite celusing the example above.
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Figurel.15: Relative ¢ectrodeshift due to electrolyte radttion in an NMC/graphite cell
cycled between 3.0 V and M2 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 cusvalign at 0 mAh and the positive electrode

containsN Li atoms.

b) After cyclingn Li atomshave beerconsumed in reduction

processes. When graphite empties, the positive electrode cddtaim&i atoms and the
available capacity of the cell is deased.

The dischargecapacityor fractional discharge capacig. 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, whicltacee
difficulties when comparing results between cell chemisties2133 The fractional
discharge capacity for two cells cycled under identical conditions is shokigune1.16.
Cell A (shownin blacK experiences less fade than Cell(@ownin red and might

therefore have fewer reduction processes occurring.
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Figurel.16: Fractional capacity fade for two cellader identical cycling condition€ell
A may experience less electrolyte reduction causing capacity loss than Cell B.

A useful techniquehas been developedo fit full cell voltage curves to the
constituent positive and negative electrode curves before and after éyefitfef>® This
technique to measure electraateft lossfits the derivatives of reference electrode vgpdta
curves to the full cell voltage curve to determine the amoustitiflossthat has occurred.
Thus t hi s met hod i s Gapatityfadd dué to &fivd rRassalassacanyps i s 6
accounted for by shrinking the relative size of the voltage survaddition to relative
slippage.However, dV/dQ analysis requires low rate cye@mnd high precisioto achieve

clear features in the voltage curves.
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1.6.6 Crosstalk and Shuttle Reactions

As mentioned previously, when an electrolyte species is oxidize@duced
products from the reactions can migrate to the other electrode and further react there. This
interaction between electrodes is called ctafis Figurel.17 shows a crostalk reaction
beginning with species S oxidizirag the positive electrode and migrating to the negative
electrode to be reduced. Some ciadk processes have the same effect on slippage,
storage, and capacity fade as the combination of a single oxidation reaction and a single
reduction reaction comied. However, the implications of cresdk 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
readions that occur. Therefore, solvent or additive systems cannot be developed

universally for all cells and must be tuned to each unique combination of chemistries.
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Figurel.17: Crosstalk between electaes. Electrolyte species S is oxidized at the positive
electrode, and the product is reduced at the negative electrode into SEI species X. a) shows
crosstalk during charge and b) shows crtak during discharge and OCV.

One special type of crogalk react i on I s a reversible
demonstrated ifFigure 1.18.236137 After a species S is oxidized td & 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 dapee growth), or any other

detrimental effects.
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Figurel.18: A reversible electrolyte shuttle reaction. Species S is oxidized at the positive
electrode, migrates to the negative electrode, and redenesibly back to S. a) During
charge a current supplies charge balance to the cell. b) During discharge or OGV a self
discharge mechanism provides charge balance.

Truly reversible redox shuttles can influence the measured capacity loss or charge
endpoin 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 electrefle® 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 traBsitne works have employed
redox shuttle molecules with specific activation potentials to prevent cell overcharge in

systems where individual cell voltages are not monitétetfd 140
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1.6.7 Coulombic Efficiency

All failure mechanisms in &thium-ion cell contribute to a discrepancy in the
amount of capacity supplied to a cell during chargeg éQd the subsequent amount of
capacity which can be recovered dgridischarge (@.12%'*! The ratio of discharge
capacity to the previous charge capacity is catedcoulombic efficiency, or CE:

5
# % —8 1.6
U

If the CE of a cell is exactly unity, a cell would last forev@he CE has contributions
from the fractional charge endpoisapacity slippage (oxidation) per cycleand the
fractional capacity fadéeduction and active material logsr cycle bothwith respect to

the discharge capacity of the cyclé

30 0
#%p T —— 8 1.7

The CE of a cell has been found tasbeery goodgshortterm predictor of cell failure
if measured with enough accura@y41142 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 reactionand/or less material degradation occurringug Cell Awill very likely

have a longer lifetime.
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Figure1.19: Coulombic efficiencys 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 @en 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 ~0i99998
required. The precision in CE measurements is therefore very imparnd must be on
the order ofL0® to predict cell lifetimes in the tens of thousands of cycles. Thehilita
precision charger at Dalhousie University is capable of these preamsasurementand
has been used extensively as a tool to probe parasitic reaatidnsell lifetimeswith

different electrode chemistries, solvent systems, and additf/gs:121,13514143

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 decompased thick,
passivating layers formThe rate of tese processdsndsto slow over time as SEI growth
occurs, as seen by the increase in CEigure1.19. However, SEI growth increases the
impedance of a cell over time, limiting™ diffusion which can lead to Li platingn the

negative electrodgt144:145
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The impedace of a cell has contributions from the electrolyte, electrode materials,
and SEI layerg!#®4’ The internal resistance ofl ahe components of the cefRcel)
contributes an overpotential)( when adirectcurrentl is applied. The overpotentialso
hascontributionsfrom the intrinsic voltage hysteresis of the electrode materidigsy,
diffusion effects, and lithium concentration gradiefits*® The overpotential can be
interpreted as the difference between the measured cell vol@ge) and the
thermodynamic equilibrium voltage of the electrodégnoring the impact of diffusion
effects, the overpotential can be written as

s ® o O @ 8 18

During charge the overpotential increases rieasureccell voltageby d and
decreases the cell voltabg d during discharge. The separation of charge and discharge
voltage is often referred t@ &oltage polarizationFigurel.20a shows voltage polarization
during one cycle of an NMC532/graphite cell. The curegpplied to the cell was small
andequal to the cell capacity over 20 hog@&20), or 12 mA. A higher cuent would
increase a s lsylEquationl.8. Cell impedance is often monitored during cycling
by observing the difference in average voltégebetween charge and discharge, called
oV

36 W W 8 19
Figure1.20b showsqV vs.cycle number fotwo cells. Cell A, in black experiences less

impedance growth than Cell B, in red.
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Figure 1.20: a) Voltagevs capacity of a charge discharge cycle of an NMC532/graphite
cell at a C/2@ate from 3.0 V to 4.3 VThe inset shows a blowup scale depicting voltage
polarization, wherg is the cell overpotentiab) g vs cycle for two cellsycled under
identical conditions. Cell A (black) has less impedance growth than Cell B (red).

1.7 SCOPE OF THESIS

The previous sections introduced ttemponents diithium-ion cells,some of the
major challenges in adapting high energy density cells whalataining long lifetimeand
some common methods to probe parasitic reactidhss aim of the work presented in this
thesisis to develop new testing methottsinvestigateparasitic reactions ifithium-ion
cellsthatarecomplementary to existing tewiques. Desiredmethods arén-situ and non
destructive and can be made on maciaele pouch cells yielding consistent results.

This work aims to combine existing electrochemical techniques with isothermal
microcalorimetry. Isothermal microcalorimetry a method of measuring the thermal
power, or heat flov, of a sample (in this caseithium-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 releasegbarasitic reactions. In theory it should be possible to use
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the information from this O6éparasitic heat

Chapter 2will discussisothermal microcalorimetry and its application ltinium-ion
research. Pastaks using isothermal calorimetry to study lithiiom cells will be
discussed and the current work will be motivat&ephasis will be given towards works
which used isothermal microcalorimetry to study parasitic reacttdrig?

Chapter 3will discuss the experimental techniques used in this tiregdigling the
cells used in this worlkelectrolytes ultra-high precision coulomgf, longterm cycling,
gas evolution measurements, electrochemical impedance spectroscopy, storage
experiments, andsothermal microcalorimetrpf cells The treatment of uncertainty
throughout this workvill also be dscussed briefly.

Chapter 4will introduce the use of isothermidicrocalorimetry to help determine
SEI formation processes. The heat flow during SEI formation is compareduaithium
chemistry calculationand electrochemical tests.

Chapter 5Swill introduce a methodo measurghe averageparasitic heat flow of a
lithium-ion cell as a function of voltagduring a slow chargdischarge process. The
application of this chargdischarge technique will be discussed using two stuthes:
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 6will discussadditionaldevelopments to the chargescharge method.

The treatnent of the cell overpotential will bk@nsideredo increase the cycling rate of the
experiments. Additionally, a technique will be introduced which approximates the heat

flow due tothe changes inentropy 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 ad NCA/SiOgraphite cells, and the effect of various NMC
compositions and positive electrode coatings on the parasitic heat flow of NMC/graphite
cells.

Chapter Awill introduce a technique which aims to extract informatioauttihe
netenthalpyreactionof parasitic reactions ilithium-ion cells. The heat flow of a cellas
measurediuring voltagehold conditionswhile the current is provided by precision current
sources. The use of calorimetry to deterntime enthalpy ofeaction wa validated in
proof-of-concept studies using reversible shuttle molecul€he voltagdold technique
was then applied to study the effedftthree solvent systems (organic carbonates, organic
carbonates with MA, and fluorinated carbonatesyl gositive electrode coatings on
parasitic reaction enthalpy.

Chapter 8will discuss the impact and conclusions of this work and provide
recommendationfor future studies using isothermal microcalorimetry to study parasitic

reactions in lithiumion 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 temperaturkis chapter will introduce the use of isothermal
microcdorimetry for the study of lithiumon cells. Section2.1will derivethemodel used
in this work for the heat flow of a lithiumion cell during operatiorand discuss each
contribution to the heat flow Past studies of lithm-ion cells using isothermal
microcalorimetry will be discussed 8ection2.3, with a focus on studies probing parasitic

reactions.
2.1 HEeAT FLow OF A LITHIUM -ION CELL

2.1.1 Derivation of Measured Heat Flow

The derivation belowwasadpt ed fr om Dr . L8 Thechanggo wni e 6
in energy U) of alithium-ion cell at a constant temperati@ is expressed as the sum of
the change in head) (0suppliedto the celland the chargin work donenthe cell |):

QY M Qa8 2.1

The thermal power, or heat flogiven off by the cell(q) as measured by the calorimeter
canthen be written as

QR Qo Q7Y

Pz 2.2
Qo0 Qo Qo

The change innternal energy can be rewritten in terms of éinéropy § and Gibbs free
energy(G) (at constant volume and pressure)

QY YQ'YQ'® 2.3
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When a cell is charged by a currénthetime derivative of theslectrochemical
work done to the cell isqual to thesuppliedcurrent multiplied by the cell voltag®de).
During discharge this work is done to the system. Therdfmesurrent 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 ti¢e) cell
multiplied by the pressure (P):

20w G 24

The change in volume in pouch ceallge to gas generation this work is on the
order of OmL t0o 0.5 mL. Volume growth of 0.5 mL at 1 atm over one day dirtgsvould
yield a heat flow of 0.59W, which isat the detection limi{~1 pW) of the calorimeter
used in this work. Additionally, the cell volumédluctuatesdue to reversible structural
changes in the electrode materials. The reversible volume ctiangelectrode materials
has been found to be8OuL.>® Thereforethe change in volume is considered negligible

and not considered in this workCombining equationg.2, 2.3, and2.4, the heatlbw

measured by the calorimeisrgiven by

Qn QY Q0
= N 25
o 2 Ygo T6

The entropy of mixing due to coactration gradients in the electrode materials and
electrolyte are negligible in comparison to the changemfigurationakentropyand phase
changes in the electrode materi@fs Therefore, onlychanges irentropyrelatedto the
change in lithiationstate of the electrodanaterialswill be considered. The entropy

contribution can be expressed as the change in entropy per litheus) sith thechange
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in lithium content in the materiak), wherex is the ratio of filled lithium sitesnj to the
total number of sited\):

2 2,
The entropy and Gilsbfree energy of each electrode must be considered independently,
denoted by + and subscripts for the positive and negative electrodes, respectively.
Equation2.5 may be combined with Equatid6 using the chahnule for derivativesto

give:

Qf 0 .0 2 9 gom Tom
Qo Yo Q0 ‘b Q0 G Qo Qo Qo

2.7

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

% i 0_('39 28
wheree is the electronic chargeDuring charge (positive), the positive electrode is
delithiated (negative changexp and the negative electrode is lithiated (positive change
in x).

The change i n \@thlithut £ontént carebe nittenriagnys of

the chemical potential

Q"0 Q"0
il g 2.9
0w o U8

Substituting Equation®.8 and2.9 into 2.7 yields

an (@) o a 0. ‘8 2.10
Q0o Q w ‘w Q '
Equation 1.1 showsthat the last term ir2.10 is equal to the thermodynamic
equilibrium voltage between the electrod¥sq multiplied byl. The difference between

the measured and equilibrium potentials is the cell overpotentiabésaionl.6.3.
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w w - 211
Equation2.10 can then be written as
Qn . oA Q

o MW W ° 212

Equation2.12 describeghe measured heat flow of an ideal cell. As discuss&dation
1.6, parasitic reactions occur in cells, which are not described by Equatian Every
chemical process absorbseamits energy, in this case in the form of heat. Therefore, a

term to account for the paras heat flow must be adddq ):

1 O ona g 1 8 2.13
" "9 @ " '

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

Equation2.13 describes the heat flow of a lithivion cell with an appéd current.
This thesis uses various experimental protocols to isolate the parasitic heat flow using
Equation2.13. The first term in Equabin 2.13, the overpotential heat flow, and the second
term, the entropic heat flowyill be discussedh the next sectiosn
2.1.2 Overpotential

As discussed isectionl.6.8 the overpotential of a cal the difference between
the measured cell voltage and the thermodynamic equilibrium voltage of the electrode
materials. Using Equatiah8, the heat flow due to overpotential can be expressed as

‘O- 0OY © 8 2.14

The voltage hysteresis is positive during charge and negative during discharge. Therefore,
the overpotential éat flow is always exothermicSince the overpotential heat flow is
currentdepenent, the magnitude of this term candujustedwith 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 chages in entropy of the electrode materials.
Configurational entropy changes ariselitsum ions areinsertedinto or removedrom
the electrode material lattice structuresn some materials such asMiosSe; (from 0<x<1)
the entropy as a function ofx can be modeledvell by a mearfield lattice gas
approximation, in which lithium randomly occupies sites during lithiattéi® However,
in most materialsuch aggraphite, NMC, NCA, and LCO, phase transitions take place
yielding complicated entropy profilés? 161

Experimental rethods have been developed to measure the change in entropy of
materials as a function of lithiation using potentiometric stdeflé® and electrothermal
impedance spectroscoffyTIS).>® Potentiometric techniges measure the change in OCV
with the temperature of a cell at many states of chacg@d obtain an entropy profile,
given by

: 2 8 2.15
Qw QY

However, long relaxadn times for the lithium concentration in the electrode
materialswhen the cell potential is changedwuses this tecique to be very time
consuming>30 hours per state of chardej use in this work.ETIS techniques measure
a temperature differential ebveen the cell and the ambient temperature ignoring
contributions to heat due to parasitic reactions in cells. Therefoch, atreatment of
measuring the change in entropylsounsuitable for this workDue to the limitations of

the existingtechngues outlined abovéhe presentvork aimed to develop techniques to
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extract the parasitic heat flow thatichot depend on a robust treatment of the entropic heat
flow.

Equation2.13 shows that the entropic heat flow is deperiam the current applied
to the cell. This current dependence has two advantdgesntropic heat flow is reversible
between charge amtischargeand,as forthe overpotential heat flouhe magnitude of the
entropic heaflow can be controlled by theurrent. Chapter Suses the reversibility and
proportionality of the entropic heat flow of a cell to the applied current to calculate the
parasitic heat flow Chapter @ntroduces a new techniqusing the methods developed in
Chapter 3o obtain an approximation of the entropic heat flow.
2.1.4 Heat Flow of an NMC/graphite cell

Figure 2.1a shows the heat flowin black) of one cycle of a machirmade
NMC532/graphite cell at a rate of C/20 (10 jnifom 3.0 V to 4.2 Vas a function of
capacity Section3.1 will discuss the pouch cells used in this work in more defHile
measured cell voltage is shown on the rigli$ ar 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 heatflv and the parasitic heat flow. Treversible entropic heat flow
causes mapproximatenirror-like effect araind the irreversible heat floas afunction of
voltage Figure2.1b shows a blowsup scale of the highioltage regiorof the cyclein

which heat flow is plotted against cell voltage.
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Figure2.1: Heat flow profile of an NMC532/graphite cell during charge to 4.2 V (solid
line) and discharge to 3\0 (dashed line) at 10 mAnd 40C. Heat flow is shown in black
and cell voltage is shown in blu&n orange line shows the approximate irreversible heat
flow. a) Full cycle view. b) Blown up view of the higloltage regiondemonstrating an
increase in parasitic heat flpplotted against voltage

In Figure2.1b the heat flow appears tmcrease, deviating from the average heat
flow above~4.0 V. The sudden increase in heat flaxas due to parasitic reactions
occurring in the celat high voltage When the posive electrode voltage increasedt of
the stability window of the electrolyte, the rate of oxidation ldwdy reduction ad cross

talk processes increasgkeSectionl.6).

2.2 PARASITIC HEAT FLOW

Almost allpag work using isothermal microcalorimethas focused on measuring
the magnitude of the parasitic heat floowever, the effect of different types of parasitic
reactions must be considered carefully when compdhagnagnitude of parasitic heat
flow between different cell chemistriesSectionl.6 introduced the mechanisms taking

place inside a cell during electrolyte oxidation and reduction.
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When an oxidationreaction occws (with no crosgalk) in a cell with an applied
current,an internal current formsaside the cell due to the transfer of positive charge from
one electrode to the oth@eeFigurel.10). This current will be referred to as the parasitic
current,l,. The parasitic current caesa heat flow of,V. Additionally, the enthalppf
reactionof the oxidation procesgHox, Occurring at a rat&y, causes a heat flow 6f
koxqHox. The enthalpyf reactionis the difference between teathalpies othe products
and the reactants. &hefore, an exothermic reaction has a negative entlodlmaction
The parasitic heat flow of one type of oxidation process is therefore

N ‘Cw Q30 8 2.16

During areduction reaction(with no crosgalk, shown inFigurel1.14), no internal
transfer of charge occurs. Therefore, the parasitic heat flow due to one type of reduction
process is simply

n QO 30 8 2.17

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

n 0w ‘0308 218

Equation2.16to 2.18demonstrate thalkifferent 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 st¥éha lower parasitic heat flow compared
to a cell with fewer oxidation reactions due to tf\étermpresent in the cell experiencing
electrolyte oxidation Crosstalk reactions, in which there would be a contribution from
IpV and the net reaction entpads of chemical reactions at both electrodesst also be

considered
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The effect of different reactions on parasitic heat flowst be considered
throughout this workvhen comparing the magnitude of parasitic heat flow between cells
Chapter 7will introduce some methods which aim to probe the reaction enthalpies of
parasitic reactions.

The following section will introduce sonmothermal microcalorimetrstudies that
have been done in the past, with an emphasis on stulliel probed parasitic reactions

in lithium-ion cells

2.3 PAST STUDIES OF LITHIUM -lON | SOTHERMAL MICROCALORIMETRY

Isothermal calorimetry studies dithium-ion cells began as early 4985,%*" and
until recently, largely focused on the overpotential and entropic terms, neglecting the heat
flow due to parasitic reaction§ome of these studies aimed to probe structural changes in
postive and negative electrode materials using the entropic heat 3% 1% Kobayashi
et all®investigatedhe effect of cycling a commercial LCO/graghitellover 700 times
on the total heat flow of the celSeparate coin cells which contained LCO/LI, graphite/Li,
and LCO/graphitevere measuredThe cells with Li metal electrodes are called-calfs.
By studying the entropy profiles of thell cels compared tdalf-cellsit was found that
the main degradation mechanisithe commercial cell over 700 cycles was due to active
material mass loss of the graphite negative electrode. Lu and Pfilgdsiwed that
graphitestaging transitions in mesocarbon microbegdkl reversible entropic heat flow
which agrees with graphite entropy profiles found by other techni@ubsr studies have
investigated the eft# of charge and dcharge rate on heat generatianth afocus on

thermal managemett>170172
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Of particular interest téhe presentvork are studies which have useery high
accumacy isothermal microcalorimeters to probe parasitic reactions in sgtsise et at>
developed the first of such methods probing the parasitic reactionsringcin cells
containingLTO and graphite negative electrode materials. Equatithshowedthat the
entropic heat flow is reversible between charge and discharge, andetipetential heat
flow is always exothermicThe paasitic energyky) of one cycle (of timé) was calculated
using the difference between the integrated charge and discharge hedt flandy )

(to remove the entropic contribution) minus the overpotential heat flow of the cycle
calcubted as the difference between the integrétegower during chargel\{cn) and

discharge [V4is):
0 N n Qo N1 Q6 @ Q0 @ Qo 2.19

The method developed by Krause et al. enabled measurements of the parasitic
energy okmallcoin cells(capacity ~2 mAhyvith 5% t015% uncertaintyThe magnitude
of the parasitic heat flow agreed with the observed trend in measaore of CE and
capacity fade.The method can be applied to voltagemdowsto explore the effects of
averagevoltage on parasitic heat flout cannot be used to measure the parasitic heat flow
as a continuous function of voltag&ghe method was also e to calculate thenthalpy
of reaction using the total parasitic energy divided by the moles of lithium lost per cycle,
measured by capacity fade (s&ectionl.6.5, assuming the only contribution to parasitic
heat flow waslue to reaction enthalpy.

A more recent publication by Krause etdlused the same method of extracting
the parasitic energy and explored the effect of different rates and voltage windows. The

study compared machimaade, wound LO/graphite pouch cells with a capacity of ~250
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mAh. The method proved to be consistent at rate) mA and 20 mA. However, the
method couldstill only determine coarsgrained effects of voltage on parasitic heat flow.
Additionally, the consistency ithe datamay only be suitable for comparisons between
cells with a substantial difference in performance.

A significant amount of work was done by Dr. Laura (Dowmi)Callato probe
parasitic reactions using isothermal microcalorimetry. Many partsi®fwbrk are a
continuationoD r . D oworkiné¢hé Bahn Lab.

Downie et aft>? 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 contriboiis 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 rangesdsttid addition of
VC decreasedhe parasitic heat flow in cellsn iagreement 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 chastries are not comparable using this method.

Downie and Daht?® then developed a method to calculate the parasitic heat flow
by modelling each contribution in Equati@ri3 by a linear or quadratic functidneg. f
= Az + B, whereA and B are fitting parameterand z is the state of charpe The
overpotential heat flow was assumed to be primarily due to internal resistance, so the
voltage hysteresis was not included. Under this treatment, Eq@at®becomes

n Q aJ0 Q a 00 Q as 2.20
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Pouch ells (LCO/graphite and NMC/graphit&)ith capacities of ~200 mAwere
charged and discharged in small vodagndows ©0.1 V above 3.9 V at rates of 10 mA,
5 mA, 2 mA, and 1 mAThe fitting parameters for each term were then adjusted to provide
a least squarefit over all four currents in each voltage windowigure 2.2i shows an
example ofhe fitted datdor the four currents from 4.2 V to 4.3 V using quadratic entropic
and parasitic terms and a linear overpotential tefine dashed magenta line represents
the extracted parasitic heat flow using the fitting method. It should be noteth¢hat
parasitic heat flow appeared to be well represented by the average of the 1 mA charge
discharge dataFigure2.2ii shows the fitted components for the highest current, 10 mA,
in a) and the lowest current, 1mA, in higure2.2iii demonstrates the results of this fitting
method for two NMC442/graphite cells containggontrol electrolyte (no additives) and

the same electrolyte with 2% wt. VC as an additive.
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Figure 2.2: Figures from Downie and Dah i) Fitted heat flow of an NMC/graphite
pouch cell cycled at four ratéetween 4.2 V and 4.3 V using a quadratic entropic term
and linear terms for overpotential and parasitic heat.flble dashed magenta line
represents the calculated pariasiieat flowii) 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) electrolyteligures used with permission from the Journal of the Electrochemical
Society 161, A1782A1787(2014)1>3
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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. ldawever, the experiments had several drawbacks. Since each
voltage range required multiple currents, the experiments took a substantial amount of
time. As seen ifrigure 2.2iii, the extracted parasitic heat flow was discontinuauthe
voltage endpoints. Possible reasons for the discontinuities were:

1. Model functionsHeat flowcomponents areot modelled realistically by linear
or quadratic functionsven in small voltage ranges.

2. Overpotential: Heat flow contributionsofm 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 anomalousrbehavio
near voltage endpoints when current changeseen in 10 mA and 5mA cycledHigure
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 healow function was the same during each cycle.

To address point 3 above, Downie et°4hdded a time dependence to the parasitic
heat flow term in Equatio®.20. The results showed that the parasitic heat flimlzhange
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
endpants. Additionally, any heat flow caused by an impedance increase in the cell over
the four cycles at each voltage range may be absorbed into thddpaadent parasitic

term, contributing to additional uncertainty.
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To explore the effect of voltage hgsesis, Downie et af3 explored the effect of
current and cell materials on the cell overpotential. A voltage dependgpbtential term
was included in théme dependent model based on the cell type used.

Downi eds me theh first seponted rteehniquet provide accurate
measurements of parasitic heat flow over large voltage ranges that were independent of the
cell type used. However, the metlsoegquired 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 umgeiriai
fits and thaliscrepancies between voltage window endpoints. lbmagoal 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 workewssrformed on small,
machinemade, wound pouch cells ranging fra®0mAh to 370 mAh in capacityFigure
3.1 (cell 1) shows the cell geometry used for NMC/graphite cells used in this work. All
NMC/graphite cells used in this wowere made by LIFUN Technology (Zhuzhou City,
Hunan Province, PRC)Figure 3.1 (cell 2) shows the cell geometry used for NCA/SIiO
graphite cells used in this work. All NCA/Si@aphite cells used in this work were
obtainedfronrone of T e s.|IFguwes.lashowspelch @ trexteriorpouch cell
geometries. The extra room above gatli-roll allows for any gas generated to be moved
out of the electrode staclkigure3.1b shows thgelly-rolls when removed from the cells
Figure 3.1c and d show the unwourjdlly-rolls of the NMC/graphite and NCA/SiO
graphite geometries, respectively. In each case, the positive electrode is on top, the

negaive electrode is on the bottom, and the separator envelopes the negative electrode.

Figure3.1: The two cell geometries used in this thesis. a) 1. LIFUN NMC/graphite pouch
cell, 2: Panasonic NCA/SiQraphte cylindrical pouch cell. bjelly-rolls of the two cell
types. c) Unrolled NMC/graphite cell. d) Unrolled NCA/Sgtaphite cell.
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Table 2 lists the specifications for all cells used in this work, where destie
available. In eeh experiment throughout this work, the cells used will be indicated by the

cell name provided ithefirst row of Table2.
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Table2: Cell builds used in this work
Coated Uncoated NCA/SIiO-
CellName  [NMC442/AG NMC532A/NG NMC532BING NMC622A/NG  NMC622B/NG  SC NMC532/ING SC NMC532/AG ¢\ Mirar)  sCNMOR32/AG graphite
Manufacturer LIFUN LIFUN LiFUN LIFUN LIFUN LIFUN LiFUN LiFUN LiFUN SIE;'& .
Balance Voltage 47V 45V 45V 45V 45V 45V 45V 44V 44V 42V
Capacity to 4.2V | 160 mAh 260 mAh 260 mAh 245 mAh 245mAh 225 mAh 225 mAh 225 mAh 225 mAh 360 mAh
Positive Electrode Single crystal  Single crystal ~ Single crystal  Single crystal
Material NMC442 NMC532 NMC532 NMC622 NMC622 NMG532 NMC532 NMC532 NMC532 NCA
Coating None Al,O3 Proprietary Al,O3 Proprietary Propietary Proprietary Proprietary None
Pos. Elect.
conductive cB CcB cB cB CB+KS6 CB+KS6 CB+KS6 CB+KS6
additives
Pos. ElectBinder PVDF PVDF PVDF PVDF PVDF PVDF PVDF PVDF
Positive Electrode 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
Composition Ratio 02 :02: :02: :02: 2:2: 2:2: 2:2: 2:2:
g Separator PE PE PE PE PE PE PE PE
. e . . . . . - . Artificial e . Sio-
Negative Electrode| Atrtificial Natural graphite Natural graphit: Natural graphite Natural graphite Natural graphite Artificial graphite raphite Kaiin Artificial graphite raphite
Material graphite BTR18II BTRO18II BTRO18II BTRO18II BTR918Il  Kaijin AML400 93P IN" kaijin AML400 93P
AML400 blend
Negative Electrode CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR CB+CMC+SBR
conductive additive|
Ne%f%’ggﬁg:’de 95.4:1.3:1.1:2.2 95.4:1.3:1.1:2.; 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 95.4/1.3/2.2/1.0 95.4/1.3/2.2/1.1
POS'“"? Electrode Umicore Umicore Umicore Umicore Umicore N/A
Material Source
NegativeElectrode BTR BTR BTR BTR BTR Kaijin Kaijin Kaijin N/A

Material Source

CB = carbon blackKS-6 = artificial graphitePVDF = polyvinylidene fluoride, PE = polyethylene, CMC = carboxymetbilliose,
SBR = styrene butadiene rubber




3.2 [ELECTROLYTES
All electrolytesused in pouch celiwere made in an argediiled glovebox. Table

3 lists the supplier and purity of each chemical used in this w&&ch experiment will

refer to chemicals used in this table.

Table3: Electrolyte chemicals used in this work

Electrolyte Common name Company Purity Water content
Chemical (%) (ppm)
LiPFs lithium hexafluorophosphate BASF 99.9 <20
EC ethylene carbonate BASF 99.95 <10
EMC ethyl methyl carbonate BASF 99.92 <20
EC:EMC:DMC | blend of EC, EMC and dimethyl BASF or Capchem 99.92 <20
(25:5:70wt.) carbonate (DMC)
EC:EMC blend of EC and EMC BASF or Capchem 99.92 <20
(3:7 vol)
FEC fluoroethylene carbonate BASF 99.94 <20
TFEC bis(2,2,2trifluoroethyl) carbonate | HSC Corporation 990.8
MA methyl acetate BASF 99.99
VvC vinylene carbonate BASF 99.5 <100
TAP triallyl phosphate TCI America >94
TTSPi tris(trimethylsilyl)phosphite TCl America >95
TTSP tris(trimethylsilyl)phosphate TCI America >98
PES prop-1-enel,3-sultone Lianchuang Medicinal | 98.2
Chemistry Co., Ltd
PBF pyridineboron trifluoride 3M >97
DTD 1,3,2dioxathiolane2,2-dioxide Sigma Aldrich 98
DDB 2,5di-tertbutyl-1,4- Sigma Aldrich 98
dimethoxybenzene
DBDB 3,5-di-tertbutyl-1,4- Odom Lab, University | NA
dimethoxybenzene of Kentucky
DMB 2,5dimethyt1,4- Odom Lab, University | NA
dimethoxybenzene of Kentucky
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3.3 CELL FORMATION CYCLE

The formation cycle of a cell is the first cycle the caltlergoes after being filled
with electrolyte. Ideally mosbf the SEI is formed ding this cycle. This work used
different rates andpper cutoff voltages during formation. Therefore, each experiment
will specify the specifics of each formation pess. However, some information is
common to every formation protocol, and will be discussed below.

Before being filled with electrolytesells were cut opeand heated in a vacuum
oven for 14 hours at 8@ (NMC442/graphite) or 10C (all other cells) toamove residual
moisture. The cells were then transferred into an afijed glovebox without exposure
to air. In the glovebox, cells were filled with a predetermined amount of electrolyte with
an adjustable aidisplacement pipette. The volume of @lelyte used will be noted in
discussion okach experiment. Cells were sealed with a compacuvacealer (MSK
115A, MTI Corp.). NMC/graphite cells were seafed 4 seconds at 186 and-90 kPa.
NCA/SiO-graphite cells were sealed for 5 seconds7&C and-90 kPa All cells were
thenplaced in cell holdersandonnected to a Owettiahag st at
constant voltage of 1.5 V for 24 hours to ensure complete electrode wetting by the
electrolyte.

Cells were then connected to a Maccor @@e@ries cycler (Maccor Inc.). Three
formation protocols were used in this work, and will be referred to by Formation A, B, or
C. The upper cubff voltage (UCV) used in each protocol will be noted in the text where
applicableas it varied by experimenT he t erm O6degas6 bel ow ref e
the glowebox,cutting open the poudio release gasnd resealinghe cellusing the same

vacuum sealingonditionsas notedabove.
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The formatiorprotocols are:

A. NMC/graphite: Clamp cell between rubbspacers to displace gas formed during
formation. Charge to UCV at a C/20 rate in a #@.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@?2 in a 4Gt 0.1°C temperature
box (50% SOC). Store at OCV in a$60.1°C temperature box for 23 houMove
back to 4Gt 0.1°C and charge to 4.2 V at C/2 and hold for one hour. Discharge to
3.8 Vat C/2 and hold for one houdegas.

C. Heat flow during formation: Chargeat 2 mA (~C/100) at 40°@p to 3.5 V.

3.4 LONG-TERM CYCLING

One of the simplest ways testthe lifetime of a cell is to perform chargéscharge
cycling. By varying the temperature, UCV, and ratelifle¢éime of electrodematerials,
coatingssolvents, cesolvents, and additives can be tested ftedtbad. Typically, these
tests are done at moderate to high rates to accelerate degradation mecHanetoghe
desired rates, long testing timesd high throughputs of lortgrm cyding experiments,
the accuracy of measurementstypically not sufficient to compare chargadpoint
slippage or CE. Therefore, lottgrm cycling tests are typically used to track discharge
capacity, normalized capacity, agif over hundreds or thousands of cycles or hours

Cells were clamped between rubber blocks in cell holders plagedin 40.0
0.1°Cor 20.0 = 0.1°Gemperature boxes or a temperatcoatrolledroom at 20 + 1°C.

Cells were connected to Neware batteggters (Neware, Sheratn, China) and were
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cycled between specified lower and upper voltageoffstat various rates The rate,
temperature, and voltage limits of each testing profile will be specified in each experiment.
Longterm cycling tests wer dae using constardcurrentconstamvoltage
(CCCV) conditions during charge aradconstanturrent discharge. A CCCV charge
means the celk charged to the upper caff voltage at constant current. The cell is then
heldat the upper cudff (constamvoltage) until the currerdropsbelow aspecified value
(typically C/20). The constant voltage portion ensures that all cells reaobrauniform

state of chargeegardless of the constant current rate

3.5 ULTRA-HIGH PRECISION COULOMETRY

Ultra-high precison coulometry (UHPC) allows for accurate measurements of the
CE, chargesndpoint slippage, capacity fade, agd. The UHPC at Dalhousie has an
accuracy of 5 ppm in measurements of CE, which is necessary to extrapolate lifetime on
the order ofmany thousands afycles(seeSection1.6.7.4! The highprecision primarily
comes from the measurement of the supplied currdiie current is supplied from a
Keithley 2602B sourceneter (0.002% of full sale setpoint accuracy) and measured
externally by the voltage drop over a precision resistor as measured by a Kz00@2e{
The measurement accuracy of the current is 0.003% of full ¥talEor reference, the
accuracy of the Mammr 4000 ad Neware systems afe05% and 0.1%of full scale
respectivelyt’>1® Additional imgrovements in precision are due to the accuracy in voltage

measurements (< 0.2 mx& 1 mV and 2.5 mV for the Maccor and Neware systears)
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time between measurementd (s due to linear interpolatiors. 10 ms and 5s' for the
Maccor and Neware systepmgspectively.t’>176

UHPC measurements reported in this work were performed at 40.0°€ in
temperatureontrolledboxes. 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 voltagseet pointsor 16 cycles Specifics of eaclprotocol will be

noted for each experiment.

3.6 GASMEASUREMENTS

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 protoEsdsitu gas measurements
are a quick and useful way to téemine the overalgas productiorof anytest such as
formation or longterm cycling. When timedependent or voltaggependent effects on gas
generation are desired;situ methods are more usefuext section).In this work, all cell
volumes were measured before and after formation, calorimetry tests, and cydieg.
results are showwhen applicable

For exsitu gas measurementsells were suspended by a hook connected to a
precision balanceand submerged irNanoPue water (Barnstead NanoPure, Thermo
Scientific) with a resistivity of 18 M c¢cm and density 08.9982g cni® at 20°C. The density
of water changes approximately 0.0002 g3cper degree Celsius around 2097 The

volumes of pouch alls used in this study were ~2.5 mL, and changes in volumes were

I Multiple versions of Neware systems were used during this thesis
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considered significardver 0.1 mL. Therefore, a density of 1 gtwas used for convenience,
with negligible loss in accuracy.

Usi ng Ar c hi meatleoSndasspd ancdvolingvicsusperaded in a liquid
with density} would yield a masameasmeasured by the balance given by

a a v 8 31
When measured again after any givest, thedifference in mass before and after the test
yields

”

3a 3a 3L 8 3.2
Consideringhe mass of the sealed cell cannot change, and assardaity of 1 g cm
themagnitude of thehange in volume is equal to the chamgy mass of the cell

3 "0 8 33

3.6.2 In-situ gas measurements

In-situ gas measurementsan be made in tandem with electrochemical
measurements to observe time, rate, and vollagendent gas generatioRor example,
in-situ gas measurements can determine the onset voltage of gastimmodiwring the
formation cycle othe onset of gaproducing parasc reactionsduringhigh-voltagetests

Measurementsvere performedby usingthe apparatus and procedure described by
Aiken et al'’® Cellswere suspended in silicemacuum pump oil and the change in weight
was measured using sensitive | oad cell s
principle Cells were connected to a Neware cycler for electrochemical tests. The specifics

of each prtocol will be discussed for each experiment.
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3.7 [ELECTROCHEMICAL |MPEDANCE 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 mentionedSactionl.6.8parasitic reactions can form
reaction products which thicken the SEI layers, increasing cell impedawmichtionally,
mechanical damage to elemdles such as parteccracking otoss of electrical connection
and salt or electrolyte loss can contribute to the cell imped&ht®:1™®8 EIS
measurements are made by applying a small oscillpttential {) typically on the order
of millivolts to a cell and measuring tarrentresponse. The impedance of tied (Zcen)
is then given by

A simple schematic of an electredtectrolyte interface can be modelled
follows: aresistor Rs) and capacitor@) in parallel can be used to represent the electronic
resistage and electrochemical doubbeyercapacitancéormed by the SEI, and a resistor

(Rer) can be used to represent the ionic resistance of the electrdlyite circuitsectionis

shown inFigure3.2a. The equivalent impedancetbis system can be writtexs

35

Y — Q —— 3
pP 1T O0OY p 1 0Y
The positive real’'s. negative imaginary components of the impedasare be plotted to

compare EIS Ospectrad between cell s. Thi

Figure3.2b shows the Nyquist plot for the simple circuit section showrigure3.2a, in
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which the impedance components are typically multiplied by the electrode&rehigh
frequency intercept in this case is due to the ionic resistance of the electrolyte. The

diameter of the sentircle is equal to the chardensfer resistance (callérly) through

the SEI.
d R, b
Elecjcrode Electrolyte
Particle SE| I\NV\I
Rel

| |
/ | ¢ /
Re(Z) Qcm?

Figure3.2: a) A simple circuit component model @i electodeelectrolyte interface. b)
A Nyquist plot of the circuit section shown in ahen an AC response is measured, given
by Equation3.5. The signal frequency increases from right to left.

Figure3.2 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 sipes 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 litetatti%'%182 However,
these treatments are quite intensavel are out of the epe of this thesisTypically, the
Rct value of the diameter of the seniicle in the Nyquist plot is used to compare
impedance between cells, or before and after t€dtsnges irR¢ valueindicatethe total
increase in charge transfer resistance ugho both electrodes, SEI layers, and the
electrolyte. This work primarily usethe R¢value to make comparisons between cells.

EIS measurementsefore and after tesis this work were performed in a D0t

0.1°C temperature box. AC impedance speceeeveollected 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 VMB.

One experiment ilChapter Gused an automated EIS teaiune. Automated EIS
measurements were made using ahaaose frequency response analysis (FRA) system
described by Nelson et #f 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 chargeEvery 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 canope 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
Sectionl.6.3. Storage experiments were perfornaétercycling a cell twice betwan 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 hodrisnmediately transferred
to a 60C + 0.1°C temperature box connected to ipghcisionKeithley 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 houd®4drours.

3.9 ISOTHERMAL MICROCALORIMETRY
A significant amount of preliminary vk was done byDr. Laura (Downie)

McCallato establish isothermal microcalorimetry in the Dahn Lab at Dalhousie University

67



The experimental setup described below esisblishedl ur i ng Downi'®06s
Changeso the setup by Downie were only made to repair broken cables or to connect cells
to different charging systemsSection3.9.1will discuss the measurement of heat flow
using an isothermal microcalorimete®8edion 3.9.2will describe the experimental setup
used in this work.Section3.9.3will 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 Il
isothermal microcalorimeter (TA Instruments). The TAM Il used in this work Wwatv/é
microcalorimeters with 20 mL sample holders (ampoules). The TAM Il has an operational
temperature range of 16 to 150C with a temperature stability of 10K/24h and
precision of 10QuK.'83184 The temperature precision is achieved using a temperature
monitoring system with 32 platinum resistance thermometer sensors and a proprietary
heating and cooling systel#® The calorimeters monitor the heat flow to an accuracy of 1
HUW, have a sensitivity of 100 nW, and a maximum detectable heat flow of 5&F#¥.
The accuracy ofhe calorimeter is limited by the temperature stability of dhi€illed
thermal bath, and the precision is limited by the detection limit of the thermocouple

sensors.Figure3.3 shows an expanded view of one calorimeter chanrtee TAM lIl.
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Sample ampoule

Thermopiles Heat sink

Reference ampoule

Figure3.3: A labelled schematic of the interior of a TAM Il calorimeter. Figure adapted
from Referencd 84

The heat flow from theample ampoule can be expressed in terms of the rate of
heat exchange from the sampled the rate of heat accumulation in the sample. Given the
heat conductance of the samitg),(the temperature difference between the surroundings
and the sampleqfl), and the heat capacity of the samp®),the heat flow can be
expressed by

Qn . aY
Ny g 2l 36
Qo —° Qe

A potential difference\(s) is measured across the thermopitgch is proportinal
to its Seebeck coefficien§{) and the temperature difference between the sample and heat
sink. Assuming isothermal environmental conditioBguation3.6 can be written as

Qn . w # w
E

Qo - Y Y0b >
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Assuming the heat transfer due to the temperature differential is distributed
uniformly, a lumped thermal capacitance model can be. uskd thermal conductance of
the sample ampouls then given by the heat capacitance of the ampoule divided by the
time constant of the ampould)( Equatior8.7 becomes

Qn 4 p o s 1R 3.8
oo vt ©® T ~© T :

The constant 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 gearate heatto reachapproximately 63.2% of a target heat flow when a
known heat is applied. The time constants for the cakigrs in the TAM Il are
297+ 3's, or approximately five minuté&

To reduce unertainty in measurementtie TAM Il has a reference ampoule for
each calorimeter channel. The heapacity Seebeck coefficients, and time constants are
assumed to be equal between each sample and reference ampoule. The heat flow of the

sample includig a correction for the reference ampoule is given by

’QI”] A \ T,Q(b @ 8 3.9
Qo @ @ Q0 '

The last term in Equatia®9 is used to corre¢he measured heat flofer the time
regponse of the calorimeter. This vkadid not apply thigzime correction Therefore, lhe
heat flow measured by the calorimeter in this work is given by

Qh

2=t ¢ ; 3.10
o w w38

70



3.9.2 Experimental Setup

Figure3.4a shows a photo of the TAM Ill. Each channel is seen with a black cap
and a white cable. Each channel contairidter which lowers the ampoulato the
calorimeter. The lier assembly and labelled components are showigimre3.4b. The
lifter contains a series of thermal barriers ending with a rublr@rgXolimit heat transfer
through the air out of the calorimeter. One thermal barrier (@&guare3.4b) is made of
hightiron steel to act as a magnetic stop to allow for temperature equilibration when
lowering a room temperature sample into the calorimetsif. cells were allowed to
equilibrate for a minimum of 45 mirtes before lowering into the calorimetdihe spring
helps create firm contact between the ampoule and the bottom of the calorimeter.

Figure3.4c shows the cell and connections inside the ampoule as well as the spring
sealon the ampoule capThe ampoule contains the geMhich is connected to two pairs
(voltage and current for each electrodeB®fgauge duatwist cryogenic polyimide coated
phosphor bronze wires (LakeShore Cyrotronics Inc.). The wires have a thermaltisatyduc
of 48 W/ mA Knininize h@a0t@nsfir ot of the calorimetét. 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 if&Geal (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 stabilihe small gauge
wires were spliced onto CAD ethernetables outside of the lifter whi@ilowed for lifters to

be moved and connected easily.
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Sample ampoule
Ampoule cap/O-ring
Cell

Cell connections
Ampoule cap spring seal

Threaded cap
Rubber O-ring
Magnetic-stopper/thermal barrier
Thermal barriers
Spring

Sample ampoule

"moo®p
AETIo

Figure 3.4: a) The TAM Ill isothermal microcalorimet€ A Instruments)used in his
work. b) One of 12 lifters (one for each channel) with labelled components. ¢) Auglose
view of the cell connections inside the ampoule, and the ampoule components.

3.9.3 Baseline and Calibration

The TAM lll has an internal calibration setting in whichdily tuned heaters give
a known heat flow which is measured by the calorimeter. Howeweindependent
calibration was performetth removeany potential baseline offset due to a cell, wires, and
tape within the ampouleA dry pouch cell was cut open aadgrecision resistor (10.00
0.01Y, TE Connectivity, PartYyR1B10RCQ 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 equilibratingtthe magnetic stop for 45 minutes. Once in the caketer,
the cells required at least 24 hours to reach a stable bas&lin@.mWbaseline was then
set as the average heat flow over a staslehourwindow. Each channel was connected
to the Maccor 4000 cycling system aadcurrent of 15 mA was apetl 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 theat flowreached @ + 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®°@t 40
Experimental protocols varied by experiment #mel details of eactvill be discussed in
the applicablesection.

Downie found the reproducibility of heat flow measurements to be equivalent to
the celtto-cell variability in other electrochemical tests. Therefore, thaincertainty in
measurements limited by the small differencetdue tocell construction. This work used
machinemade pouch cells, so cad-cell variability was small.Ellis et al. found that the
standard deviatiom the capacity of cells similar tells used in this thesis was 1 mAh for
26 cells with an average capacity of 196 nt&h.The measurements of CE and charge
endpoint capacity slippage per cycle after 16 cycles at C/20 Gfii@iwlere found to be
0.99835+ 0.00002 and.A79 + 0.003 mAh cycl¥ 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 estimatdbownie found that thestandard deviatiofbetween
seeminglydenticalpouchcells cycled at 1 mA was approximate/uWw (1-2% of signal)
Approximately 2%s a good estimate of thuncertainty of a single pouch cell in this work
as the currentasedand magnitde ofthe measured heat flowereon the same orders of
magnitude. Most pair cells reported in this work show similar variability, so in most cases

data from one cetireshown to simplify comparisons.
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3.10 GENERAL NOTES ON UNCERTAINTY

This thesis does nateat data with any robust error analysis. Identical pair cells
were used for almost every experiment presented in this thesis. The dominating source of
uncertaintywasdue to the celto-cell variability in the manufacturing processich will
be seero be very small In some cases, the data frooth paircellsarepresented. The
uncertainty in these measurements can be approximated by the range between pair cell
data. In other cases the averaged data of pairarebhown and the reported untzgnty
is the range between pair cells.

Other sources of uncertainipclude mixing electrolyte solutions, filling and
degassing pouch cell®mperature fluctuations during testing, and power outages. When
mixing electrolytes, care was taken to engimemicals 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 seadliegfilling or degassing
The mass of cells before andaxfracuum sealing was measured for 10 cellsxasdfound
to bethe same withir8% 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
usedin this chapter were made by Dr. Halld some cells were made by the authit
calorimetry measurements and data proogssiere performed by the author of this thesis.
Dr. Hall authore” and ceauthored®® the two works cited in this chapter from which
densityfunctional theory (DFT) results are used.

As discussed iBectbn1.5.4 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. Althoughf&taiing reactiondrom
additives are desired, theyeparasitic reactionby definitionand 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 mayabaseful tool to probe
formation reactions. Results from the heat flow of formation can be compared to
theoretical values anattempt to understartie mechanisms and products present during
and afte!SEI formation.

Unlike the rest of this thesis,ithchapter does not contribute to the understanding
of theunwantedparasitic reactions which affect cell lifetime during operation. However,
this chapter demonstrates how isothermal microcalorineztnpbe used to develop and
understand the electro@dectrolyte 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 cell§l80 mAh balanced to 4.7 V) The @ntrol
electrolyte was EC:EMC (3:7 wt.) withdM LiPFe. The additives used in this study were
VC, FEC, PES, and PBF. Additives were included in the specified tyeggbentages in
each study (2%r 4%). Electrochemical tests were performed usingNsecor 4000
cycler. Formation protocol C was used for each experimenS@a®n3.3). 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 permissionPioys. Chem. Chem.
Phys, 18, 1138311390 (2016}8° Copyright 2017, the Royal Society of Chemistir.

Hall prepared the manuscript.

During thestart of &ormation cyclehe graphite negative electrode potential drops
rapidly below the reduction potential of electrolyte spec 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 curtiee at
beginning of chargea plateau can be seen retfull cell voltage when reduction occurs at
the negatie electrode. As the SEI growadabegins to become passivatitng rate of
reactionslows,and the graphite begins to intalate lithium, increasing the cell voltage.

Figure4.1 shows the measured voltageaotellwith the control electrolyten red
during the first ~10% of chargeBlue 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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negatve 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 consunredeactions

at the electrode$11% Therefore, it is assumed that EC reduction dominates the SEI

formation process here.
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Figure4.1: 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

reduwction 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 plate&igure4.1 (4
mW) is an order of magnitudagher than is measured with identical cells at the same rate
during nonformation cycleg0.1 mW)(seeFigure2.2). When the rate of reaction sled
and the cell begnchargingthe heat flow decagdto the previously observeevels of heat
flow during normal operationThe large, distinct features observedrigure4.1 were an

indication the isothermal microcalorimetry was a good tool to probe formation processes.
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Figure4.2a 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. Figure4.2b shows the heat flow during formation beneath eaitage curve.

In each case the heat flow and voltage measureroéptar cellsdiffered by only a few
percent, so only one of each pair cells are shdvigure4.2 shows that each additivedha

a unique heat flow profile, argbme additives mitigatithe EC reductiorplateausuch as

VC, FEC and PES, while PBiid not, indicated by the 2.8 V plateaus. The heat flow of
the control cell exhibéd small features at the beginning of charge. The exact reason for
these features isohknown 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 appearin the heat flow from cells containing additives since the

additives reducd almost immediately, at higher negative electrode poteritials EC.
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Figure 4.2: a) Measuredcell voltage and b) heat flowuring cell formationat 2 mA
(~C/100) from NMC442G cells thatcontainedeither the control electrolyte with no

additives (black, labelled EC to indicate EC reduction) or control electrolyte with additives
as labelled

Figure4.2 shows that the amount of charge requi@fbrm the SEI rangkfrom
5 mAh to 10 mAhfor eachadditive For example, 2% wt. V@iven atwo-electron
reduction process would consume abbii2 mAh of charge. However, this slightly
morethan the capacity used by VC formationHigure4.2. 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 simiar.
larger than expected charge capacity, and an increasing celyesditaing additive
reductioncould mean that other processes such as EC redaetibhthium intercalation
into graphitetake place alongside additive reductioA.smaller than expected capacity

would indicatehat allof the additive was not consumedridig formation. However, there
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was likely excess additivdissolved in electrolyt@utside of the jellyroll, so not all
additivemoleculesin the electrolytevereexpected to react at the graphite surface. GC
experiments would be a useful way to prokeess electrolyte after formation.

The electrochemicdkeatures in thevoltagecurvesin Figure4.2a can be viewed
more conveniently by plotting heat flow with the derivative of theacéy with respect to
voltage (differentiatapacity, odQ/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 flowHeat flow features are labelled by the pblesspecies being

reduced.
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Figure4.3: The heat flow and differential capacity of a) control electrolyte (EC reduction),
b) 2% VC, c) 2% FEC, 3% PBF, e) 4% PBF, and f) 2% PES.

As mentioned previously,FFC may react to produce VC and I5#°119! Density

functional theory (DFT) calculations have shown that radical anions formed by the
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reduction of VOmay initiatespontaneou¥C polymerization:®? The two electrochemical
features irFigure4.3b for VC were not consistent with the reported reaction schemes of a
one electromeductionfollowed by aspontaneous chemical stephe initial feature in VC
may be due to the larger water impurity in the VC used here (100vppb®-20 ppm).
The initial electrochemical feature for FECRigure4.3c occurredat alower cell voltaye
than VC, and the second two featuoesurredat approximately the samwltages The
matching cell voltageand dualpeaks in both dQ/dV and heat flow suggest the second and
third steps in FEC and VC may be similadowever, the final step in both V&nhd FEC
occuredat the same cell voltage as EC reduction, so it is possible that a small amount of
EC is reductiorwas present, and the owmdectron reduction scheme for VC is valifihe
SEI formation reactions of FEC and VC aregogat interest to thithium-ion field and
future work could investigate these reaction pathways using the methods outlined in this
chapter.

The heat flow and dQ/dV &ES hadne electrochemical feature possibly followed
by a small amount of EC reduction. The heat floi-BBowedone or two electrochemical
features at very similar cell voltages followed by a large amount of EC reduttiemext

sectiors will investigatehe formation reactions of PBihd PESn more detail

4.3 PYRIDINE BORON TRIFLUOR IDE

Figure4.2 showed that PBF exhileitla clear voltage plateau and a more consistent
heat flow than otheadditives The reduction of PBF was thus a good candidate to attempt
to combine theoretical studies and experimental results probing formamtions.

Although PBFdid not seem to passivate the negative electrB&#; has been found to
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decrease charge endpoaapacityslippage, increase CE, and lead to lower voltage fade
during high voltage storagé®'® Therefore, reactions which occur at the negative
electrode during formation may contribute to a positive electrode &ifl warrant
investigation

Hall et al.proposed a twstep electrochemical reaction for the reduction of PBF
shown in Equationd.1 and4.2.*®” A oneelectronreductionto form LiPBF is followed
by another onelectronreactionwith lithium andEC to formCsHsLiO2 and Lk(PBF).
Theabsence of gaseous produeiss supported by gas chromatograpB{Z) andin-situ

gas measurement¥’

N NTBF L+ e == (N—BFii 4.1
Ji§
2 MN-BRLi +2Q7 "0+ 2L+ 2e
u 4.2
0 — -
2 LiO)LO/\Jr LFB—N )\ N—BFiLi

The standard potentials of eagllectrochemicastep were calculated using DFT to
be 1.27 V and 3.92 Vs.Li/Li *, respectively®’ Assuming the positive electrode was at
~36 V at the beginning of charge the corresponding cell potetttiaitiate reduction
would be approximately 2V, in good agreement withigure4.2 (plateau at ~2.2 \V)The
secand step would then occur at an overpotential of 3.921\27 V = 2.65 V.Assuming
the first reaction step occurred henegative electrode potential, theat flow due to th
reactionoverpotentias for the tweelectron i = 2) reductionwould be giverby

- - . TIW CH w
: ¢l ! ——————
€ S

n 0 ¢cpU 78 4.3
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At the negative electrogei™ preferentiallyreacts at the surfas® there should be
approximately no entropic heat flow fronmetgraphite electrode. An approximation of the
level of heat flow from the entrapchanges in the positive electrode can be made assuming
a simple mean field lattice gas model. The enti@&@yan be expressads i ng St i r | i
approximation withthe numier of ways to arrange lithium atoms inN sitesusing the
ratio of lithiation & = n/ N) which starts ax = 1.0 for the fresh positive electrade

Y 0Qadiw p wlip 8 4.4

The heat flow due to changes in entropy from Equatidiis on the order 0f0.5 to-0.15
mW for the duration of the PBF reductiptateau and is given by’

, oW owmy QY . o
d O b am Q. p

4.5

The heat flow from the cell overpotenti@hot the reaction overpotentiai}
approximagly 1uW at the currents used here, which is within the uncertainty of the
calorimeter and three orders of magnitude less than measured heaftiditional heat
flow comes from the enthalpy of reactig¢gqH) of any chemical step involved the

reaction mthwaymultiplied by the rate of reaction. The heat flow due to reaction enthalpy

is then
‘030
n = 4.6
O ¢
whereF is the Faraday constaiglding a total heat flow durinfprmation of
. = = ‘030 QY. . ®
n o = G—11——8 4.7

g 0 & Q p
Hall et al. assumed the twatep reactioof PBFwas purely faradaic, ignoring any

chemical stepgpotentially involved with the secondstep (Equatio.2). Althoughlikely
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an oversimplification, théeat flow due to the electrochemicalerpotentiaktan be used
to make qualitative comparisons between the experimental and theorastidts. re
Figure4.4 shows the measured (black) and calculated vdhrasge)of the heat
flow during formation of 2% PBEnd 4% PBFexcluding the enthalpy of reactianolved
in the second step Thelength of thecalculated vale endsat the amount otapacity

available from PBF reduction assuming a constant rate of reg6t®bmAhfor 2% PBBH.

0 0.008 0.016 0.024

3.2
2.8
2.4

2

186

E|:,-e-|| {U}

3.2

Heat Flow (mWV)

2.8
24

2

0 . 18
0 0008 0016 0.024
Q (Ah)

Figure4.4. The measured heat flow of formation #r2% PBFand b) 4% PBRblad)
and calculated valuesri@ang@. The cell voltage is shown in blue.

The calculated heat flow iRigure4.4 appears to ban underestimatdue to the
exclusion of the reaction enthalpy for any chemical step resulting fronsetbend

reduction. However, the enthalpgf reactionterm was likely exothermic in this case, as
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the heat flow of formation decayed the reactiorate slowedindicated by an increase in
cell voltage) Further work could focus on determining any conuititms to reaction
enthalpy involvedn 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 theuncertaily in DFT calculationsand 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 specs 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 lepd/éwds
of 0.5 mW of additionalheat flow. Experiments omouch cells are consistetipwever,
the exact potential of the negative electrode is difficult to deternfioture studiesould
use graphite/l-metalreferencecoin cells(also called haitells) to measure the reduction
potential of PBF to compare with pouch cells and E&lculatedvalues.

The next section wibriefly look at a case whereany possible reactiamthalpies

of a chemical step after twadectrochemicasteps have been calculated

4.4 Prop-1-ENE-1,3-SULTONE

The heat flow of formation for 2% PES was showrkrigure4.1 andFigure4.2.
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 reducti@elf et al*®®
proposed a formation pathway for PES beginning with two consecutivelecteon steps

followed by a spontaneous chemical step. The two electrochemical steps yield an organo
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lithium compound LiPESwhich then may spntaneously react with EC, EMC, or PES.
The two electrochemical steps were given by

0,0 o, OLi

N2 \N\ 7

S+ Lit + e =—= .S 4.8
0] (0] :
) )

and

R
O\j THre ‘—LiO’S\oJ 49

The standard potentials of the two electrochenstgbs were 0.9 V and 4.3é.
Li/Li *, respectively. Similar tthe 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 obsedvvoltage plateau occurred at cell voltage of ~2.4
V, in good agreement with the calculatiomhe overpotential for the second step would
thenbe 4.3V 0.9V =3.4V.

Self et al.proposed 18 chemical pathways for the reaction ePES with EC,
EMC, or PES. Each reaction was found to be spontaneess< 0) and exothermicaH
< 0). The purpose of thistudy wa to develop a method to hedppportpossible pathways
of SEI formation Therefore, the specifics and likelihood of each reaction, and the
calculations are out of the scope of this the§ia. simplicity, the 18 pathways were split
into four group$ased osimilarities inthe magnitude of the reaction enthady reaction
products i) reactiors of LioPES with EC or EMC yielding lithium alkoxidésH = -0.046
eV, -0.051 eV,-0.185 eV,-0.195eV, 0.550 eV-0.63eV), ii) reactions of LAPES with
EMC which produce lithium semicarbonafesi =-1.68 eV,-1.857 eV-1.858 eV-1.976

eV), iii) reactions of LAPES with PESadH =-2.214 eV-2.221 eV-2.298 eV -2.333 eV,
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-2.357 eV,-2.55 eV), andiv) reactions of LIPES with EC which produce lithium
semicarbonateed = -3.63 eV,-3.67 eV) Figure4.5 shows theaveragecalculated heat

flow of reactiongroupsi) to iv) compared to the measured heat flosing Equatior.7.
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Figure4.5: Heat flow of formation for 2% PES. Experimental datashown in black and
calculated heat flow of reaction groups i) to iv) is shown in orange. Cell voltabeus
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
Lio.PES and EMgroup ii),and reactions of PES with PESgroup 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
i) and iii) vs i) and iv) may allow for slightly more conkdice in the comparison with
experimental results.

In the case of PES, isothermal microcalorimetry may be a useful tool to probe SEI
formation reactiong-situand norinvasively. Techniques which probe reaction products
such as GC and surface charagtion such as Xay photoeletron spectroscopy (XPS)

after formation are difficult to interpret due to air exposure, rinsing of the electrode surface,
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andsince exsituand postmortem studiesannot probe theeactionsn real time. The use
of isothemal 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 heatdflowg the formation
cycle of a lithiumion cell. Contributions to heat flow include the chemical overpotential
of eachelectrochemicaleductionstep, the enthalpghangeduringany chemicateactions
and the changes in entropy of the positive electrode. Heat flow was measured for a control
cell containing 1.2 M LiPFin 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 dafaltage plateaus and heat flow feges 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 faihe reaction oPBF were compared to DFT calculations
from the literatureof the standard potentials of a proposed reaction pathway. Results
underestimated the theoretical heat fldwut more work is needed to ensure the accuracy
of DFT measurementnd investigate the simplified second electrochemical step which
may include a chmaical step with reaction enthalpy

A comparison of the heat flow of PES with theoretical redubis the literature
was made for a proposed reaction pathway composed of two electrochemical steps
followed by a chemical step. Of 18 possible reactions,dategories of reactions were

deemed most likely based on ttmmparison of theoretical to experimertiaht flows.
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The methoddeveloped here motivatefurther work in the investigation of
electrolyte additive reaction pathwawysing isothermal microcalorietry. Combining
experimental data with calculations may be necessary to narrow down options when
multiple reaction pathways are feasibleothermal microcalorimetry was proven to be a

unique way oprobingelectrochemical reactions-situ.
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CHAPTER 5 CHARGE-DISCHARGE METHOD OF EXTRACTING

PARASITIC HEAT FLOW

5.1 MOTIVATION

As discussed ibection2.3, previous methods of extracting the parasitic heat flow
of lithium-ion cells have certain limitations. Methods developed by Krause wilaled
the reversibility of entropic heat flow tbtain the total parasitic energy over a voltage
window but cannot be used to measure parasitic heat flow as a continuous function of
voltage!®°15! Methods developed by Downé al.could obtain the parasitic heat flow as
a function of voltagé>*®**Ho we v er , Do wrequieedvery lomg ¢xpednaeisl
times and fitting of complicated heat flow profiles with linear or polynomial functions over
small voltage windowsThe work in thihapteuses ideas frorie works oboth Krausé
and Downiebs wor ks. dhapeerwas itondeelmd a methad tow o r k
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-dependent
fitting methods was very similar to the average betwibetotal charge and dischardpeat
flow at the lowestof four ratesused (1 mA, ~C/200%* Recalling Equatior2.13, the
entropic heat flowd proportional to theppliedcurrent and is thus reversible between
charge and dischargeTherefore the entropic heat flow as a function of voltage is
cancelled out when averagesusedby Krause'*® 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 flowBy using a small current, effeciom the celloverpotental near

chargedischarge endpoints (when the current switchesgalso avoided.Thus, charging
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and discharging a cell using a small curreant bean effective way to obtain the parasitic

heat flow.
5.2 METHOD
5.2.1 General Derivation
Using equation2.13 and substituting thdirection of current (positive for charge,
negative for dischargefhe average heat flow between charge and discharge as a function

of voltage yield

, @ s @ OY Oy ad 0 ,
1 T ¢ 0 @ ‘@ @ -
$& 1
or
n n Q-8 5.2

Equation5.2 shows that the average parasitic heat fasva function of voltage
between the charge and discharge of a cycle can be found by subtracting the heat flow due
to overmtential from the average of the total heat flowh i s éd hsacrhgper ge met |
allows for the measurement of the magnitude of the parasitic heaafiddoes 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 <cycl es as$ wofkg theeffectsaof thestimeé depemensenaf e 6
parasitic reactionrom cycle to cycledo not need to be accounted.fddowever, the
chargedischarge method presented here cannot differentiate between the parasitic heat
flow during charge and the parasitic heat flow during dischdugieg the single cycle at

one ratewhermasDowni ed6s f icoutdi ng met hods
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Low currents mat be used when using the chadigcharge method to maximize
the magnitude of parasitic heat flow compared to entropic and overpotential components,
and to minimize the effects of voltage drop or dse to overpotentiat current switch
points. In ths chapter 1 mA (~CA60 to C/20pwas used.Sincejust one fullcharge and
dischargecycle at a rate of C/200 would take 400 haorsomplete, only measurements
in specific voltage rangesould be probed. Typically, # high voltage range (> 4.0 V)
was of interest since most parasitic reactions occur above 4.0 V. When probing reactions
at the negative electrodmly, low voltagerangescould be used. Voltageangesn this
chapter ranged from 0.2 V to 0.7 V between endpointsg0meurs to 160 hoursper

cycle.

5.2.2 Overpotential Treatment

The cell voltagavasmeasured duringll calorimetrytests The cell overpotential
couldbe approximatetb reasonable accuracy using the voltage measurements throughout
the tests Equationl.8 showedhat b calculateanoverpotential thequilibrium voltage is
needed, and can be rewritten as

- W W S 5.3

Figureb.1la shows the measuredloceoltage vs. cumulativecapacity for a 1 mA
charge and discharge o480 mAhNMC442/AG cellin 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 fad&stion 1.6). Figure5.1b shows the measured cell
voltage vs SOC (treated here as the fractional charge or discharge capacity). The
overpotential in thishaptemwas treated as haiff the differencebetween the charge and

discharge voltage curves as a function of SO€Eigure 5.2 shows the calculated
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overpotentialind the overpotentideat flow(current multiplied by overpotentiabn the
left and right axes, respectivelirhe calculated overpotentiaéat flowfrom 3.9 V to 4.4

V at 1 mA was dund to be on the order of {8V on average.
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Figure5.1: a) Cell voltage during charge (solid line) and discharge (dashed line)dplotte
vs. cumulative capacityfor an NMC442/AG cell b) Cell voltagevs. SOC (fractional
capacity)
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Figure 5.2: Calculated overpotential (left axis) angerpotentialheat flow (right axis)

during charge (solitine) and discharge (dashed line) of the ceFigure5.1 assuming a
1 mA current.
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5.2.3 Parasitic Heat Flow and Consistency

Figure5.3 showsthe parasitic heat flodfvom theexample abovéom 3.9 V to 4.4
V at 1 mAin red. Theotal measuredharge and discharge heat floare showrassolid
and dashed blacknes, respectively. The overpotential heat flealculated abovés
shown in blue. Thearasitic heat flowzalculatedusing the chargdischarge méiod and
the above treatment of the overpotential ranged fropvZ%o 200uW. At the cycle end
points the calculated overpotentiaat flowapproached W as a resulbf the calculation
using the cell SOC. Althoughot a true representation of the h#atv near the cycle
endpoints,the contribution to overpotential was small enough to consider the SOC
treatment as a good approximation to the overpotential heat @iapter 6evelops the

treatment of overpotential furthethen larger currents than C/200 are used.
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Figure5.3: Parasitic heat flow (red) calculated as the average of the measured charge (solid
black) and discharge (dashed black) heat flow minus the heat ritow the calculated
overpotential (blue) during charge (solid) and discharge (dashed).

Figure5.4 demonstrates thgpical consistency between pair cells using the charge

discharge methodl'hree additive blends are showrFigure5.4in SGNMC532/AG cells
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cycled from 4.0 Vto 4.4 V at 1 mA. The data for epalr of cells were almost identical.
Figure5.4 shows that the charglischarge method is a consistent technique. Tdorere

slight differences iparasitic heat flovean be detected and correlated to cell performance.
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Figure5.4: Parasitt heat flow of pair cells (SGBIMC532/AG) cycled from 4.0 Vto 4.4V
at 1 mA foundusing the chargédischarge methodith three different additive blends (A,
B, and C) The data show excellent cédl-cell consistency.

The chargalischarge method can be used to probe the effect of different voltage
ranges on the magnitude pérasiticheat 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 system#&s mentioned previously, the differences
between charge and dischargarasitic heat flow cannot be differentiated using the
chargedischarge method, as only the average pacdsat flow can be obtaine@hapter
6 will introduce a method which approximately separates the components of enadrge
discharge parasitic heat flow by estimating the entropet flew using the charge
discharge method.
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Section5.3will demonstrate a study using the chadigcharge method to compare
the parasitic heat flow of cells witeC-free electrolytes with various additives to a
traditional ECcontaining electrolyte. Sectid4will discuss a study in which the charge
discharge method was used to support various other electrochemical testing nvb#rods
comparing the effect of artificigiraphiteand natual graphite negative electrode materials

and additive loadings on the parasitic heat flow.

5.3 Srtuby: THE EFFECT OF ADDITIVES IN EC-FREE ELECTROLYTES

The work in this section iadaptedvith permissiorfrom J. Electrochem. So&64
A567-A573 (2017), Copyright Journal of the Electrochemical Society, 2¥1Dr. Remi
Petibon assisted in the design of the experiment and provided the cells udedriretar
and UHPC experiments.The author performed all calorimetry measueets, data
processing, and preparation of the manuscript.
5.3.1 Motivation

Blends of EC, EMC, and DMC have been ubiquitous in the litimmfield due to
the passivating fil/forming features of EC, and the transport properties and low
temperature performanad EMC and DMC. However, a recent work by Petibon et al.
found that electrolytes containing only EMC as a solvent were found {oeoiarm EC
containing electrolytesiuring high voltage tests (> 4.4 V)1 By creating a simple
electrolyte cotainingonly EMC as a solvenand a small amount &fC as a passivating
additive cell gycle life andCEduring 4.4 V cycling was greatly improved over electrolytes
containing EC Co-additives were found to further improve aspectsyaie performance

and safety
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The study presented in this section aimed to investigate the effect ofdiighev
on the parasitic heat flow of E€@ntaining and E@ree electrolytesand to validate the
chargedischarge method with UHPC studie$he effect of other filsiorming additives
combined with VC in EMC was also studied.
5.3.2 Experimental

The cells usedhithis work were NMC442/AGThe EGcontaining electrolyte used
in this work was 1.0 M LiP§&in EC:EMC (3:7 wt.) with 2% wt. PES% wt. DTD, and
1% wt. TTSPi. The additive blend used is also known as PES211, and was discussed in
Section1.5.4 The ECfree electrolyte used in this work was 1.0 M LR EMC with
2% wt. VC. Ceadditives to the E@ree electrolyte were also studied and included TTSP,
PPF, and TAP added at 1% wZells were filled with 0.9 g of electrolytel he shorthand
names used throughout this work are shownhable4.

Table4: Electrolyte compositions (@ M LiPFe)

Name Solvent Additives (wt %)
Control EC.EMC (3:7 wt.) 2% PES 1% DTD 1% TTSP
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 Cells used for
calorimetry studies underwent four cycles from 2.8 V to 4.2 VOAC40 ensurea well
formed SEI prior to measuring the parasitic heat flo@ells were then cycled in the
calorimeter at 1 mA between 3.9 V and the following sequence of upper cut off voltages:
4.2V, 4.3V, twice to 4.4 V, twice to 4.5V, 4.6 V, and twice to .2 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 wemmonnected to the UHPC a@%4C ard cycled using a
O0barndé cycling protocol for 16 cycl es. Ce
then at 5 mA up to 4.5 V. Cells were then discharged at 5 mA from 4.5V to 4.3V and 15

mA from 4.3V to 2.8 V.

5.3.3 Results and Discussion

Figure5.5 shows the UHPC results of the banycle protocol, proposed by Xia et
al. to enhance the effects of highltage operation for screening electrolyte additi\és.
Figure5.5a shows the&CE results for each pair of cells. Th€ee electrolytes all had
higher CE than the control electrolyieincluding EMC:VCi even though the additive
combination PES21has been found to perform better than 2VC in-deGtaining
electrolytest1% Figure5.5b shavs the charge endpoinapacityslippage relative to the
end of the first charge. As discussedSiaction1.6.2 higher charge endpoitpacity
slippage indicates electrolyte oxidation at the positive electrode. THeeEE€lectrolytes
had lower charge endpoinapacityslippage than the control, suggestithgt EMC was
less reactive at the positive electrode at high voltag¢hairit madea better positive
electrode SEI than E€ontaining electrolytes. The capacity fadas also lower for EC
free electrolytes, shown ifrigure 5.5c, likely indicating less electrolyte reduction
consuming lithium at the negative electrode when BEN&Sused instead of EC. In each
case, EMC:VC was found to have therat performance of E@ee electrolytes. The
UHPC performance of E@ee 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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Figure5.5: UHPC results for the barn cycling protocol from 2.8 V to 4.&t\M0°C. a)
Coulombic efficiency, b) relative charge endpoint, andisharge capacity.

understandrends in heat flow compared to UHPC resuligure5.6a andFigure5.6b
show the calculated parasitic heat flow during cycles to 4.2 V and 4.3 V, respectively. The
difference inparasiticheat flow fran onecontrol cdl is shown in the bottom panef each

graph. Only one cell of each electrolyte type is shown for simplicRair cell parasitic



heat flow values were within 1% for almost all cells in all cy¢eesummary figure later

in the text demistrates the consistency between cells in this stuelgure5.6 shows that
EC-free electrolytes had higher parasitic heat flow tharohé&olup to 4.3V EMC:VC+
PPF had similar parasitic heat flowth® @ontrol. The obseved differences in performance
may have been due to the presencguitie protectiveSEI layes in thecontrol cell due to
the high loading additives.The difference plotsn Figure 5.6 show that the relative
performance of cadldid not change significantly from 4.2 V to 4.3 V. The difference in

scale should also be notbdtween cycles
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Figure5.6: Calculated parasitic heat flow during cycles between 3.9V and a) 4.2 V and b)
4.3V at 1 mA and 4&C. The bottom panels show the difference between each cell and
the control cell.

Figures 5.7a, b, ¢, andd show the parasitic heat floduring thetwo cycles to 4.4
V and two cycles to 4.5 V, respectivelill 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

4.3V for all cells, suggesting all electrolytes had limited stability akeoweell voltage of
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4.3 V (corresponding to a positive electrode potential of ~4.4 Ypwever, 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 tbaidation products from parasitic reactsin the

first cycle to 4.4 Vmight have created a passivating SEI on the positive electinds!

cells.
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Figure5.7: Calculated parasitic heat flow ding cycles between 3.9 V anad4 V, ¢)
4.5V, and d) 4.6Vat 1 mA and 40°C. The bottom panels show the difference between

each cell and the control cell.
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Figure5.7c andFigure5.7d show that bove 4.4 V ECGfree electrolytes had lower
parasitic hat flow than thecontrol. 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
SEl layers in theontrol cell were becoming less passivating or more ctalksreations
from the oxidation products may have been occurring. In all cycles above 4.3 V, EMC:VC
without ceadditives performed worse than with-additives.

Figure5.8a shows the parasitic heat flow for the cycle from 3.9 V &\W. The
same trend was observed as in cycles to 4.5 V: The parasitic heat flowcohtha cell
increased at low voltages and was higher thaffrE€ cells throughout the voltage range.
Figure5.8b shows the parasitic hedw 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 tug build
of SEI. Figure5.8b shows that E@ree electrolytes likely developed protect®EI layers
over the cycles to high voltage, whereas dbetrol cells had the same level of parasitic

heat flow as the beginning of the protocol from 3.9 Vto 4.1 V.
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Figure5.9 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 cellsis plotted, and the range between paitsaslshown by the error bars. The benefit
of EC-free electrolytes is seen clearhenthe ordering of cells changetliring the two
cycles to 4.4 V. Theontrol cell then exhibited much higher parasitic heat flow over the
4.5V and 4.6 V cycles. As found ngureb5.6 to Figure5.8, co-additives were beneficial
compared to EMC:VC at high voltage. However, there was radddive which stood

out compared to the others.
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Figure5.9: Average alculaed parasitic heat flowver each cycle between 3.9 V and the
labelled voltage limitd mA and 40°C.Each point represents the average of the pair cells

used. The control celldata showthe range between pair cells to demonstrate the
measurement uncertayn

Calorimetry experiments at high voltage agreed with UHPC results in this study.
The chargeadischarge method proved to be a consistent method to obtain the parasitic heat
flow as a function of volige, with little differencédetween pair cellsParadic heat flow
at low voltages in each cycle and comparisons between parasitic heat flow at the beginning
and end of the experiment yieldiinsight into the development of the SEI layers in each
electrolyte Obtaining parasitic heat flow asantinuoudunction 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 4.3bvwever, the parasitic heat
flow could not differentiate between-ealditives similar to UHPCresults

Figure5.10 shows EIS results taken after formation at a cell voltage of 3'Bné.

Rct (diameters of the senaircular spectra, se®ection3.7) were quite large for EMC:VC
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+ TAP compared to all other electrolytes. Otherwisefie€ electrolytes had smallegR
values compared to the control. The average/&tue between pair cells are shown in
Figure5.10b, where the error bars indicate the mbgtween pair cells. A passivating SEI
with low Rt is desired when designing cells for higite applications.Figure5.10c shows
the gas produced during formation (grey) and after calorimetry experimentsitedl)y

a eell would produce minimal gas during higbltage operation. Typical commercial cells
do not feature gas pouchée the cells used here, so generatedogaisinduce cell failure
Figure5.10b andFigure5.10c show that the cells with the lowess Bxhibited the largest
amount of gaproduction Althoughthe control cell had significantly more parasitic heat
flow at high voltage, the gas volume cdntrol cells was the lowest of all cells after
calorimetry experiments EMC:VC + PPFperhaps showed the bestmpromise of high
CE, low Ry, and moderate gas productionFigure 5.10d shows a photograph of the
separator from each electrolyte. H€e electrolytes contained lighteolored separators
than thecontrol, which had large, dark deposits stuck to the surface. The color of the
separatormight represent ajualitative comparison of the number of si@actions

occurring in cells.
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Figure5.10: a) EIS spectra for each cell aftazll formation b) Average R of pair cells
after formation c) Average gas volumes of pair cells after formation (grey) and after
calorimetry experiments (red). Error bars demonstrate the lztgeen pair cells. d)
Photograph of the separatmf each electrolytafter calorimeter experiments (same order
as in the legend from left to right).

5.3.4 Conclusions

EC-free electrolytes with simple additive blend&re shown tchave superior
performancebove 4.4 V compared to a w&hown high voltage additive blend in an EC
containing electrolyte. E@ee electrolytes produced more gas than thec&@aining
control electrolyte, but typically had lower impedandeesults from UHPC experiments
agreed wh the parasitic heat flow calculated using the chatigeharge method. The

chargedischarge method demonstrated the effect of upper cut off voltage on parasitic heat
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flow on both types of electrolyte, clearly demonstrating a higher degree of parasitic
reactions in E&ontaining cells after exposure above 4.4 V.

Future studies on E€ee electrolytes should focus on maintaining high CE and
low Rct while also reducing the amount of gas generated in parasitic reacfosisidy
after thework in this ctionauthored by Lin Ma et a{and coauthored by the author of
this thesis)focused oroptimizing the additive content in Eftee electrolytesandalso
used the chargdischarge method of obtaining parasitic heat f8WIn the study by Ma
et al. 3% wt. VC was found to be the optimal amount of VC in a 1.0 M HNC
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 propertie$reé EC
electrolytes and found the absence of EC yielded lower electrolyte condusfftitie
Therefore, only EMC as a solvent caegatively impacthe high-rate properties ofcells

containingeC-free electrolytes.

5.4 StuDpY: THE EFFECT OF ADDITIVE CONTENT AND GRAPHITE TYPESON PARASITIC
REACTIONS
The work in this section @daptedvith permisgon fromJ. Electrochem. Sot64,
A3545A3555 (2017),Copyright the Journal of the Electrochemical Society, 20The
study was a collaborative effort and combined data from different authioisitu gas
measurements were performed by Jenn Allenuadergraduate summer studera
supervised by the author of this thedis$HPC and longerm cycling results were obtained

from Dr. Jing Li. Alex Louli performeah-situ pressure measurements on cefdl.other
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measurements, data processiagd prepation of the manuscriptras 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 lithoancells. Improving
the stability & electrodeelectrolyte 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 isswé costand energy densitg to usamaterials
with intrinsically higher energy density such as natural graphite (NG) as a negative
electrode material instead of synthetgraphite, here called artificial graphite (AG). NG is
known to perform poorly in someelis, which has in the past been attributed to surface
exfoliation and cracking of particlé&49202.293pgrk et al. found spherical natural graphite
showed signs of particle swelling and cracking caused by mechanical strain during cycling,
which could le suppressed using a carbon coating prd€e&arbon coatings on natural
graphite ngative electrodes have been studied in the past to avoid exfoliation from
propylene carbonateontaining electrolytes, but these coatingght decrease the energy
density?%229% 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 af®*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 specif@pacity. The purpose of the presentgtwasto
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elucidate the differences in electrochemical performanc&®fand NG using non
destructive techniques, atherwiseidentical electrochemical systems.

Theternary electrolyte additive blend, PES211 ( 2%R#S 1% wt.DTD, 1% wt.
TTSPi) in 12 M LiPFs EC:EMC(3:7 wt.) was used in differefldading amount# provide
different levelsof SEl 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 -a®eth
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
3.0V 1to 4.2V and 4.3V at 20°C and 40°C, and showed better perfornmakdt¢PC
testing?®® However, UHPC antbng-term cyclingexperiments alone were not sufficient
to explain the differences in performance between AG daaélls.

This sectionre x pands on Li 6resultsafin-dity megsurementsdof n g
parasitic heat flow using isothermal microcalorimetry, as welhastu gas andn-situ
pressue measurements of pouch cellBhe chargadischarge method was usas 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 SIMC532/AG and SENMC532/NG. Sigle-crystal
NMC532has been found to have superior performatdagh voltagdo polycrystalline
NMC which is typically used in cell®® By using a psitive electrode which performs
well, differences in the performance of AG and NG negative electrode materials may be

more apparentDetails of the electrochemical performance of single crystal NMC532 can
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be found in Referenc206. The propéies of the AG and NG graphite materiaksed in
this work are summarized rable5.

Table5: Physical properties of AG and NG used in this study (provided by suppliers)

Type | D50 Tap Density Specific Press Reversible  First Cycle Prr Pt
(um) (g/cm3) Surface Density capacity Efficiency
Area (m’lg) (glem)  (MAh/g) (%)
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) 1.805) ~360 ~94 0.06 0.07

"Probability of random stacking
"Probablity of 3R (rhombohedral) stacking

The base electrolyte used in this work was 1.2 M kIPE:EMC (3:7 wt.). The
additive blend was a 100%, 50%, or 25% loading of PES211. Cells were filled 84th O.
mL of electrolyte. Shorthand cell names are used girout 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 irs@n
NMC532NG cell.

Cells for isothermal microcalorimetry exjpments were formed to 4.2 V using
formation protocol A.Cells were themplaced in the calorimetet 40°C and cycledour
times using a C/20 rate between 3.0 V and 4.2 V to ensure a well formed, stable SEI on the
negative electrodeCellswere then cydd three timeat 1 mAbetween 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@YV and different upper cdff 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.

110



UHPC cycling was performedaetweer3.0V and4.1V, 4.2 V,4.3V, and 4.4 Vat
C/20, D°Cfor 16 cycles.

Duringin-situgas 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
hoursat40°C to investigate diffeences in gas production between AG and NG.

Scanning electron itroscopy (SEM) waperformed with @&NanoScience Phenom
Pro G2 Desktop SEM Uncycled dry NMC532/AG and NMC532/NG pouch cells were
disassembled, and small pieces of the negative electrodescuteout and mounted on
doublesided carbon tape and stuck to the SEM sample stubs.

In-situstack pressure measurements were made in the apparatus ddsctibeli
et al. in Referenc&9. Pouch cells wre 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 (LEKEMEGA Engineering),
with capacities of 100 or 250 Ibs (445d 1112 N), connected to DP25BA (OMEGA
Engineeringptrain gauge panel meters. The load cells fastenedn the enclosure with
the pouch cell, separated by a force distributing plate. The measured force was converted
to Pa using the pouch cell arefa-6.0 cnf. Forin-situ measurements, the pouch cells were
connected to an-Bne Moli Energy Canada battery testing system at 40.0 *€0The
analog 010 V output of the strain gaugea n e | meter was connpected
allowing for simultaneous voltage and pressure measurements.

Long-term cycling was performed at a C/3 rate with a CCCV protocoDAT.4

Every 50 cycles a C{2cycle was performed to test lenate capacity retention.
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5.4.3 Results and Discussion
Figure5.11 shows SEM images of the AG and NG electrodes used in this work.
AG patrticles were much smaller than NG patrticles and were more asee and shape.

NG particles were more spherical, with larger pores between patrticles.

Figure5.11: SEM images of a,b) AG electrode surface c,d) NG electrode surface

Figure5.12 provides the summarized details of 16 UHBCles performed attC
at a C/20 rate from 3.0 Vto 4.1V, 4.2V, 4.3 V and 4.4Rfactional charge endpoint
capacity slippageer hourand fractional fade per hour asBown as th@alue at theend
of the 16" cycle, andcoulombic inefficiency (CIE = 1 CE) per hour is shown as the
linearly interpolated value at the #@ycle using results of the previous five cycles, plotted
as a function of upper cuiff voltage. Figures5.12a, ¢, ance show the fractional fade per
hour, fractional chargendpoint capacitglippage per hour, and coulombic inefficiency
per hour, respectively, for 1.0 AG (black), 0.5 AG (red) and 0.25 AG (orariggiires

5.12Db, d and f show the UHPQesultsfor 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 saragiy as AG cellgn the left and the @5
NG cells use the light bluegxis on the rightPoints show the average value between pair

cells and the error bars represent the range between pair cells.
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& 05AG |2 1.0NG 20
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/ o o
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Figure5.12: UHPC results oadditive blendoadings of 0.25, 0.5, and 1.0AG cells (left
column) andNG (right columni only 0.25 NG is represented on the rightys): a)
Fractional charge endpoint slippage per hour, b) fractional discharge capacity fade per
hour, and cCIE per hour cyclingbtween 3.0 Vand 4.1V, 4.2V, 4.3V, and 4.41\C/20

and ©°C. Points represent the value at th¥ tgcle (slippage and fade) and the projected
16" cycle value based on a linear fit of the last 5 cycles (CIE), plotted as a function of
upper cuoff voltage. Calculated CIE is shown as a dotted line and represents the sum of
the fractional slippage and fade results.
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Figures5.12a and b show 1.0 AG and 1.0 NG céldlelcomparable charge endpoint
capacity slippage, which mayggest the magnitude efectrolyte oxidatiomt the positive
electrode in these ceNgassimilar. Figure5.12c shows thathe capacity fade in NG cells
wasalways larger than in AG celgith the same additive loading able5 shows that the
surface area of NGvas larger than AG, which could suggest more surface reactions
occurredon NG due to a less protective SEI, leading to this higher fade, which would make
the comparison between these graphiteesygifficult. However, the surface area was
obtained using@runauer Emmeti Teller (BET) analysis ananay not be a good indication
of the electrobemically active surface areaPoresize distribution analysis was not
available at the time of the presenidy. A nitrogen molecule (used in the BET method)
is much smaller in size than electrolyte solvent and additive molecules usedrnrckils.

To be convinced the additive loadings were appropriate to coniiguee5.13 shows the
normalized differential capacity (dQ/dWk. voltage during cell formation for 0.25, 0.5,

and 1.0 AG and NG cells. In each case, the addifive ) and solventZ.8 Vi 3.0 V)
reduction peaksvere very similar between cells witthe same additivéoading which
suggests that regardless of the BET surface area, the electrochemically active surface area

between the graphite sampleaseffectivelythe same.
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Figure5.13: Differential capacity dQ/dV pitted againstell voltage for a) AG cells and b)
NG cells.

In Figure5.12, as the additive loadinggas decreased to 0.5, NG cells tealdo
have corresponding increase charge endpoint capacity slippagélowever, both AG
and NG had relatively little change in fade. When the additive loadivas further
decreased to 0.2%de more than doublad NG cells and stad about the same in AG
cells. At the same time, charge eautp capacity slippage increasslightly 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 uppeotiutoltage. At4.3V, 0.25 NG cells showed
a dramatt decrease in slippage and fathawever, not enough to ream competitive with
0.5 and 1.0 loading cells. This curidashaviar may be due to a large onset of reactions
over4.2 V, such as oxygen evolution from the NMC532 surface as recently reported by
Xiong et al?®” and by Jung et &lwhich could result in #hickened, more protectiv@El

layer. This is purely speculatidout is an interesting observation for future studies. Due
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to the slightly higher fade in NG cells and the larger effect ofedead 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 propertiesf the graphite types.

The typicaly low P-value (the probability of random stacking between layers of
graphite, or turbostratic misalignment) of natural grapfsieeTable5) may suggest that
there is less Apinningod bet we écal eafadigtienc e n t
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 theréingyezharge endpoint
capacity slippage in UHPC experiments. Low charge endpoint capacity slippage in 1.0
NG UHPC results could be explained by é&warasitic reactions at the surface of graphite
particles with a protective SEI, regardless of the possildgnal 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 @il 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 largealée of AG compared
to NG. Following these assumptigrige 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 redumn productsuch aslkoxides tahe positive electrode could have

increasedhe charge endpoint capacity slippage. The increase in charge endpoint capacity
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slippage for both the 0.25 AG and 0.25 NG cells indatabe insufficient amount of
additive inorder to fully passivate the graphite electrod@$e lack of passivation was
also observed ifigure5.13, where solvent reductiasccurredfor both 0.25 AG and 0.25
NG but not for other additive loadings

Isothermal microcalometry was then used to investigétew the parasitic heat
flow (calculated using thehargedischarge methoadpmpared with the results from UHPC
studies Low voltage cycles were performed when the graphite was in the-2tatge
stage2 voltage plateaycell voltage~3.6 Vto 3.9 V) andhigh-voltage cycles took place
during the stag® to stagel plateawcell voltage> 4.0 V. Measuring parasitic heat flow
during voltage plateaus decreased any effects of slight mismatches in entropic changes as
a functionof voltage during charge and discharge.

The extracted parasitic heat flows from three consecutive low voltage cycles (3.65
V to 3.85V) at 1 mA are shown ifigure5.14. This low potential range was selected to
try to minimizeeffects 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 psisitaadstill
be oxidized at 3.65 V. Results for pair cells are not shownwbtg nearly identical in
every case. A summarynage later in this workHgure 5.16) shows the differences
between pair cell results. 1.0 AG, 1.0 NG artsl 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 cellshadslightly higher parasitic heat flow. 0.25 AG cells showed slightly higher
parasitic heat flow throughothe 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 simiéarels ofparasiticheat flowbetween 1.0 AG and
1.0 NG suggeghe full additive loading was sufficient to provide an effective SEI on both
negative electrodeslhe0.25 AG cells shoedonly a small increase in parasitic heat flow

over 1.0 and 0.5 AG, while much higher paraditeat flow in 0.25 NG indicatealimuch

higher rate of parasitic reactions.
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Figureb5.14: Extracted parasitic heat flow of each cell and electrolyte type during 3 cycles
between 3.65 V and 3.85af 1mA and 8°C. Noise seen during the first aselcond cycles

were due to power interruptions. Numberghie top left ofeach 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.@nd 4.4 V (two cycles) are shownkigure5.15. 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 changeifsiantly from low
voltage results, suggesting that processes initiated at the negative electrode were being
probed. Thel.0 AG and 1.0 NG cells still showed equivalent parasitic heat flows, which
suggests the oxidized products from high voltage reactbthe 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 morgiadation 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@ when cells were exposed to high voltage. The 0.25 NG
cells were not plotted iRigure5.15 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 A@8lIs andare shown in a summary igure5.16.
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Figure5.15: Extracted parasitic heat flow for two cycles from 4.0 V to 4.3 V and 4® V
4.4 V at 0°C. Numbers in each panel correspond to the 1 mA cycle number in the
microcalorimetry protocol.

In Figure5.16, the heat flowwasintegrated over the entire voltage range for each
cell and averaged to give the mgaarasiticheat flow per cycle Figure5.16a shows the

summarized results including the 0.25 NG cells &ngure 5.16b shows the results
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excluding the 0.25 NG cells to compare the results clearly. fioiRigure5.16 indicate
the average between two pair cells and error bars show the range between paiheells.
parasitic heat flow 00.25NG cells continued tdeviatecompared tather cells from the
low voltage cycling, ineasing significantly at high voltage. While all AG cells and 1.0
NG cells decreased in parasitic heat flow during the second cytl8 Yband 4.4 Y0.25
NG increased, suggesting the passivating qualities of the SEI were not impr@uiegto
the incease in parasitic heat flow even at low voltages and the large devratothe
performance of 0.25 AG cells, these parasitic reactions/processesattributed to

originating at the negative electrode.
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Figure5.16: 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.

Figure5.17 shows than-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 voltageholds at 4.4 V and 4.5 VThe 1.0 AG and 1.0 NG cells sh@d no gas
evolution duringeithervoltagehold. The0.25 AG cells show no gas evolution at 4.4 V

and until approximately 30 and 50ursinto 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 agjih 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
negativeeledrodemust have moved to the positive and react there, generating at least some
of the gas. These results suggest that a full additive loadisgufficient to protect the
negative electrode from creating these spedieg.0.25 loading was insufficiettdt protect

NG from generating these species while AG cells did not produce gas until long after
exposure to 4.5 VIn-situ gas results agreed with microcalorimetry results, which showed
continually increasing parasitic reactions in ONK5 cells at highvoltage while all other

cells decreased in parasitic heat flow with time.

T T T

0 100 200
Time (h)

Figure5.17: In-situ volume measurements during 4.4 V and 4.5 V hatd$®°C for 100
hours each. a) The voltage vs time for a A® cell. b) cell volume change vs time,
normalizedto the bottom of discharge of the first cycle.

To investigate the effect of mechanical strain and particle swelling in NGioells,
situ stack pressure measurements were performed. Cells were placachinuah 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 @ .2 \Z/6 rate atOfC.

The method and apparatus are described in detail by LoulP®tTdie raw voltage and
pressurevs. time for one of each cell are shownHigure5.18a (1.0AG and 1.0 NG) and

in Figure5.18b (0.25 AG and 0.25 NG)Figure5.18c andFigure5.18d summarize the
pressure data by plotting the change in average pressure integrategtts/éne vs cycle
number and the change in pressure at top of charggcle number, respectivelyThe

1.0 AG cells showed minimal change in average pressure and top of charge pressure over
the course of over 1 month of cyclinghe0.25 AG cells shoed 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 contime@ianical strain and swelling

of graphite particles, as well as SEI growththEmethodwassensitive enough to measure

SEI growth the thickening of SEI layemmay also be the reason behind the slightly higher
pressure in 0.25 AG cells. The increasgressure abottom of charge suggestéae

expansion of NG and possibly the increase in SEI thickness was irreversible.
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Figure5.18: In-situ pressure measurements of a) 1.0 AG and 1.0 NG cells,oAG2nd
0.25 NG cellys timecycled from 3.0 V to 4.2 V at a rate of C/6 8f@. 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
elucidateall of the mechanisms behind the increases in preshigregsultsshown here
can be used to connect to the findings of both UldR@€calorimetry measurements.

To probe the mechanism responsible for the observed capacity loss in NG cells, 1.0
AG and 1.0 N& cells which underwent UHPC cycling to 4.2 V were tested using dv/dQ
analysist®*213 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 waispossible in calorimetry studies.
After UHPC cyclingJongterm cycling was performed kG 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, respectivebt 40C. Cellswere then cycled on the UHPC system once again
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for two cycles at C/20Figures 5.19a, b, and ¢ show the discharge capacity, normalized

di scharge

capacity,

a n d-tean\tycling. EBigue=l8shaws e | vy ,

that even with the full additive loading, 1.0 NG ceflad higher capacity fade and

impedare growth than 1.0 AG cellsThedV/dQ analysis results are shownTiable6.
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Figure5.19: Long term cycling results for NMC532/AG and NMC532/NG céitsn 3.0
V to 4.3V duringC/3 CCCV cycling at@°C. a) discharge capacity, b) fractional discharge
capacity, and)}c  aMO0. AG cells (black diamonds) and 1.0 Né&lls (blue circles)were
used for dV/dQ analysis.
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Table6: dVv/dQ fitting result§or AG and NG cells

Cell Cycle Normalized glre]i?tatlve Positive Negative  Positive Total Shift
number Capacity (MAh) Shift(mAh) Mass(g) Mass(g) (mAh)
1.00 -
AG 2 4.09997 0.25996 0.88 1.154 13.45
559 0.946 3.3 -13.39108  0.8863 1.158
2 1.00 -3.62 0.08 0.886 1.14
NG 587 0.866 1.8 2043404  0.894 113971 o033

Total Shift = (pos. at cycle 2) (pos. at end) + (neg. at eridfneg. at cycle 2)

Fits to the dV/dQ and dQ/dV data using the reference materials for AG cells, shown
in Figure 5.20a andFigure 5.20b, and NG shown irFigure 5.20c and Figure 5.20d,
demonstrate 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 relatve electrodeshift (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 cellstvdagno
to mass loss caused by particle expansion and damage, but due to lithium inventory loss at
the negative electrode, whiglasworse for the NG cells. The loss of lithium inventory
can be supported by the impedance growth seen in NG cells, likeddays thickening

SEI.
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Figure5.20: dVv/dQ fitting results of 1.0 AG cells before (a) and after 550 cycles (b), and
1.0 NG cells before (c) and after (836 cycles The positive electrode reference @sv

are shown in blue, negative reference in red, fitted results in green, and experimental results
in grey.

Figure 5.21a andFigure 5.21c demonstrate the fitted relative positions of the
positive and ngative electrode voltage curves of AG and NG cells, respectivetingl
the first full UHPC cycle. Figure5.21b andFigure5.21d show the resultsf post long
term cycling. The NG cells initially hadightly more negative electrode capacity than AG
cells andcontained a larger stagestagel voltage plateau. The NG cells may therefore
have spent a slightly longer amount of time in the-plase plateau during high voltage
cycling in early cycles. Its 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 itlid not.  Additionally, due to the large amount of relative electrebit
caused by lithium inventory losthe time spent in the stagestagel plateau was smaller

in NG than AG cells after cycling. Future work could investigate the effects of the amount
of time spent irspecific graphite stages in NG. Internal stragghtimpact the cell more

when grapheis inthe stagel phase.
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Figure5.21: dVv/dQ fitting of the first cycle of a).0AG and b)1.0NG 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 stagegraghite feature are shown as dotted lines.

Considering the resultsbtained from UHPC, microcalorimetrin-situ pressire
measurements-situ gas measurements, and dV/itQing, the proposed mechanism for
the observed performance of NG is showrFigure5.22. In Figure5.22a, 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 ortgrofduc

electrolyte oxidationfrom the positive electrode to form new SBit other reaction
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products, including ga3he mechanism vesupported by the large parasitic heat flow and
gas production of 0.25 NG cells, as well as the |lagtgive electrodshift lossfoundin
UHPCdV/dQ measurements. Over time the products of the continual SEI formation may
haveled to the increased impedancEigure5.22b proposes that a sufficiently thick SEI
such asn 1.0 NG could sustain the atn of expansion anslippressurface 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
suggestd that a sufftient SEI can help mitigate some unwanted performance

characteristics of NG cells.

a Formation b Cyclir}]

S

Reactionss

Figure5.22: The proposed mechanism responsible for the observed UHPC performance of
natural graphite. a) 0.25 NG cellstiva 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 whch is sufficient to withstand mechanical strain and does not expose
new areas of electrode.

The above data in this sectiarereall consistent with the model presented above.
However, when the same graphite types were used in cells with different pelstirede

materials, such as ADs-coated NMC622A and higholtage coated NMC622B, major
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differencescould be seen. In 622A cells undergoing letlegm cycling the two graphite
types behaved similarly or even oppositelyigures 5.23a, b, and ¢ show the lorigrm
cyclingof 622A/AG and 622A/NG anBigures5.23d, e, and f show data for 622B/AG and
622B/NG, all with the full loading.0PES211 electrolyte at 40, C/3 CCCV, 3.0to 4.2V.
Figure5.23shows that just by changing the positive electrode cqatragnatic differences
between the capacity retention and impedance growthllefweigh the different graphite
types were observed. The impedance growtir NMC622A cells withAG negative
electrodesvasworsecompared to that of the cells with NG negative electradesh was
completely opposite to the behaviombserved iNnNMC532 cells. Interestingly,
NMC622B/AG cells showdslightly worse impedarecgrowth than NMC622B/NG cal

but the capacity retention and fade ratere much better in NMC622B/AG cells than
NMCG622B/NG cells. However, the effect of 0.25 PES211 was not tested, which would
likely show much worse performance for cells with NGhe entire suite of experiments
presented in this paper for the NMC532 cells have not yet been applied to the NMC622
cells. The purpose Gigure5.23is to alert readers thaverythingin a Li-ion cell matters

and it is dangerous to create explanatory mofielene cell chemistry and apply them,
without verification, to other cell chemistries. Comparkigure 5.19 and Figure 5.23
strongly suggests that intetectrode interactions and electrode coatingyg plstrong role

in determining the response of the graphite electrode.
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Figure5.23. Long term cycling results for coated NMC622/AG and NMC622/NG cells
with 1.0 PES211 electrolyteycled at C/3 CCCV atGfC. a,d) discharge capacity, b,e)
fractionald schar ge c ap aRNQ632A cels ard shown in)the efivpanels
(a,b, and c) and NMCG622B 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 electrochemicalerformance of SGBIMC532/AG and SENMC532/NG cells
was studied using UHPC and-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 studyetleffect of the negative electrode material and the
impact of the SEI. When additive loading was decreaseélls containing AGhere was

little increase in parasitic heat flow, minimal impact on UHPC metrics, very little
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irreversible cell expansion m&ared byin-situ pressure measurements, no gas production
duringin-situ high voltageholds, and little relative electrodshift lossin dV/dQ tests. In
contrastNG cells showed similar electrochemigarformanceand parasitic heat flowo

AG when a ful additive loading was used, but very large amounts of parasitic heat flow,
poor electrochemical performance, gas production, and #niffdosswhen the additive
loading was decreased. Pressure measurements showed irreversible expansion in all NG
cells The results suggest thdG undergoes irreversible particle strain and expansion,
which does not increase the amount of parasitic readgfiarmotective SEI film is present,

as was the case MG cells with a full additive loading. When the additieadingwas
decreased, the SEI laywras insufficient to protect newly created surface area on the
expanding\G patrticles. Solvent and oxidation products from high voltage reactions at the
positive electrode then continually reddam the negative electde, forming an unstable
SEI, which causgthe observed high parasitic heat flow, chagépoint capacitglippage,
capacity fade and low CIE.

The chargealischarge method of determining the parasitic heat flow was able to
identify differences in the pasitic heat flow between cells with different types of graphite
negative electrode, but otherwise identical cell chemistriébe results allowed for
confidence in the proposed mechanisms for NG performen&&NMC532 cellsand
were consistent with athther measurements. Parasitic heat flow results confirmed that
crosstalk reactions wer@rominentin cells with small additive loadingsnce cellswith
the same positive electrode materia¢sl large differences parasitic heat flovat high

voltage
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5.5 CHAPTER CONCLUSIONS

The two studies presentéadthis chapteshowed that the chargischarge method
is an effectivavay to obtain the parasitic heat flow of a lithition cell during operation.
The parasitic heat flow as a continuous function ofag#twas useful when comparing
cells with similar parasitic heat flow and was consistent batvpair cells in both studies.
The chargalischarge methodntroduced in this chaptewas also used in studies to
investigate the performance of singigstal NMC532 compared to polycrystalline
NMC5322% and the optimization of additive content in fi@e electrolyte$®

The treatment of cell overpotentigded in this chaptevas only realistic when very
low rateswere usedsuch as C/200 (1 mA Experimenthprotocols took approximately
six weeks in thewo studiesin this chapter. Ideally, cells would take less tiimeest, so
higher rates may be usefuldditionally, 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 ge lamset of parasitic reactions
may form SEI products on the positive electrode, mitigating some reactions during
discharge.

The next chapter introduces further developments to the chacearge method
which aim to help shorten experiment times byrghmy 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 chargalischarge method of obtaining parasitic heat fiowoduced in the
previous chaptewas foundto be consistentoetween paircells and suppored existing
methods of probing cell performance such as UHPC, -terg cycling, and gas
measurements.

However, the difference in parasitic heat flow between charge and discharge could
not be obtained due tihe averaging of the entropic heat flanvthe chargalischarge
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 aseaction 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 ra8getion6.1 of this
chapterintroduces a way to approximate the entropic heat flow of a cell to find the
differences between the parasitic heat flow during charge and discharge. $eZtion
presents a study which the charge and discharge parasitic heasflesve 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 chapteahowedthatthe treatment of overpotential was
not realistic and required more attentibriarger currentswere to be usetb speed up
measurementsSection6.3 aims to improve upon the accuraayd speeaf the charge

discharge methodby calculating a more realistioverpotential for cells during
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measurementsSection6.4 presents the results of two studies which explore the effect of
methyl acetate (MA) in SGIMC532/AG and NCA/Si@graphite cells.The experiments
further motivate the need for a more robust technique to differentiate between different

reactions whichmay occur in cells.

6.1 CHARGE AND DISCHARGE PARASITIC HEAT FLOW

The chargeadischarge method was used to show that parasitic heat flow changes
with UCV, andalso between cycles in the same voltage window. In the previous chapter,
cells exhibited very higparasitic heat flow during the first cycle to a ne@V. During
the charge portion of a cycle to a new voltage rangeggitic reaction productsould
typically beginto create more passivatir®El layers,decreasing the parasitic heat flow
during the ext cycle butalso during the discharge portion of the initial cyclderefore,
the magnitude of thearasitic heaflows during charge and dischargethe initial high
voltage cycle werdikely different. During the next cycle to the same UCV the gitic
heatflows between charge and dischamgerelikely much more similar than the previous
cycledue to the initial buileup of SEI

If the parasitic heat flowf a cell isassumed to bexactlythe same between charge
and discharge, the entropic hélaw canbe foundusing the measured charggh)(and
discharge dis) heatflow. The measured hefibw during each portion of a cycle as a
function of voltage are givefusing a simplified version of Equati@il3) by

n N n n 6.1

and

134



wherer) is the entropic heat flow anfl is the overpotential heat flowf the
assumption is made that the parasitic hiégawvs are the same between charge and
discharge, and substituting the reversibility esftropic heat flow between charge and
dischargeEquations.1 and6.2 become
no N n n 6.3

and

n n n na8 6.4

The entropic heat flow can then be calculated for a cycle with identical charge and

discharge parasitic hetidow by

; Ao A A g 65
S 8

The second terran the right hand side Equation6.5 is effectively zerasincethe
overpotential heat flow during charge is almost identical to that of discharge using the
methods outlined isection5.2.2

Once the entropic heat flow is obtained for one cycle it may be used to calculate
the paragic heat flow during charge or discharge in any other cycle, since the entropic heat
flow should not change between cycl@he charge and discharge parasitic heat flows can
be expressed (using a simplified version of Equ&ai@B) as

n n n n 6.6
and
I T o8 6.7

Equations5.5, 6.6, and6.7 are onlytrueif the parasitic heat flow during charge is

exactly the same as during discharge as a function of valtagey the cgle in which the

entropic heat flow was calculated herefore, 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

Figure6.1a shows the measured heat flow during charge (solid lines) and discharge
(dashed lines) otwo cell types NMC532B/NG and NMC622B/NG with identical
electrolytes during a 1 mA cycle between 3.9 V ard\Afollowing a previous cycle to
4.4V (the details of the experiment will be discussed in the next sgcfidre reversible
nature of the entropic heat flow can be observdeddare6.1a, in which the parasitic heat
flow is approximately th average between theeasured¢harge and discharge heat flow
While likely not exactly the samehe parasitic heat flowould beassumed to be similar

between charge and dischasgece the cell had been cyclesl4.4V previously Equation

6.5 wasthenused to find the entropic heffdw during charge (1 ) and discharge
(n ) for each cell The calculated charge and discharge entropic flozes are

shown inFigure6.1b.
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Figure 6.1: a) Heat fow during charge (solid lines) and discharge (dashed lines)
NMC532B/NG (orange) and NMC622B/NG (blumlls duringa cyclebetween 3.9 V and
44V at 1 mA after a previous cycle to 4.4a¥40°C. b) The calculated entropic hefédw
during charge (solitines)and discharge (dashed lines).
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The sharp features at the beginning of the charge portion of the cyitpine6.1
were due to the initial change in current
behaviar in the entopic heat flow seen iRigure6.1b was likely due to the graphite stage
2 transition between twphase regionsFigure 6.2 shows the typical cell balance in the
cells used irFigure 6.1 (the cell shownn 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.
Cellsin Figure6.1 were balanced fot.5 V operation anttansitioned through the graphite
stage2 region around 3.9 V to 4.0 V. It is possible that a significant amount of shift loss
(see Sectiord..6.5 could cause entropy features to shift as a function ohgelbetween
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.
Figure6.1 also demonstratabe consistencygf 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-8tdgature, both
pairs of cells had thesame values of entropic heat flow, demonstrating excellent

consistency.
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Figure6.2: Voltagevs. capacity for an NMC532B/NG full cell (black), positive electrode
(blue), and negative electrode (red). Thehdal red lines show that the ph&sgraphite
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 Equation$.6 and6.7 and the entropic heat flow shownHkigure6.1b. Figure6.3
shows thecharge and discharge parasitic heat flmfvshe cells aboveluring the initial
cycle to 4.4 V(prior to the cycle shen in Figure6.1). The parasitic heat flow obtained
using the chargdischarge method would be the average of the solid and dashed lines for

each cell.
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Figure6.3: Charge (solidines) and discharge (dashed lines) parasitic heat flow during a
cycle between 3.9 V and 4.4atf 1 mAand 4°C prior to the cycle in which the entropic
heat flow was calculatedA pair of NMC532B/NG (orange) and NMC532B/NG (bl
shown

The parasiti heat flow during charge iRigure 6.3 was lower than the parasitic
heat flow during dischargen averagéor each cell. The parasitic heat flow during charge
increased sharply above 4.3 V for each aellil decreased smoothlyrthg discharge as
might intuitively be expectefthe cycleshownwas 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 loweltage in NMC622B/NG cells compared
to NMC532B/NG cells. The voltage region from 3.9 V to 4.0 \WFigure 6.3 was not
consistent between cells, likely an artifact of the stadeatures in entropic heat flow.
Otherwise, pair cd showed good consistency.

The method developed in this section wi

of calculating parasitic heat flowThe following section willdescribe a study which
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