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ABSTRACT

Strategies to improve Li-ion cells involve decreasing cost, increasing lifetime, increasing
energy density, and increasing safety. This thesis presents work from two studies aimed at
extending cell lifetime and improving Li-ion cell energy density. The first study analyzes
Li-ion cells throughout their lifetime to construct a timeline of performance, electrolyte
composition, and electrode changes. The matrix included LiNiosMno3Co020:
(NMC532)/graphite and LiNigsMno2C00202 (NMC622)/graphite pouch cells with
excellent performing electrolyte mixtures, both cycling and storage protocols at 40 °C and
55 °C with both 4.3 V and 4.4 V upper cutoff potentials. This study found that under
conservative conditions, minimal change to electrolyte and electrode compositions
occurred. Many cell metrics and electrolyte transformations, such as fraction of
transesterification, gas production, and transition metal dissolution, appeared to have a
constant rate of change in this 12-month observation period. In most cases, results from
cells after three to six months of testing could be used to reasonably estimate the status of

the cells (electrolyte composition, gas production, etc.) at 12 months.

The second work presented considers the cycling and performance effects due to higher
electrode loadings. The short and long-term cycling results showed capacity retention and
parasitic reactions comparable to regular loading cells. While cells were limited to low
charge and discharge rates, such work indicates increased stack energy density is
achievable via increasing electrode loading with minimal cycle life penalty. Impacts of the
work presented in this thesis shows, under some conditions, that minimal change to
electrolyte is observed in long-term aged cells and that high electrode loadings can increase

the stack energy density without penalty.
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CHAPTER 1 - INTRODUCTION

Motivation

Clean energy storage is vital to large-scale integration of renewable energy sources. As
countries and provinces commit to converting to renewable energy sources in the coming
years, energy storage must be employed to counter the variability of renewable sources to
meet consumer demands.! Lithium-ion batteries, while currently used in many portable
electronic devices, are also suited to complement the diverse, large-scale energy storage
needs of applications such as electric vehicles, home energy storage, grid energy storage,
peak-load shifting, and incorporation into microgrid systems.’> As the demand for this
technology continues to increase from countries, provinces, utilities, companies, and
individuals, so must production.® This will likely involve not one type of Li-ion chemistry,

but a suite of affordable, safe, and adaptable cells for various applications.

Globally, corporations are investing in the future of Li-ion technology and preparing for
increased demand. Companies, such as Tesla, BYD, Volvo, and GM are committed to
building fleets of electric vehicles, with rollouts scheduled within the next few years.
Meanwhile, new companies such as Apple and Rivian are entering the electric vehicle
market. Companies such as Tesla, Volkswagen, and GM are investing in large Li-ion
factories, capable of producing annually approximately 430+, 240 and 70 GWh of cells per
year, respectively.”® To reach these annual energy targets, Li-ion cells must be less

expensive and have higher energy densities.



Still, battery production is in the early stages of transforming our energy landscape. For Li-
ion batteries to continue to be incorporated on the global scale, their production and
implementation must be economically and realistically viable. Cells must be safe, less
expensive, have longer lifetimes, have higher density, and have higher charge rate
capabilities.!®!2 Strategies to decrease the effective cost of Li-ion cells include increasing
specific energy, increasing lifetime, and using less expensive materials. This document will
present two studies aimed at extending lifetime, improving performance, and increasing

cell energy density of Li-ion cells.

Overview of Li-ion Cells

Li-ion batteries are composed of individual electrochemical cells (shown in Figure 1-1)
that shuttle Li-ions between electrodes during charge and discharge. During charge, Li-
ions are transported to the negative electrode, and, during discharge, Li-ions are returned
to the positive electrode. The positive electrode materials typically consist of a lithium
transition metal oxide (LiMO2) which stores Li in its layered or spinel structure. The
general equation for the reaction at the positive electrode is shown in Equation 1-1. The
negative electrode typically consists of graphite (although Si is an emerging negative
electrode material) where Li from the positive electrode is intercalated between the sheets
of graphene during charge and remain stored until discharge (see Equation 1-2). In addition
to the positive and negative electrodes, Figure 1-1 also shows the current collectors for
both electrodes, the ionically conductive electrolyte, the electrically insulating separator,
and the electron and Li-ion pathways. A brief background about these components and

more will be discussed below.
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Figure 1-1 — Schematic of a Li-ion cell. Reproduced from Schultz et al."
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For Li-ion cells, is it desirable for positive electrode materials to be inexpensive, abundant,
safe, and non-toxic, and to have high specific and volumetric capacities. It is also desirable
for the materials to be stable at high potentials, high temperatures and during cycling.!*!>
In 1991, the first Li-ion cell was commercialized. This cell contained a LixCoO> (LCO)
positive electrode and carbon negative electrode.!* LCO has a layered structure with high
theoretical capacity (~270 mAh g') and high energy density, however, can experience

structural and thermal instability at increased temperatures, potentials, and charge rates. '
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Other layered oxide materials in Li-ion cells such as LixNiO; (LNO), also have similar
theoretical capacity (~270 mAh g1)!¢ but are less expensive and less toxic than LCO.!"
This layered structure, however, is thermally unstable, which limits safety,!” and can
undergo unwanted transformations, which result in Ni in the Li layer, or conversions to a
non-layered, spinel structure.'® Additionally, their oxygen evolution at high potentials can
accelerate cell degradation.!” A spinel material containing Mn, LiMn204 (LMO), is less
16

expensive, but has a lower theoretical capacity (~150 mAh g)'® as well as increased

capacity fade at higher temperatures and reactivity causing Mn dissolution.'*!

Other positive electrode materials use a mixture of these transition metals to achieve a
higher specific capacity, stability at higher potentials, and increased safety.
Li[Ni1sMn;13Co13]02 (NMCI111) positive electrodes can achieve a high theoretical
specific capacity (~280 mAh g') and energy density, have good cycle life, and can be
cycled to 4.6 V vs Li/Li*.!>!® Recently, sourcing concerns and the high cost of Co has
motivated the industry to minimize the relative amount of Co in positive electrode
materials.?’ This has led to materials such as Li[NiocMno2C002]02 (NMC622) and
Li[Nio.sMno.3C00.2]02 (NMC532) which show good cycling stability, increased safety, and
good capacity. More recently Li[NiosMno.1C0o.1]O2 (NMC811) and Co-free materials have
also been investigated for Li-ion cells.?*?* Additional positive electrode materials include
phosphate-based LiFePOs (LFP) which has a very low cost, ~170 mAh g theoretical
specific capacity, excellent safety and thermal stability.'*!® LFP has a low operating

potential and low density, which limits achievable energy density. ">

Positive electrode materials used in this study are primarily NMC532 and NMC622. Both

NMC materials have been studied extensively and shown, when combined with the right



electrolyte mixture, to yield Li-ion cells with long lifetime.?* These materials are combined
with small amounts (<5% total) of carbon black conductive material and binder to ensure

good conductivity and contact with Al current collector, respectively.

Negative Electrode

Desirable negative electrode properties for Li-ion cells include high capacity, low capacity
loss after the first cycle (low irreversible capacity), low volume expansion, low cost, and
low active surface area.'* Graphene-based materials such as natural graphite and
artificial(synthetic) graphite are common negative electrodes as they have high theoretical
capacity (~370 mAh g!) and offer low operating potentials to increase overall battery
voltage.?* During the first charge and discharge cycle, a passivating film is formed from on
the surface of the negative electrode called the solid electrolyte interphase (SEI). This
formation causes irreversible capacity loss proportional to the electrochemically accessible

specific surface area of the negative electrode.?

Other materials used for negative electrodes include silicon-based materials. There is much
motivation to incorporate Si materials for their high theoretical specific capacity (~3600
mAh g!),!'* almost ten times that of carbon materials. Si, however, stores Li via forming
an alloy, which incurs significant volume expansion (as much as 280%) during charge and
subsequent mechanical failure.?® Recently, SiO has been employed as a negative electrode
material for its lower specific capacity (~1700 mAh g!) yet higher mechanical stability
during cycling. Si-based materials could increase the energy density of the negative
electrode to enable cells with higher energy density.?® Like the positive electrode, negative

electrode active materials must be combined with small amounts (<5% total) of conductive
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carbon and binders to enable good electrical contact and adhesion onto the copper current

collector.

Surface Coatings

Electrode materials often benefit from a protective surface coating. Some published surface
coatings include Al,Os3, AlF;, TiO, and ZnO (Al,Os-doped).!>!¢ Coatings can be added
after electrode material synthesis via atomic layer deposition, sputtering, and wet chemistry
methods.!> While this adds a small amount of inactive material to the mass of the cell,
surface coatings can improve long-term cycling capacity, increase stability at high
potentials, minimize transition metal dissolution, and minimize reactivity with

electrolyte. !

Electrolyte

The electrolyte facilitates the transfer of Li-ions to and from the negative and positive
electrodes. It is desirable for the electrolyte mixture to have a high ionic conductivity, be
chemically stable in the operating potential window, be thermally stable, undergo minimal
parasitic reactions, and improve cell safety and/or cycling performance.?’”? Electrolyte
solvents for conventional Li-ions cells are typically liquid, carbonate-based compounds,
such as ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and diethyl carbonate
(DEC). These carbonates are safe and are mostly electrochemically and thermally stable
within the operating potentials and temperatures of the Li-ion cell.'**° A cyclic carbonate,

such as ethylene carbonate (EC), is typically added to the solvent blend to increase the



ionic conductivity and can contribute to electrode passivation.?’” The salt component,
typically lithium hexafluorophosphate (LiPFs), imparts ionic conductivity to the solution.
Depending on the mixture, salt and solvent concentrations are often adjusted to achieve

maximum conductivity (around 1.2 m salt).!43!:32

Changes to the electrolyte mixture are an especially cost-effective way to improve cell
performance. For example, small amounts (< 5%) of additives are often employed to
improve cell performance, extend lifetime, or improve safety.?® In recent studies, co-
solvents, such as methyl acetate (MA), have been incorporated to increase the ionic
conductivity to enable faster charge and/or discharge.>® The electrolyte is also responsible
for passivating the negative and positive electrodes with the SEI during the first few charge
and discharge cycles. This initial electrolyte reaction hinders further reactivity of

electrolyte at electrodes thus extending cell lifetime.

Degradation Mechanisms

Much of Li-ion cell research focuses on the failure mechanisms of cells to inform material
design and prescribe alternative chemistries/materials to prevent failure. Failure symptoms
may include capacity, energy, and/or rate capability decrease over time. Sources of Li-ion
cell degradation from active materials includes: SEI growth and decomposition, electrolyte
decomposition, electrode particle cracking or structural disordering, transition metal
dissolution, Li-plating, and/or graphite exfoliation.’*** Inactive materials can also
contribute to cell degradation via corrosion of current collectors, binder decomposition,

and/or loss of electrical contact.’”



Improving Li-ion Cells

Considering the thousands of gigawatt hours of Li-ion cells projected to be produced each
year, even small improvements to Li-ion cells can translate to better cells, lower costs, and
more sustainable production. Such improvements could include using less expensive
materials/reducing cost, increasing specific or volumetric energy density, improving
lifetime, increasing rate capability, and improving safety.!®'? In this work, results
presented will include a long-term aged Li-ion cells study and a study of electrodes with
increased energy density. To provide additional context, Chapter 2 will provide a brief
introduction to Li-ion electrolyte degradation reactions as well as a literature review of
recent, relevant advances in Li-ion battery electrolyte and electrode reactions. Chapter 3
will provide a description of the methods used in this work. Chapter 4 will present the
results from the study of long-term aged Li-ion cells study with accompanying discussion.
Chapter 5 will present results from a study of cells with increased electrode loading and
increased energy density. Finally, Chapter 7 will summarize this work before describing

future work related to this study and beyond.



CHAPTER 2 - BACKGROUND

This chapter provides additional background on electrolyte reactions in Li-ion cells. First,
common electrolyte components will be introduced, then a brief overview of reduction and
oxidation reactions that occur in Li-ions cells will be presented. Reactions involving
electrolyte salt and solid electrolyte interphase (SEI) will also be introduced. Finally, to
complement the studies presented in this document, a review of recent, relevant work will
be discussed. This includes recent findings involving chemical oxidation, electrolyte

polymerization, and reactivity with the positive electrode.

Electrolyte Components

As introduced in Chapter 1, Li-ion electrolytes typically are composed of a salt dissolved
in an organic, carbonate solvent. Common solvents and salts, along with their structures,
are presented in Table 2 1. The solvent may be ~25-30% w/w ethylene carbonate (EC), to
increase the overall conductivity of the solvent blend. The remaining portion of the solvent
blend may be primarily dimethyl carbonate (DMC) or ethyl methyl carbonate (EMC),
which are stable in the operating potential window of Li-ion electrodes that have been
passivated. The primary salt used in Li-ion batteries is LiPFs. This salt has good thermal
and chemical stability, low impurities,'* high conductivity in carbonate solvents, and
minimal reactivity with the Al current collector.?’ Other salts may be included as an
additive in small amounts such as lithium difluorphosphate, LiPO>F>. Other additives
common in electrolyte mixtures include vinylene carbonate (VC), fluoroethylene carbonate

(FEC), and ethylene sulfate (DTD). VC has previously been shown to aid in negative



Table 2-1 — Common electrolyte components and reaction products listed with
structure, abbreviation, and notes associated, when appropriate.

Structure Name (Abbreviation) Notes Reference
Solvents
O Low viscosity, good
- )L on Cafggg;g‘%hl\y/llc) thermal stability 1430
3\o o/ 2 window
(0]
Dimethyl carbonate . . 30
CHi_ )L __cH, (DMC) Low viscosity
(0) (0)
(0] . o
Diethyl carbonate .ngher b0111nlg. 30
C,Hs C,Hs (DEC) pomt/Low;r melting
? \O O/ point
0
o% Ethylene carbonate ~ Higher dielectric 1430
\\/O (EC) constant/conductivity
Salts
F ©
Lithium .
F F
L >1|>< hexafluorophosphate Most common/ High 14
F | F (LiPF) thermal stability
F
O| . Lithium Improves
@ b difluorophosphate lifetime/low 14,36,37
LN ® (LiPO,F,) solubility
Additives
0
o% Vinylene carbonate Preferentially 33

0 (VO) passivates electrodes
.y,
0
O//< Fluoroethylene Improves cycling N

performance/

carbonate (FEC) passivates electrodes

Improves cycling,
decreases cell
impedance

Ethylene sulphate
(DTD)

40
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Pertinent Electrolyte Reaction Products
(not provided in reaction mechanisms)

[0}

e . .
o )J\ 0 0o, @ Lithium ethyl 4l
L2 & NN dicarbonate (LEDC)

O

Formaldehyde 42

Lithium ethylene
mono-carbonate

e) OH
@9 o > (LEMC)

(0]

41

Lithium methyl 41
NS 8 o pd carbonate (LMC)
1

electrode passivation via polymerization. FEC has been shown to extend cycle lifetime via
improving the SEI and minimizing secondary electrolyte reactions.”® DTD also extends

lifetime and decreases gas production potentially by improving the negative electrode

SEI.4O,43415

SEI

The passivating SEI layer is an important feature of the Li-ion cell. Though some of the
electrolyte and/or additives are consumed during initial SEI formation, the negative and
positive electrode SEIs can hinder further electrolyte reactions while still conducting Li-
ions from electrolyte into the active electrode particles. Many details of the negative
electrode SEI are still unknown; however, it is expected that the layer contains lithium
carbonate (Li2CO3), LiF, Li;O, and Li-carbonates.*® Some work has shown the layer
becomes more inorganic with time.*” SEI formation is the first of many reactions and

secondary reactions that may change within the cell. If the SEI layer does not adequately
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passivate the particles, continued electrolyte reactions could occur at particle surfaces.
Alternatively, if the SEI layer increases cell resistance, this may hinder short and long-term
cell performance. Film forming additives (such as VC) can form a more stable negative
electrode SEI (presumably due to oligo(VC)) and improve cell lifetime.*® Other work has
identified some additives which may benefit the positive electrode SEI. For example,
findings from Wu et al. (2018) indicates DTD can contribute to the positive electrode
electrolyte interphase layer,*® which could limit oxidation and potential gas production at

the positive electrode surface.

Electrolyte Reactions Overview

Previous studies of Li-ion electrolyte have identified reduction pathways at the negative
electrode which produce Li-carbonates, Li-alkoxides, CO., alkenes, and polymeric
species’’ while oxidation pathways at the positive to produce CO, and CO have been
proposed.*’ Some of these products can undergo secondary reactions and can even migrate
to the opposite electrode to react further. The electrolyte solvent and salt have been shown
to be sensitive to elevated temperatures and contaminants to produce polymeric species
such as oligomers and oligo carbonates.’® Additionally, some electrolyte components (such
as EC) are prone to dimerization and polymerization, generating large, bulky molecules

which can increase viscosity and therefore inhibit Li-ion transport.>!

Electrolyte Reduction
Figure 2-1 and Figure 2-2 show examples of various reduction pathways of electrolyte

species that have been proposed to occur at the negative electrode. These include the single
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electron reduction of linear carbonates (Figure 2-1) ultimately forming Li-alkoxides, Li
alkyl carbonates, CO, and/or esters.’>>* Cyclic carbonates will show preferential reduction
versus linear carbonates, making them effective in SEI formation and preventing linear
carbonate reaction. Figure 2-2 shows the reduction pathways for EC, a common cyclic
carbonate in Li-ion cell, which can produce lithium ethyl dicarbonate (LEDC), CoH4, CO,
and/or dilithium ethylene glycol.’>>* Other reduction species that may be present include
the reduction products of additives. Some of these reduction reactions are summarized in
Figure 2-3 and Figure 2-4. The reaction mechanisms include the double electron reduction
of FEC producing fluoroethylene and Li>CO3 and/or LiF, CO,, and a vinoxyl-radical >’

Another example is the double electron reduction of DTD to ultimately produce Li2SOs,

C2Ha, and/or C4HsO(OSO,Li),.%8

(0]
® O _ R, )L + R
+7 o W

O
(0]
Rl\ /RZ
© © ® O . R
CIC)

Figure 2-1 — Examples of reduction pathways for linear carbonate electrolytes
proposed by Onuki et al. and Yoshida et al.’>>*
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Figure 2-2 — Example of reduction pathways for cyclic carbonate, EC proposed by
Onuki et al.>

O

+L1 +e +L1 +e -
o \/\ /\F + Li,CO;4
0

Froo®L O/\' +LiF + CO,

Figure 2-3 — Possible reduction pathways of FEC measured on Si or Si-C negative
electrodes.”’
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Figure 2-4 — Proposed reduction mechanism for DTD by Hall et al.>®
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Electrolyte Oxidation
Figure 2-5 and Figure 2-6 show examples of electrolyte oxidation reactions. Figure 2-5
shows proposed oxidation pathways for EC which include the formation of CO, and an

aldehyde radical®

or the polymerization of multiple EC species, forming polyethylene
carbonate.>%° The ladder product may be the more probable of the two mechanisms
involving loss of electrons and has been identified on positive electrodes.®® Still, emerging
research from Jung et al. has shown that electrolyte oxidation at NMC positive electrodes
is likely due to chemical oxidation versus electrochemical oxidation at typical operating
potentials (below 5.0 V vs Li/Li").**! It was shown via online electrochemical mass
spectrometry (OEMS), that EC oxidation products were preceded by oxygen release from
the positive electrode and the rate of EC oxidation was dependent on the active surface
area of the material. Figure 2-6 shows the proposed reaction involving Oz and EC to
produce H>0, CO, and CO. Furthermore, Jung et al. justify the discrepancies of previously
reported electrolyte oxidation potentials; as these discrepancies are now presumed to have

originated from the positive electrodes oxygen release.*%!

S +C0O,
O ¥
[/ K
0= N\
A
8] Y
s ! 0 \
— { || \
oxidative “w‘ ,/J'\\ - || 3
pelyvmenzation ';x“[:l'/ 0~ \H\ﬁ-’}}'x

)
\'\ / 11

Figure 2-5 — Proposed oxidation reaction for EC, via loss of electron(s) from Xing et
al. and polymerization reaction from Yang et al.>%
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2 CO, +CO

Figure 2-6 — Recent proposed mechanism for EC oxidation via reactive Oz by Jung et
a].49:61

Work by Jung et al. has prompted additional investigation of electrolyte reactivity with
lattice oxygen. This includes work from Rinkel et al. in 2020, who reported electrolyte
reactivity at the positive electrode measured via 'H and '°F — nuclear magnetic resonance
(NMR) spectroscopy. Figure 2-7 shows the proposed reaction mechanism of Oz and linear
carbonate to form products such as lithium alkyl carbonates (cited as reaction
intermediate), formic acid (RO2H), H,0, and CO,.** Rinkel et al. also suggest that some of
these reaction products (CO; and formic acid) can transfer to the negative electrode, where

they can reduce to form formaldehyde and Li,O.*

O @)
. )L . 10,010 e@
— s
ING o2 —H® 12 ®0 /Rz
(0] O Li O O +0,+H

@
—-Li CO, +H,0 + RZO?H@)
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Figure 2-7 — Oxidation of linear carbonate via Oz as proposed by Rinkel et al.*?
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Polymerization

Previous studies investigating the composition of the SEI have suggested that EC, VC, and
FEC undergo polymerization reactions to help form a stable, passivating SEI.?%62
Mechanisms for these polymerization reactions have included initiation steps such as
cationic ring opening, reduction, and oxidation of EC and VC. It has been suggested that
EC can polymerize to polyethylene carbonate (Figure 2-5)%° and that VC can polymerize
to poly(VC).%*%* FEC’s reduction product, fluoroethylene, (Figure 2-3) has also been
proposed to undergo polymerization on Si electrode surfaces to form polyvinyl fluoride
and even polyene.?”>” Alternate mechanisms for possible FEC polymerization include the
formation of LiF and VC, which then can polymerize,%? and the more complex formation
of a cross-linked polymer observed on Si-C negative electrodes.’® Recent studies involving

cyclic carbonate polymerization/oligomerization mechanisms will be discussed further

below.

Salt Reactivity

Equations 2-1, 2-2, and 2-3 show an example of proposed salt reactions that may be present
in Li-ion cells. LiPFg, though mostly stable, can breakdown into LiF and PFs, especially at
high temperatures (see Equation 2-1).9% Additionally, if excess water is present in
solution LiPF¢ can react to form LiPO2F> and hydrogen fluoride (HF) (see Equation 2-2).%
The PO:F, anion is expected to improve cell performance, however, HF in Li-ion cells
may be responsible for some transition metal dissolution at the positive electrode and/or
reduction products at the negative electrode (H» and LiF) (see Equation 2-3).’

Furthermore, it is possible that LiPF¢ can be removed from the electrolyte solution by
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reacting with lithium carbonate (Li2CO3) in the SEI to form LiF, CO», and LiPO,F; or via

the acid catalyzed reaction to form LiF, CO2 and POF5.5%7°

LiPFg — LiF + PF5 (2-1)

LiPFg+ 2 H,0 —» LiPO,F, + 4 HF (2-2)
+Lit+e” 1

F — LiF + EHZ (2-3)

Crosstalk

Recent work has suggested that the electrolyte reaction products are not limited to a single
electrode. Instead, reaction products can migrate to the opposite electrode and react further.
In 2017, this crosstalk mechanism was investigated by Xiong et al., who compared
electrodes, electrolyte, and gas production from pouch bags containing both separated,
charged electrodes and full NMC532 cells to identify isolated and/or full cell reactions.
The results indicated that oxidation products from the positive electrode, including CO»,
could migrate to the negative electrode where they are reduced and can contribute to SEI

formation and Hx gas production.’!"?

Following this, additional work investigating crosstalk species identified the dissolution of
Mn at the positive electrode and migration of Mn to the negative electrode. Here, it
dominated the SEI composition, decreasing Li,0 and LiF content. The presence of Mn on
the negative electrode was found to hinder SEI passivating properties, and instead allowed

for electrolyte to be reduced at the negative electrode, in turn, contributing to cell
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degradation.®*”® These crosstalk reactions highlight the complex, dynamic nature of Li-ion

cells.

Recent Electrolyte Studies

Many papers, reviews, and proposed mechanisms in the Li-ion research field include
LEDC (see Figure 2-2) as a major SEI component with high Li-ion and low electron
conductivity.?®**! However, recent work by Wang et al. from the US Army Research
Laboratory challenges LEDC’s presence and suggests, rather, that lithium ethylene mono-
carbonate (LEMC) is the major SEI component.*! If LEMC is present rather than LEDC,
it contradicts findings from major research labs, including previous reports from the US
Army Research Laboratory. Wang et al. cite that the previous methods to synthesize LEDC
synthesized LEMC and subsequently, characterization and chemical analysis for LEDC
was LEMC. As SEI components, characteristics such as conductivity of Li-ions and
chemical reactivity are important to the function and longevity of the SEI. After
redesigning LEDC and LEMC synthesis, Wang et al. found that LEDC and lithium methyl

carbonate (LMC) have low conductivities compared to LEMC.*!

LEDC synthesis for standard analysis was previously performed in an ethereal solvent by
reacting lithiation agents with ethylene glycol to produce di-lithium ethylene glycol.” This
intermediate was then expected to react with CO2 to produce LEDC. However, it was
discovered that this intermediate was mostly insoluble in ethereal solvents, essentially
limiting the reaction of di-lithium ethylene glycol with CO». Instead, Wang et al. suggest

that the small amount of soluble intermediate and CO; undergo carbonate formation to
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produce LEMC. Alternative and improved syntheses for both LEDC and LEMC were

needed to confirm the identity of either product.

LEDC was instead synthesized in dimethyl sulfoxide (DMSO) solvent via deprotonation
of LEMC and subsequent reaction with excess CO,.*' This was shown via Fourier-
transformed infra-red spectroscopy (FTIR), NMR, and elemental analysis to have formed
LEDC-2DMSO. Under sonication with anhydrous tetrahydrofuran (THF), amorphous
LEDC was formed and confirmed via X-ray diffraction (XRD) and NMR. It was found
that this product is quite reactive. Equilibria studies in this report found LEDC to react

readily with protons to form LEMC and to react with DMC to form LMC.

LEMC was synthesized via lithiation/deprotonation of ethylene glycol with n-butyllithium
followed by reaction with excess CO2.*! LMC was synthesized by the same reaction with
methanol instead of ethylene glycol. Both products were insoluble from the reaction
solution, and the structure confirmed via FTIR, NMR (solution and solid state), elemental

analysis, XRD and X-ray photoelectron spectroscopy (XPS).*!

Characterization via NMR of SEI (via DMSO-ds and D>O extracts) showed evidence of
LEMC and showed a small portion of LMC.*! Convinced that LEMC is the prominent SEI
component, Wang et al. compared Li" conductivity of the synthesized samples to show that
LEMC had much higher conductivity, than LEDC and LMC, and that the conductivity of
the negative electrode SEI matched that of LEMC. It is important to identify this prominent
SEI component, both to establish its role in the passivating layer and to determine the
mechanisms involved in its formation. A new reaction mechanism was proposed to suggest
that LEMC in the SEI may be a derivative of LEDC or that EC can react with existing

SEl/electrolyte to form LEMC.*!
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The results from this paper challenge the existing understanding of SEI formation. While
additives such as VC can be preferentially reduced to limit EC reduction during initial SEI
formation, EC reduction products may be present in long-term aged cells or once all VC is
consumed. The previous results citing LEDC formation will need to be revisited and work
is needed from additional research groups to recreate these findings. Finally, more work to
identify the reaction mechanism producing LEMC and LMC in the SEI needs to be

investigated.

Oligomerization of Electrolyte

Recent work by Henschel et al. (2019) from the Winter group at the University of Munster
has attempted to expose some of the mechanisms in SEI formation and in electrolyte
reactions via liquid chromatography.®® Liquid chromatography, versus gas
chromatography, allows less volatile electrolyte species to be identified. In this two-part
report, high performance liquid chromatography (HPLC) coupled to a high-resolution mass
spectrometer (HRMS) with tandem mass spectrometry (MS?) capabilities was used to

identify the soluble oligomeric (and other polymeric) compounds.>*”

Henschel et al found that exposure of electrolyte to thermal stress (elevated temperatures
of 80 °C) caused formation of oligomeric carbonates, ethylene glycols, carbonate-ethylene
glycols, and other structural isomers. The presence of oligomers with high ethylene glycol
content were especially indicative of thermal stress.’® Exposure of electrolyte to
electrochemical stress (charge and discharge of cell) also produced oligomeric carbonates

173

and ethylene glycol.”” Additional products of solvent and salt reactivity were detected in

electrolyte from charged and discharged cells such as phosphate carbonates. Electrolyte
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analyzed after many charge and discharge cycles had phosphate carbonates with larger
average mass than the electrolyte from cells after the initial formation charge and
discharge. Ether carbonate co-oligomers were found in the same relative concentration in
formation cells versus older cells.” The inclusion of the additive VC in electrochemically
stressed electrolyte limited the total products identified. The differences were marked by a

decrease in phosphate carbonates and increase in relative amounts of oligo phosphates.

Results of this study highlight a potential advantage of using the additive VC to prevent
extensive electrolyte reactions after formation. Overall, these papers report over 300 unique
compounds found in electrolytes, *”>7¢ however, with VC, only a few were identified after
formation.” After cycling, however, the control electrolyte showed fewer products than
the electrolyte containing VC. Henschel et al. also noticed that the average mass of
products increased from formation to post-cycled cells and proposed that the decrease in
measured products could be due to continued elongation forming insoluble products.”
These results are primarily based on National Institute of Standards and Technology
(NIST) matching of identified species and are not quantified. While it is possible to
estimate relative concentrations of each sample, these results would be strengthened by the
inclusion of standards to confirm some of the prominent species and to quantify the degree
to which these species are present in solution. This would help determine the degree of

solvent loss in solution and confirm proposed mechanisms.

Work that followed by Henschel et al. from the Winter group in 20207® aimed to propose
reaction mechanisms for these compounds via labeling carbons on EC with *C. The
increased mass on the EC’s ethyl group was detectable via HRMS and MS?. Again,

thermal, and electrochemical stresses were applied to the electrolyte (either stored for
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thermal degradation or used in cells for electrochemical stress).”® Unlike the previous
study, results from electrolyte with VC were not included, instead no additives were
studied.

EC (via '*C) was found to be the main component of oligo-carbonates and co-oligomers
during thermal stress. Unlabeled linear carbonate derived alkyl groups were expected to
terminate the elongation process of these chains. Co-oligomers were thought to originate
from an additional de-carboxylation step. Glycols were also thought to be produced via
further CO; removal. Under thermal stress, oligo(fluoro)phosphates, likely from solvent
and salt reactivity, were found to have unlabeled carbonates and are estimated to originate

from linear carbonates and salt versus EC and salt.”®

During electrochemical aging, however, oligo phosphates also show evidence of '*C
labeled, EC-originated ethyl groups. Phosphate carbonates showed evidence elongation via
EC derived ethyl groups and evidence of termination via linear carbonate derived alkyl
groups. Like thermal aging, co-oligomer and polycarbonate products in electrochemical
aging indicated EC was the primary carbonate used in the initiation and elongation steps
while linear carbonates were responsible for termination. This termination was proposed
to originate from linear carbonate-derived alkoxide.’® Considering LEMC formation
proposed by Wang et al., Henschel et al. explored LEMC as a reactive species in solution

and proposed a reaction mechanism to form phosphate carbonate oligomers.*!7°

Unlike previous studies, this work does not include additives in electrolyte blends studied.
Since VC was previously shown to produce fewer oligomeric species after formation, less
variety of products (and likely less EC reactivity) would be expected. Perhaps future work

will explore differences upon additive addition; however, this study will need to be

23



designed carefully to differentiate carbons originating from EC, VC, or linear carbonate. It
will also be important to quantify of the extent of polymeric formation and rate of
solvent/salt consumption in cycled cells to determine electrolyte lifetime and temperature
limitations. Quantifying oligomer formation and electrolyte consumption would help

confirm reaction mechanisms and rates.

While Li-ion electrolyte research at Dalhousie does not yet include HPLC to measure
larger, less volatile products, results from this study are important to consider as these
products are likely still present. Additionally, many of the proposed mechanisms by
Henschel et al. involve alkoxide in the terminating step. Increased presence of alkoxides in
solution could limit elongation of oligomers, and therefore limit EC consumption, changes
to electrolyte conductivity, and deposits of large, insoluble species on SEI. These
alkoxides, a reduction product of linear carbonates, also catalyzed transesterification

reactions between linear carbonates in solution (discussed further in Chapter 4).

Electrolyte and Electrode Reactions

Electrolyte reactions can also occur between the electrolyte and the electrode to cause
transition metal dissolution. This phenomenon has been reported previously by many
researchers, showing evidence of transition metals on the negative electrode.”’*° The
extent of transition metal transfer from the positive electrode to the negative electrode is
dependent on the extent of dissolution, migration, and deposition. Previous studies have
found transition metal dissolution increases with increased upper cutoff potentials and
increased temperature and is limited without salt in solution.®! Some also suspected HF,

originating from salt decomposition (see Equation 2-2), to initiate transition metal

24



dissolution.®’ Many studies of transition metal dissolution or deposition cite major capacity
fade and Li inventory loss associated with transition metal loss on the positive electrode,’®
while work from the Dahn laboratory showed that use of additives could minimize

dissolution and/or deposition.”’

Recent work considering transition metal dissolution, migration, and deposition and
electrolyte reactivity at the electrodes has also challenged some of the previously proposed
mechanisms. Arguably the most comprehensive is Sahore et al.’s work measuring
transition metal dissolution and solvation in the presence of charged and discharged
electrodes. In this study, electrodes were exposed to electrolytes with exaggerated chemical
properties to probe the effects on transition metal dissolution. These alterations involved
the addition of water (to produce HF), removal of LiPFs (to remove solvated species),
substitution of acetylacetonate Li salt (Li-acac) (to remove the effect of F/HF), and
addition of tris(2,2,2-trifluoroethyl) phosphate (TTFP) (to exaggerate effect of oxidatively

unstable electrolytes).®?

Sahore et al. measured the transition metal content in electrolytes via inductively coupled
plasma mass spectrometry (ICP-MS). The control electrolyte, containing solvent and salt,
showed no measurable transition metal dissolution in uncharged positive electrode samples
whereas showed Ni dissolution when charged positive electrodes were present. When no
salt was included in the electrolyte mixture, no transition metal dissolution was measured
for either charged or uncharged positive electrodes, indicating negative ions are needed to
solvate transition metals and/or Li* are needed to maintain charge balance. When HF was
present in solution, there was no effect in the presence of charged positive electrodes, but

there was a large increase in dissolution in the presence of uncharged positive electrodes.
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Most of the transition metals measured in solution of the uncharged electrodes were Mn

ions, indicating HF induced dissolution is present at low voltages.®?

Two alternative mechanisms were proposed by Sahore et al., who cited recent work by
Jung et al. on the oxidation pathways of electrolyte at the electrode.*” The first is described
as electrochemical oxidation of the electrolyte where carbonates directly decompose, lose
electrons, free protons, and form gasses (CO and CO) at the electrode. This would allow
electrons to directly reduce transition metals. In the second mechanism, distinguished as
chemical oxidation of the electrolyte, O» is released at the lattice (allowing electrons to
reduce transition metals) and reacts with electrolyte to produce CO, CO2, and H,0.% Jung
et al. found that, for similar electrodes, chemical oxidation was the primary electrolyte
oxidation route.*” According to this mechanism and the expected reduction of transition
metals (as electrons are not traveling through an external circuit) Sahore et al. expect
cations (i.e. Li") to be removed from solution to be incorporated into the positive electrode

lattice to maintain charge balance.

The addition of Li-acac salt was used to further isolate transition metal dissolution from
the potential presence of HF. It was also expected that transition metal-acac salts are more
soluble in organic solutions than transition metal-PF¢ salts. The results showed no transition
metal in electrolyte when exposed to uncharged electrodes and significant Mn and Co (no
Ni) dissolution when exposed to charged electrodes. Sahore et al. present that the positive
electrodes are more unstable (likely to release Oz) at the higher potentials, causing
transition metal dissolution via chemical oxidation of the electrolyte. This effect was

potentially amplified with the improved transition metal-acac formation in solution.®
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Solvent in this set up was also altered to include TTFP. TTFP is known to be oxidatively
unstable, to oxidize at positive electrode, and to convert lattice O to covalently bonded
oxygen. This solvent showed no transition metal dissolution when exposed to uncharged
positive electrodes, yet, showed elevated Ni dissolution in a charged electrode sample. This
transition metal dissolution occurred without the presence of solvating anions or
substituting cations in solution. This can be explained by the potential high solubility of

transition metal-TTFP ligand and proton availability for replacement in the electrode.

It is possible that the lack of salt in the electrolyte containing only TTFP was limiting the
extent of transition metal dissolution. To probe this while not introducing potential HF
formation, Li-acac was added to electrolyte containing TTFP. These samples showed no
transition metal dissolution in electrolyte exposed to uncharged electrodes and the highest
dissolution (mostly Mn) in electrolyte exposed to charged electrodes. This larger,
compounded effect highlights the extent of transition metal dissolution that is possible

without HF but with chemical oxidation of the electrolyte and ions present.

These findings challenge the assumption that HF is to blame for transition metal
dissolution. Instead, oxygen release at unstable electrodes could be the main transition
metal reduction source for cycled cells and could cause significant chemical oxidation of
the electrolyte at the positive electrode surface. While Sahore et al. present the various
concentrations of Mn, Ni, and Co in solution, few conclusions are drawn regarding
transition metal selectivity due to the unknown differences in transition metal-anion
solvation. As a reader, however, some differences in transition metal dissolution stand out,
such as the Mn-only dissolution in solutions containing HF at low potentials and the Ni-

only dissolution present in solution where removal of O, was encouraged at high potentials.
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This work is one that could be recreated by the Dahn lab to confirm these findings, to
determine the extent of electrolyte oxidation, and to attempt to analyze negative electrode
samples for transition metal deposition. More details will be described later in this

document (see Chapter 6).
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CHAPTER 3 - METHODS

Li-ion pouch cells used in this work can be easily mass-manufactured to ensure uniformity
and can be supplied free from electrolyte. As such, they can be filled with various
electrolyte mixtures to analyze the effect on cell performance and can be disassembled to
study changes that occur within the cell. This chapter will present some cell specifications,
details on cell formation and cycling protocols, outline post-cycling cell analysis methods
referenced in subsequent chapters (also published in in J. of Electrochem. Soc., 168 (2),
020532 (2021)) as well as electrolyte analysis methods used in Chapter 4 of this document.
The electrolyte analysis method was developed by the author and T. Taskovic. This work

was published in J. Electrochem. Soc., 168 (1), 010514 (2021).

Cell Specifications

402035-size (~240 mAh) Li-ion cells used in this study were manufactured by LiFun
Technologies (Xinma Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou
City, Hunan Provence, PRC, 412000). The cells consisted of a negative and positive
electrode separated by a ceramic coated polyethylene separator and wound together to
create the so-called “jellyroll”. The jellyroll was encapsulated by a laminated pouch bag.
The positive electrodes in this work consist of either single crystal NMC532%84 or
polycrystalline NMC622 with a proprietary coating. NMC532 positive electrodes had
94 % active material, 2 % carbon back, 2 % KS-6, and 2 % polyvinylidene difluoride
(PVDF) binder. NMC622 positive electrodes had 96 % active material, 2 % carbon back,

and 2 % PVDF binder. Cells used in Chapter 4 have positive electrode loadings of 21.1 mg
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cm2, while cells in Chapter 5 compare positive electrode loadings of 19.3 mg cm™2and 29.2

mg cm for regular and high loading cells, respectively.

The negative electrodes for both cells consist of artificial graphite 95.4 % (Kaijin,
AMLA400), 1.3 % carbon black conducting material, 1.1 % sodium carbon methylcellulose
(NaCMC) binder, and 2.2 % styrene butadiene rubber (SBR) binder. The relative loadings
of negative electrode material for NMC532 and NMC622 cells used in Chapter 4 were
12.4 mg cm™ and 12.8 mg cm™ (both 1.55 g cm™ density), respectively, to balance cells
for 4.4 V potentials without Li deposition. The negative electrode active material loadings
for cells used in Chapter 5 were 12.2 mg cm™ and 16.6 mg cm™ for regular and high loading
cells, respectively, and were balanced with ~1.1 negative electrode capacity to positive
electrode capacity (N:P ratio) for 4.3 V operation. These machine-made cells ensured
uniform cell chemistries and minimized cell-to-cell variability, which could be seen in
replicate cells that showed excellent performance agreement. The cells were received
vacuum-sealed containing no electrolyte so various electrolyte mixtures could be added.
Prior to filling with electrolyte, the gas bags of the cells were cut open and the cells were

heated to (100 = 1)°C under vacuum for 14 hours to remove residual moisture.

General Electrolyte Mixing

Various electrolyte mixtures were combined by mass in an Ar-filled glovebox and kept for
24 hours to ensure complete salt dissolution. Electrolyte solvents, additives, and salts
included: EMC, DMC, EC, VC, DTD, FEC, methylene methanedisulfonate (MMDS),
LiPF¢, and LiPO-F>. The names, suppliers and purities are reported in supplementary Table

B-1 in Appendix B. In Chapter 4, electrolyte used for NMC532 cells in was 1.1 m LiPFg
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in EC:EMC (30% and 70% wt./wt.%, respectively) with the additives (in total weight
percent) VC (2 %) and DTD (1 %) and the electrolyte used for NMC622 cells was 1.1 m
LiPFs in EC:EMC (3:7 wt.%) with the additives (in total weight percent) VC (2 %), MMDS
(1 %), and LiPO2F2 (0.5 %). These electrolytes were chosen for their demonstrated
excellent performance with these cell chemistries.??%8%8¢ In Chapter 5, two different
electrolyte blends were compared: 1.1 m LiPFs dissolved in EC:EMC:DMC (25 %, 5 %,
and 70 % v./v.%, respectively) with additives VC (2 %) and DTD (1 %) and 1.1 m LiPFs
in EC:EMC:DMC (25 %, 5 %, and 70 % v./v.%) with additives FEC (2 %) and LiPOF>

(1 %).

General Cell Filling, Electrode Wetting, and Formation

Dried pouch cells were filled with approximately 1 g of mixed electrolyte and vacuum
sealed (—90 kPa) with an MTI Corp. (Model MSK-115A) heat sealer at 165 °C. Soon after
filling, cells with regular loading were held at a potential of 1.5 V for 24 hours to allow
electrolyte to permeate the electrodes while preventing degradation of the copper current
collector. Cells with high electrode loadings were held at 1.5 V potential for 48 h to fully
permeate the thicker electrode coating. This longer wetting time was discovered in earlier
cells when high loading with standard wetting time had irregular formations and cycling.
After wetting, cells underwent their first formation charge and discharge cycle on a
MACCOR series 4000 charger. During this formation cycle, cells were kept in a (40.0 +
0.1) °C temperature box and cycled at a C/20 (11 mAh) charge and discharge current to
the designated upper cutoff potential (UCP) (4.1 V — 4.4 V) before returning to the
midpoint potential (3.8 V). Figure 3-1 shows an example of a 24 h wetting followed by a
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formation cycle. The left axis (black line) shows the potential of the cell versus time and

the right axis (red line) shows the current applied to the cell versus time.

Formation Protocol
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Figure 3-1 — Example of formation protocol. Left axis shows full cell potential versus
time during cell wetting (0-24 h) and first charge and discharge. Right axis shows the
current applied during the initial charge and discharge.

Gas Measurements

The amount of gas produced during the formation step was measured using Archimedes
principle.’” This measurement was taken by suspending cells from an analytical balance
(AUW-D Series, Shimadzu, Japan) into room temperature de-ionized water (Thermo
Scientific Barnstead Nanopure Water Purification System, 18.2 MQ cm™). The cells were
then returned to an Ar-filled glove box, opened, and resealed (as described above) to
remove formation gasses. The change in submerged weight before and after formation, and
before and after cycling/testing is proportional to the volume of gas produced in the cell

provided the gas bags of the pouch cells are not “firm” due to pressures in the cell greater
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than 1 atm absolute. This occurs when total volume of gas in these 402035 cells is greater

than about 3 mL.

Before cycling, cells were returned an Ar-filled glove box, opened, and re-vacuum-sealed
to remove formation gases. The volume of gas produced before and after cycling was
calculated using Archimedes principle.?” Equation 3.1 shows the calculation to determine
change in volume from the change in weight (4m) measured divided by the density of water

(pw). Cells were suspended in de-ionized (Thermo Scientific Barnstead

AVolume = 22 (3.1)

Pw

Nanopure Water Purification System, 18.2 MQ ¢cm™), room temperature water before and
after the formation step and the weight recorded using an analytical balance (AUW-D
Series, Shimadzu, Japan). The change in weight is proportional to the gas produced in the

pouch bag. The amount of gas produced after long-term cycling was also measured.

EIS Measurements

The impedances of cells were measured using electrochemical impedance spectroscopy
(EIS) after formation. EIS analysis uses an applied potential, at variable frequencies to
measure impedance in a cell. The resulting spectra can be fit with equivalent circuit models
to estimate the electron path resistance (Re), solution resistance (Rs), charge transfer
resistance (Rct), SEI double layer capacitance (C), and diffusion within electrodes (via
Warburg element, W) of a Li-ion cell.®® Many equivalent circuits have been proposed for

89-91

Li-ion cells, some include the transmission line model to model the charge transfer

resistance and double layer capacitance of multiple electrode particles in a cell.”>* The
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application of some of these advanced models is beyond the scope of this work. Here, a
simplified model is employed. Figure 3-2 shows an example of an equivalent circuit used
in some of this work. This simplified model uses a constant phase element (CPE), in place
of a capacitor in parallel with Rct, both in series with Rs and W. A CPE can aid in
simplifying the modeling and analysis of EIS spectra by accounting for electrode particle
inhomogeneities which would otherwise require a more advanced model to fit. Figure 3-3
shows an example Nyquist plot comparing the model using a capacitor (perfect semi-circle)
and the updated model using a CPE (depressed semi-circle). The model using CPE more
accurately fits actual Li-ion EIS spectra. A similar model is used to fit EIS spectra from
cells in Chapter 4 and Chapter 5. First, cells were cooled to (10.0 + 0.1) °C to increase
spectral differences.”* A BioLogic VMP3 potentiostat collected an alternating current
impedance spectrum while applying a 10 mV amplitude AC potential signal, at variable
frequencies (10 mHz — 100 kHz). The resulting Nyquist plot was then analyzed with the
equivalent circuit below to extract the high frequency intercept (HFI), corresponding to
solution resistance and intra particle electron path resistance, and the diameter of the semi-
circle corresponding to the charge transfer resistance.’>”* Charge transfer resistance as used
in this thesis includes desolvation and ion transport through the SEI layers.”> In most
measurements reported here, the feature in the EIS spectra from the contact resistances
overlapped the charge transfer resistance and was included in Ret. EIS measurements were

repeated at the end of cycling and storage.
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Figure 3-2 — Example of equivalent circuit used for EIS fitting. Includes Rcr in
parallel with CPE, in series with Re, Rs, and W element.
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Figure 3-3 — Example EIS spectra for cell displaying effect of using CPE (with
exponent = 0.8, for example) versus capacitor in equivalent circuit.

General Cell Cycling

Cells in this study were cycled anywhere from approximately 100 — 2000 cycles at various
temperatures (20 °C, 40 °C, or 55 °C) on Neware (Shenzhen, China) battery charging

systems. Cells were cycled from 3.0 V to their designated upper cutoff potential at various

35



charge rates using a constant current — constant voltage (CCCV) protocol for 50 charge
and discharge cycles. After every 50 cycles, a C/20 discharge, charge, and discharge was
applied to obtain the low-rate capacity before returning to the higher rate charge and
discharging. Figure 3-4 shows an example of the current applied (right axis, red) and cell
potential (left axis, black) versus time in this cycling protocol. The protocol was repeated
as many times as required in the window of study. Charge rates for cells in Chapter 4 and
Chapter 5 vary and will be addressed in the respective chapters. Voltage polarization (AV),
proportional to internal resistance in Li-ion cells, was calculated from cycling data. The
voltage polarization is equal to the average charge minus the average discharge voltage.
The average charge and discharge voltages were determined by integrating the voltage
versus capacity profile with respect to capacity and dividing by the total capacity for each

cycle. After cycling, gas production, and EIS were re-measured for each cell.

Cycling Protocol
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Figure 3-4 — Example of cycling protocol. Left axis shows potential versus time for
first 50 cycles at C/3 charge and discharge rate followed by full charge and discharge
at C/20. The right axis (red) shows the current versus time for the same cell.
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General Cell Storage

Some cells in Chapter 4 also underwent high voltage storage testing on an in-house
system.”® Under this protocol, cells were stored at either 40 °C or 55 °C, charged to their
designated upper cutoff potentials, then the open circuit potential drop was monitored
periodically for one month before cells were recharged to their upper cutoff potentials and
stored again. Drop in open circuit potential has been shown to originate from electrolyte
oxidation at the positive electrode and shuttle reactions between the positive and negative
electrodes.”® When cells reached the end of their testing period, gas production, and EIS
were re-measured for each cell. The author thanks J. Harlow (Dahn Laboratory, Dalhousie

University) for running the storage experiments.

UHPC Cell Cycling

Some selected cells underwent cycling on the Ultra High Precision Charger (UHPC)
developed at Dalhousie University.”” Measurements on the UHPC allow small differences
in capacity retention and parasitic reaction rates to be identified in a short period of time.””~
190 On the UHPC, cells were cycled at C/20 at constant current (CC) from 3.0 V to various
upper cutoff potentials. Highly accurate and precise data from the UHPC allows differences
in coulombic efficiency (CE), charge end point capacity, discharge capacity, and voltage
polarization to be evaluated between cells sooner than would be distinguishable on a less
precise system. Additionally, CE and charge end point capacity provide information on
parasitic reactions rates present in cell and at the positive electrode, respectively.”-1%

Minimizing these undesirable electrolyte reactions help identify more stable Li-ion

chemistries for long term cycling.
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UHPC Differential Voltage Analysis

The UHPC was also used to collect accurate and precise potential versus capacity curves
before and after long-term cycling to evaluate cells’ state of health. The derivative of this
full cell data with respect to capacity was then calculated. This data can be fit with software,
developed in-house,'?! to fit the potential versus capacity profile of the full cell and to
subsequently calculate potential versus capacity profile of both the positive and negative
electrodes.!??"1% Previous methods to obtain the respective voltage versus capacity curves
would require the use of a reference electrode or disassembling cells after cycling to build
coin cells with a single electrode (half-cells). However, incorporating reference electrodes
was not practical due to the mass-produced nature of the cells in this study. Also, some of
the inherent requirements of incorporating a reference electrode (consistent geometric and
electric path)'%17 are difficult to achieve in the pouch cell design. Since cells studied in
this work were destined for electrolyte analysis, construction of half-cells was also not
desirable as they would require destroying the cell. Differential voltage analysis (dV/dQ
versus Q, or dV/dQ) is a nondestructive, proven technique which allows for potential
versus capacity profiles to be measured and calculated. Figure 3-5 shows an example of
the potential versus capacity profiles derived from the dV/dQ analysis. Full cell and
positive electrode potential are shown in black and blue, respectively, on the left axis and
negative electrode potential is shown in red on the right axis. Figure 3-5 shows the positive
and negative electrode potentials versus Li/Li", whereas the full cell potential given as the
potential of the positive electrode minus the potential of the negative electrode. In this
thesis, all potentials (when referring to full cells or upper cutoff potentials) express the full

cell potential unless otherwise stated.
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Voltage versus capacity profiles can provide much information about the state of health of
a Li-ion cell. By comparing profiles before and after cycling, it is possible to visualize and
quantify the degree of Li-inventory loss, capacity loss from the negative electrode, capacity
loss from the positive electrode and, relative electrode slippage. Li-inventory loss can be
due to SEI building at the negative electrode or, in extreme cases, Li-plating.’®!%® Relative
electrode slippage occurs as cells age due to the change in relative capacity of both negative
and positive electrode.”® Voltage versus capacity profiles also allows the user to calculate

active masses of either electrode before and after cycling.'!
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Figure 3-5 — Example of potential versus capacity curves extracted from dV/dQ
analysis from UHPC data. The left axis shows the full cell potential (black) and
positive electrode potential (blue) shown versus capacity. The right axis shows the
negative electrode potential versus capacity.

For work presented in Chapter 4, several fresh cells of both NMC532/graphite and
NMC622/graphite were also tested to obtain initial values of negative electrode mass,
positive electrode mass and relative electrode slippage. All cells studied in Chapter 4 were

then measured after cycling (or storage) using the UHPC at Dalhousie.”” The dV/dQ versus
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Q analysis was performed using software developed by Dahn et al.!’! The difference
between the values for the tested and fresh cells were used to calculate the change in
relative electrode slippage, the Li inventory loss, the positive electrode mass loss and the
negative electrode mass loss. Li inventory loss was calculated by summing relative
slippage change after cycling/storage with positive electrode capacity loss.'”® Additional
context and details of this calculation are discussed in Chapter 4. The author thanks J.

Harlow and S. Cheng for fitting dV/dQ data.

DTA

Differential Thermal Analysis (DTA) is a non-destructive method of probing the state of
an electrolyte inside a cell. This method, first developed by Day et al., involves cooling the
cell down to a low setpoint, where the electrolyte will be frozen, and tracking the
temperature of the cell as it heats back to ambient conditions at a constant rate.!” In this
case, the lower setpoint was -100 °C, while the upper setpoint was 25 °C. This range
includes the entire freezing curve of 3:7 EC:EMC, and is within the liquid range of the
reference cell, in this case, 1.0 M LiPFs in methyl acetate. In all cases, the cells were heated
at a rate of 1.0 °C min’!, cooled at a rate of 3.0 °C min!, and held at the lower setpoint for
ten minutes, to allow for equilibration of cell temperature after cooling. The difference
between the temperatures of the reference and sample cells can be used to identify
temperatures and extents of phase transitions, which are dependent on the state of the
electrolyte. Of note is the liquidus temperature, the highest temperature phase change that
the electrolyte undergoes, which is particularly affected by the salt concentration and EC

content of the electrolyte. In these cells, it was around -20 °C. The solidus feature, the
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lowest temperature phase transition, is less affected by salt and EC contents, and is more
dependent on the EMC content and the presence of other compounds created through
transesterification. Cells were tested twice, once to obtain the initial signal, and once to
remove an exothermic peak that appears in the heating curve at ~-90 °C. This peak was
removed by heating the cell to a temperature past that peak, cooling down to the lower
setpoint, and then heating back through the entire heating range as normal. The author

thanks M. Bauer (Dahn Laboratory) for making DTA measurements.

Electrolyte Sample Preparation for Analysis After Cycling or Storage

Measuring electrolyte compositional changes has become a critical area for Li-ion cell
study as it can provide insight into cell failure and chemical degradation reactions occurring
within the cell. Since electrolytes are designed (down to levels of 0.5% in composition) to
achieve maximum conductivity, safety, and stability, even small changes to salt or solvent
concentration can cause an increase or a decrease in cell performance. Tracking electrolyte
composition also provides insight into the aging mechanisms occurring within cells. For
example, as will be discussed in subsequent sections, presence of transesterification

products indicates a linear carbonate has been reduced.

For safety, cells were discharged to 2.5 V before being transferred to an Ar-filled glove
box. Under this inert atmosphere, a small opening was made in the corner of the pouch
bag. About ~0.6 g of acetonitrile (Sigma, HPLC grade) was added via pipette and the jelly
roll was agitated by hand to improve distribution of acetonitrile. Although acetonitrile has

been shown to react with Li metal,''® Li deposition was unlikely to be present in the cells
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of Chapter 4 considering their electrolyte composition, charge rates, and testing
time/temperature. The bag was resealed with atactic polypropylene using a (Mastercratft,
Canadian Tire, Canada) dual-temperature glue gun and allowed to mix for one day. The
mass of the sealed bag was measured before and after mixing to ensure no significant mass
loss. The next day, the extract was removed from the perimeter of the jelly roll via 1-mL
syringe. Care was taken to remove as much solution as possible (~0.7-0.8 g). The solution
was added to a (10.0 £ 0.1) mL volumetric flask containing acetonitrile, ~0.6 g of
acetonitrile-d;  (Sigma, >99.8%), and ~0.25 g of internal standard. 1,4-
bis(trifluoromethyl)benzene (Sigma, >98%), then diluted with additional acetonitrile to the
final volume. The solution was mixed and ~0.75 mL of solution was transferred to a sample
tube with a gas tight cap (Wilmad). A more detailed description of sampling procedure is

available in Reference 40.

NMR Principles

Nuclear magnetic resonance (NMR) spectroscopy uses a magnetic field and radio waves
to observe nuclei within a sample. Because some nuclei have a net spin number, they can
generate a magnetic moment (m). Magnetic moments normally take a random orientation,
however, when an external magnetic field, Bo, is applied, magnetic moments will align
with the field.!!! Figure 3-6 shows the spinning nucleus “wobbling”, or precessing (blue
arrow), about the magnetic moment (m) in the applied magnetic field (Bo, grey arrow).'!?
The frequency of the precession is equal to the Larmor frequency and is proportional to the
magnetic field strength. Figure 3-7 shows the orientation these magnetic moments can

take. Panel (a.) shows magnetic moments in random orientation when no applied field is

42



present; panel (b.) shows the alignment of magnetic moments that occurs when an external
field is applied. Magnetic moments can either be oriented with () or against (p) the applied
field. Figure 3-7c. shows the magnetic moments rotation when a pulse of radio frequency
radiation is applied. To stimulate nuclei in this field, a radio frequency pulse is applied
cause nuclei to rotate 90°. As in Figure 3-7d., Once the stimulus is removed, nuclei return
to the beginning, lower energy states. The net signal is collected by a receiver coil,

generating the free inductive decay (FID) spectrum.!!!:!1?

Figure 3-6 — Schematic showing spin of an unpaired particle (black arrow), the
precessing motion (blue arrow), the net magnetic moment (m) and the orientation in
applied magnetic field (Bo).
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Figure 3-7 — Schematic of magnetic moment orientation when no field is applied (a.)
a external field (B,) is applied (b.), a 90° radio wave pulse is applied (c.), and the
return to alignment after pulse is applied.
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These signals are also sensitive to neighboring electrons, which interfere with, or shield,
the applied magnetic field. A nucleus surrounded by higher electron density will feel a
slightly lower field strength and as a result will have a lower frequency.''? Fourier
transformations of the FID can resolve individual protons to generate a typical NMR
spectrum. Figure 3-8 provides an example of a Fourier transformed 'H-NMR spectrum
where the amplitude is plotted versus frequency (commonly in units of ppm). In this
spectrum, shielded protons appear on the right, and protons that are deshielded (perhaps

surrounded by electron withdrawing species) are shifted “downfield” to the left.!!!

NMR is a powerful tool for identifying compounds based on their chemical shift and
magnitude. For Li-ion electrolytes, NMR also can not only measure the organic
components (carbonates, additives) of an electrolyte via 'H-NMR spectra and *C-NMR
spectra, but can also measure the inorganic, salt species (LiPFs, LiPO,F) via "F-NMR
spectra present in the same sample. Since NMR peak areas are theoretically proportional
to the number of nuclei in the sample, it is possible to use NMR quantitatively. This,
however, requires careful evaluation of the acquisition program to ensure, for example,
that adequate relaxation times (relaxation delays) are used and that spins are at steady state
(via dummy scans), for the sample matrix. To achieve accurate quantification of organic
and salt species present in electrolyte samples, acquisition parameters were carefully
designed with the help of Dr. Mike Lumsden (Dalhousie Chemistry Department), to ensure

quality quantitative spectra.
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NMR Specifications

A small allotment of the prepared electrolyte sample underwent NMR analysis.
Quantitative '°F and 'H-NMR measurements were conducted using a Bruker Avance 300
or 500 MHz spectrometer. The internal standard (1,4-bis(trifluoromethyl)benzene, Sigma,
USA, 98% purity) allowed for quantification of PFs, EC, and linear carbonates. "’F-NMR
acquisition consisted of 32 scans (0 dummy scans) with a 10 second relaxation delay and
"H-NMR acquisition consisted of 16 scans (2 dummy scans) with an 80 second relaxation
delay. Since some of the smaller, additive components and linear carbonate ratios are
difficult to determine from the NMR spectra, additional characterization of the electrolyte

was needed.
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Figure 3-8 — Example "H-NMR spectra of linear carbonate EMC and cyclic carbonate
EC (measured on a 300 MHz NMR instrument). Highlighted peaks include EC peaks
in red, methyl groups from EMC in green and ethyl groups from EMC in yellow and
blue.
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GC-MS Principles

A gas chromatograph coupled to a mass spectrometer (GC-MS) combines the separation
capabilities of chromatography with the identification and quantification capabilities of
mass spectrometry. This instrument is ideal for separating and quantifying volatile organic
species. Since primary electrolyte compounds meet this criteria, GC-MS is an excellent
and sensitive tool for electrolyte analysis. Figure 3-9 provides a schematic of the major GC
and MS components. During a liquid analysis, diluted samples are injected into the
injection port, which is kept at high temperature to fully volatilize the sample.!'® From
here, a carrier gas (mobile phase), typically He or H», carries the gas sample from the port
and onto the column. GC capillary columns are long (~30+ m) hollow tubes which are
coated on the inside with a stationary phase (blue lining in Figure 3-9). The coating can be
polar, non-polar or slightly polar, depending on the application.!!® The retention time of
any given species is dependent on the length of the column, average linear velocity, the
stationary to mobile phase volume ratio, and the distribution constant between analyte in
stationary phase and mobile phase. For the same GC column, species with varying
distribution constants will separate. Those with more affinity for the stationary phase will
have a longer retention time and those with less relative affinity for stationary phase will
have a shorter retention time.!'*!''* The temperature of the column is also typically ramped

up to decrease the retention time of more strongly retained species.!!?
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Figure 3-9 — Schematic of a GC coupled to a MS. Diagrams path of sample from
injection port to the detector.

To identify and quantify the separated compounds, a MS is used. Mass spectrometers allow
charged species to be separated and detected. First the compounds exiting the column are
ionized. Most commonly an electron source is used, which bombards the sample with
electrons to eject an electron from the compound. This can create an intact but charged
molecular ions and/or smaller fragment ions (typically both with +1 charge). The ions then
travel through the mass quadrupole to be separated. The quadrupole acts as a mass filter by
altering the potential and variable frequency applied to oppositely charged rods. When the
attractive force and repulsive force from the negatively charged and positively charged
rods, respectively, are not sufficient to interfere with the cation’s path through the
quadrupole, the cation will successfully travel the length of the quadrupole and reach the
detector. Target mass to charge ratios (m/z) can be selected by varying the applied
voltages.''>!!5 The ions and ion fragments generated are characteristic of each compound

and can be considered “fingerprints” of these species. These can be identified qualitatively
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using a library of MS spectra (NIST), but a calibration solution is needed in GC-MS spectra

to reliably quantify species.

GC-MS Sample Preparation

About 3 mL of remaining prepared electrolyte extract for the NMR was reserved for GC-
MS analysis. First, the 3 mL solution was combined with ~0.2 mL of ~3 M ammonium
sulfate solution. The addition of a highly concentrated salt solution allows for the removal
of polar salt species (that may damage GC-MS) into a polar, aqueous layer.**!'® Solutions
of analytes used in calibration underwent this salt extraction procedure to confirm relative
concentrations were not affected. After mixing vigorously for 30 seconds, the aqueous and
organic layers were centrifuged to ensure separation. A few drops of the organic layer were

further diluted into 1.5 mL of acetonitrile before being measured with GC-MS.

GC-MS specifications

An Agilent autosampler injected 1.5 pL of sample onto a split inlet (260 °C, split ratio
100:1) of an Agilent 7890 gas chromatograph. The sample was then carried onto a Bruker
BR-5MS column via He carrier gas (99.999 %, 0.68 mL min™' flow rate). The temperature
profile of the oven was set to obtain maximum species separation during a 22-minute
acquisition (hold at 35 °C for 5 minutes, ramp to 100 °C over ~4.3 minutes, ramp to 240
°C over ~4.7 minutes, then hold at 240 °C for 5 minutes). After traveling the column,

species were transferred to the mass spectrometer. The Agilent 5977B mass spectrometer
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uses electron ionization (70 eV, 200 °C ion source) to create charged species and a

quadrupole to filter mass to charge ratios before reacting the detector.

Calibration solutions were prepared from analytes of known concentration (DMC, EMC,
EC, DEC, FEC, VC, Dimethyl-2,5-dioxahexane carboxylate (DMOHC), MMDS, DTD,
Diethyl-2,5-dioxahexane carboxylate (DEOHC), and MA). Purity of these analytes are
listed in supplemental Table B-1. Any effect of the small levels of impurities on the
calibration concentration is considered negligible. The calibration solution is then further
diluted to generate a five to six-point calibration curve (with a quadratic equation with 1* >
0.998). Samples underwent duplicate injections to determine replicate deviation while the
variation in replicate calibration solution samples (before and after unknown sample

testing) were used to estimate standard deviation of each analyte (~4 %).

Calculation for Salt Concentration and Error

Previous methods of determining salt concentrations relied on measuring the amount of
salt in a known mass or volume of pure solvent. Since most aged Li-ion cells have small
volumes of solvent, a liquid extraction was most practical to remove electrolyte. Therefore,
instead, this method was developed to quantify both the moles of salt as well as mass of
solvent in the same extracted sample. The mass of EC in the sample (determined from g-
NMR) and the relative masses of all solvents (determined from GC-MS) were used to
calculate the masses of all solvents in the sample. The individual masses then were
combined to calculate the total mass of solvent in the sample. The moles of salt (determined
by g-NMR) was then divided by the total kilograms of solvent to give molality of salt in
the sample. The relative standard deviation in the NMR instrumentation is 2.4 % for 'H
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and 1.5 % for '°F.*° This variation, combined with replicate variation as well as variation
associated with GC-MS (~4 %), is on average ~5 % relative standard deviation for salt

concentrations.

XRF Principles

Figure 3-10 shows the mechanism of fluorescence radiation in an atom. X-ray fluorescence
spectroscopy uses X-ray radiation (typically from a Ru source) to expel electrons from the
inner, lower energy orbitals (K or L shell) of an atom (as in Figure 3-10a.). The fluorescent
radiation is generated as electrons drop from higher energy orbitals to fill the vacancies at
the lower energies (Figure 3-10b.). The energies emitted are characteristic and unique for
different elements. XRF is typically limited to detecting elements with atomic number
greater than eight since it is often difficult to detect low energy photons produced by atoms
with lower atomic numbers with current technology. Additionally, much of the radiation
produced by low atomic number atoms is often reabsorbed by the sample material or
environment, interfering with quantification.!'” Still, XRF can be especially useful for
identifying and quantifying the amount of transition metals transferred from the positive

electrode to the negative electrode in Li-ion batteries.

Where typical XRF instrumentation requires a uniform, homogeneous sample, uXRF
instruments use advanced optics to focus the excitation beam into a small sample area (as
small as 80 um?) and can focus the emitted fluorescence to the detector.!!”!!8 This allows
for a small sample area to be measured and, when combined with a moving sample stage,
for a two-dimensional map of elements to be generated. Quality of XRF measurements can

also suffer from interference within the sample. Often emitted energies from an element
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can induce fluorescence in another, neighboring element inducing secondary fluorescence.

This can result in falsely low or high characteristic signals for elements present in sample.
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Figure 3-10 — Mechanism of fluorescent X-ray generation. Panel (a.) shows the
ejection of lower energy electrons (K or L shell) creating an electron vacancy. Panel
(b.) shows examples of radiation that can form when electrons drop from higher
energy orbitals.

The phenomenon was previously overcome by comparing homogenous samples with
homogeneous certified reference materials. Currently, more modern solutions to address
the extent of secondary (and tertiary) fluorescence aims to model the interference using
fundamental parameters. The result applies a physics-based model to predict the resulting
spectrum and aids in the analysis of the measured spectrum to quantify elemental
compositions.!'® The author thanks A. Eldesoky (Dahn Laboratory) for making the XRF

measurements.
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UXRF Specifications

uXRF analysis was conducted as previously described by Thompson et al.”” In summary,
a M4 Tornado Micro-X-Ray Fluorescence instrument (Bruker, Madison, WI, USA) was
used to quantify the presence of transition metals on a representative section of the negative
electrode. Pristine graphite electrodes were sputter-coated with a linear gradient of Ni, Co,
and Mn to calibrate signal count to a known mass concentration in terms of pg cm. The
calibrants were scanned using on the uXRF and an average ratio of signal count per area
to mass per area was calculated from four different positions along the calibrant. The
fractional error in the data was taken to be the same as the ratio of the standard deviation
of the four calibration measurements divided by their average. Samples and calibration
standards were taped on a poly-acrylic plate and placed on a motion stage in a vacuum
sealed chamber (>20 mbar). uXRF scanning was done using a Rh X-Ray tube (200 pA
tube current) in the 0-50 keV range, a scanning rate of 4 mm sec™! and a spot size of 25 pm
with either a 40 or 100 pum step. Signal calibration was carried out at 40 and 100 um step
sizes. Negative electrodes from pristine dry cells and freshly formed cells were scanned to
determine any Ni, Mn, and Co traces. For pristine cells, Ni, Mn, and Co loadings were
indistinguishable from the background. For freshly formed NMC532 cells, the Ni signal
was indistinguishable from the background, while Mn and Co loadings were (0.23 = 0.01)
ng cm?, and (0.05+0.01) pg cm (4.3 V UCP). For freshly formed NMC622 cells, Ni and
Co loadings were indistinguishable from the background, while Mn loading was (0.23 +

0.01) pg cm™ (4.3 V UCP).
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CHAPTER 4 - ELECTROLYTE AND ELECTRODE STUDY

VERSUS TIME

Results presented in this section have been published in J. of Electrochem. Soc., 168 (2),
020532 (2021) and are reproduced, with permission, from Electrochemical Society (ECS)
per copyright agreement (see Appendix C). Author contributions to this work include
performing electrolyte analyses, preparing samples, tracking samples, compiling,
analyzing, and presenting data, and writing of final manuscript. W. Stone made the matrix
of cells, J. Harlow performed storage experiments and dV/dQ analysis, M. Bauer
performed DTA measurements, and A. Eldesoky performed pXRF analysis. All figures,

except for those indicated, were produced by the author.

Motivation for Studying Long-Term Electrolyte Changes

Electrolyte design is an inexpensive way to improve the lifetime, improve the safety, and
increase the charge rate capability of Li-ion cells.* Electrolytes can be altered via salt and
solvent selection to achieve maximum conductivity and with additives to limit the parasitic
reactions which hinder cell lifetime. Recently, Harlow et al. showed that cells with
electrolytes containing the additives vinylene carbonate (VC) and ethylene sulfate (DTD)

can last over 5000 cycles and over 3 years, with projections for 20 year lifetime at 20 °C.?

Previous studies of Li-ion cell degradation have identified reactions such as the reduction

27,28,45

of carbonates at the negative electrode, oxidation at the positive electrode, secondary

27,51,75,76

reactions within the electrolyte, transition metal dissolution and

78,81,82,119

deposition, and production and dissolution of gases.!?® These works and many
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others have contributed to understanding the degradation mechanisms of Li-ion cells.
However, due to limitations of charger and instrument availability, many of these studies
are limited to a few charge and discharge cycles. As a result, little is known of the changes
to Li-ion cell electrolyte that occur during long-term testing. While electrolyte is normally
optimized at the beginning of life, changes to electrolyte composition during aging (such
as decrease in conductivity, increase in viscosity) could affect cell performance later in life.
Reactions occurring in electrolytes and reactions between the electrodes and electrolytes
can often be symptoms of cell failure mechanisms. If these reactions can be identified then

inhibited, longer-lasting, more tolerant electrolytes may be possible.

In this chapter, electrolyte composition is measured from aged cells throughout their
lifetime. This work uses a new electrolyte extraction technique*® presented in Chapter 3 to
study electrolyte from cells 3 to 12 months old. This study was conducted to compare
cycling and storage results for cells with two different positive electrode materials and
established electrolyte blends at various temperatures, upper cutoff potentials (UCP), and
times. Cells underwent post-cycling analysis (described in more detail in Chapter 3),
including electrochemical impedance spectroscopy (EIS), and differential voltage analysis,
before disassembly for electrolyte analysis, via gas chromatography-mass spectrometry
(GC-MS) and quantitative nuclear magnetic resonance (q-NMR), and electrode analysis,

via micro X-Ray fluorescence (WXRF) spectroscopy.

This design matrix involved over 130 cells and a year of cycling and storage resources.
Table 4-1 provides variables included in this study. Two upper-cutoff potentials and
storage temperatures were used to identify how electrochemical potential and temperature

affect cell performance and chemical changes. If electrolyte and electrodes are stable at
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higher upper cutoff potentials, it may be possible to increase cell energy density with no
penalty by operating at higher potentials. Cells were also cycled or stored to observe the
outcome of the parasitic reactions induced by cycling or storage at high states of charge.
These variables highlight the consequences of increased cycling or storage temperature

and/or long-term storage at top of charge for Li-ion battery applications.

Table 4-1 — Table of variables included in matrix design for long-term electrolyte
study.

Pos. Electrode NMC532 (Single Crystal) NMC6222 (Polycrystalline)
Materials and 1.1 m LiPFg in EC:EMC (3:7) + 1.1 m LiPFs in EC:EMC (3:7) +
Electrolytes 2% VC + 1% DTD 2% VC + 1%MMDS + 1% LFO
Protocols Cycling Storage
Temperatures 40 °C 55°C
Upper C.utoff 43V 44V
Potentials
Test Periods 3 months 6 months 9 months 12 months

Cells and Electrolytes in this Study

Pouch cells containing two different positive electrodes (single crystal NMC532 and poly
crystalline NMC622) and AML-400 negative electrodes were used in this long-term study.
The dried cells were filled with electrolyte according to the methods provided in Chapter
3. The electrolyte mixture included 1.1 m LiPF¢ in EC:EMC (3:7 wt./wt/%) with 2%VC
and 1% DTD additives in NMC532 cells and 1.1 m LiPF¢ in EC:EMC (3:7 wt./wt.%) with
2% VC, 1% LiPO;F,, and 1% MMDS in NMC622 cells (see Appendix C for names,

abbreviations, sources, and purities). These electrolytes were chosen for their excellent
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performance with these cell chemistries.?>3¢#>86 Cells were sealed, wet for 24 hours, and
formed according to the methods presented in Chapter 3. Prior to cycling gas

measurements, EIS spectra, and UHPC capacities were collected (please see Chapter 3).

Cycling and Storage

Cells of each chemistry were cycled at two temperatures (40 °C and 55 °C) and two upper
cutoff potentials (4.3 V and 4.4 V) following the cycling protocol (at C/3 charge/discharge
rate) described previously (please also see Figure 3-4). Due to limited charger space, some
cells were paired during cycling. Post-cycling UHPC analysis of the individual cells
determined the low-rate capacity that is reported in subsequent sections. Additionally, cells
underwent open circuit storage at two temperatures (40 °C and 55 °C) and two upper cutoff
potentials (4.3 V and 4.4 V). The capacities of these cells were also determined post-storage
via UHPC analysis. Eight replicate cells for each chemistry and each condition were made.
This allowed cells to be removed every three months for a 12-month total study. Due to
accelerated capacity loss in NMC622 cells at 55 °C and with 4.4 V upper cutoff potential,
the timeline for removal was adjusted to a maximum of nine months cycling. All cells
underwent gas, EIS, UHPC, DTA, NMR, GC-MS, and pXRF measurements after testing.

Please see Chapter 3 for complete, detailed methods.

Cell Cycling Results
Figure 4-1 shows the capacity versus cycle number results for NMC532 cells (panels a.

and c.) and NMC622 cells (panels b. and d.) at 55 °C (panel a. and b.) and 40 °C (panel c.
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and d.). Cells cycled to an upper cutoff potential of 4.3 V are shown in black and those to
4.4 V are shown in red. The cycling results show that NMC532 cells had good capacity
retention (>90%) throughout the year long sample period. NMC622 cells, however,
especially those at higher cycling temperature and higher upper cutoff potential, started to
experience increased rates of capacity fade. The overlap of cycled cells under the same
conditions shows the repeatability of these machine-made cells. Cells were removed about
every three months during this 12-month period. Some of these cells at high temperature
and 4.4 V upper cutoff potential were removed ahead of schedule due to increased rates of

capacity loss.
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Figure 4-1 — Capacity versus cycle number results for cells cycled at C/S CCCYV to 4.3
V UCP (black) and 4.4 V UCP (red). Panels a. and c. show results for NMC532 at 55
°C and 40 °C, respectively. Panels b. and d. show results for NMC622 at 55 °C and 40
°C, respectively. The 4.4 V cells were tested to an upper cutoff of 4.3 V (in error) for
their first 170 cycles).
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Capacity, Voltage Polarization, Gas and Charge Transfer Impedance Results

Since cells which underwent storage testing were not fully charged and discharged until
the end of their test period, the low-rate discharge capacity was determined for all cycled
and stored cells after testing. Figure 4-2 summarizes results for NMC532 cells after cycling
(blue squares) and storage (orange circles) experiments versus time (months). Data point
markers are filled to indicate the length of test; 3 mo. to 12 mo. (black to white,
respectively). The numbers of completed charge and discharge cycles are not shown,
however, cells cycled to 4.3 V for 12 months achieved over 900 cycles as shown in Figure
4-1. Figures 4-2(a. — d.) show the end discharge capacity for cells at 40 °C (a. and b.) and
55 °C (c. and d.) and with upper cutoff potentials of 4.3 V (a. and c.) and 4.4 V (b. and d.).
The cells charged to higher upper cutoff potentials have larger initial capacity, as expected.
The discharge capacity (uncertainty determined by replicate cells) decreased slightly over
12 months for cycled cells at 40 °C ((9.8 £ 0.6) mAh for 4.3 V UCP and (13.6 £ 0.9) mAh
for 4.4 V UCP) and more for cells at 55 °C ((22 £ 2) mAh for 4.3 V UCP and (21 + 3) mAh
for 4.4 V UCP). Stored cells at 40 °C lost a small amount of capacity after 12 months ((14
+ 5) mAh for 4.3 V UCP and (16 = 5) mAh for 4.4 V UCP) and more for cells at stored at

55°C ((29 = 4) mAh for 4.3 V UCP and (30 + 1) mAh UCP 4.4 V).

Figures 4-2(e. — h.) show the normalized capacity for cells in the same respective
conditions as Figures 4-2(a. — d.). Cells cycled at 40 °C show minimal relative capacity
loss after 12 months (~6%), whereas cells stored at 55 °C show the most relative capacity
loss after 12 months (~14%). Cycled and stored cells at 40 °C show minimal observable
difference in normalized capacity, however, stored cells at 55 °C have a lower normalized

capacity than their equivalent cycled cell, indicating capacity retention is dependent on
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Figure 4-2 — Results from NMC532 cycled and stored cells (blue squares and orange
circles, respectively) versus time. Panels (a.-d.) include the cycling or storage
conditions for the columns of below. Panels (a.-d) show discharge capacity at end of
test, and panels (e.-h.) show the normalized discharge capacity. Panels (i.-1.) show AV
at the end of testing. Panels (m.-p.) show the volume of gas produced during testing
via Archimedes’ measurement. Panels (q.-t.) show Rcr estimated via EIS.
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temperature and time at upper cutoff potentials. Figures 4-2(i. — 1.) show the voltage
polarization (AV). The change in voltage polarization has previously been shown to be
proportional to DC impedance growth.!?! Results for NMC532 showed minimal change in
AV and little observable difference between cycled and stored cells at all temperatures and
upper cutoff potentials. [Note that the y-axis scale has been selected for comparison to the

NMC622 cells in Figures 4-3(i. — L.)].

Figures 4-2(m. — p.) show the measured gas production. Gas production remains low (<0.5
mL) throughout the observation period for most cycled cells and for cells stored at 40 °C
and 4.3 V UCP. When the storage upper cutoff potential increased from 4.3 V to 4.4 V at
40 °C, gas production increased slightly to (0.6 = 0.2) mL over the 12-mo. observation
period (standard deviation based on replicate cells, n = 2). When the storage temperature
increased from 40 °C to 55 °C, the gas production for stored cells occurs at a higher rate
until reaching (1.4+0.1) mL (4.3 VUCP) and (3.1 £0.1) mL (4.4 V UCP) after 12 months.
For cells that experienced increased gas production, it is possible to observe a linear,
constant rate of gas production. When the temperature is increased from 40 °C to 55 °C,
the rates approximately quadrupled. When the upper cutoff potential is increased from 4.3
V to 4.4 V, gas production doubles. This indicates both temperature and storage upper
cutoff potential can increase the rate of gas production. While gas analysis was not
performed on these cells, it is expected the gas created at higher upper cutoff potential is
due to CO» production.®® The difference between cycling and stored cells could be due to

the longer time spent at the higher potential for the stored cells.

Figures 4-2(q. —t.) show the effective charge transfer resistance measured by EIS at 10 °C.

This includes desolvation and resistance of ion transport through the SEI layers at both
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electrodes.”® For similar NMC532 cells, it has been shown that the increase in charge
transfer resistance is primarily from the positive electrode/electrolyte interphase.'?? For
cells cycled or stored at 40 °C there were minimal changes to the charge transfer resistance
throughout the 12-month period. For cells cycled at 55 °C, there was minimal change to
charge transfer resistance at 4.3 V, however, when the upper cutoff potential increased to
4.4 V, the charge transfer resistance increased throughout the observation period. Stored
cells at 55 °C, with both upper cutoff potentials, did not incur large changes to charge

transfer resistance.

Figure 4-3 summarizes similar results as Figure 4-2, but for polycrystalline NMC622 cells
during cycling and storage experiments. Markers, scales, dependent variables, and
conditions are consistent with Figure 4-2 for ease of comparison. Figures 4-3(a. — d.) show
the discharge capacity at the end of cycling or storage. Cells stored at 40 °C had the least
capacity loss during the 12-month period ((10.0 = 0.4) mAh for 4.3 V UCP and (11.6 £
0.9) mAh for 4.4 V UCP) where cycled cells had higher capacity loss ((17.0 = 0.3) mAh
for 4.3 V UCP and (19.8 £ 0.7) mAh for 4.4 V UCP). Stored cells at 55 °C had lower
capacity loss during the 12-month period ((27 + 2) mAh for 4.3 V UCP and (29 + 2) mAh
for 4.4 V UCP) than cycled cells at 55 °C ((35 = 1) mAh for 4.3 V UCP and (39.4 + 0.4)
mAh for 4.4 V UCP). Figures 4-3(e. — h.) show the normalized capacity. Cells cycled at 40
°C showed about 8 % relative capacity loss for both upper cutoff potentials during the 12-
month observation period. When the temperature is increased to 55 °C, the relative capacity
decreases by about 20 % for the 12-month period in cells cycled to 4.3 V UCP and in the
7.5-month period for cells cycled to 4.4 V. Stored cells at both temperatures appear to retain

slightly higher relative capacity over the observation periods (~ 5 % and ~13 % relative
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Figure 4-3 — Results from NMC622 cycled and stored cells (blue squares and orange
circles, respectively) are presented versus time. Panels (a.-d.) include the
cycling/storage conditions for the panels that follow below. Panels (a.-d.) show ending
discharge capacity and panels (e.-h.) show the normalized discharge capacity. Panels
(i.-1.) show AV at the end of testing. Panels (m.-p.) show the volume of gas produced
during testing via Archimedes’ measurement. Panels (q.-t.) show Rcr estimated via
EIS.
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capacity loss in cells at 40 °C and 55 °C, respectively). As mentioned in the Methods
section, cells cycled and stored at 55 °C with UCP of 4.4 V were removed after ~7.5 and 9
months, respectively, rather than competing the 12-month testing due to rapid capacity
loss. For ease of comparison on these figures, the marker fill is consistent with cell age.

For example, in Figures 4-3(g. and h.) the 9-month cells are filled with the same shade.

Figures 4-3(i. — 1) show the voltage polarization versus time. Results for stored cells show
minimal change in AV versus time at all upper cutoff potentials and temperatures. Results
for cycled cells show minimal change at 40 °C and an UCP of 4.3 V. AV increased slightly
when the upper cutoff potential was increased and more significantly when the temperature
was increased. Increasing the temperature and upper cutoff potential compounded the

effect on AV for cycled cells.

Figures 4-3(m. — p.) show the measured gas production. Gas production is minimal (< 0.5
mL) for all cycled and stored cells at 40 °C. When the storage temperature is increased
from 40 °C to 55 °C, the gas production for stored cells occurs at a higher rate, reaching
(3.1 £0.1) mL (4.3 V UCP) and (2.55 = 0.05) mL (4.4 V UCP) over 12 and 9 months,
respectively. Cells cycled at 55 °C showed an increase in gas production to (1.5 + 0.6) mL
over 12 months for 4.3 V UCP and over 7.5 months to (3.7 + 0.1) mL for 4.4 V UCP. The
larger volumes (greater than about 3 mL) are at the upper limit of what is measurable via
Archimedes method. As discussed in Chapter 3, it is likely that gas pressure is no longer at

standard temperature and pressure to accurately quantify with this method.

Gas generation in the NMC622 cells appears to be linear with time under most conditions.
Data from cells at 55 °C with an UCP of 4.4 V show increased variability for older stored

cells (7.5 and 9 months). It is expected that the outlying storage cell data point at ~7 months
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is due to pouch bag rupture. For most conditions, there is minimal difference between gas
produced in cycling versus storage cells. However, at 55 °C and to an UCP of 4.3 V, stored

cells have about twice the gas produced than cycled cells.

Figures 4-3(q. — t.) show the charge transfer resistance measured by EIS. For cells cycled
and stored at 40 °C, there was a slight decrease in charge transfer resistance throughout the
12-month period. Cells stored at 55 °C also showed a small decrease in charge transfer
resistance at both upper cutoff potentials (except for the 7-month cell at 4.4 V). For cells
cycled at 55 °C, there was minimal change to charge transfer resistance at 4.3 V and 4.4 V
UCPs. Minimal changes to charge transfer resistance indicate there was minimal SEI
impedance growth. This suggests the large changes observed in AV for NMC622 cells

cycled at 55 °C originated from a different source.

Most noticeable differences between results from NMCS532 cells and NMC622 cells
(Figure 4-2 and Figure 4-3) include higher relative capacity loss in NMC622 cells cycled
and stored at 55 °C, significantly higher AV growth in cycled NMC622 cells, more gas
production in NMC622 cycled cells at 55 °C and smaller changes in charge transfer
resistance for NMC622 cells cycled to 4.4 V UCP at 55 °C compared to NMC532 cells at

the same condition.

EIS and dV/dQ Results
Figure 4-4 summarizes EIS and dV/dQ results for NMC532 and NMC622 cells after
cycling and storage. Here, the change in measurement (per month) was calculated using

the slope of the data (fitted via linear regression) and reported versus testing temperature.
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Figure 4-4 — Post-cycling/storage results from cycled and stored cells (blue squares
and orange circles, respectively) are presented versus test temperature. Panels (a.-d.)
include the cell type and UCP for the panels that follow below. Panels (a.-d.) show the
change in high frequency intercept per month and panels (e.-h.) show the change in
low frequency intercept per month measured via EIS. Panels (i.-l.) show change in Li
inventory loss per month and panels (m.-p.) show the change in positive electrode
mass loss per month measured via UHPC. Panels (q.-t.) show the estimated change in
negative electrode mass loss percent per month measured via UHPC.
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For example, the change in high frequency intercept per month versus cycling or storage
temperature is shown in Figures 4-4(a. — d.). Panels a. and b. show results from NMC532
cells and panels c. and d. show results from NMC622 cells. Panels a. and c. show results
from cells with 4.3 V UCP. Panels b. and d. show results from cells with 4.4 V UCP. Blue
square markers indicate data from cycled cells while orange, circle markers from stored
cells. Error bars show the calculated error based on weighted regression. Most linear fits
did not include fixed intercepts, however some linear fits included fixed intercepts where
values at zero months were expected to be zero (transesterification, dimerization, Li
inventory loss, positive mass loss, negative mass loss). Figures showing raw data for
NMC532 and NMC622 cells (like Figure 4-3, respectively) are provided in supplementary
material (Figure A-1, Figure A-2, Figure A-4, and Figure A-5) and provide individual

measurement errors.

Figures 4-4(a. — b.) show minimal changes (<5 Q cm?mo.™!) to the high-frequency intercept
of EIS measurements at both 40 and 55 °C, indicating little change to the electron path
resistance through the electrodes and/or ionic path resistance through the electrolyte in
NMC532 cells.”>!?! Figures 4-4(e. — f.) show the low frequency intercept (HFI + charge
transfer resistance) also has minimal change (<5 Q cm? mo.™") at both 40 and 55 °C for

NMC532 cells.

Figures 4-4(i. and j.) show results from dV/dQ fitted Li inventory loss (due to negative
electrode SEI growth) versus temperature for cells with an UCP of 4.3 V and 4.4 V,
respectively. A limited number of NMC532 cells underwent dV/dQ fitting due to limited
charger availability. The Li inventory loss is estimated using the change in electrode

slippage and the estimated mass loss as descried in supplemental information Figure A-3
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and Equation A-1 and Equation A-2. The rate of Li inventory loss is shown to increase for
NMC532 cells from 40 to 55 °C to a maximum of ~3 mAh mo.™!. The rate of Li-inventory
loss is also similar for cells with a 4.3 V UCP versus a 4.4 V UCP. An example the results
of dV/dQ fitting to extract the parameters needed for the Li inventory calculation for
NMC622 cells is illustrated in supplementary Figure A-6. Li inventory losses are also
consistent with the respective absolute capacity loss measured in these cells. The rate of
increase in Li inventory loss is larger for cells cycled or stored at higher temperatures. The
rates of active positive and negative material loss were also determined by dV/dQ fitting
and are shown in Figures 4-4(m. and n.) and Figures 4-4(q. and r.), respectively. These
rates show <5 % change in active mass over 12 months for both electrode materials
indicating minimal changes to the electrode materials.!’! Thus, in these cells, the dominant
capacity loss mechanism is Li inventory loss building the SEI at the negative electrode.
Based on Figures 4-2(q. and r.) this does not increase the charge-transfer resistance of the
cell significantly, suggesting the composition of the SEI must change over time or that the
negative electrode SEI plays a small role, compared to the positive electrode in making up

Rer.

Figure 4-4 also shows EIS and dV/dQ results versus test temperature for NMC622 cells
after cycling and storage. Figures 4-4(c. and d.) show the rate of high frequency intercept
(HFI) change determined via EIS. For cells cycled and stored at 40 °C, there is minimal

2 over 12 months), indicating little change to the

change to this intercept (< 40 Q cm
electronic path resistance through the electrodes and the ionic path resistance through the

electrolyte.”>!?! The results for cycling versus stored cells are similar. For cells cycled and

stored at 55 °C, however, the rate of high frequency intercept increases to as much as ~160
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Q cm? over 12 months for cells cycled to 4.3 V and ~150 Q cm? over 9 months for cells
cycledto 4.4 V. Cells stored at 55 °C show about 1/3 the change in high frequency intercept
as the equivalent cycled cells throughout the observation period. The rate of high frequency
intercept increase is slightly higher for cells cycled to 4.4 V than 4.3 V UCP. These results
indicate that at higher temperature, the electronic and/or ionic path resistances increases at
a higher rate, indicating solution or electrode changes. The increase in HFI is like that seen
in AV for the same cells (Figures 4-3(i. — l.)), suggesting that electronic resistance increases
in the electrodes, or increases in the ionic path resistance are responsible for the changes
in cell polarization with time. We will return to this point later once electrolyte

compositions have been discussed.

Figures 4-4(g. and h.) show the changes in low frequency intercept for cycled and stored
cells. At 40 °C, the low frequency intercept has minimal change from the intercept
measured at 3 months (~95 Q cm?). Cells stored at 55 °C also have minimal change over
12 months when held at 4.3 V, however, when held at 4.4 V UCP, there is an increase in
rate (up to ~150 Q cm? for the 9-month period). Cells cycled at 55 °C show the highest
change in low frequency intercept throughout the observation period. The low frequency
and high frequency intercept are used to determine the charge transfer resistance as
provided in Figure 4-2 and Figure 4-3. For NMC622 cells, it appears all resistance increase
is attributed to the electron/ion path resistance rather than the charge transfer resistance.
Origins of electron or ion path resistance increase could be from changes to electrolyte or
electrode conductivity, such as compositional changes to electrolyte or particle cracking in

the electrode, respectively.
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Figures 4-4(k. and 1.) show the rate of Li inventory loss calculated via dV/dQ fitting as
described by Dahn et al..!°! At 40 °C, a slight increase in Li inventory loss was observed
and was similar for both cycled and stored cells with UCPs of 4.3 V and 4.4 V. When the
temperature increased to 55 °C the rates of Li inventory loss increased for cycled and stored
cells. Increasing upper cutoff potential exaggerates these effects. These results indicate Li
inventory loss increases over time for all cycled and stored NMC622 cells. Supplementary
Figure A-3 shows exemplar data to illustrate how Li inventory loss was determined in cells
which experienced positive electrode mass loss. Figure A-6 shows voltage versus capacity

data from NMC622 cells in this study.

The active mass change on either electrode is estimated via dV/dQ fitting as described by
Dahn et al.!®! Figures 4-4(o. and p.) show the rate of positive electrode active mass loss.
Again, at 40 °C, there was minimal change to the active mass of positive electrode and
minimal difference between cycled and stored cells. When the temperature was increased
to 55 °C and the UCP kept at 4.3 V, the rate of positive electrode active mass loss remained
constant for stored cells but increased to triple that of the equivalent cell at 40 °C for cycled
cells. Finally, when the upper cutoff potential was also increased to 4.4 V at 55 °C, the rate
of positive active mass loss in cycled cells is over quadruple the loss of the equivalent cells
at 40 °C. Positive mass loss could be due to micro-cracked particles, which is consistent
with the observed increase in high frequency intercept. This is likely related to the repeated
expansion and contraction of positive electrode materials undergoing many cycles,
whereas cells stored at upper cutoff potentials experienced little expansion and contraction
and positive active material loss. Results from dV/dQ analysis have a strong correlation to

observed cell performance.
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Other capacity loss mechanisms in the literature include rock salt surface layer formation'%?
or acid dissolution of the positive material.®>1?* Each of these mechanisms can lead to
positive electrode active material loss. Microcracks create fresh surfaces for acid attack
and, in the acid dissolution mechanism, LiPO2F> is expected to be produced.'? Y"F-NMR
allows LiPO2F> to be identified qualitatively. While q-NMR showed that LiPOF;
concentrations remained relatively low for most cells, it is worth noting that the largest
concentrations of LiPO2Fz (< 50 mM) were measured in older cycling and stored NMC622
cells at 55 °C. Figure A-7 shows an example '’F-NMR spectra and the relative magnitude
of the LiPO,F; peaks. While all samples (including those prepared with fresh electrolyte)
showed the weak PFs peak, not all samples showed LiPOxF> peaks. Cycled cells could
develop microcracks which could accelerate acid attack, while stored cells were held at
high voltage for long durations which also accelerates acid attack. Even though cycled
NMC622 cells had more positive active mass loss than stored cells, it is possible for the

amounts of created LiPO;F> to be similar.

Figures 4-4(s. and t.) show the rate of negative active mass loss for these NMC622 cells.
For all cells, there is minimal change to the negative electrode active mass. The small
variations observed could simply be due to the quality of the dV/dQ fitting. Considering
Figure 4-4, some major differences between single crystal NMCS532 cells and
polycrystalline NMC622 cells can be observed. This includes increased change to high
frequency intercept for NMC622 cells under all conditions, indicating a more rapid change
to electrolyte and/or electrode resistance. The NMC532 cells under all conditions show
virtually no changes to active electrode masses with all capacity loss due to Li inventory

loss. By contrast, cycled NMC622 cells at 55 °C show significant positive electrode active
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material loss as well as Li inventory loss. This difference is primarily attributed to the fact
that NMC532 particles, which are resistant to microcracking,'?® are single crystals while
NMC622 particles are polycrystalline. Li et al. have clearly shown the advantages of single
crystal NMC532 over polycrystalline NMC532.% Additionally, NMC532 and NMC622
have similar volume changes (versus potential and versus lithium content) in this potential
range (< 4.4 V).!?” Therefore, any differences in structural changes between the two
materials are minor and, instead, differences in active material loss are attributed to single

crystal versus polycrystalline particles.

Electrolyte and Negative Electrode Analysis

Figure 4-5 summarizes electrolyte and negative electrode chemical analysis for NMC532
and NMC622 cells. Markers, conditions, positive electrode material, and rate/error
calculations are consistent with Figure 4-4. Individual cell results per time (replicate cells
shown, when available), as well as their measurement error, are shown in supplementary

Figure A-4 and Figure A-5.

Figures 4-5(a. and b.) show the change in measured PFs” concentrations for NMC532 cells.
This concentration was determined as described in the Methods section. The error bars
shown in supplementary Figure A-4 and Figure A-5 represent the propagated error from
'"H-NMR (~2.4 %), "F-NMR (~1.5 %) and GC-MS (~4 %) measurements. Considering
the large cell variability and the large variability in error associated with rate calculations,
it is not possible to determine significant differences between change in PF¢ concentrations

measured for cells with different upper cutoff potentials, nor to differentiate between

71



o
o
=
o
]

2
NMC532-43V a. NMC532-44V b, NMC622-43V . NMC622 -44V d.

'S 0.004 0004 S
£ ) £
E oon % 0012 £
@ — 1 ©
w [T
O g.028 0.028 &
(&) [&]
c | -
[=] [=]
(;I) -0.044 -0.044 3
-0.06 0.06
‘s ‘s
0.05 0.05
£ S
~ e. f. g. h. -
§o.038 0.038 §
5 : ) &
8 = / (o}
= 0.026 /1 /,T. B y 0.026 =
%0014 / /’;m / 0.014 %
30 yd s/ yd / - &0
S / /___7_,@ //@ ] /,/ ey &
- 0.002 & g & el 0.002
8 &
L -0.01 001 L
- 4
35010 ’ '3.150-3
g i j. k. L g
Z a7 27 £
8 5
g 1.9 / I 1.9 ’g
S 5
E 11 % 11 E
a a
3 o e .
3] 4 E _ 3]
8 0.3 ] | o 03 §
dos 05 9

: 0.02 0.02

0.01

=
[=]
-

% -0.01

AEC:Linear Carbonate / mo.™
=]
[=1]
2 o
HH 1
BN
o
HegH
\
\\
—e—e-
|
|
—e—]
[=]
AEC:Linear Carbonate / mo.™

-0.02 0.02 5
-0.03 0.03 =

- 06 06 -
g —H— Cyeling q. - r. S. t. g

o 046 T— Storage *1 046
5 - 5
@D 32 i3 0.32 =
£0.18 ) ) A 018 ¢
= -1 = —~ =
2 B B " - e
50.04 B——--=a —— o= i g 0.04 §
O &)
T 04 01 9

40 55 40 55 40 55 40 55
Temperature / °C Temperature / °C Temperature / °C Temperature / °C

Figure 4-5 — Electrode and electrolyte analysis results for cycled and stored cells (blue
squares and orange circles, respectively) are presented versus testing temperature.
Panels (a.-d.) include the cell type and cycling/storage UCPs for the panels that follow
below. Panels (a.-d.) show the change in PF¢ concentration in the electrolyte per
month. Panels (e.-h.) show the rate of transesterification and panels (i.-l.) show the
rate of dimerization. Panels (m.-p.) show the change in EC:linear carbonate ratio of
electrolyte per month. Panels (q.-t.) show the change in Mn loading on the negative
electrode per month.
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cycling and stored cells. However, following the initial increase in PF¢” concentration after
cell formation (to ~1.3 m), all conditions appear to result in slightly negative changes in
PF¢ concentration. The observed changes are like those of the initial cells and are
consistent with previous trends in electrolyte salt concentrations where the salt
concentrations increase after formation from about 1.1 m to 1.25 m (due to consumption
of solvent) then gradually decrease over time.”” Solely considering the range of salt
concentrations measured during this study, the electrolyte conductivity is not expected to

change dramatically.??

Figures 4-5(e. and f.) show the change to fraction of transesterification per month in
NMC532 cells (fraction of DMC and DEC created compared to the total linear carbonates,
calculated as the quotient (mol. DEC + mol. DMC)/(mol. DEC + mol. DMC + mol. EMC))
measured via GC-MS. Cells cycled or stored at 40 °C experience minimal conversion of
EMC to DEC and DMC for both upper cutoff potentials. Cells cycled at 55 °C show an
increased rate of transesterification to ~0.15 £ 0.05 after 12 months for both upper cutoff
potentials. The rate of transesterification for cycled cells is about twice at 55 °C compared
to that at 40 °C. Stored cells at 55 °C show over four times the rate of transesterification
compared to cycled cells at 55 °C. The rate of transesterification measured for cells tested
at 55 °C are independent of upper cutoff potential. The additive VC has been shown to
passivate electrodes to prevent Li-alkoxide formation via the reduction of linear
carbonates, however, the presence of transesterification products suggests that Li-

alkoxides could be generated later in cycling or storage lifetime, especially at 55 °C.

Equations 4-1, 4-2, and 4-3 show a proposed reaction for Li-alkoxide formation (4-1) and

subsequent reactions with linear carbonates (4-2 and 4-3). Because Li-alkoxides are
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regenerated in the transesterification process, any Li-alkoxides have the potential to
continue converting EMC over time.'?® It has been previously reported that an EMC
solution containing 1 % Li-alkoxide will reach equilibrium (~25:25:50 DEC:DMC:EMC
ratio) in ~20 days at (25 £ 5) °C.'? It is possible that EMC undergoes self-conversion to
DMC and DEC over time; however, no change to linear carbonate ratios were observed in
a 1 litre bottle of electrolyte (1.0 M LiPFs in EC:DMC:DEC (1:1:1 by wt.)) stored at room
temperature in a sealed aluminum can for 16+ years in Jeff Dahn’s office (confirmed via
Fourier-transformed infrared spectroscopy,'*® see Figure A-8 — it may also surprise some
readers that the electrolyte was colorless after this 16+ year storage as well.). Rates of
conversion from Figures 4-5(e. and f.) project a minimum (linear extrapolation) of ~15
months (55 C stored cells) to ~40 months (55 C cycled cells) for equilibrium to be
established (~0.5 fraction of transesterification). Both rates of conversion suggest either a
concentration of Li-alkoxides below 1%, a shorter residence time of Li-alkoxides, or an

alternative mechanism.
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Some recent work shows CO> gas is beneficial to Li-ion batteries in suppressing
tranesterification.!?® It is likely that CO2 produced can react with alkoxides (reported up to
2 - 10”2 M solubility,'?® also found in small amounts in SEI) to form Li-alkyl carbonates,'*!

a more insoluble (found via conductivity measurements)!>?

and less reactive product than
lithium alkoxides.”*!*? This mechanism (Equations 4-4) would consume alkoxides, limit
the residence time of Li-alkoxides in the electrolyte, and slow the rate of transesterification
in cells. Considering this mechanism, the rate of EMC conversion would be dependent on
Li-alkoxide production (electrolyte reduction) and reaction with CO,. For cycled cells,
where Li-alkoxides are expected to be produced at top of charge,>*%* Li-alkoxides would
be produced for a limited time during each cycle while scavenging of Li-alkoxides (by
CO») could always occur. For cells stored at top of charge, Li-alkoxide formation would
occur continuously, while the rate of Li-alkoxide scavenging (via COz) would remain the
same. This would result in a larger presence of Li-alkoxides and transesterification in
stored cells, as observed. Other mechanisms that have recently been proposed to consume
Li-alkoxides indicate they can be responsible for the terminating step in oligomers, oligo
carbonates, phosphate-carbonates, and polyethylene glycols.”®*¢ Under these cases, LiF
(thought to be beneficial to SEI layer) could be formed and polymerization chain length

could be limited by the presence of Li-alkoxides. Analysis of these products was not

conducted but will be considered in future work.
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Equation 4-5 shows the Li-alkoxide initiated dimerization reaction between EC and a linear

carbonate. Figures 4-5(i. and j.) show the rates of dimerization per month (measured by the
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quotient of (mol. DMOHC + mol. DEOHC)/(mol. DMOHC + mol. DEOHC. + mol. EC)
measured via GC-MS. When stored at 40 °C, cycled and stored cells show no dimerization

products with a UCP of 4.3 V and only show a slight increase in rate of dimerization after

- (4-5)128
12 months with a UCP of 4.4 V. When the temperature increases to 55 °C, cycled cells still
show a low rate of dimerization in cells with UCPs of 4.3 V and 4.4 V. Cells stored at
UCPs of 43 V and 4.4 V and at 55 °C show an increase in the rate of dimerization
throughout the observation period to a maximum of 5 % conversion over 12 months. The
rate of dimerization is similar for cells stored at 55 °C at 4.3 V and at 4.4 V. Dimerization
(Figures A-4(i. — 1.) shows a similar set of trends as does transesterification (Figures A-4(e.
—h.)). However, at certain times and under certain conditions, 0% dimerization is measured
where transesterification is present, for example, cycled cells with both upper cutoff
potentials and at both temperatures and stored cells at 40°C. This could indicate
dimerization products are produced via Lewis acid assisted ring opening of EC'3%!3 rather
than by the presence of Li-alkoxide.’! It is expected that small amounts of dimerization
products will not hinder cell performance, however, larger concentrations could increase
viscosity and decrease conductivity of the electrolyte solution and impact cell

performance.®!

Figures 4-5(m. and n.) show the change in EC to linear carbonate ratio per month versus
temperature. For all cells, the original EC:linear carbonate mass ratio was about 0.43.

Although the cell variability and linear fits prevent a more definitive conclusion to be
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drawn, overall, it is clear there are no major (> 20 %) changes to the EC:linear carbonate
ratio throughout 12 month period. Some results suggest the ratio of EC: linear carbonate is
decreasing (negative rates measured). This could originate from EC (versus linear
carbonate) reactivity. Some possible mechanisms would include reduction at the negative
electrode (see Figure 2-2), EC polymerization as reported by Henschel et al. discussed in
Chapter 2,7 and EC oxidation reported by Jung et al..*>*! Further investigation is needed
to identify the extent EC is lost over linear carbonate. This would likely require more
significant changes to occur in the electrolyte. This could be achieved by allowing cells to
cycle beyond 12 months or perhaps accelerating electrolyte reactivity via increase

temperature study.

Figures 4-5(qg. and r.) show the change in mass of Mn per unit area on the negative electrode
as determined by pXRF. The mass loadings measured for cells at 3 months were like that
after formation (given in Methods section). Under all conditions, cycled cells appear to
have minimal change in Mn deposition (maximum of ~0.75 pg cm?) after 12 months of
cycling. Storage cells at 40 °C and 4.3 V UCP show minimal increase in Mn deposition
over 12 months whereas, when the UCP was increased to 4.4 V, the rate of Mn deposition
approximately tripled and a maximum loading of (3.2 + 0.3) ug cm™ was observed after
12 months (transition metal deposition errors estimated via replicate cell relative standard
deviation). When the temperature was increased to 55 °C and the UCP kept at 4.3 V, the
Mn deposition rate approximately doubled and a maximum loading of (1.94 + 0.07)
ug cm was observed after 12 months of storage. When the UCP was also increased to 4.4
V and cells were stored at 55 °C the rate of deposition quadrupled and a loading of (4.8 £

0.4) pg cm™ was observed after 12 months of storage. These results indicate that time at
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higher upper cutoff potential controls the degree of Mn deposition at the negative electrode
while temperature has a smaller effect. Still, these cells only show a maximum Mn loading
of ~5 ug cm, corresponding to < 0.16% of the Mn in the positive electrode material. This
is substantially smaller than the degree of dissolution measured by Gilbert et al.”® (no
electrolyte additives in their cells) and is consistent with our previous work (cells contained

electrolyte additives).”’

Figures 4-5(c. and d.) show the change in PFs" concentration for NMC622 cells. These
errors are not small enough to statistically distinguish between measured concentrations as
a function of time or across various conditions. Still, the measured concentrations are
within 20% of the original salt concentration. Of the concentrations measured (Figure A-
5(a. — d.)), the slight increase in PF¢ concentration to ~1.25 m at 3 months is consistent
with previous studies showing a drop in solvent concentration after formation.”” This was
followed by a gradual decrease in salt concentration throughout cell storage/cycling to
~0.9-1.0 m after 12 months. Overall, there are no extreme, measurable, changes to salt
concentration. Additionally, the changes are unlikely to change ionic conductivity by more

than 20 %.3?

Figures 4-5(g. and h.) show the rate of transesterification measured via GC-MS. Cells
cycled at 40 °C show minimal rates of transesterification. Cells stored at 40 °C show an
increase in the rate of transesterification (maximum of ~0.1 during 12-month observation
period). Cells cycled at 55 °C show an increase in rate of transesterification to a maximum
of ~0.2 after 9 months. Cells stored at 55 °C show higher rates of transesterification to a
maximum of ~0.3 over 9 months. Under most conditions, it is possible to observe higher

fractions of transesterification for stored cells versus cycled cells as was the case for the
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NMC532 cells. There is little observable difference between extents of transesterification
measured in cells at an UCP of 4.3 V versus 4.4 V, as was the case for the NMC532 cells.
As discussed above, even the highest rates of EMC conversion in these cells at 55 °C are

small compared to EMC conversion in an electrolyte containing 1% Li-alkoxide at 25

oC 129

Figures 4-5(k. and 1.) show the rate of dimerization versus temperature in cycled and stored
cells. When stored at 40 °C, cycled and stored cells show minimal increase in dimerization
after 12 months (0 % at 3 months to <~2.3 % after 12 months). For all cells, the extent of
dimerization remains low (below ~ 5 % during study), as was the case for NMC532 cells.
There is minimal measurable difference in the rate of dimerization between both upper

cutoff potentials and between cycling versus storage cells.

Figures 4-5(o. and p.) show the change in EC to linear carbonate ratio for NMC622 cells
versus temperature. For all cells, the original EC:linear carbonate ratio was about 0.43. For
all conditions, minimal change to ratios were measured. The initial increase in EC:linear
carbonate ratio observed in 3-month cells (Figures A-5(m. — p.)) is expected due to
consumption of linear carbonate during initial formation cycles. Subsequently, although
there is large replicate cell variability, a negative change in EC to linear carbonate ratio
could be observed, especially in cells cycled to 4.4 V. This would suggest higher
stoichiometric rates of EC consumption than linear carbonate consumption since
formation. Some cells show elevated EC:linear carbonate ratios (also associated with
elevated PF¢ concentration), suggesting significant linear carbonate consumption and/or

solvent loss in cells.
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Figures 4-5(s. and t.) show the rate of change in mass of Mn per unit area of negative
electrode for NMC622 cells determined by uXRF. The loading measured for cells at 3
months is similar to that seen after formation ((0.24 = 0.01) pg cm?and (0.24 = 0.01) pg
cm? for UCPs of 4.3 V and 4.4 V, respectively) (see Methods section). All cycled cells
show slight increases in Mn loading ((0.78 + 0.07) pg cm™) after 12 months of cycling.
Storage cells at 40 °C and a 4.3 V UCP also show little change in Mn loading on the
negative electrode, (0.65 + 0.01) pg cm™ after 12 months (comparable to cycled cells),
whereas when the upper cutoff potential is increased to 4.4 V the rate of Mn deposition
approximately doubles to yield a maximum loading of (1.4 £ 0.2) pg cm™ after 12 months.
When the storage temperature is increased to 55 °C and UCP held at 4.3 V, the Mn
deposition rate approximately doubles to yield a maximum loading of (1.25 + 0.08)
ug cm after 9 months of storage. When the UCP is also increased to 4.4 V and cells are
stored at 55 °C the rate of Mn deposition quadruples to yield a loading of (2.00 = 0.04) ng
cm™ after the 9 months storage. NMC532 cells also showed more Mn on the negative
electrode for stored cells compared to cycled cells. These Mn concentrations indicate that
time at higher upper cutoff potential contributes to the degree of Mn deposition at the
negative electrode while temperature has a smaller effect. Still, NMC622 cells show a
maximum Mn deposition of ~2 ug cm™ corresponding to < 0.07 % of the Mn in the positive
electrode material. This is substantially smaller compared to the degree of dissolution

measured by Gilbert et al. (no electrolyte additives in their cells).”

Notable differences in measured electrolyte properties between NMC532 and NMC622
cells include transesterification in cycled cells at 55 °C. Where cycled NMC532 cells had

low fractions of transesterification, NMC622 cells at 55 °C showed elevated fractions,
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more comparable to stored cells. Differences between PFs concentration, fractions of
dimerization, and EC:linear carbonate ratio results are not deemed significant between

NMC532 and NMC622 cells.

DTA Results

The DTA analysis conducted here depends on DTA work done on two sets of previously
constructed reference cells. Results from these cells are shown in Figures 4-6(a. and b.).
These show the DTA curve of 1.0 M LiPFs in 3:7 EC:EMC, and a set of curves as the EC
content is increased (Figure 4-6a.), and a set of curves as the LiPF¢ concentration is
increased (Figure 4-6b.). Figures 4-6(c. and d.) then show the effect of the change in EC
and LiPF¢ concentration on the liquidus temperature, as determined from experiment. This
shows that the LiPF¢ content affects the liquidus temperature linearly, while the EC content
affects it in a way that has been effectively modelled with a second order polynomial. While
these trends have been measured experimentally in these limited ranges, this work will
assume that they will roughly hold for nearby concentrations. Particularly, the cells used
here used an initial concentration of 1.1 m LiPFs, which is just outside of the

experimentally studied range of LiPF¢ concentrations.

All NMC532 and NMC622 cells in the matrix were tested via DTA, per the method
described in the Methods section of this work. The resultant data shows that, as per Figure
4-7, the DTA curves of the cells cycled or stored at 40 °C, and particularly the NMC532
cells, did not change significantly through the testing period. This is the case for all the 40

°C cells, as shown in Figure A-9. However, DTA tests on the 55 °C cells show that there
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Figure 4-6 — Summary of effects of modification of electrolyte composition on 1.0 M
LiPFs in 3:7 EC:EMC, as studied via DTA. Panels (a. and b.) show the effect of
varying EC ratio and LiPFs content, respectively, on the DTA signal of a cell. Panels
(c. and d.) show the relationships between the change in EC ratio and salt
concentration on the liquidus temperature, respectively. Figure produced by M.

Bauer for publication in J. Electrochem Soc. 168, 020532 (2021). Reproduced with
permission (see Appendix C).

are significant changes in the electrolyte state, and there is considerable transesterification

at longer cell lifetimes, as shown in Figure 4-8. This agrees with the results obtained by

GC-MS and NMR, as shown in the other portions of this work.



As discussed above, NMR and GC-MS results show salt consumption and solvent
composition changes over the observation period for cells tested at 40 °C. However, Figure
4-7 shows virtually no changes to the DTA signal and virtually no change to the liquidus
temperature, suggesting no changes to the electrolyte. This apparent contradiction puzzled
us until we realized that decreasing the EC content (as observed in Figure 4-5) drives the
liquidus temperature down, while decreasing the LiPFs concentration (see Figure 4-5)
drives it up, as shown by Figures 4-6(a. and b.). Figure 4-9 and Figure 4-10 show that the
changes in the electrolyte composition (as measured in Figure 4-5) effectively counteract
using the data from Figures 4-6(c. and d.). Thus, for the changes in the electrolyte which
occur in the cells tested at 40 °C, one expects the liquidus temperature to remain nearly
constant as is observed. This shows that the liquidus temperature cannot, by itself, be used

to probe the state of the electrolyte in the 40 °C tested cells.
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transesterification (See Figure 4-5) with testing time and the conversion of EMC to
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reflected in the DTA signal. Figure produced by M. Bauer for publication in J.
Electrochem Soc. 168, 020532 (2021).
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Figure 4-9 — The effect on the liquidus temperature of the change in EC content (blue
squares) and Li* concentration (a.) and PFs concentration (b.) (red squares) in
NMC532 cells tested to an upper cutoff of 4.3 V at 40 °C, according to data in Figure
4-5 and the DTA results shown in Figure 4-8. The combination of these effects (black
squares) is shown to be near zero in both storage (empty squares) and cycling (filled
squares) cells. This figure was produced by M. Bauer for publication in J.
Electrochem Soc. 168, 020532 (2021).
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Figure 4-10 — The effect on the liquidus temperature of the change in EC content (blue
squares) and Li* concentration (a.) and PFs concentration (b.) (red squares) in
NMC622 cells tested to an upper cutoff of 4.3 V at 40 °C, according to data in Figure
4-5 and the DTA results shown in Figure 4-7. The combination of these effects (black
squares) is shown to be near zero in both storage (empty squares) and cycling (filled
squares) cells. This figure was produced by M. Bauer for publication in J.
Electrochem Soc. 168, 020532 (2021).
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Transesterification and Gas Production

Figure 4-11 shows the fraction of transesterification plotted versus gas production for
cycled and stored NMC532 cells. Markers, fill colors and conditions are consistent with
Figure 4-2. Figures 4-11(a. and b.) show that at 55 °C, as the measured gas increases, the
fraction of transesterification also increases. The relationship between gas production and
transesterification appears linear for cycling and storage and for both upper cutoff
potentials. When considering the test protocol at 55 °C, it is possible to observe a slightly
lower fraction of transesterification to gas volume ratio in stored cells versus cycled cells.
At 40 °C, Figures 4-11(c. and d.) show too little gas production and too little

transesterification to identify a linear relation.
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Figure 4-11 — The fraction of transesterification is shown versus measured gas
produced in NMC532 cycled (blue squares) and stored cells (orange circles). Time of
cycling/storage is represented in the fill color ranging from black to white (3 mo. and
12 mo., respectively). Cycling/storage conditions are shown in the top left of each
graph.
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Figure 4-12 shows the fraction of transesterification versus gas production for NMC622
cells. Markers, fill color, condition and scales are consistent with Figure 4-11 for ease of
comparison. Cycled and stored cells at 55 °C show increased fractions of transesterification
with increased gas production in most cases. As mentioned in previous sections, gas
production of about 3 mL is close to maximum volume measurable by the Archimedes
method. Like NMC532, cycled cells at 4.3 V UCP show a slightly lower ratio than stored
cells. Cycled cells at 55 °C and with 4.4 V UCP appear to have a lower ratio than stored
cells. For cells at 40 °C (Figures 4-12(c. and d.)), minimal transesterification and gas

production inhibit drawing correlations between transesterification and gas production.
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Figure 4-12 — The fraction of transesterification is shown versus measured gas
produced in NMC622 cycled (blue squares) and stored cells (orange circles). Time of
cycling/storage is represented in the fill color ranging from black to white (3 mo. and
12 mo., respectively). Cycling/storage conditions are shown in the top left of each
graph.
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Both NMC532 and NMC622 cells appear to have a similar transesterification to gas
production ratios at 55 °C, except for ratios measured for NMC622 cells with 4.4 V UCP.
While transesterification, facilitated by linear carbonate derived Li-alkoxides, is expected
to be accompanied by gas formation (likely CO via linear carbonate reduction),’® the extent
of this relationship is not well known.’>%%120 Recent work has shown that CO; can react
with alkoxides to form an insoluble, less reactive product.”*!?* This reaction would remove
CO; and decrease the gas volume. Additional quantitative work (electrolyte and gas
composition analysis) is necessary to identify the gases in these cells and to uncover the

extent of this CO; removal.

Transition Metal Ratio on Neg. Electrode

Figure 4-13 and Figure 4-14 show the loading of Ni versus the loading of Mn found on the
negative electrode for NMC532 and NMC622 cells, respectively. Markers, fill colors and
conditions match those of Figure 4-11. Scales are consistent between Figure 4-13 and
Figure 4-14 and solid lines represent the expected mass ratio of Ni:Mn based on the positive

electrode composition.

Figures 4-13(a. and b.) show that both cycled and stored cells at 55 °C have less Ni
deposition at the negative electrode than expected based on the positive electrode
composition. Cycled and stored cells show that the ratio of Ni:Mn deposition is roughly
constant for each condition. Cells with an UCP of 4.4 V show higher Mn loadings
throughout the observation period. Cells at 40 °C, shown in Figures 4-13(c. and d.), appear

to show closer agreement with expected Ni:Mn ratio, yet, still show a lower Ni:Mn ratio
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Figure 4-13 — The concentration of Ni is shown versus concentration of Mn measured
on the negative electrode of NMCS532 cycled (blue squares) and stored cells (orange
circles). Time of cycling/storage is represented in the fill color ranging from black to
white (3 mo. and 12 mo., respectively). Cycling/storage conditions are shown in the
top left of each graph.

than expected. The ratio for cells at 40 °C appears consistent with the two upper cutoff
potentials and with cycled versus stored cells. Additionally, cells measured after formation
showed low concentrations of Mn (and Co) on the negative electrode as discussed above,

however, no Ni deposition was measured after formation.

The decreased Ni:Mn ratio indicates the dissolution, solvation, and deposition processes
favor Mn over Ni. Recent studies have shown that these transition metal can dissolve in
different relative concentrations depending on the dissolution mechanism. For example,
Sahore et al. found that Ni was primarily dissolved via chemical decomposition and/or via

presence of F~ or PF¢ and Mn and Co were primarily dissolved from charged electrodes
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via electrochemical oxidative decomposition of the electrolyte and solvated via metal

complex formation.®?

Sahore et al. also hypothesized that chemical (versus
electrochemical) oxidation via O loss* is more likely to involve surface transition metal
dissolution and lithium insertion in the electrode whereas electrochemical oxidation* is
more likely to keep transition metals in the positive electrode but require lithium insertion
to maintain charge balance. The former scenario would allow transition metal to replace
Li" and could lead to a lower Li" concentration and more transition metal dissolution. The
latter oxidation mechanism would preserve Li" concentration and result in less transition
metal dissolution. This was observed in cells at 55 °C where the extent of Ni deposition is

less than expected. The higher Mn concentration relative to Ni concentration was also

observed by Sahore et al. in cells where electrochemical oxidation was presumed.®?

Figure 4-14 shows results for NM622 cells. At 55 °C, as shown in Figures 4-14(a. and b.),
the Ni:Mn ratio is lower than expected. Cycled versus stored cells appear to have different
mass ratios and extents of deposition. Results at 40 °C, Figures 4-14(c. and d.), show that
cycled cells have good agreement with the expected ratios. Stored cells at 40 °C show
better agreement than cells at 55 °C, but the ratio remains slightly lower than expected.
The results from NMC532 and NMC622 cells, considering this mechanism, suggest there

is more electrochemical oxidation occurring at elevated temperature.

Figure 4-15 and Figure 4-16 show the Co concentration versus Mn concentration on the
negative electrodes of NMC532 and NMC622 cells, respectively. Markers, fill colors, and
conditions are consistent with previous figures such as Figure 4-11. The solid line plotted

displays the expected Co:Mn mass ratio based on positive electrode content. Figures 4-15
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Figure 4-14 — The concentration of Ni is shown versus concentration of Mn measured
on the negative electrode of NMC622 cycled (blue squares) and stored cells (orange
circles). Time of cycling/storage is represented in the fill color ranging from black to
white (3 mo. and 12 mo., respectively). Cycling/storage conditions are shown in the
top left of each graph.

(a. and b.) show that the Co:Mn ratio for cycled and stored NMC532 cells at 55 °C agree
with the expected ratio. Figures 4-15(c. and d.) also show that the Co:Mn ratio for stored
NMC532 cells agree with the expected ratio at 40 °C. Some stored cells at 40 °C show
slightly lower Co:Mn ratio than expected for older cells. Figures 4-16(a. and b.) show the
Co:Mn ratios measured in NMC622 cells mostly agree with the expected ratio, apart from
older, stored cells. In this case, older, stored cells at 55 °C show slightly higher Co:Mn
ratios. Figures 4-16(c. and d.) show that transition metal loadings measured in NMC622

cells at 40 °C show good agreement with the expected Co:Mn ratios.
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Figure 4-15 — The concentration of Co is shown versus concentration of Mn measured
on the negative electrode of NMCS532 cycled (blue squares) and stored cells (orange
circles). Time of cycling/storage is represented in the fill color ranging from black to
white (3 mo. and 12 mo., respectively). Cycling/storage conditions are shown in the

Conc Mn/ ug om™?

Conc Mn/ ug em™?

top left of each graph.
3mo 6mo 9mo 12mo 3mo 6mo 9mo 12mo
[ ]
6 6
55°C43V a. 55°C 44V b.

o 4.8 4.8 o
£ £
o o
236 ® 36 2
O 24 O 24 O
[} =) [}
c - c
o o
O 12 12 ©

0 0
0 12 24 3.6 48 6 0 12 2.4 3.6 4.8 6
Conc Mn/ ug em? Conc Mn/ pg em™?

6 6
40°C43V c. 40°C4.4V d.

o 48 4.8 o
£ £
o o
236 36 2
2 2
O 24 24 O
[+) [+)
o o
o o
O 12 i Cycling 12 O

» - Storage
0 0
0 12 24 3.6 48 6 0 12 2.4 3.6 4.8 6

Figure 4-16 — The concentration of Co is shown versus concentration of Mn measured
on the negative electrode of NMC622 cycled (blue squares) and stored cells (orange
circles). Time of cycling/storage is represented in the fill color ranging from black to
white (3 mo. and 12 mo., respectively). Cycling/storage conditions are shown in the

Conc Mn/ ug om™?

top left of each graph.

Conc Mn / pg em™?

94



Supplementary Figure A-10 and Figure A-11 show the relationship between Mn deposition
at the negative electrode versus gas production in cells. Here, increases in Mn deposition
correspond with increases in gas production in NMC532 cells and somewhat in NM622
cells. While many mechanisms can evolve gas in cells,?”?® to evaluate the effect of
transition metal deposition and gas production, the total moles of transition metals
deposited on the negative electrode were calculated and compared to the total moles of gas
produced. Figure 4-17 and Figure 4-18 show these results for NMC532 and NMC622 cells,
respectively. Markers, fill color, and conditions match previous figures (as in Figure 4-11).
Plotted solid, dotted, and dashed lines provide guides to determine the mole ratio of gas:

transition metal (1:1, 10:1, and 100:1, respectively).

Figures 4-17(a. and b.) show moles of gas versus moles of transition metal at the negative
electrode for cycled and stored NMC532 cells at 55 °C. Cells cycled or stored to 4.4 V
(Figure 4-17b.) appear to produce about 10 moles of gas for every 1 mole of transition
metal transferred to the negative electrode. Most cells cycled and early cells stored at 55
°C and to 4.3 V UCP show agreement with 10:1 ratio, however, older (9 and 12 month)
cells show slightly higher gas to transition metal ratio. Figures 4-17(c. and d.) show gas
production to transition metal dissolution for cells at 40 °C. Cycled and stored cells with
both upper cutoff potentials appear to correspond with a gas to transition metal mole ratio
of 1:1. Cells at 40 °C also showed minimal transesterification (Figure 4-11), so it could be
that, for these cells, the gas generation is dominated by transition metal dissolution rather
than electrolyte reduction. This reaction could involve decarboxylation during transition
metal-complex formation (1:1 transition metal to CO> gas ratio)!*> or transition metal

reacting with EC to form transition metal-(CO3), and C2Ha (also 1:1 ratio).'*® Whereas for
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cells at 55 °C gas production originates predominantly from electrolyte reduction and

subsequent reactions.
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Figure 4-17 — Moles of gas measured shown versus calculated total moles of transition
metals on NMC532 negative electrode. Cycled (blue squares) and stored cells (orange
circles) are shown with fill color (ranging from black to white) representing the time
of cycling/storage (3 mo. and 12 mo., respectively). Cycling/storage conditions are

shown in the top left of each graph.

Figure 4-18a. shows the moles of gas produced versus moles of transition metals on the
negative electrode for NMC622 cells with UCP 4.3 V at 55 °C. Cycled cells at this

temperature follow a gas to transition metal ratio of ~100:1, whereas stored cells show a

lower ratio of about ~25:1. Cells cycled and stored to 4.4 V UCP and 55 °C (Figure 18b.)
show cycled cells have a gas to transition metal ratio higher ~40:1 and stored cells have

slightly lower ratio (~ 20:1). Figures 4-18(c. and d.) show the moles of gas versus the
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Figure 4-18 — Moles of gas measured shown versus calculated total moles of transition
metals on NMC622 negative electrode. Cycled (blue squares) and stored cells (orange
circles) are shown with fill color (ranging from black to white) representing the time
of cycling/storage (3 mo. and 12 mo., respectively). Cycling/storage conditions are

shown in the top left of each graph.

transition metal deposition for cells cycled and stored at 40 °C. Cycled and stored cells at
both upper cutoff potentials show gas to transition metal ratios are closest to 1:1.
NMC532 and NMC622 cells at 40 °C show similar gas to transition metal mole ratios (1:1)

for both cycled and stored cells and both upper cutoff potentials. When the temperature is

increased to 55 °C, the gas to transition metal ratio for NMC532 cycled and stored cells is

closest to 10:1, whereas the mol ratio for NMC622 cells appear larger. Additionally,
NMC532 cells show consistent ratios for cycled and stored cells within each condition,

however, NMC622 cells at 55 °C show different ratios for cycled and stored cells.
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Summary

The numerous results presented in this chapter can be summarized by the following

findings:

e Under selected conditions (cycling, 40 °C) electrolytes had minimal changes, even at
increased upper cutoff potentials. This indicates that under some conditions, cells can
operate at higher potentials without penalty, thus increasing their energy density.

¢ The main capacity loss mechanism for the single crystal NMC532 cells was lithium
inventory loss. The dV/dQ analysis results are consistent with no active mass loss at
either electrode.

e Capacity loss for the polycrystalline NMC622 cells was caused by lithium inventory
loss while positive electrode mass loss also occurred.

e Gas generation increased throughout cycling and increased for cells at higher
temperature or with higher upper cutoff potential. In general, gas generation was larger
for stored cells.

e There were no dramatic changes to charge transfer resistance throughout observation
period.

e Salt concentration increased slightly after early cycling then gradually decreased over
12 months for all conditions.

e Fraction of transesterification increased when temperature increased and was larger for
stored cells. Rate of conversion suggests alkoxides are quickly consumed.

e EC:linear carbonate ratio increased slightly after early cycling then decreased as

cycling/storage continued.
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DTA measurements alone are not able to detect small differences in salt and solvent
concentrations due to the cancelling effect of salt content and EC:linear carbonate ratio
on DTA signals. However, DTA can easily detect transesterification which occurred in
the cells tested at 55 °C.

Transition metal deposition increased more when the upper cutoff potential increased
from 4.3 V to 4.4 V than when temperature increased from 40 °C to 55 °C.

The ratio of Ni:Mn:Co on the negative electrode reveals the extent of Ni deposition was
less than expected, indicating dissolution, solvation, and deposition processes differ for
different transition metals.

Transition metal dissolution remained small (< 0.15% of the transition metals in the
positive electrode) and was a tiny fraction of the positive electrode mass loss determined
by dV/dQ for NMC622 cells.

Many products/reactants (such as fraction of transesterification, gas production,
transition metal dissolution) appear to have a constant rate of increase in this 12-month
observation period. In most cases, results for cells from 3 to 6 months could be used to
reasonably estimate the changes at 12 months. Extrapolations beyond 12 months are not
able to be made with certainty, as important factors such as solvent volume remaining
and approaching reaction equilibria, will have limits. Future work by others should

consider cells aged beyond 12 months.

Findings from this study also indicate gas formation at 55 °C is more likely dependent on

parasitic reactions such as electrolyte reduction and oxidation rather than induced by

transition metal dissolution and deposition. At 40 °C, the ratio of moles of gas produced

and moles of transition metals deposited on the negative electrode was found to be in an
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approximate 1:1 ratio for all cells. This suggests that ligands associated with transition
metal coordination complexes are formed during dissolution or reduced at the negative
electrode. However, further work is necessary to determine the composition of these gases

and their origin.
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CHAPTER 5 — HIGH LOADING CELL STUDY

This chapter presents results from Li-ion cells with high electrode loadings to show how
they compare to cells with regular loading. Comparable cycling performance would
translate to cells with increased energy density. A corresponding manuscript has been
submitted for publication. Author contributions include cell formation, cycling, post-
cycling analysis, data processing and presentation, and finally cell disassembly. J. Harlow

also aided in disassembly and interpretation.

Motivation and Additional Background

One simple way to improve energy density is to increase active material loading on the
negative and positive electrodes which then minimizes the fractions of inactive materials,
such as the separator and current collectors, in the cell. However, previous work has
demonstrated that increasing the positive electrode mass loading in cells exposes additional

137.138 el formation, and cell performance.'*”-13° Zheng et

challenges in electrode coating,
al. found that the specific discharge capacity decreased, and internal cell resistance
increased when the positive electrode loading of Li[Niis3Mni;3C013]02 (NMCI111)
increased.!*’ In later studies, Park et al. identified uneven state of charge distributions
between the active material particles closest to the current collector and farthest from the
current collector. In that work, they attributed the uneven state of charge distribution to
lower ion conductivity of electrolyte during cycling. Additional work by Kim et al. used
stacked active material layers, connected with Al ‘mesh’, to probe degradation at the inner

and outer layers of active material on an electrode with higher loading.!** Kim et al. found

increased SEI thickness and increased resistance in active material particles at the outer
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layers of the thick electrodes (farthest from current collector) which caused uneven states

of charge in the outer versus inner electrode (closest to current collector).'*

Kim et al. found the uneven state of charge could be mitigated by altering particle size
along electrode thickness which minimized the effect of SEI on the outermost electrode
particles.!3® Others have altered the conductive material added to positive electrode
material or altered the electrode pore structure to improve conductivity or tortuosity,

respectively, of electrodes with higher loading.!*!

If electrodes are well prepared, mechanically robust, and well wetted by electrolyte to
ensure that particles remain in electrical and ionic contact during charge discharge cycling,
then one should be able to make electrodes as thick as one wants, subject to the transport
limitations of the electrolyte. As an example, Dahn et al. used 1.0 mm thick electrodes in
LiNiOo/petroleum coke Li-ion coin cells that operated with C/16 currents for over 300
cycles with minimal capacity loss.!*? The electrolyte used was a 50:50 solvent blend of
EC and dimethoxyethane to easily wet the thick electrodes and provide high Li-ion
conductivity. The petroleum coke electrodes used in Reference 142 had an average voltage
versus lithium of about 0.4 V, thus minimizing the risk of lithium plating at the current
densities used. Significantly more care is required when a graphite negative electrode is

used.

In this study, results from Li[Nio.sMno.3C00.2]02 (NMC532)/graphite Li-ion cells with high
electrode loading and low porosity are presented which show comparable charge-discharge
cycling performance and ageing to similar cells with regular electrode loading and low
porosity without any electrode or electrolyte modifications. Charging currents were

selected to avoid lithium plating and were typically limited to a maximum of C/4 for the

102



high loading cells. The positive electrode material was single crystal NMC532 and positive
electrodes were prepared with either 19.3 mg cm™ (regular loading) and 29.2 mg cm™ (high
loading) active material loading. The positive electrodes were calendared to a density of
3.5 g/cm®. The negative active electrode material in these cells was Kaijin AML-400
artificial graphite (Kaijin, China). The negative electrode loading was varied proportionally
to the positive loading to maintain the same negative to positive capacity balance. Table 5-
1 shows the impact of increasing the active material loading and the resulting calculated
theoretical stack energy density. This demonstrates how a ~50% increase in active material

loading used in this study can translate to over 8% increase in overall stack energy density.

Table 5-1 — Measured electrode loadings and calculated stack energy density. Stack
energy density calculations measure the energy per volume of electrode stack
(negative electrode coating, copper current collector, negative electrode coating,
separator, positive electrode coating, aluminum current collector, positive electrode
coating, and separator). Included in the calculation are the positive electrode density
(3.5 g em™), reversible capacity (175 mAh g), irreversible capacity (10%), negative
electrode density (1.55 g cm3), reversible capacity (350 mAh g'), and irreversible
capacity (8%). The calculations assume the thicknesses of the copper foil, aluminum
foil and separator are 8 pm, 15 pm, and 16 pm, respectively. The calculation assumes
an N/P ratio of 1:1 at 4.3 V, and a 3.75 V average cell potential.

Pos. Neg.
Electrode % Active Pos.  Electrode % Active Neg.
Loading / Electrode Loading / Electrode Stack Energy
mg cm™ Material mg cm Material Density / Wh L-!
29.2 94 16.6 95.4 956
19.3 94 11.8 95.4 884

Cells in this work underwent Ultra High Precision Coulometry (UHPC) analysis and long-
term cycling to compare capacity retention and impedance growth over time for the regular

and high loading cells. Charge and discharge rates were chosen to avoid lithium plating.
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The included results demonstrate the comparable performance from cells with high
electrode loading versus the regular electrode loading, indicating cells with thick electrodes

and higher stack energy density are obtainable without additional modification.

Cell Specifications

Pouch cells used in this study were custom manufactured by Li-Fun Technologies (Xinma
Industry Zone, Golden Dragon Road, Tianyuan District, Zhuzhou City, Hunan Provence,
PRC, 412000). The cells contained NMC532 positive electrode materials and AML
negative electrode materials described in previous sections (see Chapter 3), however, for
this study, the thickness of electrode material on the current collectors varied. The “regular
loading” electrodes had a 19.3 mg cm™ positive mass loading covering a geometric area of
67 cm?. These cells are comparable to those studied previously by Harlow et al, Li et al.,

Thompson et al. and Liu et al.?>!123126.143 The

“high loading” electrodes in this study had a
29.2 mg cm™ positive electrode loading (over 50% increase) covering a geometric area of
49 cm?. Negative electrode loadings were 12.2 mg cm™ and 16.6 mg cm™ for regular and
high loading cells, respectively. Additionally, the N:P ratios for regular and high loading
cells were ~1.1 to a 4.3 V balance. The cells had nominal capacities of 230 mAh to 4.3 V.

Before filling with electrolyte, cells were opened under inert atmosphere and heated under

vacuum to (100 £+ 1)°C for 14 h to remove residual moisture.

Electrolyte
Two electrolyte mixtures were used in this study. The electrolytes were chosen for their

excellent performance measured in previous studies.”>*> The first electrolyte blend
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contained 1.1 m LiPFg dissolved in 25% w/w EC, 5% EMC, and 70% DMC with additional
2% VC, and 1 % DTD as electrolyte additives. The second electrolyte contained 1.1 m
LiPFs in EC: EMC: DMC (25:5:70 w/w%) with 2% FEC and 1% LiPO2F; additives (see
Appendix B for names, sources, and purities). Electrolyte was mixed and added to dried
pouch cells as described in previous sections (see Chapter 3). Cells were then immediately
transferred to a voltage source and held at 1.5 V for over 48 h. This step was longer than
previous work on regular loading cells because of the thicker active material loading. The

extended time ensured complete permeation of the entire electrode by the electrolyte.

Cell Formation

After wetting, cells underwent the first, formative charge and discharge cycle on a Maccor
series 4000 charger. The cells were charged to their designated upper cutoff potentials (4.1
—4.4 V) then discharged to the mid-point potential (3.8 V) at C/20 (~11 mAh) current in a

temperature-controlled box at 40.0 = 0.1°C.

EIS Measurements

Alternating current impedance spectra from cells at mid-point potential, 3.8 V, were
measured on a BioLogic VMP3 potentiostat after formation. Cells were held at 10.0 £
0.1°C to increase spectral differences and an AC potential (10 mV amplitude) was applied
with varying frequencies (10 mHz — 100kHz). The resulting Nyquist plots were analyzed

with RelaxIS software developed by RHD Instruments. This used a simple model to
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determine solution resistance (Rs) and charge transfer resistance (Rct). EIS was also

measured at the mid-point potential at the end of cycling.

UHPC Cycling

Some cells underwent cycling on the Ultra High Precision Charger (UHPC) developed at
Dalhousie University.”” Measurements on the UHPC allow small differences in parasitic
reaction rates to be identified in a short period of time. Cells with high and regular loading
were cycled at C/20 at constant current (CC) for 30 cycles or ~1200 h. Cells were cycled
from 3.0 V to various upper cutoff potentials (4.1 V, 4.2 V, 43 V, or 4.4 V). Highly
accurate and precise measurements of coulombic efficiency, charge end point capacity,

discharge capacity, and voltage polarization were made to probe parasitic reaction rates.

Cell Cycling

Cells were also cycled for about 6000 h (1000 — 2000 cycles) at various temperatures
(20°C, 40°C, and 55°C) on Neware battery testers. Cells were cycled from 3.0 Vto 4.3 V
UCP at various charge and discharge rates (C-rates) using a CCCV protocol for 50 charge
and discharge cycles. After every 50 cycles, a C/20 discharge, charge, and discharge was
applied to obtain the low-rate capacity before returning to the higher rate charge and
discharging. C-rates were selected for each testing temperature to avoid Li-plating. Cells
at 55 °C were tested at C/3 whereas cells at lower temperatures, 40 °C and 20 °C, underwent
C/4 testing primarily. Selected cells were tested at C/2. Under these conditions, Li-plating

is not expected to occur and therefore is not expected to contribute to cell degradation.
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UHPC Cycling Results

Figure 5-1a. shows the normalized capacity versus time for high and regular loading
NMC532/graphite cells containing 2% FEC and 1% LiPO2F> additives. All cells show a
similar rate of absolute capacity loss (see Figure A-14a.). Figure 5-1b. shows the
normalized voltage polarization versus time. These results showed minimal change in
voltage polarization from cycle 10 to the end of cycling (less than 3% change) indicating
minimal change to internal resistance. The internal resistance of the regular loading cells
tested to an UCP of 4.3 V and the high loading cells cycled to 4.4 V UCP did show a

positive increase in voltage polarization for this electrolyte.

Figure 5-1c. shows the coulombic efficiency (CE) and Figure 5-1d. shows the zeroed
charge end point capacity versus time. A deviation from 100.00% in coulombic efficiency
measurements results from parasitic reactions at both the positive and negative electrodes.
Both lithium inventory loss at the negative and oxidation reactions at the positive contribute
to a reduction in CE below 1.0000. Active mass loss, which might be more prevalent in
cells with high electrode loading, would also cause a reduction in CE. The CE slowly
approaches a value near 1.0000 as cycling proceeds as the SEI layer on the negative
electrode thickens and passivation layers on the positive electrode become more robust.
As seen in previous studies, when the upper cutoff potential is increased, the deviation of
the CE from 1.0000 is larger, indicating greater rates of parasitic reactions.’®'** Here, the
coulombic efficiency of cells with high loading and regular loading cycled to 4.3 V agrees
after 1200 h (30 cycles) which shows that the electrode loading does not affect the parasitic
reaction rates and that the high loading cells do not have greater rates, if any, of active

material loss. The zeroed charge endpoint capacity increases more rapidly when the upper
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Figure 5-1 — UHPC cycling results for high (open squares) and regular (solid squares)
loading cells containing 2% FEC + 1% LiPO2F: additives. Cells were cycled from 3.0
V to various UCPs indicated by marker colour (green, blue, black, and red for UCPs
41V,4.2V,43V and 44V, respectively). Panel (a.) shows the normalized capacity
versus time, panel (b.) shows the relative voltage polarization change versus time, and
panel (c.) shows the coulombic efficiency versus time. Panel (d.) shows the zeroed
charge end point capacity increase versus time.

cutoff potential is increased due to higher rates of electrolyte oxidation. This agrees with
previous studies on regular loading cells from Li et al. and Ma et al..>%!*> Again, the charge

endpoint capacity versus time data for cells with regular and high loading electrodes tested
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to 4.3 V agree well, showing that the loading does not affect the parasitic reaction rate at

the positive electrode.

Figure 5-2a. shows the normalized capacity versus time for high and regular loading
NMC532 cells containing 2% VC and 1% DTD tested on the UHPC. Figure A-14b. shows
the absolute capacity loss for cells versus time. Figure 5-2a. shows that the high and regular
loading cells tested to 4.3 V experience similar rates of capacity loss at the end of the 1200
h period. Figure 5-2b. shows the normalized voltage polarization versus time which is

similar for all cells.

Figure 5-2c. shows the coulombic efficiency versus time and Figure 5-1d. shows the zeroed
charger end point capacity versus time. The same statements can be made regarding these
figures as were made for Figure 5-1d. In summary, Figure 5-1 and Figure 5-2 show that
the regular and high loading cells tested between 3.0 and 4.3 V at C/20 and 40°C show the
same parasitic reaction rates and that the high loading cells do not have an increased rate

of active material loss.

UHPC Gas Production

Figure A-15 shows the volume change of the cells tested on the UHPC due to gas
production after 1200 h cycling at 40°C plotted versus the upper cutoff potential. Figure
A-15a. shows the results for cells containing 2% FEC and 1% LiPO,F,. Here, the measured

gas increased for cells cycled to higher upper cutoff potentials. This finding has been
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Figure 5-2 — UHPC cycling results for high (open squares) and regular (solid squares)
loading cells containing additives 2% VC and 1 % DTD cycled from 3.0 V to various
upper cutoff potentials indicated in legend. Panel (a.) shows the normalized capacity,
panel (b.) shows the relative voltage polarization growth, and panel (c.) shows the
fractional charge efficiency versus time. Panel (d.) shows the zeroed charger end point
capacity versus time.

observed previously and is consistent with the observed increased presence of parasitic
reactions at the positive electrode.'*® The high loading cells showed comparable gas
production compared to cells with regular loading. It should be noted that the volume of
these pouch cells is 2.5 mL so the amounts of gas production in Figure A-15a. are not

noticeable to the human eye.
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Figure A-15b. shows the volume change resulting from gas production for high and regular
loading cells containing the additives 2% VC and 1% DTD after 1200 hours of testing on
the UHPC. Here, cells at lower upper cutoff potentials showed gas consumption. This is
likely due to CO, gas consumption occurring at the negative electrode as reported by Ellis
et al.%® Cells cycled to higher upper cutoff potential showed less gas consumption. The
observed change in gas volume is indicative of both the rate of production of gasses in the
cell and the rate of consumption. Less gas consumption in cells cycled to higher upper
cutoff potentials is consistent with higher measured gas production of cells cycled to higher
upper cutoff potentials. Again, the volumes of gas being produced or consumed in these

cells are extremely small.

Figure A-15 also highlights some of the differences in gas production observed in cells
containing additives 2% FEC and 1% LiPO-F> and the cells containing 2% VC and 1%
DTD. Cells containing FEC and LiPO;F2 show significantly more gas production than cells
containing VC and DTD. While both VC and FEC are expected to produce CO-, the
additive FEC has been shown to produce slightly higher amounts of CO,.*° Additionally,
the additive DTD has been shown to decrease gas production in cells especially when

paired with VC.#4

Long-Term Cycling Results

Figure 5-3 shows the discharge capacity, normalized discharge capacity, and voltage
polarization increase for NMC532/graphite cells containing 2% FEC and 1% LiPO2F>
additives. Panels in the left column show results for cells cycled at 20°C at C/4 and C/2

rates as indicated in the legend. The middle column shows results for regular and high
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Figure 5-3 — Cycling results from high (black squares) and regular (blue squares)
loading cells containing 2% FEC + 1% LiPO2F: additives at various temperatures;
20°C, 40°C, and 55°C (columns a., b., and c. respectively). Rates of charge/discharge
from 3.0 to 4.3 V are indicated in legend. Data from older, comparable regular
loading cells are shown in green. Panels (a. — c.) show the absolute discharge capacity
versus time. Panels (d. — f.) show the normalized capacity versus time. Panels (g. —i.)
show the normalized voltage polarization versus time.

loading cells cycled at 40°C at C/4. The right column shows results from high loading cells
cycled at C/3 at 55°C. In addition to the regular loading cells from this study, data from
cells with the same build and electrolyte called mature regular loading cells are indicated

in the middle (40°C) and right columns (55°C).
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Figure 5-3d. shows that high loading cells at 20°C cycled at C/4 have better capacity
retention (97% after 6000 h) than those cycled at C/2 (92% after 6000 h). This may suggest
slight metallic lithium deposition is occurring at C/2. The voltage polarization increase is
larger for the cells tested at the higher C-rate. The cells charge and discharged at C/2 C-
rate continued to cycle for approximately 12000 more hours (~2000 more cycles, ~1.3
years) until they reached 80% capacity. Figure A-16 shows the extended cycling results for
these cells. Figure A-17a. shows photos of negative electrodes removed from these cells at
the end of cycling and Figure A-17b. shows a close-up of the left electrode. In this image,
Li deposition is observed as metallic lithium (white circles) and dendritic lithium (blue

circles)

Figure 5-3e. shows excellent agreement between the normalized capacity versus cycle
number of high and regular loading cells at 40°C and at C/4. Additionally, the historical
cell agrees well with the other cells. Voltage polarization for this temperature indicates
similar internal resistance growth for all cells during testing. Noise measured in voltage

polarization panels is likely due to poor connections to the tabs of the cells.

High loading cells cycled to 55 °C show increased capacity fade (83%) compared to a
historical normal loading cell (89%) (Figure 5-3c. and Figure 5-3f.). The high loading cells
also show a larger increase in voltage polarization. If the parasitic reactions occur at the
same rate on the positive electrodes of the high and regular loading cells as suggested by
the UHPC results in Figure 5-1 and Figure 5-2, then there will be a greater rate of reaction
product generation per unit area in the high loading cells. If some of these reaction
products move to the negative electrode and film its surface, then one would expect

impedance growth rates to be greater in high loading cells tested at extreme temperatures.
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To investigate this, the rate of normalized impedance growth from 0 to 6000 h for regular
loading cells at 55 °C was multiplied by the ratio of electrode areas to compare with high
loading cells cycled at 55 °C. Calculated rates from cells containing both electrolyte
chemistries showed no distinguishable difference between regular and high loading
impedance growth when standardized to the same electrode area (95% confidence). This
is consistent with the observed similar rate of parasitic reactions for the cells with high and

regular loading.

Figure 5-4 shows the discharge capacity, normalized capacity, and voltage polarization
increase versus time for NMC532/graphite high and regular loading cells containing 2%
VC and 1% DTD. Like Figure 5-3, results from cells at 20°C are shown in panels (a. d. and
g.), cells at 40°C are shown in panels (b. e. and h.) and cells at 55°C are shown in panels
(c. f. and i.). Historical data from older NMC532 cells with 2% VC and 1% DTD are also

indicated for selected conditions where data is available.

Figure 5-4d. shows that capacity retention at 20°C is best in the historic cell (99%, C/3, 20
mg/cm?), followed by high loading at C/4 (97%, 30 mg/cm?), and worst is high loading at
C/2 (94%). The areal current density is 1.02, 1.10, and 2.19 mA c¢cm™ respectively. Figure
5-5 shows the relationship between capacity retention and areal current density of cells
from this study and of the mature cells presented in Figure 5-3 and Figure 5-4. The absolute
capacity (Figure 5-5a.) and normalized capacity (Figure 5-5c.) versus areal current density
for cells containing 2% FEC and 1% LiPO:F; at various cycling temperatures indicates
that increasing areal current density for cells at 20, 40, and 55 °C may cause a small
decrease in normalized capacity after this time period. Cells containing 2% VC and 1%

DTD confirm this relationship. While more data, especially at higher areal densities and

114



240 T 240
< | 55°C 43V o | %

S B IS
2 2
S 220 220 3

@© @©

a a

1) 1)
Q Q

5200 200 &

(0] (0]
S G
@ 0

o
o 180 ' ! ' ' ' 180
11 T T T T T T 11
f.

= =

ke] ©

g 2

o | T ®

o O

e e}

(0] @

N N

© ©

E 0.9 0.9 g

o [e]

=z p=d

0.8 : : : : 0.8
1.8 T T T T T T T T T 1.8
0 High Loading (C/4) g. O High Loading (C/4) 0 High Loading (C/3)
16 B High Loading (C/2) _|l.| ™ Regular Loading (C/4) | Mature Regular Loading (C/3) 16
’ Mature Regular Loading (C/3) Mature Regular Loading (C/3) . ’

o Mature Regular Loading (1C) o
=~ 14| 1F 14 <7
-<J ol |E. S
> 12f -‘".ﬁf 12 2
a ' . -4

| -\n#-"l-"‘"“ 6%
1l e ML 0 | 1
F-_m:. ﬁmﬁ F,@'—‘ ] o
0.8 | I sl = = I I | | | 0.8
0 2000 4000 6000 0 2000 4000 6000 O 2000 4000 6000
Time / hrs Time / hrs Time / hrs

Figure 5-4 — Cycling results from high (black squares) and regular (blue squares)
loading cells containing 2% VC + 1% DTD additives at various temperatures 20 °C,
40 °C, and 55 °C (columns a., b., and c. respectively). Rates of charge/discharge from
3.0 to 4.3 V are indicated in legend. Data from older, comparable cells are shown in
green as mature, regular loading cells. Panels (a. — c.) show the absolute discharge
capacity versus time. Panels (d. — f.) show the normalized capacity versus time. Panels
(g. —i.) show the normalized voltage polarization versus time.

higher temperatures, is needed to define concrete relationships, the findings from this study
may indicate little effect of increasing areal current density on normalized capacity
retention in this temperature and C-rate range. Beyond this C-rate range (above 1C),

capacity retention is expected to decrease due to Li deposition, as was reported by Liu et
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al.3” It was not until C-rates reached 1.5C (3.2 mAh cm™) and 2C (4.3 mAh cm™), that
dramatic capacity loss and Li deposition were detected for their NMC111./graphite cells
with similar additive chemistries.>”'*” Voltage polarization growth was also larger in the
higher loading cells. High loading cells with 2% VC and 1% DTD additives continued to
cycle at C/2 C-rate for about 12000 additional hours until 80% capacity was reached.
Figure A-18 shows the extended cycling results for these cells. Figure A-17c. shows the
negative electrode removed from this cell. Here, small areas were identified to have lithium
deposition (white circles in Figure A-17c.). The extent of lithium deposition was less than

observed in cells with 2% FEC and 1% LiPO-F» additives.

2% FEC + 1% LiPOF, 2% VC + 1% DTD
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Figure 5-5 — Capacity at ~6000 h versus areal current density for cells with additives
2% FEC + 1% LiPO:zF2 (a.) and 2% VC + 1% DTD (b.) at 20, 40, and 55 °C (black,
blue, and green squares, respectively). The normalized capacity versus areal current
density for cells containing 2% FEC and 1% LiPO2F: (c.) and 2% VC + 1% DTD

(d.).
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Normalized capacity versus cycle number results for cells cycled at 40°C (Figure 5-4e.)
show that high loading and regular loading cells have virtually identical behavior (all near
95% original capacity at 6000 h). The voltage polarization growth is also similar for regular
and high loading cells: however, the cells with regular loading from this study show slightly
higher voltage polarization growth, while the historical cells with regular loading have

virtually identical behavior to the high loading cells from this study.

High loading and regular loading cells at 55°C also show comparable normalized capacity
results (89% original capacity after 6000 h). However, the voltage polarization growth was
also larger in the cells with high loading electrodes as in Figure 5-3i. most likely for the
same reasons. The change in the slope of the capacity versus cycle number curve of the
high loading cells towards the end of cycling and the increased voltage polarization may
indicate the high loading cell would soon experience accelerated capacity loss due to the

increased rates of reaction product generation per unit electrode area.

Figure A-19 shows the gas production measured from high loading cells containing 2%
FEC and 1% LiPO,F; from this study (blue) at the cycled temperatures. Comparable data
(from same cell chemistry and cycling protocol) was not available for the equivalent
regular loading cells, but data was available from cells that were stored at 4.3 V open circuit
potential (versus cycled 3.0 V — 4.3 V) at 20 and 40 °C for 18 months. Previous studies
found that the rate of gas production is constant for these cells.!*’ Therefore, it is reasonable
to estimate the amount of gas present after 6000 h (~9 months) via interpolation. While
comparing previous data, it was also found that the gas volume measured in cells
containing 2% FEC and 1% LiPO,F, were within 3% of the gas volume measured in cells

containing 1% LiPO;F> only. While this may not hold at 55°C, the volume of gas produced
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from these cells with regular loading were also compared (red). Since this data is data from
open circuit potential storage, it is expected the gas volume for the equivalent cycled cells
will be less.!* Still, Figure A-19 suggests that cells with high loading may experience

comparable gas production, especially at higher temperatures.

EIS Spectra after Cycling

Figure 5-6 shows an example of EIS spectra measured before (solid lines) and after cycling
for 6000 hours (dashed lines) for high loading cells and regular loading cells. The EIS
spectra were measured at 10°C and with the cells at 3.8 V. The high loading cells were
cycled at 20, 40 or 55 °C while the regular loading cells were cycled at 40°C. Since higher
loading cells had 1.5X the positive electrode particles per area of electrode, results for high
loading cells were multiplied by 1.5 to compare charge transfer impedances in Q cm?.
Figure 5-6 shows cells with high and regular loading show similar Rs and Rcr before and
after cycling. Therefore, cells with high and regular electrode loading also have similar
increases in Rcr over the 6000 h of cycling. This indicates impedance growth associated
with the charge transfer at the electrode particles is not significantly changed when the

thickness of the active material is increased.
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NMC532-15M LiPF6 in EC:EMC:DMC (25:5:70) + 2% FEC + 1% LiPOzF2
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Figure 5-6 — Examples of EIS spectra from high and regular loading cells containing
additives 2% FEC + 1% LiPO2F: before (solid lines) and after (dashed lines) cycling
for 6000 hours between 3.0 and 4.3 V as in Figure 5-3. High loading cells cycled at
20°C, 40°C, and 55°C are shown in black, blue, and red, respectively. Spectra from
high loading cells were multiplied by 1.5 to account for the increased number of
electrode particles per surface area. Cells with regular loading at 40°C are shown in
green. EIS spectra were measured with the cells at 3.8 V and at 10°C.

Summary

In this study, NMC532 cells with regular and high loading electrodes were compared. The
results indicate similar cycling and performance results for cells at 20°C and 40°C when
Li-plating is avoided. Findings from UHPC showed similar absolute capacity loss,
impedance growth, and similar extents of parasitic reactions. Long-term cycling results
confirmed that the normalized capacity loss was comparable for cells at 20 °C and 40 °C
when charged and discharged at C/4. High loading cells at 20°C which underwent C/2

charge/discharge showed higher capacity loss and internal impedance growth than their
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equivalent regular loading cell, presumably due to small amounts of Li deposition. High
loading cells at 55 °C tested under C/3 charge/discharge were shown to have impedance

growth rates comparable to regular loading cells when standardized.

These findings suggest that the stack energy density of a cell can be improved by over 8%
under optimal temperature and charge-rate conditions, with no further alteration of
electrolyte or electrode material. For large-scale cell implementation, this translates to
significantly increased energy density, decreased volume of cells, and/or decreased cost of

inactive material.
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CHAPTER 6 —- CONCLUSION

Conclusions

This document presents studies of the changes to the electrolyte and electrodes in Li-ion
cells that were tested or stored for periods up to one year. Chapter 3 introduced the analysis
methods developed for the long-term electrolyte study. The derived methods allowed salt
and organic species concentrations to be determined from a single electrolyte extract. This
method employed both 'H and "F-NMR to quantify electrolyte species. The salt(s) were
removed from the extract for more sensitive, organic component analysis via GC-MS. This

method was applied to the large matrix of cells discussed in Chapter 4.

Chapter 4 presented results of a large, multi-variable study of long-term aged Li-ion cells.
This study measured the effects of upper cutoff potential selected for cycling or storage at
two different temperatures on the electrolyte from single crystal NMC532 and poly
crystalline NMC622 cells. Cells were removed periodically for destructive testing. With
the methods of Chapter 3 applied, a timeline of electrolyte compositions was generated.
Most of the changes that occurred were linear with time. Increasing upper cutoff potential
most significantly impacted transition metal deposition and volume of gas produced in
stored cells. Increasing temperature primarily increased the rate of transesterification,
dimerization, and transition metal deposition. Cells stored at high potentials (versus cycled
cells) showed increased transition metal dissolution, dimerization, and transesterification.
A decrease in salt concentration, small decrease in relative EC concentration, and an
increase in transesterification products was also observed throughout the testing period.

The findings indicate that under conservative cycling conditions (low temperatures), the
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electrolyte remains mostly unchanged and there is no significant transition metal
dissolution. However, under more aggressive storage conditions (increased temperature
and upper cutoff potential), the electrolyte undergoes more observable changes presumed
to continue as cells age. Here, when cells were cycled to higher upper cutoff potentials
there was minimal change to cycling performance and electrolyte composition, thus,

increasing cell energy density with limited penalty to cell lifetime.

A simple method for increasing the energy density of Li-ion cells was discussed in Chapter
5. Cells with high electrode loading were studied to show that it is possible to achieve
cycling performance comparable to regular loading cells when Li deposition is avoided
(i.e., low charge and discharge rate and higher testing temperatures). In this work, the high
loading cells were also shown to have similar parasitic reaction rates and impedance growth
rates as the regular loading cells. The impacts of this work translated to as much as 8%
increased stack energy density, with no changes to electrolyte or electrode chemistries. The
practitioner should realize that there is likely no limit to maximum electrode thickness,

provided correspondingly low rates are used to avoid Li deposition.

Future Work

The results of electrolyte and electrode analysis from aged cells (Chapter 4) indicate that
as Li-ion cells age there are more changes occurring to the electrolyte composition.
However, for cycled cells restricted to upper cutoff potentials of 4.3 V (and below) and
temperatures of 40 °C (and below), the changes to the electrolyte were minimal after one
year. Further investigation into long-term electrolyte compositional changes is warranted

for cells tested for longer periods of time and/or under more extreme conditions. The
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electrolyte changes presented in Chapter 4 prompt further fundamental studies of
electrolyte reactivity, including the residence time of Li-alkoxides, and the consumption of
salt, EC, and CO,. The work also contextualizes the impact of electrolyte changes on
solution resistance, and the application of electrolyte studies conducted outside of full Li-
ion cells. The presence of transition metals found on the negative electrode, though limited,
also pose further questions regarding the mechanism(s) of transition metal dissolution and
deposition, such as the gas produced and the selectivity of transition metals. Proposed
investigations include gas analysis to support some of the proposed mechanisms discussed
previously and a study of transition metal dissolution and deposition conditions to identify

the reason for different of Ni, Mn, and Co deposition ratios.

Literature results discussed in Chapter 2 and findings presented in Chapter 4 indicate that
the electrolyte in most Li-ion cells is changing throughout cycling. As mentioned
previously, this can potentially change the physical properties of the electrolyte, thus, it is
valuable to measure how the electrolyte changes in the presence of these reaction products.
A future fundamental study could quantify how electrolyte properties, such as conductivity,
resistance, boiling and melting point, and stability are affected by the change in salt
concentration as well as the presence of transesterification products, dimerization products,
oligomeric carbonates, ethylene glycols, and oligo phosphates. This data would quantify

the consequences, if any, of parasitic electrolyte reactions in Li-ion cells.

Results presented in Chapter 4 also identified a gradual decrease in salt concentration (and
potentially loss of EC) during the testing period. It was also found via EIS, that some of
these cells could have increased solution resistance. Chapter 2 and Chapter 4 discussed

some of the potential origins for these reactions, however, further investigation of
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electrolyte from long-term cycled cells could help confirm the extent of salt and EC
reactivity. A future study could involve measuring extracted electrolyte from cells, like
those presented in Chapter 4, with HPLC to potentially identify oligomerization originating
for EC and/or salt decomposition. If HPLC is not available, more advanced NMR spectra
(such as 2D) could be collected to help identify some of these larger compounds. SEI from
these cells could also be analyzed via XPS to identify any species expected to originate

from EC and LiPF.

Previous studies, conducted outside of a full Li-ion cell (and cited in Chapter 4), reported
a relatively short time (i.e., <1 month) with which transesterification can take place in the
presence of Li-alkoxides to achieve equilibrium between concentrations of EMC and
transesterification products DMC and DEC.'?° Electrolyte measured in this work from full
cells had not reached these concentrations after 12 months. One explanation, discussed in
Chapter 4, is the consumption of Li-alkoxides via CO,. Future work could attempt to re-
create the equilibrium study to look at the influence of CO>. This could be achieved by
adding electrolyte containing EMC and 1% Li-alkoxide to two pouch bags. One of the
pouch bags could then be filled with CO; and the other with inert gas. The bags can be
stored and monitored via Archimedes measurements for gas production throughout two to
four weeks. During this time, if alkoxides are reacting with CO2, we would expect to
observe a decrease in bag volume in the bag containing CO: only. After this period, the
pouch bags can be opened, and the electrolyte sampled via GC-MS for transesterification
products to confirm whether the presence of CO, limits the rate of transesterification.

Additionally, the presence of the expected, insoluble product (Li alkyl carbonate) could be
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removed via aqueous extraction and quantified via NMR analysis. These combined results

would confirm (or refute) the proposed mechanisms.

Another noteworthy finding from Chapter 4 includes the 1:1 transition metal to moles of
gas produced ratio observed in cells at 40 °C. Whereas cells at higher temperatures were
expected to have experienced electrolyte reduction (identified via transesterification) a
process which is expected to dominate gas production, cells at 40 °C showed minimal
evidence of electrolyte reduction and correlated gas production. Instead, these cells showed
~1 mole of gas for every 1 mole of transition metal found on the negative electrode. To
further investigate this finding, similar cell chemistries and cycling conditions could be
created. After short time in cycling and storage (3-6 months) the cells could be opened for
transition metal analysis vis uXRF and gas production analysis via GC-MS to determine
the composition of the gases produced. Identifying the gases produced may help identify
and confirm the previously proposed mechanisms involving transition metal dissolution

(either producing CO», Oz, or C2Ha).

The ratios of Ni, Mn, and Co deposition on the negative electrode also suggests Mn and
Co are preferentially dissolved and deposited on the negative electrode versus Ni,
especially at higher temperatures. The observed difference in relative transition metal
deposition is consistent with some literature results presented in Chapter 2, however, the
origin of these differences is still unknown. Future studies considering relative amounts of
transition metal deposition under additional conditions would help further understand these
results. This could be achieved by observing identical cell chemistries at various
temperatures (20 °C — 55 °C), at varying degrees of charge and discharge, and/or held at

various potentials. Major studies at the Dahn Laboratory involving various depths of
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discharge have recently completed long-term cycling and would be excellent candidates to
undergo electrolyte and transition metal analysis. The findings from this study would have
a high impact on the understanding of transition metal dissolution and deposition in Li-ion

cells.

Future long-term electrolyte and transition metal dissolution studies would benefit from
employing the ‘pouch bag’ method, developed by Xiong et al. at Dalhousie University and
discussed in Chapter 2. The ‘pouch bag’ method exposed various combinations of
electrodes (positive and negative, positive only and negative only) to electrolytes to isolate
reaction mechanisms at either electrode.'*® This may help identify any cross-talk reaction
mechanisms involving Li", PFs", and/or transition metals occurring within the full cells.
Like the study by Sahore et al., future work could isolate the electrode and electrolyte
reactions via exposing charged and uncharged electrodes to a sample of electrolyte. Part of
this study could recreate and confirm the ICP-MS results of Sahore et al., and the samples
could also undergo NMR analysis to determine the effect, if any, on LiPF¢ and organic
species. Finally, the volumes of the pouch bags could be monitored and sampled for gas
composition analysis via GC-MS. This would inform current understanding of dissolution
and deposition to determine the dominate mechanism. If conducted under various
conditions (such as state of charge or temperature), it may be possible to observed different
mechanisms at work. For example, as Sahore et al. presented, HF causing Mn dissolution

while the positive electrode was at low states of charge.

This thesis also discussed altering electrode loading to increase the stack energy density of
Li-ion cells. The results from Chapter 5 showed that comparable cycling results were

obtainable when maintaining a slower charge and discharge rate. As discussed in Chapter
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5, cells studied here were mostly limited to charge rates (C/4 and C/3) to avoid Li
deposition. A future study may involve the incorporation of a low viscosity solvent to
increase electrolyte conductivity, thus improve cycling capability. While an electrolyte
blend with low viscosity solvents has been shown to improve cycling capability of regular
loading NMC532 cells,*>!* it has yet to be attempted with high loading NMC532 cells.
The work from Chapter 5 indicates comparable improvements to charge and discharge

capabilities may be possible.

This thesis summarizes recent work aimed at improving the lifetime, energy, and stack
energy density of Li-ion cells. Studying long-term electrolyte and electrode changes
identified some of the reaction mechanisms occurring as cells age. Identifying these
reactions, and the conditions which affect them, help inform future development of
electrolyte blends and electrode materials. Additionally, it was found that the electrode
stack energy density could be increased by increasing the electrode loading without
penalty. With a more stable electrolyte, electrodes, and cell engineering, Li-ion cells can
be operable at higher potentials and higher capacities, last longer, and can allow cells to
tolerate higher rates of charge and discharge. With higher energy densities, longer
lifetimes, and better rate capabilities Li-ion cells can fulfill the expanding and diverse

energy storage demands of the near future.
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APPENDIX A — SUPPLEMENTAL FIGURES
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Figure A-1 — Post-cycling/storage results from NMCS532 cycled and stored cells (blue
squares and orange circles, respectively) are presented versus time. Panels (a.-d.)
include the cycling/storage conditions for the panels that follow below. Panels (a.-d.)
show the high frequency intercept and panels (e.-h.) show the low frequency intercept
measured via EIS. Panels (i.-l.) show Li inventory loss and panels (m.-p.) show the
positive electrode slippage measured via UHPC. Panels (q.-t.) show the estimated
positive electrode mass loss percent measured via UHPC.
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Figure A-2 — Post-cycling/storage results from NMC622 cycled and stored cells (blue
squares and orange circles, respectively) are presented versus time. Panels (a.-d.)
include the cycling/storage conditions for the panels that follow below. Panels (a.-d.)
show the high frequency intercept and panels (e.-h.) show the low frequency intercept
measured via EIS. Panels (i.-l.) show Li inventory loss and panels (m.-p.) show the
positive electrode mass loss measured via UHPC. Panels (q.-t.) show the estimated
negative electrode mass loss percent measured via UHPC.
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Figure A-3 — Example of voltage versus capacity curves (determined from dV/dQ
analysis) from before cycling (dashed line) and after cycling (solid line) for positive
electrode (red), negative electrode (blue), and full-cell (black). Lithium inventory loss
(Qskn) can be obtained from this data by summing the absolute positive electrode
slippage (Qp) with full-cell slippage after cycling (A) and subtracting the full cell
slippage before cycling (Ao) or from subtracting the negative electrode slippage before
cycling (6n0) from the negative electrode slippage after cycling (on). This can be
summarized in the following Equation(s) A-1:

QSEI = (A - AO) + Qp = (6n - 6n0) (A-l)

Positive electrode slippage after cycling can be calculated from the original capacity
(Qo) and the positive electrode mass before (mpo) and after cycling (mp) according to
Equation A-2:

Qp = Qo (1 — mp/myo) (A-2)

This figure was reproduced with permission from R. Gauthier, submitted to J.
Electrochem Soc. for publication.
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Figure A-4 — Electrode and electrolyte analysis results for NMC532 cycled and stored
cells (blue squares and orange circles, respectively) are presented versus time. Panels
(a.-d.) include the cycling/storage conditions for the panels that follow below. Panels
(a.-d.) show the calculated PF¢ concentration in the electrolyte. Panels (e.-h.) show
the fraction of transesterification and panels (i.-1.) show the fraction of dimerization.
Panels (m.-p.) show the measured EC:linear carbonate ratio of electrolyte. Panels (q.-
t.) show the Mn loading on the negative electrode.
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Figure A-5 — Electrode and electrolyte analysis results for NMC622 cycled and stored
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Figure A-6 — Illustration showing electrode capacities and alignment as determined
using dV/dQ analysis from fresh NMC622 cell (a.), cycled cells (b. and ¢.) (4.3 V and
4.4 V UCP, respectively), and stored cells (d. and e.) (4.3 V and 44 V UCP,
respectively) at 55°C. This figure was produced by J. Harlow for publication in J.
Electrochem Soc. 168, 020532 (2021).
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Figure A-14 — Absolute discharge capacity versus cycle number for cells with high
(open squares) and regular loading (solid squares) at various upper cutoff potentials
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Figure A-17 — Photos of negative electrodes removed from cells with high loading
cycled at C/2 C-rate. Panel (a.) shows electrodes from cells with additives 2% FEC
and 1% LiPO:F:. Panel (b.) shows a closer view of panel (a.). Panel (c.) shows negative
electrodes from cells with 2% VC and 1% DTD additives. Photos taken with help
from J. Harlow.
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C/2) and mature cells with regular loading (green, at C/3 and 1C as indicated in
legend). The cycle number for the high loading cells are shown in black on panel (b.).
Panel (c.) shows the voltage polarization versus time for these cells.

156



2% FEC + 1% LiPO,F, - 6000 hours

[ [ |
I High Loading - 3.0-4.3 V Cycled
1.8 | I Regular Loading - 4.3 V Storage, Interpolated

0.8 —

Gas Produced / mL
I

04 —

0.2 —

20 40
Temperature / °C

Figure A-19 — Examples of gas produced from cycled high loading cells (3.0 to 4.3 V)
containing 2% FEC + 1% LiPO:F: from this study (blue) and interpolated gas
produced after 6000h from stored regular loading cells containing 2% FEC +1%
LiPO2F2 /1% LiPO:F:2 from previous studies at Dahn Lab (red) at 20, 40, and 55 °C.
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APPENDIX B - TABLE OF CHEMICALS

Table B-0-1 — Table of reagents used in electrolyte construction and in GC-MS/NMR

calibration and verification.

Name Abbreviation Source Purity Notes
BASF, USA/ 99.99%,
Ethyl methyl carbonate EMC Capchem, China H20 < 14 ppm
Dimethyl carbonate DMC Capchem, China 99.95%
_ : 99.95%
Diethyl carbonate DEC Capchem, China F1,0 < 20ppm
99.95%,
Ethylene carbonate EC BASF, USA/ H,0 < 10 ppm
Lithium LiPF BASF, USA/ 99.94%,
hexafluorophosphate 6 Capchem, China H>0 <20 ppm
99.5%,
Vinylene carbonate VC Capchem, China H>0 <100
ppm
Fluoroethylene carbonate FEC Capchem, China 99.94%
Methylene methane MMDS | Tinci Mat., China >08.7%
disulfonate
Ethylene sulfate DTD Sigma Aldrich, USA 98%
Lithium difluorophosphate LiPO:F> Capchem, China >99.8%
Dimethyl-2,5-dioxahexane | p\viogc | Tinei Mat., China >08%
carboxylate
Diethyl-2,5-dioxahexane | ppopce | Tinei Mat., China >98%
carboxylate
BASF, USA/ >99.95%
Methyl acetate MA Capchem, China H>0 <20 ppm
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APPENDIX C — COPYRIGHT STATEMENT
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