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Abstract

The electrodes used in Li-ion cells experience a change in volume during lithiation and de-
lithiation. This electrode volume expansion will affect a Li-ion cell, causing an overall
volume change in compliant cell formats such as pouch cells, or an increase in pressure in
non-compliant cell formats such as hard can cylindrical cells. In this work, the effects of
electrode volume expansion on Li-ion pouch cells are measured. In-situ volume and
thickness measurements were performed on pouch cells to probe the reversible volume
expansion and contraction of cells during charge and discharge. [In-situ pressure
measurements were performed on volumetrically constrained pouch cells to probe the
reversible pressure change caused by electrode expansion and contraction. In addition to
the reversible volume expansion and contraction observed with these techniques, an
irreversible volume expansion was observed with in-situ pressure measurements. It was
found that cells that experienced larger irreversible pressure growth consistently exhibited
worse capacity retention. Therefore, it is proposed that monitoring irreversible volume
expansion with in-situ pressure measurements may be a useful technique to rank the

performance of Li-ion cell chemistries.
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Chapter 1: Introduction

1.1 Motivation

Lithium ion (Li-ion) batteries are the primary power source for portable electronics—
power tools, laptops, cell phones; devices that have now become indispensable in everyday
life. The electrification of cars is underway using Li-ion batteries to replace fossil fuel-
consuming vehicles. These all-electric vehicles can achieve driving ranges of >350 km

before recharging.!

Grid energy storage is necessary to move away from non-renewable
energy sources due to the inherent intermittency of renewable sources such as wind and
solar. The storage of renewable energy with batteries can address these intermittency

issues. Li-ion batteries have and will continue to play an important role in grid energy

storage.

Li-ion has become the chemistry of choice in the rechargeable battery market due to its
many excellent electrochemical properties, such as low self-discharge, good rate capability,
high energy density, and good cycle life.> Although remarkable advances in Li-ion
batteries have been made since their introduction in 1990,' the improvement of energy
density and lifetime remains of paramount importance to industry, and therefore, to Li-ion
battery researchers. Improving the energy density of Li-ion batteries is important for
applications where battery size is a concern, such as portable electronics and electric
vehicles. Additionally, increasing the energy density of batteries will decrease their cost
by virtue of providing more energy with less battery material. Efforts to increase energy

density focus on enhancing the energy density of the constituent electrode materials used



in Li-ion batteries. Improving the cycle life of Li-ion batteries is important for applications
which require many hundreds to thousands of charge/discharge cycles over tens of years,
such as electric vehicles and grid energy storage. This also necessitates the ability to
predict the long-term lifetime (over many years) of batteries using relatively short-term
tests (over several weeks). Verifying that a new Li-ion chemistry will last a decade by
testing that battery for a decade is impractical. Therefore, methods to rank the lifetime of

Li-ion batteries are important.

1.2 Scope of this Work

This thesis focuses on addressing the two challenges detailed above: increasing the energy
density of Li-ion batteries, and developing short-term testing methods to rank Li-ion
battery lifetime. The former is done by studying Li-ion batteries which employ high energy
density negative electrode materials, namely silicon-containing electrodes. The main
obstacles for the adoption of silicon electrode materials are problems associated with the
large volume expansion these materials experience during lithiation. Therefore, the
volume expansion of electrode materials is studied in this work. In-situ techniques are
used to measure the result of electrode expansion within Li-ion cells. These measurements
are used to understand the volume expansion of a variety of Li-ion cell chemistries, with
an emphasis on chemistries with different negative electrodes. One of the in-situ
techniques devised for this work, in-situ pressure measurements of volumetrically
constrained pouch cells, is then applied to rank the long-term efficacy of different Li-ion

cell chemistries.



Chapter 2 presents an introduction to Li-ion cells. The main components of Li-ion cells—
the active materials (the positive and negative electrodes) and the electrolyte are described.
Chapter 2 concludes with a discussion of the causes of Li-ion cell degradation. Chapter 3
describes the experimental methodology used in this thesis. Namely, the preparation of
Li-ion cells, the electrochemical testing, and the in-situ measurement techniques used in
this work. The main results of this thesis are presented in Chapters 4 and 5. Chapter 4 is
a consideration of electrode volume expansion within Li-ion cells. The volume and
thickness expansion, as well as the pressure evolution of constrained pouch cells caused by
electrode volume expansion is measured for a variety of cell chemistries. Calculations are
presented to elucidate the expansion behaviour observed. Chapter 5 employs the in-situ
pressure measurement technique developed in this work as a tool for ranking the long-term
performance of Li-ion cell chemistries by monitoring the pressure evolution of

volumetrically constrained pouch cells. Chapter 6 presents the conclusions of this thesis.

The results presented in Chapter 4 of this thesis were previously published in a peer-revied
journal article: A. J. Louli, Jing Li, S. Trussler, Christopher R. Fell, and J. R. Dahn,
Volume, Pressure and Thickness Evolution of Li-Ion Pouch Cells with Silicon-Composite
Negative Electrodes, J. Electrochem. Soc., 164 (12) A2689-A2696 (2017). doi:
10.1149/2.1691712jes. The license agreement to reproduce this previously published work

is shown in Appendix A.2.



Chapter 2: Lithium Ion Batteries

Lithium ion (Li-ion) batteries are a class of secondary (rechargeable) batteries which
convert stored chemical energy into electrical energy during discharge and vice versa
during charge. This is accomplished by reduction and oxidation (redox) reactions that
occur in the active materials of Li-ion batteries. Li-ion batteries are comprised of several
Li-ion cells—the electrochemical units in which the redox reactions occur. These cells are
connected in series and in parallel to deliver the desired voltage and capacity characteristics

for the battery. This thesis will discuss the characteristics and performance of Li-ion cells.

2.1 Lithium Ion Cells

Li-ion cells are composed of three main components: the positive electrode, the negative
electrode, and the electrolyte, schematically shown in Figure 2.1. The electrodes are the
active materials where chemical energy is stored. These materials are usually intercalation
compounds—materials with layered structures allowing for the reversible insertion and de-
insertion of lithium between layers. Graphite is the most prevalent negative electrode
material, which is coated on a copper current collector. Positive electrode materials are
mainly lithium transition metal oxides, which are coated on an aluminum current collector.
This is depicted in Figure 2.1. The electrode materials of Li-ion cells will be discussed
further in Section 2.2. The electrolyte is the medium of transport of lithium ions between
electrodes facilitating the storage and delivery of electrical energy. Li-ion cell electrolyte
consists of a lithium salt (most commonly LiPFs) typically dissolved in a mixture of

organic carbonate solvents. The electrolyte of Li-ion cells will be discussed further in



Section 2.3. A microporous film known as a separator physically divides the positive and
negative electrodes to prevent internal shorts, forcing electrical energy to flow through an
external circuit to do useable work. As such, separator materials must be electronic
insulators while also allowing the flow of lithium ions between electrodes. Separators used

in Li-ion cells are usually microporous polyethylene or polypropylene films.>
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Figure 2.1: Schematic of a Li-ion cell during charge (red arrows) and discharge (blue
arrows).

During cell operation, redox reactions occur at the positive and negative electrodes,
resulting in an exchange of electrons and lithium ions. Figure 2.1 is a schematic of a Li-
ion cell during charge (red arrows) and discharge (blue arrows). In the charged state, the

negative electrode of a Li-ion cell is lithiated (filled with lithium), and the positive

5



electrode is partially de-lithiated. When an external load is connected across the cell, the
negative electrode will spontaneously oxidize, releasing a lithium ion and an electron from
the negative electrode. This reaction, using graphite as the negative electrode, is given by
Equation 2.1. The Li-ion then travels to the positive electrode facilitated by the electrolyte
while the electron travels through the external circuit performing work on the load. The
electron and lithium ion reunite at the positive electrode which is reduced. This reaction,
using LiCoO; as the transition metal oxide for the positive electrode, is given by Equation
2.2. The net, full cell reaction is given by Equation 2.3. This describes the discharge of a

Li-ion cell.

Negative electrode: yLix;Cs (s) = xLi" (soln) + yCs (s) + xe”

(2.1)
Positive Electrode: Lii+«CoO2 (s) + xLi* (soln) + xe” = LiCoO: (s)
2.2)
Full Cell: yLiy4Cs (s) + LijCoOz (s) = yCs (s) + LiCoOx (s)
(2.3)

The value of x depends on the upper cutoff voltage of the positive electrode. For an upper
cutoff voltage of 4.28 V, x is about 0.6. The value of y is chosen so that the value of x/y is

about 0.9 when the cell is fully charged to avoid lithium plating.

To charge a Li-ion cell, the external load shown in Figure 2.1 must be replaced with a
charging source. This reverses the reactions given in Equations 2.1-2.3. During charge,
lithium atoms travel from the positive electrode which is oxidized to the negative electrode

which is reduced.



The open circuit voltage (Voc) of a Li-ion cell, measured in V, is determined by the

difference in chemical potential of the negative (uxeg) and positive electrodes (upos), given

by:

Voc = (tneg - Hpos)le
(2.4)
where e is the elementary charge. Since voltage is a potential difference, there is no such
thing as the voltage of a single electrode; therefore, when a voltage of a single Li-ion cell
electrode is referred to, this is always given relative to Li/Li" (i.e. relative to lithium in
lithium metal). Using this convention, the voltage of a Li-ion cell can also be given as a
difference between the positive and negative electrode voltage vs. Li/Li" (Vpos and Vieg,

respectively):

Vpos — Vneg = (ULi - tpos)/e — (ULi - tneg)le

(2.5)
Vpos - Vneg = (',Upos + ,Uneg)/e
(2.6)
Vpos - Vneg = Voc
.7)

The capacity of a Li-ion cell, measured in mAh, is determined by the number of electrons
exchanged during charge and discharge. This depends on the capacity of the positive and
negative electrodes. These capacities are often more useful to be given by weightusing
specific capacity measured in mAh/g or by volume using volumetric capacity measured in
Ah/L. The capacity of Li-ion cells decreases over time and cycle number due to

degradation mechanisms which will be discussed in Section 2.4. The energy a Li-ion cell



can deliver, measured in Wh, is the product of the average voltage of the cell (V) and the
capacity of the cell. Again, it is often more useful to measure the energy per unit weight
or volume in Wh/kg or Wh/L. Volumetric energy density, and therefore volumetric
capacity, tends to be the most important consideration for Li-ion battery applications such
as portable electronics and electric vehicles where size is a principal concern.> The cost
and cycle life are also very important considerations for Li-ion cells. An important metric
that industry uses to assess the viability of a Li-ion cell is the cost of the cell to deliver
energy over its entire cycle life, i.e. $/(Wh * cycle life)—minimizing this cost, by

increasing the Wh and cycle life of Li-ion cells is the goal of many researchers.

2.2 Electrode Materials

This section discusses the active materials used in Li-ion cell electrodes. Commercial
electrodes,* as well as electrodes used in cells studied in this work, are generally composed
of >95% active material, ~2% binder and ~2% conducting additive. In this thesis, when
electrodes and electrode materials are discussed, it is the active component that is being

referred to.

2.2.1 Positive Electrode Materials

The positive electrode materials used in Li-ion cells are mainly layered lithium transition
metal oxides’>—three of which are used in this thesis, detailed in Table 2.1. Lithium cobalt
oxide (LiCoO», abbrv. LCO) was the first positive electrode material used in Li-ion cells
and is still in common use today as a result of the good cycle life and energy it provides.!

More recently, Li(Nijx-yMnxCoy)O2 (NMC) and Li(Niix.yCoxAly)O2 (NCA) have emerged



as positive electrode materials for Li-ion cells due to their superior energy density (NCA),
superior safety (NMC), and lower cost than LCO due to the reduced used of expensive
cobalt.? The values of x and y in the NMC material used in this thesis were x = 0.3 and y
= 0.2 (this grade of NMC is referred to as NMC532 due to the respective ratios of nickel,
manganese and cobalt). The values of x and y in the NCA material used in this thesis were

x =0.15and y = 0.05.

Table 2.1: Positive electrode materials used in this work.

Specific Average
Capacity Voltage
Abbrv. Name Chemical Formula (mAh/g) V)

Lithium Cobalt
LCO Oxide LiCoO, 155 39

Nickle Manganese
NMC Cobalt Oxide Li(Nij-xyMnxCoy)O; 160" 3.8

Nickle Cobalt
NCA Aluminum Oxide  Li(Nij-xyCoxAly)O2 180* 3.7

*Capacities given to an upper cutoff voltage of 4.28 V
tForx=0.3,y=0.2
tForx=0.15,y=0.05

Electrochemistry

The electrochemical characteristics of the LCO, NMC and NCA materials used in this work
are shown in Figures 2.2a, b and c respectively. These figures show the charge and
discharge voltage vs. capacity, differential voltage vs. capacity (bottom panels), and
differential capacity vs. voltage profiles (top panels) of each material. These data were
collected by charge/discharge cycling each positive electrode material vs. lithium metal in

half cells as detailed in the Experimental Methods chapter in Section 3.1.2. When a full
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Li-ion cell is charged to 4.2 V, the corresponding voltage of the positive electrode relative
to Li/Li" is about 4.28 V. Therefore, lines are drawn at 4.28 V and to the corresponding
capacity for each electrode material in Figure 2.2 for a comparison of the useful relative

specific capacities. It is clear that the specific capacity of NCA > NMC > LCO.
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Figure 2.2: Electrochemical characteristics of the positive electrode materials used in this
work. The voltage vs. capacity, differential voltage vs. capacity (bottom panels), and
differential capacity vs. voltage profiles during charge and discharge for a) LCO, b) NMC,
and c) NCA. Lines are drawn at 4.28 V to the corresponding specific capacity for each
electrode material.
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2.2.2 Negative Electrode Materials

The most common negative electrode material for Li-ion cells is graphite—an intercalation
host that stores lithium between graphene sheets, as shown in Figure 2.3a. The insertion
of lithium into graphite is a relatively benign process, only expanding the volume of
graphite by 10% during charge.®’ Lithium ion insertion into graphite undergoes a staging
process in which the ions preferentially fill interstitial layers a repeated number of layers
apart before filling adjacent layers. lons are first inserted into every fourth interstitial layer
(referred to as stage 4), and then every third (stage 3) and second layer (stage 2), until every
interstitial layer is filled (stage 1). The voltage vs. capacity curve of graphite has plateaus
corresponding to the staging of graphite, which can be seen in the black curves shown in
Figure 2.4. The staging of graphite along with the correspondence to electrochemical data
was shown by Zheng et al.® The insertion of lithium ions within the interstitial layers of
graphite increases the interlayer spacing of graphite causing volume expansion during

charge and contraction during discharge.®

There are different types of graphite that are used in Li-ion cells. Two grades of graphite—
natural (NG) and synthetic “artificial” graphite (AG) are used in this thesis. Natural
graphite is just that—naturally occurring graphite that is mined from the ground. Artificial
graphite is synthesized by pyrolyzing (extreme heating under inert atmosphere) a liquid
phase carbon precursor such as petroleum pitch.>’ Important parameters to consider for
the performance of different types of graphite is degree of crystallinity and the surface area
of the material. The former is characterized by P, the probability of turbostratic
misalignment—this describes the fraction of graphene layers that are rotated or translated

from positions that would form a perfect graphitic crystal structure. Zheng et al. showed
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that these misalignments block layers in which lithium could otherwise occupy, thereby
decreasing the capacity of graphite with a larger value of P.® Natural graphite tends to have
a higher degree of crystallinity, and thus a lower P resulting in a larger initial capacity than
artificial graphite.” Therefore, natural graphite is the obvious choice to obtain a larger
energy density. During lithium de/insertion, electrolyte reacts at the surface of lithiated
graphite, irreversibly consuming lithium thereby decreasing the capacity of Li-ion cells.
Larger graphite surfaces will induce more reactions, therefore, to minimize these unwanted
reactions, one would want to minimize the surface area of graphite. Previous studies have
shown that graphite exfoliation occurs more readily in highly crystallized graphite,'®!!
causing an enlarged surface area. Therefore, artificial graphite electrodes may exhibit less
exfoliation and capacity-consuming reactions resulting in superior long-term capacity
retention compared to highly crystalized natural graphite electrodes with larger initial

capacities. These are important considerations for deciding which type of graphite to use

in a Li-ion cell.
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Figure 2.3: a) Diagram of graphite and lithiated graphite (LiCs), reproduced with
permission from Jeff Dahn. b) Diagram of silicon, lithiated silicon (Lii5Si4), and de-
lithiated amorphous silicon, reproduced with permission from Mark Obrovac.
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Graphite was adopted as the negative electrode material for Li-ion cells early in their
history and has remained the most prevalent negative electrode material due to the excellent
electrochemical properties it provides.! In their review article Alloy Negative Electrodes

for Li-ion Batteries,” Obrovac et al. state:

Graphite is an excellent negative electrode (anode) material for Li-ion
batteries. It has ... [a] low average voltage (but not too low, so that Li
plating can be avoided), low voltage hysteresis, good rate capability, low
irreversible capacity, good thermal stability when low surface area is
maintained, low volume expansion during lithiation, good cycle life,
high Coulombic efficiency (CE), good electronic conductivity, excellent
densification properties in electrode coatings, and is based on an
inexpensive and plentiful raw material.’

However, graphite has a relatively low theoretical capacity (372 mAh/g for graphite and
719 Ah/L for LiCe) relative to other possible negative electrode materials. This has
motivated the search for other suitable negative electrode materials for Li-ion cells. Silicon
negative electrode materials have generated much interest due the massive theoretical
capacities they could provide—3579 mAh/g for silicon and 2194 Ah/L for Li;5Si4, the most
lithiated silicon phase.'? Unfortunately, silicon negative electrodes do not share many of
the properties that make graphite electrodes so excellent as listed by Obrovac et al. On the
contrary, silicon electrodes have a large voltage hysteresis, large volume expansion during

lithiation and relatively poor cycle life compared to graphtie.”!?

Silicon electrodes do not work via lithium intercalation like graphite. Upon lithium
insertion, lithium alloys with silicon, dramatically changing its structure as shown in Figure
2.3b, causing a volume expansion of 280%.!> Previous studies have shown how this
volume expansion can be detrimental to electrodes by causing constituent particles to

electrically disconnect from their current collectors, particles to fracture, and damage to
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the SEI—all of which result in large capacity loss.”!*!* During first lithiation, crystalline
silicon goes through an amorphous LixSi (a-LixSi) phase before crystallizing to the highest
room temperature-accessible lithiated silicon phase LiisSis. This crystalline phase can be
avoided during future lithiations by limiting the discharge potential to >70 mV vs. Li/Li",
causing LixSi to stay in an amorphous phase.”'*!> This is ideal since the crystallization
results in a two-phase region of a-LixSi and Lii5Si4 which is known to cause high internal
stresses resulting in particle cracking and electrical disconnection. Additionally, confining
silicon to nano-sized domains can prevent the formation of two-phase regions, reducing
the internal stress on particles to avoid fracture.!®'® Alloying active silicon material with
an inactive material also serves this purpose, as well as to suppress the overall volume
change of the material.!® Efforts to reduce electrical disconnection of particles often
involve making composites of Si-containing electrode materials with more volumetrically
benign materials such as carbon.!'®2! This effort aims to take advantage of the high
capacity of silicon, while diminishing the overall volume expansion of the composite

electrode.

Si alloy, SiO and nano-Si-C are the silicon materials used in this thesis. The Si alloy is a
material provided by 3M. It is an active-inactive alloy in which the active silicon
microstructure remains amorphous during cycling.?* SiO consists of a nano-structure of a-
Si and a-SiO> in a 1:1 mole ratio.?! During first charge/discharge, lithium first irreversibly
reacts with SiO2 to form LisSiOs4 and Si. The LisSiO4 remains inactive throughout
subsequent cycling while the amorphous n-Si is reversibly lithiated and de-lithiated.?!***
When used in Li-ion cells in this thesis, the Si alloy and SiO are composited with graphite.

Nano-Si-C is composed of nano-grains of silicon coated with carbon. Each of these Si-
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containing materials employ the strategy of limiting the active grain size to impede two-
phase regions, as well as using an inactive phase (inactive portion of Si alloy, Si02) and/or
a volumetrically benign active phase (carbon coating, graphite) to suppress volume

expansion. Table 2.2 details all of the electrode materials used in this work.

Table 2.2: Negative electrode materials used in this work.

Specific Volumetric  Average
Chemical  Capacity Capacity Voltage
Abbry. Name Formula (mAh/g) (Ah/L) V)
AG Artificial graphite Cs 350 700 0.125
NG Natural graphite Cs 365 719 0.125
SiO Silicon Oxide SiO 1600 1547 0.4
nano Silicon coated
n-Si-C with Carbon Si-C 650 N/A 0.26
Si Alloy Silicon Alloy - 1000 1550 0.37
Si  Alloy- Si Alloy-graphite
AG composite - 420 785 0.20
Silicon Oxide-graphite
SiO-AG composite - 410 750 0.18

Electrochemistry

The electrochemical characteristics of the graphite grades (NG, AG), the silicon materials
(Si alloy, Si10), and the composite silicon electrode materials (Si alloy-graphite, SiO-
graphite and n-Si-C) used in this work are shown in Figures 2.4 and 2.5. These figures
show the charge and discharge voltage vs. capacity, differential voltage vs. capacity

(bottom panels), and difference capacity vs. voltage profiles (top panels) of each material.
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These data were collected by cycling each negative electrode material vs. lithium metal in

half cells as detailed in the Experimental Methods chapter in Section 3.1.2.
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Figure 2.4: Electrochemical characteristics of the graphite materials used in this work.
Voltage vs. capacity, differential voltage vs. capacity (bottom panels) and differential
capacity vs. voltage profiles during charge and discharge for a) natural graphite and b)
artificial graphite.
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2.3 Electrolyte

Electrolyte is an ionic conductor used to facilitate the transport of lithium ions between
electrodes. The electrolyte used in Li-ion cells is composed of a lithium salt (most
commonly lithium phosphorous hexafluoride, LiPFs), typically dissolved in a mixture of
organic carbonate solvents. Lithium phosphorous hexafluoride is used for the high ionic
conductivity LiPFs solutions provide. Favorable solvent qualities are high dielectric
constants (to allow lithium salt solvation to high molarities), low viscosity, a broad
temperature range of operation (i.e. low freezing and high melting points), and good
stability over the range of potentials Li-ion cell electrodes cycle at, about 0 to 4.5 V.2
However, practical solvents are not stable over this entire range—particularly at the
extremes (<1 V and >4.4 V), corresponding to voltages accessed by the negative and
positive electrodes, respectively. As such, electrolyte reacts at the surface of the electrodes.
The product of such reactions is a film that deposits on the electrode surfaces known as the
solid electrolyte interphase (SEI).>* The SEI will be discussed further in Section 2.4.
Electrolyte is often formulated with additives, chemicals typically added at < 10% by

weight, to improve the performance Li-ion cells.>?°

All electrolyte in this work was made with LiPF¢ salt. The solvents and additives used in
this work are listed in Table 2.3. Ethylene carbonate (EC), ethylmethyl carbonate (EMC),
dimethyl carbonate (DMC), diethyl carbonate (DEC) and fluoroethylene carbonate (FEC)
were used as solvents. Vinylene carbonate (VC), prop-1-ene-1,3-sultone (PES), 1,3,2-
Dioxathiolane-2,2-dioxide (DTD) and tris(trimethylsilyl)phosphite (TTSP1) were used as
additives. The chemical structures of these solvents and additives are shown in the
appendix in Table A.1. PES, DTD and TTSPi were used in combination to make the
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ternary additive blend known as xPES211: x*2% PES, x*1% DTD, x*1% TTSP1i (all by
weight). In this work, 1.0PES211 and 0.25PES211 was used, i.e, (2%, 1%, 1%) and (0.5%,

0.25%, 0.25%) of (PES, DTD, TTSP1), respectively.

Table 2.3: Solvents and additives used in the electrolyte in this work.

Abbreviation Name

EC ethylene carbonate

EMC ethylmethyl carbonate

DMC dimethyl carbonate

DEC diethyl carbonate

FEC fluoroethylene carbonate

VC vinylene carbonate

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

DTD 1,3,2-Dioxathiolane-2,2-dioxide
TTSPi tris(trimethylsilyl)phosphite

Electrolyte development and optimization was not the focus of this thesis work, therefore
the motivation behind the use of the different electrolytes and blends will not be discussed
here. The electrolyte formulations used in this work are blends known to work well with

the electrode chemistries they are paired with,”-2-27-3!

2.4 Li-ion Cell Degradation

Li-ion cells do not last forever due to components which slowly degrade. The positive and
negative electrodes can deteriorate and the electrolyte reacts with the charged electrodes.
These degradation mechanisms consume and trap active lithium used to store and provide
energy. As this lithium becomes unavailable, the capacity of a Li-ion cell decreases.

Therefore, an accounting of the lithium inventory is necessary to understand the
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degradation of Li-ion cells. This section discusses the degradation mechanisms which

affect the lithium inventory and decrease the capacity of Li-ion cells.

2.4.1 The Solid Electrolyte Interphase (SEI)

The electrolytes used in Li-ion cells are not stable at ca. <1 V and >4.4 V. These potentials,
achieved at the negative and positive electrodes respectively, cause the electrolyte to react
at the electrode surfaces. Despite this, Li-ion cells are able to function because the
reduction and oxidation products of these reactions form a passivating layer on the
electrode surfaces known as the solid electrolyte interphase (SEI) that impedes further
reactions.>?®> The SEI is ideally a good ionic conductor to allow the transport of lithium
ions between electrode and the electrolyte and a good ionic insulator to prevent further
electrode-electrolyte reactions by blocking the exchange of electrons. The SEI forms
during the first charge of a Li-ion cell, when most of the electrode-electrolyte reactions
occur. This first charge (and sometimes accompanying first discharge) is called a
formation step, which is designed to optimize the properties of the SEI that is formed,

namely forming a suitable passivation layer.?

The electrode-electrolyte reactions that form the SEI are often called unwanted side
reactions or parasitic reactions. These reactions irreversibly consume lithium from the
lithium inventory of the cell (active lithium from electrodes, lithium ions from the
electrolyte); preventing the consumed lithium from performing useful work by trapping it
within the SEI. This consumption of the lithium inventory decreases the capacity of Li-
ion cells.*** Previous studies have shown that SEI growth and the resulting consumption

of Li inventory is often proportional to time'? and is therefore slowed over time.>*
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Regardless, the gradual growth of the SEI will continue to degrade Li-ion cells.
Additionally, possible disruptions to the SEI layer can exacerbate electrode-electrolyte
reactions until the SEI is sufficiently repaired. SEI growth and repair is a degradation
mechanism of Li-ion cells.*>* This is schematically illustrated in Figure 2.6. Figure 2.6a
depicts a de-lithiated electrode represented by a collection of active material particles
shown in blue deposited on a current collector, with electrical connections between
particles and the current collector shown with light blue lines. An SEI layer is shown in
brown coating the surface of each electrode particle. If the electrode material is one that
exhibits a large volume expansion, such as silicon, the constituent electrode particles will
dramatically expand upon lithiation. This is shown in Figure 2.6b. The SEI is unable to
accommodate the particle expansion, and is thus stretched and torn, leaving portions of the
lithiated particles exposed. The damage to the SEI is repaired by new film-forming
electrode-electrolyte reactions, passivating the disruptions with newly formed SEI shown
in light red. This process further consumes lithium from the inventory. Figure 2.6¢c shows
the subsequent de-lithiated state of the electrode. Compared to the initial de-lithiated state,
each particle is coated with a thicker layer of SEI due to the extra SEI formed to passivate
the previous disruptions. One could imagine that many cycles of this repair and growth
could cause the overall volume of the SEI to increase sufficiently to cause the entire

electrode to expand in volume.
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Delithi@tion

Figure 2.6: Illustration of Li-ion cell degradation mechanisms that affect lithium inventory.
a) Schematic of an electrode composed of active particles (blue) on a current collector,
with electrical connections shown with light blue lines, and an SEI layer (brown) that coats
the surface of the particles. b) Electrode after lithiation—the particles have expanded,
disrupting the SEI causing growth/repair. One particle has cracked due to the stress of
volume expansion. c¢) Electrode after de-lithiation—a particle and fracture has become
electrically disconnected, and the newly formed SEI has accumulated on the particles.

2.4.2 Loss of Active Material

Lithium ions are stored within the active materials of the positive and negative electrodes.
If portions of these active materials become electrically disconnected from the cell, the
stored lithium within these disconnected regions will be no longer accessible. This trapped

lithium reduces the lithium inventory of the cell, decreasing cell capacity. Disconnection
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can be caused by electrode particles delaminating from current collectors, loss of electrical
contact between particles, and particle fracture/cracking. All of these mechanisms are
exacerbated by large repeated volume expansion and contraction, and are known
mechanisms of capacity loss for silicon electrodes.”!*!* Loss of active material, of both
the positive and negative electrode, is a degradation mechanism of Li-ion cells.*>** This
is schematically shown in Figure 2.6. In Figure 2.6b, an electrode which has experienced
a large volume expansion is shown. Beaulieu et al. showed that electrodes which exhibit
large volume expansions experience minimal lateral expansion parallel to the current

% Therefore, the expansion occurs perpendicular to the current collector,

collector.!
resulting in a “shuffling” of electrode particles. This shuffling and subsequent un-shuffling
upon de-lithiation, shown in Figure 2.6¢, can result in loss of electrical contact between
particles. Additionally, the stress of volume expansion can cause particles to fracture, as
shown in Figure 2.6b. During de-lithiation, the fractured portions may no longer be

electrically connected, as shown in Figure 2.6¢c. These processes result in loss of active

material, decreasing the lithium inventory.

2.4.3 Degradation Effects on the Voltage vs. Capacity of Cells

To determine the effect of SEI growth/repair and mass loss on the measured voltage vs.
capacity profiles of Li-ion cells, consider the example given by the lithium inventory
schematic presented in Figure 2.7. This figure depicts a Li-ion cell in the discharged state;
all 16 active lithium atoms in the inventory are stored within the positive electrode (Q(P)
= 16). Additionally, there are 4 lithium ions within the electrolyte (Q(E) =4) to facilitate
ion transfer (solvated by solvent molecules), as well as one inactive lithium atom trapped
in the SEI (Q(S) =1).
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Figure 2.7: Schematic of the lithium inventory of a Li-cell.

During charge, lithium ions travel to the negative electrode, as shown in Figure 2.8a. In
practice, the positive electrode is never fully de-lithiated to prevent it from reaching too
high a voltage. Therefore, here the cell is shown to charge until 15/16 lithium ions leave
the positive electrode, providing 15 e of capacity. As such, 15 ¢ will be considered 100%
capacity. The resulting voltage vs. capacity (plotted as state of charge (SOC), normalized
full cell capacity * 100%) curve is shown in black in Figure 2.8b; the full cell has been
charged to 100% capacity. It was demonstrated in Equation 2.7 of Section 2.1 that the
voltage of a full Li-ion cell is the difference between the positive and negative electrode
voltage. Therefore, the difference between positive and negative electrode voltage vs.
capacity profiles shown in red and blue, respectively, produce the full cell voltage curve
shown in black. Ifthere are capacities where both a positive and negative electrode voltage
do not simultaneously exist (i.e. no overlap), then no full cell voltage is possible and

capacity cannot be delivered over that range. In Figure 2.8a, when the lithium ions reached
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the negative electrode, 3 were involved in parasitic reactions and trapped in the SEI. This
did not affect the full cell charge curve in Figure 2.8b since all 15 e, even the 3 that

recombined with Li inside the SEI, travelled through the external circuit, resulting in a

100% charge.
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Figure 2.8: a) Lithium inventory schematic during charge. b) The resulting full cell voltage
vs. state of charge (SOC) curve during charge (black). The difference between the positive
(red) and negative (blue) electrode voltage curves yields the full cell curve.

Figure 2.9a shows the lithium inventory schematic during discharge following the cell state

presented in Figure 2.8a. Since 3 lithium ions were trapped in the SEI, they are unavailable
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to contribute to the discharge. Therefore, only 12/15 ions were available for discharge,
resulting in a 20% (3/15) loss of capacity. Since the positive and negative electrode voltage
curves add to produce the full cell curve, something must change such that the full cell
curve only has 80% capacity. Neither electrode lost capacity; the positive electrode still
has 16 available inventory slots, and the negative electrode still has 20 available inventory
slots. Therefore, the electrode voltage curves cannot shrink. The inventory-consuming
electrode-electrolyte reactions cause the electrode voltage curves to “slip” relative to each
other, as shown in Figure 2.9b. Here, the negative electrode voltage curve (thick, light blue
line) has shifted 20% from its original position (thin, navy line). This causes the full cell
curve to slip accordingly since there is no more positive/negative overlap in this region;
the full cell cannot discharge to 0% SOC since 20% capacity is no longer available, so the
end of discharge slips by 20%. Accordingly, the capacity loss associated with lithium

inventory consuming reactions and SEI growth is known as shift loss or loss due to

slippage.
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Figure 2.9: a) Lithium inventory schematic during discharge following Figure 2.8a. b)
Corresponding voltage vs. capacity curves.

In addition to slippage, mass loss can occur which will also decrease the capacity of the
full cell. This situation is demonstrated in Figure 2.10a. Here, the cell is discharging
following the cell state depicted in Figure 2.8a. The effect of slippage has already been
considered in the voltage vs. capacity curve shown in Figure 2.10b; the “initial” full cell
and negative electrode curves shown in thin gray and thin navy, respectively, are the state
of the voltage curves after the shift loss was considered shown in Figure 2.9b. Figure 2.10a
depicts mass loss caused by portions of the negative electrode becoming electrically
disconnecting, trapping two formally active Li. Therefore, a further 2/15 ions are

unavailable, resulting in an additional ~13% loss. 3 Li have been trapped in the SEI due

27



to the previous shift loss, and now 2 have become trapped due to mass loss, resulting in a
discharge capacity of 11/15 e = 67%. The negative electrode capacity has decreased as
there are two less Li inventory slots available. This causes the negative electrode curve to
shrink from 20/15 (133% of the full cell capacity) to 18/15 (120% of the full cell capacity),
shown in Figure 2.10b, resulting in the further 13% loss in the full cell. The distinction
between mass loss which causes electrode curves to shrink as shown in Figure 2.10b, and
slippage or shift loss which causes electrode curves to shift as shown in Figure 2.9b is

important to realize.
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Figure 2.10: a) Lithium inventory schematic during discharge following Figure 2.8a,
considering the effects of both slippage and mass loss. b) Corresponding voltage vs.
capacity curves.
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Mechanisms that do not decrease the active lithium inventory such as shuttle reactions and
mass loss of de-lithiated particles have been omitted here.>? Further mechanisms of lithium
inventory loss analogous to those presented in Figures 2.8-2.10 include positive mass loss,
SEI growth during discharge and electrolyte oxidation.?? These have been omitted for
simplicity and conciseness. Such mechanisms cause slippage and mass loss analogous to
what has presented here, and are illustrated more completely in the excellent works by

Smith*?" and Birkl.*

Determining whether capacity loss is caused by electrolyte-electrode SEI forming reactions
or mass loss is important to understand the degradation of Li-ion cells. Differential voltage
analysis is a technique that can distinguish these loss mechanisms. This technique will be

described in Section 3.2.

* To the keen reader who is interested in understanding Interpreting High Precision Coulometry Results on
Li-ion Cells*? by Smith et al., please note there is an error in Table I of this work: in the “First discharge
(Qd)” column, the capacity inventory for the Pos. electrode should read “Q, - 2qri-+ 2q%x” instead of “Q, -
2qLi“ 2qaox”-
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Chapter 3: Experimental Methods

In this work, experiments were performed on rolled prismatic pouch cells and coin cells.

This chapter details the preparation and experiments performed on such cells.

3.1 Cell Preparation

3.1.1 Pouch Cells

Machine-made rolled 402035 size (40 mm long, 20 mm wide x 3.5 mm thick) pouch cells
were used in this work. These are the dimensions of the jelly roll of the cell, labelled in
Figure 3.1. The jelly roll contains the components of a Li-ion cell described in Chapter 2,
which are stacked together and wound to the desired dimension. Pouch cells were received
sealed without electrolyte. Access to wet the jelly roll with electrolyte is made through the
pouch bag, which is cut open and resealed for this purpose. The pouch bag also serves to
collect any gas generated by the cell during operation, removing it from the jelly roll.

Several different pouch cell chemistries were studied in this work, listed in Table 3.1.

)
-

Pouch Bag

Electrode
Tabs

Jelly Roll \ -

| O

f

Figure 3.1: Image of a Li-ion pouch cell.
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Table 3.1: List of pouch cells used in this work.

Supplier Positive  Negative Capacity
Designation Designation Electrode Electrode (mAh)
Type A-i Supplier A NMC AG 210
Type A-ii Supplier A NMC NG 215
Type B Supplier B LCO Si alloy-graphite 230
Type C Supplier C  NCA SiO-graphite 260
Type D-i Supplier D NCA nano Si-C 165
Type D-ii Supplier D NCA nano Si-C 205

Pouch cells were opened and placed in a vacuum oven at 100°C for 14 hours to remove
any water contamination and then transferred into an argon-filled glovebox for electrolyte
filling and sealing. Electrolyte was prepared in an argon-filled glovebox to minimize
possible contaminations. Type A-1 and A-ii cells were filled with 1.2 M LiPF¢ EC:EMC
(3:7 by volume) with xPES211 (x = 1.0, 0.25). Type C cells were filled with
EC:EMC:DMC (25:5:70 by volume) with 2% VC. Type B, D-i and D-ii cells were filled

with 1.2 M LiPFs EC: EMC: FEC (27:63:10 by volume).

As discussed in Section 2.4.1, Li-ion cells undergo a formation process—a specialized
charging protocol at the beginning of life to form a suitable SEI. In this work, formation
began by wetting cells for 24 hours at 1.5 V. Cells were clamped with rubber blocks during
formation to force any evolved gas outside the jelly roll and then were transferred to a
Maccor series 4000 charger. Type A cells underwent formation according to the supplier’s

recommended protocol which involved a single charge to 4.2 V and discharge to 3.8 V as
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well as a storage step. Type B and C cells were charged to 4.2 V and back down to 3.8 V
at C/20 (charged at a current corresponding to a charge time of 20 hours) without the
storage step. Cells then were transferred into an argon-filled glove box and opened to

remove any gas generated during the formation process and then resealed.
3.1.2 Coin Cells

2325-type (23.0 mm diameter, 2.5 mm thick) coin cells were prepared as half cells to
measure the voltage profiles of each electrode materials (the working electrodes) vs.
lithium metal, as shown in Section 2.2. The assembly of such coin cells is shown in Figure
3.2a. The electrode materials used as the working electrodes were punched directly from
disassembled pouch cell electrodes, shown in Figure 3.2b. For the cell chemistries that

employed composite negative electrodes, electrode material of each component was

obtained and punched to make half cells.

a) ; ~ Casing Top (Neg. b) " ﬂ Neg.
== —— Terminal) —
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Electrode (Li-metal)
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< Working Electrode
(/fi‘ Casing Bottom (Pos.
[ J Terminal) L e
23.0 mm 20 cm

Figure 3.2: a) Components of a coin-type half cell. b) Electrodes removed from a pouch
cell used to obtain the working electrode for the half cells.
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The working electrodes were precision punched into 1.28 cm diameter disks. Two Celgard
2320 thin film polypropylene microporous films were used as separators. A 150 um thick
lithium metal foil (Chemetall, >99.99%) was punched into a 1.4 cm diameter disc to be
used as reference electrodes. These components are shown in Figure 3.2a. 1M LiPF¢
EC:DEC (1:2 by volume) was used as electrolyte, fully wetting the electrodes and

separators. Coin cells were assembled in an argon-filled glove box.

3.2 Electrochemical Testing

Pouch and coin cells were cycled (repeatedly charged and discharged) to obtain their

voltage vs. capacity characteristics as well as capacity vs. cycle number data.

3.2.1 Pouch Cell Cycling

All original pouch cell cycling data presented in this work was performed accompanying
an in-situ measurement, 1.e in-situ volume, pressure or thickness measurements. Therefore,
these experiments are detailed in Section 3.3 which describes the in-situ methods used in

this work.

3.2.2 Coin Cell Cycling

To obtain voltage vs. capacity curves for each electrode material used in this work, as
shown in Section 2.2, coin cell half cells were cycled on an E-One Moli Energy Canada
battery testing system. Cells were cycled slowly as to minimize kinetic effects on cell
performance. Charge/discharge rates of C/20 and C/40 (i.e. a charge time of 20 and 40

hours) were used.
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3.2.3 dV/dQ Analysis

Section 2.4 discussed the degradation mechanisms that affect the lithium inventory of Li-
ion cells. Differential voltage (dV/dQ) analysis is a technique used to quantify these
mechanisms as Li-ion cells lose capacity during cycling. This technique was first
introduced by Bloom et. al.** Since the full cell voltage curve of a Li-ion cell is the
difference between the positive and negative electrode voltage curves, a measured full cell
voltage curve can be fit by using a linear combination plus a relative shift of positive and
negative electrode half cell voltage curves. The change in the relative shift needed to
achieve a good fit is an indication of degradation due to SEI growth/repair, as shown in
Section 2.4.3. The amount that the half cell voltage curves must shrink to achieve a good
fit indicates the quantity of mass loss degradation, as shown in Section 2.4.3. Since the
voltage vs. capacity curves of Li-ion cells and half cells are relatively smooth without
distinct features (as shown in Figure 3.3c¢), fitting V vs. Q curves can be a difficult task.
To amplify the features of these curves such that good fits can be easily determined, the

derivatives, dV/dQ vs. Q, are used to perform these fits.

34



Specific Capacity (mAh/g)

0 50 100 150 200 250
—_ T T T T T T T T T 4.4
= o.01}a) c)
<
£
— 0.008 |-
> 0.006 | .
> 4
g I = -
2 o002} S
% 0.002 ‘ — Positive Electrode || £ ©
s 0.004 1% Q
= i . ¥ =
i 0.002} b) | Negative Electrode g >°
£ >
— =]
o -0.002 |
> 3.2
S -0.006 |
e . ol Measured Full Cell dV/dQ |
2 Measured Full Cell V
-0.01 . I N 1 N 1 N 1 . . 1 : I N 2.
0 100 200 300 400 500 0 100 200 300
Specific Capacity (mAh/g) Capacity (mAh)

Figure 3.3: An example of the differential voltage vs. specific capacity curve for a) a
positive electrode and b) a negative electrode. c¢) A measured differential voltage vs.
capacity curve of a full cell.

The fitting process goes as follows: First, the differential voltage vs. specific capacity
curves of each electrode must be obtained, as well as the differential voltage vs. capacity
curve of the charge or discharge cycle to be analyzed. Examples of these curves are shown
in Figure 3.3. Before the half cell curves in Figure 3.3a and b can be added to begin to
attempt fitting the full cell curve shown in Figure 3.3c, the curves must be converted from
specific capacity (units of mAh/g) to capacity (units of mAh) by multiplying by the
electrode masses. Multiplying the specific capacity curves with a mass effectively
stretches or shrinks the curves until they are the right size to make a good fit. The electrode
masses within the pouch cells used in this work are on the order of 1 g, so this is a good
starting guess. In Figure 3.4a, the half cell curves presented in Figure 3.3 are both
multiplied by 1 g and are plotted in red and blue dashed lines. The difference between

these curves is the calculated full cell dV/dQ vs. Q curve plotted in green.
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Figure 3.4: An example of the dV/dQ fitting process. In each panel, the fitting parameters
(Pwm, Ps, Nwm, Ns) are changed to obtain a better fit. The fit quality improves from panel a)
to panel e).

The goal of this fit is to match the calculated dV/dQ curve (green) to the measured curve
(gray). From this first attempt in Figure 3.4a, it can be seen that the fitting parameters—
the positive, negative mass and slippages, must be changed to obtain a good fit. First, the
positive mass must be increased—this is obvious since the positive half cell curve (red)
does not span the entire full cell curve. Additionally, there is a positive peak in the half

cell curve which can also be seen in the full cell curve, both of which are indicated with

36



black lines. This peak is wider in the full cell curve, further indication that the positive

curve must be stretched by increasing the mass.

The positive mass is increased to 1.7 g in Figure 3.4b. This results in better agreement
between the widths of the positive peaks. There is a negative feature seen in both the
negative half cell and full cell curves, indicated with black lines, that needs to be adjusted.
This feature is too wide in the negative half cell curve, therefore the negative mass must be

decreased.

The negative mass is decreased to 0.8 g in Figure 3.4c. The prominent positive and
negative features seem to be the appropriate size, indicating that the chosen mass
parameters are decent. Now, slippage must be considered. It is clear that the positive peak

is too far to the right; it must be shifted, which is done by changing the positive slippage.

Figure 3.4d shows the result of slipping the positive half cell curve by —30 mAh. Now that
a decent fit has been obtained, the slippage and mass values can be optimized by a computer
algorithm. A user-friendly software to perform the transformations on dV/dQ curves as
discussed above as well to optimize the fitting parameters was published by Dahn et al.*®
An updated version of this software has been developed by Asher Wright. The work done
is this thesis uses the software by Wright. Using this software, the fitting parameters used

in Figure 3.4d are optimized to obtain a better fit shown in Figure 3.4e.

The fitting shown in Figure 3.4 yields the mass of the positive and negative electrodes as
well as a positive and negative slippage for a specific charge cycle. Monitoring these
parameters from cycle to cycle will elucidate the degradation mechanisms experienced by

the cell. If the electrode masses are found to decrease over cycle count, then electrode

37



degradation such as particle disconnection or cracking has occurred, as illustrated in Figure
2.6. The change in positive and negative electrode slippage over cycle count is the amount
that each of the electrode voltage vs. capacity curves has shifted in mAh, as demonstrated
in section 2.4.3, quantifying the amount of capacity that has been lost due to SEI growth
and repair. Example of this type of analysis can be found in the works by Dahn,*¢ Fathi,’

and Petibon.?°

The dV/dQ analysis software by Wright used in this thesis always defines a fully
discharged cell to be at 0% state of charge, in contrast to the examples presented in Section
2.4.3. In the example presented in Figure 2.9, electrode slippage caused a 20% capacity
loss. This example illustrated a discharge, therefore the cell went from fully charged at
100% SOC to 20% due to the capacity loss. Since the program by Wright always defines
the end of discharge to occur at 0% SOC, this scenario presented in Figure 2.9 would be

shown instead as discharging from 80% to 0%.

3.3 In-situ Electrode Expansion Measurements

The volume expansion and contraction of alloy negative electrodes has been previously
measured using in-situ AFM.'*!43% Electrochemical dilatometry is another technique that
has been used to measure electrode expansion during cycling. This has been performed on
graphite half cells,® Si composite half and full cells,***! and SiO half cells.”® This
technique is rarely performed on full cells,'® thereby only observing the volume expansion
of a single electrode. Additionally, these in-situ techniques utilize a specially made wet

cell for their measurements—a Li-ion cell that would never be used practically outside of
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the lab. This tends to limit the ability of these experiments to perform long-term

measurements; generally, only short term cycling is possible.

In this work, in-situ techniques for measuring the effect of electrode expansion on practical
Li-ion full cell pouch cells are presented. In full pouch cells, the contribution of both the
positive and negative electrode interplay resulting in a net expansion. This work presents
measurements of the volume, pressure and thickness evolution of Li-ion pouch cells in
Chapter 4. Additionally, long term cycling experiments are possible with these techniques,

as demonstrated with long-term pressure evolution measurements in Chapter 5.

3.3.1 Volume Measurements

In-situ volume measurements were made via Archimedes’ principle in the apparatus first
described by Aiken et al.,*? pictured in Figure 3.5. Pouch cells were suspended in silicon
mechanical pump oil from a thin film load cell which measures the tension caused by the
suspended cell. The tension measured by the load cell (Fiension) 1s €qual to the difference

between the buoyant force acting on the cell (Fruoyans) and the weight of the cell (Fieign:).

Fiension = Fbuoyant - Fwe[ght
3.1
A change in cell volume will cause the buoyant force to change, but the cell weight will

remain constant. Therefore, the load cell will experience a change in tension.

AFtension = - AFbuoyant
(3.2)
The change in tension is recorded by the load cell as a change in mass since AFiension =

Amioaa cetl g, Where g is the gravitational constant. The change in the buoyant force is a
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product of the gravitational constant, the change in cell volume Av, and the density of the
oil p.

AMpaiance g=-p Av g
(3.3)

Therefore, the change in cell volume can be calculated:

Av = - Ampalance/ p
(3.4)
The pouch cells measured in these experiments had an initial volume of ca. 2.5 mL. For
in-situ measurements, the pouch cells were connected to a Maccor Series 4000 battery
charger. The load cell output was connected to a Keithley 2700 scanning voltmeter. These
measurements were made in a temperature box at 40°C. Cells tested here first experienced
a formation procedure, as discussed in Section 3.1, before being transferred to this system

for charge/discharge cycling from 3-4.2 V.

b)
Tension T

— |

Buoyant
Force

Cell WeightI

Figure 3.5: In-situ volume measurement apparatus; a) pictured in left panel, b) shown
schematically the right panel.
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3.3.2 Pressure Measurements

For in-situ pressure measurements, pouch cells were fastened inside rigid aluminum
holders (colloquially referred to as superboats), pictured in Figure 3.6a, such that electrode
volume expansion would cause an increase in force exerted on the enclosure. With this
holder design, any gas evolved during cycling would be pushed out of the jelly roll into the
pouch bag and not cause a change in measured pressure. The force was measured with
subminiature load cells (model LCKD - OMEGA Engineering) with capacities of 100, 250,
and 500 Ibs (445, 1112 and 2224 N), connected to DP25B-S-A (OMEGA Engineering)
strain gauge panel meters. The measured force was converted to PSI using the pouch cell
area of ca. 0.93 in? (6.0 cm?). The load cells were fastened inside the aluminum enclosures,
in-between the wall of the enclosure, a force-distributing plate, and the pouch cells, shown
in Figure 3.6b. The position of one wall of the superboat enclosure is adjustable with
screws. This allows the superboats to accommodate cells of different thicknesses as well
as allowing the application of a different initial pressure by tightening the screws to
different pressures. The pressures achieved in this work, about 20-200 PSI (~140-1400
kPa), correspond to an elastic response of the system (load cell, pouch cell and force
distributing plate) of about 15-100 um. This was determined by measuring the compliancy
of the system, shown in the appendix in Figure A.1. For in-situ measurements, the pouch
cells were connected to an E-One Moli Energy Canada battery testing system. The analog
0-10 V output of the strain gauge panel meter was connected to a Moli slave channel,
allowing for simultaneous voltage and pressure measurements. These measurements were

made in a temperature box at 40°C. Cells tested here first experienced a formation
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procedure, as discussed in Section 3.1, before being initialized in superboats at 3.8 V and

transferred to the Moli system for charge/discharge cycling from 3-4.2 V.
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Figure 3.6: In-situ pressure and thickness measurement apparatus. a) Pressure
measurement apparatus; b) schematic of pressure measurement apparatus; c¢) thickness
measurement setup.

3.3.3 Thickness Measurements

An in-situ thickness measurement was made for a single stack (i.e one positive and one
negative electrode) pouch cell of the chemistry used in Type C cells in the apparatus shown
in Figure 3.6c. The cell was secured to a flat aluminum stage, and a displacement sensor
(Keyence GT2) was used to measure the cell thickness changes during charge and

discharge cycling. A spring was applied to the displacement pin to minimize noise from
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inconsistencies in the pouch. This measurement was performed at room temperature. The
first half cycle of this test was a formation step, as no prior formation procedure was
performed on this cell. One cycle of discharge charge cycling followed between 3-4.2 V.

This measurement was performed by Christopher Fell (Tesla Motors), not by the author.
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Chapter 4: The Effect of Electrode Volume Expansion on Full

Li-ion Pouch Cells’

Upon lithiation and de-lithiation, the electrode materials used in Li-ion cells change in
volume. In the extreme case, silicon expands by 280% upon lithiation,'* whereas graphite
only expands by 10%.° Positive electrode materials tend to experience volume changes of
only a few percent.**** Contrary to the behavior of silicon and graphite, some materials,
such as NCA and NMC, contract upon lithiation and expand upon de-lithiation. The
expansion and contraction of the constituent electrode materials of a full Li-ion cell within
a compliant cell format such as a pouch cell will result in a net volume change during
charge and discharge of the cell. Electrode volume expansion within a non-compliant cell
design, such as in the hard casing of a cylindrical cell, will result in an increase of pressure
within the cell. This is a concern for Li-ion cell manufacturers who need to allocate space

for this volume expansion.

In this chapter, the volume change of pouch cells with various electrode chemistries is
measured during charge and discharge. The pressure evolution of these cells when they
are volumetrically constrained, mimicking the conditions within a cylindrical cell, is also
measured. /n-situ thickness measurements are made on one single stack pouch cell of the

chemistry used in Type C cells. An understanding of the resulting volume, pressure and

¥ Some of the results presented in this chapter were published in A. J. Louli, Jing Li, S. Trussler, Christopher
R. Fell, and J. R. Dahn, Volume, Pressure and Thickness Evolution of Li-Ion Pouch Cells with Silicon-
Composite Negative Electrodes, J. Electrochem. Soc., 164 (12) A2689-A2696 (2017). doi:
10.1149/2.1691712jes, for which the author wrote the first draft of the entire manuscript. The contributions
of the co-authors are indicated in figure captions where appropriate. Reproduced by permission of ECS —
The Electrochemical Society.
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thickness profiles is made by considering the effect of the constituent electrode materials

within the full cell.

4.1 In-situ Volume, Pressure and Thickness Measurements

Figure 4.1 shows the in-situ volume (top row) and pressure (bottom row) measurements
for Type A-i, A-ii and B cells in each column. Figure 4.2 shows these measurements for
Type C, Type D-i and D-ii cells shown in each column, as well as an in-situ thickness
measurement made on a Type C chemistry cell shown in the third row. The voltage vs.
time curves for each measurement are shown in black using the left axis, and the
corresponding in-situ measurements are shown in red using the right axis. The in-situ data
is purposely scaled for a comparison of the shape of each profile and not their relative size,
therefore the scaling of the volume/pressure/thickness axes are not consistent between cell
types. Two cycles are shown for each measurement (in the cases where such data was
available) to demonstrate repeatability. Only 1.5 cycles of the volume measurements for
Type A-i and A-ii cells and 1.5 cycles of the thickness measurement for the Type C cell
was available. All other data shows the first two cycles after formation. The first charge
of the thickness measurement of the Type C cell corresponds to a formation step, and thus

is not representative of the thickness evolution post-formation.
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Figure 4.1: In-situ volume and pressure measurements for Type A-1 (NMC/AGQG) (a-b), Type
A-ii (NMC/NG) (c-d) and Type B (LCO/Si-graphite) (e-f) cells.
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Figure 4.2: In-situ volume, pressure and thickness measurements for Type C (NCA/Si0-
graphite) (a-c), Type D-i (NCA/Si-C) (d-e) and Type D-ii (NCA/Si-C) (f-g) cells.
thickness data shown in panel ¢) was measured by Christopher Fell (Tesla Motors).
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The in-situ measurements for each respective cell type shows good agreement between the
trends observed in the volume, pressure and thickness measurements. Therefore, the
observed behaviour in each case can be confidently attributed to the same phenomenon—
the net constituent electrode volume change during charge and discharge. During charge,
the negative electrode is lithiated, causing a volume expansion. For pure graphite negative
electrodes, this is a 10% expansion due to lithium intercalation into graphite. For
composite negative electrodes, there is a portion of the expansion due to lithium
intercalation in graphite, as well as a portion due to lithium alloying with silicon resulting
in a 280% expansion of the silicon component. The negative electrode volume expansion
causes the jelly roll of the pouch cell to expand in the direction perpendicular to the current
collector, i.e. the short axis of the jelly roll. For the respective measurements made in
Figures 4.1 and 4.2, this yields a volume expansion, an increase in pressure, and an increase
in thickness—and the opposite on discharge. The expansion and contraction profiles are
different for different cell chemistries due to the differences of electrode material
expansion and contraction during lithiation and de-lithiation. To understand the expansion
behavior of each chemistry, the contribution of each electrode component must be

considered. This is done in the sections that follow.

4.2 Volume Expansion of Cells with Graphite Negative Electrodes

Figure 4.1 shows the expansion profiles for Type A-i and A-ii cells which use a single
component graphite negative electrode (AG for A-i, NG for A-ii) paired with a NMC
positive electrode. These cells show a virtually identical expansion profile. Since both

cell types use the same chemistry, with only the type of graphite differing, this is not
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unexpected. This shows that the type of graphite—artificial or natural—does not affect
how the negative electrode changes in volume during cycling. The expansion profiles of
Type A-i and A-ii cells are symmetric, exhibiting a plateau midway through charge and
discharge as well as a peak at the top of charge. To understand these features, the volume

expansion of each electrode is now considered.

4.2.1 Negative Electrode Expansion

The lattice constants of graphite were measured as a function of x in LixCe by Dahn using
in-situ x-ray diffraction (XRD),® from which the average spacing of carbon layers was
calculated. Graphite has a hexagonal unit cell, therefore, the cell volume per layer, V., can

be calculated as:

Vu=a’ doon2+/3/2
4.1)

where a is in-plane lattice constant that remains relatively unchanged during lithium
intercalation, and dyo: is the distance between carbon layers, measured in Ref.®. Since the
volume is linear with dyo2, normalizing the data from Ref.® gives the fractional volume of
LixCs versus x, where x is equivalent to the state of charge of graphite. This is presented
in Figure 4.3. This shows that when graphite is fully charged (SOC = 1), it undergoes a
ca. 10% volume expansion. The highlighted region corresponds to the cycling range of
graphite within the full NMC/graphite cell: 0 to 71% SOC. Therefore, through the range
cycled in the full cell presented in this work, graphite undergoes a volume expansion of

slightly less than 8%.

48



Capacity (mAh)

— 0 100 200 300

__>._ 4 I ' I ' I

> 4
g 1.08 E -
E ~

o A

2 1.04 Afh— A A AN

g M ' Graphit

.9 A Graphite 2L—>2 transition raphite J
b 24— Charge
E 1_!‘ . 1 o 1 ., 1 8 1 .

L 0 0.2 0.4 0.6 0.8 1

State of Charge

Figure 4.3: Fractional volume expansion of graphite during charge, adapted from data in
Ref.® by Dahn. The highlighted region corresponds to the cycling range of graphite within
the full cell: 0 to 71% SOC.

The volume expansion of graphite experience a plateau between 25 and 50% SOC. This
is a result of how lithium intercalates into graphite. Between Lio25Cs and Lio.sCs, graphite
undergoes a phase transformation from stage 2L-2>2. Both of these stages have lithium
atoms intercalated into every second interstitial layer between carbon layers. Stage 2L is
a partially filled phase with disordered Li arrangement that transitions into stage 2 which
is a fully filled phase with ordered Li arrangement. Since this transition does not involve
lithium intercalating into any empty interstitial layers, there is no volume expansion that

occurs throughout this transition.®

4.2.2 Positive Electrode Expansion

Weber et al. measured the volume contraction of Li(Nip.sMno3C00.2)O2 (NMC 532, the
grade of NMC used in this work) using in-situ XRD.** The lattice constants a and dys>
were measured to calculate the unit cell volume in angstroms using Equation 4.1, which

was then normalized to plot Figure 4.4. The orange triangles show the results of this
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experiment. In-situ data from Weber et al.** was not available for SOC < 10%, so measured
lattice parameters for NMC532 in the discharged state (SOC = 0) from Li et al. from Ref.*
was used to calculate the volume for the red circle data point at SOC = 0. The cycling
range of NMC within the full cell tested in this work is highlighted. Within this region,

NMC experiences a volume contraction on charge of ca. 3%.
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Figure 4.4: Fractional volume expansion of NMC during charge measured by Weber et
al.* The highlighted region corresponds to the cycling range of graphite within the full
cell: 0 to 71% SOC.

4.2.3 Predicted Full Cell Expansion

Now that all the contributions to electrode volume expansion for the NMC/graphite Type
A-1 and A-ii cells are known, their sum contribution can be calculated to predict the net
volume expansion of a full cell of this chemistry. To calculate the change in volume for
graphite and NMC in a full cell, the initial volume of each electrode must be known. This
can be calculated using the initial active mass of each electrode derived from dV/dQ
fitting—0.877 g for graphite and 1.158 g from NMC—and dividing that by the respective

electrode densities—2.266 g/mL for graphite and 4.731 g/mL for NMC. This yields an
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initial volume for graphite and NMC of 0.387 mL and 0.245 mL respectively. Multiplying
this by the fractional volume expansion of each component presented in Figures 4.3 and
4.4, and subtracting the initial volume of each yields the change in volume, shown in Figure
4.5 in blue for graphite and red for NMC. These two contributions are then added together
to calculate the predicted volume expansion of a full cell, shown in magenta. The change
of volume is plotted against the capacity of the full cell during charge (0-199 mAh, left
panel) and discharge (199-0 mAh, right panel), with the corresponding voltage profile of

the cell shown in green in the top panel.
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Figure 4.5: Predicted change in volume of a full NMC/graphite cell shown in magenta
during charge (bottom left) and discharge (bottom right), with the corresponding voltage
vs. capacity curve shown in the top panel in green. The change in volume of the graphite
negative electrode is shown in blue, the NMC positive electrode in red, and their sum—the
predicted net volume change of a full cell—in magenta.
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This shows good qualitative agreement with the measured volume expansion of the
NMC/graphite cells shown in Figure 4.1 a-d. These calculations elucidate the expansion
behavior of Type A-i and A-ii cells. The major features in the expansion profiles can be
attributed to graphite expansion and contraction. The graphite 2L->2 and 2->2L
transitions causes a plateau during charge and discharge in the otherwise relatively linear
expansion and contraction profile of the full cell. The magnitude of the predicted volume
expansion of the full cell also shows decent agreement—0.02 mL compared to the

experimental value of ca. 0.03 mL

4.3 Volume Expansion of Cells with Silicon-Composite Negative

Electrodes

Type B, C, D-i and D-ii cells use composite negative electrodes containing silicon and a
form of carbon. This composite is Si alloy-graphite for Type B cells, SiO-graphite for
Type C cells, and carbon coated n-Si for Type D-i and D-ii cells. Type B cells are paired
with a LCO positive electrode, while Type C and D cells are paired with NCA positive
electrodes. Figure 4.1e and f and Figure 4.2a-g show that these cells have similarities in
their expansion profiles. There is a particular similarity between the profiles of Type C
and D cells that employ the same positive electrode chemistry. It is no surprise that Type
D-1 and D-ii cells have identical expansion profiles since they employ the exact same
electrode chemistry—these cell types only differ in electrode thickness. In contrast to the
NMC/graphite cells reported in Section 4.2, the expansion profiles of all silicon-containing
cells are asymmetric. The expansion profiles of these cells experience a plateau during

charge and discharge, the latter occurring at a higher volume/pressure/thickness than the
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former. NCA-containing Type C and D cells also experience a plateau at the top of charge,

whereas the LCO Type B cell does not.

In what follows, a comprehensive analysis on the contributions to volume expansion of
each electrode component is performed for the Type C NCA/SiO-graphite chemistry to

elucidate the measured expansion profile of silicon-containing cells.

4.3.1 Type C Positive Electrode Expansion

The volume expansion of NCA was measured using in-situ XRD with the same methods
discussed previously in sections 4.2.1 and 4.2.2. These measurements were performed by
Jing Li (Dalhousie University), not the author. The fractional volume expansion of NCA
is presented in Figure 4.6. Within the full Type C cell, the NCA positive electrode cycles
between about 20-97% SOC, as highlighted in Figure 4.6, corresponding to a ca. 4.5%
volume contraction and expansion during charge and discharge respectively. The volume
change of NCA is relatively benign until the top 15% of SOC where rapid volume

contraction occurs.
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Figure 4.6: Fractional volume expansion of NCA during charge (orange) and discharge
(blue). The highlighted region corresponds to the cycling range of NCA within the full
cell: 20 to 97% SOC. This data was collected by Jing Li (Dalhousie University).

4.3.2 Type C Negative Electrode Expansion

The negative electrode volume expansion is more complicated for a composite chemistry
since the contributions of both components—graphite and SiO for Type C cells—need to
be understood separately. Figure 4.7a shows the fractional volume expansion of graphite,
which is the same as presented in Figure 4.3, with only the highlighted cycling range
changed here to match the cycling range of the negative electrode for the Type C full cell

chemistry: 3 to 84% SOC.
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Figure 4.7: a) Fractional volume expansion of graphite during charge adapted from Ref®.
b) Fractional volume expansion of amorphous silicon during charge and discharged
adapted from Ref.!>. The highlighted regions correspond to the cycling range of the
negative electrode within the full cell: 3 to 84% SOC.

Figure 4.7b shows the fractional volume expansion of amorphous silicon (a-Si), adapted
from data taken from Ref.!>. In Ref.!?, Beaulieu et al. measure the volume expansion of a
sputtered amorphous silicon tower with in-situ AFM using a specially made wet cell vs.
lithium metal. The following analysis assumes that the fractional volume vs. state of
charge of the a-Si tower shown in Figure 4.7b is the same as the volume expansion of the

Si0 electrode component of Type C cells. Previous studies have shown that SiO consists



of a nanostructure of a-Si and a-SiOz in a 1:1 ratio.?! During first charge/discharge, lithium
irreversibly reacts with SiO; to form LisSiOs and Si. The LisSiO4 remains inactive
throughout subsequent cycling while the amorphous n-Si is reversibly lithiated and de-
lithiated.?!">?**  Therefore, the volume expansion and contraction of SiO during
charge/discharge cycling post-formation is caused by a-Si lithiation and de-lithiation.?* As
such, the data from Ref.!® is appropriate for this analysis. Figure 4.7b shows that the
expansion of silicon is relatively linear. It expands by 280% when fully charged and by
about 200% in the cycling range within the full cell of 3-84% SOC. Although Figure 4.7b
shows an apparent hysteresis between charge and discharge, it is the opinion of the author
that this is not due to a physical difference in the expansion and contraction of a-Si, but

rather due to the inherent experimental error in the original AFM experiment.

To determine the expansion of the entire composite negative electrode, the contribution of
both the graphite and SiO components must be resolved. Figure 4.7 shows the fractional
expansion of these components vs. their SOC, however, the states of charge of each of
these components within the composite negative electrode will not be the same during
cycling. This is because each component is lithiated differently at different voltages, as
can be seen in the dQ/dV vs. V plot during charge in Figure 4.9a and discharge in Figure
4.9b for graphite and SiO shown in red and blue respectively. Integrating the dQ/dV vs. V
curves yields the capacity that has been delivered up to a certain voltage for each respective
electrode component. This shows that the capacity delivered from each component is not
uniform. For the components of a composite electrode, the state of charge (SOC) is the

normalized capacity of each respective component that has delivered to the total composite
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electrode capacity.? Each component will experience the fractional volume change shown
in Figures 4.7a and b at their respective states of charge in the composite negative electrode.
Therefore, the states of charge of each component within the composite negative electrode
during charge/discharge, as a function of the composite electrode capacity, must be
determined. To this end, dV/dQ analysis was used to fit the contribution of each
component to the composite electrode capacity using the method outlined in Section 3.2.3,
the results of which are shown in Figure 4.8. Half cells of the full composite negative
electrode, the graphite component, and the SiO component were cycled vs. lithium metal
as reference data for this analysis. The graphite and SiO component reference data
(Ohnegi(V) and QOnegj(V)), shown in red and blue respectively, were combined as a function
of voltage to fit the measured composite electrode data (Qneg(V)) in Figure 4.8.
Oneg(V) = Oneg (V) + Onegi(V)

(4.2)
The result is good fit, shown in solid magenta, to the measured data, shown in dotted purple.
This shows the capacity contribution of each component to the composite negative
electrode. From this, the state of charge of each component (SOC;) can be calculated as
the ratio of the capacity of each component (QOueg,i), as a function of the composite negative

electrode capacity (Qnee), With the maximum capacity that component delivers (Q"%ieq,i):

! For example, if when the composite negative electrode was fully charged, the SiO component could receive
10 mAh of capacity and the graphite component could receive 100 mAh of capacity, then the composite
electrode could store 110 mAh of capacity when fully charged. At a certain point during charge of the
composite negative electrode, say at 55 mAh—half way through charge, the SiO component had received 7
mAbh of capacity and the graphite component had received 48 mAh of capacity, then their respective states
of charge would be 70 and 48% when the composite negative electrode was half way through charge at 55
mAbh.
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SOCi(Oneg) = Oneg.i Oneg) | O™ neg.i
(4.3)

One must realize that component capacity # composite electrode capacity; component SOC

# composite electrode SOC; and component SOC # composite electrode capacity.
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Figure 4.8: The dV/dQ fits during charge a) and discharge b) of the SiO-graphite composite
negative electrode. The graphite component (red) is added to the SiO component (blue) to
make the calculated composite in solid magenta, which is a fit of the experimental data
shown in dotted purple.

This calculation is done for both components during charge and discharge as shown in
Figure 4.9¢ and d respectively. The charge and discharge dQ/dV vs. V for each component
is plotted in the panels above (Figures 4.9a and b) to help elucidate the state of charge vs.
capacity behaviour. For example, one can see by considering the relative area of the SiO
and graphite dQ/dV curves that the SiO component reaches a higher SOC faster than
graphite during charge, whereas graphite reaches a lower SOC faster than SiO during

discharge. This behaviour is reflected in the SOC vs. composite capacity curves shown in
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Figures 4.9c and d. Additionally, the dQ/dV vs. V curve of graphite shows little
charge/discharge hysteresis, also reflected in the SOC of the graphite component vs. the
composite electrode capacity curves. Silicon shows a large hysteresis in dQ/dV vs. V, and
as such the SiO component SOC vs. composite electrode capacity profile is significantly
different between charge and discharge. The dQ/dV vs. V curves of graphite and silicon
overlap during charge meaning that both components are lithiated simultaneously. Due to
the hysteresis of silicon, there is much less overlap of the dQ/dV vs. V curves during
discharge; almost all of the capacity of graphite is delivered before silicon begins to de-
lithiate. This is reflected in the component SOC vs. composite electrode capacity plot in
Figure 4.9d that shows that graphite is de-lithiated to 10% SOC before any significant

capacity from silicon has been delivered.
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Figure 4.9: dQ/dV vs. V (a,b), component state of charge (c,d) and fractional volume
expansion (e,f) vs. composite electrode capacity of graphite (red) and SiO (blue) during the
full cell charge (left column) and discharge (right column).

The fractional volume vs. state of charge data for each component previously presented in
Figures 4.7a and b can now be combined with and the state of charge vs. composite
electrode capacity data presented in Figures 4.9c and d to plot the fractional volume vs.

composite negative electrode capacity for each component, as done in Figures 4.9¢ and f.
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This shows how the volume of each component varies during charge and discharge within
the composite negative electrode. The volume expansion profile of graphite is dominated
by the fractional volume vs. SOC behaviour shown in Figure 4.7a since the SOC of graphite
vs. composite electrode capacity is fairly linear during charge and discharge, shown in
Figure 4.9c and d. Conversely, the volume expansion profile of SiO is dominated by the
SOC of SiO vs. composite electrode capacity behavior shown in Figures 4.9¢ and d, since

the fractional volume vs. SOC of SiO is fairly linear shown in Figure 4.7b.

4.3.3 Predicted Type C Full Cell Expansion

In Figures 4.6, 4.9¢, and f, the fractional volume expansion of the positive electrode and
both components of the negative electrode as a function of capacity is shown. Using the
initial masses of each component derived from dV/dQ fitting, the initial volumes of each
component can be calculated from their respective densities. In SiO, a-Si is the active
component which is being reversibly lithiated and de-lithiated during charge/discharge
cycling post-formation. Therefore, it is the a-Si mass and density that is used to determine
the initial volume of the silicon component. Multiplying the initial volumes by the
fractional volume changes of each component results in the volume of each component
during charge and discharge. This is done in Figure 4.10a. The change in volume of the
positive electrode is shown in red. Each component of the negative electrode—graphite
and SiO, are shown in light and dark teal, respectively. Their sum contribution, resulting
in the composite negative electrode volume expansion, is shown in blue. This is added to
the change in positive volume to calculate the full cell change in volume shown in lime
green. To compare this calculation with experimental results, the measured volume,

pressure and thickness data for Type C cells are overlaid in Figure 4.10b.
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Figure 4.10: a) The calculated change of volume for each electrode component during
charge and discharge. b) The measured volume, pressure and thickness data for Type C
cells to compare to the calculated volume expansion profile. A plateau during charge, an
asymmetric plateau near the top of charge, and a rapid fall seen in both a) and b) are
highlighted as features 1), ii) and iii) respectively.

The calculations made in Figure 4.10a show good qualitative agreement with the
experimental results shown in Figure 4.10b. Specifically, three key features: 1) a plateau
during charge; i1) an asymmetric plateau near the top of charge; and iii) a rapid volume
contraction seen in both calculated and experimental profiles are highlighted in both
figures. From the calculations made here, an understanding of these features and the
overall asymmetric measured volume expansion profile can be obtained. Feature 1) is a
plateau in volume expansion due to the stage 2L->2 phase transition of graphite as
previously discussed. Throughout this transition, graphite does not expand in volume,
slowing the overall volume expansion of the cell. Feature i1) is a result of two mechanisms:
(a) The first two thirds of the plateau is caused by rapid NCA contraction and expansion at

the end of charge and then the beginning of discharge, respectively, that effectively cancels
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out the opposing expansion and contraction of the negative electrode over this region; (b)
The final third of the plateau in feature ii) is caused by the graphite 2> 2L transformation,
over which graphite does not contract. This contributes to the volume plateau instead of
showing up as a distinct feature like 1) due to SiO charge/discharge hysteresis. Throughout
this transformation during discharge, SiO has yet to begin de-lithiating, therefore it is still
at its largest volume, causing this graphite feature to appear higher and distinct from the
volume plateau during discharge. Feature iii) is caused by the de-lithiation of the Si in SiO,
resulting in a rapid overall volume contraction. In addition to these qualitative agreements,
the magnitude of the volume change calculated in Figure 4.10a (~0.03 mL) is in decent

agreement with the measured expansion in Figure 4.10b of ~0.025 mL.

4.3.4 Understanding the Expansion of Other Silicon-Containing Cells

The detailed analysis of Type C cells can be used to elucidate the volume expansion
behavior of the other silicon-containing cells presented in this work—Type B LCO/Si
alloy-graphite and Type D NCA/nano Si-C cells. The volume and pressure profiles of
Type D-1 and D-ii cells shown in Figure 4.2d and e and 4.2f and g respectively are similar
to that of Type C cells.’ Each of the 3 features highlighted in the calculated volume profile
in Figure 4.10 can be seen in Type D cells. Therefore, the same mechanisms discussed in

Section 4.3.3 for Type C cells to apply to Type D cells. Although the Type B cell

$ The pressure vs. time profiles of Type D cells are more horizontally compressed than pressure profile of
the Type C cell shown in Figure 4.2. This may be explained by the larger compliancy Type D cells exhibit
compared to Type C cells, as shown in the appendix in Figure A.1. Since Type D cells are more compliant,
a larger volume change is required to produce the same pressure signal. However, the compliancy would
have no effect on the volume measurements, and indeed the volume profiles of Type C and D cells are very
similar.
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measurements shown in Figure 4.1e and 3f exhibit features 1) and iii) clearly, there is an
apparent difference in that feature ii), the plateau near the top of charge, is not observed.
This is because LCO is used as the positive electrode instead of NCA as in Type C and D
cells. Whereas NCA exhibits a volume contraction during full cell charge in the voltage
range tested, LCO expands in this voltage range, seen in the data adapted from Ref.* by
Reimers and Dahn shown in Figure 4.11. Although this is a small ~1% expansion, it was
the contraction of NCA, specifically the rapid contraction near the TOC, that effectively
cancelled out the expansion of the negative electrode components, resulting in an overall
volume plateau. Considering the small expansion of LCO to be negligible, the calculations
of Figure 4.10a for the composite negative electrode shown in blue would be comparable
to cell Type B measurements where, to a first approximation, only the negative electrode
components contribute to the net volume expansion of the cell. This shows a good
qualitative agreement with the measured volume and pressure profiles for Type B cells
shown in Figure 4.1e and f. This analysis is in good agreement with the electrochemical
dilatometry profile of a LiCoOz/nano Si-graphite cell and a Si-graphite half-cell observed
in Figure 4 of Ref.!® and Figure 8 of Ref.*!, respectively. The feature ii) plateau is not
observed in Ref.!® due to the use of LCO as the positive electrode, just as in cell Type B,
nor is it seen in Ref.*! since the cell measured there has no positive electrode. The feature
1i1) separation between graphite and silicon contraction during discharge is clearly seen in

Refs.!8 and #!, as well as a subtle change in slope during charge characteristic of feature i).
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Figure 4.11: Fractional volume expansion of LCO adapted from Reimers and Dahn.**
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Chapter 5: Pressure Evolution & Degradation Analysis

This work introduced a method for in-situ pressure measurements of volumetrically
constrained Li-ion pouch cells. It was demonstrated in Chapter 4 that this technique can
be used to probe the reversible volume change of Li-ion cells caused by electrode
expansion and contraction during cycling over the course of a few cycles. The in-situ
pressure measurements introduced in this work are also capable of monitoring the volume
evolution of cells charged and discharged over many cycles. The volume expansion and
contraction of Li-ion cells has been measured by electrochemical dilatometry,?*-***! but
that technique is not suited for long term measurements.*! To the author’s knowledge, this
work reports the first such measurements of long-term Li-ion cell volume evolution. This
chapter demonstrates that when the pressure evolution of a pouch cell is monitored over
many cycles, an irreversible pressure growth is measured. Preliminary results using this
technique, presented here, indicate that there is a correlation between larger pressure

growth and worse capacity retention. Therefore, it is proposed that in-situ pressure

measurements may be a useful technique for ranking the performance of Li-ion cells.

Cells used in electric vehicles require a lifetime of about a thousand charge/discharge
cycles, and the lifetime requirement for grid energy storage applications is many thousands
of cycles over tens of years. Therefore, developing better cell chemistries to meet these
requirements necessitates the ability to predict the long-term lifetime. Verifying that a new
Li-ion chemistry will last a decade by testing that battery for a decade is impractical.
Therefore, short-term methods (over the course of weeks) to rank the lifetime of Li-ion

batteries are vital to academic and industrial research. Techniques such as ultra high
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precision coulometry and electrochemical calorimetry are examples of short-term
characterization techniques used to rank the performance of Li-ion cells, but these
techniques require costly high precision equipment.*’*® By contrast, the equipment
required for in-situ pressure measurements presented here can be obtained for a fraction of
the cost. Additionally, Burns et al. showed that conventional short-term cycling tests, i.e.
cycling for a few weeks and using the short-term capacity retention data to rank cells, is
not always predictive of long-term performance.*’ This further motivates the necessity of
predictive short-term characterization techniques. Therefore, the addition of in-situ

pressure measurements to the toolbox of a Li-ion cell researcher may prove to be valuable.

This chapter investigates the pressure evolution of all the cell chemistries introduced in this
work, starting first with cells containing single-component graphite negative electrodes,
and then cells with silicon-composite negative electrodes. A study of the pressure
evolution of cells with the same electrode chemistry that use a different electrolyte is also
presented for the graphite cells. Then, differential voltage analysis is performed to try to
elucidate the mechanisms for capacity loss and correlate them with the measured pressure

growth.

5.1 Analysis of Cells with Graphite Negative Electrodes

Pressure evolution studies were performed on Type A-i (NMC/AG) and A-ii (NMC/NG)
cells with 0.25PES211 and 1.0PES211 electrolytes. The motivation for this work was to
elucidate the superior performance of cells with artificial graphite negative electrodes
(Type A-i) compared to cells with natural graphite negative electrodes (Type A-ii).>° It is

hypothesized that natural graphite is exfoliated during lithiation due to the high degree of
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crystallinity of the graphite structure. Exfoliation would increase the surface area of the
negative electrode, promoting more lithium-consuming parasitic reactions forming SEI,
thereby negatively affecting the capacity retention of NG cells. Additionally, previous
studies have shown that 1.0PES211 electrolyte forms a more robust SEI than 0.25PES211

electrolyte in Type A-i and A-ii cells.>*!

Therefore, any SEI disruption causing SEI
growth and repair would be worse in cells using 0.25PES211 due to a weaker SEI. More
SEI growth as well as graphite exfoliation are hypothesized to cause a macro-scale volume

expansion in pouch cells, which can be probed with in-situ pressure measurements. As

such, in-situ pressure measurements were performed to attempt to identify these effects.

Since there are two variables being studies here—AG vs. NG negative electrodes and 0.25
vs. 1.0PES211 electrolyte, the data will be presented in two ways. First, a comparison
between cells with different electrodes, i.e. AG Type A-i vs. NG Type A-ii cells with 1.0
and then 0.25PES211 electrolyte. Then, a comparison between electrolytes: 1.0 vs.
0.25PES211 for AG Type A-i cells and then NG Type A-ii cells. For conciseness, Type
A-i cells will be referred to as simply “AG cells” and Type A-ii cells will be referred to as

“NG cells” for the remainder of this section.

5.1.1 Electrode Comparison: AG vs. NG

AG vs. NG with 1.0PES211

The bottom panel of Figure 5.1a shows an example of pressure evolution data, here for AG
and NG cells with 1.0PES211 electrolyte. The top panel of this figure shows the
corresponding voltage vs. time profile for the NG cell; the AG cell voltage vs. time is

omitted for clarity. It is clear that the pressure increases during charge and decreases during
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discharge due to the volume expansion and contraction of the electrode materials, as
demonstrated in Chapter 4. As such, the voltage profiles will be left out of future figures.
The cells shown in Figure 5.1a were cycled at C/6 for about 900 hours and subsequently
cycled at C/3 until the end of testing. The pressure growth over time is clearly more severe
for the NG cell. However, such a clear trend cannot always be seen using raw pressure vs.
time plots as presented in Figure 5.1a, especially when trying to compare more than two
cells. Overlaying these data can make it hard to distinguish where one curve begins and
another ends, therefore, it is important to extract meaningful metrics out of the raw pressure
vs. time curves for analysis. Such metrics to consider are presented in Figure 5.1b. The
pressure at the top of charge (TOC) and bottom of charge (BOC) can be tracked, shown
circled in Figure 5.1b. The pressure swing (pressure at TOC — pressure at BOC) can be
calculated. The area under the pressure curve for one cycle, divided by the duration of the
cycle, i.e. the average pressure, can also be calculated. The electrochemical data for these
cells, namely the capacity retention, is also important to track to make correlations between
the performance of the cells and the pressure data. All of these quantities can be plotted
vs. cycle number or time. This is an important distinction for comparing cells that have
been cycled at different currents, i.e. in Figure 5.1a wherein cells were cycled at C/6 for
900 hours and then at C/3. For this work, all of the pressure vs. time raw data is processed

to calculate the different metrics described here using a MATLAB script.
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Figure 5.1: a) The pressure vs. time profiles of 1.0PES211 AG (blue) and NG cells (red).
The corresponding voltage vs. time graph of the NG cell is shown in the top panel. The
cells were cycled between 3.0 V and 4.2 V at 40°C. b) Proposed metrics for measuring
pressure evolution: the pressure at the top of charge (TOC), the pressure at the bottom of
charge (BOC), the pressure swing, and the average pressure.

Figure 5.2 shows the normalized capacity of AG and NG cells with 1.0PES211 electrolyte
vs. cycle no. (a) and time (b). AG cells are shown with triangles in different shades of blue
representing different trials, and NG cells are shown with circles in shades of red
representing different trials. Cells NG v3 and AG v3 were cycled at C/6 for around 70
cycles (~900 hours) and were then switched to C/3 cycling, causing a capacity drop. Cell
NG v4 was cycled at C/3 from the beginning of cycling, therefore, for clarity, its initial
normalized capacity was shifted down from 1.0 to match the capacities of the other cells
which were switched to C/3 cycling. All other cells were cycled at C/6. Figure 5.2 shows
that NG cells have a worse capacity retention than AG cells. Parallel lines in dark orange
are drawn for a comparison of the rate of capacity loss. In Figure 5.2a, the dark orange
lines match the rate loss of the NG C/6 cycles, but not the C/3 cycles. In Figure 5.2b, the

lines match the rate of capacity loss in NG cells for both C-rates. This indicates that the
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mechanism for capacity loss for these cells is time dependent, not cycle dependent.

Therefore, the metrics for pressure growth will be plotted vs. time.
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Figure 5.2: The normalized capacity of 1.0PES211 AG (blue triangles) and NG (red circles)
cells plotted vs. cycle no. (a) and time (b). All cells were cycled between 3.0 V and 4.2 V
at 40°C.

Figure 5.3 shows the calculated metrics for quantifying the pressure growth of AG and NG
cells with 1.0PES211 electrolyte. The four rows of plots show the four metrics: pressure
at BOC (a,b), pressure at TOC (c,d), pressure swing (e,f) and average pressure (g,h). The
first column shows these calculated metrics, and the second column shows the change
(delta) in these metrics. All subsequent figures of pressure metrics will be plotted in this
way. Figure 5.3 shows that NG cells (red circles) experience a more severe growth than
AG cells (blue triangles), as was demonstrated with the raw data presented in Figure 5.1a.
Figure 5.2 previously showed that NG cells experienced worse capacity retention than AG
cells. This apparent correlation between larger pressure growth and poorer capacity

performance suggests that pressure growth can be used to rank the performance of cells.
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The larger pressure growth NG cells experience is consistent with the hypothesis of

graphite exfoliation causing more SEI production, thereby increasing the rate of capacity

loss.
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Figure 5.3: Metrics of pressure evolution for 1.0PES211 AG (blue triangles) and NG cells
(red circles). Each row shows the metric (left) and the change in the metric (right): a,b)
the pressure at the bottom of charge; c,d) the pressure at the top of charge; e,f) the pressure
swing; g,h) the average pressure. The capacity vs. time data for these cells is given in
Figure 5.2.

AG vs. NG with 0.25PES211
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Figure 5.4 shows the normalized capacity of AG (blue triangles) and NG cells (red circles)
with 0.25PES211 electrolyte vs. cycle no. (a) and time (b). All cells were cycled at C/6,
except for NG v5 which was cycled at C/3. Again, the AG cells show superior performance
compared to the NG cells. The agreement between trials of NG capacity vs. time data
plotted in Figure 5.4b is not as good as was previously seen with the 1.0PES211 cells in
Figure 5.2. The targeted currents for NG v1-v4 was a C/6 rate, however, a slightly larger
current was used for NG v1 and v2 compared to NG v3 and v4. NG v5 was cycled at an
even larger current to achieve a rate of C/3. The disagreement between capacity vs. time
data between 0.25PES211 NG cells cycled at different currents suggests there is also a

cycle dependence to capacity loss for these cells.
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Figure 5.4: The normalized capacity of 0.25PES211 AG (blue triangles) and NG cells (red
circles) plotted vs. cycle no. (a) and time (b). All cells were cycled at C/6, unless labeled
otherwise, between 3.0 V and 4.2 V at 40°C.

Figure 5.5 shows the metrics for pressure evolution of AG (blue triangles) and NG cells

(red circles) with 0.25PES211 electrolyte. By and large, this figure tells the same story as
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the pressure evolution experienced in 1.0PES211 cells: NG cells experience a larger
pressure growth, which is consistent with the hypothesis for their inferior performance.
However, this data shows more variance between the NG trials, and, as a result, some trials
such as NG v1 show a pressure growth rate similar to AG cells. A possible source of this

variation between pressure growth data will be discussed later in this section.
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Figure 5.5: Metrics of pressure evolution for 0.25PES211 AG (blue triangles) and NG cells
(red circles). Each row shows the metric (left) and the change in the metric (right): a,b)
the pressure at the bottom of charge; c,d) the pressure at the top of charge; e,f) the pressure
swing; g,h) the average pressure. The capacity vs. time data for these cells is given in
Figure 5.4.
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The data presented in this sub section showed that in-situ pressure measurements
accurately ranked the capacity retention of cells with AG vs. NG electrode chemistries
using 1.0PES211 electrolyte. This data is consistent with the hypothesis that the pressure

growth and capacity loss these cells exhibit is caused by SEI growth.

5.1.2 Electrolyte Comparison: 0.25PES211 vs. 1.0PES211

0.25PES211 vs. 1.0PES211 AG

Figure 5.6 compares the normalized capacity vs. cycle no. (a) and time (b) of AG cells with
0.25PES211 (red circles) and 1.0PES211 electrolyte (blue triangles). The rate of capacity
loss is greater for cells with 0.25PES211. This is consistent with the hypothesis that
0.25PES211 electrolyte forms a weaker SEI which is more prone to damage and thus
growth and repair, consuming more lithium inventory. The corresponding pressure

evolution metrics are presented in Figure 5.7.
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Figure 5.6: The normalized capacity of AG 0.25PES211 (blue triangles) and 1.0PES211
cells (red circles) plotted vs. cycle no. (a) and time (b). All cells were between 3.0 V and
4.2V at 40°C. The C-rate of cell x=1.00 AG v3 was changed mid-experiment resulting in
a capacity drop around cycle 70.
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Figure 5.7: Metrics of pressure evolution for AG 1.0PES211 (blue triangles) and
0.25PES211 cells (red circles). Each row shows the metric (left) and the change in the
metric (right): a,b) the pressure at the bottom of charge; c,d) the pressure at the top of
charge; e,f) the pressure swing; g,h) the average pressure. The capacity vs. time data for
these cells is given in Figure 5.6.

Most of this data shows that 0.25PES211 AG cells experience a larger pressure growth
than 1.0PES211 cells, corresponding to their worse capacity retention. Cell x=1.00 AG vl
showed a similar initial pressure growth to the 0.25PES211 cells, but.by the end of testing

the rate of growth is comparable to the 1.0PES211 cells.

0.25 vs. 1.0PES211 NG
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Figure 5.8 shows the normalized capacity of NG cells with 0.25 (red circles) and
1.0PES211 electrolyte (blue triangles), plotted vs. cycle no. (a) and time (b). As shown
previously, the rate of capacity loss for 1.0PES211 NG cells is strictly time dependent,
resulting in good agreement between capacity data when plotted vs. time. The 0.25PES211
NG cells, however, also have a cycle dependence, resulting in differing capacity loss rates
when plotted vs. time. Most of the 0.25 NG cells show worse capacity retention than

1.0PES211 NG cells. The corresponding pressure evolution data is presented in Figure

5.9.
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Figure 5.8: The normalized capacity of NG 1.0PES211 (blue triangles) and 0.25PES211
cells (red circles) plotted vs. cycle no. (a) and time (b). All cells were cycled between 3.0
Vand 4.2 V at 40°C.
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Figure 5.9: Metrics of pressure evolution for NG 1.0PES211 (blue triangles) and
0.25PES211 cells (red circles). Each row shows the metric (left) and the change in the
metric (right): a,b) the pressure at the bottom of charge; c,d) the pressure at the top of
charge; e,f) the pressure swing; g,h) the average pressure. The capacity vs. time data for
these cells is given in Figure 5.8.

The pressure evolution data for 0.25 vs. 1.0PES211 NG cells presented in Figure 5.9 does
not illustrate a clear picture. The 0.25PES211 NG cells, which generally exhibit poorer
performance, do not clearly show a larger pressure growth than 1.0PES211 NG cells, as
would be expected if there was more SEI growth. The large variation between 0.25 NG

trials makes the data difficult to interpret. Figure 5.9 shows that 0.25 NG cells experience
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the same pressure growth as 1.0 NG cells in some trials, and a lower pressure growth in

other trials.

The data presented in this sub section showed that in-situ pressure measurements
accurately ranked cell performance between different electrolyte chemistries for AG cells
but not for NG cells. A large variation in pressure growth was observed between
0.25PES211 NG cells. One possible explanation for this is the method of initializing the
pressure tests. As discussed in the experimental methods section, cells are secured into
superboats by hand-tightening four screws to force the adjustable superboat wall against
the pouch cell. However, hand-tightening may not result in a uniform pressure across one
pouch cell, nor is it conducive for cell-to-cell pressure control. This may result in cell-to-
cell variation in pressure growth. Future work is necessary to definitively determine if in-
situ pressure measurements are capable of predicting the performance between cells with

different electrolyte blends.

To clearly show all the capacity vs. pressure growth correlations discussed in Sections 5.1.1
and 5.1.2, Figure 5.10 shows a summary of all the data presented in these sections. AG
data are shown in shades of blue and NG data are shown in shades of red; x=1.00 electrolyte
data are shown in circles and x=0.25 data are shown in triangles. Figure 5.10a shows the
percentage capacity lost vs. the change in average pressure for each cell at the end testing.
To make informed judgements about cell performance, especially during short-term
cycling, often the rate of capacity loss by the end of testing is more important than the
absolute loss. Therefore, Figure 5.10b shows the rate of capacity loss per hour at the end

of testing vs. the rate of change in average pressure per hour at the end of testing. These
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rates were determined by performing a linear regression on the final 100 hours of the

capacity vs. time and change in average pressure vs. time curves.
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Figure 5.10: Summary of capacity loss vs. pressure growth data for AG and NG cells. a)
Percent capacity loss vs. change in average pressure at the end of testing. b) Rate of
capacity loss vs. rate of change in average pressure measured during the last 100 hours of
testing. AG data are shown in shades of blue, NG data are shown in shades of red;
1.0PES211 electrolyte data are shown with circles, 0.25PES211 electrolyte data are shown
with triangles. Cells were cycled at C/6 unless labeled otherwise, and were cycled between
3.0 Vand 4.2 V at 40°C.

Figure 5.10a shows a trend between capacity loss and average pressure growth for most
data points in addition to some outliers. Figure 5.10b shows this trend more clearly with
the rates of capacity loss and pressure growth. AG cells show the best capacity retention
and the least pressure growth, with 0.25PES211 AG cells performing slightly worse with
larger pressure growth. This is consistent with the hypothesis that 0.25PES211 electrolyte
forms a weaker SEI more prone to damage and growth. 1.0PES211 NG cells perform
worse than AG cells and exhibit a larger pressure growth, consistent with the hypothesis

that natural graphite electrodes exfoliate resulting in more SEI growth. 0.25PES211 NG

cells exhibit poorer performance, but do not show the requisite additional growth in
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pressure, and are thus outliers in the capacity loss vs. pressure growth trend. In summary,
in-situ pressure measurements accurately ranked all the chemistries presented in this
section, and the hypothesis that SEI growth was the cause of poor capacity retention was
consistent in all cases, except for the 0.25PES211 NG chemistry. To investigate this
disconnect between capacity loss, pressure growth, and the SEI growth hypothesis, the
following section presents differential voltage analysis to quantify the SEI growth of these

cells.

5.1.3 Differential Voltage Analysis

To investigate the claim that higher rates of pressure growth are caused by increased SEI
production, differential voltage analysis was performed on natural graphite cells that
exhibited large pressure growth to determine the mechanisms for capacity loss. This
analysis was performed on 0.25PES211 cells labeled NG v2, v3, v4, and v5 C/3, as well as
1.0PES211 cells labeled NG v3 and NG v4 C/3. Cells that are not marked as C/3 were
cycled at a C/6 rate. Therefore, a comparison between the loss mechanisms for NG cells
with 0.25 and 1.0PES211 electrolyte, as well as between cycling rates, can be made. For
these experiments, dV/dQ analysis was performed on slow C/20 rate cycles that were run
at the beginning and at the end of testing for each cell. Fits were made as described in
Section 3.2.3, and the parameters for positive and negative mass loss as well as relative

slippage were determined, as shown in the figures below.
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Figure 5.11: dV/dQ analysis of 0.25PES211 NG v3. The dV/dQ and corresponding dQ/dV
fits are shown at the beginning of cycling (a,b) and at the end of cycling (c,d). Panels e-g
show the fit parameters for the beginning (light blue) and end of cycling (dark blue). This
cell was cycled at C/6 between 3.0 V and 4.2 V at 40°C.

Figure 5.11 shows the dV/dQ analysis for cell x=0.25 NG v3. The dV/dQ fit and resulting
dQ/dV at the beginning of testing are shown in panels a and b; the fits at the end of testing
are shown in panels ¢ and d. The measured dV/dQ vs. Q and dQ/dV vs. V curves are
shown in gray, and the calculated fits are shown in green. For the dV/dQ plots, the positive
and negative differential voltage curves are shown in dotted blue and red, respectively.
Panels e-h show the fit parameters in bar graphs, with the beginning of testing parameters
shown in light blue and the end of testing parameters shown in dark blue. Figures 5.11e
and f show the positive and negative electrode slippages. These slippages indicate where
the negative and positive half cell differential voltage curves begin relative to the full cell

curve. The change in relative slippage between the beginning and end of testing,

82



ARelative Slippage = (Ns — Ps)finat — (Ns — Ps)initial

(5.1
quantifies the amount of inventory loss due to shift loss, i.e. SEI growth and repair, as
described in Section 2.4. This is calculated from the slippages presented in Figures 5.11¢
and f, and is displayed below those panels to be 13.25 mAh. The fitting parameters show
little to no significant mass loss. This is not unexpected for electrode materials known to
exhibit excellent cycling stability, such as graphite and NMC. The small amount of
positive mass loss suggested by the fits have would have no impact on the cell capacity.
One can see this by looking at the positive electrode differential capacity curve shown in
red in Figures 5.11a and c; if this was slightly made smaller, it would have no effect on the
full cell curve. Therefore, it is proposed that the primary mechanism of capacity loss for
this cell is shift loss—consistent with the hypothesis of SEI growth causing the large

pressure growth observed in 0.25PES211 NG cells.

Figure 5.12 shows differential voltage analysis for a 0.25PES211 cell cycled at C/3—
double the rate of the cell presented in the previous figure. It was previously shown that
0.25PES211 NG cells exhibit a cycle dependence to capacity loss, therefore, it is
unsurprising that this cell cycled at C/3 shows significantly more change in relative
slippage compared to the C/6 cell (25.26 vs. 13.25 mAh), suggesting more SEI growth.

Again, no significant mass loss is observed.
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Figure 5.12: dV/dQ analysis of 0.25PES211 NG v5 C/3. The dV/dQ and corresponding
dQ/dV fits are shown at the beginning of cycling (a,b) and at the end of cycling (c,d).
Panels e-g show the fit parameters for the beginning (light green) and end of cycling (dark
green). This cell was cycled at C/3 between 3.0 V and 4.2 V at 40°C.

For conciseness, the remaining detailed plots of the dV/dQ analysis have been put in
Appendix A.1.3. Figure 5.13 summarizes the relevant parameter information derived from
fitting for the cells presented in Figures 5.11 and 5.12, as well as the remaining fits shown
in Appendix A.1.3. The 0.25PES211 NG cells cycled at C/6 and C/3 are shown in green
and light green bars respectively, and the 1.0PES211 NG cells cycled at C/6 and C/3 are
shown in blue and light blue respectively. The time the cells were cycled for and the
number of cycles completed are shown in Figures 5.13d and e, respectively. The
percentage of active electrode mass remaining after cycling, i.e. Final Mass / Initial Mass
*100%, 1s given for the negative and positive electrodes in panels a) and b). No significant

(i.e. enough to affect the full cell capacity) mass loss was experienced for either electrode
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in any of these tests. Therefore, the primary mechanism for capacity loss in these cells is
SEI growth, represented by the significant change in relative slippage shown in Figure

5.13c.
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Figure 5.13: Summary of dV/dQ fit parameters for NG 0.25PES211 (shown in green) and
1.0PES211 cells (shown in blue). C/3 cycling rates are shown in lighter colours than cells
than ran at C/6.

The results of the dV/dQ analysis presented in Figure 5.13 show that cells with 0.25PES211
electrolyte experience more SEI growth than cells with 1.0PES211 electrolyte. This is
especially apparent when comparing the cells that ran at a C/3 rate; the larger current
amplified the effects of the cycle dependent SEI growth of the 0.25PES211 electrolyte cell.
These results are consistent with the hypothesis that 0.25PES211 electrolyte forms a
weaker SEI more prone to continual formation and growth. This is reflected in the capacity

vs. time data for NG cells which show 0.25PES211 cells exhibit a worse capacity retention
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than 1.0 cells. Although these results suggest that 0.25 NG cells do experience more SEI
growth than 1.0 NG cells, the pressure measurements did not show a larger pressure growth
in 0.25 NG cells. In-situ pressure measurements were unable to detect the larger SEI
growth in the 0.25PES211 NG chemistry, and therefore were unable to accurately rank the

performance of these cells.

5.2 Analysis of Cells with Silicon Negative Electrodes

5.2.1 Electrode Comparison

In-situ pressure evolution studies were performed on cells with silicon containing negative
electrodes previously introduced in this thesis: Type B (LCO/Si alloy-graphite), Type C
(NCA/SiO-graphite), Type D-i and Type D-ii (NCA/Si-C). Note that Type D-i and D-ii
cells are the exact same chemistry, but Type D-ii cells have a larger capacity due to having
thicker electrodes. Figure 5.14 shows the capacity of these cells plotted vs. cycle no. (a)
and time (b). The results for Type B cells are shown in yellow crosses, Type C results are
shown in green triangles, Type D-1 results are shown in blue diamonds, and Type D-ii
results are shown in red squares. Data for Type C, D-1 and D-ii cells are shown in different

shades for multiple trials. All cells were run at a targeted C/6 rate, except those labelled

C/3.
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Figure 5.14: The normalized capacity of Type B (yellow crosses), Type C (green triangles),
Type D-i (blue diamonds) and Type D-ii cells (red squares) plotted vs. cycle no. (a) and
time (b). Cells were cycled at C/6 unless labeled otherwise, and cycled between 3.0 V and
4.2 V at 40°C.

Figure 5.14a shows that the capacity data for Type D cells run at C/3 agree with their C/6
counterparts when plotted vs. cycle no., suggesting primarily cycle dependent capacity loss
mechanisms for Type D cells. Type B cells clearly experience the worst capacity retention,
both in terms of absolute loss and the rate of loss at the end of testing. Type C cells show
similar poor performance in the beginning of cycling, resulting in a large amount of
absolute loss. However, the rate of capacity loss these cells exhibit dramatically reduces
such that by the end of testing, the rate of loss of Type C cells is the lowest among silicon
containing cells presented in Figure 5.14. Type D-i and D-ii cells exhibit similar
performance during the beginning of cycling, however, around cycle 75 the loss rate of D-
i1 cells begins to turn such that these cells continue cycling with a lower capacity loss rate

than D-i cells. Therefore, according to the rate of capacity loss at the end of cycling, the
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ranking of cell performance from best to worst is Type C > Type D-ii > Type D-1 > Type

B.

Figure 5.15 shows long-term cycling data to clearly show that the capacity loss rate at the
end of cycling is the important metric to judge cell performance, and thus justify that Type
C cells are the best silicon containing cells despite their early absolute capacity loss. One
might look at the previous Figure 5.14 and think that Type D-ii cells show superior
performance compared to Type C cells, therefore, the long-term cycling data for these cells
are compared in Figure 5.15. All cells were cycled at C/3 except for Type C v2, which
was cycled at C/6. Cell Type C v2 C/6 and Type D-ii v3 C/3 are the short-term pressure
tests previously shown in Figure 5.14; they completed about 200 cycles. Type C LT1 and
LT2 and Type D-ii LT1 and LT2 are long-term cycling tests which were performed by
Xiaowel Ma and William Stone (Dalhousie University). Figure 5.15 clearly shows that

Type C cells are superior to Type D-ii cells long-term.
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Figure 5.15: Long-term cycling data comparing the performance of Type C and Type D-ii
cells. All cells were cycled at C/3 except for Type C v2 which was cycled at C/6. Cells
were cycled between 3.0 V and 4.2 V at 40°C. The long-term cycling data was collected
by Xiaowei Ma and William Stone (Dalhousie University).

Figure 5.16 shows the pressure vs. time profiles for each silicon-containing cell. Each
panel a-d shows results for a different cell type. Figure 5.16 shows that differing initial
pressures between cells of the same type affects pressure growth but not capacity retention.
For example, all 3 Type C trials were initiated at significantly different pressures. The
higher pressure tests exhibited a larger pressure swing than those initiated at lower
pressures. Regardless, all three tests exhibited very similar capacity retention, as seen in
Figure 5.14. From the pressure vs. time behavior of each cell type presented in Figure
5.14, it is clear that some cells exhibited a larger pressure growth than others. Type C cells
show a very flat pressure evolution after about 100 hours of cycling. Type D-ii cells show

the next largest pressure growth, with the rate of growth of the cell cycled at C/3 being the
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largest. The largest pressure growths are experienced by Type D-i and B cells. This
ranking of pressure growth is consistent with the capacity retention rankings, supporting
the claim that pressure measurements can be used to predict cell performance. This is also

shown with the metrics for pressure growth which are presented in Figure 5.17.
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Figure 5.16: The pressure vs. time measurements for a) Type D-i, b) Type D-ii, ¢) Type C
and d) Type B cells. Colour shades distinguish different trials for each cell type. Cells
were cycled at C/6 unless labeled otherwise, and cycled between 3.0 V and 4.2 V at 40°C.
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Figure 5.17: Metrics of pressure evolution for Type B (yellow crosses), Type C (green
triangles), Type D-i (blue diamonds) and Type D-ii cells (red squares). Each row shows
the metric (left) and the change in the metric (right): a,b) the pressure at the bottom of
charge; c,d) the pressure at the top of charge; e,f) the pressure swing; g,h) the average
pressure. The capacity vs. time data for these cells is given in Figure 5.14.

The pressure growth metrics presented in Figure 5.17 are consistent with the analysis made
in the discussion above. Type C cells show the flattest pressure growth. Type D-i cells
experience a larger pressure growth rate than D-ii cells, and the C/3 cells show a larger
pressure growth than C/6 cells suggesting a cycle dependent mechanism for pressure
growth, consistent with the cycle dependence to capacity loss. Type B cells, which

experienced the worst capacity retention, exhibit among the largest pressure growth. To
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clearly demonstrate this correlation between capacity loss and pressure growth, Figure 5.18

shows a summary of the data presented in this section.
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Figure 5.18: Summary of capacity loss vs. pressure growth data for silicon containing cells.
a) Percent capacity loss vs. change in average pressure at the end of testing. b) Rate of
capacity loss vs. rate of change in average pressure at the end of testing.

Figure 5.18a shows the percent capacity loss vs. the change in average pressure of silicon
containing cells. This shows a trend of the best ranked cells showing the least capacity
loss and pressure growth, and the worst cells showing the most capacity loss and pressure
growth, except for the Type C cells which are outliers. As previously discussed, the
absolute capacity loss is less informative about cell performance than the rate of capacity
loss at the end of testing, therefore, Figure 5.18b shows that the rate of capacity loss vs. the
rate of change in average pressure demonstrates a clearer trend. The disagreement in the
capacity loss rate between cell Type C v3 and its brother cells was a result of this cell only
running for about half as long, therefore, the rate in capacity loss had yet to fully exhibit
the dramatic decrease these cells exhibit as shown in Figures 5.14 and 5.15. The

disagreement between cell Type D-i v3 C/3 and Type D-ii v3 C/3 with their respective

92



brother cells is caused by these cells running at double the C-rate. This resulted in larger
capacity loss rates and pressure growth rates, shifting these trials up and to the right relative
to their brother cells. Figure 5.18 shows that larger pressure growth corresponded to worse
capacity retention in the silicon containing cells investigated in this work, supporting the
claim that pressure measurements can be used to rank the performance of cells with
different electrode chemistries. The hypothesis that more SEI growth is cause of poorer
capacity retention and larger pressure growth is investigated with differential voltage

analysis in the following section.

5.2.2 Differential Voltage Analysis

Differential voltage analysis was performed on Type D-i and D-ii cells to elucidate the
mechanisms for capacity loss and attempt to correlate them with the measured pressure
growth. Figure 5.19 shows the dV/dQ analysis for cell Type D-i v2. Panels a and b show
the dV/dQ fit and resulting dQ/dV curves at the beginning of testing, and panels ¢ and d
show these curves at the end of testing. The measured curves are shown in gray and the
calculated fits are overlaid in green. The fits presented here are not as good as presented
in the previous section for the AG/NG cells—especially at low capacity and low voltage
for the dV/dQ and dQ/dV fits, respectively. Obviously, this is not ideal, but from the
experience of the author, it is tough to make decent fits of cells with silicon-containing
negative electrodes. Panels e-h show the fit parameters for the fit at the beginning of testing
(light blue) and the fit at the end of testing (dark blue). The positive and negative slippages
shown in panels e and f are used to calculate the change in relative slippage, displayed
below these panels. The change in relative slippage normalized by the initial cell capacity

*100% is also shown. No negative mass loss, and about 8% positive mass loss is observed.
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Figure 5.19: dV/dQ analysis of cell Type D-i v2. The dV/dQ and corresponding dQ/dV
fits are shown at the beginning of cycling (a,b) and at the end of cycling (c,d). Panels e-g
show the fit parameters for the beginning (light green) and end of cycling (dark green).
This cell was cycled at C/6 between 3.0 V and 4.2 V at 40°C.

Figure 5.20 shows the dV/dQ analysis for cell D-i v3 C/3—run at a double the rate of the

previous cell, therefore accumulating approximately double the number of cycles.

Accordingly, the cell experiences a larger change in relative slippage. A similar amount

of positive mass loss is observed.
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Figure 5.20: dV/dQ analysis of cell Type D-1v3 C/3. The dV/dQ and corresponding dQ/dV
fits are shown at the beginning of cycling (a,b) and at the end of cycling (c,d). Panels e-g
show the fit parameters for the beginning (light green) and end of cycling (dark green).
This cell was cycled at C/3 between 3.0 V and 4.2 V at 40°C.

Figure 5.21 summarizes the relevant parameter information derived from all of the dV/dQ
fitting performed on Type D cells. For conciseness, the remaining fits which were not
presented in detail in this section are presented in Appendix A.1.3. Figure 5.21d and e
show the amount of time and the number of cycles the cells were cycled for. Panels a and
b show the normalized negative and positive active mass, i.e. Final Active Mass / Initial
Active Mass * 100%. Panel ¢ shows the change in relative slippage. Since Type D-i and
D-ii cells have significantly different capacities, the slippage is normalized by the initial
cell capacity *100%. Panel ¢ shows that the Type D-ii C/3 cell experienced more change
in relative slippage than the Type D-ii C/6 cells, consistent with the cycle dependent

capacity loss of these cells and the hypothesis of more SEI growth. However, Type D-ii
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cells exhibit more slippage than Type D-i cells. This is inconsistent with the hypothesis
that more SEI growth occurs in Type D-1 cells, causing worse capacity retention and larger
pressure growth. Additionally, Type D-ii cells exhibit more negative active mass loss than
Type D-i cells. Therefore, the superior performance of Type D-ii cells can only be

rationalized by the greater loss in positive active mass which Type D-i cells exhibit
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Figure 5.21: Summary of dV/dQ fit parameters for Type D-i (shown in green) and D-ii
cells (shown in blue). C/3 cycling rates are shown in lighter colours than cells than ran at
C/6.

The dV/dQ analysis presented in this section does not convincingly demonstrate that SEI
growth is the cause of the pressure growth in Type D cells. The C/3 cells show more
slippage than C/6 cells, which is consistent with the hypothesis that more SEI growth is the
cause of the larger pressure growth of cells with cycle dependent capacity retention.

However, Type D-i cells do not show more relative slippage than Type D-ii cells, therefore
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there is no evidence that the larger pressure growth of the former is caused by more SEI
growth. One possibility is that larger positive mass loss in Type D-i cells is the cause of
the larger pressure growth. More work is required to further elucidate the mechanisms for

pressure growth in Type D-1 and D-ii cells.
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Chapter 6: Conclusions & Future Work

6.1 Conclusions

High energy density electrodes are desired to reduce the size and cost of Li-ion cells while
maintaining the same energy output. However, some high energy density electrode
materials, such as silicon and silicon composites, experience a large volume expansion
during lithiation. As was shown in this work, electrode volume expansion causes Li-ion
pouch cells to expand. It is important to know how much the electrodes of a practical Li-
ion cell will change in volume when charged so commercial and industrial implementation
of such cells leave enough room to accommodate this expansion. To that end, this thesis
work presented in-situ methods for measuring the volume evolution of Li-ion pouch cells.
Direct volume measurements via Archimedes’ principle, as well as other in-direct
techniques that measure a response due to volume change, namely in-situ thickness and in-
situ pressure measurements, were utilized. In Chapter 4, these techniques were used to
measure the volume expansion of six different types of Li-ion pouch cells with different
electrode chemistries; two cell types with single-component graphite negative electrodes:
Type A-i (NMCl/artificial graphite) and Type A-ii (NMC/natural graphite); and four cell
types with silicon-composite negative electrodes: Type B (LCO/S1 alloy-graphite), Type C
(NCA/SiO-graphite) and Type D-i and D-ii (NCA/Si-C) cells. The in-situ volume,
thickness and pressure measurements showed that these pouch cells experienced a
reversible volume change caused by the net electrode expansion and contraction during

charge and discharge, consistent between measurement techniques.
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In Section 4.2, the volume expansion of cells with single-component graphite negative
electrodes was studied. It was determined that the volume expansion profile of these cells
is mostly affected by the expansion of the graphite negative electrode; the volume change
of the NMC positive electrode is minimal in comparison. Therefore, the negative electrode
dominates the net full cell expansion, resulting in a symmetric volume expansion and
contraction profile, with a plateau during charge and discharge caused by graphite staging

during lithium intercalation.

Section 4.3 presented an analysis of the expansion profile the silicon-containing Type C
NCA/SiO-graphite chemistry, which was then used to elucidate the expansions of the other
silicon-containing cells measured in this work. Unlike the volume expansion of the single-
component graphite cells, silicon-containing cells exhibit asymmetric expansion profiles
caused by the charge/discharge hysteresis of silicon-containing electrode materials. Type
C cells exhibit three distinct features which are explained in this work: 1) a plateau during
charge caused by graphite stage 2.2 transformation; ii) an asymmetric plateau near the
top of charge caused by the competing expansion and contraction of the negative and
positive electrode which effectively cancel each other out; and iii) a rapid volume
contraction caused by silicon de-lithiation. These features are also seen in the expansion
profiles of the other silicon-containing cells. Type D-i and D-ii NCA/Si-C cells exhibit
each of these features. Type B LCO/Si alloy-graphite cells experience a similar expansion
profile, however the plateau at the top of charge is not observed. This is caused by the
different positive electrode chemistries. Type B cells use a LCO positive electrode which

does not contribute an opposing contraction/expansion as NCA does in Type C cells.
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Therefore, the expansion behavior of Type B cells is similar to the expansion of just the

negative electrode of Type C cells, as demonstrated in Section 4.3.

In Chapter 5, the in-situ pressure measurement technique developed in this work was used
to measure the long-term pressure (and therefore, volume) evolution of Li-ion pouch cells.
It was determined that over tens of cycles, an irreversible pressure growth was observed.
This work showed that cells which experienced large pressure growth consistently
performed worse than those with lesser pressure growth. It was hypothesized that this is
caused by greater SEI growth; more SEI would cause greater volume expansion, as well as
worse capacity retention. Therefore, it was proposed than in-situ pressure measurements
may be a useful technique for ranking the performance of Li-ion cell chemistries. This
would be valuable because of the long lifetime requirements of Li-ion cells which
necessitate the ability to predict which cell chemistries will achieve longer lifetime than
others over short-term testing. Chapter 5 presented the preliminary evidence for the

usefulness of in-situ pressure measurements in this endeavor.

Section 5.1 examined the capacity retention and the irreversible pressure growth of single-
component graphite negative electrode cells with two different electrolyte formulations.
Capacity vs. time data showed that Type A-1 (AG) cells experienced superior capacity
retention compared to Type A-ii (NG) cells, and cells that use 1.0PES211 electrolyte
performed better than those with 0.25PES211 electrolyte. In a comparison between
electrode chemistries, it was shown that AG cells experience a smaller pressure growth
than NG cells, consistent with the hypothesis of less SEI growth resulting in the superior
performance of AG cells. In a comparison between electrolyte chemistries, for AG cells,

cells with 1.0PES211 electrolyte showed less pressure growth than cells with 0.25PES211
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electrolyte, consistent with the superior performance 1.0PES211 electrolyte in AG cells.
For NG cells, although 1.0PES211 electrolyte cells also showed better capacity retention
than 0.25PES211 cells, there was no significant difference in pressure growth between cells
with these electrolyte formulations. In some trials, 0.25PES211 NG cells experienced a
larger pressure growth than 1.0PES211 NG cells, contrary to the capacity performance.
This is a case where in-situ pressure measurements did not accurately rank cell
performance, and the hypothesis that increased SEI growth was the cause of worse capacity

retention and larger pressure growth was inconsistent. Further work is required.

Section 5.2 presented the pressure evolution of cells with silicon-composite negative
electrodes. It was shown that in-situ pressure measurements were able to accurately rank
the performance of these cells; the cells with the lowest rates pressure growth experienced
the best performance. Although it was thought that this would be a result of less SEI
growth, differential voltage analysis showed no evidence for different amounts of SEI
growth between Type D-i and D-ii cells which experience different rates of pressure growth

and capacity loss.

6.2 Future Work

This work has demonstrated promising results indicating that in-situ pressure
measurements may be used to rank the performance of Li-ion cells. In all cases presented
in this work which compared the performance and pressure growth of cells with different
electrode chemistries, in-situ pressure measurements accurately ranked cell performance.
When comparing the performance and pressure growth of cells with the same electrodes

and different electrolytes, pressure measurements accurately ranked performance in one
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electrode chemistry (AG cells with 0.25 vs 1.0PES211 electrolyte), but not another (NG
cells with 0.25 vs. 1.0PES211 electrolyte). Therefore, more studies are required to
investigate the usefulness of pressure measurements for ranking the lifetime of cells with

different electrolyte formulations.

More work to demonstrate the repeatability of pressure measurements is required. To these
ends, future studies should employ an altered methodology to foster repeatability and
ensure apt comparisons for pressure measurements between different cell chemistries. As
laid out in the experimental section, the procedure for installing cells in the pressure
measurement apparatus involved securing the cells charged to 3.8 V into superboats. The
initial pressure was achieved by hand-tightening four screws to force the adjustable
superboat wall against the pouch cell. However, hand-tightening the screws may not yield
a uniform pressure distribution across a cell, or between multiple cells in different
superboats. This may cause inconsistent pressure evolution. Additionally, initializing the
cells at 3.8 V—the “middle of charge”, is not useful for making cell-to-cell comparisons.
As different cell chemistries have different magnitudes of volume expansion and
contraction, the pressures at the top and bottom of charge will be different between cell
types. It was shown in Section 5.2 that the magnitude of the pressure at the bottom of
charge affects pressure evolution, therefore it is critical to control this value, which is not
accomplished by starting the cells at the middle of charge. Therefore, future studies should
initialize all cells at the bottom of charge (i.e. 3.0 V for the experiments performed in this
work). Additionally, screws should not be hand-tightened, but tightened with a torque-

controlled driver to ensure pressure uniformity.

102



This work hypothesized that the correlation between larger pressure growth and poorer
capacity retention is caused by increased SEI growth. This was investigated by utilizing
dV/dQ analysis to quantify the mechanisms for capacity loss for Type A-ii NG cells with
0.25 and 1.0PES211 electrolyte, and Type D-i and Type D-ii cells silicon-containing cells.
This analysis was not performed for all of the pressure growth experiments because the
necessary data was not available, namely, slow (i.e. C/20) cycles at the beginning and end
of testing to perform the analysis on. All future in-situ pressure experiments should
incorporate these cycles into the testing protocol so dV/dQ analysis can be more thoroughly

used to correlate cell degradation mechanisms to pressure growth.

This work did not consider the effect of active electrode mass loss on pressure evolution.
For a complete understanding of these measurements, this must be considered in future
work. The effect of active mass loss on the volume expansion and contraction of a cell,
and thus the pressure swing, depends on if electrode particles are fully expanded, fully
contracted, or somewhere in-between when they are lost. It is possible that loss of fully
expanded particles will result in the pressure at the bottom of charge to increase, and the
loss of fully contracted particles will cause the pressure at the top of charge to decrease.
Such effects would be easier to track if the pressure was initialized at the bottom of charge

and if dV/dQ analysis was performed on all experiments, as previously proposed.

In addition to consuming lithium inventory causing capacity loss, SEI growth contributes
to cell degradation by increasing cell impedance, thereby lowering the average voltage and
thus the energy output of a cell. Electrochemical impedance spectroscopy (EIS) is non-
destructive, fast measurement technique for measuring the impedance of a Li-ion cell, and,

therefore, is a useful tool for analyzing the degradation due to impedance growth of Li-ion
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cells.?>?

This technique measures the total impedance of a Li-ion cell, which is a
combination of several different processes: ohmic resistance of the electrolyte, current
collectors, and other resistive cell components; faradaic impedance caused by charge
transfer through electrode interfaces and through the SEI; and Warburg impedance caused
by solid-state diffusion of Li into the electrode active material.*>>> The impedance caused
by charge transfer through the SEI is of interest to this thesis work because it can elucidate
the thickness of the SEI. In theory, EIS spectra can be fit with equivalent circuit models
with parameters for each impedance element, allowing the SEI charge transfer impedance
to be obtained directly.***® However, in practice, fitting the relatively simple EIS spectra
with parameters for each impedance element can result in unreliable fits.>’ Regardless, it
is clear that growth of the SEI charge transfer impedance causes the total cell impedance
to grow. Therefore, measuring impedance evolution with EIS can elucidate SEI growth,
in conjunction with in-sifu pressure measurements. Additionally, symmetric cells (cells
with positive vs. positive or negative vs. negative electrodes) can be made from the initial
and cycled pouch cells from in-situ pressure measurements to distinguish positive and
negative electrode SEI growth.”® Another method to measure impedance growth that
would be useful in conjunction with pressure measurements is monitoring AV, the change
in average voltage between charge and discharge, over time. AV growth is another
indication of impedance growth, and therefore would be useful in conjunction with in-situ

pressure data to correlate to SEI growth.

In-situ pressure measurements may also be useful to study SEI formation. Robust, stable
initial SEI layers are critical to the performance of Li-ion cells.?>**> Electrolyte additives

are known to play an important role improving SEI formation and thus cell performance.’!
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However, the effect of additives on SEI and its morphology which result in superior
performance is not well understood. Quantitative differential capacity (dQ/dV) analysis
has been used to study the underlying chemistry of SEI formation from additives and
additive blends.’*** Monitoring dQ/dV vs. V allows one to determine at which voltage
electrolyte reduction occurs as well as the magnitude of the reduction and thus draw
inference about the chemical effects of additives on SEI formation. Perhaps, in an
analogous manner, differential pressure, i.e. dP/dV vs. V measurements may provide useful
insight about the physical properties of the SEI during formation and the mechanical effects
of additives. Such physical information may lead toward a better understanding of what

makes a good SEI.

It is the hope of the author that these proposed future works should elucidate the usefulness
of the in-situ pressure measurement technique presented in this work. If successful, this
technique could become another tool in the toolbox of a Li-ion battery researcher. This

would be a valued contribution to Li-ion field that the author would be proud of.
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Appendix

A.1 Additional Data & Information

A.1.1 Solvent and Additive Chemical Structures

Table A.1: Solvents and additives used in the electrolyte in this work.

Supplier &
Abbreviation Name Chemical Structure Purity
O BASF
EC ethylene carbonate ),L 99.99%
0 0O
BASF
EMC ethylmethyl carbonate o) 99.99%
H3C
3 \OJ\O/\CHQ,
BASF
DMC dimethyl carbonate 0 99.99%
H3C JJ\ CH
3 ~0 o 3
BASF
DEC diethyl carbonate i 99.99%
.
HaC” 0" 0" “CHa
\/F BASF
FEC fluoroethylene carbonate e 99.94%
O]
BASF
VC vinylene carbonate 0 99.97%

=

]
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0 Lianchuang
\S¢ & Medicinal
PES prop-1-ene-1,3-sultone O/ Chemistry
Co., Itd
/ 98.2%
. . / \ Sigma-
DTD 1f3,2.-D10xath101ane-2,2- O\ /O Aldrich
dioxide S 98
TN °
O O
GHs .
HaC~Si—CHs Slgma-
TTSPi tris(trimethylsilyl)phosphite CH:s @  CHs Aldf)lCh
HoC-$i—0" ~0-$i—CHy ~2°7
CHj CHj3

A.1.2 Pressure Apparatus Compliancy

To determine the change in thickness a pouch cell exhibits when it causes a change in
pressure in the in-situ pressure measurement apparatus, the compliance of the pouch cell
system was measured. This system consists of the pouch cell, the force distributing plate,
and the load cell pressure sensor. This was measured for Type C and Type D cells, and
also measured without any pouch cells, i.e. the compliance of just the load cell. The
compliance was measured using the apparatus depicted in Figure A.1a. The system to be
measured was placed under a pivoting thick steel bar, inside of a hydraulic press, with a 1
um resolution dial gauge in contact with the steel bar. When the hydraulic press was
activated, it exerted a force on the steel bar, putting pressure on the measured system,
inducing a load cell measurement. As the bar was pushed down, the dial gauge displayed
the change in position. The pressure vs. change in position x4, was recorded. The bar acts

as a lever, therefore the change in position of the bar at the dial gauge is larger than the
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change in position over the pouch cell, since the dial gauge makes contact with the bar
further from the pivot point than the pouch cell. Therefore, a correction is made to the

measured position X,qw:

distance from pivot to pouch cell

X = Xraw - X .
distance from pivot to dial gauge

(A.1)
where x is the change in position of the bar over the pouch cell. These measurements were
performed at room temperature, and the pouch cells used for these measurements were dry

(no electrolyte) cells that had never been charged. Figure A.1b shows the data from these

measurements.

180

150
uge
‘ BRE 120
E

= 90 _-’...-“ -
— . [ Type C v2
60 | —— Typec v
Pouch cell, force | — TypeC v4

distributing plate 30 =
i it i === NO POUCH V1 | = Type D-i v3
Pivot point (behind bar) and pressure sensor [P | S peoiv

0
0 100 200 300 400 500
Pressure (PSI)

Figure A.1: a) Apparatus used to measure compliancy. b) Compliancy data for different
pouch cell systems.

Figure A.1b shows that the load cell by itself is the least compliant, as expected.
Additionally, Type D cells exhibit more compliance than Type C cells. This is also

expected as it is speculated that the electrodes of Type C cells are more heavily calendared
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than Type D cells. Since Type C electrodes have already been heavily compressed during
the calendaring process, this renders the electrodes less compliant. Therefore, Type C cells
as a whole are less compliant than Type D cells. The range of pressure pouch cells
experienced in this work is about 20 to <200 PSI, therefore, the change in thickness

experienced during these tests was in the range of 15 to 100 um.

A.1.3 dV/dQ Analysis Fits

The differential voltage analysis fits which were presented in summary in Sections 5.1.3
and 5.2.2 are presented here. In some cases, the dV/dQ analysis at the beginning and end
of cycling was not done on the exact same cell, i.e., the C/20 cycles necessary for reliable
fits were only performed at the end of testing—not in the beginning in these cases.
Therefore, the parameter comparison is made with a fit from the beginning of testing of

another brother cell. This is not ideal. Cases where this was done are explicitly mentioned.

Additional Fits for Section 5.1.3
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Figure A.2: Differential voltage analysis for cell x=0.25 NG v2. This cell was cycled at
C/6 between 3.0 V and 4.2 V at 40°C.
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Figure A.3: Differential voltage analysis for cell x=0.25 NG v4. This cell was cycled at
C/6 between 3.0 V and 4.2 V at 40°C.
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Figure A.4: Differential voltage analysis for cell x=1.00 NG v3. This cell was cycled at
C/6 between 3.0 V and 4.2 V at 40°C.
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Figure A.5: Differential voltage analysis for cell x=1.00 NG v4 C/3. This cell was cycled
at C/3 between 3.0 V and 4.2 V at 40°C.
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Additional Fits for Section 5.2.2
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Figure A.6: Differential voltage analysis for cell Type D-i v1. This cell was cycled at C/6
between 3.0 V and 4.2 V at 40°C.
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Figure A.7: Differential voltage analysis for cell Type D-ii v2. This cell was cycled at C/6
between 3.0 V and 4.2 V at 40°C.
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Figure A.8: Differential voltage analysis for cell Type D-ii v3 C/3. This cell was cycled at
C/3 between 3.0 V and 4.2 V at 40°C.
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