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ABSTRACT

For commercial use, lithium-ion batteries must deliver sufficient calendar- and cycle-life. Increased
lifetime can enable the adoption of advanced batteries with higher energy density or lower cost,
compounded with the possibility of reducing levelized energy cost and waste. For cells with
optimized electrode materials, electrode-electrolyte reactions are the predominant source of failure.
Improvements to electrolyte formulation can help mitigate these reactions and extend cell lifetime.

This can include the concentration and type of salt, solvent and electrolyte additive.

Understanding the role of the electrolyte salt, LiPFg, additives and solvents, in high voltage
operation of Li[NigsMng3Co002]O0> (NMC532)/graphite cells and high state of charge operation of
LiFePO4 LFP)/graphite cells is discussed in the context of improving cell lifetime. When LiPFs is
selected as an electrolyte salt, NMC cells and LFP cells achieve longer lifetime with higher and
lower concentrations of LiPF, respectively. Additionally, the role of two salts, LiPFs and LiFSI,
in unique, low voltage Li[NiosMno3Co0.2]O>/graphite cells is discussed, and unprecedented lifetime

potential is demonstrated with the use of LiFSI.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Lithium ion (Li-ion) batteries experienced a period of rapid development and widespread
use after commercial introduction by Sony Corporation in 1991 for use in portable
electronics.! Li-ion cells have been and continue to be well suited for portable electronics,
owing to the fact that they have excellent volumetric and gravimetric energy and power
densities compared with other battery technologies, which enable smaller and more
lightweight devices with more powerful electronics and longer runtimes.>* Li-ion batteries
have undergone continual improvements to essentially any measurable quantity and have
become an enabler behind the technological advancements that have become commonplace
and define modern society. Devices such as cell phones, portable computers, and wireless
peripherals, all enabled by Li-ion batteries, serve as personal access points to the global

information network and are used by nearly all citizens in the developed world.

Beyond enabling information transfer and connectivity, Li-ion batteries have
emerged as a viable energy storage candidate that can support the widespread deployment
of energy production technologies that can disrupt the global socio-economic dependence
on fossil fuel combustion as an energy source. Personal transportation and the
electrification of vehicles is one such area where Li-ion battery technology is beginning to
displace the direct combustion of fossil fuel. At the time of writing, many nations have set
policy targets to prohibit the future sale of new petroleum fueled vehicles or alternately

9

promote the sale of electrically driven vehicles.*® Li-ion batteries have also found

application as stationary, grid-attached energy storage for multiple applications, including



to alleviate the temporal mismatch between supply and demand associated with renewable
but intermittent energy sources, such as solar photovoltaic or wind.!° Electrified
transportation and energy generation from renewable sources are two significant and
interrelated measures that are required with widespread adoption and great urgency to
prevent the ever-worsening climate and environmental impact of continued fossil fuel

consumption.

Production of the cells necessary to support these two measures is constrained both
by scale up of manufacturing capabilities and availability of raw materials from which
batteries are made. Availability, or at the very least availability at a profitable margin, is a
concern for the metals lithium, cobalt and nickel'"'? to the extent that battery production
could become resource limited. At the time of writing, the infrastructure and throughput
for Li-ion battery production is assessed as 0.747 TWh in 2020"* and any further production
is infrastructure limited. Meanwhile, 130 000 TWh of fossil fuels were consumed globally
for energy production in 2019 and represented over 80% of total energy produced.'*
Consider the following hypothetical situation, adapted with permission from J.
Electrochem. Soc. 169 090523 (2022), copyright The Journal of the Electrochemical
Society, 2022'°. Every time a cell phone or laptop is upgraded, or an electric vehicle
undergoes a battery replacement due to degradation of the original battery, some fraction
of the global battery production capacity is consumed in an application which does not
expand the total amount of globally deployed energy storage. The greater the frequency
with which batteries end up being replaced, or the shorter their lifetimes, the less energy

storage will be available for grid-attached and renewable energy enabling applications.



As previously stated, 2020 global Li-ion battery production has been assessed at
0.747 TWh. This is projected to increase to 2.492 TWh by 2025.!* Furthermore,
Benchmark Mineral Intelligence projects that this number will increase in a mostly linear
fashion, and reach an estimate of 6 TWh by 2030.! An convenient, approximate linear
trend to these three points, suitable for general discussion and the basis of a simple model,

1s

P =%(y—2020) (1.1),

where P is the annual production in units of TWh, for a given calendar year, y. Only
considering production beginning in 2022, and future years, Equation 1.1 remains positive
and therefore physically sensible. To understand the influence of battery lifetime on global

deployment quantity, consider a model that adheres to the following rules:

1. For simplicity and convenience, assume no batteries exist in the field prior to 2022,

2. Global annual production capabilities, described in quantity of energy storage that
can be produced (not number of cells, mass of cells, etc.), is given by Equation 1.1,

3. The global annual production capabilities are fully utilized and deployed, subject
to no material or natural resource quantity limitations,

4. All batteries are produced with a lifetime that is constant and independent of the
year of assembly,

5. When a battery reaches end-of-life, it is replaced with a new battery produced in

the same year the first battery reached end of life, and



6. Any batteries not utilized to replace expired batteries at end-of-life are allocated
into new applications that are categorized simply as increasing the net energy

storage deployment, or energy storage “fleet” size.

The practical interpretation of this model can be explained by economic consumption
driving individuals to replace their devices and hence batteries, but never eliminate that
application (i.e., cell phone or vehicle battery) from their life. The available production that
is not allocated for replacement needs is assumed to be available for public good and can
service applications such as the grid or renewable energy production facilities. This ignores
the economics of installing such storage and assumes that sufficient renewable energy and
grid infrastructure exists. This model also overlooks the inevitable future population
growth and increase in consumption that will surely occur with an increasingly portable
and electrified world. This would consume more production that could otherwise enable
renewable energy production. While beyond the scope of this model, it is encouraging that
there is research dedicated to means of allowing batteries to simultaneously service
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personal and utility needs, as well as second-life usage to extend utility beyond the

originally intended lifetime."

The functioning of this model can be understood by examining the case where batteries
with a lifetime of 2 years are produced. In 2022, according to Equation 1, 1 TWh of
batteries are constructed. Those cells reach end-of-life in 2024. Therefore, of the 2 TWh
produced in 2024, 1 TWh is required to replace the end-of-life cells produced in 2022, and
1 TWh can contribute to new applications. The model is computed between 2022 and the
year 2100 for a selection of cell lifetimes. Figure 1.1a shows the net contribution to

expanding the quantity of energy storage installed and in service globally, as a function of



year. Comparing each trace in a given year, as cell lifetime increases, the net energy storage
deployed is higher. When lifetime is large, it gives time for production to increase and
grow, before cells reach end-of-life and need to be replaced. Therefore, as lifetime is
increased, a much smaller fraction of the production capacity, at the time of replacement,
is consumed for replacement and diverted from increasing net deployment or total installed
capacity. As an alternate but equivalent view, the time required to reach a particular
threshold, such as the 400 TWh threshold indicated, is lower, up to a limit, as the cell
lifetime is increased, for the same reasons. 400 TWh is the daily energy usage of the entire
planet, rounded to the nearest 100 TWh!* and therefore is a possible target threshold with
some practical significance. Figure 1.1b explicitly shows the time to reach 400 TWh, as a
function of cell lifetime. For cell lifetimes beyond approximately 30 years, the time to reach
400 TWh is constant. This is because for these long lifetime cells, the annual production is
fully utilized and energy storage deployment over this time is limited by production
capacity and not the amount of replacement required. This can be observed in Figure 1.1a,
as the highest lifetime traces follow the same trajectory as the dashed reference trace,

representing the quantity of batteries produced.

Figure 1.1b also shows the relationship between cell lifetime and the average annual
production capacity required to sustain 400 TWh of deployed batteries. This average
assumes that the replacement needs can be evenly distributed. For instance, if cells had a
lifetime of 4 years, even distribution of the replacement needs would require 100 TWh of
production each year. The necessary production capacity decreases monotonically as cell
lifetime increases. Within the range of parameters considered, the lowest required

production capacity of 8 TWh is achieved when cell lifetimes are 50 years. This is



particularly troubling because the production capacity needed to achieve 400 TWh in a
timely manner is much greater than the production capacity needed to maintain 400 TWh.
At the time of writing, neither commercial cells with 50 year lifetimes nor 8 TWh of annual

global cell production have been achieved, , and do not project to be in the immediate

future.'®
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Figure 1.1. Model calculation results illustrating battery lifetime needs. (a) Net cumulative
deployment of global lithium-ion battery energy storage as a function of calendar year. Net
deployment is based on linear growth of production capabilities, fully utilized production
and one-for-one replacement of cells that reach end-of-life. A proposed energy
independence threshold of 400 TWh is indicated with a horizonal dashed line, based
approximately on the global energy needs for a single day. (b) The time required to reach
net deployment of 400 TWh of lithium-ion battery energy storage and the average annual
production capacity to sustain 400 TWh, once the energy independence threshold is
reached, as a function of battery lifetime.

It should be clear that increasing the lifetime of lithium-ion cells will be critical in
ensuring battery energy storage can make a meaningful contribution to achieving energy
independence from fossil fuels. This is the underlying motivator, central to all the work in
this thesis. The simple ideas conveyed by Figure 1.1 and the accompanying discussion do
not capture any of the economic, ethical, or operational constraints that are considered
when comparing types of lithium-ion batteries for use in a given application. Lithium-ion

batteries can be constructed using a variety of materials, as will be discussed later in this



chapter. The selection of these materials can determine electrochemical performance
metrics such as the maximum energy stored or power delivered per unit volume, and
socioeconomic metrics such as cost and ethical material acquisition. Certain applications
may place higher priority on a selection of these or other metrics and therefore prefer
lithium-ion batteries made with certain materials. To help overcome the ongoing global
energy and climate crisis, improving the lifetime of batteries suitable for any and all

applications is necessary.

1.2 Li-ion Batteries and Cells

1.2.1 Operation and Assembly

A lithium-ion (Li-ion) battery is a secondary battery?, in that it is rechargeable and
accepts/delivers electrical energy that is transformed and stored in chemical bonds. The
fundamental electrochemical unit of a Li-ion battery is referred to as a cell, consisting of a
positive and negative electrode, isolated from electronic connection by a separator but

connected ionically by a liquid electrolyte.’

Figure 1.2 shows a perspective schematic of a lithium-ion cell. The positive
electrode is typically a layered, lithium-containing transition metal oxide. The archetypal
and first discovered positive electrode material for Li-ion cells is LiCoO>*!. The negative
electrode is conventionally graphite. The conventional electrode materials, both crystalline
solids, serve as intercalation hosts, with vacant lattice sites into which lithium ions can

d?>?3. Upon assembly and in the discharged state, all

reversibly be inserted and remove
lithium ions reside exclusively in the positive electrode. When the cell is charged, some

fraction of lithium from the positive electrode is removed and hosted in the negative



electrode?. To travel from one electrode to the other, lithium, in a host lattice site separates
from a localized electron, shared with the lattice. Lithium, now as a singularly charged
cation, can traverse the lithium-ion conducting electrolyte to the opposite electrode. The
previously bonded electron travels, outside the cell through external circuitry, and re-enters
the cell at the opposite electrode where it recombines with a lithium ion to facilitate a new
bond with the lattice of the new electrode. In this manner, the operation of a Li-ion cell

simply involves to reversible movement of lithium ions and electrons from one electrode
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to the other, earning it the colloquial description of “rocking chair” battery

-}
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Figure 1.2 Schematic diagram of a lithium-ion cell in the discharged state. Positive and
negative electrode materials are represented by crystallographic models of archetypes
LiCoO> and graphite respectively. The space between and surrounding the electrode
materials is assumed to be filled with a liquid electrolyte, not shown. The schematic
indicates the direction of electron and ion travel during the charging process.

Energy is stored and released during this motion of charges, due to a difference in
chemical potential of lithium between each electrode. The chemical potential of lithium

stored in the positive electrode is much lower than the negative electrode’>?, therefore



moving lithium from the positive electrode to the negative electrode represents an increase
in potential energy of the lithium. The energy input required to increase the lithium
potential energy, usually work performed by electrical energy, is thus stored in the
chemical and structural configuration of the electrodes. Allowing lithium to return to the
positive electrode causes both electrodes to revert to their original structural and chemical
configurations and liberates this stored energy, which can be used to perform work. Figure
1.2 shows the motion of a lithium ion and electron pair from the positive electrode to the

negative electrode, or during the energy storage or charging process.

Conventional Li-ion cells are constructed from a three-layer stack of positive and
negative electrode foils, with a polymer separator film between them.?¢ The primary
function of this stack is to facilitate alignment in close proximity and electronic isolation
of the electrodes, so that electrons are forced to travel through external circuitry when ions
move from one electrode to the other. Sections of this stack can be repeatedly layered or
alternately wound into a flat or cylindrical “jelly roll” and inserted into the cell housing
(with necessary electrical connections) depending on the cell size and geometry?®. Cells
are filled with a lithium-ion-containing electrolyte and sealed to prevent exposure to
ambient atmosphere. Electrodes are constructed by coated as a slurry onto metallic foils
that serve as electronic current collectors. The slurry is formulated from a mixture of active
electrode materials, conductive carbon diluent and polymeric binder, all dispersed in a
volatile carrier solvent. The slurry is coated on aluminum or copper foil for the positive
and negative electrode, respectively, and heated to remove the solvent. Of the remaining

solid coating, >94% by mass is typically active material?’*®. Aluminum foil is economical



and lightweight, whereas copper is required for the negative electrode current collector due

to superior low potential stability?® that cannot be afforded by aluminum.*

While the fundamental electrochemical unit of a Li-ion battery is the cell, batteries
can consist of a single cell to a large and complex arrangement of parallel and series
connected cells. Generally, studies of Li-ion batteries at the cell level yield insight into
intrinsic properties, particularly the roles and interactions of various materials. Intrinsic
properties are unchanged between a single cell and a larger battery comprised of many of
those same cells, hence the electrochemistry of materials can be well studied at the cell
level. The use of larger batteries tends to affect extrinsic properties alone, meaning the
study of materials in large batteries is not convenient and generally wasteful. At the cell
level, direct experimental measurables are the current flowing into or out of the positive
terminal of the battery and the electric potential difference or voltage between the positive
and negative terminals. By continuously measuring the current flowing into or out of the

positive terminal, the charge capacity stored, Q, can be calculated by

t2

Q=| I1(H)dt (1.2)

t1

where I(t) is the current as a function of time, t. The interval over which the measurement
takes place is defined by t; and ¢t,. The capacity is related to the lithium concentration in

either host electrode by

Q=xq-m_=(1-x")q,m, (1.3)

where x and (1 — x') are the fractional lithium concentrations or lattice site occupations,

q— and q, are the gravimetric specific capacities and m_ and m, are the mass contained
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in the cell, of the negative and positive electrodes respectively. Equation 1.3 is written in a
manner to imply that as a full Li-ion cell is charged, the negative electrode is lithiated while
the positive electrode is delithiated. The fractional occupations x and x’ are noted to be
possibly different depending on the cell design. Generally, interactions between intercalant
species in an intercalation host result in chemical potentials that vary as a function of the

t.22

fractional occupation of sites within the host.”” Given that lithium is a singularly charged

cation, the cell voltage, V, is given by

V= _ie (e (1= x) = p_(x)) (1.4)

where —e is the charge of an electron and u,(1 —x") and u_(x) are the chemical
potentials of lithium in the positive and negative electrode respectively. Eq. 1.4 can be
viewed as describing the chemical potential energy difference per unit charge in a cell, and
approximately follows the prescription of McKinnon and Hearing.?* Distributing the

electron charge to the chemical potential of each electrode, Eq. 1.4 can be rewritten as

V=V,(Q)-V-(Q) (1.5)

where V, (Q) and V_(Q) and the positive and negative electrode voltages, respectively, as
a function of the cell capacity. The fractional occupation, x, in Eq. 1.4 has been replaced
with the cell capacity, @, for convenience, according to Eq. 1.3. Eq. 1.5 implies that the
cell voltage is dependent on the voltage-capacity relationship of each individual electrode.
Generally, the potential of an individual electrode, in the context of a lithium host is
referenced to the Li'/Li redox couple (-3.040 V referenced to the standard hydrogen

electrode).
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Figure 1.3 shows the voltage as a function of capacity, or voltage curve, of a
representative Li-ion cell, along with the voltage curves of the two electrodes which
comprise the cell. As constructed (not shown in Figure 1.3), a cell is typically within a few
100 mV of 0 V, although the value varies considerably. As the cell is charged, the capacity
value increases. Lithium is removed from the positive electrode and inserts into the
negative electrode. As lithium is removed from the positive electrode, the positive
electrode voltage, versus Li'/Li, increases. As lithium is inserted in the negative electrode,
the negative electrode voltage, versus Li"/Li, decreases. As such, throughout the entire

charge process, the full cell voltage increases as more capacity is stored.
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Figure 1.3. Voltage as a function of capacity for a representative Li-ion full cell, and

constituent positive and negative electrodes. The lithium-ion cell has a Li[NixMnyCo1.x-
y]O2 (where 1-x-y<1, x<1, y<1) positive electrode and graphite negative electrode.

1.2.2 Positive Electrode Materials
The positive electrode serves as the source of lithium in Li-ion cells*’. Due to the relatively

low variability in viable negative electrode materials®, the voltage behaviour as a function
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of lithium concentration in the positive electrode generally determines the operating

123, This a consequence, of Eq. 1.5, assuming the term, V_(Q) is the same

voltage of the cel
in nearly all cells or varies less from cell-to-cell than V,(Q). While many electrode

materials are possible?>3!32 two general types of materials see the majority use in

contemporary, commercially produced cells.

The first type of positive electrode materials is the group that is classified as layered
oxide structures. These materials have the chemical formula LiMO, where M is one or
more transition metals and dopant metals.?**!*33¢ Generally, the layered materials are

21,3436 although certain formulations and synthesis

described by the R3m space group,
conditions can yield a superlattice that diminishes the R3m symmetry. Visually, the
delithated, or lithium-free, structure can be described as slabs consisting of two layers of
oxygen atoms, separated by a layer of transition metal atoms. When completely lithiated,
lithium arranges in layers between otherwise adjacent oxygen layers. Figure 1.2 shows the
structure of a representative layered positive electrode material, LiCoO>. The first layered
oxide material discovered and commercialized as a Li-ion battery positive electrode was
LiCo0,.2! While LiCoO: has acceptable electrochemical performance and saw use in
portable personal electronics in the 1990s and 2000s, expensive cobalt prices,’” relatively
poor safety>® and lower usable energy density> than alternatives, and the existence of phase
transitions when too much lithium is removed?! have led researchers and manufacturers to
replace Co in LiCoO; in search of improvements. Substitution of some fraction of Co with
Ni and Mn yields Li[NixMnyCo1x-y]O2 (1-x-y<I, x<1, y<1) or NMC materials. NMC
materials are typically referred to by shorthand based on the fractions of each transition

metal. For instance, Li[Nip.sMno3Co00.2]O: is referred to as NMC532. The relative amounts
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of Ni, Mn and Co determine the cost, safety, energy density in a given voltage range and
lifetime.*>*! For instance, NMC532-containing cells have demonstrated among the longest

lifetimes in laboratory settings>®+?

while using less Co, superior safety and greater usable
energy density than LiCoO cells.* Increasing the Ni content, compared to NMC532, can
yield compounds like NMCS811. High Ni NMC materials offer even greater energy
density®>*, but compromise on lifetime and safety compared to NMC532 or similar
materials, while still showing better safety than LiCoQ>.** Some of the latest efforts have
been into NMC materials where all the Co has been replaced with Ni and Mn, in an effort
to decrease costs as much as possible while preserving excellent performance inherent to
NMC types which still contain some Co.** Another class of layered positive electrode
materials is Li[NiixyCoxAly]O2 (1-x-y<1, x<1, y<1) or NCA materials.>> Generally, NCA
materials are made with high amounts of Ni and function most similarly to high Ni NMC

materials.>* Due to less commercial relevance than NMC cells, and no relevance to this

thesis, NCA materials will not be mentioned further.

The second type of positive electrode materials of both academic and commercial
interest is the olivine materials, particularly LIMPOa, where M is Fe, Mn, Ni or Co.* The
most commercially relevant formulation among this family of materials is LiFePO4 or LFP,
described by the Pnma space group®’. The material arranges with phosphate tetrahedra and
FeOg octahedra, leaving a series of channels in which lithium resides and travels. For years
after its discovery, LFP was seen as inferior to LiCoO> and NMC materials due to lower
energy density* along with ionic and electronic conductivity problems*’. Conductivity
issues were addressed by nano-sizing and carbon-coating the LFP particles*®’, which

unlocked the utility of the material. Specifically, LFP is significantly cheaper than NMC
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46-48 and has

materials due to the abundance and pricing of Fe compared to Ni and Co
superior safety characteristics.*>>* Olivine materials with Mn and Co as alternative to Fe
are technologically immature at the time of writing and do not presently afford cycling

stability necessary for commercial relevance and have no relevance to this thesis, therefore

are not mentioned.
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Figure 1.4. Voltage as a function of specific capacity for positive electrode active materials
relevant to this thesis.

While NMC and LFP positive electrode materials are both found in Li-ion batteries
and share common features like greater energy density than other battery chemistries, such
as Lead-Acid or Nickel-Metal Hydride, they have considerably different electrochemistry.
Figure 1.4 shows the voltage curve of LFP and three varieties of NMC that are mentioned

in later chapters. NMC cells have a sloped voltage curve, generally indicating single-phase,
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voltage-mediated (de)lithiation, while LFP shows a flat voltage curve, indicating two-
phase co-existence of lithiated and delithiated regions. The theoretical capacity of LFP is
172 mAh/g, while NMC materials can deliver well in excess of 200 mAh/g if charged to
sufficiently high voltage, although this is usually accompanied by undesirable side effects
that impact lifetime.>!? Typically NMC materials are only delithiated to a certain extent,
balancing energy density and lifetime as needed for a particular application. Figure 1.2 also
clearly shows that NMC materials can store more capacity, at a higher voltage than LFP
cells. Since energy stored is the integral of the voltage curve, this explains the fact that
NMC cells have a greater gravimetric energy density. LFP also has a lower density than
NMC materials, which translates to lower volumetric energy density as well. Among NMC
cells, different fractions of the three transition metals can result in different behaviours.

Higher Ni concentrations result in depression of the voltage curve®*

, resulting in more
capacity stored below a certain upper charging voltage limit. High concentrations of any

single metal can lead to structural phase transitions.?'* Relatively equal mixtures have

34,53,54 38,55 28,42

relatively facile synthesis , good safety and long lifetime”>"". Generally, a
compromise is made when selecting NMC formulation between desirable performance

metrics and cost.

1.2.3 Negative Electrode Materials

The negative electrode is the lithium host in the charged state. The advent of the Li-ion cell
is accompanied by the unprecedented, at the time, use of an intercalation negative
electrode?. Earlier lithium metal cells contained metallic lithium with an intercalation

positive electrode. The presence of metallic lithium resulted in handling and safety
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concerns®® remedied by Li-ion cells. The earliest negative electrodes were various
carbonaceous materials,’’%® from which graphitized carbon has emerged as the
contemporary choice in a large majority of commercial Li-ion cells. Lithium reversibly
intercalates into the van der Waals space between adjacent graphene layers in graphite, up
to a maximum lithium concentration of LiCs, providing a theoretical specific capacity of
372 mAh/g.®° Lithiated graphite also has a low average voltage of 125 mV versus Li*/Li*%¢
meaning it contributes positively to a greater cell voltage and higher energy density. Two
sources of graphite are used in modern Li-ion negative electrodes, identified by their
production method. Natural graphite is mined from naturally occurring surface and
subterranean deposits, while synthetic or artificial graphite is obtained from heating soft
carbon precursors under inert atmosphere beyond 2500°C.%° Natural graphite electrodes
can improve cell energy density, because it responds well to densification but yields
inferior lifetime compared to artificial graphite.®! It is believed that the artificial graphite
particle morphology and structure makes it more robust to expansion and mechanical
degradation.®! All cells included in this thesis use artificial graphite as the negative

electrode active material.

Research and development of next-generation batteries with higher energy density
and lower cost has identified one strategy as replacing graphite with another, usually a non-
intercalating negative electrode material.**®> Leading candidates, which do not require
significant changes in other materials or cell assembly are a return to lithium metal negative
electrodes, specifically the use of zero-excess lithium metal cells,®* or the use of alloying
electrodes, specifically Si.*®®* Lithium and silicon have specific capacities of 3860

mAh/g® and 3579 mAh/g*® and average voltages of 0 V and 0.4 V versus Li*/Li,
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respectively,3¢2

yielding desired improvements in energy density. Cells made with either
lithium metal or silicon negative electrodes suffer considerably shorter lifetimes than
graphite cells, due to mechanical and morphological instability that results in deleterious
reactions with the electrolyte.®*% As such, modern commercial use of lithium metal
negative electrodes is yet to be realized, and use of Si is typically as part of a composite

electrode®’, in heterogenous combination with graphite, where the mass and capacity

fractions skew in favour of graphite.

1.2.4 Electrolytes

The primary purpose of the electrolyte is to facilitate ionic conduction and transport of
lithium from one electrode to the other. Conventional Li-ion cells, and all the cells in this
thesis, utilize a liquid electrolyte. At its simplest, a liquid electrolyte is a solution of a salt
in a liquid solvent. The liquid serves to dissociate the salt into charged ions that can carry
current, and to fill the internal of space of the cell and ensure contact with all active material
particles. Once dissociated, the salt serves as charge carriers through the electrolyte
solution. To function properly. electrolyte should have excellent thermal and
electrochemical stability, to prevent unwanted reactions that may harm the electrodes or
consume the active lithium capacity. The solvent dielectric constant should be high, to
ensure sufficient solubility towards the salt of choice and achieve full dissociation. The
conductivity, lithium transference number (fraction of current carried by Li*) and viscosity
of the solution should be high, high, and low respectively, to enable fast lithium diffusion
and increased current capabilities. Finally, the electrolyte should be free of phase

transitions over the usable temperature range of the cell.
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As both electrodes can individually react with water, and the stability voltage
window of water is exceeded by the voltage difference between the charged electrodes,
water is an unsuitable electrolyte solvent. As such, polar, aprotic solvents are commonly
selected as they can still dissolve the necessary salts, without the same reactivity concerns
of water. Mixtures of carbonate solvents are most used, due to the variety of suitable
carbonate species that can be combined to tune the properties of the final electrolyte and
the fact that carbonate solvents can passivate the charged electrodes, providing kinetic
stability.®*7° Figures 1.5a and 1.5¢ show a selection of popular solvents used in electrolytes
for Li-ion cells. Cyclic carbonates, such as ethylene carbonate (EC), typically have high
dielectric constant required for full dissociation of salts but have higher viscosity (at
temperatures where liquid phases exist) than linear carbonates.’”! EC is inconveniently solid
at room temperature’! and propylene carbonate (PC) use is detrimental to graphite
electrodes due to solvent co-intercalation and subsequent mechanical damage to the active
material.”> Linear carbonates such as dimethyl carbonate (DMC) and ethyl methyl
carbonate (EMC) have poor dielectric constants, but exhibit acceptably low melting points
and relatively low viscosity.”! A combination of 15-30%(v/v) of EC 70-85%(v/v) of DMC
and/or EMC yields sufficient salt dissociation with low enough viscosity to achieve
excellent conductivity, and remains liquid below 0°C.”® Mixtures in this range are among

73-175

the most common for modern Li-ion cells. Alternate solvents, such as esters are used,

but with much less prevalence.

Electrolyte salts are typically selected on the bases of cost, conductivity, and
relative stability/reactivity. Ideally the salt is dissociated completely in solution and simply

allows charge transport by allowing the removal of lithium at the surface of one electrode
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to be matched by the insertion of lithium at the other electrode, with no other role in cell
performance. As will be discussed in Chapter 2, the stability, and reactions of the
electrolyte, including both salts and solvents, with the charged electrodes largely determine
the lifetime of a cell along with many performance metrics. The most common salt found
in Li-ion cells is LiPFs and has been since the 1990s and early 2000s.”®7® LiPF¢ has long
been known to have thermal stability concerns,’® 8 but gives excellent conductivity and
solubility in carbonate solvents’ and cells that demonstrate among the longest lifetimes
utilize LiPF¢.2%8! Alternate salts have been tested, but typically do not show enough merit
to supplant LiPF¢. LiAsFe performs very similarly to LiPFs but has toxicity concerns due
to the presence of As,®? LiBF. provides lower conductivity than LiPFe*lithium bis-
oxalatoborate (LiBOB) has low solubility and diminished conductivity in carbonate

85,86

solvents,3* LiClO4 is known to have violent reactivity in certain circumstances, and

both lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI) salts catastrophically corrode the aluminum that serves
as the positive electrode current collector when cells are charged to moderate-high

voltage.’”® The use of these salts, particularly LiFSI, results in excellent lifetime

capabilities in cells that remain at low voltage, however.*>%

In addition to the minimum components, a salt and a solvent, necessary to form an
electrolyte, it is convenient and commonplace to add chemicals to the electrolyte that react
with favorable products or outcomes at the surface of either electrode.”® Referred to as

electrolyte additives, these chemicals are sacrificially consumed®!, alter the electrode

69,92

surface chemistry or morphology®*, and consequently tune cell performance metrics

94-96 97,98 96,100

such as lifetime®* ", high voltage tolerance’’”s, cell impedance,” safety or
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10L102  Countless additives have been tested by the academic

temperature stability
community. The task of testing and understanding additives has become increasingly
complex, as ternary and quaternary additive systems’®!'®* have become common and
comparative studies of nearly 100 different additive combinations exist.!®® It is not
uncommon for an entire cell design, including electrodes and electrolyte, to require

cohesive optimization for a given application, and if a single detail is changed (perhaps

solvent type), the optimized cell design may be entirely different.
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Figure 1.5. Chemical structures of common Li-ion (a,c) solvents and (b,d) salts. Structures
in (a) and (b) are used in cells that are detailed in this thesis.
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Despite the prevalence and success of liquid electrolytes, considerable research
effort has been dedicated to developing solid electrolytes for next generation cells which
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may yield enhanced safety and improved lifetimes for otherwise unstable materials.'*!1%

Practical use of these solid electrolytes has yet to be realized. Nevertheless, electrolyte
work is essential to unlocking the capabilities of existing and next-generation materials.
Typically, electrodes determine the possible energy density and have a role in the power
capability and lifetime of the cells in which they are used. Electrolyte chemistry and
controlling the interaction between the electrolyte and electrodes is key to allowing those
materials to store energy for a long lifetime, without excessive capacity loss. Perfectly
functioning electrode materials will be hindered in their operation and lifetime performance

if an unstable or unsuitable electrolyte formulation is used.

1.3 Scope of Thesis

The preceding text hopefully motivated the need for long lifetime Li-ion cells in the context
of accumulating a global fleet of energy storage that can be used to enable energy
generation from renewable but intermittent sources and achieve independence from fossil
fuels as an energy source. An introduction has been given to the assembly, operation and
materials featured in Li-ion cells, particularly materials with relevance to other chapters.
This work seeks to explore the role of electrolyte components, particularly salts, in

achieving improved lifetime in a variety of cell types, some under unique use-cases.

Chapter 2 of this thesis will give a description of electrode-electrolyte reactions, the
solid electrolyte interphase, and the role of electrolyte components in tuning cell

performance. The current understanding and body of work, with emphasis on the electrodes
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and electrolytes relevant to this thesis, will be reviewed. That is, layered or olivine positive

electrodes, artificial graphite negative electrodes and carbonate solvents.

Chapter 3 will detail the experimental materials and methods used throughout.
Materials include the cells, electrodes and electrolytes. A detailed explanation of various
electrochemical cycling methods and their merits is given. Finally, a description of analysis
techniques, including electrochemical impedance spectroscopy, differential voltage
analysis, ultra high precision coulometry, X-ray fluorescence microscopy and isothermal

microcalorimetry, is given.

Chapter 4 of this thesis will present the effect of salt, electrolyte additives and
solvent in terms of both types and concentrations on NMC532/artificial graphite subject to
an aggressive cycling protocol that imposes long time duration at high voltage. Cycling
and analysis results are presented to elucidate the mechanism of failure and the source of

electrolyte-derived performance improvements.

Chapter 5 will discuss efforts to improve lifetime of cells that require high voltage
charging to provide competitive energy density compared to contemporary cells, namely
NMC640/artificial graphite cells. The effect of electrolyte additives, temperature and

charging voltage limit are explored.

Chapter 6 will present the effect of salt concentration LFP/artificial graphite cells
subject to a unique high state-of-charge cycling protocol. The qualities demonstrated by
the cells detailed in this chapter will be contrasted with the qualities of the
NMC532/artificial graphite cells detailed in Chapter 4 and provide insight into the

difference in electrolyte design for olivine versus layered positive electrode cells.

23



Chapter 7 will present a novel, low voltage NMC532/artificial graphite cell design
and the role of salt type in achieving ultra-long lifetimes. These cells will be compared
with LFP and conventional NMC532 cells. A method of capacity fade compensation to
achieve extended use is described. Finally, these experiments are extended to low voltage
cells with a NMCS811 positive electrode, and cells with composite layered/olivine positive

electrodes with proof-of-concept results.

Chapter 8 will present the conclusions of this work as a whole and both the
academic and commercial implications. Future work to understand the electrolyte-
mediated failure and extend the lifetime in these cells and natural progressions to other cell

types will be recommended.
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CHAPTER 2 ROLE OF ELECTROLYTE IN LI-ION CELL
PERFORMANCE

2.1 Parasitic Reactions and Kinetic Passivation

The operation of a Li-ion cell, as described in Section 1.2.1, involves lithium intercalation
or deintercalation processes at both electrodes, along with ion conduction through the cell.
This description is idealized, in that there is no account of detrimental processes or
explanation of the imperfections inherent to Li-ion cells. Li-ion cells store relatively large
amounts energy because of the large chemical potential difference between lithium stored
in graphite (~0.1 eV vs. Li"/Li) and lithium stored in the positive electrode (~3.8 eV vs.
Li*/Li). When the cell is charged, the result is a highly reactive lithiated negative electrode
that can supply electrons and lithium to electrolyte species at the electrode surface.
delithiated positive electrode that can react with species in the electrolyte which is
accompanied with a gain of electrons. As such, the charged electrodes are strong reducing
and oxidizing agents respectively and both electrodes can react irreversibly with
components of the electrolyte®®!1%-1% Such reactions can be accompanied by a plethora of
deleterious effects, but of primary concern is that the lithium that is used for charge and
energy storage, often referred to as the lithium inventory of the cell, is irreversibly
consumed by some of the reactions. This results in the loss of some amount of cell

capacity,lm’l 10,111

equal to the charge of one electron per lithium consumed. It is a logical
conclusion that if the rate of these reactions is not arrested, the cell will rapidly lose

capacity and cease to function. These reactions are often referred to as parasitic reactions,

or side reactions.
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The reactions between the charged negative electrode and the electrolyte are of
historic significance as controlling them was an enabling breakthrough for Li-ion cells. In
1990, it was observed that in a carbonate electrolyte, lithium could reversibly intercalate
into carbonaceous materials, including graphite. This was accompanied by irreversible,
charge consuming reactions that occurred at 1.2 V versus Li'/Li, in a quantity proportional
to the surface area of the carbon electrode. The irreversible reactions fortuitously result in
the deposition of a Li-conducting passivating film that largely limits such reactions to the
first charge.!!? This passivation layer is referred to as the solid electrolyte interphase, or
SELS12113 qye to the similarity to the passivation film formed on Li metal electrodes in
similar electrolytes.!”” The implication is that when graphite electrodes are lithiated and
the potential drops below 1.2 V, the electrolyte is thermodynamically susceptible to

reduction at the electrode surface.

The passivation afforded by the SEI therefore constitutes a kinetic barrier against
further reactions between the electrodes and electrolyte, along with accompanying lithium
consumption. Without the protection of the SEI, Li-ion cells would experience
uncontrolled electrolyte reduction and rapid capacity. Without the lithium conductivity of
the SEI, charge transfer from the negative electrode to the electrolyte beyond the first cycle
would not be possible. The development of a stable SEI on graphite was originally
unlocked through the purposeful use of the electrolyte solvent ethylene carbonate (EC),
suggesting the formation of the film and its characteristics are in some way dependent on
electrolyte formulation. The passivation provided by the SEI is imperfect, as capacity loss
still occurs slowly over the life of the cell. In this regard, many of the characteristics of the

cell are determined by the nature and efficacy of the SEIL
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Many efforts to quantify the thickness-time dependence of SEI growth find it
roughly follows a parabolic growth law, with thickness being proportional to t1/2 114116
which matches conceptually with passivation of metals by oxide layer growth!!” and the

suggests that the passivation mechanism is rooted in transport limitation.''

Characterization of the chemical makeup and morphology of the SEI is challenging, owing

69,118 119,120

to its air and moisture sensitivity , along with its dynamic nature all presenting
handling difficulties. Harris and Lu demonstrated that the SEI on graphite can have a two-
layer structure, with a dense, inner layer and a porous, outer layer.!?!"123 Electrolyte,
namely solvation structures, can diffuse through outer porosity, before the transport
mechanisms changes to bare Li" diffusion through the inner layer. The outer layer contains

a larger proportion of semi- and poly-carbonates, along with polyolefins, while the inner

layer is comprised of lithium-containing species, such as Li»COj3 and Li>O.!?!133

This agrees well with comprehensive reviews by the groups of Brett Lucht'?* and
Emanual Peled.!? Peled explains that electrons and lithium ions, supplied by the charged
negative electrode, reduce solvents, salt anions and impurities to form the SEI and the
reactivity of these electrolyte components towards solvated electrons can determine which
components react and in which order, determining the SEI structure and chemistry.
Reduction of carbonate solvents tends to yield Li2COs, semi-carbonates and polymeric
specifies, while salt anion reduction is responsible for inorganic compounds such as LiF.!%
Peled also remarks that ideal properties of an SEI are electronic insulation, mechanical
flexibility, perfect lithium transport, strong surface adhesion, rapid formation and complete
surface coverage. These properties are structure and chemistry dependent, and therefore

determined by the cell chemistry, including electrolyte and electrode formulations.!'?
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Lucht remarks that initially, reduction of ethylene carbonate yields a 50 nm thick SEI,
primarily composed of lithium ethylene dicarbonate, accompanied by LiF from
decomposition of the PF¢ anion. If present in the electrolyte, linear carbonates can be
reduced to form lithium alkyl carbonate and lithium alkoxides. It is also noted that as the
SEI ages, lithium alkyl carbonates react to produce inorganic species, typically more LiF
and Li,CO3.'?* These broad characteristics of the SEI are common to most Li-ion cells due
to the near-ubiquitous nature of the LiPFg salt in carbonate solvents electrolyte formulation.
The development of a performance-determining passivation film of solid reaction products
naturally depends on the concentration and types of reactants available at the electrode
surface. Additionally, the SEI composition and structure is regarded as dynamic, over the
state-of-charge of a cell,!'” evolves over time'?° and can vary due to the environmental
conditions, such as temperature, the cell is exposed to, particularly at beginning-of-life.'?’

Descriptions and illustrations of the SEI structure and composition are therefore often

situational.

Passivating the negative electrode against reactions with the electrolyte is
immediately important for the successful operation of a Li-ion cell. The reduction of
electrolyte components at the negative electrode involves electron transfer that is
accompanied by lithium consumption, thereby depleting the capacity of the cell.
Electrolyte oxidation processes can similarly occur at the positive electrode, although they
often can occur without the consumption of lithium.!!'! It has been shown that common Li-
ion electrolyte components, including EC, DMC and LiPF¢ can be oxidized against Au, Pt
and Al electrodes at 4.0 V versus Li*/Li,'*® which does not happen continuously at

considerable rates in well-built Li-ion cells.!!! This suggests that there is also a passivation
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mechanism that provides a kinetic barrier against thermodynamically favorable electrolyte

reactions at the positive electrode surface, like the SEI at the negative electrode.

The group of Goodenough noted the formation of a polymer surface coating on
charged LiCoOz that was exposed to PC-containing electrolyte, and it was inferred that this
film must contain Li-ions to facilitate conduction. Lastly, it was noted that such a film was
absent in the LixTiS; intercalation system, which is far less oxidizing than LiCoO,.'%
Guyomard and Tarascon correlated the capacity associated with electrolyte oxidation and
the surface area of the positive electrode, suggesting the necessity of a surface coverage
for a positive electrode passivating film."® Solid films of reaction products have been
observed to occur on other positive electrode materials, including NMC-type materials, but
to distinguish it from the film formed on the negative electrode, it is often referred to as a
cathode electrolyte interphase,'*"!3? or CEL Like the SEI, the properties of an ideal CEI
have been summarized as to provide a kinetic barrier that prevents further reactions
between the positive electrode and the electrolyte, excellent mechanical properties to
accommodate particle volume changes, sufficient lithium conductivity and electronic
insulation.!¥>!13* Also like the SEI, the CEI structure and chemistry depends on electrolyte

and electrode formulation, a