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ABSTRACT
The market for Li-ion batteries has seen unprescedented growth in recent years due to the

adoption of electric vehicles (EVs) and growth of grid-level energy storage. For these
applications to be sustainable, inexpensive and long-lasting Li-ion batteries are required.
This thesis considers LiFePO4 (LFP) as a positive electrode material for use in long-
lifetime Li-ion batteries. Already a commercially used material, LFP is seeing a renewed
interest in many applications due to the cost and relative scarcity of commonly used

transition metals in Li-ion batteries, Ni and Co.

Initial studies of LFP/graphite cells considered the impact of water contamination and
different electrolyte additives on lifetime, and an optimal electrolyte composition was
determined. Isothermal microcalorimetry techniques were used to rank the lifetime of cells

with different electrolyte additives.

Next, different approaches were taken to improve the lifetime of LFP/graphite cells,
including considering the surface area of LFP, different Li salts in the electrolyte, and
different graphite materials. Combining the results of these studies led to an LFP cell with
greatly improved capacity retention. Isothermal microcalorimetry techniques were
developed to observe parasitic reactions separately at the positive and negative electrodes,

and to infer the degree of “cross-talk” reactions in the cell.

Finally, the storage performance, gas evolution, and parasitic heat flow for Li-ion cells with
different positive electrodes, negative electrodes, and electrolytes were studied. The results
of these experiments highlighted the complex interactions that occur between different
components of the cell. In LFP cells, capacity loss was correlated with the reactivity of the

negative electrode.

The results presented in this thesis demonstrate significant lifetime improvements for
LFP/graphite cells by targeting different cell components. Additional insights into the role
of parasitic reactions on the lifetime of Li-ion cells have been developed. This work should

contribute to the future development of Li-ion cells with extremely long lifetimes.
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CHAPTER 1 INTRODUCTION

1.1 MOTIVATION

Li-ion batteries have been ubiquitous in consumer electronics since their first
commercialization more than 30 years ago. Now, Li-ion batteries are being adopted for
much larger scale applications such as electric vehicles (EVs)! and grid energy storage
projects?. The EV market in particular has seen meteoric growth in the last decade. New
full electric and plug-in hybrid electric vehicle sales in the European Union (EU) have gone
from only 700 in 2007 to over 1.3 million in 20203. The number of new registrations of
full electric and plug-in hybrid electric vehicles in the EU represented 10% of all new
vehicle sales in 20203, and in the coming years demand for EV's will increase even further.
In an effort to fight climate change, the EU has proposed legislation to ban the sale of new
internal combustion vehicles by 20354, with similar legislation being considered in the

State of California® and in Canada®.

With the continued adoption of Li-ion batteries in these large-scale and long-term
applications, maximizing the lifetime of batteries is of paramount importance for
sustainability, reliability, and cost. Li-ion batteries have finite lifetimes as cyclable lithium
is consumed by parasitic side reactions between charged electrodes and the electrolyte,
limiting the total available capacity. Broadly, it will be the goal of this thesis to understand
the degradation mechanisms of Li-ion cells, and using this understanding to develop

strategies to extend the lifetimes of cells.

1.2 Li-IoN CELLS



Figure 1.1 shows a schematic of a typical Li-ion cell during a charge cycle, highlighting
the primary components. A cell consists of two electrodes, electrically isolated by a porous
separator. The separator is usually made of polyethylene (PE), polypropylene (PP), or a
combination of the two’. Solid electrodes consist of “active” material, where lithium is
stored in the charged or discharged state, and “inactive” materials that serve key purposes
other than storing lithium. The active and inactive materials are mixed and coated onto a
metallic current collector. Active material particles are represented by the large spheres in
Figure 1.1. Common inactive materials in a Li-ion electrode are binders (typically
polyvinylidene fluoride, PVDF) to promote adhesion adhesion of active particles to each
other and to the current collector during cycling, and conductive additives (typically carbon
black, CB) to bolster electrical conductivity between the active particles®. In some cases,
active material particles can be coated in a small layer of carbon to further promote
electrical conductivity®!!, especially for materials that have inherently poor electrical
conductivity. The transport of Li ions between electrodes during charge and discharge is
facilitated by a conducting electrolyte. Different classes of electrolytes exist in the Li-ion
battery space, but this thesis will solely focus on non-aqueous liquid electrolytes. These
electrolytes consist of a solvent or blend of solvents, a conducting Li-salt, and possibly

some other additives. The electrolyte will be discussed in more detail below.



b
]

~
\\

!

""'Iffffflffffff_ff_'i_

Cu current collector

-
Negative electrode Separator Positive electrode

Figure 1.1: Schematic of a full Li-ion cell during charge. The large spheres represent particles of
active material in the positive and negative electrodes, which are adhered to the Al and Cu current
collectors, respectively. These active materials are held together with the aid of the binder (red
lines), and electrical connectivity of the electrode is promoted with the conductive additive (black
dots). The two electrodes are electrically isolated by the porous separator. Liquid electrolyte is
filled throughout the cell, and allows Li-ion conduction between the electrodes.

Energy is stored and released in a Li-ion cell by shuttling Li ions between the positive and
negative electrode. In the discharged state, nearly all Li-ions are stored in the positive
electrode. When the cell is charged, Liions de-intercalate from the positive electrode and
intercalate into the negative electrode, where they are stored until the cell is discharged.
The porous separator ensures the electrodes do not come into direct electrical contact, while

still allowing for the flow of ionic current.

When a cell is charged, for example, Li ions are forced from the positive electrode to the
negative electrode. At the same time, an equivalent charge of electrons flow through the

external circuit (see Fig 1.1) to maintain charge balance. In this process, an amount of
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electrical work neV is done where n is the number of electrons (or ions) transferred, e is
the electron charge, and V is the cell voltage. This corresponds to the change in free energy

of the cell, so that

AG = —AneV L1
So, the cell voltage is
_ AG
- Ane 1.2

Equation 1.2 can be written in terms of the individual half reactions:

1 (AGPOS B AGneg>

_E An An

The cell voltage can also be related to the chemical potential of the electrodes, defined as
( oG ) _
ani TP — M 1.4

where i represents one of the electrode half-reactions, at constant entropy S and volume v.

Then, the cell voltage can be written

1
V= _Z(Upos - uneg) 1.5

The cell voltage is given by the difference between chemical potential of the positive and
negative electrodes. The chemical potential of an active material is dependent on the Li
occupancy x, defined as the ratio of filled sites to available sites in the material. As lithium

is intercalated into or deintercalated from the material, the chemical potential will change,



giving the characteristic “voltage curve” of the material. Voltage curves for several

common positive electrode materials are shown in Figure 1.2.
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Figure 1.2: Voltage (vs Li metal) versus specific capacity for various relevant positive electrode
materials.

While the shape of the voltage curve for a material is determined by the chemical
environment and crystal structure of the material, the capacity of the material is often
determined by the stoichiometry of the material. Take LiFePO4 for an example. Assume
all of the Li is removed from the material, i.e.
LiFePO, —» FePO, + Li* + e~

This process gives us 1 mol of electrons (or 1 mol Li ions). The molar mass of LiFePOu is
157.8 g/mol, so using Faraday’s constant, the expected specific capacity for LFP should be
169.9 mAh/g. Looking at the LFP voltage curve in Figure 1.2, the accessible capacity is
about 163 mAh/g, quite close to the calculated theoretical capacity. This simple calculation

can be used to understand the expected capacity for a given battery material. The capacity



of a material gives the amount of charge that can be stored. Perhaps a more practical metric
is the amount of energy that can be stored in a material. Figure 1.3 shows the specific
energy (in units of Wh/kg) of the different positive electrode materials shown in Figure
1.2. These numbers were obtained by integrating the voltage vs specific capacity curves
for each positive electrode material shown in Figure 1.2. The integration was completeted
over the full voltage curve unless otherwise noted in Figure 1.3. Note that these numbers
only consider the active material itself. Practical values for specific energy in a full Li-ion
cell account for both the negative electrode and inactive components and will be lower than
the numbers shown here. Additionally, the operating voltage of a cell may be constrained
in order to limit parasitic reactions with the electrolyte, among other reasons. As a result,
not all of the capacity may be utilized. The impact of cutoff voltage on the resulting specific

energy is demonstrated for one of the materials described.



800

~
o
o

(=2}
o
o

4]
o
o

400

300

Specific energy / Whikg

200

100

LFP LMFP  NMC532 NMC811 NMC811  LMO
@44V @416V @43V

Figure 1.3: Specific energy of various positive electrode materials for Li-ion batteries. LFP and
LMFP materials are taken to be completely delithiated, and specific energy of the NMC materials
is calculated up to the voltages specified (vs Li metal).

Many different classes of Li energy storage materials exist. Commonly used positive
electrode materials are: (1) layered transition metal oxides, (2) olivine materials including
LiFePOs4, and (3) spinel materials, including LiMn204. Crystal structures of different
materials are shown in Figure 1.4. The most common negative electrode in Li-ion batteries

is graphite. Lithiated graphite (LiCe) is illustrated in Figure 1.4d. These materials will be

discussed in more detail in the following sections.

An example of positive and negative electrode voltage curves (vs lithium metal) and the
corresponding full cell voltage curve is shown in Figure 1.5. In this example, the positive
electrode is LiFePO4 (LFP), and the negative electrode is graphite. Practical Li-ion cells
are designed with excess capacity in the negative electrode, as depicted in Figure 1.5. This

is primarily done to prevent catastrophic failure if the cell is slightly over-charged. The



ratio of negative electrode capacity to positive electrode capacity is known as the N/P ratio.

Typical N/P ratios in both lab scale and commercial cells is around 1.05 — 1.15.
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Figure 1.4: Crystal structures for (a) a generic LiIMO; layered material, (b) olivine LiFePO4
(LFP), (c) spinel LiMn,O4 (LMO), and (d) fully lithiated graphite (LiCs). In these pictures,
lithium atoms are green, oxygen is red, the generic transition metal M in (a) is blue, Fe is
orange/brown, Mn is purple, and carbon is brown.

Full Li-ion cells — including the lab scale cells used in this lab and commercial cells —

consist of alternating layers of positive electrode, negative electrode, and separator. In



many cases the positive and negative current collectors are coated on both sides to
maximize energy density. Figure 1.6 shows a cartoon of a repeating unit of a cell stack,
illustrating the double side coated positive and negative electrodes kept apart by separator
layers. Also illustrated is another practical aspect of Li-ion cell design, the so-called
“overhang” region. The negative electrode coating is typically wider than the positive
electrode coating (~0.2 cm wider in the lab-scale cells used in this thesis). In addition to
providing some of the excess negative electrode capacity, it also allows for minor
misalignments between positive and negative electrodes in cell assembly and prevents the

deposition of lithium metal on the current collector edges during charge.
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Figure 1.5: Illustrating how a full cell voltage curve is constructed from individual half cell
curves. The dashed line is drawn at the end of the full cell capacity, indicating the excess graphite
capacity loading. The positive electrode and the full cell voltages are plotted on the left axis,
while the graphite voltage curve is plotted on the right axis.



Overhang

Neg

Sep
Pos

Al
Pos

Sep
Ne

g Cu

Neg

Figure 1.6: Cross-section schematic of the repeating double sided cell stack. Positive electrode
(Pos) and negative electrode (Neg) coatings are labelled, as well as the current collectors (Cu and
Al) and the separator (Sep). The overhang region is specified by the vertical dashed lines.

1.3 POSITIVE ELECTRODE MATERIALS

Positive electrode materials for Li-ion batteries contain lithium in the structure in the
discharged state. When the cell is charged, lithium is deintercalated from the positive
electrode, and stored in the negative electrode. Many different classes of positive electrode
materials exist'>!3, all with different advantages and disadvantages given different

applications. The three main classes of positive electrode materials are described here.

1.3.1 LiCoOz (LCO) and Li[NixMnyCo1-x-y]02 (NMC)

Some of the earliest positive electrode materials used in Li-ion batteries, and by far the
most popular by market share, are a class of materials known as transition metal oxides

(generic formula LiMO2 where M is a transition metal or a mixture of transition metals).
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The crystal structure of a generic LiMO2 material is shown above in Figure 1.4a. These
materials have a hexagonal lattice (space group R-3m) consisting of alternating layers of
MOs octahedra and lithium. The lithium in the structure occupies the octahedral sites
between “slabs” of MOe. These materials exhibit high potentials when lithium is removed

(>4.0 V vs lithium), and have high specific capacities (>150 mAh/g).

The first practical material of this class that was discovered was LiCoO2 (LCO), first
published in 1980 by John Goodenough and co-workers!# (In 2019, John Goodenough
would share the Nobel Prize in Chemistry for his contributions to the development of Li-
ion batteries). The first commercial Li-ion cell, put to market in 1991 by Sony!? used an
LCO positive electrode. Since then, LCO became the material of choice for batteries for
consumer electronics, and is still widely used today. However, the continued use of cobalt
in the rapidly growing battery industry faces a number of problems, including supply,
ethical questions surrounding its mining and production’™ ', as well as an extremely
volatile price which in turn impacts the cost of the final battery product!’. Great effors have
been made to move the industry towards positive electrode materials that use less

cobalt!®19,

Layered oxide materials with mixtures of Ni, Mn, Co were first reported in 2001202!,
leading to the development of so-called “NMC” materials with stoichiometry
Li[NixMnyCoi1-xy]O2. These materials, in addition to using less cobalt than LCO have
higher specific capacities (and thus higher specific energy), and are safer than pure LCO?2,

Since the initial development of NMC and related NCA?* (A = Al) materials, a major

11



reseach objective was to continue to increase the Ni content and reduce Mn, Co, and Al
contents, primarily to maximize the specific capacity of the material. By the end of the
2010s, extremely high Ni NMC materials were developed such that the other transition
metals in the material could almost be considered “dopants” to a pure Ni LiNiO2 2426,
Recently Li et al. questioned whether cobalt was required at all, showing minimal impact
on the electrochemical cycling performance of high nickel materials?’. That said, all Ni
rich NMC materials suffer from large volume changes at high states of charge leading to

particle cracking and capacity loss®®.

Reducing the amount of Co required in state-of-the-art Li-ion batteries was a significant
achievement. However, the Co that is removed from these materials has largely been
replaced with Ni. While Ni is more abundant, cheaper, and less associated with unethical
mining practices, the unprecedented growth of the Li-ion battery industry (primarily driven
by the EV sector) has put pressure on the Ni supply as well. It has been suggested that with
the advent of commercial Ni rich NMC materials, the overall cost of Li-ion batteries with
NMC positive electrodes are much more sensitive to increases in the price of Ni compared
to Co?. Therefore, alternative positive electrode materials that do not contain Ni or Co

should be considered.

1.3.2 LiFePO4 (LFP)

LiFePO4 (LFP) is one of a number of compounds that exhibit the olivine structure. As
opposed to the layered structure of LCO and NMC, lithium atoms in LFP are stored in 1-

dimensional “tunnels” in the lattice, which can be seen in Figure 1.4b. LFP was shown to
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be a useful electrode material in 1997 by Padhi et al.*° (also from John Goodenough’s
research group). It has a relatively high specific capacity of 170 mAh/g (although less than
NMC materials) and a redox potential of around 3.5 V vs Li*/Li (also lower than NMC).
While it cannot achieve the same energy density as Ni-rich layered oxides, its possesses
superior safety’!*? and inexpensive precursor materials including no Co or Ni, resulting in
commercial interest in LFP. As of 2018, LFP made up 34% of cathode material production
in the Li-ion battery industry®’. LFP is attractive for grid energy storage systems, where

energy density is less of a priority.

The use of LFP has practical issues, however. Both the lithiated and delithiated phases have
inherently sluggish Li diffusion, severely inhibiting the rate capability of the material.
However, this issue has largely been overcome by using carbon coatings to enhance
electronic conductivity and small LFP particles to reduce the Li diffusion length within the
particle!!3435 Perhaps ironically, with these improvements to LFP, the resulting carbon-
coated, nanostructured material is known as an excellent choice for high-power
applications3® %, As well, Other transition metals can be substituted in place of Fe in the
olivine structure*!. One common substitution is for Mn, i.e. LiFexMnixPOs4 (LMFP)*43,
These materials have similar specific capacities to LFP, but a higher redox potential, thus
increasing the specific energy of the material. The voltage curve of a LiFeo.2Mno.sPO4/Li

half cell is shown in Figure 1.3.

1.3.3 LiMn204 (LMO)
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LiMn204 (LMO) spinel materials are another potential Co- and Ni- free alternative to NMC
positive electrode materials. LMO has a cubic lattice, with the oxygen atoms forming a
close-packed structure**. Li and Mn are arranged in such a way that the lithium has three-
dimensional diffusion pathways, leading to extremely high charge and discharge rate
capability in this material*. However, LMO suffers from extremely poor high temperature
cycle performance®, which is usually attributed to large amounts of Mn dissolution (see
CHAPTER 2) from the material and subsequent deposition on the negative electrode*”%,

As well, LMO has a lower specific capacity compared to both the layered oxides and

olivines. LMO positive electrodes will not be considered in this thesis.

1.4 NEGATIVE ELECTRODE MATERIALS

The negative electrode in a Li-ion cell stores lithium when the cell is charged. Graphite is
by far the most widely used negative electrode material for Li-ion batteries. It has a very
high theoretical specific capacity (370 mAh/g) and low operating potential versus lithium
(average voltage 0.125 V#) leading to high full cell potentials and high specific and
volumetric energy densitites. As well, graphite has other desirable properties such as high
coulombic efficiency, relatively low volume expansion when Li is cycled, and high energy

efficiency™.

Graphite is made up of repeating layers of sp>-bonded carbon known as graphene. Sheets
of graphene are held together with Van der Waals forces to form graphite. Two main phases
of graphite exist, hexagonal (2H) and rombohedral (3R). 2H graphite consists of graphene

sheets arranged such that the carbon atoms of subsequent layers are shifted by one C-C
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bond length relative to the previous layer. This is known as ABAB stacking. 3R graphite
has three layers of graphene in a repeating unit, known as ABCABC stacking. When
lithium is inserted into graphite, it occupies the space between the graphene layers.
Regardless of the graphite phase, neighbouring graphene layers become aligned when
lithium is inserted, such that carbon atoms in adjacent layers are directly above and below
each other. Lithium atoms interclate into the center of the hexagonal carbon structures in
the graphite, avoiding nearest neighbour interactions when the layer is full. Figure 1.7
shows cartoon images of both pristine 2H graphite and completely lithiated graphite (LiCo).
Both the stacking of adjacent graphene layers and the positions of the intercalated lithium

can be seen in these images.

15



o o 0 Q
Figure 1.7: Pictures of different graphite structures. (a) Pristine 2H graphite (front view), (b)
pristine 2H graphite (top view), (c) fully lithiated graphite LiC¢ (front view), and (d) fully
lithiated graphite (top view). In this picture, lithium atoms are green and carbon atoms are brown.
The Li-graphite system has a rich phase diagram of distinct phases or “stages” as a function
of lithium concentration’!, that in turn influence the electrochemical profile of graphite.
Figure 1.8 shows the voltage profile of an artificial graphite electrode versus a lithium
metal anode as Li was intercalated into graphite. The approximate locations of coexistence
regions between different stages are indicated in the Figure. In this nomenclature, the stage
number specified the number of graphene layers between the next layer of lithium, e.g. in
“stage 27, there are 2 graphene layers between each lithium layer. The “L” modifier to
some of the stages specifies that the lithium atoms on a given layer are randomly placed,

i.e. a “liquid” arrangement of lithium in a layer. Stages without the “L” modifier consist of
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ordered lithium layers. Some consequences of this lithium ordering will be considered later

in this thesis.

In reality, not all graphite is perfectly 2H or 3R. In practice, graphite possesses mistakes in
the graphene stacking known as turbostratic disorder. The probability P is defined as the
probability of turbostratic rotation between adjacent graphene sheets. Perfect graphite
where P=0 would be 2H graphite. Zheng et al. showed a strong negative correlation
between P and the acheiveable Li stoage capacity in a given graphite material, i.e. the more
turbostratic disorder in a graphite sample, the lower the attainable capacity>2. Turbostratic
disorder in graphite essentially “blocks” Li intercalation between layers, thus limiting the

amount of L1 that can be stored.

Graphite materials used in Li-ion batteries can be classified into two main groups: natural
graphites (NGs) and artificial graphites (AGs). NGs, as the name would suggest, are mined
from the Earth’s crust already in graphitic form. AGs are synthesized from soft carbon
precursors such as petroleum pitch or tar at extremely high temperatures of >2500°C*°. NG
materials typically have lower degrees of turbostratic misalignment (P close to 0), while
AGs have higher P values that are strongly dependent on the heat-treatment temperature of
the given sample>2. While NGs have higher specific capacities due to being close to perfect
graphite, AGs typically have better capacity retention because the turbostratically
misaligned layers effectively “pin” adjacent graphene layers, preventing degradation of the
material as lithium is inserted and removed from cycle to cycle’®34. In this thesis, only

artificial graphites are considered.
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Figure 1.8: Voltage versus specific capacity for an artificial graphite (AG) electrode versus Li
metal. Approximate locations of coexistence regions of “stages” in the Li-Gr phase diagram are
labelled, with the different stages listed.

Materials other than graphite can be used as the negative electrode in Li-ion cells, including
silicon-containing materials**->>, metallic lithium®%>7 or other Li-containing compounds
such as LisTisO12 (LTO)®. Apart from LTO, these negative electrode materials typically
achieve higher energy densities than graphite but tend to suffer from lifetime issues, a

discussion of which is beyond the scope of this thesis.

1.5 ELECTROLYTE

The electrolyte plays many crucial roles in a Li-ion cell. Its primary function is to transport
Li ions between the positive and negative electrodes during charge and discharge. Li-ion
transport is especially important when considering fast charging applications, where

electrolyte transport may become the limiting factor’>°. The ionic conductivity versus
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lithium salt concentration for a typical electrolyte solution is shown in Figure 1.9. The
typical range in lithium salt concentration is highlighted in the Figure. While it is generally
desirable for the electrolyte to be as resistant to reactions with the charged electrode as
possible, specific reactions between the electrolyte and electrodes are key in the formation
of passivating interphases that extend the lifetime of the cell. Without these electrolyte-
electrode reactions, long lifetime Li-ion cells would not be possible. While many different
types of electrolytes exist, the cells used in this thesis exclusively used non-aqueous liquid
electrolytes. The various components of the electrolyte, as well as key interfacial reactions,

are described below.

16 T T r
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Figure 1.9: Conductivity as a function of salt concentration for a common alkyl carbonate
electrolyte mixture, ethylene carbonate (EC):dimethyl carbonate (DMC) 3:7 (by weight) with
LiPFg as the conducting salt. Conductivity was measured at 20°C.
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1.5.1 Solvents

Non-aqueous electrolyte solutions typically use alkyl carbonate solvents as they tend to
possess an ideal combination of electrochemical stability, ability to dissociate Li salts,
relatively low toxicity, high flash points (ideal for safety), and low cost®"-62. Further,
different carbonate solvents can be blended to further optimize the physical and
electrochemical properties of the solution. A common solvent blend that is used throughout
industry, academia, and this thesis is a mixture of the cyclic ethylene carbonate (EC) and a
linear carbonate such as dimethyl carbonate (DMC) or ethyl methyl carbonate (EMC).
These solvents combine the high dielectric constant of EC as well as its passivating film-
forming properties (more on this below) with the low viscosity and low melting point of
either DMC or EMC. Some physical properties of some common carbonate solvents are

shown in Table 1.1.
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Table 1.1: Common solvents used in Li-ion battery electrolytes. Basic physical properties of these
solvents are shown, as well as their molecular structure. Typically, blends of these solvents are used

in practice.

Melting

Boiling

Dielectric

Name point | point | constant at Vzl;ggst?i)?t Structure
O ©0O) 25°C
Ethyl OmO
ylene o o
carbonate (EC) 36.4 248 89.78 (40°C) 1.93 (40°C) jc])/
Ethyl methyl o
carbonate | -53 110 2.958 0.65 HC AN g
(EMC) ’
Dimethyl 0
carbonate 4.6 90 3.1075 0.59 e _chs
(DMC) S
Diethyl jj)\
carbonate -74.3 126 2.805 0.75
(DEC) H3C/\O OACHg
1.5.2 Salts

The Li salt in the electrolyte facilitates the conduction of lithium ions between the

electrodes during charge and discharge.
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Table 1.2 shows a number of common Li salts. LiPF¢ has long been the salt of choice for
Li-ion batteries due to its balance of low cost, high ionic conductivity in alkyl carbonate
solutions, relative stability against electrochemical reactions, moderate thermal stability,
and relatively high degree of dissociation in polar solution®?. Despite this, LiPFs can
thermally decompose at relatively low temperatures®®, and is prone to hydrolysis, forming

acidic species which can interact with various components of the cell®**7,

The related imide salts lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
bis(fluorosulfonyl)imide (LiFSI) demonstrate high ionic conductivity and excellent
dissociation in carbonate solvents®¢86% as well as high thermal stability’®. However,
nagging issues exist with these salts as well, notably corrosion of the Al current collector

when used in high-voltage chemistries®®-”!-73. Electrolytes with LiFSI salt are considered

in CHAPTER 5.

Lithium bis(oxolato)borate (LiBOB) is able to passivate the Al current collector in cells
that operate at high voltages in a similar way to LiPFs’. Several works have reported
promising improvements in cell lifetime when LiBOB was used, where it was shown to
form favorable species on the negative electrode’"7. One downside of LiBOB is its low

solubility in alkyl carbonate solutions (<0.8 M)®2.

Another common salt for Li-ion batteries is LiBF4. LiBF4 has higher thermal stability than

LiPFs®'. Electrolyte solutions with LiBF4 have lower ionic conductivities than when LiPFs
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is used’® due to the stronger association between Li* and BF4. The use of LiBF4 has been

shown in some cases to improve the high voltage cycling of NMC/graphite cells”.
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Table 1.2: Names and structures of some common Li salts used in electrolyte solutions for Li-ion
batteries.

Common Chemical
Chemical structure
name formula
- =
X . + Ff{,,ll:,\\\F
LiPFs LiPFs Li F'.F*n:
Q 9
LiFSI LiN(FSO2)2 F=S—-N-S—F
Li O
IT —
LiBF4 LiBF4 Li* B,
F/}: F

LiTFSI LiN(CF3S02)2

F N Y F
(0] 0
Li*
Os_o Je o)
LiBOB LiB(C204)2 j; pd
d o
o] o)

1.5.3 The Solid Electrolyte Interphase (SEI)

Most components of a typical non-aqueous electrolyte are inherently unstable in the
voltage ranges that a Li-ion cell operates within. When in contact with the charged negative
electrode, the electrolyte will react readily, consuming Li and rapidly decreasing the
capacity of the cell. However, some electrolyte-electrode reactions have favorable
products, producing a film on the active material particle surface that is electrically

insulating to prevent further reactions, but still ionically conductive so lithium can reach
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the active material. This film is known using the umbrella term solid electrolyte interphase
(SEI). This film is not made up of a single continuous component, but rather consists of a
mixture of different organic and inorganic species, each providing different properties to
the film. The SEI model was first proposed by Peled in 1979%°, and since has been the
subject of significant research effort®'-82. By convention, the term SEI typically refers to
the interphase layer on the graphite electrode. Electrolyte decomposition products do exist
on the surface of positive electrode particles®* %, and this layer may be referred to as the
cathode SEI or CEI. The nature and function of the cathode SEI is less well understood
than the graphite SEI, although details of both cathode and anode SEI layers are still the

subject of significant debate in the literature.

In a typical alkyl carbonate electrolyte (e.g. EC:DMC 3:7 + LiPFs) the main component
that reacts to form the SEI is EC, though the LiPFs and DMC components may also react®-
8 1In this specific electrolyte, the primary SEI components are thought to be lithium
ethylene dicarbonate (LEDC) and LiF®*4. The LEDC conducts lithium ions through the
SEI to the active material particle, while the highly resistive LiF limits electron transfer.
Recent work, however, has questioned the presence of LEDC as the primary SEI
component, instead suggesting that lithium ethylene mono-carbonate (LEMC) is the
primary decomposition product of EC%. The identification and characterization of SEI

components is still a very active area of research.

1.5.4 Electrolyte Additives
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The properties of the SEI are key to increasing the lifetime of Li-ion cells. A well
passivating SEI layer will prevent further parasitic reactions between the electrode and the
electrolyte, and prevent the irreversible consumption of lithium as the cell cycles.
Therefore, improving the passivating properties of the SEI should be a priority. The
simplest and most effective way to modify the properties of the SEI is to add a small
amount (usually <5% by weight) of sacrificial additive to the electrolyte. When the cell is
charged for the first time, the additives are reduced at the graphite surface, yielding
products that have favourable properties for the SEI. The development and screening of
electrolyte additives for Li-ion batteries is a very active research area’®”’, as is the effort

90.98-101 " The various

to understand the mechanisms for electrolyte additive function
electrolyte additives that were used in this thesis are given in Table 1.3 along with their
chemical structures. Electrolyte additives can also be combined in binary, ternary, or even

quaternary blends. This may be done in an effort to combine the favorable properties of

different electrolyte additives.

One of the most frequently used electrolyte additives is vinylene carbonate (VC). Note the
similarity in chemical structures between EC and VC (Table 1.1 and Table 1.3). When VC
is added to the electrolyte, it is preferentially reduced on the graphite surface instead of
EC, thus changing the properties of the SEI. The resulting SEI layer is rich in Li2CO3, and
contains a passivating polymeric film known as poly(VC)®. Adding just <5% VC to an
electrolyte can increase the lifetime of a Li-ion cell by nearly an order of magnitude

compared to the case without any electrolyte additives!??,
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Fluoroethylene carbonate (FEC) is a similar molecule to both VC and EC. Poly(VC) is also

areaction product of FEC®. The fluorine on FEC leads to an SEI layer that is rich in LiF!3,

Lithium difluorophosphate (LiPO2F2, or LFO) is another common additive in Li-ion
batteries'®. The use of LFO has been shown to lead to an SEI rich in fluorophosphate
species that reduce the rate of parasitic reactions'?>!%, LFO has been used in combination
with other electrolyte additives to make Li-ion cells with exceptional lifetimes as well as

rate capability!07-108,

The use of ethylene sulfate (DTD) has been shown to increase the cycle lifetimes of cells
compared to an electrolyte without any additives'®. However, DTD increases the volume
of gas produced in the cell during formation''?, DTD was shown to lead to a highly organic
film on the graphite electrode with a high sulfur content!'!. Like LFO, DTD is often

blended with other electrolyte additives like VC or FEC!08:112,

Methyl acetate (MA) is a common co-solvent for fast charging applications!!3-!5, The

addition of MA to the electrolyte in moderate amounts (20-40% by weight) has shown

116,117 However, the

significant improvement to the ionic conductivity of the solution
addition of MA typically results in a lifetime penalty due to the increased reactivity of MA
compared to carbonate solvents such as DMC, as well as its poor SEI-forming

properties!'!>-118,
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Table 1.3: Names and structures of some common electrolyte additives used in Li-ion batteries.

Additive name Chemical formula Chemical structure
vinylene carbonate (VC) C3H203 [ >:°
Fluoroethylene carbonate ©

C3H3FO3 ): >:°
(FEC) 0
Lithium . o P
LiPO:F: v N
difluorophosphate (LFO) F
o\ 4/0
Ethylene sulfate (DTD) C2H404S E S
o o]
CHs
Methyl acetate (MA) C3HeO2 )\ _CHs
o] o]

The basic action of electrolyte additives can be seen from a very simple measurement.
Figure 1.10 shows the derivative of cell capacity versus cell voltage for Li-ion pouch cells
during their first charge cycle, known as the “formation” cycle. This refers to the initial
formation of the SEI when electrolyte components are reduced at the graphite negative
electrode. Cells containing different electrolyte additives are shown. The feature in the
differential capacity plots 2.8 V (full cell voltage) that can be seen is typically associated
with the reduction of SEI components. In a cell without additional electrolyte additives,
this feature corresponds to the reduction of EC to form SEI. The impact of different
electrolyte additives can be clearly seen. Cells with VC and FEC additives suppress the
reduction of EC, being preferentially reduced at the graphite themselves.
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Figure 1.10: Differential capacity (dQ/dV) versus cell voltage during the first charge of a
LiFePOu/graphite pouch cell, zoomed in on the SEI formation region. Cells with different
electrolyte additives are shown.

1.6 ScoPE OF THIS THESIS

To extend the lifetimes of Li-ion cells, the mechanisms by which cyclable lithium is lost
during the operation of a cell must be understood. A Li-ion battery is a complex system
with many interrelated components, which means identifying degradation mechanism is a
non-trivial task. This thesis will study the performance of the LiFePO4 (LFP)/graphite cell
chemistry, attempt to identify the primary degradation mechanisms for this system, and use
this knowledge to develop cells with improved lifetime. In addition to common techniques
such as electrochemical cycling, storage, and destructive analyses of aged cell components,
one of the principal techniques used in this thesis is isothermal microcalorimetry (IMC).

Li-ion IMC techniques have previously been used to study parasitic reactions in Li-ion
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119-122

batteries with great success , and these techniques will be further applied and

developed here.

CHAPTER 2 will discuss in detail the different types of parasitic reactions and how they
affect capacity loss in Li-ion cells. Other failure mechanisms will also be discussed.

CHAPTER 2 will also introduce the Li-ion isothermal microcalorimetry technique.

In CHAPTER 3, specifications for the various Li-ion pouch cells used in this thesis will be

given. Decriptions for all experimental techniques will also be given in CHAPTER 3.

In CHAPTER 4, initial studies of the performance and degradation of LiFePO4
(LFP)/graphite pouch cells will be presented. The impact of water contamination on the
performance of LFP cells will be studied. Different systems of electrolyte addives will be
screened. In addition to cycling, high temperature OCV storage experiments will be
presented. Scanning pXRF experiments will be done on graphite negative electrodes
extracted from cells aged at different temperatures with different electrolyte additives to
study how these parameters impact the degree of Fe dissolution in LFP cells. Isothermal
microcalorimetry techniques will be developed to measure the heat flow from parasitic
reactions in LFP/graphite cells, and applied to cells with different electrolyte additives and
water contents. At the end of CHAPTER 4, the best performing LFP/graphite cell up to
that point will be compared to several commercial LFP cells as well as NMC532/graphite

pouch cells.
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In CHAPTER 5, several approaches will be taken to improve the high-temperature
performance of LFP/graphite cells. The impact of LFP surface area and particle size, the
impact of different Li salts in the electrolyte, and the effect of different graphite negative
electrodes on the lifetime of LFP/graphite cells will be considered. Improved LFP/graphite
cells resulting from these studies will again be compared to commercial LFP and lab-made

NMC532 cells at the end of the Chapter.

CHAPTER 6 will attempt to further understand the dependence of different positive and
negative electrodes on parasitic reactions in Li-ion cells. Long-term high temperature OCV
storage experiments will be done for LFP/graphite and NMC811/graphite cells with
different artificial graphite negative electrodes and different electrolytes. As well as full
cell experiments, storage experiments will be done with separated electrodes to monitor
gas evolution and parasitic heat flow originating at a single electrode only. At the end of
CHAPTER 6, experiments that monitor parasitic reactions at the negative electrode will be

correlated to capacity loss in full LFP/graphite cells at elevated temperatures.

In CHAPTER 7, the thesis will be concluded. The results from the previous chapters will
be summarized, and future directions for this research will be discussed. In particular,
further approaches to improve the lifetimes of LFP/graphite cells will be proposed, and
further experiments to gain a better understanding of degradation in these cells will be
discussed. Future directions for the Li-ion isothermal microcalorimetry technique will be

discussed. Finally, there will be a short discussion on ‘“advanced” Li-ion cells using
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blended NMC/LFP positive electrodes and Mn-rich olivine materials (i.e. LMFP), and their

respective benefits and drawbacks.
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CHAPTER 2 LI-ION CELL DEGRADATION AND ISOTHERMAL

MICROCALORIMETRY

2.1 CouLomMBIC EFFICIENCY AND CHARGE ENDPOINT SLIPPAGE

In an ideal Li-ion cell, all the lithium contained in the positive electrode in the discharged
state can be used to store energy. It is deintercalated from the positive electrode during
charge and stored in the negative electrode. In the ideal case, all this lithium can be
recovered from the negative electrode during discharge, stored back in the positive
electrode until the next charge, etc. Of course, this does not occur in practice. In a real Li-
ion cell, cyclable lithium is irreversibly consumed in side-reactions that are often called
“parasitic” reactions. These parasitic reactions reduce the amount of lithium available in
the cell and reduce the coulombic efficiency (CE). CE is used to quantify this loss of
lithium to parasitic reactions, and is defined as the ratio of the capacity of a discharge half-

cycle (Qp) to the capacity of the immediately preceeding charge half-cycle (Q):

_ %

CE= Qc 2.1

In crude terms, the CE compares how much useful charge can be “taken out” of a cell
compared to how much is “put in” when it is charged. In the hypothetical cell where no
lithium is irreversibly consumed, the CE as the cell cycles is exactly 1.000... In a realistic
cell where some degree of parasitic reactions always occur, the CE is always less than 1.
However, a state-of-the-art Li-ion cell can have a CE that is very close to 1 (i.e. > 0.99).
Figure 2.1a shows the voltage curve for an LFP/graphite cell cycled at low rate (~C/20).
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The charge and discharge half-cycles that are used to calculate the CE for a given cycle are
highlighted. Figure 2.1b plots CE as a function of cycle number for cells with two slightly
different electrolyte compositions. Note that for both cell types, the CE is extremely high
(> 0.998 by cycle 10). However, Cell 1 has a slightly higher CE than Cell 2. Notice as well
that two identical cells were cycled for each cell type, which can be seen by closely
inspecting the open red points (cell 2), illustrating very good reproducibility between
nominally identical pouch cells. Using appropriate experimental equipment (see
CHAPTER 3) these minute differences between CEs can be resolved. The slightly lower
CE value for Cell 2 suggests that more parasitic reactions occur in this type of cell. This
potentially could mean that more Li is irreversibly consumed in these cells compared to
Cell 1, leading to more capacity loss and a shorter lifetime. The contributing factors to CE

are discussed further below.
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Figure 2.1: Illustrating the concept of coulombic efficiency (CE). (a) Voltage versus time for an
arbitrary Li-ion cell as it cycles, highlighting the pairs of half-cycles used to calculate the CE. (b)
CE versus cycle number for cells with different electrolytes, showing how CE can vary from one

cell to another.

Due to the nature of a Li-ion battery as a closed system (in general), the amount of lithium
in the cell can be thought of as a finite lithium “inventory”!23124, A cell begins its life with
a predetermined lithium inventory in the positive electrode and in the electrolyte. As the
cell is cycled, and parasitic side reactions occur and lithium is consumed, this lithium can
no longer be cycled. By tracking the movement of the lithium inventory as a cell cycles,
key information about its degradation and failure can be elucidated. By analyzing the
movement of lithium in a cell between charge and discharge cycles in a process dubbed a

lithium “accounting” model, Smith et al. showed that the coulombic efficiency of a cell as
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it is cycled is related primarily to the processes of SEI formation at the negative electrode,
and electrolyte oxidation at the positive electrode (both of these processes will be discussed

in more detail below) in the following (approximate) relation'?3:

2qLi | Yox
CE=1-—+4+2%
Qo Qo 22

where q,; is the lithium capacity lost due to SEI formation, g4, is the charge passed due to
parasitic oxidation reactions, and Q, is the original capacity of the cell. Therefore, CE
values less than 1.000... denote lithium loss due to SEI formation (or more generally the
irreversible consumption of Li). The oxidation parasitic reactions can increase the
measured CE because they (in general) do not irreversibly remove lithium from the

inventory, and instead add add lithium to the positive electrode from the electrolyte.

The extra charge that is counted as a result of parasitic reactions leads to a relative “shift”
of the voltage curve of a cell as it cycles. Oxidation reactions at the positive electrode can
lead to a higher measured capacity, and SEI formation reactions at the negative electrode
lead to a lower measured capacity because cyclable lithium is removed from the inventory.
These relative capacity shifts, defined as charge endpoint capacity slippage (A.) and
discharge endpoint capacity slippage (Ap), respectively, can be seen in the voltage curves
as a cell cycles. Figure 2.2 shows voltage versus capacity for an LFP/graphite cell as it was
cycled at a low rate (C/20). Insets in the figure zoom in to the endpoints of charge and
discharge. From here it can be seen that in each cycle both the charge endpoint and the
discharge endpoint shift relative to the previous cycle. As mentioned above, the charge

endpoint capacity slippage is related to parasitic oxidation reactions at the positive
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electrode, and the discharge endpoint capacity slippage is related (primarily) to SEI
formation reactions. Therefore, these metrics can be used in addition to CE to quantify the
performance of Li-ion cells. Additionally, the difference between the charge endpoint and

discharge endpoint capacity movements per cycle gives the amount of capacity loss (fade)

per cycle:
F
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Figure 2.2: Voltage curves over several cycles for an LiFePO4/Graphite pouch cell. Charge- and
discharge- endpoint capacity movement (AQ. and AQp, respectively) are illustrated by zooming
in at the endpoints of each cycle.

While this lithium inventory model simplifies the complex parasitic reactions that occur in
a Li-ion cell, it is still very useful for broadly identifying different degradation modes in
Li-ion cells. In the following sections, different types of parasitic reactions in Li-ion cells
will be discussed in more detail. Additionally, not all capacity loss in a Li-ion cell is directly
a result of parasitic chemical or electrochemical reactions. Cyclable lithium can also be

lost by the fracturing and disconnection of active material particles from the electrode,

commonly referred to as “active material loss”. As well, the growth of impedance in the
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cell can lead to large polarizations which can reduce the amount of cyclable lithium under
a given testing condition (temperature, voltage limits, cycle rate, etc.). These other modes

of capacity loss will also be discussed briefly in the following sections.

2.2 PARASITIC REACTIONS

2.2.1 Electrolyte reduction and SEI formation

The solid electrolyte interphase (SEI) was introduced in CHAPTER 1. The existence of the
SEI layer (primarily on the graphite electrode) passivates the electrode and hinders further
electrolyte-electrode reactions, enabling Li-ion cells with long lifetimes. While the exact
mechanisms for the formation of SEI components are complex and interrelated with
various cell components?!:8687.8%.100.125.126 " the process of SEI formation can be simplified
considerably in order to discuss this process in the context of Li inventory loss. Figure 2.3
shows a cartoon schematic of an exemplary SEI formation process. Electrolyte
components, denoted S, are reduced at the negative electrode, which further react with
lithium in the negative electrode to form SEI on the surface of the electrode. In this picture,
S would primarily be film-forming solvents or additives such as EC, VC, or FEC, but these
reactions can also involve linear carbonate EMC or DMC as well as salt anions. New SEI

products are deposited on top of existing SEI.
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Figure 2.3: Schematic depicting the formation of SEI products on the negative electrode of a cell,
reducing electrolyte components (S) and irreversibly consuming lithium. In this case the cell is in
open circuit.

Most of the SEI is formed in the first cycle of a Li-ion cell. Figure 2.4 shows the first cycle
of an LFP/graphite pouch cell, illustrating the capacity loss in this cycle, sometimes called
the first cycle irreversible capacity. In this case, LFP has very little irreversible capacity on
the first cycle, so all of the irreversible capacity in the full cell can be assumed to be due to
SEI formation. The amount of lithium consumed in the first cycle SEI formation can vary
depending on the choice of graphite and electrolyte additives3*!?’. In the case of the cell in

Figure 2.4, close to 10% of initial Li in the cell was consumed in the formation cycle.
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Figure 2.4: Voltage curve for the first full cycle of an LFP/graphite pouch cell, illustrating how
much lithium is consumed in the initial formation of the graphite SEI layer.

While the largest fraction of SEI formation reactions are in the first cycle, SEI formation
occurs continuously throughout the lifetime of a Li-ion cell at diminishing rates as the
passivation of the graphite electrode improves, thus continuously removing cyclable
lithium from the cell. One of the oldest and most popular models for SEI growth describes
the diminishing SEI formation reactions at a t/? rate, where t is the operation time of a
cell'?%-131, While maybe not strictly true for the growth of SEI'3?, this simple model serves
as a good approximation for SEI growth and Li inventory loss. When electrolyte
components are reduced at the negative electrode to form SEI, this lithium consumption
causes the graphite voltage curve to “shift” along the capacity axis relative to the positive
electrode voltage curve, lowering the accessible capacity. For this reason, capacity loss due

to SEI formation is sometimes called “shift loss” in the literature.
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The concepts of t1/2 SEI growth and shift loss is explored using a basic model in Figure
2.5. To simplify matters, the positive electrode (LFP in this case) is assumed to have zero
irreversible capacity, and zero slippage during cycling (i.e. no parasitic reactions occurring

at the electrode). The negative electrode is made to shift with a rate of

d shift K
dt /2 2.4

where t is the cycle time, and K is an arbitrary constant. The “cell” is cycled 25 times, with
the negative electrode shift (due to SEI formation) adjusted each cycle. Figure 2.5a, b, c
show the alignments of the voltage curves for key cycles: cycle 1, cycle 10, and cycle 25,
respectively. The cycle number here is proportional to the cycle time, as long as every cycle
1s assumed to take the same amount of time. Notice the shift of the negative electrode along
the capacity axis, and the corresponding “shrinking” of the full cell curve. When the
negative electrode shifts, the positive electrode is pushed to a higher average state of
charge, and can no longer be completely filled with lithium on discharge. Figure 2.5d
shows the corresponding discharge capacity over the 25 cycles, with the key cycles where
detailed voltage curves were shown highlighted in red. As cycling proceeds, the capacity

loss per cycle diminishes as the rate of SEI growth on the negative electrode slows.
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Figure 2.5: Example of a simple model of t'?> SEI growth. Movement of the graphite voltage
curve and corresponding full cell curve is shown for (a) cycle 1, (b) cycle 10, and (c) cycle 25. No
shift of the positive electrode was assumed here. (d) Discharge capacity versus cycle number,
with red points highlighting the cycles at which the voltage curves were detailed. Voltage and
capacity units are arbitrary in this example.
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This is obviously a significant simplication of a realistic Li-ion cell. It does not take into
account any other modes of capacity fade in Li-ion cells. However, it serves as a good
exercise to understand the implications of SEI growth on capacity loss and the relative
alignment of the voltage curves. In cells where Li inventory loss is the dominant mode of
capacity loss in a cell, the capacity versus cycle number (or cycle time) curve should look
similar to what is presented in Figure 2.5d. Additionaly, alignment of the voltage curves to
determine shift loss can be done in real Li-ion cells, where the voltage curve of a full cell
is compared to voltage curves of the individual materials measured in half-cells. This
process is known as dV/dQ analysis, and is widely used in analyzing degradation in Li-ion

batteries!08:133-135

It should also be noted that electrolyte reduction at the negative electrode does not
exclusively form solid SEI products. In addition to SEI formed at the negative electrode
from electrolyte reduction, soluble or gaseous species may also be generated®-2%136.137,
These products may react further with other components of the electrolyte, SEI, or even

migrate to the positive electrode and react, as will be discussed below.

2.2.2 Electrolyte Oxidation

As noted in CHAPTER 1, the various components of the electrolyte are typically not
electrochemically stable in the voltage windows that Li-ion cells operate within. The major
consequence of the reduction of electrolyte components on the negative electrode is the
formation of the passivating SEI, as discussed above. Similarly, electrolyte species in the

vicinity of the charged positive electrode may be oxidized. Figure 2.6 shows a schematic
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of such an oxidation process, where species S could represent any component of the
electrolyte. The shematic is shown with the cell in open circuit. In this case, a Li ion is
intercalated into the positive electrode when species S is oxidized to maintain charge
balance in the electrode. The oxidation product shown here is assumed to be soluble, but
solid and gaseous products may also be formed via electrolyte oxidation®+83126:138 Note
that if the oxidation product in Figure 2.6 is neutral, and the cell is in open circuit, then a
reduction reaction and corresponding deintercalation of Li is required at the negative
electrode in order to maintain charge balance in the electrolyte. As may be expected, the
rate of electrolyte oxidation reactions depends strongly on the operating voltage of the
positive electrode material used!3®!3°. This is in contrast to lithiated graphite, which

maintains a fairly stable potential close to 0.1 V vs Li’.

/

Figure 2.6: Schematic of electrolyte oxidation in a Li-ion cell. In open circuit, lithium is
intercalated into the positive electrode to maintain charge balance.

In addition to the electrochemical oxidation of electrolyte components mentioned here, the
electrolyte can also be oxidized by lattice oxygen released from charged positive electrode

materials'3%140. This chemical oxidation of electrolyte (primarily EC) primarily occurs in

44



layered NMC and NCA materials. The lattice oxygen in olivine LFP and related materials
are strongly bound to the phosphorus atoms in the structure, and therefore oxygen release
is less of a concern'*!, unless the material reaches very high temperatures well outside

normal operating conditions (>200°C) 14%143,

2.2.3 Cross-talk and shuttle reactions

As mentioned above, not all products of electrolyte oxidation and reduction are solid
precipiates on the electrode surfaces. Electrolyte reaction products can be gaseous or
soluble in the electrolyte, and often can be highly reactive. This leads to the phenomenon
known as “cross-talk”: species produced at one electrode that diffuse or migrate to the other
electrode and react further. A schematic picture of a cross-talk reaction is given in Figure
2.7a. In this picture, an electrolyte species is reduced at the negative electrode, travels to
the positive electrode and is oxidized, forming a solid product “P” (though again cross-talk
products may not necessarily be solid). In this example, the cell is in open circuit mode,
which forces lithium to deintercalate from the negative electrode and intercalate into the
positive electrode, effectively self-discharging the cell. Note as well that in this example,
the cross-talk species was initially generated at the negative electrode. The cross-talk
species can also be generated at the positive electrode and react further at the negative

electrode!44+146,
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Figure 2.7: Schematics of related reaction mechanisms: (a) non-reversible cross-talk, and (b)
reversible shuttle reactions. Both examples are shown in an open circuit configuration, but can
also occur during charge and discharge. Note that the reaction products in these cartoons need not
be charged for the schematics to still be valid.

A special case of a cross-talk reaction is what is known as a “shuttle” reaction. A schematic
of a shuttle reaction is shown in Figure 2.7b. In this reaction, electrolyte species S is
reduced at the negative electrode, moves to the positive electrode where it is oxidized, and
the original molecule S is recovered. In a reversible shuttle process, the shuttle molecule
can be oxidized and reduced indefinitely. Of course, like in the more general cross-talk
reaction this process discharges the cell in open circuit conditions. However, a reversible
shuttle would be much more detrimental since the reaction can continue in theory until the
cell 1s fully discharged. In practice, redox shuttles are not fully reversible, and have finite

“lifetimes” before they react to form irreversible products.

While in general the existence of redox shuttles are detrimental to Li-ion batteries, redox
shuttles can sometimes be used intentionally in certain applications. Redox shuttles can be

added to the electrolyte to prevent catastrophic cell failure in the case of cell
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overcharge!47148, Additionally, the development of highly reversible redox shuttle
molecules is a very active area of research in the field of redox flow batteries!**!3°, Cross-
talk and shuttle reactions are particularly difficult to study because they involve and depend
on all components of the cell: positive and negative electrodes, SEI composition, and

electrolyte composition.

2.2.4 Transition Metal Dissolution

The discussion of parasitic reactions has so far been mostly generic. One specific cross-
talk mechanism that deserves special mention is transition metal dissolution and
deposition. Under certain conditions, transition metals in layered oxide, olivine, and spinel
materials can be dissolved from the surface of active particles into the electrolyte.
Dissolved transition metals (TMs) can then diffuse to the negative electrode and react
further. Figure 2.8 shows a simple schematic of the transition metal dissolution and
deposition process (assuming an LFP positive electrode) in open circuit. While the total
quantity of transition metals dissolved from the positive electrode is very small under
practical conditions (typically representing < 1% of total positive electrode capacity),
deposition of transition metals on the negative electrode is said to catalyze SEI formation

reactions and consume lithium inventory!3!=133,
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Figure 2.8: Schematic illustrating a cell in open circuit experiencing transition metal dissolution.
Li is deintercalated from the negative electrode and intercalated into the positive electrode (self-
discharge) to maintain charge neutrality.

There are a number of different proposed mechanisms for the dissolution of TMs from the

positive electrode'!

. One of the commonly stated mechanisms for TM dissolution is via
reaction of the positive electrode with acidic products that form in the electrolyte,
specifically HF coming from LiPFs decomposition'> 13135 though other mechanisms are

156

proposed for the dissolution of TMs™°. It has been shown that removing acidic

contaminants from the electrolyte reduces TM dissolution in positive electrode

materials!37159,

There is still debate about the nature of transition metals that have deposited on the negative
electrode. It is generally accepted that TMs do not deposit on the graphite electrode in
metallic form, but rather in higher oxidation states. It was shown convincingly by Jung et
al. that in the case of NMC, Ni and Co are both incorporated into the SEI in the +2 oxidation
state!®, Sahore et al. showed similar results, also showing conclusively that dissolved Mn

is also in the +2 oxidation state in solution'>®. Additionally, Jung et al. showed that
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deposited TMs do not get further reduced to metallic form when deposited on a graphite
electrode with an SEI layer'®. Li et al showed that Fe dissolved from LFP was not
deposited on either the surface of the SEI layer or the surface of the graphite itself, but
rather was incorporated within the SEI layer!¢!. Once incorporated into the SEI, deposited
TMs facilitate the decomposition of the SEI, and further reactions with the electrolyte. It
has been proposed that Mn deposited on a graphite electrode can undergo a catalytic cycle
where it can be continuously oxidized and reduced, causing serious SEI
decomposition!%193, Solchenbach et al. found that deposited Mn was more reactive than

deposited Ni'6?,

The composition of the SEI also determines the impact of TMs in the electrolyte and the
extent of TM deposition on the negative electrode. Several publications have shown
reduced TM deposition when additives such as VC were used!®*. Previous studies from our
group on transition metal dissolution in NMC/graphite cells have shown that when
appropriate electrolyte additives are used, TM deposition can be virtually eliminated, even

under strenuous cycling conditions such as high voltage and high temperature!6>16°,

2.3 IMPEDANCE GROWTH

When a current is applied to a cell, the measured cell voltage deviates from the
thermodynamic potential at a given state of charge. This is due to various contributions to
impedance in a cell. All components of the cell contribute to the cell impedance: adhesion
of active particles to the current collector, positive and negative SEI films and any other

surface layers, electrolyte conductivity and lithium concentration gradients, surface area of
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active materials, etc. When impedance is large, the associated voltage polarization can be
large, causing the cell to reach its voltage limits much sooner than would be expected for
the nominal capacity of the cell. While this does not necessarily mean Li is irreversibly
consumed in the cell, it does affect the accesable Li at a given charge/discharge rate when
the voltage limits of cycling are fixed. Figure 2.9 shows voltage versus capacity curves for
LFP/Graphite cells with otherwise identical cell construction and electrolyte additives. The
only differences are the cycling temperatures and charge/discharge rates. One cell (black)
was cycled at 40°C and a rate of C/3 for charge and discharge (3 hours to charge the cell),
and the other (red) was cycled at a rate of 20°C and a rate of 1C (1 hour to charge the cell).
Notice that the measured cell voltage of the 20°C cycled cell is considerably higher on
charge and lower on discharge than the 40°C cell. Notice as well that the 20°C cycled cell
reached the upper voltage cutoff at a lower capacity than the cell cycled at 40°C. Some of
this capacity can be recovered by doing a constant voltage (CV) step, showing that not all
of this capacity loss is irreversible. If the 20°C cell did a full cycle at lower rate the majority

of this capacity could be recovered.
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Figure 2.9: Demonstrating voltage polarization in an LFP/graphite pouch cell. Voltage versus
capacity curves are shown for cells cycled at different temperature and rate conditions. These
cells were nominally identical at the beginning of life.

Cycling temperature and rate play a significant role in the impedance and voltage
polarization in the cell as it is cycled. Additionally, as the cell ages, continuous but
diminishing reactions with the electrolyte thicken the SEI layer, which may increase the
impedance contribution from Li migration through this layer'®”-1%, This can lead to larger
voltage polarization, decreasing the amount of accessible lithium for a constant voltage
window. Other surface effects can also increase the interfacial resistance in a Li-ion cell;
of particular note is a voltage-dependent surface reconstruction in layered transition metal
oxides to form a rock-salt phase with low Li-ion diffusivity'®-'7!. In electrochemical
cycling experiments, the increase in cell impedance is monitored via the voltage
polarization as described above and is quantified by taking the difference of the average
charge voltage and the average discharge voltage in a given cycle, AV. In a cell where
capacity loss is dominated by impedance contributions, the loss of discharge capacity often

mirrors the increase in AV 107:112,
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2.4 ACTIVE MATERIAL LOSs

In order for lithium to cycle between the positive and negative electrode, active material
must remain electrically connected to the current collector and/or to other active particle.
The binder and conductive additives that are included as inactive materials in an electrode
promote adhesion of active material particles, and promote electrical conductivity,
respectively. However, the structure of an electrode evolves as a cell is cycled. This is
primarily due to expansion/contraction of active materials as lithium 1is
intercalated/deintercalated. However, other factors can influence the structural evolution
of Li-ion battery electrodes, including degradation of the binder or conductive additive'7?
175 phase separation of active materials'’®!”7, transition metal dissolution (mentioned
above), or growth of SEI layers due to deposition of reaction products on particle
surfaces!’®17% As a result, active material can lose electrical contact with the electrode,
becoming isolated from the electrode and removing Li storage capacity from the cell.
Figure 2.10 shows a cartoon depicting how active material can be isolated from a positive
active material primary particle (e.g. NMC). The volume of a particle goes down when
lithium is removed. As the cell is cycled, this strain between regions with different states
of charge can lead to the formation of fractures in the particles. Over time, these fractures
can grow and spread, and eventually disconnect fractions of the particle entirely.
Additionally when these microcracks form, electrolyte can permeate the new surface area,
further reacting with the active material, amplifying the issues from parasitic reactions

described above.
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Figure 2.10: Cartoon schematic of active material loss in a positive active material particle.
Structural evolution of the particle is depicted as a function of cycle number as a cell is cycled.

2.5 LITHIUM PLATING

One particularly unwelcome mode of lithium loss in a cell is metallic lithium deposition
onto graphite electrodes during charge. Under normal conditions (reasonable rates,
reasonable temperatures, cell is early in its life), when the cell is charged lithium is
intercalated into the graphite host as has been described earlier (CHAPTER 1), where it is
stored until the cell is discharged. However, in some circumstances lithium can be reduced
onto the surface of the graphite particle instead of being intercalated. While the deposited
Li metal can be stripped from the surface when the cell is discharged and reintercalated
into the positive electrode, reversibly plating and stripping Li metal with high coulombic
efficiency is notoriously difficult'®, and frequently Li dentrites'®! and electrically

disconnected Li metal can develop!®?

. Additionally, Li metal is very reactive to typical
alkyl carbonate electrodes, leading to a large amount of Li consumption to form SEI on the

Li metal'®3.

Recall from CHAPTER 1 that as lithium is intercalated into graphite, the voltage of the
graphite electrode versus Li° goes down, and gets closer to 0 V. Particularly, the stage 2

stage 1 plateau in the Li-graphite system is only at about ~ 80 mV vs Li’. If the voltage of
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the graphite electrode drops below 0 V, it will become favorable to deposit Li metal on the
graphite surface rather than intercalate into the graphite host. Under normal conditions and
reasonable charge rates, the graphite can be fully lithiated to stage 1 LiC¢ without worry of
Li plating occurring. However, in cases where cells are charged at low temperature or high
rate®®184 or if the graphite SEI layer has high impedance'®®, or a combination of all these
conditions, the graphite electrode will be polarized and the voltage will drop below 0 V,

initiating Li plating.

Li plating during extremely fast charge or low temperature operation can cause catastrophic
failure in the cell as the entire electrode may exhibit Li plating. However, Li plating effects
in Li-ion cells can also be much more subtle. Localized effects such as current density
variations, electrolyte dry-out, or even differences in cell stack pressure may cause Li
plating to occur on a much smaller scale. This minor Li plating will not be as noticeable as
the more catastrophic Li plating described above, but will still remove cyclable Lithium
from the cell via uneven plating/stripping, and reactions with the electrolyte. Figure 2.11
shows two examples of Li plating on a graphite electrode ranging from minor (Figure

2.11a) to severe (Figure 2.11b).
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Figure 2.11: Examples of different degrees of severity of lithium metal deposition in Li-ion
batteries. Images of disassembled charged graphite electrodes are shown for the case of minor Li
plating (a) where specific spots along the electrode exibit Li plating, and severe Li plating (b)
where the entire surface of the electrode is covered by metallic lithium.

2.6 ISOTHERMAL MICROCALORIMETRY

In principle, the heat generated (or absorbed) from the various parasitic reactions in the cell
can be measured with calorimetric techniques, and the lifetimes of cells can be ranked
based on the magnitude of parasitic reactions that occur. However, in lab-scale Li-ion cells,
the heat signatures from these reactions will be miniscule compared to other contributions
to the heat flow as a cell is cycled. Therefore, high precision and highly stable calorimeters
are required, and techniques are needed to remove other heat flow contributions and isolate

the heat flow from parasitic reactions.

Isothermal calorimetry techniques were first applied to Li batteries in 1985, when Dahn et

al. experimentally measured the entropy of a LixMosSes compound as a function of Li

occupation x (for x<1) in a calorimeter, finding good agreement with mean field theory
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(MFT) calculations'®. These measurements were later expanded to the same material for

0<x <4187,

Later, other groups studied the calorimetry of different materials for Li-ion battery
materials. Saito et al. measured the heat flow during charge and discharge for a commercial
LiCoO2 (LCO)/hard carbon commercial cell, broadly identifying the contributions from
electrochemical polarization, (de)intercalation of the materials, and non-intercalation
(parasitic) reactions!®®. Later work from the same group was able to identify staging
transitions in lithiated graphite and structural changes in LCO in commercial LCO/graphite
cells'® Similarly, Kobayashi et al. measured the heat flow during charge and discharge for
commercial LiMn204/hard carbon and LCO/hard carbon cells, observing large irreversible
heat flow in the LiMn20s cell at elevated temperature (40°C) and high voltage (>3.9 V),
indicating a large degree of unwanted parasitic reactions. Another work by Kobayashi et
al. measured the separate heat flow contributions from LCO and graphite by measuring the
heat flow of LCO/Li and graphite/Li coin cells!®!, in one of the first efforts to properly
correlate full cell degradation to measurements of parasitic heat flow with calorimetry

techniques.

Krause et al. successfully measured the parasitic energy in graphite/Li4Tis012 (LTO) and
graphite/Li coin cells, and were able to separate the different contributions to the heat flow
(parasitic, polarization, entropic)'®?. Chevrier et al. used similar techniques to measure the
parasitic energy in different Si-containing materials, finding high rates of parasitic

reactions in Si materials with high surface areas'®’. Chevrier recently studied parasitic
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reactions in metallurgical Si negative electrodes, finding the parasitic reaction rate in these

materials depended on the charge/discharge rate!.

The methods of Krause and Chevrier were successful in detecting parasitic reactions during
electrochemical cycling and ranking the performance of different materials, however these
methods were not able to measure parasitic heat flows as a function of voltage. Downie
developed methods to measure voltage-dependent parasitic heat flows in full Li-ion pouch
cells and separate the different components of the heat flow. The heat flow from a Li-ion
cell with an applied current can be derived from the first law of thermodynamics, making
appropriate assumptions'?%!%3. Downie and Dahn used the following equation for the heat

flow from a cell'%¢:

- |_|_TI (ds+> (ds_) ]+ )
=1 \ax r \dx/; - 2.5

where g is the measured heat flow (exothermic is positive q), I is the current, 1 is the
overpotential (difference between measured cell voltage and equilibrium voltage), T is the
temperature, e is the elementary charge, ds,. /dx is the derivative of entropy (per site) with
respect to the Li occupancy x for the positive and negative electrodes, respectively, at
constant temperature, and ¢, is the heat flow attributed to parasitic reactions. This equation
captures the three main sources of heat in a cell: overpotential (polarization), entropy
changes, and parasitic reactions. Downie represented the heat flow as a polynomial
function of the state of charge of the cell'®. The heat flow was measured at different
currents, and the data was fit to the simplified model, extracting the parasitic heat flow as
a function of voltage. Further work by Downie et al. added a time-dependent factor to the
model, allowing the authors to study the time-evolution of the parasitic heat flow'?’. With
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these methods, Downie was able to probe the impacts of electrolyte additives on parasitic
heat flow in full Li-ion cells, and correlate those measurements to cell lifetimes,
demonstrating the power of isothermal microcalorimetry to rank the performance of Li-ion

cells over relatively short time-scales!®,

Representing the heat flow as a polynomial function of the state of charge was effective,
but not ideal. A more desirable method of extracting the parasitic heat flow would not
require fitting to free parameters. Glazier et al. realized that the entropic heat flow from the
(de)intercalation of the electrodes during charge and discharge should be fully reversible,
assuming negligible structural changes in the materials over cycling!®’. Averaging the
measured heat flow over a cycle between some voltage range eliminated the entropic heat
flow contribution entirely:

_ éIchg + éIdis
w=T

= |Inl + Gpav 2.6

The overpotential ) was taken to be the deviation from the average voltage on a charge and
discharge cycle. Subtracting the overpotential heat flow leaves only the parasitic heat flow,
with no polynomial fitting required. The one drawback of this method was that low currents
were required (~1 mA) to minimize the heat flow contributions from polarization and
entropy. This “charge-discharge” method has been used successfully by Glazier et al. to

study parasitic reactions in Li-ion cells with various positive electrode materials'®,

201

electrolyte additives??2°! solvents®”!, and different types of graphite in the negative

electrode'?’.
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These previously developed isothermal microcalorimetry techniques, especially the
methods developed by Glazier'®, will serve at the starting point for the calorimetry
experiments used throughout this thesis. The charge-discharge technique will be used
throughout CHAPTER 4 and CHAPTER 5 to investigate LFP/graphite cells with different
electrolyte compositions and positive/negative electrode materials. CHAPTER 5 and
CHAPTER 6 will investigate parasitic reactions occurring at one electrode only, which will

be done for the first time with lab-scale pouch cells.
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CHAPTER 3 EXPERIMENTAL

3.1 POUCH CELLS

All pouch cells used in this thesis were 204035-sized pouch cells with nominal first charge
capacities of approx. 240 mAh. Cells were constructed by LiFUN technologies (Zhuzhou,
Hunan province, China). Specifications for all cells used in this thesis are given in Table
3.1 and Table 3.2. Figure 3.1 shows photographs of the type of wound pouch cells used in
this work, including a tear-down of a cell to show the individual electrodes. All cells had
either LiFePO4 (LFP) or NMC811 positive electrodes. Only one type of NMC811 was
used: a so-called “bimodal” material consisting of large secondary particles composed of
small primary particles (usually called “polycrystalline” in the battery field) as well as
“single crystal” particles dispersed in the voids of the polycrystalline particles??2. Four
different types of LFP materials were used in this thesis: the differences between these
samples will be considered in CHAPTER 5. All cells had artificial graphite (AG) negative
electrodes. Three different types of AG were used in this thesis. The differences between
the AG materials will be considered in CHAPTER 5 and CHAPTER 6. Dry pouch cells
were received at Dalhousie University without electrolyte. Upon arrival, cells were opened
in an Ar-filled glovebox, and heated under vacuum for 14 hours at different temperatures

(100°C — 150°C depending on the experiment) to remove excess moisture.
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Figure 3.1: (a) Photograph of one of the the 204035-sized pouch cells used throughout this thesis. (b) Wound
electrode stack known as the “jelly roll”. (¢) Unwound electrodes and separator with the different components
labelled.
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Table 3.1: Specifications and compositions of the different Li-ion pouch cells used in this thesis.

Cell Name LEP/AG-A low BET med BET hi BET med BET med BET NMC811 NMC811 NMC811
LFP/AG-A | LFP/AG-A | LFP/AG-A | LFP/AG-B | LFP/AG-C JAG-A /AG-B JAG-C
Balance voltage 3.65 3.65 3.65 3.65 3.65 3.65 4.4 4.4 4.4
Lower voltage 2.5 2.5 2.5 2.5 2.5 2.5 3.0 3.0 3.0
Upper voltage 3.65 3.65 3.65 3.65 3.65 3.65 4.06 4.06 4.06
positive active LFP LEP LFP LFP LFP LFP NMC 811 | NMCS811 | NMC 811
material
pos etd. coating C C C C C C proprietary | proprietary | proprietary
pos etd.
Conductive SP:CNT (2:1) CB CB CB CB CB CB+KS6 CB+KS6 CB+KS6
additive
pos etd. Binder PVDF PVDF PVDF PVDF PVDF PVDF PVDF PVDF PVDF
pos etd. 96.5:1.9:1.6 96:02:02 96:02:02 96:02:02 96:02:02 96:02:02 94:2:2:2 94:2:2:2 94:2:2:2
Composition
separator PE PP PP PP PP PP PE PE PE
negative active AG-A AG-A AG-A AG-A AG-B AG-C AG-A AG-B AG-C
material
neg etd.
Conductive CB CB CB CB CB CB CB CB CB
additive
neg etd. Binder CMC:SBR CMC:SBR CMC:SBR CMC:SBR CMC:SBR CMC:SBR CMC:SBR | CMC:SBR | CMC:SBR
neg etd. 96:01:03 96:01:03 96:01:03 96:01:03 96:01:03 96:01:03 96:01:03 96:01:03 96:01:03
Composition
N/P @ max V 1.15 1.15 1.15 1.15 1.15 1.1 1.1 1.1 1.1
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Table 3.2: Properties of electrodes obtained from Li-ion pouch cells used in this thesis.

. Coatin . CC .

Cell type electrode D(e1/151ty thicknefs Loa/d1n§ Cl;:‘l‘ellt thickness Etd. Azrea total active

g/ce) (um) (mg/cm?) collector (um) (cm”) mass (mg)
Positive 2.45 57 12.4 C-Al 13 131.8 1633
LFP/AG-A Negative 1.55 43 6.2 Cu 8 149.2 921
low BET Positive 2.43 55 13.4 C-Al 18 124.8 1672
LFP/AG-A Negative 1.42 47 6.7 Cu 8 142.2 958
med BET Positive 2.31 54 12.5 C-Al 16 123.8 1547
LFP/AG-A Negative 1.5 47 6.9 Cu 8 140.8 972
hi BET Positive 2.02 59 11.9 C-Al 16 123.8 1473
LFP/AG-A Negative 1.42 45 6.4 Cu 8 142 909
med BET Positive 2.29 79 18 C-Al 15 85 1529
LFP/AG-B Negative 1.45 65 9.4 Cu 8 99.4 933
med BET Positive 2.31 79 18.2 C-Al 16 84.5 1536
LFP/AG-C Negative 1.41 66 9.4 Cu 8 99.4 932
NMC811 /AG- Positive 3.26 66 21.5 Al 13 55.8 1200
A Negative 1.36 111 15.1 Cu 9 66.6 1004
NMCS811 /AG- Positive 3.37 62 20.9 Al 21 51.5 1075
B Negative 1.42 104 14.8 Cu 8 65.5 972
NMC811 /AG- Positive 3.28 64 21 Al 21 52.3 1095
C Negative 1.39 106 14.7 Cu 10 64.4 949
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3.2 ELECTROLYTE MATERIALS

All electrolyte materials were mixed and used as received. Electrolyte solutions were
mixed in an Ar-filled glovebox. The solvent blend for used for all electrolytes was ethylene
carbonate (EC)/dimethyl carbonate (DMC) 3/7. All electrolytes had a total Li salt
concentration of 1.5 M. Throughout this thesis, references to Control (or CTRL) electrolyte
refers to an electrolyte consisting solely of EC:DMC and 1.5 M Li salt (regardless of which
salts used), with no additional electrolyte additives. When electrolyte additives were used,
the electrolyte is typically referred to simply by the electrolyte additives used. For example,
if 2% vinylene carbonate (VC) by weight is added to the base Control electrolyte, the
electrolyte will be referred to as “2VC” electrolyte. This nomenclature is used throughout
this thesis. A list of all electrolyte materials used in this thesis is given in Table 3.3. All
electrolyte chemicals used in this thesis were high purity (>98%) with low water content

(<20 ppm).

Table 3.3: List of chemicals used for electrolyte preparation in this thesis.

Name Abbreviation Supplier
ethylene carbonate:dimethyl EC-DMC 3-7 Shenzhen Capchem
carbonate 3:7 (w:w)

dimethyl carbonate DMC Shenzhen Capchem
methyl acetate MA Shenzhen Capchem

lithium hexafluorophosphate LiPF6 BASF
lithium bis(fluorosulfonyl)imide LiFSI Shenzhen Capchem

vinylene carbonate VC BASF

fluoroethylene carbonate FEC BASF
ethylene sulfate DTD Shenzhen Capchem
lithium difluorophosphate LiPO2F2 Shenzhen Capchem
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3.3 PoucH CELL FILLING AND FORMATION

After vacuum drying, cells were filled with electrolyte (1.0 mL, ~1.2 g for LFP cells, 0.85
mL, ~1.0 g for NMC cells), and sealed under -90 kPa gauge pressure in a vacuum sealer
(MSK-115A, MTI corp.). After the pouch cells were filled, they were charged to 1.5 V and
held at that voltage at room temperature for approximately 16 hours to allow electrolyte to
permeate the pores of the electrodes and separator without corroding the Cu current
collector. After this “wetting” step, cells were moved to a Maccor 4000 series charger to
complete their first “formation” cycle. Cells underwent the following protocol: Charge at
C/20 rate to upper voltage, hold at upper voltage for 1 hr, discharge at C/20 rate to lower
voltage, charge at C/20 rate to ~60% state-of-charge (SOC). For LFP cell, this final charge
to 60% SOC was done using a constant current charge for a set amount of time with an
assumed second-cycle capacity of 220 mAh. For NMC cells, they were simply charged to
3.8V. After the formation cycle, cells were moved back to an Ar-filled glovebox, cut open
to remove gases formed in the first cycle, and re-sealed. Regardless of experiment in this

thesis, cells were always formed at 40°C.

3.4 CYCLING AND STORAGE PROTOCOLS

3.4.1 Long-term Cycling

Long-term cycling experiments were carried out at various temperatures on Neware cyclers
(Shenzhen, China). In this thesis, “long-term cycling” refers to simple electrochemical
cycling experiments where cells are charged at constant current to a set upper cell voltage
and the discharged at a constant current to a set lower cell voltage. In most cases, unless

otherwise specified, cells were cycled at a rate of C/3 for both charge and discharge. Cells
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were cycled in constant-current constant-voltage (CCCV) mode for charge, meaning a
constant current (C/3) up to the cutoff voltage followed by a constant voltage step. The
current cutoff for the constant voltage step was C/20. Cells were cycled in CC mode on
discharge. For cells cycled at C/3, a “checkup” cycle at C/20 was done every 50 cycles to
minimize cell impedance effects and monitor low-rate capacity retention. For cycling tests
at 40°C, nominally identical pair cells were made for each testing condition for each
electrolyte. Pair cells were not made for 55°C cycling due to limited cycler channels at

55°C.

3.4.2 Ultra-High Precision Coulometry (UHPC)

Some cells in this thesis were cycled on the Ultra-high precision coulometry (UHPC)
system at Dalhousie University?>?%4, The cycler systems used for long-term cycling
experiments, while relatively inexpensive per channel, do not possess the precision or
accuracy required to reliably measure and compare the coulombic efficiency (CE) of cells
with long lifetimes (i.e. CE > 0.998), among other quantities discussed in CHAPTER 2.
The UHPC charger system was designed to be able to detect minute differences between
highly “stable” cells with high CE values, utilizing charger equipment with exceptional
voltage and current precision, as well as excellent temperature control of both the cells
being tested and the charger equipment?*4. The UHPC system has been successfully used
to rank the projected lifetimes of cells subject to different cycling conditions, electrolyte
additives, electrode coatings, active materials, etc. in significantly shorter times compared
to conventional long-term cycling experiments. In this system, cell voltage is measured by

a Keithley 2000 digital multimeter, current is supplied by a Keithely 220 current source,
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and the supplied current is measured using a second Keithley 2000 multimeter across a
precision resistor (Texas Components Corp.)?**. This system was custom-made at
Dalhousie University, and has been shown to measure CE in cells to a precision below 10
ppm and an accuracy of ~40 ppm?%*. In some cases, cells in this thesis were cycled on
Novonix UHPC systems. These systems are also designed to precision and accuracy levels
of <10 ppm and <50 ppm, respectively??>. Measurements on these two systems are taken

to be equivalent in the results that are presented throughout this thesis.

Cells that cycled on the UHPC system first underwent the typical formation cycle described
above, followed by de-gassing and EIS measurements. Cells were then cycled at 40.0°C +
0.1°C at arate of C/20 for both charge and discharge between the lower and upper voltages
depending on cell type. Cells were cycled for at least 14 cycles in all cases; up to 20 cycles
is ideal, but in some cases unplanned power failures interrupted cycing. In these cases, cells
206

did not resume cycling due to the highly time-dependent nature of CE measurements

Nominally identical pair cells were made for each test condition.

3.4.3 OCV Storage

Sinha et al. developed a “smart” method for carrying out open circuit storage experiments,
allowing reversible and irreversible capacity losses during storage to be differentiated?’’.
Reversible capacity losses are characterized as capacity loss that does not consume lithium
inventory. Examples of reactions that lead to reversible capacity loss are electrolyte
oxidation reactions (See Chapter 2) and redox shuttle reactions. When these reactions occur

in open circuit, lithium is forced to move between electrodes to maintain charge neutrality,
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causing self-discharge of the cell. If a current is applied to the cell and it is charged, all of
this lithium can be recovered. Irreversible capacity loss, on the other hand, cannot be
recovered. The most common example of irreversible capacity loss is SEI formation, where
Li is consumed and incorporated into the SEI layrer, where it can no longer be shuttled
between the electrodes to store energy. This capacity cannot be regained by recharging the

cell.

An example of the smart storage protocol is given in Figure 3.2. Before storage, the initial
discharge capacity of the cell is determined, defined D,. The cell is then charged to the
upper cutoff voltage and held at the top of charge to reach equilibrium. Then, the cell is put
into open circuit mode for a set amount of time. During the OCV period, the cell voltage
is measured periodically. At the end of the open circuit period, the cell is immediately
discharged. This capacity is defined D,. The difference between the initial capacity and
this discharge capacity immediately after storage, D, — D, is the total amount of capacity
loss during the storage period. The cell is then charged to the upper cutoff voltage, and
discharged again. This second discharge is defined as D,. The difference between the initial
capacity and the second discharge, D, — D, gives the amount of irreversible capacity loss
over the storage period, since the reversible capacity loss is recovered in the previous
charge half-cycle. Therefore, the reversible capacity loss over the storage period is D, —

D;.

In this thesis, smart storage experiments were carried out at 60.0 + 0.1°C using a custom-

built high-precision charger. After formation, cells were cycled two times between 2.5 V
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and 3.65 V at a rate of C/10, before being charged to 3.65 V and held at 3.65 V for 10 hr.
Then, cells were put into open circuit for 500 hours, measuring the cell voltage every 6 hr.
After the 500 hr OCV period, cells were discharged to 2.5 V, charged to 3.65 V, and

discharged once again to 2.5 V all at C/10 rate to extract the reversible and irreversible

discharge capacity.
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Figure 3.2: Example of the “smart” storage protocol for an LFP/graphite pouch cell. Key discharge cycles
are labelleled as well as the OCV storage period. These tests are typically completed at high temperature to
accelerate the rate of parasitic reactions, e.g. 60°C.

3.5 WATER CONTENT MEASUREMENTS

Water contents in pouch cell electrodes were measured with Karl Fischer (KF) coulometric
titration. The eponymous technique was first developed in 19352%, and can be done either

volumetrically or coulometrically. The coulometric method will be described briefly here.
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A schematic of the KF coulometric titrator is shown in Figure 3.3. The titrator consists of a
beaker containing anolyte solution, a “generating electrode” consisting of a cathode and
anode separated by a diaphragm, and a “detector” electrode. The cathode chamber is filled
with a catholyte solution. In this setup the same solution is used for both the catholyte and
anolyte. The detector electrodes monitor for the endpoint of the reaction between water

and the iodine in the anolyte.

The anolyte consists of several components: An alcohol (ROH), a base (typically
imidazole, denoted B), iodide, and SO-. First, iodine is electrochemically generated at the
209.210.

generator electrode

27 - I, + 2e~ 3.1

The SOz initially reacts with the alcohol and is neutralized by the base:
ROH + SO, + B — (BH) - (R0SO,) 3.2
Then, any water introduced to the solution reacts with the iodine and the sulfite,

(BH) - (ROSO,) + I, + H,0 + 2B — (BH) - (ROSO3) + 2(BH) - I 3.3
reducing the iodine, oxidizing the sulfite to sulfate, and eliminating the water. The exact
amount of water in the sample can be quantified by counting the number of moles of
electrons liberated in the reaction of I" to I. 2 moles of electrons are evolved in this
reaction, and one mole of I2 is consumed in the reaction with water. Therefore, 2 moles of
electrons are evolved for every one mole of water, so by counting the total charge passed
though the generator electrode circuit, the amount of water in the sample can be

determined.
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This thesis will be concerned with determining the water contents from electrodes extracted
from Li-ion pouch cells. To do this, samples are heated in an external oven with a constant
flow of dry nitrogen gas from the sample to the KF reaction beaker. As the sample heats

up, the adsorbed water is evolved and carried to the beaker where it can react.
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Figure 3.3: Schematic of a Karl Fischer (KF) coulometric titration setup. Evaporated water from a heated
sample is bubbled through the anolyte, where it reacts with iodine produced at the generating electrode.

The KF titratior used for the measurements in this thesis was a Mettler Toledo C30
equipped with an external drying oven (Mettler Toledo DO308). Samples were extracted
from pouch cells in an Ar-filled glovebox after various vacuum drying conditions. Between
0.5 gand 0.9 g of sample was used per test (active material + carbon coating + conductive
addititve + binder + carbon-coated current collector). The external drying oven was set to
200°C, and each sample was run for 30 minutes. A blank sample was run periodically to
determine the amount of moisture in the atmosphere that was transferred during sample

loading.
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3.6 EXxX-SI1Tu GAS MEASUREMENTS

The volume of gas produced in pouch cells after formation at 40°C, and in pouch bags
during aging was measured using Archimedes principle. Cells or pouch bags were hung on
a hook attached to the bottom of a balance (Shimadzu AUW200D) and suspended in a
beaker of deionized water (~18 MQ) at room temperature. For pouch cells, the weight of
the suspended cell was measured before and after the formation cycle. The change in
volume, Av, of the cell due to gas evolution is related to the change in measured weight,
Aw, by:

Aw

Av = ,
Pg

34

where p is the density of deionized water and g is the acceleration due to gravity.

For pouch bags, the suspended weight of the pouch bag was measured directly after they
were constructed. Suspended weight was then measured periodically, and when compared
to the initial weight gives the total amount of gas evolved at the time of each measurement.
In some cases, the gas volume of pouch cells was measured at various stages of life. In this

case, the initial suspended weight was taken after the cell was de-gassed after formation.

3.7 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

Electrochemical impedance spectroscopy (EIS) is a widely used technique to study the
various contributors to internal impedance in Li-ion cells. This information is valuable for

understanding how certain testing conditions impact a cell’s rate capability, mechanical
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integrity (e.g. catastrophic events such as current collector dissolution), SEI properties and
growth, etc. EIS is a non-destructive technique, allowing for cells to be monitored at
various points during their lifetimes, or even in-situ during cycling without requiring the

cell to be deconstructed.

The general EIS technique involves applying a small (on the order of mV in amplitude)
sinusoidal voltage to a cell, and measuring the resulting current reponse. This is repeated
for different frequency voltage pulses, allowing the determination of the frequency

dependent impedance Z(w):

vV
Z(w) = % 3.5

The impedance Z is a complex number that contains information about the impedance of
the cell. For a full Li-ion cell containing many different components, this resulting
impedance spectrum is a complicated combination of different contributions, including
contact resistances, charge-transfer resistances at the electrode/electrolyte interface,
migration resistance of Li traveling through the SEI, resistance of Li-ion transport within
the SEI, as well as other capacitive and inductive effects. To simplify and physically
interpret impedance spectra of Li-ion cells, equivalent circuit models are employed to
represent the various components of the cell that contribute to the cell impedance. Each
passive component of an electrical circuit has an associated voltage-current relation. For
example, for a resistor, it is simply Ohm’s law, giving a real impedance independent of the

frequency of voltage oscillation:

73



N
£

I
~| <

Capacitor elements have purely imaginary impedance relations that do depend on the

frequency:

Zo=—i— 3.7

where C is the capacitance.

The most simple impedance model for interphases in Li-ion batteries is a parallel RC
circuit. In this model, the resistor represents charge transfer through the interphase, and the
capacitor represents capacitive charging at the interface with the electrolyte. A second
resistor is often connected in series to represent the solution resistance in the electrolyte.
The circuit diagram is shown in the inset in Figure 3.4. The impedance for this element is
a complex number. When this impedance is shown in a so-called “Nyquist plot”, plotting
the imaginary component of the impedance versus the real component, it forms a semi-
circle, shifted along the real axis by the value of the solution resistance. An example
Nyquist plot for this simple circuit is shown in Figure 3.4. The width of the semi-circle
along the real axis is the resistance of the resistor in the element, and is frequently referred
to as the “charge-transfer” resistance. This charge-transfer resistance is often crudely
interpreted as the total resistance a lithium ion encounters as it de-solvates at the electrode
surface, migrates through the SEI, and intercalates into the active material, therefore

providing some information about all of these cell components. Indeed, the charge-transfer
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resistance does correlate to the rate capability of Li-ion cells in many cases!'®>2!!, Tt should
be stressed, however, that while valuable, this circuit model is very primitive, and much
research effort has been spent in developing more realistic equivalent circuit models for
Li-ion batteries?'>?!3, Detailed discussion of the interpretations of EIS spectra is beyond

the scope of this thesis.
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Figure 3.4: Simple model of impedance in a Li-ion cell. The equivalent circuit consists of two components,
a resistor and a parallel resistor/capacitor element (arbitrary resistance and capacitance values).
Corresponding Nyquist plot for this circuit model is shown, going from low frequency (blue point) to high
frequency (red point) measurements.

3.8 MICRO X-RAY FLUORESCENCE SPECTROSCOPY (u-XRF)

Fluorescence refers to the process in which an atom (or molecule), which is in an excited
state as the result of bombardment by high energy particles such as electrons or photons,
returns to its ground state accompanied by the emission of a photon. Typically, X-rays are
used to induce fluorescence in materials. The energy of the photon that is emitted is

dependent on the electronic structure of the atom undergoing fluorescence. Therefore, by
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analyzing the spectrum of photon energies in a fluorescence experiment, the abundance of

a given element in a sample can be determined.

For each element, there are a number of characteristic emissions, depending on the specific
energy transitions that occur when the atom is excited. For example, if an electron is ejected
from the lowest energy level of an atom (the “K” shell, n = 1), a number of electrons at
higher energy levels may transition to take the place of the ejected electron. Depending on
the energy level of these electrons, the emitted photon will have slightly different energies.
Electrons that transition from the 2p energy level to the n=1 energy level emit what is
known as K-a radiation. Electrons transitioning from the 3p energy level to n=1 emit K-3
radiation, and so on. These characteristic emission lines are detected in an X-ray

fluorescence experiment.

In this thesis, XRF was used to detect deposited transition metals (specifically Fe) on the
graphite negative electrode after cells were aged under various conditions. The XRF
machine used for this work had a very small spot size (25um), allowing for graphite
electrodes to be scanned, and localized features to be resolved. Scanning pXRF
measurements presented in this study were completed by Ahmed Eldesoky (Dalhousie
University) either at the University of New Brunswick in Fredericton, New Brunswick,
Canada or at Saint Mary’s University in Halifax, Canada. The pXRF systems used in both
locations were functionally identical. The experimental details are outlined in Eldesoky et

al. and Thompson et al.!63166.214 and will be summarized here.
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The XRF system used for these experiments was a Bruker M4 Tornado uXRF. The X-ray
source was a Rh X-ray tube, using a 200 pA current up to 50 keV. Scanning was done with
a 25 pum spot size at a rate of 4.00 mm/s. Background Fe was determined by scanning a
fresh (no electrolyte) graphite electrode extracted from a pouch cell, and subtracted from

subsequent measurements.

The XRF system was calibrated to correlate Fe X-ray counts to Fe loading (g/cm?) on the
electrode. This was done by sputtering a linear gradient of Fe onto a fresh graphite electrode
(Corona Vacuum Coaters V-3T sputtering system). Concurrently, Al disks of known area
and mass were placed on the sputtering table across from the graphite electrode. After
sputtering, the Al disks were weighed to determine the mass of sputtered Fe at a given
position. Then, this was used to correlate to the Fe counts measured on the graphite

electrode at the same positions.

3.9 SCANNING ELECTRON MICROScOPY (SEM)

Cross-sectional SEM micrographs were taken on LFP electrodes extracted from pouch
cells. All cells were disassembled in an Ar-filled glovebox. Small pieces of the electrode
were extracted (~1 cm width) and washed with DMC. The electrode pieces were then ion-
milled with a JEOL IB-19530CP cross-section polisher, using an Ar-ion beam for a 50 min,
6 kV coarse step followed by a 5 min, 6 kV fine step. SEM images were recorded with a
Hitachi S-4700 field emission electron microscope equipped with a secondary electron
detector. Images were recorded at an accelerating voltage of 5 kV and a current of 15 pA.

Ion milling and SEM microscopy measurements were completed by Yulong Liu at
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Dalhousie University. Fresh electrodes (before filling with electrolyte) were extracted in

the discharged state, while aged electrodes were in the fully charged state (3.65 V).

3.10 PoucH BAG CONSTRUCTION

Construction of separated electrode “pouch bags” followed the procedure outlined in
previous publications by Ellis et al. and Xiong et al.!#+145:215 Briefly, the process will be
described here. After the formation cycle above, instead of the de-gassing procedure, cells
were charged to top-of-charge (3.65 V), and held at that voltage for approximately 36 hr.
Then, cells were transferred to an Ar-filled glovebox, opened, and disassembled to separate
the positive and negative electrodes. The separate electrodes were then manually wound,
and then inserted into laminate foil bags. 0.1 mL of DMC was added to each pouch bag to
account for solvent evaporation during this process. It is assumed that minimal Li salt or
EC is lost in this process, and only the volatile DMC is evaporated during pouch bag
assembly. Pouch bags were then sealed under vacuum (-90 kPa). This process is detailed
pictorially in Figure 3.5. After sealing, pouch bags were stored at various temperatures.
Volumes of gas evolved were measured periodically using the ex-situ volume measurement
technique, described above. In some cases, isothermal microcalorimetry experiments were

done on pouch bags, which are explained in detail below.
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Fill pouch cell with electrolyte.
Formation cycle @ 40°C.
Charge to TOC, then disassemble.

Separate negative
electrode, re-roll,
insert into pouch bag.

Separate positive
electrode, re-roll,
insert into pouch bag.

Add 0.1 mL DMC, Add 0.1 mL DMC,
vacuum seal. vacuum seal.

Figure 3.5: Flow chart outlining how separated electrode pouch bags are constructed from full pouch cells.

3.11 ISOTHERMAL MICROCALORIMETRY

Isothermal microcalorimetry (IMC) measurements in this thesis were completed using a
TAM III microcalorimeter (TA instruments, temperature stability + 0.0001°C, accuracy +
1 uW, precision £+ 1 nW), modified to allow for in-situ cycling of electrochemical cells'?!.
All experiments were completed at 40.0000°C. Extensive background for the
measurements and setup of Li-ion IMC experiments have been reported in the doctoral
theses of Stephen Glazier and Laura Downie!'®!'?%, as well as in the peer-reviewed

literature'?!. Here, these extensive reports will be summarized.

79



3.11.1 Measurement principles

A simple schematic of a single calorimeter channel is shown in Figure 3.6. The TAM III
microcalorimeter operates on a twin system, meaning each channel has both a sample
chamber and reference chamber. The existence of a reference allows for the subtraction of
contributions to the heat flow from the surrounding environment?'®. Both the sample
chamber (or “ampoule”) and the reference ampoule are connected to thermopiles. A heat
sink separates the sample and reference ampoules. When heat is either added or removed
from the system (in the case of Li-ion batteries, the various contributors to the heat flow
are given in CHAPTER 2), the resulting small temperature gradient generates a voltage at
the thermopile, which is then used to measure the heat flow into or out of the system. Under
steady-state conditions the rate of heat generation by the sample should be equal to the rate
of heat exchange by the heat sink. The measured heat flow can then be derived from the
heat balance equation in terms of the voltages at the sample and reference ampoules (not

including a time constant correction) '1%217;

where € is a calibration constant that depends on the Seebeck coefficients of the sample
and reference thermopiles (assumed to be equal), the heat capacities of the sample and
reference amoules (assumed to be equal), and the time constant t; V; and V, are the

thermopile voltages for the sample and reference ampoules, respectively.
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Figure 3.6: Cartoon of the reference and sample ampoules in a single calorimeter channel. Each ampoule is
connected to a thermopile, and the two ampoules are separated by a heat sink. A Li-ion cell is inserted into
the sample ampoule and connected to a charger outside of the calorimeter.

The TAM III has 12 identical calorimeter channels, allowing for 12 independent
experiments at one time. Each channel has a ~20 cm long “lifter” that lowers the ampoule
into calorimeter. A photograph of one of the lifters is shown in Figure 3.7. The lifter has
several thermal barriers to thermally isolate the ampoule from the outside environment, a
spring to ensure good contact with the thermopile, and a magnetic stop. The magnetic stop
holds the lifter about half-way into the calorimeter channel so that the ampoule can
equilibrate to the temperature of the calorimeter (40°C) before being fully installed. This
is done to avoid overloading the heat flow signal when the sample is inserted. In order to
charge and discharge Li-ion cells in-situ in the calorimeter, small holes were drilled
through the thermal barriers (in the Dalhousie system this was completed by Laura
Downie!??), and 32 gauge polyimide-coated phosphor bronze wires (LakeShore

Cryotronics Inc., thermal conductivity 48 W/m.K at 300K) were threaded into the sample
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ampoule'?!. These wires were then soldered to connectors that allowed cells to be
connected to a charger. The holes in the thermal barriers were then re-sealed with TorrSeal

epoxy after the wires were inserted.

O-ring

Wires
(to charger)

Magnetic
stop

Thermal
barrier

Spring

Thermal
barrier

Figure 3.7: (a) Picture of the TAM III at Dalhousie University. (b) Picture of the lifter from one of the 12
calorimeter channels, with components labelled.

The temperature stability of the TAM III is exceptionally high; the specification for
temperature stability is 0.1 mK/24 hr. Figure 3.8 shows the measured temperature of the
thermostat fluid over an experimental period of ~85 hr. The calorimeter was set to a
temperature of 40°C. The temperature spike at the beginning of the experiment was due to
temperature fluctuations when cells were loaded into the calorimeter from room
temperature. The points plotted below are averaged over the data reporting frequency of
the calorimeter (30 s per point). After the intial temperature spike, fluctuations around the
setpoint did not exceed 0.5 u°C. There are two different temperature measurements that

are taken: the temperature of the inflowing thermostat fluid which is shown in Figure 3.8,
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and the estimated temperature of the thermal bath, measured by at Pt probe. This Pt probe

temperature may have higher fluctuations, but do not exceed the specification of the TAM

I1I.
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Figure 3.8: Temperature stability of the TAM III microcalorimeter over time. The calorimeter was set to a
constant temperature of 40°C. The y-axis plots the offset from the setpoint (40.0000°C) in units of p°C.

A two-point calibration was done to determine the calibration factor in Equation 3.8 above.
To simulate a “real” scenario with a Li-ion pouch cell in the calorimeter, a precision resistor
(10.00 Q £+ 0.01 Q, TE Connectivity, Part # YRIBIORCC) was inserted into the jelly-roll
of a dry Li-ion pouch cell. The resistor was soldered to the wires and connected to a Maccor
4000 series cycler. Before applying a known heat flow, the channel was allowed to rest for
at least 24 hr in the calorimeter to establish a baseline heat flow. Then, a constant current
of 15 mA was applied to each channel for 3 hours generating a known heat flow of 2.25

mW. Each channel was corrected accordingly based on these known heat flow values.

Before starting any IMC experiment, cells or pouch bags that were installed in the

ampoules were allowed to rest inside the calorimeter for at least 24 hr.
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3.11.2 Cycling protocols

IMC cycling experiments were only done on LFP/graphite cells in this thesis. Cells first
underwent the first formation cycle as described above. After the formation cycle, cells
were degassed and cycled 4 times at 40°C between their lower and upper voltages (see
Table 3.1) at a rate of C/20 (~160 hours) on a Maccor 4000 series charger to ensure a well-
formed SEI layer. After the “conditioning” cycles were completed, cells were loaded into
the calorimeter set to a temperature of 40.0000°C. To cycle cells inside the calorimeter,
cells were connected to a Maccor 4000 series charger. Inside the calorimeter, cells were
cycled at a constant current of either 1.0 mA (~C/220) or 1.5 mA (~C/150) over the 2L>2
and 2-> 1 graphite staging plateaus under the following protocol (see CHAPTER 1): 3 times
between 3.275 V and 3.350 V, and 3 times between 3.305 V and 3.400 V. Voltage limits
were modified slightly depending on the graphite used (see CHAPTER 5). Nominally

identical pair cells were constructed when possible to ensure reproducibility of the results.

3.11.3 OCV experimental protocols

In addition to cycling tests in the microcalorimeter, open circuit tests were done on both
full cells and pouch bags (described above). For full cells, they underwent the same
formation and pre-cycle protocol as the cells above that did cycling tests. After the
conditioning cycles, cells were charged to top of charge and held at constant voltage for
~36 hours. Full cells were then inserted into the calorimeter without connecting to a
charger. For the pouch bags, full pouch cells were made, and underwent the same formation

and pre-cycle protocol. After the conditioning cycles, cells were charged to 3.65 V and
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held for ~ 36 hours. After cells were equilibrated at top of charge, they were immediately
transferred to an Ar-filled glovebox, disassembled, and made into individual pouch bags
as described above. Pouch bags were then inserted into the calorimeter at the same time as
the full cells. To ensure that all cells in a given experiment were inserted into the
calorimeter at the same time, cells or pouch bags were stored in a freezer for a short amount
of time (~1 day) if necessary. The heat flow measurements for full cells at open circuit and

pouch bags were measured at 40.0000°C for approx. 135 hours in most cases.
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CHAPTER 4 INITIAL SURVEY OF THE PERFORMANCE OF

LIFEPO+/GRAPHITE CELLS

Some of the results in this Chapter have appeared in peer-reviewed articles J. Electrochem.
Soc. 167, 130543 (2020) and J. Electrochem. Soc. 168, 120526 (2021). The author of this
Thesis conceived of and planned all experiments presented in this Chapter and completed
the data analysis, with the supervision and assistance of Jeff Dahn. Helena Hebecker and
Aidan Luscombe assisted with making some of the cells used in this Chapter. Ahmed

Eldesoky completed pXRF measurements on aged cells.

4.1 INTRODUCTION

Olivine LiFePO4 (LFP) has been pursued as a cathode material for Li-ion batteries since
19973, Its relatively high specific capacity around 170 mAh/g and high redox potential
(~3.5 V vs Lit+/Li) has made LFP a desirable material. While it cannot achieve the same
energy density as more state-of-the-art materials such as Ni-rich layered oxides, its superior
safety?!*2 and inexpensive precursor materials has resulted in continuing interest in LFP.
As of 2018, LFP made up 34% of cathode material production in the Li-ion battery
industry?3. LFP is attractive for grid energy storage systems, where energy density is less
of a priority than in EV applications, where maximizing the volumetric and specific energy

of the pack is vital.
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Despite the many advantages of using LFP in Li-ion batteries, capacity fade issues in
LFP/Graphite cells operated at high temperature has been well-documented?!®. Many
publications attribute capacity loss in LFP/graphite cells to the loss of cyclable Li via SEI
forming reactions at the graphite negative electrode?'*2?’. In some cases this loss of Li
inventory at the negative electrode is proposed to be catalyzed by the dissolution of Fe
from LFP and subsequent deposition on the negative electrode??’2*°, The Fe dissolution
issue in LFP has long been established. Koltypin et al. showed that storing LFP in
electrolyte containing 100 ppm of intentionally added water significantly increased Fe
dissolution after 20 days of storage?’!. Additionally, some authors have argued that
electrolyte decomposition products exist on the surface of LFP as well, despite the low
redox potential of the active material?3>?33, Some works have considered the effect of
electrolyte additives on capacity fade in LFP/graphite cells, including vinylene carbonate
(VC)?4, lithium difluoro(oxalate)borate (LIDFOB)?*, fluoroethylene carbonate (FEC)?®,
trimethyl borate (TMB)?¥’, and tris(pentafluorophenyl) borane (TPFPB)?*, with varying

degrees of success.

This Chapter is concerned with understanding the modes of degradation of LFP/Graphite
pouch cells and mitigating identified issues to achieve long lifetimes. Issues of water
contamination stemming from high surface area LFP material are considered. Various
electrolyte additives that have had success in NMC/Graphite chemistries!'!®23%240 are
surveyed. The issue of Fe dissolusion and deposition is investigated using scanning micro
X-ray fluorescence (WXRF) spectroscopy to study Fe deposited on aged graphite electrodes

extracted from Li-ion pouch cells. Existing isothermal microcalorimetry techniques are
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applied to the LFP/graphite chemistry, allowing the measurement of parasitic heat flow
during cycling and ranking lifetimes for cells with different additives and levels of water
contamination. Finally, the performance of an “optimized” LFP cell from these studies is
compared to a well-known NMC532/graphite cell with an identical graphite negative

electrode.

4.2 WATER CONTAMINATION AND MECHANICAL INTEGRITY AFTER

DRYING

The high surface area of LFP materials (~10 m?/g) can lead to a large amount of water
being retained in a prepared LFP electrode after assembly of a cell. Résénen et al. showed
that over 400 ppm of water can be adsorbed to LFP after only 1 min of exposure to 35%
humidity environments?*!. Therefore, processing steps are important to control the amount
of water contamination in the cell. The standard procedure in this laboratory for processing
dry pouch cells before filling with electrolyte is to open them in an Ar-filled glovebox and
heat under vacuum overnight. The temperature of the vacuum drying can be controlled.

Water content in LFP electrodes was studied after different vacuum drying temperatures.

Figure 4.1 shows results from Karl Fischer (KF) titrations of LFP positive electrodes.
Points at 25°C refer to LFP electrodes as received with no additional vacuum drying. The
as-received electrodes had a high water content, nearing 1000 ppm. As vacuum drying
temperatures were increased, the amount of water detected in the electrodes went down as
expected. However, when heated at 100°C for 14 hr, the water content in the electrode was

still around 500 ppm. Drying at higher temperatures of 120°C or 140°C brought this value
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down even further to around 100 ppm. As it did not appear that heating to 140°C brought
a significant advantage over drying at 120°C, drying temperatures up to a maximum of
120°C were used. The KF apparatus was set up in air, and while LFP samples were
prepared in an Ar glovebox, the samples would have spent a small amount of time
(approximately 20-30 seconds) in air before being loaded into the furnace for measurement.
As mentioned above, even short exposure times in humid environments can lead to
significant water adsorption onto LFP?*!, Tt is likely that some water was introduced from
the environment as the samples were loaded, possibly leading to the relatively large spread
in repeat samples (Figure 4.1), especially at the higher drying temperatures where most of

the adsorbed water was removed.
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Figure 4.1: Water content in LFP electrodes as a function of vacuum drying temperature as
measured by Karl Fischer (KF) titration. Repeat measurements are shown by individual points.
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There was initially some concern that higher vacuum drying temperatures could possibly
impact the integrity of the the separator. However, it turned out that this is not an issue.
DSC thermograms shown in Figure A.1 show roughly the same melting onset for separator
samples (coated polyethylene) that were not heated, and samples heated to 130°C and
140°C. Further, rate capability and voltage polarization when cycling at 1C rate at 20°C
was unaffected after elevated heating temperatures, as can be seen in Figure A.2, indicating
that electrolyte transport in the separator was unaffected by the elevated heating

temperatures, and suggesting that the pore network in the separator was not degraded.

The mechanical integrity of both the LFP and graphite electrodes should also be considered
when studying the effect of drying protocols on cell performance. Huttner et al. studied the
effects of different post-drying procedures in NMC622/graphite cells, and found lower
mechanical integrity of both the cathode and anode after various vacuum drying at
120°C?*2, 1t should be noted that Huttner et al. dried for 18 or 96 hr, while here cells were
dried for only 14 hr. This reduction in mechanical integrity was attributed to decomposition
of CMC/SBR and PVDF binders in the anode and cathode, respectively. The LFP and
graphite electrodes used in this work were tested for their mechanical integrity using a
“bend tester” (see Fig. 4 in Ref. 24%). Electrodes were bent around rods ranging in diameter
from 6.3 mm to 1.5 mm. The test was considered “failed” for a given rod if there was any
indication of electrode cracking or loss of adhesion from the current collector. LFP and
graphite electrodes extracted from as-received, 100°C dried, and 120°C dried cells passed
the bend test for all diameters of rods, indicating good mechanical integrity of electrodes

at least in the dry state before the addition of electrolyte. However, the impact of binder
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degradation on the long-term performance of cells dried at elevated temperature should not
be neglected. Figure A.2 shows that while the voltage polarization was not impacted when
cells were heated up to 140°C, the capacity retention was significantly lower after 1000
cycles. The impact of binder degradation may be especially visible in high-rate cycling (as
was done in Figure A.2), where the electrode volumes change rapidly during charge and

discharge. However, only high temperature, relatively low-rate cycling is considered here.

Further along this line, the thermal degradation of the CMC binder was tested using
thermogravimetric analysis (TGA). Figure A.3 shows the thermograms for CMC material
(Daicel) heated in Ar atmosphere at 10°C/min and 0.5°C/min. At both heating rates, no
features were seen in the temperature range used for vacuum drying in this work (100°C —
120°C), suggesting no thermal decomposition occurred at these temperatures. Small weight
loss features at low temperature were likely due to the evaporation of adsorbed water on
the sample. Therefore, going forward, impacts of mechanical integrity and/or binder
degradation should be considered negligible when considering cell lifetime results

presented throughout.

To initially study the electrochemical performance of LFP/graphite cells as a function of
vacuum drying temperature, cells were cycled at a rate of C/20 at 40°C for ~16 cycles on
the Ultra High Precision cycler at Dalhousie University?®. Cells were either vacuum dried
at 100°C (previously the standard lab procedure, ~500 ppm water remaining, see Figure

4.1) or 120°C (<100 ppm water remaining) for 14 hr. Cells with both Control electrolyte
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(CTRL, no additional electrolyte additives) and electrolyte containing 2% VC (referred to

as 2VC) were cycled.

Figure 4.2 shows UHPC cycling results for LFP cells with CTRL and 2VC electrolytes.
Figure 4.2a shows voltage-capacity curves for cells with Control electrolyte heated at
100°C (black line) and 120°C (red line). The reference point for zero capacity is simply the
capacity at the beginning of the experiment; charge capacity counts as positive capacity
and discharge capacity counts as negative capacity in these plots. The cell with Control
electrolyte showed massive charge endpoint capacity slippage from cycle to cycle
(movement of the voltage curve along the capacity axis). A large amount of slippage
suggests either an excessive amount of electrolyte oxidation at the positive electrode, or a
significant amount of dissolution of Fe from the cathode?**. The question of transition
metal dissolution will be considered later. It seems unlikely that electrolyte would react
readily at the positive electrode since the operating potential of LFP is low. Alternatively,
the result of this large slippage could be the reaction products from the negative electrode
— possibly lithium alkoxides - migrating to the positive electrode and reacting, suggesting
complex crosstalk reactions. Drying the cells at 120°C and thus removing most of the
residual water dramatically lowered the charge endpoint capacity slippage in the Control
electrolyte. In the case where electrolyte additives were used (2% VC, Figure 4.2b), charge
endpoint slippage remained low in the cell dried at 100°C, with no noticeable difference
when dried at 120°C. It has been shown that the incorporation of VC in the electrolyte of
Li-ion cells eliminates production of lithium alkoxides?*. The UHPC results were

investigated further in Figure 4.2c, which shows the coulombic efficiency (CE) as a
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function of cycle number for CTRL and 2VC cells vacuum dried at 100°C and 120°C. For

cells with CTRL electrolyte dried at 100°C, CE decreased over the first several cycles,

while the cell dried at 120°C reached a stable CE just above 0.99 after 16 cycles. The cells

with 2VC both reached a CE around 0.999 after 16 cycles regardless of drying temperature.
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Figure 4.2: Ultra-high Precision Coulometry (UHPC) cycling measurements for LFP cells with
different electrolytes and different levels of water contamination. (a) Voltage-capacity curves for
LFP cells with Control electrolyte cycled at a rate of C/20 at 40°C. Cells vacuum dried at 100°C

vs 120°C are shown. (b) Voltage-capacity curves for LFP cells with 2V C electrolyte vacuum
dried at 100°C or 120°C. (c) Coulombic efficiency (CE) vs cycle number for the cycles shown in

4.3 SURVERY OF ELECTROLYTE ADDITIVES

panels (a) and (b).

93



From Figure 4.2, it could be seen that the use of electrolyte additives can significantly
impact the effect of water contamination in LFP/Graphite cells. In the case of Control
electrolyte, only 500 ppm of water contamination severely impacted the CE with cycling,
indicating extremely poor performance. With 2VC added to the electrolyte, however,
almost no difference in CE could be seen between the two drying temperatures. This
highlights the essential role that electrolyte additives play in Li-ion batteries. In this group,
a number of systems of electrolyte additives have been developed that are effective in
NMC/Graphite chemistries'18239.240 " A number of these additive systems were tested in

LFP/Graphite cells.

Figure 4.3 shows CE as a function of cycle number for UHPC tests for LFP cells vacuum
dried at 100°C and 120°C with various additive systems: (a) CTRL, (b) 2VC, (c) 2FEC,
(d) 1LFO, (e) 2VC+IDTD, (f) 2FEC+ILFO, (g) 2VC+1DTD+20MA, and (h)
2FEC+1LFO+20MA. Figure 4.31 summarizes these results, showing the CE of the cells
with the different electrolytes tested at different drying temperatures after cycle 14. It
would have been ideal to compare cells after more than 16 cycles when the SEI was more
mature, but unfortunately an unplanned power outage cut short the cycling of the 100°C
dried cells. Due to the time-sensitive nature of CE measurements?%, the cells did not
resume cycling after this outage. The CE for the control cell vacuum dried at 100°C was
so low that it is off scale in Figure 4.3a (~0.95 after 5 cycles and decreasing, see Figure
4.2c). While vacuum drying at 120°C greatly improved the CE of cells with control
electrolyte, it was not competitive compared to cells with electrolyte additives. Looking

broadly at all electrolyte additives studied, there were only small differences between the
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CEs of cells dried at the different temperatures, if any. VC-containing cells (2VC, 2VC +
1DTD) had the best CE values after ~15 cycles. Some cells had 20% methyl acetate (MA),
a common co-solvent for fast charging applications, added to the electrolyte!!3113,
Typically, the addition of MA results in a lifetime penalty due to the increased reactivity
of MA compared to carbonate solvents such as DMC, as well as its poor SEI-forming
properties!!>!8, However, in the UHPC tests, the CE of cells containing MA did not seem
to be severely affected at 40°C. This was likely in part due to the lower operating voltage

of LFP/Graphite cells compared to NMC chemistries, which reduces the propensity for

parasitic reactions between solvent molecules in the electrolyte and the positive electrode.
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Figure 4.3: CE versus cycle number for LFP cells vacuum dried at different temperatures cycled
using the UHPC cycler at 40°C and a rate of C/20. Different additive systems are shown: (a)
CTRL, (b) 2% VC, (c) 2% FEC, (d) 1% LFO, (e) 2% VC + 1% DTD, (f) 2% FEC + 1% LFO, (g)
2% VC + 1% DTD + 20% MA, and (h) 2% FEC + 1% LFO + 20% MA. (i) Summary of CE
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values under the conditions in the previous panels after 14 cycles Both CTRL cells are off scale
in this panel.

Figure 4.2a and Figure 4.2b showed the charge endpoint motion for cells with different
vacuum drying temperatures and control electrolyte vs 2VC by examining the shift in
voltage curves along the capacity axis. Figure 4.4 considers charge endpoint slippage more
quantitatively, showing the zeroed (at cycle 2) charge endpoint capacity versus cycle
number for more electrolyte additives. Figure 4.41 shows the zeroed charge endpoint
capacity at cycle 14 for all electrolytes studied. Again, the improved performance of the
control electrolyte upon increased vacuum drying temperature can be seen. Looking at the
various electrolyte additives, some differences could be seen between cells heated at 100°C
and 120°C. Nearly all electrolytes showed higher charge endpoint capacity slippage after
heating at 120°C compared to 100°C heating, with the exception of 2FEC+1LFO, where
the slippage was roughly the same within error between the two heating temperatures. This
suggests, interestingly, that there are in fact more oxidation reactions when there is less
water present in the cells initially, again likely from crosstalk originating at the negative

electrode.
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Figure 4.4: Zeroed (at cycle 2) charge endpoint capacity as a function of cycle number for LFP
cells vacuum dried at different temperatures cycled using the UHPC system at 40°C and a rate of
C/20. (a) CTRL, (b) 2% VC, (c¢) 2% FEC, (d) 1% LFO, (e) 2%VC + 1% DTD, (f) 2% FEC + 1%

LFO, (g) 2% VC + 1% DTD + 20% MA, and (h) 2% FEC + 1% LFO + 20% MA. (i) Summary of
zeroed charge endpoint capacity values after 14 cycles.

Figure 4.5 shows discharge capacity (normalized to cycle 2) versus cycle number for cells

that underwent UHPC cycling at 40°C. Normalized discharge capacities at cycle 14 are

summarized in Figure 4.51. Once again, the cells with Control electrolyte were poor

regardless of vacuum drying temperature; the 120°C dried Control cells did have better

capacity retention than the 120°C cells, however. In most cases, normalized capacity

retention was slightly worse for cells dried at 120°C (most water removed) compared to
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cells only dried at 100°C. This result agrees with Figure 4.4 showing higher charge
endpoint capacity slippage for cells dried at 120°C. While the origin of this slightly worse
cycle performance is not known at this time, this observation will be discussed in more

detail in Section 4.5 where isothermal microcalorimetry measurements will be presented.
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Figure 4.5: Normalized (cycle 2) discharge capacity versus cycle number for LFP cells vacuum
dried at different temperatures cycled using the UHPC system at 40°C and a rate of C/20. (a)
CTRL, (b) 2% VC, (c) 2% FEC, (d) 1% LFO, (e) 2%VC + 1% DTD, (f) 2% FEC + 1% LFO, (g)
2% VC + 1% DTD + 20% MA, and (h) 2% FEC + 1% LFO + 20% MA. (i) Summary of
normalized capacity values after 14 cycles.

In addition to UHPC cycling at C/20 rate, cells underwent long-term cycle testing at higher
charge/discharge rates. Figure 4.6 shows normalized discharge capacity (normalized to

cycle 5) versus cycle number for cells cycled at 40°C. All cells were cycled at a rate of C/3
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for charge and discharge. Figure 4.61 shows percent capacity loss for the different cells
after 600 cycles. As was seen for cells with Control electrolyte in the UHPC cycles, an
improvement in capacity retention for cells with Control electrolyte was seen when the
cells were dried at 120°C. Cells containing VC (2VC, 2VC+1DTD, and
2VC+1DTD+20MA) only showed marginal, if any, improved capacity retention with
increased drying temperature. On the other hand, cells with electrolytes containing FEC
and/or LFO showed improved capacity retention when excess water was removed at
120°C. The biggest difference was seen in cells with 1LFO, which performed poorly when
dried at 100°C, but was almost competitive with the other additive systems when dried at

120°C.
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Figure 4.6: Long-term cycling results for LFP cells at 40°C and a rate of C/3:C/3. Normalized
capacity versus cycle number for cells with different additive systems: (a) CTRL, (b) 2% VC, (c¢)
2% FEC, (d) 1% LFO, (e) 2%VC + 1% DTD, (f) 2% FEC + 1% LFO, (g) 2% VC + 1% DTD +
20% MA, and (h) 2% FEC + 1% LFO + 20% MA. (i) Summary of percent capacity lost for cells
with different additives and drying temperatures after 600 cycles. Note that the capacity loss for
the CTRL cells is shown after 300 cycles.

Figure 4.7 shows the corresponding voltage polarization (normalized to cycle 10) versus
cycle number for the 40°C cycled cells shown in Figure 4.6. Here it can be seen that most
cells show a reduction in voltage polarization when water contamination was removed
(120°C drying). The biggest reductions in voltage polarization were seen in Control cells

and 1LFO cells, which also showed the biggest improvement in capacity retention in Figure
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4.6 when dried at 120°C. Recall in Figure 4.5, the UHPC cycles at C/20 rate showed worse
capacity retention in all cells (with the exception of Control electrolyte) when dried at
120°C. At such low rate, impedance effects should not impact capacity rentention, but
possibly be a factor at rates as high as C/3. The reduction in voltage polarization observed
in Figure 4.7 could contribute to the improvement in capacity retention in the C/3 cycling,

but other factors may contribute to this as well.
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Figure 4.7: Normalized voltage polarization versus cycle number for cells cycling at 40°C,
C/3:C/3 rate. Different additive systems are shown: (a) CTRL, (b) 2% VC, (¢) 2% FEC, (d) 1%
LFO, (e) 2%VC + 1% DTD, (f) 2% FEC + 1% LFO, (g) 2% VC + 1% DTD + 20% MA, and (h)
2% FEC + 1% LFO + 20% MA. (i) Summary of normalized voltage polarization after 600 cycles.
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OCV storage tests were carried out at 60°C. Cells were charged to the top of charge (3.65
V) and let rest at OCV for two storage periods of 500 hr each, with checkup cycles at the
end of each period to monitor reversible and irreversible capacity losses. Figure 4.8 shows
voltage versus time for these OCV periods for cells dried at 100°C and 120°C. Voltage
drop during storage can give an indication of the capacity loss during the OCV period?*°.
For cells with a given electrolyte and drying temperature, the first storage period is shown
as a solid line, and the second storage period as a dashed line. Figure 4.81 shows the total
irreversible capacity loss over the two storage periods. This was obtained by subtracting
the capacity of the discharge cycle immediately preceding the first storage period from the
capacity of the second discharge after the second OCV period. Once again, the extremely
poor performance of cells with the control electrolyte at high temperature was seen (Fig.
9a). While off scale in this Figure, the control cell dried at 100°C fully self-discharged to
the lower cut-off voltage (2.5 V) before the end of the first 500 hr storage period. The
second storage period was also poor, but the cell did not fully self-discharge. The 120°C
heated cell with control electrolyte showed slightly better performance, but was still poor

compared to cells with additives.

Cells containing electrolyte additives fared much better in this test, with all cells remaining
above ~3.35 V during both storage periods. Cells that performed well in other tests showed
good resistance to self-discharge in the high temperature storage tests. Here, very little
differences were seen between cells with the two drying temperatures, even in the 1ILFO
electrolytes which showed clear improvements in 40°C cycling. For most additive systems,

the voltage versus time curves matched almost exactly for the two drying temperatures.
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One notable exception was 2VC, which showed more voltage drop after vacuum drying at
120°C. This once again supports the notion that the high temperature degradation of LFP
is likely not due to excessive water contamination when electrolyte additives are used.

A comparison can be made between the first and second 500 hr OCV periods in the high
temperature storage experiments. As the cells aged and the SEI thickened, one would
expect that the SEI layers in a good additive system will become better passivating, and
thus cell will be less prone to parasitic reactions and self-discharge. This should translate
to less voltage drop in an OCV storage experiment. Indeed, for the electrolytes in the
LFP/graphite system that had already been proven to perform well in other tests, including
2VC, 2FEC, and 2VC+1DTD, less voltage drop was seen in the second storage period.
This suggests a better passivating SEI as time goes on, which is a good sign for the long-
term calendar life of these cells. On the other hand, electrolytes that performed relatively
poorly—Ilike 1LFO—showed greater voltage drop in the second storage period. Comparing
the first and second storage periods provided yet another metric to rank the performance of

different electrolyte additives in LFP/AG cells.
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Figure 4.8: High temperature OCV storage results for LFP cells vacuum dried at different
temperatures. Cell voltage versus storage time for cells with different additive systems: (a)
CTRL, (b) 2% VC, (c) 2% FEC, (d) 1% LFO, (e) 2%VC + 1% DTD, (f) 2% FEC + 1% LFO, (g)
2% VC + 1% DTD + 20% MA, and (h) 2% FEC + 1% LFO + 20% MA. (i) Summary of absolute
irreversible capacity loss after 1000 hr of storage at 60°C.

4.4 FeE DISSOLUTION AND DEPOSITION

One of the commonly stated degradation mechanisms for LFP is the dissolution of Fe from
the cathode. This is believed to be a result of LiPFs salt hydrolysis and corrosion of LFP
surface by acidic products such as HF, and subsequent deposition of Fe on the graphite
negative electrode. It was therefore crucial to understand the extent of Fe dissolution under

various experimental conditions and water contents in LFP to interpret the results presented

104



above. Scanning micro X-ray fluorescence spectroscopy (WXRF) was performed on the
disassembled graphite electrodes from cells with a selection of different electrolyte
additives to measure the concentration of Fe found after various cycling tests?47-248, Cells
were cycled at C/3:C/3 rate between 2.5 V and 3.65 V at either 20°C, 40°C, or 55°C for
different amounts of time. Figure 4.9 shows normalized capacity versus cycle number for
Control electrolyte (Figure 4.9a) and 2VC electrolyte (Figure 4.9¢) to illustrate how
capacity fade varied with temperature. Clearly in both cases, capacity fade was more severe
as the cycling temperature was increased. However, while 2VC cells had reasonable
capacity retention at all temperatures, cells with Control electrolyte failed rapidly at

temperatures above 20°C.

After cycling, cells were discharged to 2.5 V and disassembled. Aged graphite electrodes
were extracted and measured for deposited Fe using scanning micro X-ray fluorescence
(uLXRF) spectroscopy. This technique has a very high resolution (25 pum spot size), so
localized features in the Fe distribution could be resolved. These features are examined in

Figure 4.9 below.

Figure 4.9b,d shows optical images of aged graphite electrodes and corresponding Fe
mapping for electrodes extracted from Control cells and 2VC cells, respectively. Cells are
shown after the initial formation cycle (all done at 40°C), and after cycling at various
temperatures, with cycle numbers shown in each panel. For now, the magnitudes of Fe
deposition will not be compared, especially between the two electrolyte types. Instead, the

purpose of this Figure is to look at the different distributions of deposited Fe with the
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different electrolytes and cycling conditions. First considering the cells cycled with Control
electrolyte (Figure 4.9b): at 20°C, most of the noticeable Fe deposits show up as “hot
spots”, extremely localized regions along the electrode. These hot spots also correspond to
noticeable features in the optical image which are likely regions where metallic Li has
deposited. It is likely that the Li metal deposited first, providing a conductive region for Fe
to be reduced. It is likely that the Li plating initially occurred because of locally high
current densities, since these hot spots were found in the folds of the jelly roll where locally
low N/P ratios could be encountered. The Control cells cycled at 40°C and 55°C showed
more uniform Fe deposition than the 20°C case. However, especially in the case of the
40°C cell, more Fe was deposited in the centre of the electrodes than the outer edges. One
possible explanation for this is that excessive gas production for cells with Control
electrolyte (see Figure 4.10) could force the edges of the jelly roll to lose contact and

become inactive.
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Figure 4.9: Visualizing the deposition of Fe on graphite electrodes. (a) Normalized capacity
versus cycle number for LFP cells with the control electrolyte at 20°C, 40°C, and 55°C. (b)
Optical images (left) and corresponding Fe mapping (right) from micro-XRF for graphite
negative electrodes extracted from LFP cells in control electrolyte directly after formation, and
after cycling at different temperatures. (c) Normalized capacity versus cycle number for LFP cells
with the 2% VC electrolyte at 20°C, 40°C, and 55°C. (d) Optical images (left) and corresponding
Fe mapping (right) for cells with the 2% VC electrolyte after formation and after cycling at
different temperatures.

For cells with 2VC electrolyte, the distribution of Fe deposition was much more uniform.
With the exception of a few small hotspots that clearly correspond to localized Li plating

in the optical image, there are very few noticeable features in the 2VC Fe distribution.

Fe deposition could be tracked as a function of cycle number by constructing several

nominally identical cells and cycling them for set amounts of time. This was done for some
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of the key electrolyte additive systems discussed above (CTRL, 2VC, 1LFO, 2VC+1DTD,
and 2FEC+1LFO) at 20°C, 40°C, and 55°C. Figure 4.10 shows percent capacity loss, Fe
loading on the negative electrode, gas volumes and charge-transfer resistance as a function
of cycle number for cells with these different electrolyte additives at different temperatures.
Note that all cells were cycled at C/3 rate, and gas and EIS were measured after cycling
before they were disassembled for uXRF measurement. All cells shown here were dried at
100°C, leaving ~500 ppm water in the electrodes. At 20°C, cells with Control electrolyte
lost 20% capacity in 700 cycles or so. However cells with any of the electrolyte additives
lost virtually zero capacity. Correspondingly, cells with additives show no Fe depositon,
while Control had noticeable Fe deposited after cycling. Very little gas was produced in

cells with additives at 20°C, with much more produced in Control cells.
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Figure 4.10: Different measurements as a function of cycle number for cells that were eventually
disassembled for uXRF measurements. All cells were cycled at C/3 rate, and vacuum dried at
100°C prior to filling with electrolyte. (a-c) Percent capacity loss at 20°C, 40°C, and 55°C,
respectively. (d-f) Fe loading detected on the graphite negative electrode at 20°C, 40°C, and
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0

200 400 600
Cycle number

0 200 400 600
Cycle number

1) Charge-transfer impedance at 20°C, 40°C, and 55°C, respectively.

Some differences were seen in cells cycled at 40°C. Once again, Control electrolyte showed
rapid capacity fade, with associated high levels of Fe deposition and gas production.
Electrolyte additives that performed very well in the tests discussed above (2VC and

2VC+1DTD, Figure 4.6) still showed virtually no Fe deposition after ~650 cycles at 40°C.
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1LFO, which performed noticeably worse at 40°C than the other additives, did show more
Fe deposition than either 2VC or 2VC+1DTD cells. 1LFO also showed a higher volume of

gas evolved than the other additives at 40°C.

At 55°C, all cells showed some degree of Fe deposition, though at this temperature the Fe
deposition was highly additive dependent. The degree of Fe deposition at 55°C was also
roughly in line with the capacity loss of each of the cells: 2VC+1DTD showed the least
capacity loss as well as the least amount of deposited Fe at 55°C, followed by 2VC,
2FEC+1LFO, 1LFO, and finally CTRL. Like at the lower temperatures, higher amounts of
Fe corresponded to higher volumes of gas evolved during testing. No trends could be seen
in the charge-transfer resistance for any of the temperatures or different electrolyte

additives.

uXRF measurements were also done on cells dried at 120°C to consider the effect of water
contamination on Fe dissolution from LFP. Figure 4.11 compares the capacity loss and Fe
loading detected on the graphite electrode in cells cycled at 40°C and 55°C. Black bars
indicate cells dried at 100°C, and red bars indicate cells dried at 120°C. All cells in Figure
4.11 were cycled for approximately 60 cycles at C/3 rate before disassembly. At both 40°C
and 55°C, removing excess water from LFP had an impact on the amount of Fe dissolution
in cells with the Control electrolyte, even though the absolute capacity losses for these cells
were similar. At 40°C, the Fe loading on the negative electrode in cells with control

electrolyte was reduced from 5.5 pg/cm? when dried at 100°C to only 0.2 ug/cm? when
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dried at 120°C. At 55°C, the amount of Fe deposition in cells with Control electrolyte was

reduced by almost a factor of 2.

40°C, C/3:C3 55°C, C/3:CI3
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Figure 4.11: Comparison of Fe dissolution for LFP cells at different vacuum drying temperatures.
(a, b) Percent capacity loss per cycle and Fe concentration on the graphite electrode, respectively,
for LFP cells with different drying temperatures cycled at 40°C. (c, d) Percent capacity loss per
cycle and Fe concentration on the graphite electrode, respectively, for LFP cells dried at different
temperatures and cycled at 55°C.

The trends were less clear with cells that contained additives. In all cases when electrolyte
additives were used, the amount of Fe detected was much lower in cells containing
additives, regardless of the drying temperature of the cell. At 40°C, only cells with the 2VC
electrolyte saw less Fe on the anode at the higher drying temperature. Cells with 1LFO,
2VC+1DTD, and 2FEC+1LFO all had roughly the same Fe loading detected with 100°C
and 120°C drying. At 55°C there was a small reduction in Fe dissolution for the cells dried

at 120°C, but again the amount of Fe dissolution was much less than in cells with the

control electrolyte. One point to reiterate is that these cells were in the early stages of
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cycling when they were disassembled for the pXRF measurement (~60 cycles). It may take
more time to begin to see more significant differences in Fe dissolution between cells with

and without water contamination.

While significant Fe dissolution was detected in the cells with Control electrolyte, it is still
unlikely that Fe dissolution can be blamed entirely for the massive capacity fade that is
observed. The performance of cells with Control electrolyte was improved with the
removal of water contamination, which also corresponded to a reduction in Fe dissolution,
but the performance of these cells was still very poor relative to cells with electrolyte
additives. While the dissolution of Fe may contribute somewhat to capacity fade in these
cells, it 1s likely Li inventory loss is the dominant capacity fade mechanism, as has been

observed by other groups in LFP/graphite cells??!-224,

To further underline this point, the correlation between Fe deposition and capacity loss was
explored. Figure 4.12 shows [Fe] as a function of percent capacity loss for all cells
presented earlier in Figure 4.10. Different cycling temperatures are plotted as different
colours, and different electrolyte additives as different symbols. On first glance, it appears
that there is some correlation between deposited Fe and capacity loss, and it can probably
be broadly stated that cells with high capacity loss have high amounts of Fe deposition.
However, most of the cells that show a positive correlation were Control and 1LFO cells
that also had a significant amout of capacity loss. Most of the data points are concentrated
in the low-Fe, low-capacity fade region. Figure 4.12b shows a zoomed-in look at cells with

capacity loss up to 15%. Here, there is much less of an obvious correlation between Fe and
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capacity loss. While Fe deposition seems to correlate somewhat with capacity loss, the
convolution of other capacity fade mechanisms make it hard to solely blame Fe deposition
for capacity loss in LFP cells. Even in the case of “bad” electrolyte additives or Control,
the argument becomes a “chicken or egg” problem; do the cells lose so much capacity
because of the high amount of Fe deposition, or does Fe depositon occur alongside
significant capacity loss? The latter seems to be more likely since Fe deposition does not
seem to significantly affect capacity retention in the other cases. It is probably more likely
that in the case of Control or 1LFO cells that as the cells cycle, the already poorly

passivating graphite SEI decomposes further, which allows Fe to be deposited more easily.
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Figure 4.12: (a) Concentration of Fe detected on the negative electrode versus percent capacity
loss for the various electrolyte additives and cycling temperatures considered in this work. All
points are C/3:C/3 cycling rate. (b) Panel (a) magnified to show the low capacity loss region
(15% capacity loss or less).
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4.5 MEASURING PARASITIC REACTIONS WITH ISOTHERMAL

MICROCALORIMETRY

Isothermal microcalorimetry has previously been employed as an effective tool to screen
for promising electrolyte additives in NMC/graphite chemistries, as well as to further
understand the degradation and failure of cells. In this Section, these techniques
(introduced in CHAPTER 2) will be further developed and applied to the LFP/graphite
chemistry.

4.5.1 Measuring the Entropy change of Li intercalaction into Graphite

and Mean Field Theory Calculations

Before applying the charge-discharge method (see CHAPTER 2) to extract parasitic heat
flow in LFP/graphite cells, heat flow features originating from the lithiated graphite will
be explored. Figure 4.13a shows voltage versus capacity for one cycle of an LFP cell cycled
inside the calorimeter (2VC electrolyte, 1.5 mA current, ~C/150 rate), and the
corresponding measured heat flow. Due to the flat voltage curve of the LFP material,
features from the graphite can be seen during charge and discharge of this cell. The voltage
plateaus of the graphite stage 2L = 2 and stage 2 = 1 transitions can clearly be seen in

Figure 4.13a 2%

, and are indicated in the Figure. The relatively large heat flow measured
over the stage 2L = 2 transition is primarily due to entropy changes. This change in entropy

can be estimated using a simple lattice-gas model argument, detailed below.
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Figure 4.13: (a) Voltage versus capacity for an LFP/graphite cell with 2% VC in the electrolyte
over a full cycle between 2.5 V and 3.65 V at ~C/150 rate, and the corresponding measured heat
flow as a function of capacity. Calculations of the expected heat flow due to entropy changes for
the graphite 2L = 2 transition on both charge and discharge are shown (blue lines). (b) Entropic
heat flow contribution versus relative state of charge over the stage 2L = 2 graphite plateau as
extracted using the charge-discharge method (black, described in the text) compared to the lattice-
gas mean field theory calculation (blue).

Stage 2L and stage 2 occur at x=0.25 and x=0.5 in the LixC¢ system, respectively. In the
stage 2 phase, Li completely fills every third layer of the graphite host in an ordered
arrangement avoiding near-neighbour interactions with each other. In the 2L phase, Li is

only half-filled on every third layer of the graphite and is randomly distributed on the lattice
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while still avoiding near-neighbour interactions. The phase diagram for the LixCes system
is shown in Figure 4.14. In the 2L phase, the random distribution of Li on the lattice leads
to a configurational entropy:

S=klnQ, 4.1
where k is Boltzmann’s constant and () is the multiplicity of the state. There exist three
identical lattice sites in a gallery between graphene layers for Li to be intercalated, denoted
A, B, and C sites 2°%%!, In a completely full layer, Li will fill all of one type of site, i.e. all
A sites. In the 2L stage, however, Li can occupy each of the A, B, and C sites, still avoiding
near-neighbour interactions as long as each of the three sublattices are 1/6 full. Error! R
eference source not found.Figure 4.15 illustrates the A, B, and C intercalation sites for Li
on the graphite lattice. In Figure 4.15bError! Reference source not found., a completely
full Li layer is shown, where Li occupies the A sites. An identical configuration could be
achieved with Li occupying B sites or C sites. Figure 4.15cError! Reference source not
found. shows a lithium layer in stage 2L, where Li is randomly distributed across A, B,
and C sites. Here, each of the A, B, and C sites are 1/6 filled, and the layer as a whole is /2

filled.
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Figure 4.14: Phase diagram for LixCs at different temperatures. Regions with either one stage or
coexisting stages are labelled. Reproduced with permission from Reference 3.

The random configuration of Li in the stage 2L phase leads to an approximate

configurational entropy

1,3 5], 42

3 1
SZL —ENk [gl?’lg'{'glng

where N is the total number of available sites, and k is Boltzmann’s constant. The factor
of 3/2 accounts for the fact that there are three sub-lattices on each layer, and only half of
the available layers are filled with lithium. Since the stage 2 phase is ordered, it will have
a configurational entropy of zero. The change in entropy over the stage 2L = 2 transition

is therefore
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This change in entropy can be converted into a heat flow that we would expect to see on

charge and discharge in the calorimeter:

b= 1195 _ 40 100mw 4.4
s = gge ~ T 7MW :

where [ is the current (£1.5 mA), T is the temperature (313.1500 K), and e is the electron
charge. This calculation ignores any contribution to the entropy from the LFP positive
electrode, because the LiFePOs and FePO4 phases?3? have either virtually full or virtually
empty sites for lithium so each will have zero configurational entropy. Hence there will be
no change in entropy of the LFP electrode over any change in state of charge of the cell.
Lines are added to Figure 4.13a over the graphite 2L = 2 transition region showing the
expected heat flow based on the simple lattice gas calculation, also accounting for average
heat flow contributions from parasitic reactions and voltage polarization, to be detailed
below. While this calculation slightly over-estimates the measured heat flow in this
LFP/graphite cell, it comes rather close given the assumptions that were made in this
calculation.

a Empty (x=0) b Stage 2 (x=0.5) c Stage 2L (x=0.25)

Figure 4.15: Demonstrating the lattice sites A, B, and C for the intercalation of lithium into
graphite. (a) Empty lattice showing all available intercalation sites. (b) Stage 2 phase,
demonstrating a full Li layer occupying A sites (equivalent configurations can be achieved by
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filling only B sites or only C sites). (c) Stage 2L phase demonstrating the random distribution of
Li across A, B, and C sites. Each of these sites are (approximately) 1/6 full.

Figure 4.13b again shows the lattice gas entropy calculation over the 2L = 2 transition,
this time as a function of relative state of charge over this plateau, compared to the extracted
entropic heat flow using the charge-discharge method (detailed below). This shows the
lattice gas calculation deviates from the measured entropic heat flow by only a small
amount, on the order of ~10 uW. While this is already a very good agreement, a more
rigorous treatment of the entropy changes in graphite as Li is intercalated and
deintercalated, for example considering the details of short range ordering?>?, would give

an even better agreement with the measured entropic heat flow.

There is no configurational entropy change between stage 2 LiCi2 and stage 1 LiCe as both
have zero configurational entropy. Similarly, there is no configurational entropy change
between LiFePO4 and FePO4. This means that the second term on the right-hand side of
Equation 2.5 should be zero when the LFP/graphite cell is in the stage 2 to stage 1
coexistence region and therefore the measured heat flow should be the same during charge
and discharge. Figure 4.13a shows that the difference between the measured heat flow
during charge and discharge in the stage 2 to stage 1 coexistence region is only about 20
uW (approximately zero, as predicted), much smaller than the difference between charge
and discharge heat flows in the stage 2L to stage 2 coexistence region which is about 190
pW. In fact, in Figure 4.13, the difference between the charge and discharge heat flows in
the stage 2-stage 1 coexistence region is close to zero for a cell cycled repeatedly only over

that portion of the V-Q curve. This gives further support for the lattice gas evaluation of
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the entropy changes provided above to explain the measured heat flow signals in Figure

4.13.

4.5.2 Measuring parasitic heat flow for LFP/graphite cells with different
electrolyte additives and different levels of water contamination
The charge-discharge method of extracting the average parasitic heat flow over a cycle
(described in detail in CHAPTER 2) works particularly well for NMC/graphite chemistries
where the voltage curve is relatively linear as a function of capacity at high voltage,
allowing for the design of protocols that probe parasitic reactions at successively higher
upper cut-off voltages. This method is not possible for LFP/graphite given the flat voltage
curve of LFP. Here, a modified charge-discharge method was adopted where the voltage
cut-offs for the cycling protocol were determined by the graphite features visible in the
LFP/graphite voltage curve. Figure 4.16 shows the full protocol that was used to determine
parasitic heat flow. Voltage versus capacity is shown in black while measured heat flow
versus capacity is shown in red. Cells were cycled three times over the graphite stage 2L
-> 2 voltage plateau, followed by three cycles over the stage 2 = 1 voltage plateau. This
corresponds to voltage limits of 3.275 V —3.350 V for the 2L - 2 plateau, and 3.305 V —
3.400 V for the 2 = 1 plateau. Cells were cycled at a constant current of 1.5 mA or
approximately C/150 to limit contributions to the heat flow from overpotential and entropy
changes. Figure 4.16 demonstrates the stability of the measured heat flow over the different

graphite plateaus.
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Figure 4.16: Full cycling protocol to determine parasitic heat flow in LFP/graphite cells. Voltage
versus capacity is shown as well as the corresponding heat flow versus capacity. Cycling test was
completed at 40°C and a current of 1.5 mA (~C/150) for both charge and discharge.

Typically, experiments measuring parasitic heat flow using the charge-discharge method
show the heat flow as a function of voltage to demonstrate the effect of high voltage on
parasitic reactions. However, in the case of LFP/graphite, high cell voltage was not a
concern. It is more convenient to present the heat flow in LFP/graphite cells as a function
of capacity, or the relative state of charge (SOC) over a narrow voltage range. Figure 4.17
shows the various heat flow components extracted using the charge-discharge method as a
function of relative SOC for the lower graphite plateau (Figure 4.17a, 3.275 V—-3.350 V)
and the upper graphite plateau (Figure 4.17b, 3.305 V — 3.400 V) for an LFP/graphite cell
containing 2% VC in the electrolyte. In both panels, measured heat flow is shown in black,
entropic heat flow is shown in yellow, overpotential heat flow is shown in blue, and the
average parasitic heat flow is shown in red. The most noticeable difference in heat flow
between the two voltage ranges is the difference between the entropic heat flow

components. The large entropic heat flow in Figure 4.17a is due to the large difference in
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entropy in the graphite stage 2L > 2 transition as discussed above. The entropic heat flow
in the 3.305 V — 3.400 V range averages around zero. Again, this is expected because this
voltage range corresponds to the graphite stage 2 = 1 transition, which are both ordered

phases and have zero configurational entropy.
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Figure 4.17: Extracted components of the heat flow for (a) the lower graphite plateau 3.275 V —

3.350 V, and (b) the upper graphite plateau 3.305 V — 3.400 V for an LFP/graphite cell cycled at

40°C with a current of 1.5 mA (~C/150). Entropy and overpotential contributions are shown for

both charge and discharge, while the average parasitic heat flow for the full cycle is shown. Note
the differences in the vertical scale between panels a) and b).

The overpotential heat flow measured over both graphite plateaus is relatively large in the
LFP/graphite system. Glazier et al. found that the overpotential heat flow for NMC

532/graphite cells cycled above 4.0 V was typically < 10 pW'27-201 while the overpotential
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heat flow in the LFP cells shown here is on the order of ~20 uW, approximately the same
as the average parasitic heat flow. It would be desirable to lower the overpotential heat
flow contribution such that it is well below the magnitude of the parasitic heat flow.
However the relatively large voltage hysteresis seen in the LFP/graphite cells (see Figure
4.16) would mean very low currents would have to be used (<1.0 mA), making these
experiments prohibitively long. The currents used in this experiment present a compromise

between experimental time and reduction of noise in determining the parasitic heat flow.

Figure 4.18 shows parasitic heat flow as a function of relative SOC for all cycles for cells
with Control electrolyte (CTRL). Cycles on the different graphite plateaus are specified by
different colours. For all cycles in the control electrolyte, a massive parasitic heat flow is
seen (>0.7 mW for all cycles). Parasitic heat flow decreases slightly over the first cycles as
SEI layer matures further?>*. Parasitic heat flow increases during the first cycle to the upper
graphite plateau (3.305 V — 3.400 V) after cycling on the lower plateau (3.275 V — 3.350
V). This increase could in part be due to the more strongly reducing environment of the
negative electrode (lower voltage versus Li®) at this slightly higher full cell voltage (see

Figure 1.8).
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Figure 4.18: Parasitic heat flow versus relative state of charge for all cycles with the control
electrolyte. Cells were cycled at 40°C with a current of 1.5 mA (~C/150). Three cycles over each
graphite plateau (specified by the full cell voltage range) are shown.

The massive parasitic heat flow with Control electrolyte in LFP/graphite cells at 40°C
reflects what was seen in the long-term cycling results. Recall in Figure 4.6, Control cells
cycling at 40°C, C/3:C/3 lost 10% of their initial capacity in only 50 cycles, while cells
containing most additives took almost 600 cycles to reach 90% capacity. Additionally, in
60°C storage, cells with Control electrolyte showed complete self-discharge in <500 hours
(Figure 4.8). This suggests the existence of some high-rate parasitic reaction in
LFP/graphite cells with control electrolyte at elevated temperature that leads to extremely
rapid capacity fade. The dependence on the choice of positive electrode suggests a complex

cross-talk reaction that occurs specifically in LFP/graphite cells.

Measured parasitic heat flow was dramatically lower in LFP cells containing electrolyte
additives. Figure 4.19 shows parasitic heat flow versus relative SOC for cells containing
2VC, 1LFO and 2VC + 1DTD additives. Figure 4.19a-c show the cycles over the lower
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graphite plateau (3.275 V — 3.350 V), while Figure 4.19d-f show the cycles over the upper
graphite plateau (3.305 V — 3.400 V). The first feature to note in these cycles is that the
parasitic heat flow for all cells was much lower than for cells with the control electrolyte
(Figure 4.18); the parasitic heat flow for all cells is in the neighbourhood of 20 pW, in
contrast to 700 uW — 1000 uW in the Control electrolyte. In the cycles on the lower
graphite plateau, all cells show approximately the same parasitic heat flow. However, as
cycling progresses, some differences start to emerge. By the final cycles in the upper
voltage range, the 1LFO electrolyte had the highest parasitic heat flow, followed by 2VC,
and finally 2VC + 1DTD with the lowest parasitic heat flow by the end of cycling. The
differences were small, on the order of just a few pW, but the good agreement of the pair
cells adds confidence in discussing the differences in parasitic heat flow between different

additives.
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Figure 4.19: Parasitic heat flow versus relative state of charge for LFP cells with different
electrolyte additives. Cells were cycled at 40°C with a current of 1.5 mA (~C/150). (a-c) Cycles
between 3.275 V and 3.350 V. (d-f) Cycles between 3.305 V and 3.400 V.

Comparing the parasitic heat flow observed for different additives to the long-term cycling
results in Figure 4.6, good correlation is found. Of the different additives studied in this
Chapter, 2VC and 2VC+1DTD showed the best capacity retention in long-term cycling
corresponding to the lowest measured parasitic heat flow. Cells with 1LFO had worse
capacity retention compared to the VC-containing cells, and an associated higher parasitic
heat flow in the calorimetry experiments. However, while the ranking of long-term cycle
performance of these cells was correctly mirrored in the calorimetry experiments, the
relatively poor long-term performance of the 1LFO cells are somewhat surprising given
the calorimetry result. While 1LFO had a higher parasitic heat flow, it was only higher by
a few uW compared to the VC-containing cells which should in principle correspond to a

smaller difference in long-term capacity retention.
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Looking closer at the cycling results in Figure 4.6, the capacity retention for 1LFO is very
similar to that of 2VC and 2VC + 1DTD in the first 100 cycles or so. Beyond this point,
the capacity fade started to diverge from the other additives. By a rough calculation, 100
cycles at C/3 rate corresponds to about 600 hours of testing time, which is similar to the
total time of the calorimetry experiment (~770 hr). It is possible, then, that if the
calorimetry cycling were to have continued, the difference in parasitic heat flow between
ILFO and the VC-containing cells would have increased further, corresponding to the
diverging capacity fade curves. To rank the long-term performance of additive systems that
perform very well, i.e. to better differentiate between 2VC and 2VC+1DTD, it may be
necessary to increase the number of cycles in the calorimetry experiment for future

experiments.

This presents a challenge for techniques that aim to rank or predict lifetimes of Li-ion cells
in a shorter time than conventional charge-discharge cycling. One possible approach could
be to carry out the microcalorimetry experiments after a considerably longer conditioning
period, possibly on the order of 1000 hr. This would give time for the SEI to mature, and
possible differences between different electrolytes in the parasitic heat flow measurement
would be more obvious. As a comparison, a typical cycling protocol for a UHPC
experiment is 20 cycles at C/20 rate operating at 40°C. This corresponds to a test time of
~800 hours, which is on the same order of time as the calorimetry experiments presented
here. Now, referring back to the UHPC measurements from earlier, the CE values

measured in LFP cells with 1LFO were very similar to 2VC and 2VC+1DTD cells after
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~15 cycles, and in fact the charge endpoint capacity slippage values were lower (Figure
4.3 and Figure 4.4). This is again surprising given the significant difference in long-term
cycling. This again may suggest that longer cycling times are required for these “rapid
screening” techniques to properly reflect and anticipate the long-term cycle life of LFP

cells.

The exact origin of the poor performance of LFP/graphite cells with 1LFO is not entirely
clear. It is possible that LFO does not passivate the graphite electrode as effectively as VC
or DTD, and over time Fe is able to deposit on the graphite and catalyze excessive SEI
formation. One argument in favour of this explanation is that more Fe was detected on
negative electrodes from 1LFO cells after cycling compared to VC-containing cells (Figure
4.10). It is possible that the capacity fade mechanism in 1LFO is similar in origin to Control
electrolyte, but more subdued compared to what is seen in cells with Control. Further
experiments, including electrolyte analysis of aged cells, would be required to make a more
definitive statement about the origin of capacity fade in LFP/graphite cells with 1ILFO
electrolyte, which is outside the scope of this work. For now it suffices to say that the

parasitic heat flow correctly ranks the long-term performance of these cells.

Earlier in this Chapter it was shown that removing excess water led to a significant
improvement in capacity retention for cells with Control electrolyte and 1LFO electrolyte,
but less obvious improvements were seen in cells containing other electrolyte additives
such as VC (see Figure 4.6, for example). However, in the case of cells with Control

electrolyte, capacity retention was still extremely poor even after water was removed,
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suggesting that a high rate of parasitic reactions still occur. Therefore, for this discussion

only cells containing electrolyte additives will be considered going forward.

Isothermal microcalorimetry measurements were carried out to investigate the effect of
excess water content on parasitic heat flow. Figure 4.20 shows parasitic heat flow versus
relative SOC in selected cycles for cells containing 2% VC after different drying
conditions. On the lower graphite plateau (3.275 V — 3.350 V, Figure 4.20a-c), the
difference in parasitic heat flow between the cells with and without excess water is very
small, essentially negligible within pair cells. However, on the upper graphite plateau
cycles (3.305 V — 3.400 V, Figure 4.20d-f), the parasitic heat flow for the cells dried at
120°C was higher than the cells dried at lower temperature with excess water. While the
difference in parasitic heat flow was small, it was consistent between the pair cells in the

higher voltage range.
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Figure 4.20: Comparing parasitic heat flow at different vacuum drying temperatures for LFP cells
with 2V C in the electrolyte. Pair cells are shown here for both drying conditions. Cells were
cycled at 40°C with a current of 1.5 mA (~C/150). (a-c) Parasitic heat flow versus relative state of
charge for the cycles between 3.725 V and 3.350 V. (d-f) Parasitic heat flow versus relative state
of charge for the cycles between 3.305 V and 3.400 V.

Similar trends between drying temperatures were seen in the cells with other additives that
were investigated. Figure 4.21 shows the average parasitic heat flow over each full cycle
for cells with 2VC, 2VC+1DTD, and 1LFO additives in cells dried at 100°C and 120°C.
Error bars in Figure 4.21 indicate the absolute difference in average parasitic heat flow
between pair cells for each condition, when available. For cells with 2VC electrolyte,
higher parasitic heat flow was seen on the upper voltage plateau in cells where excess water
was removed, as was also seen in the complete cycle data in Figure 4.20. There may also
be slightly higher parasitic heat flow in the 1LFO cells dried at 120°C, but the variation in

ILFO pair cells was relatively large, meaning this difference cannot be stated with

certainty. In the 2VC case at least, this suggests that slightly fewer parasitic reactions occur
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in cells with these electrolyte systems when a relatively large amount of water (~500 ppm)
is present in the cell, seemingly contradicting the long-term cycling results. In cells with
the 2VC+1DTD system, however, roughly the same parasitic heat flow is seen between the
two drying temperatures, suggesting that this electrolyte system is less sensitive to water
contamination. It should be noted in this case that the differences in parasitic heat flow are

very small here, close to the limits of the microcalorimeter.

While the parasitic heat flow values in Figure 4.21 appeared to contradict the long-term
cycling results in Figure 4.6, complementary results to the calorimetry studies were seen
in the UHPC experiments presented earlier. Differences in CE (Figure 4.3) were very small
between cells with and without water, though the CE was slightly lower (worse) in 2VC
and 2VC+1DTD cells after drying at the higher temperature. Cells with 1LFO dried at
120°C appeared to have a slightly higher CE than 1LFO with water contamination,
agreeing with long-term cycling results at 40°C. Additionally, the higher drying
temperature increased the charge endpoint capacity slippage compared to cells dried at
100°C (refer to Figure 4.4). A higher charge endpoint capacity slippage suggests more
parasitic reactions occurring at the positive electrode?**, which agrees with the parasitic
heat flow observed in Figure 4.20 and Figure 4.21, at least in the 2V C case. It is likely that
more reactions occur at the negative electrode, the products migrate to the positive
electrode and react further in a “cross-talk” reaction or redox shuttle reaction which is

reflected in the higher charge endpoint capacity slippage that was observed.
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Figure 4.21: Summary of average parasitic heat flow versus cycle number for LFP/graphite cells
vacuum dried at different temperatures with different electrolyte additives as indicated in the
Figure. All cells were cycled at 40°C with a current of 1.5 mA (~C/150).

In the UHPC cycles at 40°C, most cells dried at 120°C showed worse capacity retention
than cells dried at 100°C (Figure 4.5), which agrees with the slightly higher parasitic heat
flow that was observed in Figure 4.20 and Figure 4.21. This suggests that when comparing
cells with and without water contamination the capacity fade at low rate (C/20 and below,

i.e. UHPC and calorimetry experiments) may be of a different origin that at higher rates

(~C/3).

4.6 DISCUSSION

Figure 4.22 summarizes the cycling, storage, and calorimetry results for cells with the
selected electrolyte systems CTRL, 2VC, 1LFO, and 2VC+1DTD. As shown throughout
this Chapter, the biggest improvement in performance as a result of higher drying
temperature was in cells with control electrolyte. Cells with no electrolyte additives showed

much better cycle performance at 40°C, higher CE, lower slippage, and better storage
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performance when water was removed from the cell. Parasitic heat flow, interestingly, was
higher in control cells dried at 120°C. This likely stems from the fact that cycle
performance was still extremely poor in cells with control electrolyte, even with excess
water removed. Therefore, the high parasitic heat flow observed in these cells does not
come directly from water-related effects, but from other degradation modes that exist in
this system. In cells with VC-containing electrolytes (2VC, 2VC+1DTD), water had less
of an impact on performance. Performance in 40°C cycling and 60°C storage was virtually
identical between cells at the two drying temperatures, and parasitic heat flow was
marginally higher in cells dried at 120°C. For all cells with electrolyte additives, charge

endpoint capacity slippage in UHPC cycling was higher when cells were dried at 120°C.
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Figure 4.22: Summary of cycling and storage tests for key additives in cells with different
vacuum drying temperatures. (a) Percent capacity loss after cycling at 40°C at C/3:C/3 rate for
600 cycles. The bars marked by T indicates only 300 cycles were completed. (b) Coulombic
inefficiency (1-CE) at cycle 14 from UHPC cycles at 40°C, C/20 rate. (c) Charge endpoint
capacity (zeroed at cycle 2) at cycle 14 from UHPC cycles at 40°C, C/20 rate. (d) Percent
irreversible capacity loss after 1000 hr of OCV storage a 60 °C. (e) Average parasitic heat flow
on the last cycle at 1 mA current in the calorimeter at 40°C.
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There appears to be two distinct regimes for the influence of water in LFP/graphite cells:
one where the electrodes are poorly passivated (CTRL and 1LFO electrolytes), and another
when the electrodes are sufficiently passivated (VC and FEC-containing electrolytes). In
the case where the electrodes were not effectively passivated, excess water contamination
led to Fe dissolution from LFP, and poor cycling performance was observed. On the other
hand, when the electrodes were effectively passivated, the presence of water (up to 500
ppm) had no little effect, and in some cases led to slightly improved performance under

certain test conditions.

There has been some evidence in the literature that small amounts of intentionally added
water could improve long-term performance of Li-ion cells, primarily with NMC-based
chemistries. For example, Burns et al. found that intentionally adding 100 ppm of water to
an NMC/graphite cell containing VC as an additive reduced coulombic inefficiency (CIE
=1 — CE) and charge endpoint slippage compared to a VC-containing cell without added
water, although the effects were minor?>>. Recall in Figure 5 that charge endpoint capacity
slippage was lower in cells dried at 100°C, with the exception of the control electrolyte.
Bernhard et al. showed that the addition of water to an alkyl carbonate electrolyte lead to
an excess of Hz production on the initial formation cycle of a graphite electrode, which
further lead to the production of CO2?%. This CO2 can then react to form lithium formate
and lithium carbonate which can help passivate the graphite electrode against further

electrolyte reduction®’.
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Some of the benefit of adding water, intentional or otherwise, could come from the
decomposition of the LiPFs salt with water. LiPF¢ is known to decompose in an equilibrium
reaction
LiPFg = LiF + PF¢ 4.5
The decomposition product PFs then can react with water
PFs + H,0 - POF; + 2HF 4.6
The POF; can then further react with water to form PO2F2™ anions
POF; + H,0 —» HPO,F, + HF 4.7
It was shown by Stich et al. that the reaction between PFs and water producing POF3 is a
fast step, and that significant concentrations of HPO2F> were detected in a carbonate

electrolyte contaminated with 70 mmol/L of water?>®

after only a few hours of storage. The
addition of LiPO2F2 (LFO) has been shown in previous work to improve cell performance
in NMC chemistries?®%?%°, and in this work, LFO improved capacity retention in
LFP/graphite cells compared to the control electrolyte. It is therefore possible that cells
dried at 100°C with excess water contamination would have some concentration of PO2F2-
anions in the electrolyte after the wetting step and before the first formation cycle. The
small amount of PO2F> anions could have a synergistic effect with other additives and help
explain the slightly better performance of some cells dried at 100°C. Further, the presence

of higher concentrations of HF in the water-contaminated cells may lead to the formation

of LiF on the graphite anode, which may further passivate against parasitic reactions?®!.

Addressing the results of the calorimetry experiments, there are a few possible explanations

for increased parasitic heat flow in “dry” (120°C dried, <100 ppm H20) compared to “wet”
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(100°C dried, 500 ppm H20) LFP/graphite cells in the case of the 2VC electrolyte. It is
possible that there are indeed more parasitic reactions that occur at the LFP cathode when
water is removed. This may not be due to the water itself, but instead some other reaction
induced by the high temperature heating, such as slight degradation of the PVDF binder as
suggested by Huttner et al.?*> As well, water can modify the graphite SEI via reaction with

261265 a5 described in more

the LiPFs salt , becoming rich in LiF and phospho-fluorides
detail above. An SEI layer rich in LiF may be more passivating - reducing the amount of
parasitic reactions - but also highly resistive to Li ion transport®®, possibly leading to
impedance growth. This explanation falls in line with the experimental results in this

chapter combining high-rate long-term cycling, low-rate UHPC cycling, and low-rate

microcalorimetry measurements.

The use of isothermal microcalorimetry measurements to probe parasitic reactions has been
consistently correct in ranking the long-term cycle life of Li-ion cells!?7:198:200.201,267,268,
Typically, higher parasitic heat flow in a given voltage range corresponds to shorter cycle
life, all other conditions being equal. One notable exception, and possibly the only
currently known exception to this rule of thumb in the literature, can be found in Glazier
et al.'”. That study compared the parasitic heat flow in various compositions of NMC
materials with different coatings on the positive electrode active material. In particular,
ALOs-coated LiNio.sMno.2C00202 (NMC622)/graphite cells showed the highest parasitic
heat flow, but had the best long-term cycle life. Like that seen in the LFP cells in this study,

those cells also had higher charge endpoint capacity slippage as measured in UHPC

experiments. Glazier et al. suggested that a reversible “shuttle”-like mechanism in this

137



particular cell chemistry could explain the higher observed parasitic heat flow, while not
negatively impacting reversible capacity loss. A shuttle reaction has already been
hypothesized for Control electrolyte in LFP/Graphite cells here as the cause of the massive
parasitic heat flow that was observed (Figure 4.18), and its existence has been confirmed
in a recent publication by Boulanger et al.?®° It is therefore possible that shuttle reactions
are present at smaller rates in cells with electrolyte additives, and that the initial water

content in these cells could impact the degree of shuttle activity.

Another explanation for the behaviour observed in the microcalorimetry experiments is
that the initial structure of the SEI and subsequent measured parasitic heat flow may not
determine the long-term cycle life of LFP/graphite cells, but rather the evolution of the SEI
that determines the lifetime of the cell. Both UHPC and microcalorimetry experiments
probe parasitic reactions at the beginning of life of the LFP/graphite cells studied here,
capturing the initial characteristics of the SEI layer with the expectation that these initial
observations will reflect the long-term cycle life. However, as the cells age, the structure
of the SEI evolves?’°. While the initial state of the cells is important for determining cycle
life (take for example the Control electrolyte in LFP compared to cells with electrolyte
additives), more subtle changes as the cells age should also be taken into account. In the
case of water content in LFP/graphite cells, it is possible that the effects of water
contamination on the structure and passivating quality of the SEI take longer to emerge
than the first ~500 hours of the cell’s life. Previous studies by Joshi et al. have shown that
transition metal deposition on a graphite electrode affects the long-term evolution of the

SEI layer?’!, and Fe deposition has been seen at least to some extent in all of the electrolyte
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systems studied here?’>?73, This longer-term evolution was also seen to an extent when
looking at different electrolyte additives (Figure 4.19). The 1LFO electrolyte initially had
very similar parasitic heat flow compared to the 2VC and 2VC+1DTD systems, and only
after several cycles (at ~C/100) did noticeable differences in the parasitic heat flow emerge.
While techniques such as isothermal microcalorimetry are not typically used for long-term
cycling experiments, in the future they may need to be modified to capture more subtle
effects in LFP/graphite cells. For example, the temperature of the calorimeter could be
increased to accelerate cell aging and the evolution of the SEI to a more “steady-state”
composition. Further, the number of conditioning cycles used before calorimetry
experiments could be increased, and parasitic heat flow would then be probed after this
“burn-in” period. The existing techniques for ranking cell lifetime with isothermal
microcalorimetry were effective for comparing different electrolyte additives in
LFP/graphite cells, but more subtle effects such as water content require more careful

investigation and tuning of existing protocols.

4.7 COMPARING THE PERFORMANCE OF LFP To NMC

Recently, Harlow et al. demonstrated that exceptionally long lifetimes could be achieved
in NMC532/graphite Li-ion cells if single crystal particle morphologies were used for the
positive electrode and an appropriate additive system was chosen®. It was estimated that
in an electric vehicle application, these cells would last a total driven distance of 1,200,000
km before reaching 70% capacity when cycled at 40°C in a worst-case scenario where
every drive was of maximum range. The LFP/graphite cells used in this Chapter (and

throughout this Thesis) had the same artificial graphite material as the NMC cells in
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Harlow et al., so the performance of these cells could be compared. Note that the cell
designs differed appreciably with a positive electrode loading of 21.1 mg/cm? (4.2
mAh/cm?) for the NMC532 cells in Harlow et al., while the positive electrode loading was
12.4 mg/cm? (2.1 mAh/cm?) for the LFP cells studied here. This difference should favor

the LFP cells.

Figure 4.23 compares the cycling performance of the LFP cells presented in this work
(dried at 100°C) with the NMC cells in Harlow et al.?3° Figure 4.23a shows normalized
capacity (cycle 5) versus cycle time for cycling at 40°C, and Figure 4.23b shows
normalized capacity versus cycle time for cycling at 55°C. Charge and discharge rates are
indicated in the Figure legend. Additionally, cycling results for commercial LFP from 3
vendors are shown. The additive system shown for the LFP/AG cells in this work and the
NMC532/AG cells was 2VC + 1DTD (wt.%), although the solvent blend was slightly
different for the LFP and NMC cells (see Ref. 23°). The electrolytes used in the commercial
LFP cells were not specified. 2VC+1DTD was arguably the best additive system for

LFP/Graphite of the candidates studied in this Chapter.

At both 40°C and 55°C, the NMC cells had much better capacity retention than all the LFP
cells shown. Differences in removing residual water from LFP, if any, were insignificant
compared to the difference in capacity retention with NMC. It was shown above in Figure
4.10 that Fe dissolution was virtually eliminated in LFP when the 2VC+1DTD electrolyte
was used, so degradation resulting from Fe dissolution cannot be blamed for the relatively

poor performance of LFP. Figure 4.23 shows that the commercial LFP cells, being charged
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to 3.65 V, also perform worse than the NMC/graphite cells being charged to 4.3 V,
indicating that even in cells optimized for commercial production, the high-temperature

degradation of LFP is still a significant issue for this chemistry.

At this point, likely culprits for the increased capacity loss in LFP compared to NMC cells
are parasitic reactions leading to Li inventory loss or possibly active material loss at the
positive electrode. Alternatively, unique crosstalk reactions between NMC/graphite and
LFP/graphite could contribute to the difference in capacity fade between the two
chemistries. Even though the average operating voltage of the LFP/graphite cells was
considerably lower than in the NMC/graphite cells, the surface area of the LFP cathodes
are very high (~15 m?/g vs ~0.4 m?/g for the NMC used in Ref. 23°) which could increase
the rate of parasitic reactions in LFP. The question of LFP surface area will be considered

in the next Chapter.
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Figure 4.23: Comparing LFP/Graphite pouch cells to commercial LFP cells and NMC/Graphite
pouch cells. Normalized capacity versus cycle time for cycling at (a) 40°C (unless specified
otherwise in the legend) and (b) 55°C (unless specified otherwise in the legend) for the best

LFP/AG cells studied in this work (dried at 100°C), commercial LFP cells, and single crystal
NMC532/AG cells (see Ref. 2* for more details). Charge and discharge rates for each cell are
indicated in the legend of each panel.

4.8 CONCLUSIONS

This Chapter surveryed the performance of LFP/graphite pouch cells under various
conditions, including water contamination, different electrolyte additives, cycling
conditions, and cycling temperatures. It was found that cells containing no electrolyte
additives (control electrolyte) showed very poor performance, which could be improved if
excess water was removed from the cell by vacuum drying at higher temperatures.
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However, the performance cells with control electrolyte was still poor even after removing
water, indicating poorly passivating SEI layers and Li inventory loss. On the other hand,
cells containing electrolyte additives generally were not affected by ~500 ppm of water in
the cell. All cells containing additives greatly outperformed the control electrolyte in all
tests, regardless of water contamination level. In some tests, including UHPC and
isothermal microcalorimetry cells containing water showed favorable metrics such as

lower charge endpoint capacity slippage and slightly lower parasitic heat flow.

uXRF measurements on aged graphite negative electrodes revealed significant Fe
dissolution in cells containing control electrolyte at all cycling temperatures (20°C, 40°C,
and 55°C). Removing water contamination virtually eliminated Fe dissolution in the
control electrolyte at 40°C, and was reduced somewhat at 55°C. Most electrolyte additives
tested successfully suppressed Fe dissolution regardless of water content in the cell. These
results suggested that parasitic reactions other than Fe dissolution are responsible for
capacity fade in LFP cells containing electrolyte additives or when water contamination is

removed.

Isothermal microcalorimetry techniques were extended to the LFP/graphite chemistry.
Existing charge-discharge methods of extracting the parasitic heat flow have been adopted
to the LFP/graphite system using the distinct graphite staging plateaus for voltage limits in
the cycling protocol. Entropy contributions due to 2L = 2 and 2 = 1 graphite staging
transitions have been estimated using simple lattice-gas mean field theory arguments,

finding good agreement with measurement. Parasitic heat flow was then measured in

143



LFP/graphite cells with different electrolyte additives. Extracted parasitic heat flows for
these cells agreed well with long-term cycling results at 40°C, confirming that isothermal
microcalorimetry techniques can successfully be used to rank long-term performance
between different electrolyte additive systems in the LFP/graphite system. Parasitic heat
flow measurements for cells with different water contents did not correctly rank cells
according to long-term cycling results, but did agree with charge endpoint slippage values

observed in UHPC cycles.

Comparing cycling results with NMC/graphite cells with an identical graphite negative
electrode showed that capacity fade is more severe in LFP at elevated temperature, despite
a much lower operating voltage. While at this point the exact origin of the inferior
performance of LFP cannot be elucidated, the various results presented in this Chapter have
laid the groundwork for understanding this discrepancy and further improving the lifetime
of LFP/graphite cells. The impacts of water contamination and Fe dissolution have been
discounted as significant failure modes when effective electrolyte additives are employed.
Further, several well-performing additive systems have been identified, and techniques
such as isothermal microcalorimetry have been developed to screen these systems. The
next Chapter will consider other approaches to further improve the lifetime of LFP/graphite

cells.
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CHAPTER 5 STRATEGIES FOR IMPROVING THE PERFORMANCE OF

LFP/GRAPHITE CELLS

This chapter contains material that has been published in peer-reviewed journals (J.
Electrochem. Soc. 169 050524 (2022), J. Electrochem. Soc. 169 040560 (2022)), as well
as material that is being prepared for submission to peer-reviewed journals, all primarily
written by the author of this thesis. The author of this thesis conceived of, planned, and
completed all data analysis for the experiments presented in this chapter under the
supervision of Jeff Dahn. Helena Hebecker, Aidan Luscombe, and Ethan Eastwood
assisted with making some of the Li-ion cells used in this Chapter. Aidan Luscombe and
Michel Johnson assisted with Karl Fischer measurements. Ahmed Eldesoky completed
uXRF measurements on aged cells. The author of this thesis prepared samples for cross-
sectional SEM, and Yulong Liu completed the measurements. Marc Cormier wrote
software that assisted in constructing plots in Figure 5.7. Discussions with Connor Aiken
and Michael Metzger were valuable in shaping the interpretation of some results in Section

5.3.

5.1 INTRODUCTION

The previous chapter presented initial studies of LFP/graphite pouch cells, mainly focusing
on the impact of water contamination and different electrolyte additives on cell lifetimes

at high temperature. The studies in Chapter 5 represented more of a broad survery,
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establishing a baseline of understanding of degradation in the LFP/graphite chemistry,
setting up for the more targeted studies that are described in this chapter. The impact of
water contamination was found to be only noticeable when electrolyte additives were not
used. Additionally, Fe dissolution and deposition was significantly suppressed by most
electrolyte additives. Isothermal microcalorimetry (IMC), already successful in studying
NMC/graphite cells, was found to be a valuable screening technique for the LFP/graphite
chemistry as well, at least for different electrolyte additives. However, even with optimal
drying conditions and electrolyte additives, the best LFP/graphite cells made in the
previous chapter could not compete with optimized NMC532 cells operating to much

higher voltages.

In this chapter, several different components of the cell are scrutinized to further
understand degradation in the LFP/graphite system, and further improve high temperature
lifetimes of these cells. The impact of LFP particle size and surface area, Li salts used in
the electrolyte, and different graphite materials are all investigated in the following
sections. In this chapter, all cells containing electrolyte additives used either 2VC or
2VC+1DTD additive systems. At the end of this chapter, the lessons learned from these
studies will be combined to again compare a further optimized LFP/graphite cell to an

NMC532 cell.

5.2 STUDYING THE EFFECT OF LFP PARTICLE SIZE ON LIFETIME

It was postulated at the end of CHAPTER 4 that the high surface area LFP could contribute

to parasitic reactions leading to capacity fade in LFP/graphite cells. Even if the electrolyte
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itself was not particularly reactive to LFP due to its low voltage, parasitic reaction products
produced at the negative electrode could migrate to the positive electrode and further react
more readily at the positive electrode in a cross-talk type reaction. To study the impact of
LFP particle size on lifetime, pouch cells composed of LFP material with different surface
areas and particle sizes were tested. These materials were dubbed “low BET”, “medium
BET”, and “high BET” LFP, referring to their specific surface area as measured from a
Brunauer-Emmett-Teller (BET) experiment . In addition to long-term cycling, additional
experiments were carried out to understand capacity fade in these cells as was done in the
previous chapter, including IMC cycling experiments to measure parasitic heat flow, pXRF
measurements of Fe deposition, and cross-sectional SEM measurements to probe

microcracking in the LFP particles.

5.2.1 Water content and cycling results

Table 5.1: Physical properties of the different LFP materials studied in this work. Measurements
were provided by the manufacturer of the materials (Pulead).

Sample BET surface Dso Carbon Half-cell spec. capacity at
area (m?/g) (nm) content (%) RT (mAh/g)
Low 6.4 1.8 0.4 151
Medium 11.2 1.4 1.3 155
High 15 1.0 2.0 157

Table 5.1 shows the physical properties of the low, medium, and high BET LFP materials

studied here. The surface areas ranged from 6.4 m?/g for the low BET LFP to 15 m?/g for
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the high BET LFP, and correspondingly the average particle size varied (Dso = 1.8 um for
low BET, Dso = 1.0 um for high BET). The considerable variation in surface area of the
LFP materials here should impact the amount of water retained on the prepared electrodes.
Water content in electrodes extracted from pouch cells was measured using Karl Fischer
(KF) coulometric titration, as was done on LFP electrodes in CHAPTER 4. Figure 5.1
shows measured water content in low, medium, and high BET LFP electrodes after various
vacuum drying procedures. The points at 25°C were measured “as received” and did not
undergo any additional vacuum drying. The remaining points are from cells that were
vacuum dried at the specified temperature for 14 hr. Multiple repeat measurements were
completed for all temperatures and LFP types. These results show a clear trend in water
content as a function of LFP surface area. The high BET LFP had the highest water content
in the as-received measurements, and consistently showed higher water content than low
and medium BET LFP samples at drying temperatures up to 155°C. Additionally, in the
case of low and medium BET LFP, most of the water could be removed by adequate drying
procedures (down to ~250 ppm level). In the case of the high BET samples, the water
content in the electrodes seems to plateau around 750 ppm, even when dried at 155°C. Note
that in the time between preparing the samples in Ar atmosphere and starting the
measurement in air, the prepared LFP electrode would have been briefly exposed to air,

which could be the reason at least ~100 ppm of water is detected in all cases.
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Figure 5.1: Water content detected in different LFP electrodes by Karl Fischer (KF) titration after
vacuum drying at different temperatures. Individual datapoints represent repeat trials, and the
lines show the average of all trials done at each temperature.

In CHAPTER 4, it was shown that there were minimal differences in cell performance
between water contents of 500 ppm and <100 ppm when effectively passivating electrolyte
additives were used, such as 2% VC. However, water contents above 500 ppm have not
been tested, and both the medium BET and high BET LFP materials heated to 120°C have
water contents >500 ppm. While most results presented in this chapter consider cells dried

at 120°C, the effect of increased vacuum drying temperatures will be considered later on.

Figure 5.2 shows cycling results for cells tested at 55°C and a rate of C/3 for both charge
and discharge. While medium and high BET cells had approximately the same capacity
retention, the low BET LFP cells showed worse capacity retention in both 2VC and
2VC+1DTD electrolytes. The normalized voltage polarization was approximately constant
as a function of cycle number for low, medium, and high BET cells, suggesting that

impedance growth was not the origin of the increased capacity fade in low BET cells. The
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medium and high BET LFP cells had similar capacity retention in 2VC and 2VC + 1DTD
electrolytes, while low BET performed noticeably worse in 2VC electrolyte. Next, attempts

were made to understand the inferior cycle performance of low surface area LFP.
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Figure 5.2: Capacity retention and voltage polarization results for cells cycled at 55°C, C/3 rate,
between 2.5 V and 3.65 V. (a,d) Absolute discharge capacity versus cycle number for cells with
2VC and 2VC+1DTD electrolyte, respectively. (b,e) Normalized discharge capacity versus cycle
number (normalized to the 5™ cycle) for cells with 2VC and 2VC+1DTD electrolyte, respectively.
(c,f) Normalized voltage polarization (normalized to the 10™ cycle) versus cycle number for cells
with 2VC and 2VC+1DTD electrolyte, respectively.

5.2.2 Understanding the differences between low, medium, and high
BET LFP
Cells with different surface area LFP aged at different temperatures were disassembled and

scanned for deposited Fe on the negative electrode with pXRF spectroscopy. Figure 5.3
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shows detected Fe loadings for cells with Control electrolyte and 2VC electrolyte aged at
20°C, 40°C, or 55°C. All cells were cycled at a rate of C/3 for both charge and discharge.
The cells shown in this Figure were not all cycled for the same amount of time. To compare
cells cycled at different times on the same scale, u XRF measurements are presented as [Fe]
per cycle time, giving an average Fe deposition rate. Absolute [Fe] measurements along
with cycle numbers and cycle times for cells shown in Figure 5.3 are shown in the
Appendix (Table A.1). Cells cycled at 20°C and 40°C were all on test for approximately
1400 hours. Cells at 55°C with CTRL electrolyte had between 720-740 hours of cycle time,
and 55°C cells with 2VC electrolyte had between 3500-4100 hours of cycle time. The
different times that cells were cycled for should be kept in mind in the discussion of the

results below.

The cells with Control electrolyte (Figure 5.3a,c,e) had much higher Fe deposited on the
negative. This is not surprising given the dependence of electrolyte additives on Fe
deposition that was shown in CHAPTER 4. While cells with Control electrolyte were not
competitive in terms of lifetime, measuring Fe deposition for cells with Control electrolyte
may still be valuable as it can potentially amplify differences between cell types. Indeed,
Figure 5.3 shows that in Control electrolyte at 40°C and 55°C, low BET LFP cells
consistently show the highest amount of Fe deposition at all temperatures tested, followed
by medium BET cells, and finally high BET cells with the lowest amount of Fe deposited.
At 20°C, medium BET cells with Control electrolyte had slightly higher Fe deposition per

hour than the low and high BET LFP cells, but at that temperature the amount of Fe
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deposition was much lower. While the medium BET cell at 20°C appears to be an outlier,

the high BET cell still had the lowest Fe deposition rate at this temperature.
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Figure 5.3: Fe deposition per hour for LFP/graphite cells cycled at different temperature with
different electrolytes used. Note the different y-scales used in the first and second columns.
(a,b) Fe deposition for cells cycled at 20°C with CTRL and 2VC electrolyte, respectively. (c,d) Fe
deposition for cells cycled at 40°C with CTRL and 2VC electrolyte, respectively. (e,f) Fe
deposition for cells cycled at 55°C with CTRL and 2VC electrolyte, respectively.

Figure 5.3b, Figure 5.3d, and Figure 5.3f show the average Fe deposition rate for cells with
2VC electrolyte cycled at 20°C, 40°C, and 55°C, respectively. While the Fe deposition rate
was similar for the different LFP types in cells cycled at 20°C and 40°C (recall only ~1400
hr of cycling was completed for these cells), there was a clear trend with LFP type in the

55°C cells, with the low BET cell showing the most deposited Fe, followed by medium

BET and high BET LFP cells. Note the difference in scales between the Control and 2VC
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cells. To put these numbers into perspective, an Fe deposition rate of 0.01 pg cm™ hr!
(roughly what is seen in 40°C Control cells) corresponds to 10 pg cm2 of Fe on the negative
in 1000 hr of cycling, while a rate of 0.0005 ug cm hr'! (approximately the rate for 40°C

2VC cells) corresponds to only 0.5 ug cm™ of Fe after 1000 hr of cycling.

Except for the outliers discussed above, the low BET LFP cells showed the most Fe
deposition and high BET LFP cells showed the least. This correlates with the long-term
cycling results in Figure 5.2 where low BET LFP cells had higher rates of capacity fade at
40°C and 55°C. However, naively it may be expected that an LFP material with lower
surface area and larger average particle size like the low BET material should have /ess Fe
dissolution than a higher surface area material simply because there should be less sites for
Fe to be etched from the material. Therefore, this suggests that there is some other form of
material degradation that occurs in the low BET case that causes those cells to exhibit more
Fe deposition. One possibility is that the larger LFP particles may fracture when the cells
are cycled. This is certainly possible in the case of LFP because of mismatch strains that
would be established between the lithiated and delithiated phases as the material is charged
and discharged. The delithiated phase (FePO4) is ~7% smaller in volume than the lithiated
phase (LiFePOas). In this case, fresh, LFP surface (that is not carbon-coated) would be
exposed to electrolyte which could lead to higher rates of Fe dissolution. The increased
rate of parasitic reactions (Fe dissolution and subsequent catalysis of SEI forming
reactions) as well as possible electrical disconnect of cracked particles could be to blame

for the higher rate of capacity fade of the low BET LFP cells.
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To test if fracturing of large LFP particles was to blame for the increased capacity fade and
Fe deposition observed in low BET LFP cells, aged cells were disassembled, and cross-
sectional SEM images were taken. Figure 5.4 shows SEM images of fresh low BET and
high BET electrodes in the discharged state (Figure 5.4a,b), and low and high BET
electrodes after cycling at 55°C in 2VC+1DTD electrolyte in the fully charged state (3.65
V, Figure 5.4c,d). The low BET cell had 580 C/3 cycles at 55°C while the high BET LFP
cell had 964 C/3 cycles at 55°C. The images of the fresh electrodes demonstrate the
difference in particle size between the low and high BET samples. While the Dso of the
high BET material is considerably lower than the low BET sample, there are still some
large particles (several pm in diameter) in the material. Looking at the images of the aged
low BET electrode (Figure 5.4c), multiple cracks are visible in many of the larger particles.
In contrast, in Figure 5.4d there are not many visible fractures in the high BET electrode,
though some cracks could be found in the few large particles in the image. However, in
general much less particle cracking seems to have occurred in the high BET LFP, even

after many more cycles than the low BET LFP.
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Figure 5.4: SEM images of low and high BET LFP electrodes before and after cycling at 55°C,
C/3 rate. Scale bars are indicated on each panel. (a) Fresh low BET LFP electrode. (b) Fresh high
BET LFP electrode. (c) low BET LFP electrode at top of charge after 580 cycles at 55°C. (d) high

BET LFP electrode at top of charge after 964 cycles at 55°C.

Isothermal microcalorimetry methods were applied in CHAPTER 4 to measure parasitic
heat flow in LFP/graphite cells. This same technique was applied here to study parasitic
reactions in the different surface area LFP cells. If the higher capacity loss in the low BET
cells was due to particle cracking and increased Fe dissolution, this should translate to a
higher parasitic heat flow. Cells with the different surface area LFP materials were cycled
using the same protocol that was used in CHAPTER 4: 3 cycles between 3.275 V and 3.350
V (graphite 2L - 2 staging transition) followed by 3 cycles between 3.305 V and 3.400 V
(graphite 2 = 1 staging transition). A slightly lower current was used here (1.0 mA instead
of 1.5 mA) to minimize the polarization heat flow term, especially in the low BET case
with relatively large LFP particles. The parasitic heat flow versus relative SOC is omitted
here, but can be found in the Appendix (Figure A.4). Low, medium, and high BET LFP
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cells were tested with both 2VC electrolyte and 2VC+1DTD electrolyte. Some cells were
interrupted due to an unplanned power failure in cycle 2, leading to noise in the data in one
cycle. Figure 5.5 shows the averaged parasitic heat flow for each cycle. Error bars indicate
the range for nominally identical pair cells, when available. An asterisk over cycle 2
indicates the cycle where an unplanned power outage occurred. As was observed in
CHAPTER 4 for LFP cells with most electrolyte additvies, the parasitic heat flow in cells
was very small, on the order of 10-20 uW. Differences between LFP cell types were small
here, but for most cycles the low BET cells showed higher parasitic heat flow in both 2VC
and 2VC+1DTD electrolyte. Medium and high BET cells showed virtually identical
parasitic heat flow in 2VC electrolyte, while high BET cells had slightly higher parasitic
heat flow than medium BET cells in 2VC+1DTD electrolyte. The marginally higher
parasitic heat flow in low BET cells agrees with what was seen earlier in long-term cycling
experiments (Figure 5.2), and correlates with the observations made in the uXRF studies
(Figure 5.3) and cross-sectional SEM experiments (Figure 5.4). The higher parasitic heat
flow in low BET cells could originate from either a higher rate of parasitic reactions on the
negative electrode from the higher amount of Fe that is deposited, or from the increased Fe
dissolution on the positive side that occurs when microcracks are formed in the LFP
particles. Indeed, microcracking was also observed in the low BET LFP cells that were

cycled at C/220 in the calorimeter (See Figure A.5).
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Figure 5.5: Average parasitic heat flow as a function of cycle number for low, medium, and high
BET LFP/AG cells. Voltage limits of the cycles are indicated on the plot and separated by the
dashed lines.

5.2.3 Further considerations on the effects of residual water in LFP cells

The results presented in CHAPTER 4 showed that the impact of water contamination on
LFP/graphite cell lifetime is highly dependent on electrolyte additive choice and cycling
temperature. The cells used here were constructed with polypropylene separators (PP, MP
= 160°C) so that higher vacuum drying temperatures could be used to remove as much
residual water as possible (see Figure 5.1). In these cells, vacuum drying temperatures as
high as 150°C were used, and cycling performance compared to the “standard” drying
temperature of 120°C. Referring to Figure 5.1, this higher drying temperature reduced the

amount of water in low and medium BET cells, but less so for high BET cells.

Figure 5.6b and Figure 5.6d show normalized capacity versus cycle number for cells cycled

at 40°C and 55°C, respectively, after vacuum drying at either 120°C or 150°C.
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Additionally, pXRF measurements of Fe deposition are shown for these cells as a function
of cycle time (Figure 5.6a and Figure 5.6¢c). All cells shown in Figure 5.6 had 2VC
electrolyte. For the uXRF results, a straight line is drawn between the origin (0,0) and the
points that were measured for each cell type. This is simply meant to be a guide to the eye
to help compare cells that cycled for different times, and is not meant to make the
assumption that the rate of Fe deposition is constant over time. Cells vacuum dried at 120°C
are shown as solid circles, while cells cycled at 150°C are shown as open circles. First
looking at the cycling data, the increased vacuum drying temperature did not impact cycle
life significantly for any of the LFP types at either 40°C or 55°C. Normalized capacity
retention was virtually identical for the cells tested here regardless of whether the cells
were dried at 120°C or 150°C, even though Figure 5.1 shows the water content in the LFP

electrode was significantly reduced by drying at the higher temperature.

While capacity retention was unaffected by vacuum drying temperature, differences were
found in the magnitude of Fe deposition. Figure 5.6a shows [Fe] versus cycle time for the
various cells cycled at 40°C. Here, a clear reduction in Fe deposition can be seen in all
three cell types (low, medium, high BET LFP) when the drying temperature was increased
to 150°C. Similarly, for cells cycled at 55°C (Figure 5.6¢), less Fe was detected for all cell
types after vacuum drying at higher temperature, although the 150°C dried cells had
roughly half as much cycling time as the 120°C dried cells. The results of this drying study
suggest that Fe deposition, at least in the magnitude observed here, does not severely affect
the capacity retention of LFP/graphite cells, even at cycling temperatures as high as 55°C.

It is more likely, then, that in the case of the LFP materials studied here, Fe deposition is
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more of an “indicator” for degradation of the positive electrode, as will be discussed below.

Note as well that even in the case of drying at 150°C that the low BET cells showed the

highest degree of Fe deposition.
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Figure 5.6: XRF results and capacity retention for LFP cells vacuum dried at different
temperatures. All cells shown here were cycled with 2VC electrolyte. (a) Fe loading detected on
the negative electrode versus cycle time for cells that were cycled at 40°C, C/3 rate. (b)
Associated normalized capacity retention (cycle 5) versus cycle number for cells cycled at 40°C
after vacuum drying at 120°C or 150°C. (c) Fe loading versus cycle time for cells cycled at 55°C.
(d) Normalized capacity (cycle 5) versus cycle number for cells cycled at 55°C after vacuum
drying at different temperatures.

5.2.4 Discussion and conclusions
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Putting together the results of the different experiments that have been presented in this
section, an explanation for the different performance of the low, medium, and high BET
LFP cells studied here can be developed. Recall that in all long-term cycling tests the low
BET LFP cells had either the worst capacity retention of the three materials for both 2VC
and 2VC+1DTD electrolyte (Figure 5.2). uXRF measurements of Fe deposition showed
that the low BET cells typically had more Fe on the negative electrode after cycling. Cross-
sectional SEM images showed more micro-cracking in the low BET material compared to
the high BET material, and isothermal microcalorimetry experiments showed that low BET
cells had slightly higher parasitic heat flow than the other cell types. At this point, the
question is which of the various degradation modes identified here was the primary cause
of the larger capacity fade in the low BET cells. The results from Figure 5.6 for different
vacuum drying temperatures showed that while Fe deposition after cycling was reduced
considerably when the drying temperature was increased from 120°C to 150°C, no obvious
differences in long-term capacity retention could be detected in cells cycled at either 40°C
or 55°C based on differences in drying temperature. This suggests that the larger amount
of Fe detected on the negative electrode in the low BET cells may not be the cause of
capacity fade in these cells. The higher Fe deposition in low BET cells may just be a side-
effect of the particle cracking, where fresh, non carbon-coated LFP surface is exposed to
the electrolyte, allowing for more Fe to be dissolved, and subsequently deposited on the

graphite.

Figure 5.7 compares the differential voltage, dV/dQ, at beginning of life and end of life for

low, medium, and high BET LFP cells that were cycled at 40°C, C/3 rate. The cycles shown
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in this Figure are from the C/20 “check-up” cycles at the cycle number indicated in the
legend. All cells shown in Figure 5.7 had 2VC+1DTD electrolyte. Looking at the dV/dQ
curves for the low BET LFP cell, the graphite intercalation and deintercalation features
were clearly visible during charge and discharge and change very little from cycle 52 to
cycle 1174. In every case, the graphite could be fully delithiated, meaning that there was
always enough positive electrode active mass to accept all the lithium coming from the
graphite during discharge. The main difference in these voltage curves is the endpoint on
the capacity axis. This difference can be attributed to negative electrode shift loss due to
SEI growth, a conclusion made similarly by Li et al. by examining the dV/dQ profile of
LFP/graphite cells after aging??® . If significant active material loss was to blame for
capacity loss in these cells, the graphite features at the end of discharge would be affected
because there would be less sites available at the positive electrode when discharging the
cell. It is possible that when LFP particles fracture that fully lithiated LiFePO4 particles
could become disconnected from the electrode, which could also cause the effect seen in
the dV/dQ curve in Figure 5.7c. However, if this were the case similar features would likely
be seen at the end of discharge due to disconnected FePO4, which was not observed in these
cells.. Further, there is evidence in the literature that positive active material loss in
LFP/graphite cells is not an issue. Guo and Chen showed this convincingly with LFP/Li
half cells extracted from aged LFP/graphite cells??!. The full cells showed capacity fade
after 500 cycles at various temperatures, and the half cells delivered considerably less than
the theoretical capacity for LFP on the first charge. However, on the subsequent discharge,
almost all theoretical capacity was recovered, proving that it was Li inventory loss rather

than positive active material loss that caused capacity fade in the full cells. Similar results
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were also found by Kim et al. and Kassem and Delacourt>’#?7>. Combining these literature
reports with the previous results discussed above, it is likely that Li inventory loss is the
main cause of capacity fade in the cells studied here. The medium BET cell (Figure 5.7b,e)
cycled for longer than the other cells, so more C/20 cycles could be plotted later in life.
The graphite intercalation/deintercalation features at the beginning of charge/end of
discharge in the dV/dQ curve at cycle 1925 (~11,500 hr of test) were virtually unchanged
from the beginning of life. The only difference visible in the dV/dQ plots is the movement
of the capacity endpoint described above and a slight shift in the peak corresponding to the
transition between the graphite stage 2L-> 2 plateau and the stage 2->1 plateau.
Additionally, the high BET LFP cell also showed very little change in dV/dQ features over
1000 cycles at 40°C. These results show it is unlikely that positive active material loss can
be attributed to the differences seen in the different LFP types and that graphite
electrochemical performance is virtually unchanged over the life of these cells. Regardless

of LFP particle size, the main cause of capacity loss is through Li inventory loss.

The overall impact of LFP paticle size on cell lifetime was minor compared to the impact
of electrolyte additives as seen in CHAPTER 4. However, some lessons could be learned
from this study. LFP cells designed for long lifetimes should utilize LFP materials with

small, uniform particle size, and high surface area.
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Figure 5.7: Examining differential voltage for C/20 check-up cycles at beginning of life and end
of life for LFP/graphite cells with 2VC+1DTD electrolyte cycled at 40°C, C/3 rate. (a,d) Voltage
versus capacity and corresponding dV/dQ versus capacity, respectively for cycle 52 and cycles
1174 of a low BET/graphite cell. (b,e) Voltage and dV/dQ, respectively, versus capacity for
cycles 53, 1041, and 1925 of a medium BET/graphite cell. (c,f) Voltage and dV/dQ, respectively,
versus capacity for cycles 53 and 1041 of a high BET/graphite cell.

5.3 IMPACT OF DIFFERENT LI SALTS AND ELECTROLYTE ADDITIVES

5.3.1 Introduction

The previous section found little differences in lifetime in the medium and high BET LFP
cells, and slightly higher capacity fade with the low BET material. In the following

sections, the medium BET material will be used exclusively.

LiPFs has long been the salt of choice for Li-ion batteries due to its balance of low cost,
high ionic conductivity in alkyl carbonate solutions, relative stability against

electrochemical reactions, moderate thermal stability, and relatively high degree of
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dissociation in polar solution®® (see CHAPTER 1). Despite this, LiPFs can thermally
decompose at relatively low temperatures®®, and is prone to hydrolysis, forming acidic
species which can interact with various components of the cell®*¢7, which may contribute
to the leaching of transition metals from the positive electrode!3>137-161.276.277 Many groups
have studied alternative salts to LiPFs, to varying degrees of success. Two examples that
have stood out are the related imide salts: lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and lithium bis(fluorosulfonyl)imide (LiFSI). These salts demonstrate high ionic

61,68,69

conductivity and excellent dissociation in carbonate solvents , as well as high thermal

stability’® . However, nagging issues exist with these salts as well, notably corrosion of the

Al current collector when used in high-voltage chemistries®®!-73,

While CHAPTER 4 found that Fe dissolution and deposition could be minimized by the
use of electrolyte additives in an LiPFe- based electrolyte, previous studies have shown that
the use of alternative Li salts can also inhibit Fe dissolution and improve high temperature

cycle life in LFP cells!37-158

. Other groups have also demonstrated improved cyclability of
LFP cells when conducting salts other than LiPFs were used?’®28!, LiFSI and LiTFSI salts
should be a good match for the LFP/Graphite chemistry, as the low operating potential of
LFP should limit the amount of corrosion of the Al current collector, which is one of the

main issues with lithium imide salts?82.

This section considers the use of LiFSI in LFP/graphite cells, both with and without
additional electrolyte additives. Conventional long-term cycling was done, as well as the

advanced characterization techniques that have been used throughout this thesis (UHPC,
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IMC, OCV storage, etc.). Additonally, the existing technique of isolating parasitic
reactions to the individual electrodes (and electrolyte) in “pouch bags” is carried out in the
calorimeter for the first time to detect all parasitic reactions that occur at a given electrode,
and compared with full cell experiments to estimate the degree of cross-talk reactions in a

given cell.

5.3.2 Results

Figure 5.8 shows long term cycling results for LFP/AG cells at 40°C for cells with Control
and 2VC electrolytes. All cells were cycled at C/3 rate for both charge and discharge.
Figure 5.8a,b,c show discharge capacity, normalized capacity, and normalized voltage
polarization, respectively, as a function of cycle number for cells with Control electrolyte,
while Figure 5.8d,e,f show these quantities for cells with 2V C electrolyte. Only marginal
improvement was seen in capacity retention when the LiPF¢/LiFSI salt mixture was used.
However, a significant improvement was seen with the 1.5 M LiFSI electrolyte, extending
the number of cycles to reach 85% capacity to ~700 cycles from only ~100 cycles with the

LiPFe-based electrolyte.

When 2VC was used in the electrolyte, the differences in performance between the Li salts
were less dramatic. However, an improvement in capacity retention could still be seen
going from LiPFs to LiFSI. Additionally, the mixed LiPF¢/LiFSI electrolyte showed
improved capacity retention compared to the pure 1.5 M LiPFs electrolyte at 40°C. Notice

as well that the voltage polarization versus cycle number for LFP cells with 2VC was
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virtually unchanged over almost 1200 cycles at C/3 rate, indicating that impedance growth

could not be blamed for capacity loss.

CTRL
1.5 M LiPF,
1.5 M LiFSI i}
0.75 MLiPFg + 0.75 M LiFSI |

N
w
o

T

a T T d T T

= N
=]
T T

Dis. capacity / mAh
- = N NN
o o
o O

(e}
o
T

-
~
o

1.00

0.96

092}

Norm. capacity

0.88

11 T T T T T

0 200 400 600 800 1000 12000 200 400 600 800 1000 1200
Cycle number Cycle number

Figure 5.8: Long-term cycling for LFP/AG cells cycled at 40°C and a rate of C/3. (a-c) Absolute
discharge capacity, normalized discharge capacity (normalized to cycle 5), and normalized
voltage polarization (cycle 10) versus cycle number, respectively, for cells with CTRL
electrolyte. (d-f) Absolute discharge capacity, normalized discharge capacity (cycle 5), and
normalized voltage polarization (cycle 10) versus cycle number, respectively, for cells with 2VC
electrolyte.

Figure 5.9 shows cycling results for LFP/Graphite cells at 55°C. Similar to the results at
40°C, cycling is shown for cells with Control electrolyte (Figure 5.9a-c) and 2VC
electrolyte (Figure 5.9d-f). Once again, in cells with Control electrolyte, LiFSI improved
capacity retention compared to the LiPF¢ based electrolyte. However, at this higher cycling

temperature all cells with Control electrolyte cycled very poorly.
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In cells with 2VC, clear improvements in capacity retention were seen with the use of LiFSI
salt. Additionally, the magnitude of capacity retention improvement depended strongly on
the fraction of LiFSI in the electrolyte (or the amount of LiPFs removed), as the capacity
retention for the 50/50 LiPF¢/LiFSI blend was near the midpoint of the pure 1.5 M LiPFs
and 1.5 M LiFSI cells. Like what was seen at 40°C, very little increase in voltage
polarization was seen in all cells with 2% VC cycled at 55°C. Overall, the long-term
cycling experiments at 40°C and 55°C showed a marked improvement in capacity retention

in LFP/Graphite cells when LiFSI salt was used over LiPFe.
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Figure 5.9: Long-term cycling for LFP/AG cells cycled at 55°C and a rate of C/3. (a-c) Absolute
discharge capacity, normalized discharge capacity (normalized to cycle 5), and normalized
voltage polarization (cycle 10) versus cycle number, respectively, for cells with CTRL
electrolyte. (d-f) Absolute discharge capacity, normalized discharge capacity (cycle 5), and
normalized voltage polarization (cycle 10) versus cycle number, respectively, for cells with 2VC
electrolyte.
uXRF spectroscopy was carried out on graphite electrodes from aged cells to study the
impact of Li salt choice on Fe deposition. Figure 5.10 shows Fe deposition results for cells
cycled at 20°C, 40°C (Figure 5.10a), and 55°C (Figure 5.10b). Fe deposition was measured
in 20°C and 40°C cycled cells with both Control and 2VC electrolytes, while only 2VC
electrolytes were tested at 55°C. Cells tested at 20°C and 40°C were cycled at C/3 rate for
~1400 hours, corresponding to approximately 250 cycles. At both 20°C and 40°C, a
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significant reduction in Fe deposition was seen going from 1.5 M LiPFs electrolyte to 1.5
M LiFSI in cells with Control electrolyte. Cells with 2VC cycled at 20°C or 40°C had very
low deposited Fe after 250 cycles for both LiPF¢ and LiFSI electrolytes. However, the
LiFSI-containing cells with 2VC had slightly lower Fe deposited than the LiPF¢-based

cells.

Since very little Fe deposition was seen in cells with 2VC electrolyte after 250 cycles at
40°C, cells cycled at 55°C for longer times were studied. The points shown in Figure 5.10b
come from the same cells that were shown in Figure 5.9d-f. These cells were cycled for
different times so [Fe] detected on the graphite is plotted versus cycle number to give a
better indication of the time dependence of these measurements. Of these cells, the 1.5 M
LiPFs electrolyte showed the highest amount of Fe deposition, despite having completed
almost half as many cycles as the 1.5 M LiFSI cell. The mixed LiPFe¢/LiFSI cell showed
less deposited Fe than the pure LiFSI cell, which could simply be due to less time cycled
at 55°C. This result, combined with the uXRF measurements from 20°C and 40°C cycled
cells, confirms that the use of LiFSI does reduce the amount of Fe deposited on the negative
electrode even in the presence of electrolyte additives. The use of LiFSI combined with
appropriate electrolyte additives gives an LFP/Graphite cell that exhibits very low amounts

of Fe dissolution and deposition, which therefore should have very little impact on lifetime.
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Figure 5.10: uXRF measurements of deposited Fe on the negative electrode extracted from
LFP/graphite cells with different electrolytes aged under different conditions. (a) [Fe] detected on
the negative electrode from cells with either Control (CTRL, no additives) electrolyte, or 2VC
electrolyte, cycled at either 20°C or 40°C for ~1400 hours at C/3 rate (~250 cycles). (b) [Fe]
detected on the negative electrode from cells cycled at 55°C for different numbers of cycles. Cells
were cycled at C/3 rate for both charge and discharge.

UHPC cycling experiments were completed for LFP/Graphite cells with different salts in
the electrolyte. Cells with both Control electrolyte and 2VC electrolyte were tested. Cells
were cycled at 40°C and C/20 rate for charge and discharge. Figure 5.11 shows results for
coulombic efficiency (CE), zeroed charge endpoint capacity movement, discharge
capacity, and voltage polarization as a function of cycle number. Note the different axis

scales used for these quantities between Control electrolyte and 2VC electrolyte.
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As was seen in the long-term cycling experiments with Control electrolyte, using LiFSI
greatly improved capacity retention over LiPFe¢-based electrolytes. In the UHPC
experiments, cells with LiPFs Control electrolyte had extremely low CE, settling at just
over 0.92 after 20 cycles, agreeing with the previous results in CHAPTER 4. LiFSI-
containing cells with Control electrolyte showed much higher CE, reaching around 0.99
after 20 cycles. While a CE of 0.99 is not nearly competitive for a state-of-the-art Li-ion
cell, it was a big improvement over the LiPFe electrolyte, and may be considered “high”

for a cell with no additional electrolyte additives.

Recall in CHAPTER 4 that massive charge-endpoint capacity slippage was observed in
LFP cells with LiPF¢ Control electrolyte. That was again seen here, and Figure 5.11b shows
that the use of LiFSI electrolyte greatly reduced slippage in Control electrolyte. This
suggests that much of the slippage observed in Control electrolyte involves the LiPFs salt
either directly or indirectly. Along with the higher CE and lower slippage in Control
electrolyte, LiFSI cells had improved capacity retention in the UHPC cycles (Figure 5.11¢)

with no increase in voltage polarization (Figure 5.11d).
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Figure 5.11: Ultra high-precision coulometry cycles for LFP/AG cells with different Li salts in
the electrolyte. Cells were cycled at 40°C at a rate of C/20 for both charge and discharge. (a-d)
Coulombic efficiency (CE), zeroed charge endpoint capacity movement, discharge capacity (%),
and absolute voltage polarization versus cycle number, respectively, for cells with CTRL
electrolyte. (e-h) CE, charge endpoint capacity movement, percent discharge capacity, and
voltage polarization versus cycle number, respectively, for cells with 2VC electrolyte.

The trends in UHPC cycling were much different when VC was added to the electrolyte.
In this case, all cells had very high CE values (>0.998) after 20 cycles. However, LiFSI
cells with 2VC electrolyte had /ower CE than LiPFe cells. As well, charge endpoint
slippage, while extremely low for all cells, was slightly higher for LiFSI cells. While these
metrics are usually indicative of worse long-term performance of Li-ion cells!?3-283:284,

LiFSI-containing cells had much better capacity retention compared to LiPFs at high
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temperature, and even showed better capacity retention in these same UHPC cycles (Figure
5.11g). One possible explanation for these results is the existance of a shuttle reaction that

does not consume lithium inventory.

The isothermal microcalorimetry (IMC) methods that have been developed in this thesis
are used to further study the impact of LiFSI salt on parasitic reactions. Figure 5.12 shows
parasitic heat flow versus relative state of charge (SOC) for each cycle for LFP/graphite
cells with Control electrolyte. The voltage ranges for each cycle are shown in each of the
panels. The extremely high parasitic heat flow observed in LiPFs Control electrolyte in
CHAPTER 4 was again seen here. As LiFSI was added to the electrolyte, the parasitic heat
flow decreased dramatically, going from ~0.7 mW with 1.5 M LiPF¢ to ~0.45 mW with
0.75 M LiPFs + 0.75 M LiFSI, and finally down to around 0.2 mW for pure 1.5 M LiFSI
electrolyte (cycle 1, Figure 5.12a). This substantial reduction in the parasitic heat flow
suggests a reduction of parasitic reactions in the Control electrolyte when LiPF¢ was
replaced with LiFSI. Indeed, recall that in long-term cycling tests at 40°C (Figure 5.8), a
large improvement in capacity retention was seen going from LiPFe¢ to LiFSI Control

electrolytes.
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Figure 5.12: Parasitic heat flow results extracted from cycles in the isothermal microcalorimeter
at 40.0000°C and a rate of ~C/220. Cells had different Li salts in the electrolyte, as indicated, and
no additional electrolyte additives (Control electrolyte). (a-c) Parasitic heat flow versus relative
state of charge (SOC) for cycles between 3.275 V and 3.350 V. (d-f) Parasitic heat flow versus
relative SOC for cycles between 3.305 V and 3.400 V.

Figure 5.13 shows parasitic heat flow versus relative SOC for all cycles for cells with 2VC
electrolyte and different fractions of LiFSI. One of the 1.5 M LiPFs cells experienced an
unplanned power failure in cycle 2 leading to poor quality data, so it was omitted in panel
Figure 5.13b. However, for the remainder of the cycles and despite the power failure for
one of the pairs, notice the exceptional agreement in parasitic heat flow between LiPFs pair
cells. For all cells with 2VC, regardless of Li salt, the measured parasitic heat flow was
very small, on the order of 10-20 uW, as has been seen throughout this thesis so far when
electrolyte additives are used. In all cycles, however, the 1.5 M LiFSI cells had slightly

higher parasitic heat flow than the 1.5 M LiPFs cells. While the higher parasitic heat flow

does not agree with the superior capacity retention of LiFSI-containing LFP cells at 40°C
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and 55°C, it does agree with the higher charge endpoint capacity slippage and slightly
lower CE measured in the UHPC cycles when LiFSI was used in 2VC electrolyte,

indicating the prevalence of more parasitic reactions in the LiFSI case.
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Figure 5.13: Parasitic heat flow results for LFP/AG cells with 2VC electrolyte. Cells were cycled
at 40.0000°C and a rate of ~C/200. (a-c) Parasitic heat flow versus relative SOC for cycles
between 3.275 V and 3.350 V. (d-f) Parasitic heat flow versus relative SOC for cycles between
3.305 V and 3.400 V.

Figure 5.14 gives a summary of the IMC experiments discussed above. Figure 5.14a shows
the average parasitic heat flow for each cycle for cells with Control electrolyte, while
Figure 5.14b shows averaged parasitic heat flow versus cycle number for cells with 2VC
in the electrolyte. In this Figure, cycle dependent trends can be seen more clearly. In
particular, the decrease in parasitic heat flow for the mixed LiPFe/LiFSI Control electrolyte
cell from above 0.4 mW to just above 0.2 mW can be seen as the cell was cycled. As well,
the marginally higher parasitic heat flows of cells with LiFSI + 2VC electrolyte compared

to LiPF¢ + 2VC electrolyte was seen consistently over all the IMC cycles. To summarize,
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the measured parasitic heat flow strongly depends on the fraction of LiFSI in LiFSI/LiPFe
electrolytes in Control electrolyte, with much lower parasitic heat flow seen in a 1.5 M
LiFSI electrolyte than a 1.5 M LiPFs electrolyte. This massive parasitic heat flow in the
LiPFe-based cell is likely due to some shuttling species that is produced in relatively large
quantities and causes rapid self-discharge and irreversible capacity fade. The reduction in
parasitic heat flow that was seen when LiFSI is used in Control electrolyte suggests that
the LiPFs¢ salt participates in the formation of the species that causes self-discharge and

lithium loss in these cells one way or another.

When VC was added to the electrolyte, cells with 1.5 M LiFSI electrolyte had slightly
higher parasitic heat flow compared to 1.5 M LiPFs electrolyte. While a higher parasitic
heat flow can typically be correlated to shorter cycle life, that does not appear to be the
case with these LFP/graphite cells when 2VC is used. In an attempt to reconcile the
discrepancy between the long-term cycle life and IMC measurements (and UHPC
measurements), it is possible that this marginally higher parasitic heat flow in LiFSI-
containing cells is due to a small self-discharge current, likely due to the formation of a
shuttle species that may not affect reversible capacity in long-term cycling. It is possible
that this shuttling molecule involves the LiFSI salt, and is different than the more severe
shuttle in the LiPF¢ Control electrolyte. This idea is investigated further below with open-

circuit storage experiments.
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Figure 5.14: Summary of isothermal microcalorimetry results. The averaged parasitic heat flow in
each cycle (between 20% and 80% relative SOC) is plotted versus cycle number for (a) CTRL
electrolyte, and (b) 2VC electrolyte.

Figure 5.15a shows open-circuit voltage versus time for LFP cells stored initially at top of
charge (3.65 V) at 60°C for 500 hours. Figure 5.15b shows reversible and irreversible
capacity losses determined from check-up cycles at the end of the 500 hr storage period
(see ref. 297). The poor performance of LiPFs Control electrolyte cells was previously seen
in CHAPTER 4, and does not need to be reiterated. Cells with LiFSI-based Control
electrolyte fared much better than LiPF¢ cells, with much less voltage drop and less

capacity losses seen in the check-up cycles.
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Following what was seen in the UHPC and IMC experiments, the storage results were
reversed when 2VC was used in the electrolyte. In this case, the LiPF¢ + 2VC electrolyte
showed lower voltage drop, and lower total capacity loss compared to LiFSI + 2V C. Notice
that the irreversible capacity losses were similar between the LiPF¢ and LiFSI cells (red
bars in Figure 5.15b), and the main difference was a slightly higher reversible capacity loss
for the LiFSI + 2VC cell. This implies that the larger self-discharge observed in the LiFSI
+ 2VC cell is reversible, and can be recovered on the subsequent charge half-cycle, which
adds more evidence to support the shuttle argument for LiFSI + 2VC. The total amount of
lithium consumed irreversibly in the storage experiment was virtually the same for LiFSI

+ 2VC and LiPFs + 2VC.
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Figure 5.15: OCV storage experiments at 60°C for LFP cells with different electrolytes. (a)
Voltage versus time for LFP/graphite cells measured during the 500 hr storage experiment. (b)
Irreversible (Do — D2) and reversible (D, — D) capacity losses for cells after 500 hr at 60°C. The
sum of the two bars gives the total capacity loss during this storage period. The values for LiPFs
CTRL electrolyte are off scale, and are indicated to the left of the bar chart.

To better understand the origin of parasitic reactions in LFP/graphite cells as functions of
Li salt and electrolyte additives, so-called “pouch bag” experiments were carried out to
observe gas production in separated electrodes wetted with electrolyte. This method was
pioneered by Xiong et al. and Ellis et al.'*»143215 to better understand gas-producing
parasitic reactions in high voltage NMC/Graphite cells as well as complex crosstalk

reactions. To properly interpret the pouch bag experiment result, the experimental

procedure will be summarized (see CHAPTER 3 for full details). LFP/graphite cells were
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filled with electrolyte and underwent the typical first cycle. Then, cells were charged to top
of charge (3.65 V) and held at that voltage for approximately 36 hr. Next, cells were
brought into a glovebox and disassembled. Positive and negative electrodes were separated
and placed into separate laminate foil bags. Extra DMC was added to the bags to account
for evaporation during the disassembly process, and the bags were vacuum sealed. At this
point, the pouch bags could be monitored for gas production originating from one electrode
alone using the ex-situ gas volume measurement. To accelerate the rate of parasitic

reactions, the pouch bags were stored at 60°C.

Figure 5.16 shows evolved gas volumes versus storage time for (a) LFP positive electrodes,
and (b) graphite negative electrodes. Both Control electrolytes and 2VC electrolytes were
tested with LiPF¢ and LiFSI salts. The volume of gas produced in charged LFP pouch bags
was very small, regardless of electrolyte used. The two Control electrolytes (LiPFs-based
and LiFSI-based, respectively) had the highest absolute volume of gas produced by a small
margin, but the average gas production rate estimated by the slope of the volume vs time
plot was essentially zero for all electrolytes. This result suggests that that the charged LFP
cathode is essentially inert to reactions with the electrolyte, even in electrolyte solutions
that perform extremely poorly in full cell cycling experiments. Of course, this may be
expected given the low redox potential of LFP and tightly bound oxygen that is not prone

to release from the lattice at high states of charge!*!, unlike that seen in layered oxide
materials!38, This also suggests that the majority of gas-producing parasitic reactions in

LFP/graphite cells originate at the charged graphite negative electrode.
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Figure 5.16: Volumes of gas formation versus time for pouch bags constructed from disassembled
LFP/AG pouch cells stored at 60°C. (a) Pouch bags from LFP positive electrodes. (b) Pouch bags
from graphite negative electrodes.

Figure 5.16b shows volumes of gas evolved versus time for pouch bags with charged
negative electrodes and different electrolytes. Immediately, significant differences between
the electrolytes can be seen. A large volume of gas was produced in the LiPF¢ Control
pouch bag, with 1 mL of gas evolved in less than 200 hours. In contrast, the remaining
pouch bags with the other electrolytes each produced less than 0.5 mL of gas in over 2500
hr of storage at 60°C. The pouch bag with the next highest gas volume had LiFSI Control
electrolyte. A small amount of gas (0.2 mL) was produced with LiPF¢ + 2VC electrolyte,

while the pouch bag with LiFSI + 2VC electrolyte produced virtually zero gas over 2500
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hr at 60°C. Note as well that the ordering of gas production in the negative electrode pouch
bags matches the ordering of long-term cycling performance at high temperature: LiPF¢
CTRL <<< LiFSI CTRL < LiPF¢ 2VC < LiFSI 2VC, where LiPFs CTRL has the worst
cycle life (by a wide margin) and LiFSI 2VC has the best cycle life at high temperature.
This also suggests that the reversible capacity retention in LFP/Graphite cells should be
primarily dictated by the reactivity of the charged negative electrode. These results do not
preclude the existence of a reversible shuttle in the case of LiFSI + 2VC, since reaction
products at the negative electrode were not able to interact with the positive electrode in

this experiment.

Measuring gas produced in pouch bags is valuable to understand at which electrode gas-
producing parasitic reactions originate in LFP/graphite cells. However, not all parasitic
reactions will have gaseous products, so therefore not all parasitic reactions occurring in
the pouch bags may be captured by measuring the gas volume. Similar experiments were
carried out in the microcalorimeter to capture parasitic reactions that do not have gaseous
products, and as well to rank the parasitic reactions of separated pouch bags on a shorter
timescale, taking advantage of the extremely high sensitivity of the calorimeter. In this
experiment only electrolytes containing 2% VC were considered. Additionally, to further
understand the dependence of choice of Li salt on “cross-talk” parasitic reactions, full cells
were constructed alongside separated electrodes in pouch bags so that the full cell parasitic
heat flow (in open circuit at top of charge) could be compared to the parasitic heat flows
occurring separately at the positive and negative electrodes. To develop this idea, consider

the model equation of heat flow from a Li-ion cell introduced in CHAPTER 2285-287;
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If the cell is fully charged, i.e. the cell is in equilibrium with no internal Li concentration
gradients, and the cell is in open circuit (I = 0), the measured heat flow is simply equal to
the parasitic heat flow:
q=d, 5.2
Since in the pouch bag experiments the parasitic reactions occurring at the positive and
negative electrode occur separately without any cross talk, they will be labelled separately
as gp and gy, respectively (note the subtle difference between ¢, and gp). Now, imagine a
full cell with no cross-talk between the positive and negative electrodes, meaning parasitic
reactions occurring at the positive electrode do not further react at the negative electrode
and vice versa. In this case, the total parasitic heat flow of the full cell should equal the
sum of the heat flows of the separated pouch bags:
dp = dqr = qp + g, 3.3
where g is defined for simplicity to be the parasitic heat flow of the full cell to avoid
confusion with nomenclature. However, such cross-talk reactions are very common in Li-
ion batteries!36146.151.215 g it would be expected that these values would not match exactly.
Therefore, Equation 3 will be modified slightly to account for excess heat flow from cross-
talk reactions Aq:
qr = qp +qn +4q 4
Comparing full cell heat flow to the heat flows from the pouch bags will allow for a better
understanding of where parasitic reactions occur in LFP/graphite cells and the degree of

cross talk that occurs as a function of different Li salts used in the electrolyte.
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Figure 5.17a shows measured heat flow versus time for pouch bags and full cells (OCV
mode) in the calorimeter. Note that t = 0 refers to the moment the cells were inserted into
the calorimeter, so a small equilibration period was expected for the measured heat flow.
The experiment ran for approximately 135 hours. First, notice the large difference in
measured heat flow for the positive pouch bags compared to the negative pouch bags. Both
the LFP pouch bags with LiPFs + 2VC electrolyte and LiFSI + 2VC electrolyte had heat
flows of ~2.5 uW and were identical by the end of the experiment. The heat flows of the
LFP pouch bags were only slightly larger than that of electrolyte alone, shown in Figure
A.6. The graphite pouch bags showed much higher heat flow than the LFP pouch bags,
much closer to the values of parasitic heat flow that were seen in the full cell cycling
experiments in Figure 5.8 (~10 — 15 uW). In the full cell cycling experiments, the LiFSI-
containing cells with 2VC showed slightly higher parasitic heat flow in all cycles. Here,
the LiFSI-containing graphite pouch bags had slightly lower heat flow than the LiPFe-
containing counterpart by the end of the experiment. Interestingly, the charged full cells
had similar heat flow, where the LiFSI-containing full cell was marginally higher by the
end. This suggests that full cell effects such as cross talk or shuttle reactions, contributed
to the higher parasitic heat flow that was seen in LiFSI + 2VC cells in the cycling
experiments, and when isolated from the positive electrode, the graphite SEI formed from

the LiFSI electrolyte may be less reactive than with LiPFe¢-based electrolyte.

Once the cells equilibrated in the calorimeter, the measured heat flow was equal to the
parasitic heat flow as discussed above. Here, the parasitic heat flow was taken to be the

average heat flow over the last 5 hours of the experiment. Figure 5.17b shows the parasitic
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heat flow for each of the pouch bags (blue bars) and full cells (black bars) such that the
sum of the pouch bag heat flows can be compared to full cell heat flow for each electrolyte.
As discussed above, the difference between the full cell heat flow and the individual pouch
bag heat flows, Aqg, is a measure of the parasitic heat flow from cross talk or shuttle
reactions that interact with both electrodes. The full cell parasitic heat flow values for both
the LiPFs and LiFSI cells were similar, but Aq was higher for the LiFSI-containing cell.
This suggests that more crosstalk or shuttle reactions occur in full LFP/Graphite cells when
LiFSI electrolyte is used, agreeing with the earlier IMC cycling experiments. The higher
Aq observed in LiFSI + 2VC electrolyte agrees with earlier UHPC and storage results that
showed higher slippage and self-discharge, respectively, all pointing to the existence of a
shuttle reaction in this electrolyte. So, while the parasitic heat flow measurements for
graphite pouch bags suggest a better passivating SEI layer when using LiFSI electrolyte,
additional parasitic reactions arise with the use of this salt in full cells that are not seen in
LiPFes-containing electrolytes. The nature of these reactions will be discussed in more

detail below.
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Figure 5.17: (a) Heat flow in open circuit versus time as measured using isothermal
microcalorimetry for LFP/AG pouch bags and pouch cells. Full pouch cells were charged to top
of charge (3.65 V), and held at that voltage for ~36 hr before being inserted into the calorimeter.
Pouch bags made from full pouch cells (+ or — electrodes as indicated in the legend) were held at

top of charge for ~36 hr before being disassembled into pouch bags. (b) Parasitic heat flow as
defined as the average heat flow over the last 5 hours of the experiment. The sum of heat flows
from the individual positive/negative pouch bags are compared to the heat flow from a full cell in
open circuit.

While the results of the pouch bag calorimetry experiments agree with the results of other
studies including UHPC, storage, and calorimetry cycling experiments, some limitations
of this method must be noted. When pouch cells are disassembled in the glovebox, it may
take up to 10 minutes to unroll the jelly roll and reassemble the electrodes into pouch bags.

The key assumption that is made in this process is that only the most volatile component
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of the electrolyte, DMC, is lost. Extra DMC is added to the pouch bag to account for this
loss. While this is likely a good assumption, the resulting electrolyte compositions of the
pouch bags will not be identical to the full cell that they are compared to in the calorimeter,
which may cause small differences in the measured heat flow. This point should be kept in

mind by the reader going forward.

5.3.3 Discussion

Many results for the Li salt/electrolyte additive parameter space (LiPFs CTRL, LiPFs 2VC,
LiFSI CTRL, LiFSI 2VC) have been shown here. Now, these results will be discussed in
an attempt to synthesize the results of the various experiments and present a coherent
narrative for the impact of both different salts and electrolyte additives in LFP/Graphite

cells.

The behaviour and cycle performance of LFP/Graphite cells with different Li salts was
highly dependent on whether additional electrolyte additives were used. First consider the
case of Control electrolyte (no additives). In this case, the extremely poor capacity retention
of cells with LiPFe¢-based electrolyte could be mitigated with the use of LiFSI. Better
capacity retention was seen with LiFSI-based Control electrolytes at 40°C and 55°C
(Figure 5.8,Figure 5.9). Consequently, UHPC cycling revealed replacing LiPF¢ with LiFSI
in Control electrolyte led to a large increase in coulombic efficiency (CE) and dramatically
lowered charge endpoint capacity slippage (Figure 5.11), and isothermal microcalorimetry
(IMC) measurements of parasitic heat flow showed much lower parasitic heat flow with

LiFSI-based electrolyte compared to LiPF¢ (Figure 5.12, Figure 5.14), all issues that were
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identified with the LiPF¢ Control electrolyte in CHAPTER 4. In high temperature OCV
storage (Figure 5.15), severe self-discharge in Control electrolyte was prevented by using
LiFSI. Approximately 7 times less deposited Fe was detected in a cell with LiFSI Control
electrolyte (1.9 pg/cm?) compared to LiPFs Control after the same cycling conditions at
40°C. Finally, pouch bag storage experiments at 60°C (Figure 5.16) revealed minimal gas
originating from the LFP electrode in Control electrolyte regardless of salt used, and
substantial volumes of gas produced at the graphite electrode in LiPF¢ Control electrolyte

only.

All these results indicate the presence of rapid and severe degradation in the LFP/graphite
chemistry that are enabled by the presence of the LiPFs salt. The complete self-discharge
of the LiPFs Control cells in high temperature storage and extremely high parasitic heat
flow in IMC experiments suggests the existence of a molecular shuttle that can be oxidized
at the positive electrode, and subsequently be reduced at the negative electrode to its
original form. This process would be accompanied by a continual rapid self-discharge as
Liions are removed from the negative electrode and intercalated into the positive electrode
to balance the charge as this shuttle reaction occurs!?. Shuttling behaviour has been
observed in LiPFs Control electrolyte extracted from LFP cells, and is discussed in much

more depth in a recent publication by Boulanger et al.2%

In addition to the shuttling molecule that arises in LiPFe¢ Control electrolyte, a substantial
amount of Fe dissolution and deposition occurs when this electrolyte was used. This is

likely a combination of Fe dissolution arising from the acidic decomposition products of
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LiPFs, and facile deposition of Fe at the negative electrode by a poorly passivating SEI

layer.

The initial structure of an EC-based SEI on a graphite electrode has been shown to
primarily consist of LiF and lithium ethylene decarbonate (LEDC)® 4. Some recent work
has called this interpretation into question, instead proposing lithium ethylene mono-
carbonate (LEMC) is primary component of the SEI®*. However, given the similar
structures of these two compounds, they will likely decompose similarly in a full cell
environment, so the below discussion should not be affected by the LEDC/LEMC debate.
LEDC is quite reactive, and can be hydrolyzed easily to form Li2COs3, COz, and lithium
alkoxides®®. Additionally, LEDC can thermally decompose (again forming Li2CO3 and
CO2, among other products), and can react in the presence of LiPFs salt to form LiF and
COz, among other products®. Once Li2COs3 is formed, it can further react with the LiPFs
salt, forming more CO: and LiF. Note that COz is a product in all of these decomposition
reactions. The decomposition of LEDC and Li2CO3 could explain the large amount of gas
detected in the graphite pouch bag experiment. These reactions would also contribute to
the parasitic heat flow detected in IMC experiments. As noted by Heiskanen et al. 8, this
severe decomposition of the SEI in Control electrolyte (especially in the presence of LiPFe)
will result in a film that is porous, leading to further EC reduction and SEI formation.
Additionally, a porous, poorly passivating SEI film would likely allow for dissolved Fe

ions to deposit easily.
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When LiFSI replaces LiPFs in the electrolyte, the initial structure of the SEI in Control
electrolyte should be similar, primarily consisting of LEDC and LiF (LiPFs is the primary
source of LiF in the initial SEI structure, but LiFSI has also been shown to decompose into
LiF?%8). However, the decomposition of LEDC catalyzed by LiPFs would no longer occur
in the case of LiFSI. Since that reaction is said to occur rapidly at high temperature®,
LEDC may decompose much more slowly in LiFSI electrolyte, which could explain the
much lower gas volumes detected (Figure 5.16b), lower parasitic heat flow (Figure 5.12),
and much improved long-term cycle life (Figure 5.8). Therefore, LFP/Graphite cells with
LiPFe-based Control electrolyte suffer from the concomitant issues of rapid SEI
decomposition, facile Fe dissolution, and continuous reduction of EC, all of which can be

remedied by replacing LiPFs with LiFSI.

VC-containing electrolyte presents a different situation. The initial structure of the graphite
SEI is different, now likely consisting primarily of poly(VC), LiF, and Li2CO3 8. Again,
the choice of salt should not significantly impact the SEI composition after the first cycle.
The poly(VC) in the SEI will be more robust than LEDC, and decomposition should not

occur quickly. Li2CO3 will react via the reactions outlined above, producing some COo.

The mysteries that remain are the unexpected results for LiFSI + 2VC electrolyte in
calorimetry, UHPC, and storage experiments, which all showed metrics that would
typically point to worse long-term performance compared to the LiPFs + 2VC electrolyte,
despite the significantly better cycling of LiFSI-containing cells. The most logical

explanation for these seemingly contradictory results is that the lower CE, higher slippage,
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higher parasitic heat flow, and higher storage losses in LiFSI cells correspond to some
parasitic reaction, likely a shuttle or some other type of crosstalk reaction, that does not
affect the cyclable Li inventory. One hint that leads to this explanation is that only the
reversible capacity loss (i.e. capacity that can be recovered on the next charge) was higher
in LiFSI-containing cells in OCV storage, and irreversible capacity loss (e.g. from SEI
formation) was very similar for LiPFs and LiFSI cells with 2VC electrolyte. Further,
experiments that considered the LFP and graphite electrodes separately saw benefits to
using LiFSI over LiPFs; less gas was produced in LiFSI + 2VC graphite pouch bags, and
similarly the parasitic heat flow was lower for graphite pouch bags containing LiFSI.
Therefore, it seems that the lifetime benefit brought on by the use of LiFSI has to do with
a better passivating SEI on the negative electrode. In the literature, Kang et al. have
reported a thinner SEI layer rich in inorganic species was achieved in an LiFSI-based

electrolyte compared to an LiPFs-based electrolyte?®®

, which may be reflected in the
positive results of the pouch bag experiments here. This additional cross-talk reaction,

whatever it may be, “muddies the water” for typical advanced characterization techniques

such as UHPC and IMC, but does not seem to affect cycle lifetime.

This section highlighted the significant impact that the choice of Li salt in the electrolyte
can make to the high temperature lifetime of LFP/graphite cells. Using LiFSI as the primary
salt in the electrolyte significantly improved high temperature lifetime. Despite some
unexpected results in the LiFSI + 2VC electrolyte that suggested a redox shuttle, the use
of LiFSI is promising in LFP cells. The LFP/Graphite cells with 1.5 M LiFSI + 2VC

electrolyte cycled exceptionally well at high temperature despite the slight shuttling
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behaviour observed in the early cycles in more sensitive experiments. This self-discharge
was clearly not an issue in the CCCV cycling protocols considered here, but it may be
worth considering for more commercially-relevant applications, such as grid-storage. In
cases where cells are required to remain at high states of charge for long periods of time at
extremely high temperatures before the stored energy is needed, a self-discharge process
like that seen in LiFSI + 2VC may reduce the storage efficiency, as a small amount of
charge is continually lost during storage. Given the clear benefits that LiFSI provides in
cycling in LFP/graphite cells, other solutions could be considered to mitigate this self-

discharge process.

5.4 IMPACT OF DIFFERENT GRAPHITE MATERIALS

In the previous section, it was shown that using LiFSI instead of LiPFs in the electrolyte
improved the high temperature cycling of LFP cells. Pouch bag experiments measuring
both gas volumes (Figure 5.16) and parasitic heat flow (Figure 5.17) suggested that most
parasitic reactions and thus most Li inventory loss was occurring at the negative electrode.
Therefore, attention is now placed on the graphite material itself as an avenue to further

improve high temperature lifetime in LFP/graphite cells.

Eldesoky et al. recently published a series of papers looking at the impact of different
graphite materials on the performance of NMC811/graphite cells’*?%. In these works,
important differences in the physical properties of several natural graphites (NGs) and
artificial graphites (AGs) were found, which were correlated to significant differences in

electrochemical performance. In particular, AGs with low electrochemicaly active surface
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area greatly improved the high temperature capacity retention of NMC811/graphite cells
operating at relatively low voltage. Previously, Glazier et al. correlated parasitic heat flow
from IMC measurements to cycle life in NMC532/Graphite and NMC622/Graphite cells>.
Huang et al. studied the impact of graphite pyrolysis temperature on cycle life in

NMC532/Graphite cells®!.

This section will consider the performance of LFP cells with three different artificial
graphite (AG) negative electrodes. These are the same AG materials that were studied in
Eldesoky et al.>32°* Table 5.2 shows some of the relevant physical properties of these
different materials. Note that AG-A is the same graphite material that has been used in all
cells throughout this thesis up to this point. AG-B has the largest average particle size as
well as the largest tap density. Both AG-B and AG-C have lower surface areas compared
to AG-A. Cells were tested with both LiPF¢ and LiFSI-based electrolytes. LiPFs Control

electrolyte was excluded from this study.

Table 5.2: Physical properties of the different artificial graphites (AG) studied. These values were
reviously reported in Eldesoky et al.>

Art1ﬁmg}p(§raph1te D50 (um) SSA (m?/g) Ta?og gcrarrllss)lty
AG-A 16.02 1.29 1.08
AG-B 17.94 1.08 1.40
AG-C 15.64 1.00 1.12

Figure 5.18a shows the gas volume evolved in the formation cycle versus first cycle
efficiency (FCE) of LFP/AG cells with different AGs, and Figure 5.18b shows charge-

transfer resistance versus FCE. First note how the FCE varies as a function of graphite
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type. AG-A had the lowest FCE (around 0.90) followed by AG-B, and AG-C with the
highest FCE, averaging around 0.95. This means that for AG-B and AG-C, less Li was
consumed in the first cycle compared to AG-A. Accordingly, less gas was produced in this
first cycle for AG-B and AG-C cells. For all cells, there was little difference between the

gas produced in LiPFs and LiFSI-containing cells.

The opposite correlation with FCE was seen for the charge-transfer resistance, Ret (Figure
5.18b). Here, the Rct measured after formation increased as FCE increased in a linear
fashion. As well, the use of LiFSI electrolyte appeared to decrease Rcr after formation by
a near constant amount, regardless of the AG type used. The high Rcr values seen in AG-
B and AG-C cells may cause worries about impedance growth issues as these cells cycle,
so LiFSI may be an option to limit this impedance growth. The issue of impedance growth

will be considered in more detail in the next chapter.
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Figure 5.18: Correlation of formation quantities to the first cycle efficiency. (a) Gas volume as a
function of FCE. (b) Charge-transfer resistance as a function of FCE.

Figure 5.19 shows long-term cycling results for LFP/AG cells at 55°C. Cells were cycled
at C/3 rate for both charge and discharge. The type of AG used is specified by different
colours in the plot, and different electrolyte types are shown by different symbols. It is not
surprising that LiFSI Control electrolyte performed the worst here, as this was seen already
in the previous section (Figure 5.9). However, this electrolyte was still valuable as it
amplified the differences between the different AGs. While the AG-A cell with LiFSI
Control electrolyte lost 10% of its initial capacity after only 50 cycles at 55°C, the AG-C

cell took closer to 300 cycles at 55°C to reach 90% capacity. Similarly, the AG-B cell
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reached 90% capacity at around 225 cycles. In cells with 2VC electrolyte, the differences
between AGs were more subtle. However, after 350 cycles or so it became clear that AG-
B and AG-C cells had better capacity retention than AG-A cells, both in the LiPFs and
LiFSI cases. Also note that for all graphite types, cells with LiFSI + 2VC electrolyte had
the best capacity retention at 55°C. Despite the high Rcr of AG-B and AG-C cells after the
first cycle (Figure 5.18), voltage polarization was very stable for all cells cycled at 55°C,

again suggesting that impedance growth is not a significant concern in these cells.
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Figure 5.19: Long-term cycling results for LFP cells with different graphite negatives cycling at
C/3 rate at 55°C. (a) Absolute discharge capacity versus cycle number. (b) Normalized capacity
(normalized to cycle 5) versus cycle number. (c) Absolute voltage polarization versus cycle
number.
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OCV storage experiments were carried out at 60°C for cells with different AGs to probe
the reversible and irreversible capacity loss for the different graphite types. Once again,
both LiPFs + 2VC and LiFSI + 2VC electrolytes were used. Figure 5.20 shows the
reversible and irreversible capacity losses after 500 hr of storage for the different cells. The
sum of the two bars for each cell type gives the total capacity lost over this period (i.e. Do
— D1, see CHAPTER 3). A dashed line in Figure 5.20 represents the total capacity loss for
LFP/AG-A with LiPFs + 2VC electrolyte and is meant to be a guide to the eye for
comparison with the other cell types. Both LFP/AG-B and LFP/AG-C cells had less total
capacity loss during storage than LFP/AG-A cells, and this was true for both LiPF¢ +2VC
and LiFSI + 2VC electrolytes. As well, notice the ratio between reversible and irreversible
capacity losses. Like that seen in the previous section (Figure 5.15), more reversible
capacity loss was seen in LiFSI + 2VC electrolytes compared to LiPFs + 2VC electrolytes
regardless of AG choice, meaning that the shuttle proposed for LiFSI + 2VC electrolytes
may still potentially be an issue in AG-B and AG-C cells. However, notice the magnitude
of reversible capacity loss was lower for AG-B and AG-C cells with LiFSI electrolyte,
suggesting that the use of these AGs could at least reduce the impact from this shuttle.
Notice as well that the reversible capacity loss for LiPFs electrolytes was virtually identical
for all AGs, suggesting that there is some inherent reversible capacity loss that occurs in
all cells. The improvements in the AG-B and AG-C cells came from the reduction in
irreversible capacity loss, suggesting that SEI-forming reactions or other reactions that

consume Li inventory were less prevalent in these cells.
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Figure 5.20: Reversible and irreversible capacity losses in 60°C storage experiments. The dashed
line shows total capacity loss for LFP/AG-A with LiPFs + 2VC electrolyte as a guide to the eye.

IMC cycling experiments were done on LFP cells with the different AG negative
electrodes. Both the LiPF¢ + 2VC and LiFSI + 2VC electrolytes were tested. These cells
used the same cycling protocol that was introduced in CHAPTER 4. A slight modification
was needed for the LFP/AG-B cells, as the voltage limits for the graphite plateaus were
slightly different than the LFP/AG-A and LFP/AG-C cells (see Figure A.7). The voltage
limits for the LFP/AG-B cells were 3.250 V — 3.335 V for the 2L = 2 plateau and 3.290
V —3.400 V for the 2 = 1 plateau. This slight difference should not affect the interpretation
of the results. Graphs of parasitic heat flow versus relative SOC are shown in the appendix
(Figure A.8). It should also be noted that the explanation for the different voltage curves

between AG-A/AG-C and AG-B cells is not known at this time.

Figure 5.21 shows the average parasitic heat flow versus cycle number for the IMC cycles

at 40°C. Here, a clear decrease in parasitic heat flow was seen in the LFP/AG-B and
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LFP/AG-C cells compared to the LFP/AG-A cells with both electrolyte types. The average
parasitic heat flow for LFP/AC-C cells in the last cycle was almost half that of the LFP/AG-
A cells at the same cycle. This suggests much fewer parasitic reactions occur in the
LFP/AG-B and LFP/AG-C cells compared to AG-A, supporting the long-term cycling and
OCYV storage experiments. As well, notice the differences in parasitic heat flow between
LiPF¢ and LiFSI electrolytes in the different LFP/AG cells. In the LFP/AG-A cells, cells
with LiFSI + 2VC electrolyte had slightly higher parasitic heat flow, as was discussed in
the previous section. Here, both LFP/AG-B and LFP/AG-C cells with LiFSI electrolyte
had essentially the same parasitic heat flow as their corresponding LiPFe-based cells. This
higher parasitic heat flow that was observed in LiFSI + 2V C cells was attributed to a cross-
talk or shuttle reaction. This means that AG-B and AG-C cells could inhibit this reaction.
This result is also consistent with the storage results above (Figure 5.20) that showed lower
reversible capacity loss in AG-B and AG-C cells with LiFSI compared to AG-A. This being
said, the differences in parasitic heat flows between electrolytes were small to begin with,
so it is difficult to say with certainty that AG-B and AG-C inhibits the shuttle in LiFSI +

2VC electrolyte.
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Figure 5.21: Average parasitic heat flow versus cycle number for LFP/AG cells with different
graphites. Note that the voltage limits for the LFP/AG-B cells was slightly different than that
indicated in the graph legend (3.250 V —3.335 V and 3.290 V —3.400 V, respectively).
Pouch bag experiments were carried out in the microcalorimeter as was done in the
previous section. Due to limited channels, only LFP/AG-A and LFP/AG-C cells were
tested. Both LiPFs + 2VC and LiFSI + 2VC electrolytes were tested. Like in the previous
section, both fully charged electrodes in pouch bags and full cells in open circuit were
tested in the microcalorimeter. Figure 5.22 shows the average parasitic heat flow at 40°C
for these cells and pouch bags, which again was taken to be the average heat flow over the
final 5 hours of the experiment. Full cell heat flow is compared to the sum of pouch bag
heat flows. First notice that the parasitic heat flows for the LFP pouch bags extracted from
LFP/AG-C cells were again very low. The parasitic heat flow may have been marginally
lower than the LFP pouch bags from LFP/AG-A cells, which could be due to less cross-
talk products being formed in the first cycle before the pouch bags were constructed, but
this cannot be said with certainty. The graphite pouch bags from AG-C cells also showed

lower parasitic heat flow than corresponding AG-A pouch bags. This was true for both
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LiPFe¢ and LiFSI electrolytes. As well, the LFP/AG-C full cells in open circuit showed
lower parasitic heat flow than the LFP/AG-A cells, agreeing with the full cell cycling
experiments (Figure 5.21). Finally, consider the quantity Aq, which was defined to be the
difference between full cell parasitic heat flow, and the sum of positive and negative pouch
bag parasitic heat flow, attributable to cross-talk and shuttle reactions that require both
electrodes. This quantity is smaller in the LFP/AG-C case, especially in LiFSI electrolyte.
This result again suggests that the use of the AG-C graphite reduces shuttle reactions

arising from the LiFSI + 2V C electrolyte.
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Figure 5.22: Average parasitic heat flow (averaged over final five hours of experiment) for
LFP/AG-A and LFP/AG-C cells, comparing full cells in OCV mode and the sum of separate
pouch bags.

The results of the previous two sections (Sections 5.2 and 5.3) indicated that the most
significant mechanism of capacity loss in LFP/graphite cells was Li inventory loss at the

negative electrode. This section considered the impact of artificial graphite materials with
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low surface area as a potential solution to further improve capacity retention in LFP cells.
Indeed, cells with AG-B or AG-C showed better cycle performance at 55°C in all
electrolytes. Storage experiments at 60°C showed less capacity loss in AG-B and AG-C
cells, including less reversible capacity loss with LiFSI + 2V C electrolyte, which was found
to be an issue in the previous section (5.3). IMC cycling experiments in full cells showed
lower parasitic heat flow in AG-B and AG-C cells. IMC experiments in pouch bags found
lower parasitic heat flow in AG-C pouch bags compared to AG-A, and less “cross-talk”
parasitic heat flow, Aq, in the case of LiFSI + 2VC electrolyte paired with AG-C. These
experiments have shown that the improved cycle performance of LFP/AG-B and LFP/AG-

C cells was a result of less Li inventory loss in these cells compared to LFP/AG-A.

5.5 SUMMARY AND OUTLOOK

In this chapter, several studies were done to better understand degradation of LFP/graphite
cells and improve high temperature lifetime. These studies targeted the positive electrode,
the electrolyte, and the graphite negative electrode. Studies on the impact of LFP particle
size and surface area found that cells with low surface area LFP had more capacity loss.
This was found to be due to fracturing of the LFP particles, leading to exposed, non-carbon
coated LFP surface reacting with electrolyte. When LiPFs in the electrolyte was replaced
with LiFSI, an improvement in high temperature capacity retention was seen in cells both
with and without electrolyte additives. While several tests such as UHPC, IMC, and OCV
storage indicated the existance of a self-discharging shuttle mechanism in LiFSI + 2VC
electrolyte, it did not impact cycle life in long-term cycling experiments. Additionally,

pouch bag experiments indicated the graphite SEI in LiFSI + 2VC electrolyte was better
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passivating than in LiPFe¢ + 2VC electrolyte. Finally, LFP/Graphite cells with three
different artificial graphites (AGs) were tested. AGs with lower surface area showed
improved high temperature cycle performance, as well as lower parasitic heat flow and
better storage performance. As well, the use of improved AG materials may have reduced

the shuttle activity in LiFSI + 2VC electrolyte.

At this point, the net improvement to high temperature cycle life of LFP/graphite cells can
be gauged. Figure 5.23 shows normalized capacity versus cycling time at (a) 40°C and (b)
55°C for a number of cells that have been presented in this thesis up to this point. All cells
were cycled at C/3:C/3 rate, with the exception of the “famous” commercial LFP at 40°C.
The previous “best effort” cell from CHAPTER 4 was LFP/AG-A with 1.5 M LiPFs +2VC
+ 1DTD electrolyte (orange points). This cell reached 90% capacity after approximately
4000 hr and 2000 hr at 40°C and 55°C, respectively. The next improvement was using
medium BET LFP/AG-A cells with 1.5 M LiFSI + 2VC electrolyte. Next, using the low
surface area artificial graphite AG-C with LiFSI electrolyte showed further improvements
at 55°C, but little improvement at 40°C after >8000 hr of testing. It is possible that
LFP/AG-C would show improved capacity retention over LFP/AG-A after more hours of
testing at 40°C. Finally, these improvements that have been made in this chapter are
compared to the same NMC532/AG-A cells from Chapter 5, as well as a commercial
(“famous”) LFP cell that represents a state-of-the art commercial LFP cell. Both LFP/AG-
A and LFP/AG-C cells with LiFSI + 2VC electrolyte show very similar capacity retention
to the commercial LFP cell at 40°C. At 40°C, capacity retention of the optimized LFP cells

are still worse than the NMC532/AG-A cells, but note that the rate of capacity fade became
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similar for these cells after many hours of cycling. At 55°C, the LFP/AG-C cell with LiFSI
+ 2VC electrolyte showed very similar capacity retention to the NMC532/AG-A cell. This
Figure does well to highlight the improvements that have been made from CHAPTER 4 to

the end of this chapter.

Of course, it must be noted that the lifetime of NMC532 cells could also be improved if
the AG-C electrode material was used. On the other hand, LiFSI likely would be
incompatible with NMC532/graphite cells due to their high operating voltage. To make a
fairer comparison between cell chemistries, the LFP/AG-A cell with LiFSI + 2VC
electrolyte had slightly worse capacity retention than the NMC532/AG-A cell with LiPFe
+ 2VC + 1DTD electrolyte at 55°C. It does seem then that NMC cells have inherently
better capacity retention than LFP cells, even despite the large difference in operating
voltages. Going forward, the differences between LFP and NMC chemistries will be
scrutinized further. The next chapter will consider several one-to-one comparisons between

LFP and NMC to learn more about the lifetime differences between these cells.
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Figure 5.23: Normalized discharge capacity versus cycling time for various LFP cells presented
throughout this thesis, cycling at (a) 40°C, and (b) 55°C Also shown is a commercial LFP cell
(“famous” LFP), and NMC532/AG-A cells (shown previously in CHAPTER 5). All cells were

cycled at C/3 rate, with the exception of the commercial LFP cell (~C/8).
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CHAPTER 6 LONG-TERM STORAGE STUDIES OF LFP/GRAPHITE AND

NMCS811/GRAPHITE POUCH CELLS

This chapter contains material that is being prepared for submission to a peer-reviewed
journal, all primarily written by the author of this thesis. The author of this thesis conceived
of, planned, and completed all data analysis for the experiments presented in this chapter
under the supervision of Jeff Dahn. Ethan Eastwood assisted with constructing pouch cells
and pouch bags, as well as measurements of gas evolution. Discussions with Connor Aiken
and Michael Metzger were valuable in shaping the interpretation of some of the pouch bag

results.

6.1 INTRODUCTION

CHAPTER 5 presented several strategies to improve the high temperature lifetime of
LFP/graphite cells. The most successful improvements were made by replacing the LiPFe
salt in the electrolyte with LiFSI and using low surface area artificial graphite (AG)
negative electrodes. Throughout this thesis, the performance of LFP cells have been
compared to NMC cells, typically finding that NMC cells show better capacity retention
than comparable LFP cells in many cases. This chapter aims to delve deeper into this
comparison, looking at the interactions of different positive electrodes, negative electrodes,
and electrolytes, and the implications of these combinations on the performance and
degradation of Li-ion cells. This chapter presents the culmination of the work in this thesis
up to this point, directly comparing NMC811, LFP, artificial graphites AG-A,B,C, and the

two different Li salts used in the electrolyte, LiPF¢ and LiFSI.
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In this comparison, effects such as particle cracking from volume change in the NMC case
were minimized. It was shown in some recent publications that cycling NMC81 1/graphite
cells to a cell voltage below the point in which a large lattice contraction occurs?® led to
excellent cycle performance®®?*2, Additionally, impedance growth was minor when
NMCS8I11 cells were cycled in a low voltage range, meaning nearly all capacity loss in these
cells was due to Li inventory loss at the negative electrode®®°. Restricted voltage range
cycling of NMC811 cells will provide a good comparison to LFP, where Li inventory loss
will be the main degradation mode in both cases. In this Chapter, NMC81 1/graphite cells
were operated to a maximum of 4.06 V. Table 6.1 summarizes the matrix of different

parameters that are studied in this chapter.

In this chapter, high-temperature storage experiments are used in place of CCCV cycling
experiments. There are some logical reasons for this choice over cycling experiments. First,
the high temperature (60°C) and high state of charge the cells are kept at will accelerate

parasitic reactions and Li inventory loss!!?

, hopefully showing meaningful differences
between the different cells in a shorter amount of time than CCCV cycling at lower
temperatures. Second, OCV storage experiments at the top of charge will allow for
comparisons between full cells and pouch bags, described below. Finally, the high
temperature storage experiments allow for periodic check-ups of not just discharge
capacity, but also impedance (vis EIS) and gas evolution, which should also help to better

understand the differences between the cells in this matrix. Cells were stored for 5 separate

periods of 500 hr each at 60°C for a total of 2500 hours. After each 500 hr storage period,
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the cells were cycled and recharged according to the “smart” storage protocol described in

CHAPTER 3.

In addition to the high temperature storage experiments, pouch bags were made in a similar
fashion to the experiments that were done in CHAPTER 5. Here, in addition to pouch bags
stored at 60°C, pouch bags were also constructed and stored at additional temperatures:
40°C, 70°C, and 80°C. The purpose for the expanded temperature range of the pouch bag
experiments was to investigate the temperature dependence of parasitic reactions in the
pouch bags, as well as to accelerate parasitic reactions in the graphite pouch bags
specifically, since it took well over 1000 hr to see detectable gas volumes at 60°C in
graphite pouch bags with 2VC electrolytes in CHAPTER 5 (see Figure 5.16). Pouch bags
were also run in the microcalorimeter in the same fashion as the previous chapter. These
IMC experiments were run exclusively at 40°C. Since 2VC was used in the electrolyte for
all cells in this chapter, that detail may be omitted when discussing the results of these

experiments.

208



Table 6.1: Matrix of different positive electrode/negative electrode/electrolyte combinations used

in this chapter.

el;e(:)stl;[glee g:f;gzz Voltage range Electrolyte
LFP AG-A 25V-365V 1.5 M LiPFs + 2VC
LFP AG-A 25V-365V 1.5 M LiFSI +2VC
LFP AG-B 25V-365V 1.5 M LiPFs + 2VC
LFP AG-B 25V-365V 1.5 M LiFSI + 2VC
LFP AG-C 25V-365V 1.5 M LiPFs + 2VC
LFP AG-C 25V-365V 1.5 M LiFSI + 2VC
NMCS811 AG-A 3.0V-406V 1.5 M LiPFs + 2VC
NMCS811 AG-A 30V-406V 1.5 M LiFSI +2VC
NMCS811 AG-B 3.0V-406V 1.5 M LiPFs + 2VC
NMC811 AG-B 3.0V-406V 1.5 M LiFSI +2VC
NMCS811 AG-C 3.0V-406V 1.5 M LiPFs + 2VC
NMCS811 AG-C 3.0V-406V 1.5 M LiFSI +2VC

6.2 RESULTS

6.2.1 Full cell storage

Figure 6.1 shows voltage versus time during OCV storage at 60°C for the different cells
used in this study. As mentioned earlier in this thesis, the measure of voltage drop in a
storage experiment is not a direct measure of capacity loss, but it can be correlated to
capacity loss?’. The NMC811/AG-A cell with LiFSI + 2VC electrolyte failed in the first
storage period, and therefore is not shown here. Each subsequent storage period starts at
t=0 and sequential storage periods are denoted by lighter coloured points and lines. Points
are plotted along the voltage curves periodically as a guide to the eye to better compare

different storage periods. First, the LFP/AG results will be discussed.
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Figure 6.1: Voltage versus time over five 500 hr OCV storage periods at 60°C. (a) LFP/AG-A
with LiPFs + 2VC electrolyte. (b) LFP/AG-A with LiFSI + 2VC electrolyte. (¢) NMC811/AG-A
with LiPFs + 2VC electrolyte. (d) NMC811/AG-A with LiFSI + 2VC electrolyte. (¢) LFP/AG-B
with LiPFs + 2VC electrolyte. (f) LFP/AG-B with LiFSI + 2VC electrolyte. (g) NMC811/AG-B
with LiPFs + 2VC. (h) NMC811/AG-B with LiFSI + 2V C electrolyte. (i) LFP/AG-C with LiPFg

+ 2VC electrolyte. (j) LFP/AG-C with LiFSI + 2VC electrolyte. (k) NMC811/AG-C LiPF¢ +
2VC electrolyte. (1) NMC811/AG-C with LiFSI + 2VC.
Storage results have been presented for LFP/AG cells in previous chapters (CHAPTER 4
and CHAPTER 5). The biggest difference here is that the storage trends can be observed
for more than one or two 500 hr storage periods. As reported earlier (CHAPTER 5), a
higher voltage drop was seen in cells with LiFSI + 2VC electrolyte than cells with LiPF¢
+ 2VC electrolyte, despite having better capacity retention in long-term cycling
experiments. To reiterate the results of CHAPTER 5, this is likely due to a redox shuttle

reaction that is unque to the LiFSI electrolyte. This trend holds for LFP cells with the three

different AGs, though cells with AG-B or AG-C and LiFSI electrolyte did have less voltage
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drop than LFP/AG-A cells. The voltage drop for LFP/AG-A with LiFSI electrolyte was
high enough that in each storage period the cell reached the LFP voltage plateau (see the
LFP half cell voltage curve in Figure 1.2), leading to the flat voltage profile by the end of
each storage period. Looking at the trend with subsequent storage periods, in the majority
of cases the voltage drop over the 500 hr storage period became lower as the LFP/AG cells
aged. As the cells are aged, especially at high temperature, the SEI on the graphite electrode
thickens, improving the passivation of the negative electrode. This should reduce the
amount of products formed at the negative electrode, and reduce the amount of cross-talk
causing self-discharge. In one case, LFP/AG-B with LiFSI electrolyte, the last storage
period (STOS) showed slightly more voltage drop than previous runs, indicating a larger
rate of self-discharge compared to previous storage periods. This could be due to the
breakdown the SEI layer, leading to more cross-talk species and self-discharge. This may
have happened in LFP/AG-A as well, but it is hard to tell from this data. The quantitative
extent of the self-discharge will be easier to see by comparing the discharge capacities after

each storage period, which will be done below.

The trends in the NMC811/AG cells were not as straightforward as the LFP matrix. In the
NMC/AG-A cells with LiPFs electrolyte, the voltage drop over each 500 hr storage period
expectedly became lower as the cell was aged. On the other hand, in NMC/AG-B and
NMC/AG-C cells, voltage drop decreased over the first 2-3 storage periods, but then started
to increase in subsequent experiments. Again, as was suggested in the case of LFP/AG-B
with LiFSI electrolyte, the higher voltage drop indicates more facile self-discharge and

degradation of the interphases in the cell. This result was unexpected because LFP/AG-B
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and LFP/AG-C cells performed better in high temperature cycling experiments in
CHAPTER 5, and in the literature NMC811 cells with AG-B and AG-C also performed
better than NMC/AG-A cells in cycling experiments to 4.06 V332°°. As of now this trend
of worsening storage performance for NMC/AG-B and NMC/AG-C cells cannot be

explained.

Finally, long-term storage of NMC cells with LiFSI electrolyte were considered. This slice
of the parameter space is interesting, primarily because of the higher upper-cutoff voltage
of NMC811 compared to LFP. Since LiFSI is said to corrode the positive electrode current
collector at high voltage, this becomes an extra factor to consider when analyzing these
cells. It was argued in CHAPTER 5 that LFP cells with LiFSI electrolyte do not experience
Al corrosion. Of the surviving NMC/AG cells with LiFSI electrolyte (AG-B and AG-C),
the voltage drop went down as the cells were aged, similar to what was seen in the LFP
case. Interestingly, the increasing voltage drop with increasing storage number in the
NMC/AG cells with LiPF¢ electrolyte was not seen when LiFSI was used. It is possible,
then, that the LiPFs salt is involved in whatever parasitic reaction leads to the increasing

self-discharge with cell age, and the use of LiFSI prevents this from occurring.

Figure 6.2 shows full discharge capacity after storage (i.e. D2 defined in CHAPTER 3)
versus storage time for the matrix of cells tested. Note that the post-storage cycles were
done at 40°C on a different system (Maccor 4000 series), as opposed to previous “smart”
storage experiments presented in this thesis, where the entire experiment was completed in

the same temperature box with the same charger. Both absolute capacity (Figure 6.2a,b)
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and normalized capacity (Figure 6.2¢,d) are shown. As well, note the different y-axis scales
that are used for the LFP and NMC cells. A dashed line in Figure 6.2d indicates the y-axis
minimum for LFP cells in Figure 6.2¢ to aid in making comparisons between the different

cell types.

For LFP/AG-B and LFP/AG-C cells, capacity retention over many storage periods was
better in LiFSI electrolyte than in LiPFe electrolyte. Both LFP/AG-B and LFP/AG-C cells
had just under 90% of their original capacity remaining after 2500 hr of storage at 60°C.
In CHAPTER 5 it was shown in similar high temperature storage experiments (only one
500 hr storage period) that LFP cells with AG-B and AG-C reduced the capacity loss that
was observed in LiFSI electrolyte (D2-D1), possibly owing to the lower electrochemically
active surface areas of these graphites. A similar effect may be occurring here for multiple
storage periods; the lower surface area of AG-B and AG-C may inhibit SEI breakdown that
seems to occur in AG-A in LiFSI electrolyte after many hours of storage. It is unclear if
further storage would lead to an increasing rate of capacity fade in the LFP/AG-B and

LFP/AG-C cells with LiFSI electrolyte.
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Figure 6.2: Discharge capacity and normalized capacity (D in the smart storage protocol) versus
storage time for different cell types. Each point was measured after 500 hr of storage at 60°C.
Check-up cycles were measured at 40°C. Cells with LiPFs electrolyte are shown with circle
markers and solid lines, and cells with LiFSI electrolyte are shown with triangle markers and
dashed lines. (a,c) LFP/AG cells. (b,d) NMC811/AG cells. A dashed line is drawn at 80%
normalized capacity in panel (d).

The increasing voltage drop that was seen in NMC/AG-B and NMC/AG-C cells with LiPFs
electrolyte in Figure 6.1 showed an associated increase in the rate of capacity loss with
increasing storage time (Figure 6.2d), much more severe than what was seen in the LFP/AG
cells. In the worst case, NMC/AG-B with LiPFs electrolyte reached 70% of its initial
capacity after 2500 hours of storage. This increasing rate of capacity loss was not seen in

NMC/AG-A with LiPFe electrolyte. As well, this increasing rate of capacity loss was not

observed in NMC/AG-C cells with LiFSI electrolyte.
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For the first time in this thesis, NMC cells showed worse performance than LFP cells in
this set of experiments. In particular, the accelerating capacity fade in NMC/AG-B and
NMC/AG-C cells was a worrying feature, especially since it was not observed in the
NMC/AG-A cell. The use of LiFSI in the electrolyte appeared to remedy the accelerating
capacity fade issue in NMC cells with AG-B and AG-C negative electrodes. The higher
storage voltage of the NMC cells (4.06 V) compared to the LFP cells (3.65 V) must be
taken into account, which could contribute to the difference in storage performance
between LFP and NMC. After each storage period, gas evolution and impedance were also
measured, which should help to understand the voltage drop and capacity loss results

presented so far.

Figure 6.3 shows the charge-transfer resistance, Rcr of cells measured after each 500 hr
storage period. As a reminder (see CHAPTER 3) , these EIS measurements were done at
10°C. Both the LFP/AG cells and NMC/AG cells were measured at ~60% SOC. The Rer
was determined by taking the width of the semi-circle (i.e. the distance between the two
minima)on the real impedance axis in the Nyquist plot. Nyquist plots for each of these

measurements can be seen in Figure A.9.

Figure 6.3a shows the charge-transfer resistance for LFP/AG cells. Cells with LiPFs
electrolyte are shown with solid lines, and cells with LiFSI electrolyte are shown with
dashed lines. Here, there is a clear dependence on Li salt on Rcr growth as these cells age.

LFP/AG-B and LFP/AG-C cells with LiPF¢ electrolyte had massive increases in Rcr with
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storage time at 60°C, while the LFP/AG-A with LiPF¢ showed a modest increase. All cells
with LiFSI electrolyte showed virtually no growth in Rcr with storage time. This suggests
that parasitic reactions involving the Li salt during storage could be responsible for the
large increase in impedance. Notice as well in LFP cells with LiPF¢ electrolyte that the
growth in Rcr with storage time was the largest with AG-C, while Rcr change with time

was relatively stable with AG-A.

The large impedance increase in the LFP cells with LiPFs electrolyte likely did not affect
the capacity retention measured in Figure 6.2 since these cycles were completed at a slow
rate of C/10. However, this may affect capacity retention if the cells were cycled at a higher
rate. As well, high impedance likely originating at the negative electrode could also lead
to unwanted Li plating during charge at higher rates, leading to significant irreversible

capacity loss'®>.
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Figure 6.3: Charge-transfer resistance versus storage time for (a) LFP/AG cells at 3.65 V, and (b)
NMCS811/AG cells at 4.06 V. Cells were stored at 60°C. Cells with LiPFs electrolyte are shown
as circle markers with solid lines and cells with LiFSI electrolyte are shown with triangle markers
and dashed lines. EIS after each storage period was measured at 10°C.

Charge transfer resistance versus storage time for NMC/AG is shown in Figure 6.3b. Here,
the increase in Rcr with storage time was not as large as in the LFP/AG cells. However, in
the NMC case cells with both LiPFs electrolyte and LiFSI electrolyte showed similar

magnitude of impedance growth, in contrast to the LFP cells where there were more stark
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differences between the electrolytes. These impedance results do not provide any clear

explanation for the capacity loss observed in NMC/AG-A and AG-B cells with LiPFe.

Figure 6.4 shows the volume of gas evolved as a function of storage time. This was
measured using Archimedes principle at the end of each storage period. LFP/AG cells are
shown in Figure 6.4a and NMC811/AG cells are shown in Figure 6.4b. Note the different

scales used in the two panels.

Regardless of electrolyte and AG type used, relatively little gas was evolved in the LFP
cells during these high-temperature storage experiments. Of these cells, LFP cells with AG-
A negative electrodes had the most gas. This is expected given the higher reactivity of AG-
A compared to AG-B and AG-C found in CHAPTER 5. The higher gas volumes evolved
in LFP/AG-A also correlates with the higher capacity loss in LFP/AG-A in Figure 6.2.
LFP/AG-B and LFP/AG-C cells with LiPFs electrolyte had almost a factor of three lower
gas production at 2500 hours compared to the LFP/AG-A cell. Additionally, LFP/AG-B
and LFP/AG-C cells with LiFSI electrolyte had more gas evolved than their LiPFe
counterparts. Recall that LFP cells with LiFSI electrolyte had the best capacity retention
during storage (Figure 6.2c). This higher gas production could be related to some reaction
involving the LiFSI salt that does not consume lithium inventory (related to the redox
shuttle discussion in CHAPTER 5), so the higher gas production in these cells may not

impact capacity retention.
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Figure 6.4: Gas volume evolved as a function of storage time for (a) LFP/AG cells at 3.65 V, and
(b) NMC811/AG cells at 4.06 V with different electrolytes and negative electrodes. Cells were
stored at 60°C. Cells with LiPF electrolyte are shown as circle markers with solid lines and cells
with LiFSI electrolyte are shown with triangle markers and dashed lines.

Gas evolution measurements for the NMC/AG cells are shown in Figure 6.4b. In this case,
the gas volumes in NMC cells with LiFSI electrolyte were much higher than cells with
LiPFs electrolyte. This may agree with the Al corrosion argument, suggesting parasitic
reactions at and degradation of the positive electrode when LiFSI is used in NMC cells,
even when charged to a relatively low voltage (4.06 V). However, recall that the NMC/AG-
C cell with LiFSI electrolyte had better capacity retention than NMC/AG-C + LiPFs in the

storage experiments. Additionally, the cell with the lowest gas volume of the NMC + LiPF¢
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cells was NMC/AG-A, the reverse of the LFP/AG case. A sharp increase in gas evolution
for the NMC/AG-B and NMC/AG-C cells coincided with the decrease in capacity retention

and increase in voltage drop in the storage experiments (Figure 6.1 and Figure 6.2).

These results so far highlight the complex interactions that exist between positive and
negative electrodes, electrolyte, and even the testing protocol used. While LFP/AG-C cells
performed very well in these high temperature storage experiments with both LiFSI and
LiPFselectrolyte, NMC/AG-C + LiPFe saw rapid capacity fade after 1500 hours of storage.
In a recent publication, NMC811/AG-C cells with LiPFs electrolyte and similar electrolyte

290 50 it was

additives performed very well in high temperature CCCV cycling experiments
expected that this cell/electrolyte combination would do equally as well here. The next

section will attempt to investigate these interactions further using pouch bags.

6.2.2 Pouch bags

Pouch bags were constructed from pouch cells with different positive electrode, negative
electrode, and electrolyte combinations (see Table 6.1) to try to better understand the
impact of these components on parasitic reactions in these cells. Additionally, pouch bags
were stored at different temperatures to: (1) probe the temperature dependence of these
gas-producing parasitic reactions, and (2) to accelerate gas production in graphite pouch
bags since over 2000 hrs were required to see any gas formation in pouch bags at 60°C

with VC in the electrolyte in the previous chapter (see Figure 5.16).
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Figure 6.5 shows specific gas volume (volume of gas divided by the mass of active material
in the given electrode, active material mass was determined from measurements of dry
cells, see Table 3.2) versus time for positive electrode pouch bags with different
electrolytes. Each panel in the graph represents positive electrodes extracted from pouch
cells with different positive electrode/negative electrode/electrolyte combinations. Pouch
bags stored at different temperatures are plotted as different colors here. Note the different
y-axis scales for the LFP and NMC pouch bags. Apparent negative gas production at early
times in some cases is not considered to be physical. Rather, this could be due to small
changes changes in the pouch bag shape at early times that could influence the volume of
water displaced in the Archimedes volume measurement. It was shown in CHAPTER 5
that very little gas was formed in LFP pouch bags when stored at 60°C at top of charge,
suggesting that very little gas-forming parasitic reactions occur at the LFP electrode. That
again was seen here, and even at higher temperatures (70°C, 80°C) virtually no gas was
detected in the LFP pouch bags after 3000 hours of testing. There appeared to be no
influence of negative electrode choice or Li salt choice on the amount of gas evolved in

LFP positive electrode pouch bags.

On the other hand, NMC pouch bags produced a lot of gas in a clearly temperature-
dependent relation. Large amounts of gas evolution have previously been observed in
pouch bags containing charged NMC!44145.215.293 " The products detected in aged NMC
pouch bags have been shown to be primarily CO and CO:2 from the oxidation of EC and
DMC!40145 In some cases, pouch bags stored at very high temperatures showed sharp

decreases in gas volume (Figure 6.5g, k). In these cases, it is likely that the pouch bag
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leaked or burst, releasing most of the evolved gas. In these experiments there did not seem
to be a strong dependence on the graphite used in the pouch cell before disassembly, as
may be expected. While not clear at higher temperatures (=70°C), lower temperatures
(most notably 60°C) indicated slightly less gas was produced in pouch bags with LiFSI
electrolyte. These more subtle differences in gas production will be investigated in more

detail later.
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Figure 6.5: Specific gas volumes evolved in charged positive electrode pouch bags at different
temperatures from cells with different positive electrode/negative electrode pairings. (a) LFP/AG-
A with LiPFs + 2VC electrolyte. (b) LFP/AG-A with LiFSI + 2VC electrolyte. (c) NMC811/AG-
A with LiPF¢ + 2VC electrolyte. (d) NMC811/AG-A with LiFSI + 2VC electrolyte. (e) LFP/AG-
B with LiPFs + 2VC electrolyte. (f) LFP/AG-B with LiFSI + 2VC electrolyte. (g) NMC811/AG-

B with LiPFs + 2VC. (h) NMC811/AG-B with LiFSI + 2VC electrolyte. (i) LFP/AG-C with
LiPFs + 2VC electrolyte. (j) LFP/AG-C with LiFSI + 2VC electrolyte. (k) NMC811/AG-C LiPFg
+ 2VC electrolyte. (1) NMC811/AG-C with LiFSI + 2VC.
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Figure 6.6 shows specific gas volumes evolved from graphite pouch bags stored at different
temperatures. Here, a clear dependence in temperature on gas production was observed, as
may be expected. First, consider the graphite pouch bags originating from LFP/AG pouch
cells. In all cases, the 40°C pouch bags produced virtually no gas, and the 60°C pouch bags
produced very little gas after >4000 hours of aging at the given temperature. Therefore, the
main focus here will be on the 70°C and 80°C pouch bags in order to see significant
differences in gas production. Initially, less gas was produced in pouch bags with LiFSI
electrolyte. However, especially at 80°C, after ~1500 hours or so of testing the rate of gas
production increased. The rate of gas production in AG-A with LiFSI was always high at
80°C, but in AG-B and AG-C, the rate of gas evolution started low and saw a large increase.
No increase in gas production rate was seen in the graphite pouch bags at 70°C out to at
least 3000 hours. This increasing rate of gas production suggests the breakdown of the SEI
or some related other process that caused a large increase in parasitic reaction rate. This
feature may be cause for concern for the use of LiFSI in LFP/AG cells, though it is noted
that 80°C is typically not a practical operating temperature. Instead, this may have
consequences for thermal safety events such as thermal runaway, where the LiFSI
electrolyte may contribute to SEI breakdown if very high temperatures are reached.
However, at more realistic temperatures, the use of LiFSI electrolyte seemed to reduce gas

production in negative electrode pouch bags compared to LiPFs electrolyte.
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Figure 6.6: Specific gas volumes evolved in charged negative electrode pouch bags at different
temperatures from cells with different positive electrode/negative electrode pairings. (a) LFP/AG-
A with LiPFs + 2VC electrolyte. (b) LFP/AG-A with LiFSI + 2VC electrolyte. (c) NMC811/AG-
A with LiPF¢ + 2VC electrolyte. (d) NMC811/AG-A with LiFSI + 2VC electrolyte. I LFP/AG-B
with LiPF¢ + 2VC electrolyte. (f) LFP/AG-B with LiFSI + 2VC electrolyte. (g) NMC811/AG-B
with LiPFs + 2VC. (h) NMC811/AG-B with LiFSI + 2VC electrolyte. (i) LFP/AG-C with LiPFs +
2VC electrolyte. (j) LFP/AG-C with LiFSI + 2VC electrolyte. (k) NMC811/AG-C LiPF¢ + 2VC
electrolyte. (1) NMC811/AG-C with LiFSI + 2VC.

The low surface area artificial graphites (AG-B and AG-C) that had better cycle
performance in LFP/AG cells in CHAPTER 5 showed greatly reduced gas volumes in
pouch bags compared to AG-A graphite. For comparison, AG-A pouch bags from LFP
cells with LiPFs electrolyte evolved over 0.8 mL/g after 3000 hours at 70°C, while AG-B
and AG-C evolved approximately 0.3 mL/g and 0.4 mL/g, respectively, in the same amount

of time. Much less gas was evolved in all pouch bags at 60°C, but still a reduction could

be seen in AG-B and AG-C compared to AG-A, especially with LiPFs electrolyte.
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Graphite pouch bags that originated from NMC811/AG cells appeared to show lower
specific gas evolution than graphite pouch bags originating from LFP/AG cells, especially
at high temperatures. As a comparison, an AG-A pouch bag with LiPFs electrolyte
originating from an LFP/AG-A cell had 0.8 mL/g of gas after 3000 hours at 70°C, while
an AG-A pouch bag with LiPF¢ electrolyte originating from an NMC811/AG-A cell had
only 0.4 mL/g of gas after 3000 hours at 70°C. Similar trends could also be seen for AG-
B and AG-C pouch bags, and with LiFSI electrolyte (though to a lesser extent). These
results raise an interesting question: how does the positive electrode impact gas-forming
parasitic reactions at the negative electrode, especially after the relatively short amount of

time that the full cells were together before disassembly?

One simple explanation could be the different states-of-charge (SOCs) of the graphite
electrodes. LFP/AG cells for pouch bags were charged to 3.65 V, very close to 100% SOC.
In contrast, NMC811/AG cells were charged to 4.06 V, which is only approximately 75%
SOC in a cell balanced to 4.4 V. The slightly different voltage of the graphite negative
electrode could impact the rate of parasitic reactions that occur in the pouch bags.
Alternatively, species produced at the positive electrode before pouch cells were made into
pouch bags could impact the gas volume evolved over time. It must be kept in mind that
cells only underwent one formation cycle at C/20 and 40°C (plus another charge at C/20),
followed by a voltage hold at the upper cutoff voltage for ~36 hours. This means the
positive and negative electrode could only interact for a maximum of ~95 hours before the
cells were disassembled into pouch bags. Looking at the positive electrode pouch bag data

in Figure 6.5, the NMC positive electrode pouch bags did not evolve very much gas after
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100 hours at 40°C. However, it is still possible that cross-talk products from the positive
electrode could influence the SEI structure of the negative electrode and thus the gas
production of graphite pouch bags. These cross-talk reactions could also help to explain
the difference in long-term cycle performance between LFP/graphite cells and

NMC/graphite cells that has been reported in CHAPTER 4 and CHAPTER 5.

Pouch bags that contained only electrolyte with no electrodes or separator were also
constructed. Figure 6.7 shows gas volume versus time for pouch bags with 1.0 mL of either
LiPFs electrolyte or LiFSI electrolyte. Pouch bags were stored at 40°C, 60°C, 70°C, or
80°C like in Figure 6.5 and Figure 6.6. Both electrolytes did not show any gas evolution
over >3000 hours at 40°C or 60°C. At 70°C, the LiPFs electrolyte started to show some
gas evolution, and at 80°C there is obvious gas evolution. LiFSI electrolyte pouch bags did
not show any gas evolution even up to 80°C. This suggests that the LiFSI electrolyte is
exceptionally stable by itself at high temperatures. The LiPFs thermally decomposes
according to the often reported reaction®:
LiPF¢ — LiF + PFg 6.1

The generation of PFs could explain the gas that is observed in the LiPF¢ electrolyte pouch
bag at 80°C. Additionally, PFs has been shown to react further with components of the
electrolyte, specifically EC?**, In the presence of H20 contamination in the electrolyte, PFs
also reacts further to form POF3 and HF?*. However, the only water that would be present

in these pouch bags would be trace water from the neat solvent mixture.
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It is interesting to note the the discrepancy between gas evolution data for the pure
electrolyte pouch bags in Figure 6.7 and the LFP positive electrode pouch bags in Figure
6.5. These LFP pouch bags showed virtually zero gas evolution after over 3000 hours at
80°C in LiPFe electrolyte. This means that gas produced via LiPFs decomposition of the
electrolyte either is adsorbed to the LFP electrode, or these gas products react further with
LFP. The adsorption argument is possible, given the high surface area of the LFP material.
However, it is also possible that some parasitic reactions do occur at the LFP electrode,
despite the low amount of gas and low parasitic heat flow that has been observed. Some
publications have observed electrolyte decomposition products on the LFP surface using

surface sensitive techniques such as XPS?%,
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Figure 6.7: Gas produced in pouch bags containing only electrolyte stored at different
temperatures. (a) 1.0 mL of EC:DMC 3:7 + 1.5 M LiPFs + 2% VC. (b) 1.0 mL of EC:DMC 3:7 +
1.5 M LiFSI + 2% VC.
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If gas-producing parasitic reactions in pouch bags are primarily controlled by temperature,
the gas evolution in pouch bags should follow an Arrhenius relation. These experiments
are slightly complicated by the fact that the gas evolution rate is not constant as a function
of time. If enough gas is produced to pressurize the pouch bag, the Archimedes method
will no longer be accurate. As the electrodes become more passivated, the parasitic reaction
rate will decrease (possibly at t1/2 rate, especially in the negative electrode). To compare
the temperature dependence of gas-evolving reactions in pouch bags, linear fits were made
to the data in early times where the gas evolution rate was relatively constant, and all gas
produced was confidently at a pressure of 1 atm. It should be noted that this analysis is not
meant to be a quantitative evaluation of these data. Instead, this analysis is meant to
simplify and summarize the qualitative comparisons between the different combinations of
positive electrodes, negative electrodes, and electrolytes presented in this chapter. Fits to
gas production data are shown in the Appendix (Figure A.10 - Figure A.13). The slopes of
the fitted lines are indicated in each of the panels of these Figures, in units of mL.g L. hr'!.
For LFP positive electrode pouch bags, all measured data were used in the fits, NMC pouch
bags used only the first 5, 6, 5, and 3 measurements for 40°C, 60°C, 70°C, and 80°C,
respectively. For graphite pouch bags, all measured points were used in the fit for 40°C
and 60°C pouch bags, and only the first 1000 hours were used in 70°C and 80°C pouch

bags.

These initial gas evolution fits were plotted against inverse temperature to study the
possible Arrhenius-like behaviour of pouch bags under different conditions. Figure 6.8

shows the initial gas formation rates for NMC811 positive electrode pouch bags. NMC
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pouch bags coming from various initial cell configurations show almost perfect Arrhenius
behaviour, indicating the rate of parasitic reactions at the NMC positive electrode is
strongly temperature controlled. Additionally, there was little variation observed between
different graphite types (in the original full cell) and different electrolytes. NMC pouch
bags originating from NMC/AG-A cells may have marginally higher gas formation rates
at most temperatures. Gas formation rates for one LFP pouch bag (LFP/AG-A + LiPFe) is
included for comparison to the NMC pouch bags. On the scale plotted (down to 5 x 10°¢
mL/g/hr) only the 80°C point appears on the graph, and is almost 5 orders of magnitude
lower than the NMC pouch bags at 80°C. This highlights the massive difference in gas
production between LFP and NMC pouch bags, again showing that the rate of parasitic

reactions at the LFP surface is very low compared to NMC.
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Figure 6.8: Arrhenius plot showing average initial specific gas production rate for NMCS811
positive electrode pouch bags. One LFP positive electrode pouch bag (LFP/AG-A + LiPF¢ +
2VC) is shown for comparison.
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Figure 6.9 shows the initial gas formation rate for graphite pouch bags originating from
LFP/AG pouch cells. Here, some clear differences between different graphite types and
electrolytes can be seen. The highest rate of gas production at all temperatures was from
AG-A pouch bags with LiPFs electrolyte. Graphite pouch bags with LiFSI electrolyte had
lower gas evolution rates than pouch bags with LiPFe electrolyte, with the exception of
AG-A at 80°C where the rates were similar between electrolytes. Points that were not
plotted in the range 40°C — 80°C indicate that the fit to the gas formation data had a negative
slope, indicating very little (virtually zero) gas was formed (see Figure A.10 — Figure
A.13); this is notable for the AG-C + LiFSI pouch bag at 60°C, where no significant amount
of gas was evolved after >4000 hr at 60°C (see Figure A.11r). Both AG-B and AC-C pouch
bags with LiPFs electrolyte showed lower gas production than AG-A pouch bags at all
temperatures. The dramatic reduction in gas formation in the AG-A LiFSI pouch bags
compared to AG-A with LiPFs was not seen to the same extent in AG-B and AG-C pouch

bags.
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Figure 6.9: Arrhenius plot comparing the initial specific gas production rate for graphite pouch
bags extracted from different LFP/AG cells with different electrolytes.

At this point it is valuable to compare graphite pouch bags that were originally in full pouch
cells with different positive electrodes. Figure 6.10 shows the initial gas formation rate for
AG-A pouch bags that originated from either LFP or NMC811 pouch cells. The highest
rate of gas production at all temperatures came from the AG-A + LiPF¢ pouch bags that
were originally paired with LFP positive electrodes. This is followed by AG-A + LiPFs
from NMCS811 cells. AG-A pouch bags from both LFP and NMCS811 cells showed reduced
gas production with LiFSI was used in the electrolyte instead of LiPF¢. Again, the AG-A

+ LiFSI pouch bag at 80°C appears to be an outlier from the rest of the data.
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Figure 6.10: Arrhenius plot comparing initial specific gas production rate for AG-A pouch bags
extracted from either LFP/AG-A or NMCS811/AG-A cells. Both LiPFs and LiFSI electrolytes are
shown.

At least in the case of LiPFs electrolyte, it seems that the “history” of AG-A electrodes in
the pouch bag experiments matters for the resulting gas production rate. Altough cells only
spent a limited amount of time as full cells before they were disassembled into pouch bags,
the complex cross-talk parasitic reactions that occur during this time may impact the
species in the electrolyte and the structure of the graphite SEI. Interestingly, AG-A pouch
bags with LiFSI electrolyte showed similar gas evolution rates when originating from LFP
or NMC pouch cells. This could indicate that the LiPFs electrolyte’s interaction with NMC

or LFP could influence the differences that were seen in that case.

Similar results are shown for AG-C pouch bags in Figure 6.11. In these pouch bags, an

overall reduction in gas production rate was observed going from LiPF¢ electrolyte to LiFSI
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electrolyte, as was seen in the AG-A pouch bags. AG-C + LiPFs pouch bags from LFP
cells showed higher gas formation rates at high temperature (70°C and 80°C) but similar
rates at lower temperatures. Additionally, AG-C + LiFSI pouch bags from NMC cells had

a lower gas production rate at 70°C, but pouch bags from LFP and NMC cells converged

at 80°C.
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Figure 6.11: Arrhenius plot comparing initial specific gas production rate for AG-C pouch bags
extracted from either LFP/AG-C or NMC811/AG-C cells. Both LiPF¢ and LiFSI electrolytes are
shown.

6.2.3 Isothermal Microcalorimetry

As was noted in CHAPTER 5, not all parasitic reactions that occur in a Li-ion cell generate
exclusively gaseous products. Many products of parasitic reactions will be soluble or solid.
Isothermal microcalorimetry can be used to detect the heat flow originating from al/l

parasitic reactions in a pouch cell or pouch bag. Additionally, the discrepancy between full
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cell parasitic heat flow and the sum of pouch bag heat flows (Ag as defined in Equation

5.4) can be used to infer the degree of cross-talk occurring in a given cell type.

OCV pouch cell/pouch bag IMC experiments that were done on LFP/AG cells in
CHAPTER 5 were extended to include NMC811/AG cells. Only cells with AG-A and AG-
C graphite negative electrodes were tested due to limited channel availability in the
calorimeter. All cells underwent the same pre-cycling procedure outlined in CHAPTER 5,
and spent roughly the same amount of time in the calorimeter. All experiments were done
at 40°C. Figure 6.12 shows measured heat flow versus time for an example case of
NMC811/AG-A and LFP/AG-A cells, both with LiPFe electrolyte. Recall from CHAPTER
5 (Figure 5.17) that LFP pouch bags alone had very little heat flow, and graphite pouch
bags had parasitic heat flows on the order of ~15 — 20 uW. As may have been expected
based on the pouch bag gas evolution experiments, the NMC811 positive electrode pouch
bag showed considerably higher heat flow than the LFP pouch bag in Figure 6.12.
However, the NMC pouch bag heat flow was still lower than the heat flow from the
graphite pouch bags. Additionally, both the NMC full cell and AG-A pouch bag from NMC
had higher heat flow than the corresponding LFP full cell and AG-A pouch bag from LFP.
This was somewhat surprising given the superior high temperature performance that has
been seen in NMC pouch cells compared to LFP pouch cells throughout this thesis (see
Figure 4.23 and Figure 5.23). This may point to the possibility that some of the “parasitic”
reactions specifically in NMC cells may in fact be beneficial for long-term cycle

performance.
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Figure 6.12: Measured heat flow versus time for pouch bags and full pouch cells (in OCV mode)
in the microcalorimeter. All cells and pouch bags here had LiPF¢s + 2VC electrolyte.

Figure 6.13 shows the average parasitic heat flow for LFP/AG and NMC811/AG cells and
pouch bags with different electrolytes measured at 40°C in the calorimeter. As was done
in CHAPTER 5, the average parasitic heat flow was obtained by taking the average of the
measured heat flow over the last five hours of the experiment in the calorimeter. The LFP
results have been shown previously (Figure 5.22); briefly, LFP/AG-C cells showed lower
overall parasitic heat flow than LFP/AG-A cells, agreeing with the improved performance
that was seen. Ag was higher for the LFP/AG-A chemistry with LiFSI electrolyte,
indicating a larger degree of cross talk or shuttle reactions. AGg was lower when AG-C

negative electrodes were used, suggesting that the use of lower surface area graphite could

lower the cross-talk reaction seen with LiFSI electrolyte.

Now, NMC/AG cells can be compared in a similar fashion. The higher parasitic heat flow

of NMCS811 positive electrode pouch bags can be seen clearly in Figure 6.13. Like what
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was seen in the LFP/AG chemistry, parasitic heat flows were lower in NMC/AG-C
compared to NMC/AG-A, for both LiPFs electrolyte and LiFSI electrolyte. This reduction
could be seen in both full cells and negative electrode pouch bags. As well, Ag was larger
for the NMC/AG-A chemistry with LiFSI electrolyte compared to LiPFs electrolyte. This
suggests a similar increase in cross-talk reactions in the NMC811 chemistry when LiFSI

salt 1s used. The use of AG-C reduced Aq in NMCS811, as was also seen in the LFP case.
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Figure 6.13: Average parasitic heat flow (averaged over the last 5 hours of the experiment) for
full cells (black bars) and pouch bags (blue bars) for different positive/negative electrode/
electrolyte combinations.
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Finally, comparing NMC/AG and LFP/AG chemistries, higher parasitic heat flows were
seen in the NMCS811 cells compared to LFP. This was partly due to the higher parasitic
heat flow at the positive electrode alone, which can be seen in both Figure 6.12 and Figure

6.13, as well as the larger heat flow from cross-talk, Aq, as discussed above. However, the
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parasitic heat flow from graphite electrodes was also marginally higher for these cells.
Figure 6.14 shows the average parasitic heat flow for graphite pouch bags only, originating
from pouch cells with different positive electrodes and electrolytes. Here it can be seen that
the parasitic heat flows for AG-A pouch bags originating from NMC811 cells were slightly
higher than in AG-A pouch bags originating form LFP cells. The difference in parasitic
heat flow between AG-C pouch bags was much smaller. This is a peculiar result because
the pouch bag gas evolution measurements above (Figure 6.10) showed a clear reduction
in gas evolution in graphite pouch bags originating from NMC811 cells compared to LFP

cells, at least with LiPFs electrolyte.
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Figure 6.14: Average parasitic heat flow (averaged over the last 5 hours of the experiment) for
artificial graphite pouch bags originating from pouch cells with different positive electrodes and
electrolytes, indicated by the labels on the x-axis.

There are a few ways that this discrepancy can be resolved. First, the difference in parasitic
heat flows between, say, AG-A + LiPF¢ from NMC811/AG-A and AG-A + LiPFs from

LFP was relatively small, only on the order of a few uW. This difference could be attributed
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to small cell-to-cell variations, or other inherent uncertainties in the measurements. Since
pair cells were not used in this experiment, the uncertainty on these measurements could
not be determined beyond the accuracy limitations of the calorimeter (= 1 uW). However,
it should be noted that results presented in these pouch bag experiments are in line with
other experimental results (e.g. lower parasitic heat flow in AG-C pouch bags compared to
AG-A pouch bags agrees with long term cycling results). Second, it could be possible that
the #ypes of parasitic reactions occurring in the AG pouch bags are different depending on
the original positive electrode they were paired with. This simplified approach of
presenting the net parasitic heat flow somewhat obscures the fact that a large combination
of parasitic reactions likely occur in these pouch bags, all with different enthalpies of
reaction that affect the amount of heat released (or absorbed) as they occur. A different
“blend” of parasitic reactions will lead to a different net parasitic heat flow. So, instead of
a higher parasitic heat flow in the AG pouch bags from NMC cells indicating “worse”
performance or more Li consumption, it could simply indicate that different parasitic
reactions we238ccurringing compared to the LFP case. Third, as a corrolory of the previous
point, it is likely incorrect to assume all parasitic reactions are “bad” for cell lifetime.
Obviously, some parasitic reactions in Li-ion cells are necessary, such as the initial
formation of SEI on the negative electrode. It is possible that some of the cross-talk species
produced in the initial conditioning cycles may actually be beneficial to the negative

electrode SEI and improve passivation in the long run.

Finally, it is likely that the parasitic heat flow is dependent on the type of experiment that

is done. While inferior performance was seen in long-term CCCV cycling for LFP cells
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compared to NMC cells thoughout this thesis, in the head-to-head comparisons of high
temperature OCV storage presented in this chapter, LFP cells performed better than their
NMCS8I11 counterparts (see Figure 6.2, for example). This opens another discussion about
storage versus cycling experiments, a detailed description of which is likely beyond the
scope of this thesis. There are certainly significant differences in these tests, however.
Long-term cycling experiments involve constant charging and discharging, leading to
continuous volume expansion/contraction of the active material, with its associated
problems, including SEI cracking and repair. These factors are not present in the OCV
storage experiments, as cells are only periodically cycled. In OCV experiments, on the
other hand, cells spend the majority of time at the top of charge, which may accelerate
high-voltage parasitic reactions. Note that the NMC cells were stored at 4.06 V and the

LFP cells were stored at 3.65 V.

6.3 DiscussiION AND CONCLUSION

6.3.1 Full cell versus pouch bag gas evolution

This chapter has presented a systematic investigation of the interaction between different
components in a Li-ion cell with the aim of achieving a better understanding of the complex
cross-talk reactions that occur in these systems. As well, one-to-one comparisons were
made between LFP/graphite and NMCS81 1/graphite cells in an attempt to better understand

the different lifetimes that were seen between these cell chemistries throughout this thesis.
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In the full cell storage experiments, the cells were always near the top of charge (except
when doing check-up cycles), so the gas produced in the full pouch cells can be compared
to the pouch bag gas evolution. Figure 6.15 shows gas volumes evolved at 60°C in positive
pouch bags, negative pouch bags, and full cells as a function of time. Note that absolute
gas volumes are plotted here rather than values normalized to electrode active mass as was
done earlier in this chapter. In the absence of any cross-talk between electrodes, it would
be expected that the sum of the gas volumes observed in the pouch bags would be equal to
the full cell gas evolution. Of course, this is not the case. Interestingly, though, the trends
in gas evolution between pouch bags and pouch cells are different between the
NMC811/AG and LFP/AG cells. In the NMC/AG cells with LiPFs electrolyte, the volume
of gas evolved in the full cells was less than in the positive pouch bag. This is not a new
result; Ellis et al. showed that CO2 evolved at an NMC positive electrode as a result of EC
oxidation can be reduced to form lithium oxalate (Li2C204) and lithium carbonate
(Li2CO3)'*. Rinkel et al. proposed the reduction of COz2 at the negative electrode to form
lithium formate!?®. In NMC811/AG-B and AG-C cells with LiPFs electrolyte, the sharp
increase in gas volume in the full cells can be seen after 1000 hours, where the full cell gas
volume almost matches positive electrode gas evolution. It is possible that by some
mechanism the graphite electrode becomes unable to reduce CO2 and other gases that are

formed at the positive electrode after a certain point in the full cell storage.

In the case of NMC811/AG with LiFSI, the full cell gas volume exceeds the positive
electrode pouch bag gas evolution. Recall the NMC811/AG-A cell with LiFSI electrolyte

failed at the beginning of storage, so full cell data is not shown in panel Figure 6.15d. Other
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than the implication that this large gas evolution likely involves the LiFSI salt, the origin
of this increased gas evolution is not known. It is possible that it could be related to Al

corrosion resulting from the use of LiFSI.
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Figure 6.15: Comparing gas evolution in pouch bags and full cells. All cells and pouch bags were
aged at 60°C. Different combinations of positive and negative electrodes and electrolytes are
shown in the different panels.

The gas evolution trends in LFP/AG cells are somewhat different than their NMC811/AG
counterparts. For LFP, more gas was always produced in the full cells than in either the
positive or negative pouch bags. This is a surprising result given that virtually zero gas was
produced in the LFP positive electrode pouch bags. This suggests that the gas produced in
LFP full cells results from reactions with soluble species that are originally produced at

another electrode, i.e. cross-talk reactions. This gas evolution in the full cells could also be
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a result of Fe deposition on the graphite negative electrode and subsequent solvent
reduction. However, Fe deposition has been shown to be very low in cells that contained
2% VC in the electrolyte (see Figure 5.10, for example). This again highlights some of the
differences between LFP and NMC cells that could contribute to the observed differences

in performance.

6.3.2 Capacity fade dominated by Li inventory loss

Throughout this thesis, it has been suggested that capacity fade in LFP/graphite cells is
primarily driven by Li inventory loss at the negative electrode (i.e. SEI formation). One of
the goals of testing pouch bags at temperatures as high at 80°C was to accelerate the
parasitic reaction rate between lithiated graphite and the electrolyte to more quickly screen
and rank graphite/electrolyte pairs. Here, the correlation between reactivity at the negative
electrode and capacity fade in full LFP/graphite cells is tested. To parameterize the capacity
loss of an LFP/graphite cell, the discharge capacity versus time was fitted to a simple model
of t1/2 SEI growth and capacity loss. Ignoring contributions from SEI fracture and repair
from volume changes as the cell is charged and discharged (i.e. a simplification of the
equations developed by Deshpande and Bernardi®?), the discharge capacity of a cell as a
function of time can be modeled by:
Q) = Qo(1 — At'/?), 6.2

where Q, is the initial capacity of the cell, A is a parameter representing time-dependent
capacity loss via SEI growth. Both Q, and A are free parameters in the fit. These fits were
done on LFP/AG cells with different AG negative electrodes and different electrolytes. The

cells were cycled at 55°C at a rate of C/3, with C/20 “check-up” cycles every 50 cycles
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(these cells were presented in CHAPTER 5). Only the C/20 cycles were used in the fit of
Equation 6.2 to minimize the impact of polarization effects at higher rates. The results of
these fits can be seen in Figure A.14. The fitted value of the A parameter is indicated in

each panel for each individual cell.

The parameterized capacity fade of these cells was then correlated to results from the high
temperature pouch bag experiments presented earlier. Figure 6.16 shows the capacity fade
parameter A for LFP/AG cells cycled at 55°C versus the initial specific gas evolution rate
for graphite pouch bags extracted from LFP/AG cells stored at 80°C. Note that the fits on
the y-axis were from cells that had several thousand hours of test time, and the fits to initial
gas production in the pouch bags were done only for the first 1000 hours of testing. While
not a perfect description of the data, there is a clear positive correlation between gas
evolution at 80°C in the graphite pouch bags, and capacity loss in full LFP/AG cells at
55°C. This is somewhat an extention of the observation made in CHAPTER 5 that the
ranking of full cell cycle performance between LiPF¢ Control, LiPFs 2VC, LiFSI Control,
and LiFSI 2VC electrolytes agreed with the ranking of gas production in negative electrode
pouch bags at 60°C. The main difference here is that the pouch bags at 80°C evolved
noticeable volumes of gas in less time (<1000 hr) compared to the 60°C pouch bags in
CHAPTER 5 (> 2000 hours for electrolytes with 2VC). This kind of experiment could
potentially allow for the ranking of expected capacity loss in full cells a short amount of

time.
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Figure 6.16: Correlating capacity fade in full LFP/AG pouch cells to initial specific gas evolution
rate in negative electrode pouch bags aged at 80°C. Full pouch cells were cycled at 55°C at a rate
of C/3. Fits were made to the C/20 checkup cycles using the equation Q = Qo(l — AtY/ 2). The
dashed line is a linear regression the data.

Similarly, the capacity fade in full cells was also correlated to IMC results at 40°C (results
shown in Figure 6.13). Figure 6.17 shows the fitted capacity fade parameter A for LFP/AG
cells cycled at 55°C versus the average parasitic heat flow measured in graphite pouch bags
at 40°C. Note that AG-B results are not shown in Figure 6.17 because they were not run in
the microcalorimeter. Like in Figure 6.16, a clear correlation between full cell capacity
fade and parasitic reactions in negative electrode pouch bags is seen. The correlation with
the calorimetry measurements is arguably better than the gas evolution in the 80°C pouch
bags, but this cannot be said with any statistical certainty. The benefits of the IMC method
are that it is done at much lower temperature (40°C), and the parasitic heat flow was

obtained in much less time (~150 hr) compared to the initial gas production value in the

pouch bags (~1000 hours). In cells where Li inventory loss is expected to dominate
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capacity fade in a full cell, this method may be valuable for screening different

electrode/electrolyte combinations for long lifetimes.
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Figure 6.17: Correlating capacity fade in full LFP/AG cells to parasitic heat flow in graphite
pouch bags using IMC. Parasitic heat flow was calculated in graphite pouch bags at 40°C using
the method described in CHAPTER 5. Full pouch cells were cycled at 55°C at a rate of C/3. Fits

were made to the C/20 checkup cycles using the equation Q = @ (1 — At/ 2). The dashed line is
a linear regression the data.

6.3.3 Conclusion

In this chapter, the dependence of different positive electrode materials, graphite materials,
and electrolyte salts on parasitic reactions in Li-ion cells was explored. Long-term, high
temperature (60°C) OCV storage of LFP/AG and NMCS811/AG pouch cells were
completed, serving as an extension of the OCV storage experiments that have been
presented throughout this thesis so far. In these experiments, different results were seen in
LFP/AG and NMC/AG cells. In LFP, cells with AG-B and AG-C negative electrodes had
the best capacity retention, and cells with LiFSI electrolyte performed better than cells with

LiPFs electrolyte. These results were not unexpected given the results in Chapter 5, but it
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was valuable to see these results hold for longer storage times. In NMC, cells with AG-B
and AG-C negative electrodes and LiPF¢ electrolyte showed increasing capacity fade after
1000 hr of storage. This rapid capacity fade was not observed in NMC cells with either
AG-A or LiFSI electrolyte, suggesting a complex interaction between these various
components. This rapid capacity fade in NMC/AG-B and AG-C cells was accompanied by
an associated increase in gas evolution in the full cells. Contrary to the cycling comparisons
presented in CHAPTER 4 and CHAPTER 5, the LFP cells had better capacity retention
than the NMCS811 cells in these storage experiments, presumably because they were stored

at a lower cell voltage.

In addition to the full cell storage experiments, pouch bags from this matrix of
positive/negative/electrolyte combinations were constructed and aged at different
temperatures, monitoring for gas evolution periodically. The expected Arrhenius
temperature dependence of gas evolution was observed, especially in charged NMC811
positive electrodes. Additionally, differences in gas production in graphite negative
electrodes were observed depending on both the electrolyte used and the positive electrode
originally used in the full cell. Graphite pouch bags from NMC811/AG cells produced less
gas than graphite pouch bags from LFP/AG cells when LiPFs electrolyte was used. The

trend was less clear in LiFSI electrolyte.

Pouch bag isothermal microcalorimetry (IMC) experiments were carried out at 40°C for
different cell chemistries with different electrolytes. In these experiments, it was found that

NMCS811 positive electrodes had considerably higher parasitic heat flow than LFP positive
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electrodes, which was expected given the much larger gas volumes evolved in NMC pouch
bags. Parasitic heat flows in graphite pouch bags were marginally higher when they
originally came from NMCS811 pouch cells, and similarly the parasitic heat flow in full
cells (in open circuit) were higher in NMC cells compared to LFP cells. The difference
between full cell parasitic heat flow and pouch bag parasitic heat flows, Ag, were higher in
NMC cells, indicating a higher degree of cross-talk reactions in this chemistry at the

specified cell voltages.

Finally, the capacity fade of full LFP/AG cells were correlated to parasitic reactions
occurring at the negative electrode only, indicating capacity fade dependent on SEI growth
at the negative electrode. Fitted capacity fade parameters to LFP/AG cells cycled at 55°C
correlated well with both the initial gas evolution rate of graphite pouch bags aged at 80°C,
and the parasitic heat flow of graphite pouch bags measured at 40°C in the
microcalorimeter. Both the pouch bag gas evolution experiments and pouch bag
calorimetry experiments took considerably less time than the full cell cycling experiments,
possibly allowing for these techniques to be used to screen electrolytes or graphite

materials for use in constructing long-lifetime LFP cells.

The results in this chapter serve as a preliminary survey of the complex parasitic reactions
in Li-ion batteries that depend on all components of the cell (positive electrode, negative
electrode, electrolyte), and in turn contribute to the determination of the lifetime of a cell.
Much more work is required to determine the specific mechanisms that lead to the different

results that were found here. No analysis of the gas products or changes in the electrolyte
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were done here. These kinds of analyses will be required to fully understand the complex
degradation pathways that have been explored here. This future work will be discussed

more in the next chapter.
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CHAPTER 7 CONCLUSIONS

All work in this chapter was carried out by the author of this thesis, with the exception of
the blended LFP-NMC pouch cells (Figure 7.2b), which were filled by Connor Aiken.
Assistance in building cells and pouch bags was provided by Ethan Eastwood, Helena

Hebecker, and Animesh Dutta.

7.1 CONCLUSION

In this thesis, the degradation modes of LiFePOs (LFP)/graphite cells were studied, and
LFP cells with improved lifetimes were developed. One of the primary non-destructive
techniques that was used was Li-ion isothermal microcalorimetry (IMC), measuring the
parasitic heat flow due to parasitic reactions in cells. Starting with IMC techniques
developed by Glazier''?, these methods were first applied to LFP/graphite cells. Later, new
methods were used to separate the contributions of positive and negative electrodes to the

parasitic heat flow and infer the degree of cross-talk reactions in a given cell setup.

Preliminary studies of LFP/graphite pouch cells were carried out in CHAPTER 4. Cells
were tested with and without water contamination, and with different electrolyte additives.
Very poor performance was seen when LFP cells were made without electrolyte additives.
This poor performance could be mitigated somewhat when water contamination was
removed, but these cells still performed much worse than cells with electrolyte additives.
In LFP cells with electrolyte additives, water contamination had a limited impact on

capacity retention. Scanning micro X-ray fluorescence (uXRF) spectroscopy

249



measurements of aged graphite electrodes extracted from pouch cells revealed trends in Fe
deposition as a function of electrolyte additive and cycling temperature. Fe deposition was
always high in cells with Control electrolyte, and Fe deposition was virtually eliminated

with the use of appropriate electrolyte additives.

Also in CHAPTER 4, Li-ion isothermal microcalorimetry (IMC) techniques were applied
to the LFP/graphite chemistry. The contribution of graphite entropy changes with Li
(de)intercalation to the heat flow was estimated using mean field theory approximations,
finding good agreement with experimental measurements. Parasitic heat flows found in
LFP/graphite cells with different additives agreed well with long-term cycling results.
Parasitic heat flow values for cells with different water contamination levels did not
necessarily agree with long-term cycling results, but were consistent with UHPC results.
Comparing cycle lifetimes in LFP cells with NMC532 cells found that NMC532 cells had
better capacity retention at 40°C and 55°C, even though NMC cells operated at a higher

voltage.

Several different approaches were taken to improve the long-term performance of
LFP/graphite cells in CHAPTER 5. Studies of LFP materials with different particle size
and surface area found that low surface area LFP suffered from particle fracturing issues,
which led to more parasitic reactions, Fe dissolution and deposition, and higher capacity
fade in long-term cycling experiments. High surface area LFP had the best lifetime in these

experiments.
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Next, the use of LiFSI as an alternative to LiPF¢ salt in the electrolyte was investigated.
LFP cells with LiFSI electrolyte showed superior capacity retention compared to LiPFe
electrolyte in both storage and cycling experiments. These improvements with the use of
LiFSI were seen both in Control electrolyte (no electrolyte additives) and electrolytes with
2% vinylene carbonate (VC). Cells with LiFSI had less deposited Fe on the negative
electrode after cycling as measured by uXRF spectroscopy. This improvement with the use
of LiFSI over LiPFs in Control electrolyte was definitively supported by advanced
characterization techniques; cells showed higher coulombic efficiency (CE) and lower
charge endpoint capacity slippage in ultra-high precision coulometry (UHPC) experiments
and significantly lower parasitic heat flow in IMC expeiments. However, in cells with 2VC
in the electrolyte, these metrics did not agree with the benefits seen in long-term cycling
with the use of LiFSI. Specifically, LFP cells with LiFSI and 2VC in the electrolyte had
lower CE, higher charge endpoint capacity slippage, higher parasitic heat flow, and higher
reversible capacity loss in OCV storage than counterparts with LiPFe + 2VC electrolyte.
“Pouch bag” experiments that monitor parasitic reactions occurring at one electrode only
revealed that graphite negative electrodes were less reactive when LiFSI + 2VC electrolyte
was used. These experiments were carried out using the existing Archimedes gas evolution
technique, as well as in the TAM microcalorimeter. The discrepancy between long-term
cycling and UHPC, full cell IMC, and OCV storage experiments was attributed to a redox
shuttle reaction that is unique to the LiFSI electrolyte and does not irreversibly consume
lithium. Comparing the difference between parasitic heat flow values in LFP full cells and
separated pouch bags measured using IMC allowed for the magnitude of shuttle activity

for different electrolytes to be inferred.
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Finally, realizing that the majority of capacity loss in LFP/graphite was due to Li inventory
loss at the negative electrode, different artificial graphites (AGs) were tested in
LFP/graphite pouch cells. AGs with lower surface area (and lower electrochemical surface
area) had higher first cycle efficiencies (FCE) and evolved less gas on the first cycle,
indicated lower reactivity of the graphite negative electrode. Cells with low surface area
AG had better capacity retention in cycling and storage experiments and had lower parasitic
heat flow in IMC experiments. Combining the various improvements discussed in
CHAPTER 5 led to an LFP/graphite cell with very long cycle life at high temperature.
However, these cells still performed worse than comparable high voltage NMC/graphite

cells in most cases.

In CHAPTER 6, the different interactions between positive electrodes, negative electrodes,
and Li salts in the electrolyte were investigated. Long term OCV experiments were carried
out with LFP/AG and NMC811/AG cells, using different AG negative electrodes and either
LiPFs or LiFSI electrolytes. In these storage experiments, cells with LiFSI electrolyte
showed superior capacity retention in both LFP/AG and NMC811/AG cells. As well, LFP
cells with low surface area AG (AG-B and AG-C) performed better in these experiments.
However, NMCS811 cells with AG-B and AG-C negative electrodes exhibited rapid
capacity fade in storage experiments after several storage periods. The exact mechanism
for this capacity fade is not known at this moment, but the reader must remember that LFP

cells were stored at only 3.65 V while the NMCR811 cells were stored at 4.06 V. In contrast
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to the previous results in this thesis, LFP cells had better capacity retention than NMC811

cells in the 60°C OCV storage experiments.

A systematic study of gas evolution and parasitic heat flow in pouch bags aged at
temperatures ranging from 40°C — 80°C was also done in CHAPTER 6. NMCS811 positive
electrode pouch bags produced significant amounts of gas that largely followed Arrhenius
kinetics as a function of temperature. LFP positive electrode pouch bags produced virtually
zero gas over several thousand hours of testing, even at 80°C. Graphite pouch bags
originally in NMCS811 cells generally produced less gas than graphite pouch bags from
LFP cells, and graphite pouch bags with LiFSI electrolyte generally generated less gas than
pouch bags with LiPFe electrolyte. Graphite pouch bag gas generation also depended

strongly on temperature.

Pouch bags measured at 40°C in the microcalorimeter revealed some interesting trends.
NMCS81 1/graphite cells in open circuit had higher parasitic heat flow than LFP/graphite
cells, and graphite pouch bags had higher parasitic heat flow when originally paired with
NMCS811 compared to LFP. NMCS811 pouch bags also had high parasitic heat flow,
consistent with the large gas evolution that was observed. Finally, comparing pouch cell
parasitic heat flow to pouch bag parasitic heat flow suggested that NMC811/graphite cells
have a higher degree of cross-talk reactions between electrodes compared to LFP/graphite

cells.
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Finally, comparing gas evolution between LFP/graphite cells and NMC811/graphite cells
and their respective pouch bags revealed some differences between the LFP and NMC
chemistries. LFP full cell gas evolution was always larger than the sum of the pouch bags,
while NMC full cell gas volumes were typically less than the sum of the pouch bags. This
again points to the existance of complex cross-talk interactions that are highly dependent

on the choice of positive electrode material.

7.2 FUTURE WORK

There are several interesting research directions that can be taken based on the results of

this thesis. Some of these future directions will be summarized below.

7.2.1 LFP future directions

The bulk of this thesis focused on understanding the various degradation modes of
LFP/graphite cells. While much progress was made in this work, there are still many
directions to be taken to (1) further understand degradation of LFP/graphite cells, and (2)

further improve the lifetimes of these cells.

CHAPTER 4 presented studies of LFP cells with various electrolyte additive blends. While
several effective electrolyte additives were found (these turned out to be the same additive
mixtures that work well in NMC/graphite chemistries), much more work could be done to
optimize the electrolyte composition in LFP/graphite cells. Further, once LiFSI was
identified as a good alternative to LiPFs, no electrolyte additive optimization was done.

This kind of work is labour intensive, as countless combinations of electrolyte additives
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(and now Li salts as well) can be invisioned. Such systematic studies of electrolyte
additives have been done over the years in our 1ab?°>2%2% in NMC/graphite cells, over
time leading to the discovery of electrolyte additive combinations that lead to cells with
extrememly long lifetimes. Similar systematic studies of electrolyte additives in

LFP/graphite cells would be valuable.

This thesis did not contain much destructive analysis of aged Li-ion cells or pouch bags,
instead focusing on non-destructive techniques such as IMC, UHPC, and smart storage.
However, to truly understand the mechanisms for Li-ion cell degradation, such destructive
techniques are required. For example, analyzing the components of evolved gases or
electrolyte composition after aging could provide further insight into the various topics
studied here. Such studies were developed and applied by Thompson3?. Surface-sensitive
techniques such as X-ray photoelectron spectroscopy (XPS) would be useful to gain
understanding into how the graphite SEI composition changes depending on the positive
electrode used, or with different Li salts used in the electrolyte. Future studies into the

degradation of LFP/graphite cells should use such techniques.

One destructive analysis technique that was used in this thesis was scanning micro X-ray
fluorescence (LXRF) spectroscopy measurements of aged graphite negative electrodes. In
CHAPTER 4, deposited Fe was measured as a function of cycle number, which provided
some valuable insight into the time-dependence of Fe deposition in LFP cells. Due to the
COVID-19 pandemic, access to the uXRF spectrometer became limited, so such

systematic studies became less feasible. Instead “snapshots” of Fe deposition in aged cells
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were shown in CHAPTER 5 in the studies of different surface area LFP and the use of
LiFSI. More systematic studies of Fe deposition, specifically in cells with different Li salts,
would provide valuable information about when Fe deposition primarily occurs in a cell’s

life, and if Fe deposition can be correlated with cell failure later in a cell’s life.

7.2.2 Isothermal microcalorimetry future directions

In this thesis, isothermal microcalorimetry techniques were valuable for understanding
parasitic reactions and degradation in LFP/graphite pouch cells. Measuring parasitic heat
flows using the “charge-discharge” method based on the work of Glazier'!® was able to
correctly rank the lifetimes of LFP/graphite cells with different electrolyte additives in
CHAPTER 4, and LFP cells with different artificial graphite negative electrodes in
CHAPTER 5. However, the limits of this technique were reached when investigating the
impact of water contamination on parasitic heat flow (CHAPTER 5) and the impact of
LiFSI-based electrolytes with 2VC added (CHAPTER 5). In both cases, measured parasitic
heat flow did not agree with what was observed in long-term cycling experiments. It was
proposed that in the case of LiFSI electrolyte especially, reversible redox shuttles may have
impacted the measured parasitic heat flow. This led to the experiments where separated
electrode pouch bags were measured in the calorimeter. In these experiments, graphite
pouch bags with LiFSI electrolyte had lower parasitic heat flow than graphite pouch bags

with LiPFs electrolyte, agreeing with long-term cycling.

Now that the limits of microcalorimetry techniques have been approached, there are several

future directions to improve on and expand the scope of Li-ion isothermal
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microcalorimetry. One obvious approach would be to simply increase the temperature at
which calorimetry experiments are done. All IMC experiments in this thesis were done at
40°C. In CHAPTER 4, very small differences were seen in the parasitic heat flow of LFP
cells with different electrolyte additives, even when significant differences in long-term
cycling were observed. Increasing the temperature of the calorimeter should increase the
rate of parasitic reactions and hopefully amplify the differences between cells in less time.
The TAM III microcalorimeter is rated to 150°C, so stable temperatures above 40°C should

be easily attainable.

Some preliminary work on IMC experiments at different temperatures is shown below.
Figure 7.1 shows average parasitic heat flow (averaged over the last 5 hours at each
temperature) versus inverse temperature for pouch bags originating from different pouch
cells (all LiPF¢ + 2VC electrolyte). Parasitic heat flow was measured at 40°C, 60°C, and
70°C. Pouch bags containing electrolyte only (triangle points) are also shown. Clear
Arrhenius behaviour can be seen in the electrolyte pouch bags (the LiFSI point at 40°C is
reaching the accuracy limit of the calorimeter, 1 pW), and both the positive electrode pouch
bags. This may be expected as Arrhenius behaviour was seen in the gas evolution trends in
the NMC pouch bags in CHAPTER 6 (Figure 6.8). For the graphite pouch bags, the
parasitic heat flow values at 60°C and 70°C were slightly lower than what may be expected.
This is likely due to the t'? behaviour of SEI formation: throughout this experiment, the
SEI was continuously growing, so by the time the 60°C and 70°C temperatures were
reached, the SEI would have been thicker and better passivating than when the pouch bag

was inserted at 40°C. A more accurate experiment to measure graphite pouch bag parasitic
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heat flow would likely require identical fresh electrodes to be used for each temperature.
Another issue to consider for these types of experiments is the calibration stability of each
of the calorimeter channels. Some channels in this preliminary study read non-realistic
values of heat flow when the temperature was changed. It is possible that all calorimeter
channels may need to be re-calibrated at each temperature. Further study is required to

confirm this.

Isothermal microcalorimetry applied to separated electrode pouch bags was valuable in
understanding the complex interactions between positive and negative electrodes, and
removing the influence of cross-talk or shuttle reactions that affected full cell IMC and
UHPC measurements in CHAPTER 5. Similar techniques were used in the early days of
Li-ion IMC by Krause et al. where graphite/graphite symmetric cells were cycled in the
calorimeter!?!. The benefits of the pouch bag method is that (1) the amount of active
material is much larger, allowing for parasitic heat flows to be resolved much more easily,
and (2) no additional high-precision charger equipment was required, as was needed in
Krause et al.!?! Additional research directions for pouch bag IMC experiments can be
invisioned. For example, studies of electrolyte additives could benefit from this type of
experiment. Measurements of parasitic heat flows in full cells and positive and negative
electrode pouch bags with and without a new electrolyte additive could easily determine
which at which electrode(s) the additive in question acts. IMC measurements of electrode
pouch bags at different states of charge (SOC) could determine SOC or voltage dependence
of parasitic reactions at separate electrodes, and would nicely complement similar work

done in this thesis and the work done by Glazier'".
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Figure 7.1: Parasitic heat flow versus inverse temperature measured in different pouch bags as a
function of temperature. Each point was calculated as the average of the last 5 hours at each
temperature. The black dashed line at 1 pW indicates the accuracy limit of the TAM III
microcalorimeter.

7.2.3 Blended NMC/LFP positive electrodes

Results presented throughout this thesis have suggested that there may be some favorable
cross-talk reaction in NMC/graphite chemistries (that does not exist in the LFP/graphite
chemistry) that may contribute to superior cycle life. Large gas volumes were detected in
NMC pouch bags in CHAPTER 6, likely composed primarily of COz2, while virtually no
gas was evolved from LFP pouch bags. In microcalorimetry experiments, relatively high
parasitic heat flows were seen in NMC pouch bags, and the degree of cross-talk parasitic

heat flow, Ag, was higher for NMC cells. Recent work by Aiken et al. has shown
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conclusively that NMC/graphite cells show clearly superior performance to LFP/graphite

cells30!,

Some preliminary work has been done to investigate the addition of relatively small
amounts (<20% by weight) of NMC active material into LFP positive electrodes. Figure
7.2a shows half-cell voltage curves for a familiar LFP positive electrode (dashed line), as
well as a positive electrode containing 90% LFP and 10% NMCS811 (solid line). These
electrodes were mixed and coated by hand in the lab. Capacity from the NMC811 in the

electrode can be seen once the cell is charged beyond the maximum LFP capacity.

Preliminary studies of lab-made blended LFP-NMC/graphite coin cells showed
inconclusive results. Later, 402035-size pouch cells (similar to what has been used
throughout this thesis) were ordered with blended LFP-NMC positive electrodes and AG-
C negative electrodes. These cells were cycled at 70°C to accelerate the parasitic reaction
rate and reveal differences between cells quicker than at lower temperatures. Taskovic et
al. recently suggested cells cycled at 70°C do not have any additional degradation
mechanisms that are not present at lower temperatures, and therefore provide a faster

method to screen different Li-ion cells3?2.

Figure 7.2b shows normalized capacity (normalized to cycle 5) versus cycle number for
LFP/AG-C and blended LFP-NMC640/AG-C cells with LiPF¢ + 2VC and LiFSI + 2VC
electrolytes. LFP cells were cycled between 2.5 V — 3.65 V, and LFP-NMC cells were

cycled between 2.5 V — 3.8 V. Both cells were cycled at a nominal rate of C/3 for charge
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and discharge. Here it can be seen that the LFP-NMC cells have better capacity retention
than the pure LFP cells, both in LiPFe¢ and LiFSI electrolytes. This seems to confirm that
the NMC material contributes some unique benefits for long-term cycling in full cells with
graphite negative electrodes. Much more work is required to fully understand the benefit
that NMC materials contribute, as well as potential difficulties in blended LFP/NMC cells.

Both topics are beyond the scope of the discussion here.
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Figure 7.2: Studies of blended LFP-NMC positive electrodes. (a) First cycle voltage versus
specific capacity for an LFP/Li half cell (dashed line), and a 90% LFP + 10% NMC811/Li half
cell (solid line). Cells were cycled at a nominal rate of C/20 at 40°C. The blended LFP-NMC
voltage curve is shifted on the voltage axis for clarity. (b) Normalized capacity (cycle 5) for
LFP/AG-C pouch cells and 90% LFP + 10% NMC640/AG-C pouch cells with different
electrolytes. LFP cells were cycled to 3.65 V, while LFP-NMC cells were cycled to 3.8 V. Cells
were cycled at 70°C at a nominal rate of C/3.

7.2.4 Increasing energy density with LiMnxFe1-xPO4 (LMFP)

Olivine positive electrode materials with transition metals other than Fe were briefly
introduced in CHAPTER 1. One of the most common substitutions to Fe in LFP is Mn,
making LiMnxFei-xPO4, or LMFP. The Mn in LMFP has a higher redox potential than Fe,

leading to an electrode with a higher specific energy than pure LFP. However, these
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materials have significant capacity fade issues, especially at high temperature. Some
preliminary studies were done with LMFP/AG-A cells with 80% Mn and 20% Fe. Figure
7.3 shows normalized capacity versus cycle number for LMFP/AG-A cells with and
without 2%VC in the electrolyte, and with LiPFe and LiFSI salts in the electrolyte. Cells
were cycled at 55°C at a rate of C/3. An optimized (1.5 M LiFSI + 2VC) LFP/AG-A cell
is shown for comparison (star markers). Benefits are seen in the LMFP cells going from
Control electrolyte to 2VC electrolyte and LiPFs electrolyte to LiFSI electrolyte that
resemble what was seen in LFP cells in CHAPTER 5, suggesting that some of the
degradation mechanisms are similar between LFP and LMFP. However, the LFP cell with
LiFSI + 2VC electrolyte had much better capacity retention than the LMFP cell with LiFSI
+ 2VC electrolyte by a fairly large margin. One possible issue for LMFP cells with LiFSI
salt could be corrosion of the Al current collector, since these cells operate at a much higher

voltage than LFP cell (up to 4.2 V).
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Figure 7.3: Normalized discharge capacity (cycle 5) versus cycle number for LiMng sFeo2PO4
(LMFP)/AG-A cells with different electrolytes compared to the best LFP/AG-A cell with LiFSI +
2VC electrolyte. All cells were cycled at 55°C at a rate of C/3. LMFP cells were cycled between
2.5V —4.2V and LFP cells were cycled between 2.5V —3.65 V.

Isothermal microcalorimetry pouch bag experiments were done on LMFP/AG-A cells and
were compared to LFP/AG-A cells. Figure 7.4 shows average parasitic heat flow for full
cells and pouch bags measured at 40°C in the calorimeter after ~135 hr. Comparing the
LMFP cells to LFP cells, the LMFP positive electrode pouch bags had much higher
parasitic heat flow than the LFP pouch bags, even higher than the NMC811 pouch bags
shown in CHAPTER 6. Most notable here is the massive Aq that is seen in the LMFP/AG-
A chemistry, suggesting a large amount of cross-talk reactions occur in this system. Some
of this cross-talk could be due to Mn dissolution from the LMFP positive electrode. Notice
as well that while the use of LiFSI in LMFP improved cycle performance in Figure 7.3, it
increased Aq in Figure 7.4 suggesting that a similar shuttle reaction involving LiFSI exists.
Further work is required to understand the additional degradation mechanisms in the LMFP

chemistry and improve cycle lifetime.
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APPENDIX A ADDITIONAL FIGURES
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Figure A.1: DSC traces of separator samples taken from pouch cells as received, heated at 130°C
and heated at 140°C. Table inset tabulates the onset of the polymer melt and the observed
transition enthalpy for each drying condition.
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Figure A.2: Capacity retention of LFP/AG cells vacuum dried at different temperatures. All cells
have CTRL + 2% VC electrolyte, and are cycled at 20°C at a rate of 1C:1C. (a) Normalized
capacity versus cycle number. (b) Absolute voltage hysteresis versus cycle number.
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Figure A.3: TGA thermograms of carboxymethylcellulose (CMC) carried out in Ar atmosphere.
At low temperatures (<150°C), only loss of surface water was observed. The thermal
decomposition onset of CMC was determined to be ca. 250°C from the slow heating rate. The
derivative of the weight of each sample with respect to temperature is also shown.
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Table A.1: [Fe] detected on the anode, capacity loss, cycle number, and cycle time for the cells

disassembled for nXRF measurements referenced in Figure 6 in the main text.

Temperature / Electrolyte Cycle time [Fe] / Capacity
LFP type # Cycles
°C Additive / hr pg.cm? loss / %
Low BET 20 - 251 1412 7.0+0.1 7.1
Med BET 20 - 259 1412 9.3+£0.2 7.2
High BET 20 - 257 1412 2.97 +0.05 6.6
0.445 +
Low BET 20 2VC 242 1412 22
0.008
0.334 +
Med BET 20 2VC 248 1413 2.7
0.006
0.299 +
High BET 20 2VC 255 1412 4.0
0.005
Low BET 40 - 296 1412 19.2+0.3 323
Med BET 40 - 296 1411 13.7+0.2 29.8
High BET 40 - 300 1412 9.1+0.2 31.7
0.496 +
Low BET 40 2VC 250 1412 52
0.009
0.397 +
Med BET 40 2VC 255 1412 6.0
0.007
0.526 =
High BET 40 2VC 262 1412 4.9
0.009
Low BET 55 - 135 741 17.7+£0.3 40.5
Med BET 55 - 127 719 144+0.3 357
High BET 55 - 135 740 12.8+0.2 36.8
Low BET 55 2VC 587 3678 6.3+0.1 21.1
Med BET 55 2VC 669 4103 3.2+0.1 18.2
High BET 55 2VC 684 4103 2.25+0.04 17.3
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Figure A.4: Parasitic heat flow versus relative state-of-charge (SOC) over the different cycles in

the isothermal microcalorimetry protocol. Note that an unplanned power outage during cycle 2

between 3.275 V and 3.350 V caused noisy data and spikes in the heat flow measurement. (a-c)
Cycles between 3.275 V and 3.350 V. (d-f) Cycles between 3.305 V and 3.400 V.
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Figure A.5: Cross-sectional SEM image of an LFP electrode extracted from one of the low BET
LFP/graphite cells that underwent cycling tests in the microcalorimeter. Cycling conditions are
given on the image. The electrode sample was extracted at the top of charge.
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Figure A.6: Heat flow versus time measured in the microcalorimeter for pouch bags filled with
1.0 mL each of electrolyte as indicated. The experiment was done at 40.0000°C.
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Figure A.7: Voltage versus capacity curves measured at 40°C, C/20 rate for LFP/graphite pouch
cells with different artificial graphite negative electrodes.
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Figure A.8: Isothermal microcalorimetry results for LFP/AG cells with different graphites. (a-c)
Parasitic heat flow versus relative SOC for cycles between 3.275 — 3.350 V. (d-f) Parasitic heat
flow versus relative SOC for cycles between 3.305 — 3.400 V. Note that these voltage ranges
were slightly different for LFP/AG-B cells (3.250 V —3.335 V, and 3.290 V — 3.400 V).
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Figure A.9: Nyquist plots for different cells after each storage period. Measurements were
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Figure A.10: Measured specific gas volume data for LFP positive electrode pouch bags aged at different temperatures. Linear fits to the initial gas
production data are shown. Yellow points specify the data points that were used in the fit. Slopes from each fit are indicated in each individual
panel.
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Figure A.11: Measured specific gas volume data for LFP negative electrode pouch bags aged at different temperatures. Linear fits to the initial gas
production data are shown. Yellow points specify the data points that were used in the fit. Slopes from each fit are indicated in each individual

panel.
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Figure A.12: Measured specific gas volume data for NMC811 positive electrode pouch bags aged at different temperatures. Linear fits to the initial
gas production data are shown. Yellow points specify the data points that were used in the fit. Slopes from each fit are indicated in each individual
panel.
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Figure A.13: Measured specific gas volume data for NMC811 negative electrode pouch bags aged at different temperatures. Linear fits to the
initial gas production data are shown. Yellow points specify the data points that were used in the fit. Slopes from each fit are indicated in each
individual panel.
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Figure A.14: Fits to normalized capacity versus cycle time for LFP/AG cells cycled at C/3 rate at
55°C. Fits were made to the C/20 check-up cycles only. Fitted values of the capacity fade
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