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ABSTRACT

Electrolyte additives are generally used in commercial Li-ion cells to improve capacity
retention and calendar life. Although it is apparent that electrolyte additives play an
important role, the details of how they work are poorly understood. In order to be able to
distinguish the effect of an additive on the positive or negative electrodes, an
experimental method has been developed based on electrochemical impedance
spectroscopy of symmetric cells constructed from electrodes of disassembled full cells
similar to the method described by previous workers. This technique proved to be useful
and showed that the effects of additives on both electrodes depend strongly on their
concentration. It also showed that in some cases, when two additives are introduced in the
same cell, both additives contribute to the formation of the surface layer of both
electrodes. In other cases, each additive controls the formation of the surface layer of

only one electrode.
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CHAPTER 1. INTRODUCTION

1.1 MOTIVATION

Lithium ion batteries are widely used in commercial electronics and are starting to be
used in electrified vehicles (plug-in hybrids, fully electric, and hybrid vehicles). However
the cost of Li-ion batteries can still be quite high and may prevent a transition from fuel
powered to partially or fully electric vehicles. Prud’homme et al.! published an analysis
on the cost-effectiveness of the electric vehicle in Europe. They concluded that fully
electric cars cost an extra 12,000 Euros compared to a fuel powered car over a period of
15 years. This added cost is even worse when the lifetime of present Li-ion batteries is

taken into account.

Li-ion batteries normally have a lifetime of a several years. Most fully electric and plug-
in hybrid car makers such as Tesla Motors, General Motors and Renault-Nissan provide a
battery pack warranty of eight years on their cars. One of the solutions to make electrified
vehicles more attractive from a practical and financial point of view is to extend the
lifetime of the battery. A longer lasting battery will provide more time to cover the extra

cost of the electrified vehicle.

The finite lifetime of Li-ion batteries is due in part to the parasitic reactions between the
positive electrode and the electrolyte, the negative electrode and the electrolyte, or due to
mechanical failure in some cases. It has been shown by Broussely et al.? that the use of
additives (compounds added in small quantity to the electrolyte) improves battery

performance presumably by slowing down the rate of parasitic reactions imparting a



longer lifetime to the cell. Burns et al. and Sinha et al.>®

showed similar results. They
showed that some additives reduce the parasitic reactions at the positive electrode and

also demonstrated that several additives have the ability to dramatically reduce the

impedance of the cell.

Even though these additives are widely used in the battery industry, the details of how
they work are not well understood. In order to develop better electrolyte additives and
engineer batteries with longer lifetimes it is important to develop a better knowledge of
what additives actually do. One must investigate the reaction mechanisms, determine
which electrode the additives affect, and how they affect them. Many compounds have
been proposed as electrolyte additives’, principally fully organic compounds,
organosilicates, and boron containing compounds. In order to understand how these
additives work, it is necessary to test a wide range of compounds and develop testing

techniques that provide insights into their mechanisms of action in a rapid manner.

In 2010, Smith et al. developed a high precision coulometry method that allows for a
precise and accurate measurement of the amount of charge delivered by the battery and
inputted to the battery during discharge and charge respectively. This technique allows, in
the majority of cases, one to assess the effect of an additive on the lifetime of the Li-ion
cells in a matter of a few weeks.®® In 2011, Sinha et al. developed an automated storage
method which measures the open circuit voltage of a cell during storage. This method
allows the rate of parasitic reaction at the positive electrode to be measured.® In the

following years, Burns et al. and Sinha et al. used these two methods along with



electrochemical impedance spectroscopy to assess the effect of several additives in

commercial machine-made Li-ion cells*%?

Figure 1.1 reviews some of the earlier work by Burns et al.,'” where impedance spectra
were collected and then cells were cycled for extended periods at 55°C. Figure 1.le
shows the normalized capacity versus cycle number of wound prismatic LiCoO2/graphite
cells cycled between 4.075 V to 3.4 V at 55°C and a current density of C/10 with
different vinylene carbonate (VC) and trimethoxyboroxine (TMOBX) additive
combinations. The current density is expressed in “C rates” where 1C corresponds to a
full charge (for example from C¢ to LiCs for graphite) in 1 h. A current density of C/10
corresponds to a full charge in 10 h. The normalized capacity represents the number of
electrons delivered by the cell during discharge, normalized to the number of electrons
delivered during the first discharge. The cycle number refers to the number of
charge/discharge sequences (which is equal to one cycle) the cell underwent. Figures
1.1a to 1.1d show the electrochemical impedance spectra of the same cells measured after
the high precision cycling but before the 55°C cycling shown in Figure 1.1e. Figure 1.1e
shows that the different VC and TMOBX combinations have a great impact on the
cycling performance and that the combination of VC and TMOBX yields better results
than VC or TMOBX alone. Figures 1.1a to 1.1d show that the impedance of the cells is
greatly reduced by the addition of TMOBX but it is unclear if TMOBX affects the

positive electrode side, the negative electrode side or both.

In order to be able to distinguish the effect of an additive on the positive or negative

electrode, an experimental method has been developed based on electrochemical
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Figure 1.1 The negative imaginary area-specific impedance versus the real area-specific
impedance at room temperature for LiCoO»/graphite cells containing: no additive (a); 2 wt.%
VC (b); 0.3 wt.% TMOBX (c); and 2 wt.% VC + 0.3 wt.% TMOBX (d). Panel e shows the
normalized discharge capacity versus cycle number of these cells during long-term cycling at
a C/10 rate at 55.0 = 0.5°C (e). Reproduced with permission from J. Electrochem. Soc., 160,
A117-A124 (2013). Copyright 2003, The Electrochemical Society.

impedance spectroscopy of symmetric cells constructed from electrodes of disassembled
full cells similar to the method developed by Chen et al.!' This thesis presents the details
of this experimental method along with a comparative study of the effect of additives on

the positive and negative electrode of Li-ion cells. The next sections of this chapter will



present a brief overview of Li-ion batteries. The present knowledge on surface chemistry
in Li-ion electrodes and a brief overview of electrolyte additives are presented in Chapter
2. Chapter 3 deals with the experimental details of the technique developed which is a
study of electrolyte additives in Li-ion cells using electrochemical impedance
spectroscopy on symmetric cells. Chapter 4 presents a discussion on the experimental
method and the interpretation of impedance spectra of Li-ion cells. Chapter 5 deals with
the results of studies on electrolyte additives in commercial prismatic wound cells and

pouch cells using EIS on symmetric cells and high precision coulometry.

1.2 LI-ION CELLS

1.2.1 GENERAL CONFIGURATION

Typically, a Li-ion cell consists of graphite negative electrode and a lithium transition
metal oxide positive material soaked in an organic carbonate based electrolyte containing
a lithium salt."> Between the two electrodes, an electrically insulating porous polymer
membrane (polypropylene/polyethylene) is inserted to prevent any direct electron
transfer. Both the positive and negative materials act as hosts for the intercalation and de-
intercalation of lithium during charge and discharge. During charge, a current is applied
to the cell to force the thermodynamically unfavored reaction. The electrons are forced
from the positive electrode to the negative electrode. Upon charging, Li" ions intercalate
into the negative electrode. Meanwhile Li" ions de-intercalate from the positive electrode
and go into solution. The two half reactions at the positive electrode and negative
electrode respectively during charging a Li-ion cell with a lithium transition metal

dioxide positive electrode and a graphite negative electrode is given by:



LiMO, — Li;_4MO, + xLi* + xe~ (1.1)
Ce +xLi* + Xe~ - LixCg. (1.2)
y

When a LiCoOz2 positive electrode is used, y ~ 0.5 and represents the maximum value

that x can take.

During discharge, the thermodynamically favorable reaction occurs. The Li ions de-
intercalate from the negative electrode and go into solution. Meanwhile, Li ions from the
solution intercalate into the positive electrode. The electrons are driven through an
external circuit where useful work can be done. The open circuit voltage of both

electrodes vs. Li/Li" depends on their respective lithiation state (the value of x in

Li;_4MO, and E in LixCy). Figure 1.2 shows as schematic of a Li-ion cell with a graphite
y

negative electrode and a LiCoOz2 positive electrode.

The lithium-ion battery is always manufactured in the discharged state. The initial
amount of active lithium (lithium that can be exchanged back and forth between the
positive and negative electrode) is controlled by the active mass of the positive electrode
and its specific capacity (capacity per gram of active material, which is proportional to
the amount of Li that can be reversibly intercalated and de-intercalated in and out of the

positive electrode).

Figure 1.3 shows the galvanostatic charge-discharge curves for a LiCoO:2 positive
electrode at a current density of C/20. The x-axis represents the cumulative charge passed

during the experiment (integration of the current vs. time). If all the current is due to the
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Figure 1.2 Schematic of a Li-ion cell with a graphite negative electrode (right) and

LiCoOspositive electrode (left).

intercalation of lithium in the material, the x-axis then represents the amount of lithium in
the electrode and is commonly called the capacity axis. In the Li battery field, the

capacity axis units used are mAh instead of coulombs (1 mAh =3.6 C).

1.2.2 ELECTRODES IN LI-ION BATTERIES

Amongst the most common positive electrode materials are lithium cobalt oxide
(LiCoO2), commonly called LCO; lithium nickel manganese cobalt oxide

(LiNi1xyMnxCoyOz2), called NMC; lithium manganese oxide (Lii+xMn2xOs4), called
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Figure 1.3 Galvanostatic charge-discharge curves for a graphite negative electrode (a) and a

LiCoO; positive electrode (b) cycled vs. Li/Li" at a current density of C/20.

LMO; lithium nickel cobalt aluminum oxide (LiNio.sCo0.15Al0.0s02), called NCA; and
lithium iron phosphate (LiFePOs) called LFP. They have average voltages between 3.4 V
vs. Li/Li* (for LFP) and 4.1 V (for Lii+xMn2x04)."> Most of these materials are used in
battery packs in electric, hybrid vehicles, and portable electronics. For instance, NMC
and LMO are used in the Chevrolet Volt, LMO is used in the Nissan Leaf, NCA is used

in the cars manufactured by Tesla, and LFP in the Blue car made by Bolloré.



Li metal is generally not used as the negative electrode in commercial cells because of its
high reactivity and safety problems. Instead of Li metal, graphite is usually used.
Graphite-based materials have been introduced for their improved safety, low reduction
potential vs. Li/Li*, and high gravimetric capacity.!> As a consequence, the voltage of a
cell that uses graphite as the negative electrode is close to that of a cell using Li metal.
Several other chemistries for negative electrodes exist but are not as commonly used.
Amongst them is lithium titanate oxide (Lis3Tis404) called LTO and alloys based on
metals that alloy with lithium, including Si or Sn. They all have their advantages and
drawbacks. For example LTO has a lower capacity fade during cycling than graphite but
has a lower energy density (lower specific capacity and higher potential). Sn and Si have
a better energy density than graphite but suffer from high capacity fade upon cycling.'?
For a more in depth description of the history of the Li-ion battery, readers are invited to

consult reference 11.

1.2.3 ELECTROLYTE SYSTEMS

The electrolyte typically used in a Li-ion cell is composed of a mixture of organic
carbonates and a lithium salt. The most common solvent is made from ethylene carbonate
(EC) or propylene carbonate (PC), mixed with either ethyl methyl carbonate (EMC),
diethyl carbonate (DEC) or dimethyl carbonate (DMC). Organic carbonates are generally
used for their relatively large operating potential window, film forming properties,
relatively low viscosity and good Li" solubility. The chemical structures of the organic

carbonates mentioned are shown in Figure 1.4.
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Figure 1.4 Chemical structure of common organic carbonates used in the formulation of

electrolytes in Li-ion batteries.

The most common lithium salt used in the electrolyte is lithium hexafluorophosphate

(LiPFg). Other salts can be used like lithium tetrafluoroborate (LiBF4); lithium

perchlorate (LiClO4); lithium bis-oxalatoborate (LiB(C204)2), commonly called LiBOB,;

and lithium bis(trifluoromethylsulfonyl)imide (LiN(SO2CF3)2), commonly called LiTFSI.

However, these salts might have some drawbacks compared to LiPFs. For example LiBF4

and LiB(C204)2 have low conductivity at low temperature,'*!> LiClO4 provides poor

safety and LiN(SO2CF3): is expensive and has poor stability at high voltage.!® The

structures of the lithium salts mentioned are shown in Figure 1.5.
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Figure 1.5 Structure of the anion and cation of common salts used in the formulation of

electrolytes in Li-ion batteries.
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CHAPTER 2. ELECTRODE-ELECTROLYTE
INTERPHASE AND ELECTROLYTE ADDITIVES

2.1 ELECTROLYTE REACTIVITY

The characteristics that made the Li-ion cells popular for their use in consumer
electronics and good candidates for electric vehicles are their high volumetric energy

density, safety, and cost. However, parasitic reactions between the electrolyte and the

17 '8

electrodes shorten the lifetime of the cell. For example Zhang et al."” and Egashira et a
showed that the reduction potential of ethylene carbonate is about 1.36 V vs. Li/Li" and
that an electrolyte composed of 1M LiPFs EC/DEC shows signs of oxidation around 4.0
V vs. Li/Li". Typically, the potential range of the positive electrode in a Li-ion cell during
cycling is between 3.5 - 4.3 V vs. Li/Li" and between 1.2 - 0.005 V vs. Li/Li" for the

graphite negative electrodes. This shows that the electrolyte is not thermodynamically

stable at either electrode.

In Li-ion cells with a graphite negative electrode and a lithium transition metal dioxide
positive electrode, without additive, the negative electrode is more reactive towards the
electrolyte than the positive electrode.!” The lifetime of these cells is then controlled by
the rate of reactions at the negative electrode. However, with the use of electrolyte
additives the rate of reactions at the negative electrode is greatly reduced and in some
cases falls in the same range as the rate of reactions at the positive electrode. The
reactivity of the positive electrode towards the electrolyte then becomes more and more

important in determining the lifetime of the battery.

12



2.2 SOLID ELECTROLYTE INTERPHASE (SEI)

Even though the Li-ion cell (electrodes and electrolyte) is not thermodynamically stable,
a standard Li-ion cell still has a service life of several years. This indicates that the
electrodes are kinetically stable towards the electrolyte. This kinetic stability comes from
the formation of a solid layer at the surface of both electrodes during the first few cycles.
During the first charge, both electrodes react with the electrolyte. Some of the by-
products of these reactions are not soluble in the electrolyte and precipitate at the surface
of the electrodes. Fortunately, this layer of precipitated by-products is electronically
insulating and ionically conducting and is called the solid electrolyte interphase (SEI) as
first introduced by Peled in 1979.2° The electrolyte oxidation-reduction reactions at both
electrodes are slowed down due to the electronically insulating property of the interphase
once formed. The battery can still function properly since the interphase allows Li ions to
diffuse through it. The creation of such an interphase is crucial for the proper operation of
the Li-ion cells and is the reason for the possibility of engineering Li-ion cells that last

several years.

2.2.1 SOLID ELECTROLYTE INTERPHASE AT THE NEGATIVE
ELECTRODE IN STANDARD ELECTROLYTE

The use of EC allows graphite to be used as a viable replacement for the Li metal
electrode. It was proposed that this ability comes from the reduction of EC at the negative

electrode as shown by: 2!

2EC +2€™ + 2Li"t — (CHzOCOzLi)z(S) + C2H4(g). (2.1)

13



The solid product of this reaction (lithium alkyl carbonate) precipitates at the surface of
the graphite electrode and forms a physical barrier that is electronically insulating and
ionically conducting and prevents the solvent from co-intercalating within the graphite

structure??

. PC also reacts at the negative electrode but does not provide a protective
layer at the surface of the electrode.?® The surface chemistry of negative electrodes in
regular electrolytes has been extensively studied over the past two decades. Several
surface characterization techniques have been used such as Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, in-situ atomic force microscopy (AFM),>*-26
and x-ray photoelectron microscopy (XPS).2”*® Some electrochemical techniques have
also been used to characterize the negative electrode reactivity towards the electrolyte
such as chronopotentiometry, EIS, and cyclic voltammetry. Several good reviews on the

SEI composition in carbonaceous electrodes are available.?” Some of the key findings are

presented below.

The study of the composition of the SEI revealed that the reactions between the negative
electrode and the electrolyte are much more complicated than shown in equation 2.1. The
SEI on the negative electrode is comprised of inorganic and organic compounds coming
from the reduction of the solvent and salt from the electrolyte. It has been generally
proposed that closer to the electrode the SEI is composed of inorganic compounds and
that closer to the electrolyte the SEI composition is dominated by organic

compounds.’*33

Some of the major components detected either by XPS or FT-IR are (CH20CO:2Li)2

coming from the reduction of EC,2'**37 and ROLi*?73¥ % from the reduction of co-

14



solvents like PC. Evidence of the presence of LiF, resulting from the reduction of the
fluorinated salts and their reaction with hydrofluoric acid (which a contaminant present in
most electrolytes)*'* were found. The presence of polycarbonates from the reaction of
the solvent®! was also demonstrated along with LiOH.>”#647 Other compounds have also

been detected, but more rarely, such as LiC204, LiOMe and LiO2CR.***3

Novak et al. also showed that the SEI formation on graphite depends on both the presence
of oxygen on the terminal carbons of the graphene sheets and on the disorder of the

graphene sheets.*3%

Some studies also showed that the composition of the SEI on
graphite is different on the edge plane (plane perpendicular to the graphene sheets) than

on the basal plane (plane parallel to the graphene sheets).*’

Aurbach et al. also stressed the importance of the low solubility of the by-products of the
reactions of the electrolyte components in obtaining a good SEIL** Since the SEI is
composed of reaction by-products of the electrolyte, it is highly dependent on the
electrolyte formulation (solvent, co-solvent and salt used). That is why the introduction of
additives in small quantities can alter the composition of the SEI and slow down the

parasitic reactions.

2.22 SOLID ELECTROLYTE |INTERPHASE AT THE POSITIVE
ELECTRODE IN STANDARD ELECTROLYTE

Positive electrode surface chemistry has received less attention. However, some general
understanding of this chemistry exists. It has been shown that the impedance of the
positive electrode increases significantly upon cycling and during storage®® which

indicates either the presence and growth of a surface film or the modification of the

15



crystal structure at the surface of the active particles. Generally, the salt in the electrolyte
is stable towards the positive electrode.’® However, some salts inevitably react with

impurities from which the products precipitate, such as the precipitation of LiF as shown

by:*!
LiPFs <= LiF)+ PF5g 2.2)

Moshkovich et al.>! showed that the solvents commonly used in Li-ion cells are not
electrochemically stable at potentials higher than 3.5 V and undergo oxidation based on
studies on polarized inert electrodes (Pt, Au, Al). However, they did not detect any
oxidation of LiClOs4, LiAsFs, LiPFs, LiIC(SO2CF3)3 and LiN(SO2CF3)2 even at a potential
as high as 5 V. Aurbach et al. saw evidence of the presence of polycarbonates in the
positive electrode surface films based on FT-IR measurements.’’>? The existence of these
polycarbonates may be explained by anionic polymerization initiated by ROLIi species or

by the oxidation of the solvent and subsequent cationic polymerization as shown below

.52

@)

J
RO + O\_/O (EC) —» ROCH,CH,CO,

EC

EC
—» ROCH,CH,CO,0CH,CH,CO;" — 3 .. (2.4)
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Evidence for the presence of ROCO:Li and ROLi species, much like the one present at

the negative electrode, has been shown.*%!

2.3 ELECTROLYTE ADDITIVES

In order for the Li-ion cells to be widely used in electric vehicles and other long-term
applications several properties need to be optimized. Amongst them are the energy
density, cycle life, impedance, cost and safety.”> Energy density and cost are intrinsic
properties of the active materials> and often limited by the positive electrode material
used and will not be discussed in this thesis. Cycle life, impedance, and safety of Li-ion
cells can be improved through the use of additives in the electrolyte. Additives are

chemical compounds added to the electrolyte in small quantities (0 to 10 wt.%).” Zhang
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made an extensive review of different functions of electrolyte additives in 2006.” Mainly,
additives are used for four different purposes: improving the cycling performance,
improving lifetime, reducing impedance and improving safety. This report will focus on

additives that affect the cycle life of batteries, reduce impedance, and improve lifetime.

In 2005, Broussely et al. published the results of the testing of Li-ion cells over the course
of several years of cycling.? In their report, they indicated that the aging mechanisms
responsible for the finite lifetime of the battery were due to parasitic reactions at the
negative electrode due to unstable SEI, impedance growth and parasitic reactions at the
positive electrode at high state of charge and high temperature. This indicates that even
though the SEI imparts some kinetic stability to the cell, it may not stabilize it enough to
get the desired cycle life. But most importantly, they also showed that the use of additives
(vinylene carbonate in their case) is beneficial and dramatically improves the cycle life of
the cell. The aging mechanisms of the Li-ion battery have been generally assigned to
several factors:

1) SEI instability at the negative electrode due to either poor surface passivation or

SEI deterioration due to the volume expansion of the active material®®

2) Presence of water or HF contamination especially for LiMn204°
3) Material loss and degradation®

4) Impedance increase™

5) Electrolyte oxidation at the positive electrode’

Some of these different factors are dependent on one another, for example, the presence

of HF has been proposed to be one of the causes of SEI degradation®. As a result, factors

18



1) and 2) might be linked in some cases. Also, 4) and 5) might be linked as massive
electrolyte oxidation at the positive electrode and thick SEI formation at the negative
electrode can lead to a large impedance increase. As a consequence, additives improve
the cycling performance by affecting one or more of these factors. Ideally, an additive or
an additive combination should positively affect all these factors at the same time. That is
to say an additive or additive combination should help create an electronically insulating
SEI with good passivation at both the positive and negative electrodes with high Li"
conduction (low impedance SEI) that can withstand the volume changes of the active

material.

2.3.1 ADDITIVES FOR IMPROVED CYCLING

Generally the first objective of an additive is to stabilize the SEI of the graphite electrode.
Some of these additives are said to be “film forming additives”. These additives are
organic compounds that can either produce a polymeric film or that produce insoluble by-
products that precipitate at the electrode surface.” In order for these additives to
preferentially react at the carbon electrode their reduction potential is generally higher
than that of the solvent components. One of the most well-known film forming additives
is vinylene carbonate (VC).’” A large array of compounds has been proposed as film
forming additives such as carbonates (e.g. fluoroethylene carbonate, vinyl ethylene
carbonate, allyl ethyl carbonate),’® sulfites (e.g. ethylene sulfite)® and halogenated
lactones.®® However, some new findings by Xiong et al.®' showed that VC does not

reduce the rate of parasitic reactions at the graphite electrode in Li/graphite cells at

19



temperature below 60°C. This exemplifies the lack of understanding of how these

additives work.

Other additives are thought to react with by-products of the electrolyte degradation and
give better components for an efficient SEI. Amongst them are Li2CO3,% sulphur

63 aromatic compounds capable of forming stable radicals® and organic and

dioxide,
inorganic boron compounds.®>7 Alkali salts (sodium or potassium salts) also have been
identified as good additives to improve cycling performances of graphite cycled against

Li metal.®

Since HF and water are thought to be detrimental to both the SEI and the positive
electrode material some additives capable of suppressing them have been developed.
Examples of these additives are amines® and organic compounds containing N-Si
bonds.” Other additives were designed to stabilize the Lewis acid, PFs, formed by the
decomposition of LiPFs when this salt is used in the electrolyte. These additives are
mainly Lewis bases containing phosphorus and nitrogen atoms capable of sharing their
lone electron pair to the PFs.”! The molecular structures of some common electrolyte

additives are shown in Figure 2.1.

2.3.2 STUDY OF ELECTROLYTE ADDITIVES

The way electrolyte additives are studied generally does not allow an assessment of what
constitutes a good SEI nor of what class of additives imparts a stable and efficient SEI.
Generally, in academia, additives are studied individually by XPS, FT-IR and low

precision coulometry without comparisons to other efficient additives or specifying the
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Figure 2.1 Molecular structures of some common electrolyte additives used in Li-ion batteries.

active material to additive ratio used in the study.”>’® This provides only specific
information on one particular additive. Not surprisingly, these studies often reveal that
additives decompose to organic species that precipitate at the surface of the electrode.
Furthermore, these analyses are often done on cell designs that are very different from the
design of commercial cells. Cells used in the research field are usually made up of man-
made electrodes with poor reproducibility and a very low active material to conductive
additive (carbon black) ratio compared to commercial electrodes. The electrolyte mass to
active material mass ratio is often very high such that the cells are “flooded” which is
again very far from real Li-ion cells. This implies that the properties of electrolyte
additives found in cells commonly used in the academic field are not the same as in

commercial cells.
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Some researchers have started making studies on electrolyte additives using machine-
made cells actually used in commercial application. For instance, Burns et al. and Sinha
et al. used commercial machine-made cells to compare the effect of different additives on
the cycling performances of the cells.>*””-7® As mentioned in the first chapter, it is often
difficult to assess which electrode additives affect in a rapid manner. It is even more
challenging to use a cell configuration close to those used by industry. However, EIS
performed on symmetric cells as introduced by Chen et al.!' can be used for this purpose

as will be presented in Chapters 3 and 4.

The study of additives is without a doubt very complex. For instance, Smith et al.’
estimated that parasitic current at the positive electrode of commercial LiMn2Oa4/graphite
18650 cells to be in the order of tens of pA. This current is about 2000 times smaller than
the current caused by the intercalation of lithium. Unveiling the way additives work is
even more difficult when interactions between the positive and negative electrodes exist.
For instance, Broussely et al.? suggested an interaction between the negative and positive
electrode resulting in the production of COz. Li et al. showed evidence of interactions
between the positive and negative electrodes in LTO/LiNio.sMn1.504 cells.”” In their study,
they showed evidence of the LTO electrode reacting with the products of the reaction

between the positive electrode and the electrolyte. Sloop et al.®°

also proposed a similar
mechanism where the products at one electrode migrate to the other electrode and react.
This means additive studies that use half cells (negative material/Li, and positive

material/Li) cannot be trusted. The use of full cells is therefore essential to get

information on the way additives work in real life cells.
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CHAPTER 3. ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY ON SYMMETRIC CELLS:
EXPERIMENTAL DETAILS

3.1 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

EIS is an electrochemical technique that is used in multiple research areas such as
biology, metallurgy, and electrochemical storage.®' This technique consists of measuring
the current resulting from the alternating voltage bias that the cell is subjected to, as

shown in Figure 3.1. The AC potential is inputted in a range of frequencies from mHz to

T T T T

8r Excitation a-s

Potential Bias /mV

Current /mA

10 20 30 40 50
time /s

Figure 3.1 AC Potential centered around open circuit potential applied to the cell (a) and

resulting current during EIS measurement (b); only one frequency is shown.
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MHz. The amplitude of the AC potential applied to the cell is in the mV-range, centered
around the open circuit equilibrium potential, usually between +/- 5-10 mV. A small
amplitude is applied so that the current response is linear with voltage. The current
resulting from the potential bias is then recorded as a function of the frequency. EIS
allows the different contributions to the current to be separated. For example, in Li-ion
cells the contribution from electrical double layer charging and intercalation processes
are apparent at high to medium frequencies, and the slow solid state diffusion phenomena
are apparent at low frequencies. The current resulting from the bias has the same
frequency as the AC potential applied to the cell. However, depending on the
phenomenon impeding the current, there can be a phase shift between the potential and

the current.

The impedance, Z(w), is calculated as the ratio of the voltage, V(w, t), to the current, I(w, t), at

each frequency, w, as given by:*!

Viwt) _ |V]sin(wt)

Z(w) = oo  Msin(wite)

(3.1)

The symbol ¢ represents the phase difference between the AC current and the AC
voltage. Since it is easier to manipulate imaginary numbers than trigonometric ratios with
different phases, and for that reason, the impedance is always expressed in terms of
imaginary numbers. The transformation from sines and cosines to imaginary numbers is

realized using Euler’s rule:
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e/®t = cos(wt) + jsin(wt) . (3.2)

3.1.1 IMPEDANCE OF SIMPLE ELECTRONIC COMPONENTS

Figure 3.2 shows three simple electronic components used to model the impedance of Li-
ion cells. These components are a resistor, a capacitor, and an inductor. The development

for the expressions of the impedance of a resistor, Zz(w), is given by:®!

Viwt)  |VIsin(wt)
I(wt) |1 sin(wt)

Zp(w) =

(3.3)

where R is the resistance in Q, I(w,t) is the AC current in A and V(w,t) is the AC
potential in V. The development for the expressions of the impedance of a capacitor,

Z-(w), is given by:®!

- Q
=2 (3.4)
dQ _d d .
I(w,t) = i ECV((D’ t) = ECIVlsm(a)t) = CVwcos(wt) (3.5)
_ |V|eja)te—]'n/2 _ —j _ 1
Ze(@0) = Siaemt = Cu ™ Jac G0

where C is the capacitance in F, Q is the number of charge in C, V is the potential

Resistor Capacitor Inductor

Figure 3.2 Symbols of relevant electronic components.
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difference in V.

The development for the expression of the impedance of an inductor, Z;,4(w), is given

by:

- % (3.7)
V(w,t) =1L dl;at)’t) = L% |I]sin(wt) = Lw |I|cos(wt) (3.8)
I(w,t) = |I|sin(wt) = |I|cos (wt — g) (3.9)

Zina (@) = (o5 = (o) = = jlw (3.10)

where L is the inductance in H.

Equations 3.3 to 3.10 show that capacitors and inductors induce a phase shift between the
voltage and the current, whereas resistors do not. They also show that the impedance of
inductors and capacitors depend on the frequency, whereas the impedance of resistors
does not. The impedance of circuits comprised of simple electronic components follows
the same rules as those for total resistance. Figure 3.3 shows the rules for the calculation

of the impedance of two elements connected in series and parallel.

Figure 3.4 shows the impedance of some simple circuits along with the Nyquist
representation and Bode representation of their impedance as a function of frequency.®!
The Nyquist representation of the impedance, also called the Cole-Cole representation,’!

presents the negative imaginary part of the impedance as a function of the real part of the
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Figure 3.3 Circuit of two components in series (a) and in parallel (b) along with the expression

of their total impedance.

impedance. The Bode representation of the impedance presents the real part and negative
imaginary part of the impedance as a function of the logarithm of the frequency. Though
less used, the Bode representation is more practical as it gives the frequency of each data

point.

Figure 3.4a shows that the circuit made from a resistor and capacitor in series has a fixed
value of the real part which is equal to the resistance, and a negative imaginary part that
has a limit of 0 Q when the frequency approaches infinity. Figure 3.4b shows that the
circuit made of a resistor and an inductor in series also has a constant real part of the
impedance which is equal to the value of the resistance. However, its negative imaginary

part approaches infinity as the frequency tends to infinity.

Figure 3.4c shows the circuit composed of a resistor and capacitor in parallel. This circuit
shows a distinctive semi-circle in the Nyquist representation. The Bode representation of

its impedance presents a step-wise decrease from low to high frequency in the real part of
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Figure 3.4 Nyquist representation (top graph) along with the direction of increasing frequency,
w, and Bode representation (bottom two graphs) of the impedance of resistor and capacitor in
series (a), resistor and inductor in series (b), resistor and capacitor in parallel (c), and resistor

and inductor in parallel (d).

the impedance. The step size is equal to the value of the resistance. The negative
imaginary part of the impedance shows a bell-shaped curve, where the frequency at its

maximum is equal to f,,, = 1/2nRC.

Figure 3.4d shows a circuit composed of a resistor and inductor in parallel. This circuit
presents an inverted semi-circle with a diameter which is equal to the value of the
resistance. The Bode representation of its impedance presents a step-wise increase from

low to high frequency in the real part of the impedance. The step size is equal the value
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of the resistance. The negative imaginary part of the impedance shows an inversed bell-

shape curve.

3.1.2 ACTIVE PARTICLE MODELING

In order to interpret the impedance of a Li-ion cell, the different contributions to the
impedance are modeled using simple electronic components. Figure 3.5 shows a simple
circuit model for a hypothetical single active particle. This impedance model consists of a
resistor modeling the charge transfer resistance for the incorporation of lithium from the

electrolyte to the active particle and passing through the SEI, in series with a Warburg

SEI

Electrical
" double layer
+
P ) ) |
Active material |
Li*
C 120
80 -
]
B ®
N 40 AN
0 |
L L L
0 40 80 120 I
Z(Re) IQ Frequency /Hz

Figure 3.5 Schematization of a single active particle in the electrolyte (a), a simple electronic
circuit model (b) along with the Nyquist representation (c¢), and Bode representation (d) of the

circuit model.
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resistor modeling the solid state diffusion from the edge of the particle to the center of the
particle, which are in parallel with a capacitor modeling the double layer capacitance.
The simplest Warburg-type resistor models semi-infinite diffusion at a planar electrode

and the expression of its impedance is given by:

Zy () = 22 — L0 G.11)

wl/2  p1/2

where w is the frequency in rad-s”!, and Ap is the Warburg coefficient in Q-rad'?-s™?

which is related to the chemical diffusion of Li in the active particle.

Figure 3.5¢ shows the Nyquist representation of the impedance of the circuit. The circuit
shown in Figure 3.5b is characterized by a distinctive semi-circle in the Nyquist
representation with a diameter equal to the value of the resistance, and a 45° tail at low
frequency (right part of the x-axis). Figure 3.5d shows the Bode representation of the
impedance. This circuit model also gives a distinctive signature in the Bode plot. This
signature is a step-wise increase from high to low frequency in the real part of the
impedance and a small slope at very low frequency. The step size is equal to the value of
the resistor. The negative imaginary part of the impedance shows a bell-shaped curve,

where the frequency at its maximum is equal to f,,4, = 1/27RC.

3.1.3 ELECTRODE MODELING

The nature of the electrodes in Li-ion batteries makes them difficult to model. Simple
models always assume either smooth and flat electrodes, or single smooth spherical or

slab-shaped particle. However, electrodes in a Li-ion cells are commonly manufactured
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as composites of small active particles (micrometer size or nanometer size in some
cases), with 2 - 4 wt.% of carbon black as a conductive additive, and 2 - 4 wt.% of
polyvinylidene difluoride (PVDF), or another polymer as binding agent. Figure 3.6 shows
a scanning electrode microscopy (SEM) image of a commercial LiCoO2 (LCO) electrode.
From this image, the active particles, carbon black and PVDF (both appearing dark) can
be clearly seen. This configuration makes the modeling of the impedance of a whole
electrode quite complicated. For example, Meyers et al. proposed an impedance model
for porous electrodes which involves more than 12 adjustable parameters.®?> This renders
the fitting of an impedance spectrum inaccurate as it is easy to get two exact same spectra
with different values assigned to the numerous parameters. The model proposed by
Meyers et al. used spherical particles with a surface film. The equivalent circuit model for
a single particle was derived by solving the Butler-Volmer equation, assuming a resistive

film with a capacitance, double layer charging, and solid state diffusion assuming that

Figure 3.6 Scanning electrode microscopy image of a commercial LiCoO; electrode.
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Fick’s law is obeyed®?. They then modeled the electrode impedance by considering the
particles as being electrically connected together along with considering the ionic
conductivity of the electrolyte as well as the particle size distribution. Figure 3.7 shows

the different circuit models derived by Meyers et al. for a single particle.®?

EIS spectra are too often modeled without careful verification that the observed features
are assigned to the right phenomena. The impedance spectra of typical electrodes show
two distinctive features, one in the high frequency range and the other in the medium
frequency range. There is no consensus on the originating phenomena of these features.

For instance, Levi et al. proposed that the higher frequency feature comes from lithium

g,.,_l_
il
oL
_|_l

Z Can

Figure 3.7 Circuit models for a single particle used to derive the impedance of an electrode,
proposed by Meyers et al. %2 Model a includes an internal and external interfacial impedance
as well as a resistive film, model b considers only an internal interfacial impedance and
resistive film, model ¢ considers only an internal interfacial impedance and no resistive film.

Adapted from reference §2.
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ion migration through the SEI and the related film capacitance, and that the medium
frequency feature comes from the transfer of Li" through the SEl-active particle
interphase.®> In the same publication the authors showed that different electrode
porosities, particle sizes and size distributions may lead to different shapes of the
impedance spectra. Hjelm et al. showed experimental evidence that the high frequency
feature of positive electrodes comes from the contact resistance between the current
collector and the active particles.®* This was supported by the dependence of the
existence and magnitude of the high frequency semi-circle on the nature of the substrate
on which the electrode was deposited. This assignment was later supported by Gaberscek
et al. ° in 2008 where they showed that the size of the high frequency semi-circle was
highly dependent on the pressure the battery was subjected too when using uncalendared

electrodes.

The lack of consensus and the multiple parameters involved in modeling EIS spectra
makes the extraction of particular parameters such as particle size, diffusion coefficient,
pore size, etc. very difficult and shows the lack of care most researchers apply when
interpreting EIS spectra. In order to prevent misinterpretation, the only information that
will be drawn from the EIS spectra in this thesis is whether the surface of the particle is
changed upon the addition of one or more electrolyte additives. Section 4.3 presents the

model used to fit the EIS spectra.

3.1.4 BATTERY MODELING

The expression for the impedance of Li-ion cell (negative electrode/electrolyte/positive

electrode), Z;,; , is given by:
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Ziot = Zes T ZytZe + Z(yy (3.12)

where Z, ¢ is the impedance of the cables and components of the frequency response
analyzer and experimental setup, Z_) is the negative electrode impedance, Z 4 is the
positive electrode impedance, and Z,, is the electrolyte impedance. The contribution from
the experimental setup which often appears as an inductive component can be corrected
by measuring the impedance of a short circuit and subtracting it from the impedance of
the cell. The impedance of the short circuit is not identical to the contribution of the

experimental setup, however it is very close.

The expression of the impedance of the electrolyte, Z,, is given by:

- =Ry, (3.13)

T Ae(ntztut+n—z-u")

Zel

where L is the distance between the positive and negative electrode, n* and n™ are the
number of cations and anions per m> respectively, z* and z~ are the charge of the cation

+

and anion, respectively, u™ and u~ are the cation and anion mobility in m?-V'-s!,

respectively, e is the charge of an electron in C, and 4 is the area of the electrodes in m2.

The resistance of the connections between the frequency response analyzer and the cell is
not reproducible and the resistance of the electrolyte is not something of interest in this
thesis. Therefore, the impedance of the short circuit is subtracted from the impedance of
the cell, and the real impedance of all cells is shifted to the same value at the highest

frequency measured. The expression of the corrected impedance, Z.,,., is given by:
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Zeorr. = L=y T Z(4). (.14)

The expression for the impedance of the positive and negative electrodes depends on the
equivalent circuit model that best represents the electrode system. The contributions of
both electrodes to the full cell impedance often overlap and are not distinguishable. The
goal being to distinguish which electrode is affected by an additive, the contributions of
the negative electrode and of the positive electrode must be unambiguously separated.
The solution to this problem is to measure the impedance of both electrodes

independently. This can be done using symmetric cells.

3.2 EIS ON SYMMETRIC CELLS

The measurement of the individual impedance of the positive and negative electrodes of a
full Li-ion cell can be done in two ways. The first is to introduce a reference electrode in
the cell, making a three electrode cell. The reference electrode of choice is usually Li
metal. This configuration is difficult to put in place, especially in commercial cells.
Moreover, the presence of Li metal, which is more reactive than graphite, can alter the
behavior of additives in the cell. The second way to measure the impedance of the two
electrodes individually is to use symmetric cells, as introduced by Chen et al.!! A
symmetric cell is a cell composed of two of the same electrodes. A positive symmetric
cell is composed of two positive electrodes, e.g. two LCO electrodes and a negative
symmetric cell is composed of two negative electrodes, e.g. two graphite electrodes for

example. The impedance of a positive symmetric cell, Z, /,, negative symmetric cell,

Z_,_,and a full cell, Z, ,_, is then given by:
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72, =7 AZ AL =27_+1Z, (3.16)
Zy) =2y +Zo+ 7. (3.17)

The relation between the sum of the impedance of a positive symmetric cell and a

negative symmetric cell and the impedance of a full cell is then:

Z+/++Z_/_ =ZZ++ZZe+ZZ_ :22_'_/_. (3.18)

Chen et al. demonstrated the validity of Equations 3.15 to 3.18 using symmetric cells
reconstructed from a 18650 cell electrodes with a LiNio.sCo0.202 positive electrode and a
graphite negative electrode.'! The 18650 cell format contains large electrodes that can be
salvaged and cut in smaller electrodes that can be used to reconstruct symmetric cells.
Using commercial machine-made Li-ion cells with long electrodes allows symmetric
cells to be reconstructed while inclusion of different additives allows their effects on both

electrodes to be assessed.

3.3 STUDY OF ELECTROLYTE ADDITIVES USING EIS ON
SYMMETRIC CELLS: EXPERIMENTAL METHOD

The first EIS on symmetric cell experiments were made using commercial machine-made
wound prismatic LiCoOaz/graphite and Li[Nio4Mno.4Co02]O2/graphite cells with 1M
LiPFe¢, EC:EMC (3:7 by weight) manufactured by Medtronic. The cells studied contained

1.5 g of electrolyte per gram of negative active material.
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Figure 3.8 shows the history of the cells used in this study. The cells were first subjected
to an automated storage test®. This test consists of two discharge-charge cycles between
the lower and upper voltage cut-offs, followed by an open circuit storage step of 500 h at
the top of charge. The two discharge-charge cycles and the open circuit voltage steps
were then repeated one more time. The lower and upper voltage cut-offs of the NMC
cells were 3.3 V and 4.225 V, respectively. Two groups of LiCoO2/graphite cells were
used. The lower and upper voltage cut-offs of the first group, called LV-LCO cells, were
3.4 V and 4.075 V, respectively. The lower and upper voltage cut-offs of the second
group, called HV-LCO cells, were 3.4 V and 4.175 V, respectively. All cells contained
the same graphite negative electrode and the negative-to-positive active material ratio

was balanced according to their voltage cut-offs.

After the automated storage test, the cells were then put away for approximately one year

at an open circuit voltage around 3.9 V at room temperature (19°C — 22°C). The cells
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Figure 3.8 History of the Medtronic cells before opening.
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were then cycled for a short period (one full cycle) and stopped at an open circuit voltage
of 3.775 V, corresponding to approximately 50% state of charge. The electrochemical
impedance spectra of the cells were then taken at 10°C, 20°C, 30°C, and 40°C. The cells

were then carefully opened in an argon-filled glove box.

Figure 3.9 shows a Medtronic cell along with the device used to open the wound cells.
The prismatic wound cells have metal cases so the cell opener consists of a saw blade
mounted on a guide (Figure 3.9b) and a cell holder (Figure 3.9¢.). Using the cell holder
and guide, one can cut off the top of the cell can without shorting the cell or damaging
the electrodes. From the long doubled-sided electrodes, 9 coin-cell size (1.54 cm?)
positive electrodes and 9 coin-cell size negative electrodes were cut with a precision

punch. The double sided electrodes were directly used; one side was not cleaned off the

Figure 3.9 Pictures of a Medtronic Li-ion cell (a), the cell opener (b), and a magnification of

the cell holder of the cell opener (c).
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current collector. From the punched (double sided) electrodes, 3 full coin cells, 3
negative symmetric coin cells and 3 positive symmetric coin cells were reassembled
using one polypropylene blown microfiber separator (BMF — available from 3M Co.
0.275 mm thickness, 3.2 mg/cm?)*® and the same electrolyte formulation as the parent

prismatic wound cells.

As will be shown in the next chapter, the use of double sided electrodes in the coin cells
did not affect the cycling or the EIS measurements of the coin cells. Aluminum sputtered
cans and aluminum spacers were used for the positive electrode symmetric cell assembly

in order to minimize any effect of hardware corrosion.?’

The EIS spectra of the reassembled coin cells were then recorded at 10°C and 30°C in
that order. All EIS spectra were taken using a BioLogic VMP3 equipped with two EIS
boards. Many EIS spectra were collected over the course of these experiments and in
order to automate the process somewhat, the output of one VMP3 EIS board was
connected to a Keithley 705 scanner and the output of the other to a Keithley 706
scanner. Each scanner housed two Keithley 7053 10-channel high current scanner cards.
In-house software was designed and written so that each scanner could connect up to 16
cells sequentially to have their EIS spectra measured automatically overnight. All
impedance spectra were collected at constant temperature by housing the cells in
temperature-controlled boxes at 10.0 and 30.0 + 0.2°C. Figure 3.10 presents a flowchart

of the experimental steps involved in the study of additives by EIS on symmetric cells.
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Figure 3.10 Flowchart of the experimental steps for the study of additives using EIS on

symmetrical cells.

The second set of experiments was carried out using dry machine-made pouch cells with
a nominal capacity of about 225 mAh. The advantage of these cells is that as opposed to
the commercial Medtronic cells used in the first experiments, the dry pouch cells allow
total control of the composition of the electrolyte studied. The Medtronic cells were
supplied by the company and contained additives and additive amounts that were of
interest to them. For that reason some combinations and concentration ranges could not
be obtained. The dry pouch cells are highly repeatable cells since they are machine-made.

The only added step that these cells require is the filling of the cell with the electrolyte.
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Machine-made 225 mAh LiCoO2/graphite wound pouch cells were obtained dry from
Pred Materials (60 East 42nd Street, Suite 1456 New York, NY 10165). The pouch cells
from Pred Materials were filled with 0.75 g of 1 M LiPFs in ethylene carbonate (EC):
ethyl methyl carbonate (EMC) (BASF) in a ratio of 3:7 by weight as control electrolyte
and electrolytes containing different additives. After electrolyte filling, cells were
vacuum sealed with a compact vacuum sealer (MTI Corp.). All electrolyte filling and
vacuum sealing was done in an argon-filled glove box. Centrifugal wetting was used for
electrode wetting with an acceleration of 50 g for 20 minutes. The cells were then placed
in a temperature box at 40°C where they were held at 1.5 V for 24 hours, to allow for the
completion of wetting before charging at 2 mA for 10 hours and then at 15 mA to 4.2 V.
Cells were then discharged at 15 mA to 3.775 V where they were removed from the
charger, transferred into the glove box, cut open to release gas generated during
formation and then vacuum sealed again. The formation charge and discharge steps were
conducted on a Maccor Series 4000. After degassing, the cells were cycled, and were

then taken apart following the steps described previously.

Table 3.1 shows the source and purity (when available) of the chemicals used in the

formulation of the electrolytes.
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Table 3.1 Source of purity of chemicals used for the formulation of the electrolytes

Chemical | Company | Purity /%
EC BASF 99.95
EMC BASF 98
LiPF6 BASF 99.8
VC BASF 99.5
FEC BASF 99.5
LiTFSI 3M NA
TMOBX BASF NA
VEC BASF NA
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CHAPTER 4. ON THE EXPERIMENTAL METHOD

4.1 PROOF OF CONCEPT

Figure 4.1 shows the Bode representation of the reassembled full cell area specific
impedance, (+/-), along with the negative symmetric cell area specific impedance divided
by two, (-/-)/2, the positive symmetric cell area specific impedance divided by two,

(+/+)/2, and half of the sum of the positive and negative symmetric cell area specific
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Figure 4.1 Area-specific real impedance (a) and area-specific negative imaginary impedance
as a function of the logarithm of the frequency (b) for the reassembled full coin cells, (+/-),
half of the positive symmetric coin cells impedance, (+/+)/2, half of the negative symmetric
coin cells impedance, (-/-)/2, and the sum of half of the positive and half of the negative
symmetric cell impedance. All cells had electrolyte containing 2 wt.% VC + 0.3 wt.%

TMOBX with all measurements made at 10°C.
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impedances, (-/-)/2 + (+/+)/2. The area specific impedance was calculated as the
impedance of the cell multiplied by the geometrical area of the electrode. This allowed
the impedance of the untouched cells which have a geometric area of about 73 cm? to be
compared with the impedance of the full reassembled cells which have an area of about
1.54 cm?.  As shown by Chen et al,'' since the full cell configuration was
LCO/LCO/BMF/Graphite/Graphite and the symmetric cell configurations were
LCO/LCO/BMF/LCO/LCO and graphite/graphite/BMF/graphite/graphite, half the sum
of the positive and negative symmetric cell impedances should be equal to the full cell
impedance. Figure 4.1 shows the excellent agreement between the impedances of the

symmetric cell sum and the reassembled full cell.

Figure 4.2 shows the time dependence of the impedance measurements at 30°C for the
full reassembled cells, the negative symmetric cells and the positive symmetric cells
containing control electrolyte. Figure 4.2 shows that the impedance of the full cell
changed slightly with time, that the impedance of the negative symmetric cell was very
stable and that the impedance of the positive symmetric cell changed very rapidly with
time. This is a general trend for most electrolytes with or without additives. This
indicates that the kinetics of the parasitic reactions at the positive electrode were faster in
the positive electrode symmetric cell than in the full cell. This suggests that the positive
electrode reacted with electrolyte, creating species that were scavenged at the negative
electrode. Without a low potential electrode in the cell, these species accumulated and
the impedance of the positive symmetric cell continued to increase with time. The
concept of interactions between the positive and negative electrodes has been suggested

by several researchers as introduced in section 2.3.2. Considering the previous evidence
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Figure 4.2 Area-specific real impedance (a-c) and area-specific negative imaginary impedance
as a function of the logarithm of the frequency (d-f) for the reassembled full cell (a, d), half of
the negative symmetric cell impedance (b, e), and half of the positive symmetric cell
impedance (c, f). The electrolyte in the cells contained no additives and the measurements

were made at 10°C as a function of time, as indicated.
of electrode-electrode interactions (see section 2.3.2) it is not inconceivable that the
absence of one electrode, the negative electrode in the case of the positive symmetric cell

presented in Figure 4.2, can induce a different behavior in the stability of the other.

It is impossible to measure the impedances of all the positive electrode symmetric cells
immediately after assembly because the impedance of each cell is measured at several
temperatures and multiple cells are measured sequentially. Therefore it was sometimes

necessary to estimate the impedance of the positive/positive symmetric cell from the
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difference between the impedances of the full reassembled cell and the negative/negative
symmetric cell. The excellent match between the sum and the full cell impedances in
Figure 4.1 was caused by the slower rate of change of the positive symmetric cell

impedance as a function of time when TMOBX and VC are added to the electrolyte.

4.2 COMMENTS ON THE EXPERIMENTAL METHOD

4.2.1 CHOICE OF STATE OF CHARGE

Figure 4.3 shows the Bode representation of the area specific impedance of a Medtronic
LCO/graphite cell containing 2% VC and 2% LiTFSI at different cell potentials. This
figure shows that the impedance changes significantly with cell potential. Opening the
cells at the same state of charge is then mandatory in order to compare their impedance
and to make sure that the changes seen in the impedance are due to surface alteration by
the additive and not due to potential differences. The potential of 3.775 V corresponds to
a state of charge slightly lower than 50%. This allows symmetric cells that can be cycled
to be constructed. Reconstructing symmetric cells from two electrodes salvaged from the
same parent cell that is not close to 50% of state of charge would cause Li plating in
negative symmetric cells and bring the positive electrodes to too high of a potential in the

positive symmetric cells during cycling.

4.2.2 DOUBLE SIDED ELECTRODES

In order to keep the electrodes from the disassembled wound cells as pristine as possible,
the double-sided electrodes were used directly in the coin cells. In order to demonstrate

that the side of the electrode shielded from the separator by the foil current collector is
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Figure 4.3 Bode representation of the area specific impedance of a LV-LCO/graphite
Medtronic cell with 2% VC and 2% LiTFSI at 30°C at different cell potential.

basically electrochemically inactive, single-sided and double-sided graphite half cells

were assembled and cycled at 30°C at various current densities.

A commercial graphite double-sided electrode was used for the half cell assembly. From
this double-sided electrode, one side was carefully cleaned with a scalpel for the
assembly of the single-sided graphite half cells. Figure 4.4 shows the capacity versus
current for double-sided and single-sided electrodes. A single-sided electrode has an
areal capacity of about 4 mAh/cm?, leading to a cell capacity of 6 mAh for the 1.54 cm?

electrodes used here. The C-rates examined in Figure 4.4 ranged from C/15 to C/120.
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Figure 4.4 Charge capacity (a) and discharge capacity (b) of double-sided and single-sided
graphite half cells (Li/graphite).
The single-sided electrodes showed no capacity variation over this range of rates. By
contrast, the double-sided electrodes showed an initially larger capacity (by 8%) and an
increase in capacity for rates below C/30. This suggests that at very low rates there is
some access to the electrode material behind the current collector and that this access

increases as the rates decrease.

The lowest frequencies probed with EIS in these experiments were 0.001 Hz which
corresponds to a period of 1000 sec or an effective rate of 3C. Additionally, the largest
AC current that flowed during the 10 mV excitation was 0.4 mA which is less than C/10.
Based on Figure 4.4, significant access of Li to the back side of the double-sided
electrode (behind the current collector) under the conditions used in the EIS experiments
is not expected. In fact, EIS experiments done on single and double-sided and single

sided electrode positive symmetric cells showed no difference in their impedance except
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for an increase in a feature at high frequency. This high frequency feature corresponds to
the interface between the active material and the current collectors as will be discussed in
section 4.3. Using double-sided electrodes greatly simplifies the experimental procedure

and allows undamaged (by scraping) electrodes to be studied.

4.2.3 ELECTRODE DAMAGE

Figure 4.5 shows the Bode representation of the area-specific impedance of the wound
cells (before opening - called the untouched cells) along with the reassembled full coin
cells containing no additive (control electrolyte), 1% VC, 2% VC, 0.3% TMOBX and 2%
VC + 0.3% TMOBX. Figure 4.5 shows that the spectra of the untouched cells are nearly
identical to the spectra of the reassembled full cells. The minor differences could come
from the difference in the electrode configuration. In the wound prismatic cells, an
inductive component can be present which is not in the reassembled coin cells. The
reassembled cells also have a more pronounced high frequency feature (too small to see
on the scales selected in Figure 4.5). As it will be shown in section 4.3, this high
frequency feature can be attributed to the interface between the current collector and the

active particles.®’

The growth of this feature in the re-assembled cells is caused by two different
phenomena. The first is the difference in the number of current-collector/active particle
interfaces at the positive electrode. In the wound cell, one of these interfaces is present
(one between the aluminum foil and the LCO particles). On the other hand, since both
sides of the double-sided electrode are kept in the reassembled coin cells, the number of

interfaces is three. There are two aluminum/active particle interfaces between the
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Figure 4.5 Bode representation of the area specific impedance for LiCoOx/graphite wound and re-assembled coin cells with: 1 wt.%
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at 10°C. The results for cells with control electrolyte are shown in each panel for comparison.



aluminum foil and the LCO particles and one between the LCO particles and the coin cell
can. The second phenomenon responsible for the growth of the semi-circle can be the
handling of the electrode. Since the electrodes are unfolded (by unwinding the electrodes)
and punched, some loss of contact between the current collector and the active particles
might occur. This loss of contact would increase the electronic resistivity of the

interface.

4.2.4 CELL TO CELL REPRODUCIBILITY

Figure 4.6 shows the Bode representation of the area-specific impedance of duplicate
HV-LCO Medtronic cells containing 0.3% TMOBX, the impedance of the reassembled
full coin cells impedance, the calculated positive symmetric cell impedance divided by
two and the negative symmetric cell impedance divided by two, all measured at 10°C.

Figure 4.6a shows that the reproducibility from one wound cell to another is very good.

Figure 4.6b, 4.6c and 4.6d show a perfect match between the impedance of the re-
assembled full cell, calculated positive and negative symmetric cell from one duplicate to
the other. This demonstrates the excellent reproducibility of the experimental procedure.

Interpretation of the impedance spectra of the positive and negative electrodes

In order to interpret the changes in the impedance of the negative electrode and positive
electrode an electrolyte additive induces, it is necessary to be able to distinguish the
contributions to the impedance and determine how the change in the surface of the
electrode affects the impedance spectrum. Since there is no agreement in the literature on

the interpretation of the impedance spectra, simple experiments have been performed.
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Figure 4.7 shows the Bode representation of the area specific impedance of an untouched
HV-LCO/graphite Medtronic cell after long-term cycling (a) measured at 10°C, 20°C,
30°C, and 40°C and a zoom-in on the high frequency feature (b). The impedance of the
untouched cell shows four different features. There is a feature at high frequency (100 -

10,000 Hz) that does not present a high temperature dependence, two overlapping
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Figure 4.7 Bode representation of the area specific impedance of an untouched HV-
LCO/graphite Medtronic cell containing 2% VC after long-term cycling measured at 10°C,
20°C, 30°C, and 40°C (a) and a zoom-in on the high frequency feature (b).
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features at medium frequency (100 - 0.1 Hz) that are highly dependent on the
temperature, and a low frequency feature (0.1 - 0.01 Hz) that presents a slight
dependence on temperature. As introduced in Chapter 3, the full cell impedance is the
sum of the contribution from both the positive and negative electrode. The overlapping
nature of the features that can be seen in Figure 4.7 does not allow one to assess which

electrode the features come from.

Figure 4.8 shows the Bode representation of the area specific impedance measured at
10°C of the full cells, negative symmetric cells divided by two, and calculated positive
symmetric cells divided by two (a) reassembled from the untouched HV-LCO/graphite
Medtronic cell shown in Figure 4.7, and a zoom-in on the high frequency feature (b).
Figure 4.8a shows that the low frequency feature predominantly comes from the negative
electrode. The sloping nature of this feature is the signature of the solid state diffusion
phenomenon of Li in the particle as introduced in Chapter 3. Figure 4.8a also shows that
the two overlapping features in the medium frequency range are a combination of the
positive electrode impedance and negative electrode impedance. Figure 4.8b shows that

the high frequency feature comes from both the positive and negative electrodes.

Figure 4.9 shows the negative imaginary area specific impedance at 10°C and 40°C of
selected full cell, negative symmetric cell divided by two, and calculated positive
symmetric cell divided by two, reassembled from the untouched HV-LCO/graphite
Medtronic cell shown in Figure 4.7 and Figure 4.8. This figure shows that the high
frequency feature of the negative symmetric cell and positive symmetric cell is slightly

temperature dependent.
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Figure 4.8 Bode representation of the area specific impedance at 10°C of the reassembled full
cells, negative symmetric cells divided by two, and calculated positive symmetric cells
divided by two (a) from the untouched HV-LCO/graphite Medtronic containing 2% VC cell

shown in Figure 4.7 (a) and a zoom-in on the high frequency feature (b).

Simple experiments have been performed on symmetric cells much like the experiments
presented by Ogihara et al.,’® in order to determine the origin of the features of the

impedance spectra of both negative and positive electrodes and will be discussed in the

next sections.
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Figure 4.9 Negative imaginary area specific impedance of selected reassembled full cell,
negative symmetric cell divided by two, and calculated positive symmetric cell divided by two
from the untouched HV-LCO/graphite Medtronic cell shown in Figure 4.7 and Figure 4.8 at
10°C and 40°C.

4.3 ORIGIN OF THE FEATURES IN IMPEDANCE SPECTRA OF
LI-ION ELECTRODES

4.3.1 ORIGIN OF THE HIGH FREQUENCY FEATURE

In order to determine whether the high frequency feature comes from a Faradaic process
or not, dry machine-made LCO/graphite pouch cells were filled with an electrolyte
containing 4 wt.% VC. The electrodes of these cells present almost similar features in the
impedance spectrum to the Medtronic LCO/graphite wound cells. The positive electrode

of a dry pouch cell presents an extra 45° slope feature in the negative imaginary part of
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the impedance as a function of the logarithm of the frequency in the medium frequency
range and will be discussed later. The pouch cell containing 4 wt.% VC was cycled for
several weeks and taken apart for full cells and symmetric cells to be reconstructed,
following the procedure described in Chapter 3. The impedance of the positive symmetric
cells and negative symmetric cells was measured at 30°C. The positive symmetric cells
and negative symmetric cells were then opened in an argon-filled glove box. From the
positive electrodes and negative electrodes of the positive and negative symmetric cells,
single electrode cells were reconstructed. The impedance of these single electrode cells
was measured at 30°C. Figure 4.10 presents a scheme of the procedure used to determine

the origin of the high frequency feature. The single electrode cells were not assembled

Positive symmetric cell Negative symmetric cell

Stainless steel cap y Stainless steel cap
. Spring — Spring

Aluminum spacer Stainless steel spacer
Positive double sided electrode Negative double sided electrode
Separator Separator
Positive double sided electrode Negative double sided electrode
Al sputtered can \\-_—/: Stainless steel can

Positive single electrode cell Negative single electrode cell

Stainless steel cap Stainless steel cap

Spring (=2 Sping

Aluminum spacer - Stainless steel spacer

Positive double sided electrode Negative double sided electrode
Al sputtered can :'----._.----;H Stainless steel can

Figure 4.10 Procedure followed to determine the origin of the high frequency feature in the

impedance spectrum of the positive electrode and negative electrode.
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using any separator. This provides a direct conduction path for the electron from one side

of the cell to the other.

Figure 4.11 shows the Bode representation of the area specific impedance of a positive
symmetric cell divided by two and a single positive electrode cell (a), of a negative
symmetric cell divided by two and of a single negative electrode cell (b). Figure 4.11a
shows a good match between the high frequency feature of the positive electrode and the

high frequency feature of the impedance of a single positive electrode cell. The small
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Figure 4.11 Bode representation of the area specific impedance of a positive symmetric cell

divided by 2 and a single positive electrode cell (a), and a negative symmetric cell divided by

2 and of a single negative electrode cell.
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differences between the two could arise from a slight difference between the high
frequency features of the two electrodes in the positive symmetric cells. Also if the
electrode is not subjected to the same pressure, the contact resistance could change (more
compression would give a better contact between the electrode material and the current
collector). On the contrary, Figure 4.11b shows that the high frequency feature of the
impedance spectrum of the negative symmetric cells does not match the high frequency
feature of the impedance of the single negative electrode cell. This indicates that while
the high frequency feature of the impedance spectrum of the positive electrode is due to
electronic transport from the current collector to the active particle as proposed by
Gaberscek et al.,% the high frequency feature of the impedance spectrum of the negative

electrode is a combination of the electronic transport and another feature.

In order to make sure that the 45° slope in the positive electrode impedance and that the
high frequency feature of the negative electrode does not come from Faradaic processes
and from the surface of the particle (i.e. Li intercalating in the material through the SEI),
symmetric cells were constructed from fresh and uncycled electrodes (i.e. in the

discharged state and without surface films).

At a state of charge close to 0%, the potential of both the positive electrode and negative
electrode varies very sharply for a small amount of Li intercalated (dV /dQ is very large).
In this case, with an excitation of +/- 5 mV there is virtually no Li being intercalated or
de-intercalated from the active material and the active particle shows a capacitive like
feature in the impedance spectrum.®® The features in the impedance spectrum of

symmetric cells constructed with completely discharged electrodes are then due to non-

59



Faradaic processes. The spectrum then shows a capacitive feature at medium frequency

as shown in Chapter 3.

Figure 4.12 shows the Bode representation of the area specific impedance of a positive
symmetric cell divided by two, reconstructed from a pouch cell containing 4 wt.% VC
and of a positive symmetric cell constructed from fresh electrodes at 0% state of charge
(a), and a negative symmetric cell divided by two reconstructed from a pouch cell

containing 4 wt.% VC and of a negative symmetric cell constructed from fresh electrodes
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Figure 4.12 Bode representation of the area specific impedance of a positive symmetric cell
divided by 2 reconstructed from a pouch cell containing 4 wt.% VC and of a positive
symmetric cell constructed from a fresh electrode at 0% state of charge (a), and a negative
symmetric cell divided by 2 reconstructed from a pouch cell containing 4 wt.% VC and of a

negative symmetric cell constructed from fresh electrode at 0% state of charge (b).
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at 0% state of charge (b). Figure 4.12a shows that the impedance spectrum of the positive
symmetric cell constructed from fresh electrodes presents the same features as the
symmetric cell made from fresh electrodes in the medium-high and high frequency range.
This reinforces the hypothesis that the medium frequency feature in the spectrum of the
positive electrodes comes from the diffusion of Li* in the pores of the electrode as

proposed by Ogihara et al.®

Figure 4.12b shows that the impedance spectrum of the negative symmetric cell
constructed from fresh electrodes presents the same feature as the symmetric cell
constructed from fresh electrodes in the high frequency range. This high frequency
feature could come from the diffusion of the Li" in the pores of the negative electrode,
overlapping with the small contribution from the current collector/active particle
resistance. The frequency at which the contribution of the diffusion of Li" in the pores of
the negative electrode appears is not the same as for the positive electrode. This
difference in frequency might come from a difference in pore size and shape. As shown
by Ogihara et al.® the impedance contribution of the diffusion of Li* in cylindrical pores
strongly depends on the radius and the length of the pores. The negative electrode of the
pouch cells used is made of graphite slabs of about 40 x 25 um. On the contrary, the
positive electrode is composed of particle with a radius of about 5 um. The positive and

negative electrodes have different pore sizes.

4.3.2 ORIGIN OF THE MEDIUM FREQUENCY FEATURE

Since the high frequency features and the low frequency features are assigned to

electronic conduction processes, Li" diffusion in the pores of the electrode and the solid
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state diffusion of the Li in the active particle, the medium frequency feature (the step-
wise increase in the real part of the impedance and the bell-shaped curve in the negative
imaginary part of the impedance) must be due to the transfer of Li* from the electrolyte to
the active particle, passing through the SEI. If an additive modifies the surface of an
electrode, the presence of different additives should affect the medium frequency feature

of the impedance spectra.

Figure 4.13 shows the Bode representation of the area specific impedance of untouched
(not open) Medtronic LV-LCO/graphite cells containing no additive (control), 1% VC,
2% VC, and 0.3% TMOBX, measured at an open potential of 3.775 V at 10°C. The cells
were previously used in automated storage experiments (for a complete history of the
cell, see section 3.3). Figure 4.13 shows that while changing the additive content of the
electrolyte has a great impact on the medium frequency (100 Hz — 20 Hz) feature of the
impedance, it has no pronounced effect on the high frequency feature (100,000 Hz — 100
Hz). Since the impedance of the cells are measured at the same open circuit potential, the
change in the impedance spectrum must come from surface alteration induced by the

presence of additives in the electrolyte.
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Figure 4.13 Bode representation of the area specific impedance of untouched (not open)
Medtronic LV-LCO/graphite cells containing no additive (control), 1% VC, 2% VC, and 0.3%
TMOBX, measured at an open potential of 3.775 V at 10°C (a, b), and a zoom-in of the high

frequency region (c, d).

43.3 SUMMARY OF THE DIFFERENT CONTRIBUTIONS TO THE
IMPEDANCE

Figure 4.14 shows the Bode representation of the area specific impedance of a positive
symmetric cell (a) and negative symmetric cell (b) reconstructed from a pouch cell
containing 0.75 g of electrolyte with 1% VC and cycled at 40°C for 29 days. Figure 4.14

shows the different contributions to the impedance of the negative electrode and positive
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Figure 4.14 Bode representation of the area specific impedance of a positive symmetric cell
(a) and negative symmetric cell (b) reconstructed from a pouch cell containing 0.75g of
electrolyte with 1% VC. The spectra are separated in different frequency ranges corresponding

to different phenomena.

electrode as discussed in sections 4.3.1 and 4.3.2. Figure 4.14.1a shows that at high
frequency, the impedance of a positive electrode (the ones used in this thesis) mainly
comes from the current collector-active material electronic impedance, that at high-
medium frequency, the impedance is mainly due to Li" diffusion in the pores (which is
not seen in the positive electrode of the Medtronic cells), at medium frequency the

impedance comes from the transfer of Li* from the electrolyte to the electrode, passing
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through the SEI, and at low frequency, the impedance is mainly due to the Li diffusion in
the active particle. Figure 4.14b shows that at high frequency the impedance of the
negative (graphite) electrode is mainly due to a combination of Li" diffusion in the pores
and current-collector/active particle electronic impedance, that at medium frequency the
impedance is mainly due to the transfer of Li" from the electrolyte to the electrode,
passing through the SEI, and that at low frequency, the impedance is mainly due to Li
diffusion in the active particle as shown by several researchers®>®3. Figure 4.14 shows
that the impedance of Li" diffusion in the pores appears at higher frequency for the
negative electrode compared to the positive electrode. As mentioned in section 4.3.1, this
difference in frequency can come from different pore sizes between the positive electrode

and the negative electrode.
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CHAPTER 5. STUDY OF ADDITIVES USING EIS ON
SYMMETRIC CELLS

This chapter presents the results obtained using the EIS on symmetric cells method
discussed in Chapters 3 and 4. Section 5.1 presents the results of the first experiments
done on low voltage (LV) LiCoO2/graphite cells manufactured by Medtronic (the
electrodes are encased in a hard stainless steel can) containing different combinations of
vinylene carbonate (VC) and trimethoxyboroxine (TMOBX). Section 5.2 presents the
results of studies made on low-voltage LiCoO2/graphite, high voltage (HV)
LiCoOz2/graphite, and Li[Nio4Mno4Coo2]O2/graphite cells manufactured by Medtronic
and containing different combinations of VC, TMOBX, fluoroethylene carbonate (FEC),
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Section 5.2 explores the
differences (if any) in the effects of additives on the two different positive electrode
materials and two different upper potential cut-offs. Section 5.3 presents the results of a
comparative study of the effects of VC and vinyl ethylene carbonate (VEC) in
LiCoOz2/graphite pouch cells using EIS on symmetric cells and high precision
coulometry. Finally, section 5.4 presents a study of the effects of VC and TMOBX in
LiCoOz2/graphite pouch cells using EIS on symmetric cells and high precision

coulometry.
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5.1 LOW VOLTAGE LCO/GRAPHITE CELLS CONTAINING
VINYLENE CARBONATE AND TRIMETHOXYBOROXINE

5.1.1 EXPERIMENTAL

Machine-made low voltage LiCoOz2/graphite cells from Medtronic (LV-LCO) used in
automated storage experiments were opened to reconstruct symmetric cells following the
procedure described in Chapter 3. The history of the cells prior to being opened is

described in Section 3.3.

5.1.2 RESULTS AND DISCUSSION

Figure 5.1 shows the Bode representation of the impedance of the reassembled full cells,
the calculated positive symmetric cell impedance divided by two, and the measured
negative symmetric cell impedance divided by two for electrodes from parent LV-LCO
wound cells containing different combinations of VC and TMOBX . In every panel, the
results for the control electrolyte have been included as a relative comparison. Figures
5.1a, b and ¢ show that the impedance reduction that 1% VC creates in the full cell is due
primarily to its effect on the positive electrode. Figure 5.1b shows that the real part of the
impedance at low frequency at the positive electrode changes from 500 Q-cm? to 300
Q-cm? when 1% VC was added. However the impact of 1% VC on the negative
electrode is very small and only a slight impedance increase can be seen in Figure 5.1c.
Figure 5.1d shows that even though the real part of the impedance at low frequency for
the control and the 2% VC-containing cells are very similar, the frequency of the
maximum of the negative of the imaginary part is different. This indicates that the

contributions to the full cell impedance in the control cell and in the 2% VC cell are
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Figure 5.1 Bode representation of the area-specific impedance of the full reassembled coin cells (a, d, g, j), calculated positive symmetric cells
impedance divided by two (b, e, h, k) and measured negative symmetric cells impedance divided by two (c, f, i, I) for cells containing 1 wt.% VC
(a-c), 2 wt.% VC (d-f), 0.3 wt.% TMOBX (g-i) and 2% VC + 0.3 wt.% TMOBX (j-1). The impedance of the cells containing no additive is shown
in each panel. All measurements were made at 10°C. Reproduced with permission from J. Electrochem. Soc., 160, A117-A124 (2013). Copyright
2003, The Electrochemical Society.



different. Figures 5.1e and 5.1f show clearly how this comes about. Figures 5.1b and
5.1e show that the impedance reduction that 1% VC and 2% VC impart on the positive
electrode is similar. However, Figures 5.1c and 5.1f show that their impact on the

negative electrode impedance is very different.

Figure 5.1f shows that adding 2% VC greatly increases the negative electrode impedance,
presumably because of the well-known thick SEI growth that VC creates®. Maybe 2%
VC is “too much” as far as the negative electrode side is concerned. Burns et al.? showed
in precision coulometry studies that the Coulombic efficiency and charge endpoint
capacity slippage of LCO/graphite and NMC/graphite cells with 1% or 2% VC additives
were basically identical (See Figure 3 in reference 3). Burns et al. also noted that the
cells with 2% VC had higher impedance (see Figure 5 in reference 3) but did not
determine which electrode caused the increased impedance. Figures 5.1a-f clearly show

the negative electrode side is the cause of the increased impedance.

Figures 5.1g, 5.1h and 5.1i show that most of the impedance decrease of the full cell
containing 0.3% TMOBX comes from the positive electrode. In this concentration range,
TMOBX lowers the positive electrode impedance even more than VC. Figure 5.11 shows
that TMOBX raises the negative electrode impedance slightly compared to the control
cell. Burns et al.'® showed that additions of 0.3% TMOBX greatly reduced the
impedance of LCO/graphite and NMC/graphite wound cells (See Figure 5 in reference 4)
but did not identify which electrode was affected. Figures 5.1a-c and 5.1g-1 prove that

TMOBX has the largest effect on the positive electrode impedance.
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Figure 5.1j, 5.1k and 5.11 show the effect of the VC and TMOBX additive mixture.
Adding both TMOBX and VC in the same cell retains most of the effect of VC on the
negative electrode and the effect of TMOBX on the positive electrode from an impedance
perspective. Based on the results in Figure 5.1 and in reference 4, excellent low

impedance cells with long lifetime could be made using 1% VC and 0.3% TMOBX.

Figures 5.1b, ¢, e, f, h, i, k, | show that the frequency of the maximum of the negative
imaginary part of the feature associated with the charge transfer resistance of the negative

electrode is always higher than that for the positive electrode.

Figure 5.2 shows the impedance of the same cells as in Figure 5.2 at 30°C. The
conclusions made based on the data collected at 10°C (Figure 5.2) still apply for the data
collected at 30°C. A careful comparison of Figures 5.1 and 5.2 shows that the negative
electrode impedance in the presence of VC decreases more rapidly with temperature than
the positive electrode impedance. This suggests that cells destined for dedicated high
temperature use could tolerate higher concentrations of VC without developing excessive
impedance.

From the data presented in Figures 5.1 and 5.2, the value of the charge transfer resistance

1°° and an

at the SEl/electrolyte interface has been assessed using Atebamba’s SCR mode
in house fitting software (written by Connor Aiken, summer undergraduate student,
Physics and Atmospheric Science, Dalhousie University). Figure 5.3 shows the SCR

model. This model comprises a resistor for the electrolyte resistance, Rei, a resistor for the

active particle/current-collector interface resistance, Rer, a constant phase element (CPE)
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Figure 5.3 SCR model proposed by Atebamba et al.”’

for the double layer associated with the uncovered part of the current collector, CPEc, a
resistance for the transfer of Li" from the electrolyte to the active particle, passing
through the SEI, Re, a CPE for the double layer associated with the active particle,
CPEpart., and a Warburg-type resistance for the solid state diffusion of Li in the particle,

W. The SCR model assumes very good particle to particle electronic conductivity.

The expression for the impedance of the constant phase element, Z-pz(w), is given by:

_r
(Jw)*Q

(5.1)

Zepp(w) =

where j is the square root of -1, w is the frequency in rad.s™, a is a constant (0 < a < 1),
Q is the capacitance in Fs~%*. When a = 1 the CPE has the same expression as a
capacitor. CPEs have been introduced to improve the poor fitting of impedance spectra
when normal capacitors were used in the model. It has been proposed that the CPE-like
behavior of the electrochemical systems comes from surface inhomogeneity,”' or a

distribution of activation energies for the kinetics of the reactions studied.”? In the case of
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the electrodes of Li-ions cells, surface inhomogeneity is undoubtly present (see Figure

3.6).

The expression for the impedance of the diffusion of Li in the particle is given by:

_ {rscoth[rgcsjjw]P}

Zy (@) = BCs Ol (5.2)

[rscsjjw]P

where 75 and cg; are the general resistance and capacitance respectively (r5cg; is related to

2

the diffusion length and the diffusion coefficient, 7y¢g; = Dl— where [ is the diffusion
chem

length and D_p,,, is the diffusion coefficient of Li in the material), p is an arbitrary
constant (0 < p < 1) that is used to account for the difference in the slope between the
theoretical Warburg resistance and the slope seen in the impedance spectra. Again, p
accounts for surface inhomogeneity and the different particle sizes. Clearly @ and p are
arbitrary factors and reveal the lack of knowledge about their real physical meaning.
However, the differences in the shape of the impedance spectra are more important in this
thesis than the extraction of specific information such as film thickness, diffusion length,

diffusion coefficient, efc.

Figure 5.4 shows half of the area specific impedance of a positive symmetric cell (a) and
of a negative symmetric cell (b) along with the calculated impedance spectra using the
Atebamba et al.”® model. The model parameters of the calculated spectra were adjusted
to give the best fit between experiment and calculation in a least-squares sense. Figure
5.4 shows a very good agreement between the electrochemical impedance spectra and the

calculated spectra using the equivalent electrochemical circuit model shown in Figure
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Figure 5.4 Bode representation of the calculated area specific impedance of a positive
symmetric cell and its fit (a), and area specific impedance of a negative symmetric cell and its

fit (b), using the Atebamba et al. model.”

5.3. Since a change in the chemical structure of the SEI changes Rct of an electrode,
comparing the value of the charge transfer resistance of the positive electrode and the
negative electrode of cells containing different additives to the charge transfer of the
electrodes of a cell containing no additive allows assessing at which electrode this
additive acts. It is certain that the model is not ideal, especially since it does not take into
account the Li" diffusion in the pores of neither the positive nor the negative electrode.

However, the characteristic frequencies of the Li" diffusion in the pores and the transfer
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of Li" through the SEI are well-separated. As a result, fitting the impedance spectra with

the model shown in Figure 5.3 still gives a reliable value for Ret.

Figure 5.5 shows the values of the Ret of the impedance spectra shown in Figure 5.1 and
Figure 5.2, calculated using the model shown in Figure 5.3. The error bars are calculated

as the standard variation of the Rt of the three replicates fitted using the model presented
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Figure 5.5 Assessed value of the area-specific SEI charge transfer resistance at the particle-
electrolyte interface, Ry, at 10°C (a, ¢) and 30°C (b, d) for the positive electrode (a, b) and
negative electrode (c, d) of LV-LCO cells containing VC and TMOBX.
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in this chapter. Figure 5.5 shows that the ranking of the charge transfer impedance for
both the positive and negative electrode does not change with temperature over this
range. That is, cells containing TMOBX have the smallest positive electrode impedance
at all temperatures and cells with 2% VC have the highest negative electrode impedance

at all temperatures.

5.1.3 CONCLUSION

Using the developed method, the impact of the electrolyte additives, VC and TMOBX, on
LCO/graphite cells was studied. VC additions above 1 wt.% dramatically increased the
negative electrode charge transfer impedance. VC additions and TMOBX additions both
decreased the positive electrode charge transfer impedance. TMOBX is more effective
than VC at reducing positive electrode charge transfer impedance. The method also
proved to be useful at revealing which additive control the surface composition of the
positive electrode and the negative electrode when multiple additives are introduced in

the cell at the same time.
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5.2 COMPARISON OF THE EFFECT OF VARIOUS ADDITIVES
IN LOW-VOLTAGE LCO/GRAPHITE, HIGH VOLTAGE
LCO/GRAPHITE, AND NMC/GRAPHITE CELLS FROM
MEDTRONIC

5.2.1 EXPERIMENTAL

Machine-made low-voltage LiCoOz/graphite (LV-LCO), high voltage LiCoOx/graphite
(HV-LCO), and Li[Ni0o.4Mno.4C00.2]O2/graphite (NMC) cells from Medtronic previously
used in automated storage experiment were opened to reconstruct symmetric cells using
the method described in section 3.3. For a more detailed history of the cells prior to being
opened, see section 3.3.Table 5.1 lists the additives and in which cell chemistries they
were tested. The structures of the additives were presented in Figure 1.5 and Figure 2.2.

Some combinations were not tested due to unavailability of cells.
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Table 5.1 List of additives studied in this work in Medtronic prismatic wound cells ( yes

means the cell was available for opening; no means the cell was not available for opening).

NMC/graphite LV LCO/graphite | HV LCO/graphite
Additive 4.225V 4.075V 4175V
Control yes yes yes
1% VC (Novolyte) yes yes yes
2% VC (Novolyte) yes yes no
0.3% TMOBX (BASF o .
99.2%) Y ye yes
2% FEC (Novolyte) yes yes yes
2% LiTFSI (3M, 99.9%) yes yes yes
100 ppm additive A no yes no
2% VC + 0.3% TMOBX yes yes yes
2% VC + 2% FEC yes yes yes
2% VC + 2% LiTFSI yes yes yes
2% VC + 100ppm o5 no no
additive A Y
2% VC + 1000 ppm no o5 no
additive A Y
2% VC +2 % LiTFSI + o os no
100 ppm additive A 4
2% VC + 2% LiTFSI + os os no
1000 ppm additive A 4 4
2% VC + 0.3% TMOBX no o5 no
+ 100 ppm additive A Y
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5.2.2 RESULTS AND DISCUSSION

Figure 5.6 presents the charge transfer resistance of the positive electrode of NMC cells
(a, b), LV-LCO cells (c, d) and HV-LCO cells (e, f) at 10°C (a, c, e) and 30°C (b, d, 1)
obtained by fitting the inferred electrochemical impedance spectra of the reassembled
positive symmetric cells ((+/+) = 2(+/-) - (-/-) ) using the equivalent circuit model shown
in Figure 5.3. Figure 5.6 shows that all additives and additive combinations used affected
the positive electrode surface in all cell chemistries studied (NMC/graphite, LV-
LCO/graphite, and HV-LCO/graphite). Almost every additive used reduced the charge
transfer impedance of the positive electrode with the exemption of additive A and LiTFSI
when used alone in the LV-LCO cells. Figure 5.6 shows that TMOBX is an effective
additive for reducing the charge transfer resistance at the positive electrode in all cell

chemistries studied.

Figure 5.6 also helps to determine which additive controls the surface chemistry at the
positive electrode when more than one additive is included in the electrolyte. For
instance, when VC and TMOBX are added in LV-LCO and HV-LCO cells, the value of
the Rt at the positive electrode is the same as for TMOBX alone. This suggests that
TMOBX controls the surface chemistry of LCO electrodes when combined with VC.
The error bars for Ret for the mix of TMOBX and VC in NMC cells does not allow one to
suggest which additive is controlling the surface chemistry. Figures 5.6a and 5.6¢ show
that LiTFSI has a different effect on the positive electrode surface of NMC cells, LV-

LCO cells, and HV-LCO cells. Adding LiTFSI to NMC cells significantly reduces Rt
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5.6 Charge transfer resistance, of the positive electrode, Ru(+), of NMC cells (a, b),
80

-LCO cells (c, d), and HV-LCO cells (e, f) at 10°C (a, ¢, e) and 30°C (b, d, f) obtained by
fitting the calculated area specific electrochemical impedance spectra of the positive

symmetric cells using the equivalent circuit proposed by Atebamba et al.”’

Figure

LV
compared to control, adding LiTFSI to HV-LCO cells slightly reduces Ret of the positive

electrode and adding LiTFSI to LV-LCO cells increases Rt of the positive electrode.



This might indicate a dependence of the effect of LiTFSI on the type of positive material
used or on the potential to which the cells were exposed. Rct values of the positive
electrode of the HV-LCO and LV-LCO cells containing 2% LiTFSI are the same. It
seems that LiTFSI keeps the SEI of the positive electrode unchanged when the higher

voltage cut-off is increased.

Based on Figures 5.6c and 5.6d, both LiTFSI and VC affect the positive electrode
chemistry when introduced together in LCO cells. The similarity of the impact of LiTFSI
and VC on R of the positive electrode of the NMC cells does not allow one to
distinguish which additive controls the surface chemistry of the positive electrode when
both additives are present. Figures 5.6a, 5.6c, and 5.6d show that FEC and VC have
different impacts on Ret of the positive electrode of NMC cells and LV-LCO cells (2%
VC in HV-LCO cells were not available). This indicates that the effects of FEC and VC

at the positive electrode are different.

Figure 5.6 shows that adding 100 ppm of additive A to NMC and LV-LCO cells
containing VC, TMOBX, VC + TMOBX, VC + LiTFSI affects Rt slightly indicating that
VC, TMOBX, LiTFSI, and their combination control most of the surface chemistry of
NMC and LCO electrodes when only 100 ppm of additive A is introduced. Adding 1000
ppm of additive A to NMC and LV-LCO cells containing VC, and VC + LiTFSI affects
Ret significantly indicating that additive A participates in the formation of the SEI at the
positive electrode when a larger concentration is introduced. Every wound cell
containing additive A used in this study showed a brownish color on the separator once

they were opened and had an unusually bad adhesion of the negative electrode to the
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copper foil. The adhesion of the positive electrode to the current collector was not altered
by the addition of additive A (compared to cells containing other additives), except for

the cell containing 2% VC and 100 ppm additive A.

Figure 5.7 shows the charge transfer resistance of the negative electrode of NMC cells (a,
b), LV-LCO cells (¢, d) and HV-LCO cells (e, f) at 10°C (a, c, e¢) and 30°C (b, d, f)
obtained by fitting the electrochemical impedance spectra of the reassembled negative
symmetric cells using the equivalent circuit model presented in Figure 5.3. The error bars

were calculated as the standard deviation of the fitted Ret value of the three replicates.

Figure 5.7 shows that all additives used increased Rct of the negative electrode, except for
LiTFSI, which did not show any significant effect at the negative electrode of LV-LCO
cells and HV-LCO cells. LiTFSI appears to have reduced the impedance of the negative
electrode of NMC cells. Except for LiTFSI-containing cells, the value of Rct of the
negative electrode of NMC cells, LV-LCO cells and HV-LCO cells containing the same
electrolyte formulation are very similar. This indicates that the positive electrode
material and upper voltage cut-off (in the voltage range studied) do not have any

significant effect on the surface of the negative electrode.

As indicated in an earlier publication,® varying the concentration of VC from 1 wt.% to 2
wt.% has a great impact on Rt of the negative electrode without improving the

Coulombic efficiency or the voltage drop during an automated storage experiment. As a
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Figure 5.7 Charge transfer resistance of the negative electrode of NMC cells (a, b), LV-LCO

cells (c, d), and HV-LCO cells (e, f) at 10°C (a, ¢

, €) and 30°C (b, d, f) obtained by fitting the

area specific electrochemical impedance spectra of the negative symmetric cells using the

equivalent circuit proposed by Atebamba et al.”

consequence, introducing a large amount of VC will have a negative impact on the rate

Figure 5.7 shows that TMOBX affects the surface of the negative
83

capability of a cell.



electrode slightly. When VC and TMOBX are introduced in the same cell, Ret of the
negative electrode is the same as for cells containing VC only, indicating that VC

controls the surface chemistry of the negative electrode over TMOBX.

Figure 5.7 also shows that FEC and VC have different effects on Ret of the negative
electrodes. FEC caused a greater Rct at the negative electrode than VC did. This
indicates that the SEI at the negative electrode that FEC creates is different from the one
that VC does. Figure 5.7c shows that additive A does not have any significant impact on
the Rct of the negative electrode when introduced alone. Figures 5.7a-f show that the

effect of FEC on the negative electrode surface prevails when introduced with VC.

Figures 5.7a-d show that introducing additive A to cells containing VC, VC and LiTFSI,
VC and TMOBX reduces Rct of the negative electrode. This indicates that additive A
modifies the nature of the SEI of the negative electrode of cells containing VC, LiTFSI,
and TMOBX. It also indicates that the electrode which additive A affects depends on the
additive added to the cell and points towards an interaction between additive A and the

by-products of the degradation of other additives.

Figure 5.8 shows side by side the Rct of the positive electrode (a, b) and negative

electrode (c, d) of LV-LCO cells and HV-LCO cells. This figure helps to determine the

effect, if any, of a higher cut-off potential on the effects of additives. For instance,
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Figure 5.8 Comparison of the charge transfer resistance of the positive electrode of LV-LCO and HV-LCO cells (blue) at 10°C (a) and 30°C (b)

and the charge transfer resistance of the negative electrode of LV-LCO (red) and HV-LCO cells at 10°C (c¢) and 30°C (d).



Figures 5.8a and 5.8b show that the positive electrode of cells containing no additive, 1%
VC, 2% VC and 0.3% TMOBX have a higher Ret when charged to a higher cut-off
voltage. This is not surprising and is expected since a higher voltage promotes
electrolyte oxidation at the positive electrode from which reaction by-products can form
at the surface of the electrode. However, cells containing 2% VC + 0.3% TMOBX, 2%
FEC, 2% LiTFSI, 2% VC + 2% LiTFSI do not have a higher Ret when charged to higher
voltage. This suggests that for these cells the SEI of the positive electrode does not
change when the voltage cut-off is increased by 100 mV near 4.1 V. However this does
not necessarily indicate a reduction in the rate of electrolyte oxidation as the by-products
can be soluble and not participate in the thickening of the SEI. Cells containing 2% VC
+2% FEC have a lower Ret at the positive electrode when the cell is charged at a higher
voltage cut-off. This may indicate the creation of a slightly different SEI when the cell is

charged at a different cut-off.

Figures 5.8c and 5.8d show that that Ret of the negative electrode of HV-LCO is very
similar to the Rect of the negative electrode of LV-LCO cells containing the same
electrolyte formulation, with the exception of cells containing 2% FEC and 1% VC. It
seems that for most of the cells studied, the difference in the higher cut-off voltage (in the
range used) does not influence the SEI of the negative electrode. Figure 5.9 shows the
Coulombic inefficiency (CIE) during cycling on a high precision charger® (a, ¢, €) and the
voltage drop during automated storage experiments (b, d, f) for wound prismatic LV-
LCO cells, HV-LCO cells and NMC cells containing different electrolyte additives and

additive combinations. The CIE data were collected during C/20 cycling at 40°C and are
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reported for the average of the 14™ to 16" cycles of all cells. Each data set is the average
of duplicate cells. The error bars are calculated as the standard deviation of the value of
the duplicate. The cells used in the automated storage experiments are the same cells used
for the EIS on symmetric cells study. The data for the cells containing no additive,
TMOBX, VC, and LiTFSI, shown in Figure 5.9, were already presented in earlier

publications®*"7,

The voltage drop during the automated storage experiment measures
the rate of parasitic reactions at the positive electrode®’. The greater the voltage drop, the

greater the rate of the parasitic reactions at the positive electrode. Normally, cells with

the longest cycle life have the smallest CIE.

Figure 5.9 allows some general comments to be made on the effect of an additive on the
cycling behavior of a cell. Compared to the control, the addition of either VC (1 wt.%
and 2 wt.%), or 2 wt.% FEC reduces the CIE (good) and the voltage drop (good) for both
cell chemistries (NMC and LCO) which indicates a reduction in the parasitic reactions
between the electrodes and the electrolyte. Compared to the control, the addition of
LiTFSI reduces the CIE slightly (good) but does not have any significant impact on the
voltage drop (neutral) for both NMC and LCO cells. Compared to the control, the
addition of TMOBX reduces the CIE (good) and does not have any impact on the voltage
drop (neutral) of LV-LCO cells, reduces the CIE (good) and increases the voltage drop
(bad) of HV-LCO cells, and increases the CIE (bad) and voltage drop (bad) of the NMC
cells. This suggests that the effect of the addition of TMOBX worsens (in terms of
parasitic reactions at the positive electrode) as the voltage cut-off of the cell is increased

from 4.075 to 4.175 to 4.225 V.
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Voltage drop (b, d, f) during automated storage experiments for NMC/Graphite cells charged

Figure 5.9 Coulombic inefficiency (a, ¢

to 4225 V (a
Nupur Sinha,

(2011).

Figure 5.9 shows that compared to the control, 100 ppm of additive A increases

somewhat the CIE and voltage drop of NMC and LV-LCO cells. Adding 2% LiTFSI to
2% VC does not seem to have any noticeable impact on the cycling performances of all



cell chemistries compared to VC by itself. Adding 0.3% TMOBX to 2% VC increases
the CIE of LV-LCO and HV-LCO, doesn’t have any noticeable effect on the CIE of the
NMC cells, and increases the voltage drop of all cell chemistries. However, the CIE and
voltage drop of VC + TMOBX cells are still significantly lower than the control cells.
Adding 100 ppm additive A to 2% VC improves the CIE of the NMC cells but does not
have any noticeable effect on the CIE of LV-LCO cells, and increases the voltage drop of
both NMC and LV-LCO cells. Compared to 2% VC + 100 ppm Additive A, 2% VC +
1000 ppm A improves the CIE slightly and reduces the voltage drop (the voltage drop is
still greater than 2 wt.% VC by itself). Adding 100 ppm additive A to 2% VC + 2%
LiTFSI increases the CIE and voltage drop of NMC and LCO cells. Compared to 2% VC
+ 2% LiTFSI + 100 ppm additive A, increasing the concentration of additive A to 1000
ppm reduces the CIE (CIE is even lower than 2% VC + 2% LiTFSI) and the voltage drop
of both NMC cells and LV-LCO cells (V-drop is still higher than 2% VC + 2% LiTFSI).
Adding 100 ppm of additive A to 2% VC + 0.3% TMOBX reduces the CIE and leaves

the voltage drop unchanged of LV-LCO cells.

Combining the information contained in Figures 5.6 to 5.9 allows one to make some
conclusions about the properties of the additives studied. For example, TMOBX does not
have any beneficial effect in terms of CIE and voltage drop for cells operating at high
voltage, if anything; it makes it worse. The only advantage of using TMOBX alone
would be for the reduction of the impedance. From the EIS on symmetric cells study,
this impedance reduction comes from the SEI at the positive electrode that TMOBX
creates. VC and FEC have the same effect on the CIE and voltage drop of all tested cells

(they reduce them both) imparting a good cycle life to the cell. From the EIS study on
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symmetric cells, VC and FEC act both at the positive and negative electrode but create
different SEIs. VC might be more advantageous than FEC due to smaller charge transfer

resistances at both the negative and positive electrodes compared to FEC.

LiTFSI brings some improvements to the CIE and voltage drop (does not slow down the
parasitic reactions significantly). From the EIS on symmetric cell study, LiTFSI has no
effect at the negative electrode and some effect at the positive electrode. From these
results, LiTFSI is a good additive for lowering the charge transfer resistance of the
positive electrode of cells used at high voltage. Adding LiTFSI to 2% VC does not have
any strong impact on the CIE and voltage drop of all tested cells. From the EIS study,
VC controls the formation of the SEI at the negative electrode and both LiTFSI and VC
control the SEI at the positive electrode. However compared to VC, the modification of
the SEI at the positive electrode produced by the addition of LiTFSI does not affect the
reduction of the rate of the parasitic reactions that VC creates. As a consequence, adding
LiTFSI to 2% VC does not bring any improvement and increases Rct at the positive

electrode.

Adding 2% FEC to 2% VC does not have any impact on the CIE and the voltage drop of
the cells. This is not surprising since FEC and VC have exactly the same effect when
introduced separately in these cells. When VC and FEC are added together, FEC seems
to control the formation of the SEI at the negative electrode and both FEC and VC seem
to control the SEI at the positive electrode. As a consequence, adding FEC to VC does
not bring any improvement in these cells, and worsens Rt at both electrodes, reducing the

power capability of the cell.

90



Adding 0.3% TMOBX to 2% VC increases the CIE and voltage drop slightly. However it
decreases the Rct of the positive electrode and leaves the Ret of the negative electrode
unchanged. This indicates that the SEI at the positive electrode that TMOBX creates is
responsible for the increase of the rate of the parasitic reactions. From the EIS study,
TMOBX controls the formation of the SEI at the positive electrode and VC controls the

formation of the SEI at the negative electrode.

Adding 100 ppm of additive A to control cells worsens the cycling behavior of LV-LCO
cells and NMC cells. Based on the EIS study, it seems like most of the effects of additive
A (when introduced alone) are at the positive electrode. Adding 100 ppm of additive A to
2% VC + 0.3% TMOBX improves the CIE and does not have any significant effect on
the voltage drop. From the EIS study, it seems like additive A modifies the SEI at the
negative electrode and leaves the SEI at the positive electrode unchanged. This is
somewhat expected since the voltage drop is unchanged with the addition of additive A.
Adding 100 ppm of additive A in 2% VC cells, and 2% VC + 2% LiTFSI improves the
CIE somewhat and increases the voltage drop. However, adding 1000 ppm of additive A
to the 2% VC, and 2% VC + 2% LiTFSI cells improves the CIE even more and reduces
the voltage drop. From the EIS study on LV-LCO cells, adding 100 ppm of additive A to
2% VC, and 2% VC + 2% LiTFSI has a slight impact on the positive electrode and a
great impact (reduces the Ret) on the negative electrode. Adding more additive A to the
2% VC + 2% LiTFSI seems to have a greater effect on the positive electrode than on the
negative electrode. This indicates a complex reactivity of additive A. The electrode that
additive A affects depends on both the additives added with it, along with its own

concentration.
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5.2.3 CONCLUSION

The study of electrolyte additives using the EIS on symmetric cells method described in
Chapter 3 allowed studies of the effect of several additives and additive combinations on
the positive and negative electrodes separately to be made. Combining this study with
high precision coulometry and automated storage experiments allowed an assessment of
the effect of additives on the cycling performance of NMC/graphite and LCO/graphite
cells along with determining on which electrode they act. Being able to correlate cycling
behavior to the effect of an additive on each electrode helps to shed light on the

complicated mechanisms involved in the way additives work.

This study showed that the behavior of an additive depends on the presence or absence of
other additives and that in some cases some additives control the formation of the SEI at
the positive electrode, or the negative electrode, or both. For example, VC controls the
formation of the SEI at the negative electrode when introduced with LiTFSI and TMOBX
but not with FEC. TMOBX controls the formation of the SEI at the positive electrode

when introduced with VC.

This study also showed that the effect of varying the concentration of an additive does
not always result in additive behavior. For instance, increasing the concentration of VC
from 1 wt.% to 2 wt.% resulted in an unexpected increase of the negative electrode
impedance. Also, adding 100 ppm of additive A in cells containing VC affected the
negative electrode more than the positive electrode, but introducing 1000 ppm of additive

A had a greater impact on the positive electrode than on the negative electrode.
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This study shows that to achieve good cycling performance (low CIE, voltage drop and
impedance) additives must be used. The ideal additive or additive combination should
help create SEI layers at both the positive and negative electrodes that have low charge

transfer resistance and that slow down the parasitic reactions.
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5.3 COMPARATIVE STUDY OF VINYL ETHYLENE
CARBONATE (VEC) AND VINYLENE CARBONATE (VC) IN
LCO/GRAPHITE POUCH CELLS USING HIGH PRECISION
COULOMETRY AND ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY ON SYMMETRIC CELLS

5.3.1 EXPERIMENTAL

The LCO/graphite pouch cells were filled with 0.75 g of 1 M LiPFs EC:EMC (Novolyte
Technologies, now BASF) in a ratio of 3:7 by weight with 0 wt.% VC (Novolyte
Technologies, now BASF) and 0 wt.% VEC (Novolyte Technologies, now BASF) called
control, 0.5 wt.% VC, 1 wt.% VC, 2 wt.% VC, 4 wt.% VC, 6 wt.% VC, 0.5 wt.% VEC, 1
wt.% VEC, 2 wt.% VEC, 4 wt.% VEC and 6 wt.% VEC. After electrolyte filling, cells
were vacuum-sealed. However the VEC-containing cells were not centrifuged. After
electrolyte filling, the VEC-containing cells were connected to a Maccor series 4000 and
held at 2 V for 24 h in a 40°C (+/- 0.1°C) temperature controlled box. After the 24 h
period, the cells were charged to 4.2 V at 15 mA (~C/15) and discharged to 3.7 V at 22.5
mA (~C/10). The cells were then transferred in an argon-filled glove box to be opened
and re-vacuum-sealed. Pairs of cells with 0%, 0.5%, 1%, 2%, 4%, and 6% VEC were
then connected to the High Precision Charger (HPC) built at Dalhousie University® where
cells were cycled at 40°C for ~350 hours to measure Coulombic efficiency and charge
endpoint capacity slippage. Pairs of cells containing 0% and 2% VEC were connected to
the HPC and cycled at 30°C and 60°C. The other pairs of cells containing 0.5%, 1%, 4%,
and 6% VEC were connected to a Maccor cycler and cycled at 30°C and 60°C for the

same amount of time using the same currents and between the same voltage limits as the
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cells connected to the HPC. After ~350 h of cycling, cells were put at ~3.7 V and stored
in a freezer (~-15°C) until further use. Prior to performing the EIS on symmetric cells

study, the VEC-containing cells were held at 3.79 V and their EIS spectra were taken at

10°C (+/- 0.1°C) and 30°C (+/- 0.1°C) with a 10 mV excitation from 100 kHz to 10 mHz.

Two batches of LCO/graphite pouch cells containing VC were made (due to a power
failure during testing, the first batch was inadvertently brought to high voltage after
power resumption and subsequently disposed of). After filling the first batch, the cells
were connected to a Maccor 4000 series charger and held at 2 V for 24 h to promote
wetting. After 24 h, the cells were connected to a Moli cycler in a 40°C (+/- 0.1°C)
temperature-controlled box where they were charged to 4.2 V at 15 mA (~C/15) and
discharged to 3.7 V at 22.5 mA (C/20). They were then de-gassed and cycled on a
Maccor series 4000 at 40°C between 2.8 V and 4.2 V at 15 mA (~C/15) for 18 days. The
cells were then moved to the HPC where they were cycled at 40°C between 4.2 V and 2.8
V at 15 mA for ~350 hours to measure Coulombic efficiency and charge endpoint
capacity slippage. After filling the second batch, the cells were put in a centrifuge at an
acceleration of 50 g-force for 20 min. The cells were then connected to a Maccor series
4000 charger in 40°C boxes and held at 1.5 V for 24 h to promote wetting. The cells were
then charged at 2 mA for the first 10 h to collect well-defined differential capacity of the
reduction of the additives and electrolyte components. The cells were then charged to 4.2
V and discharged to 3.775 V at 15 mA. The cells were de-gassed and cycled on a Maccor
series 4000 for 29 days under the same conditions as the first VC-containing cells. After

the 29 days of cycling and before performing the EIS on symmetric cells study, the cells
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were put at 3.80 V and their EIS spectra were taken at 10°C (+/- 0.1°C) and 30°C (+/-

0.1°C) with an excitation of 10 mV and a frequency range of 100 kHz-10 mHz.

The EIS on symmetric cells study procedure followed the one described in section 3.3,
except for the VEC-containing pouch cells. These cells were opened at an open circuit

potential of 3.79 V instead of a potential of 3.80 V.

5.3.2 RESULTS AND DISCUSSION

Figure 5.10 shows the cell terminal voltage as a function of capacity for the first 60 mAh
of the first charge (during formation) (a, ¢) along with the differential capacity as a
function of cell potential (b, d) for the VEC-containing cells (a, b) and the VC-containing
cells (¢, d). Figure 5.10 shows the good reproducibility the machine-made pouch cells
provided. Figures la and lc show that VC and VEC have very different reaction
mechanisms at the negative electrode. Figure la shows that the VEC containing cells
have a plateau at 2.7 V (graphite electrode near 1.1 V vs. Li /Li") that grows with
increasing amounts of VEC. This growing plateau with VEC amounts indicates that this
first reaction of VEC with the graphite surface does not produce a passivating film.
Figure 1a shows a second growing plateau around 3.2 V (graphite electrode near 0.6 V
vs. Li /Li") appears at concentrations of VEC of 4% and greater. This may indicate a

change in the reaction pathway when the concentration of VEC is high enough.

Figure 5.10b shows the differential capacity versus voltage (dQ/dV vs. V) data of Figure
5.10a. The plateaus in Figure 5.10a appear as peaks in differential capacity plots. Figure

5.10b shows three sets of peaks. The first set of peak appears at 2.7 V. This corresponds
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Figure 5.10 Cell terminal voltage as a function of capacity of the first 60 mAh of the first
charge (during formation) (a, c) and the differential capacity as a function of cell voltage (b, d)
of pouch cells containing VEC (a, b) and pouch cells containing VC (c, d). The formation was
performed at 40°C. The pouch cells containing VEC have 6 replicates for each concentration;
the pouch cells containing VC have 2 replicates for each concentration. The data for the VEC-
containing cells were collected by Courtney Henry, Honor’s student, Department of Physics

and Atmospheric Science, Dalhousie University, Halifax, NS (2013).

to the reduction of VEC at the graphite surface, since it is not present for cells without
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VEC. The peak at 2.7 V shifts to lower potential as the VEC concentration is increased.
The second set of peaks (small; dQ/dV maximum) appears around 2.9 V in all cells,
including the cells without VEC. This peak might correspond to the reduction of EC. The
third set of peaks appears around 3.2 V. This peak is also present for all cells and might
correspond to the reduction of EC on the graphite surface. The peak at 3.2 V is not
affected by the addition of VEC from 0.5% to 2%. This indicates once again the absence
of any passivation from VEC. At concentrations of 4% and 6% the peak at 3.2 V grows
considerably. It is unlikely that the amount of EC reduced at the graphite surface
increases with the addition of VEC. The by-products of VEC reduction might be reduced
at the graphite surface at the same potential as EC and give overlapping peaks in the

dQ/dV plot.

Figure 5.10c shows that the VC-containing cells do not present any extensive plateau due
to VC reduction. Figure 5.10d shows three sets of peaks. The first set of peak appears
around 2.6 V and is present for every VC concentration except for control. This indicates
that this peak corresponds to the reduction of VC. The peak area does not seem to
increase with increasing VC concentration which might indicate some sort of passivation
of the graphite surface. The peak also shifts toward lower potentials as the concentration
of VC increases. The second set of peaks appears around 2.8 V. This peak is present for
the control cell and might correspond to the first reduction of EC. The area of the peak
does not seem to grow significantly from 0% to 2% VC (apart from peak overlap). The
third set of peaks appears around 3.05 V (for control) and changes slightly with the

addition of VC in concentrations higher than 2%. The change is even more dramatic at
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concentrations of VC of 1% and higher which might indicate a change in the reaction

pathways when the concentration of VC is increased from 1% to 2%.

Figure 5.11 shows the capacity between 2.0 V - 2.9 V (a), and 2.9 V - 3.4 V (b) during
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Figure 5.11 Capacity between 2 V and 2.9 V (a), and between 2.9 V and 3.4 V (b) during the
first charge (formation) and irreversible capacity calculated as the capacity of the first charge
minus the capacity of the second discharge (c) for VC-containing cells and VEC-containing
cells. The data for the VEC-containing cells were collected by Courtney Henry, Honor’s
student, Department of Physics and Atmospheric Science, Dalhousie University, Halifax, NS

(2012).
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the first charge and the irreversible capacity (IRC) calculated as the difference between
the capacity of the first charge and second discharge (due to the formation protocol). The
error bars are calculated as the standard deviation of the two duplicate for the VC
containing cells, and of six cells for the VEC-containing cells. The voltage range in
Figure 5.11a comprises the peaks corresponding to the reduction of VEC and VC and the
first peak assigned to the reduction of EC. Figure 5.11a shows that the capacity in this
voltage range grows linearly with the amount of VEC added. The slope is 1.6 electrons
per molecule of VEC assuming all VEC added to the cell is reacted. This suggests that all
the VEC accessible to the negative electrode (even that initially in the separator and in
the positive electrode) is reduced at the negative electrode in a two electron step (some
VEC might be outside the jelly roll where the diffusion time to the negative electrode is
too long leading to the measured slope of 1.6 instead of 2). VC also shows a linear
behavior, however the slope is significantly smaller than for VEC (0.08 electrons per VC
molecule versus 1.6 electrons per VEC molecule). The small slope (significantly less than
1 electron per VC molecule) indicates that VC does not react completely at the graphite

surface.

Figure 5.11b shows the capacity between 2.9 V and 3.4 V during the first charge for cells
containing different amounts of VEC and VC. The VEC-containing cells show a stable
capacity from 0% to 1% and then a linear increase in capacity between 1% and 6%. This
indicates a change in reaction pathways (the appearance of a new reaction) at the graphite
surface. The slope fitted for the data points of the cells containing between 1% and 6% of
VEC is 0.84 electrons per VEC molecule and suggests a 1 electron reaction. The VC-

containing cells show two different regions. The first region shows a steep decrease in
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capacity with increasing VC between 0% and 1%. The second region shows a stable
capacity for cells containing between 1% and 6% VC. The initial decrease in capacity is
presumably due to partial passivation of the graphite surface resulting in a decrease in the
amount of EC reduced. The second region is due to the peak shifting to lower potential

(lower than the 2.9 V - 3.4 V region).

Figure 5.11c shows the irreversible capacity (IRC) for the VC and VEC-containing cells.
Even though the scatter is substantial, Figure 5.11c unveils a clear trend. Adding
increasing amounts of VEC and VC to the cell imparts higher IRCs. The IRC for the
VEC-containing cells is greater than for the VC-containing cells. The VEC-containing
cells and VC-containing cells showed very different gas generation during formation.
While increasing amounts of VEC produced increasing amounts of gas (the cells swelled
extensively for 4% and 6% VEC), the VC-containing cells did not produce any visible

amount of gas, at any concentration.

Figure 5.12 shows the charge endpoint capacity (a, d, g), discharge capacity (b, e, h) and
Coulombic efficiency (CE) (c, f, i) as a function of cycle number for cells containing
VEC and cells containing VC. Figure 5.12a shows the charge endpoint capacity as a
function of cycle number for cells cycled at 40°C and containing different amounts of
VEC. The data in Figure 5.12a has been normalized to zero capacity at the end of the
first charge after the formation cycle (the second charge of the cell). The charge endpoint
capacity slippage gives information about the rate of parasitic reactions at the positive
electrode’. A steeper slope of the charge endpoint capacity as a function of cycle number

is the result of a higher rate of parasitic reactions, presumably electrolyte oxidation, at the

101



01

+ Control 40°C +  Control 30°C + Control 40°C
o 0.5% VEC 40°C + Control 40°C < 0.5% VC 40°C
[m] 1% VEC 40°C + Control 60°C 0O 1% VC 40°C
O 2% VEC 40°C O 2%VEC 30°C O 2% VC 40°C
A 4% VEC 40°C O 2%VEC 40°C A 4% VC 40°C
= 6% VEC 40°C O 2%VEC 60°C & 6% VC 40°C
16 — : : : : : : : : : : : r r r r r r
a +d 03819 +
12} N 0884 *1:
< s f 8O0 4 F ¥ i o 2 =
T < A + oO+++ b T <
SE A Q%+ i ¥ .09 SE
< 3 4 o ¥ 99- * Y wE
Q 1 g & 5
£g A o g ) 8 <4
¥ g o L
©38 A §§ 5 T 8 % gsed g% o1 08
ATLL AR P TE R L LS Y LA
ﬁﬁ & P " T %g & 'E
el + =
o—bq T ST e ——————+ h- : : . . —o
e
230 + + 4230
ERitteasrres] tiiririeeeel9esosasons
z ECB’OOOoooooo% R LR IR R R R R R R R Y <
SRR S A AR I F P E SRS AR R R AR EN
S leoos,, 8884 °°°0000000 5
o e 80006, (<]
210 + 5’3“3‘)2}:}{3!3231&:31; 4210
AAAAAAAAA °°°°°°¢°°
A
200 ——+—+ 4 4 4 4 4 4 4 } } } } } } : : +— 200
c f i
0.998 [ ; §g§“ §gggg‘ gggéggé-oasg
N i &
0.996 | g ) + 1 5 g . é i 988 4 0.9985
w iggﬁ iy +:g§o DE 08833 w
S g3 SRR DS M TS 000
0.994 % + 4 ¢ 40.908
g + 4 %0 +§$ #0400 4 + II
o © + ¥ ¢ T +
0.992 . N + g g 8° 4 ? e J0.9975
5 © ]
P PR - S LT s s N Py
2 4 6 8 10 12 0 2 4 6 8 10 12 16 18 20 22 24 26
Cycle Cycle Cycle

Figure 5.12 Charge endpoint capacity (a, d, g), discharge capacity (b, e, h) and Coulombic efficiency (c, f, i) as a function of cycle number for
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positive electrode.” Figure 5.12a shows that VEC does not bring any apparent

improvement to the rate of parasitic reactions at the positive electrode.

The charge endpoint capacity versus cycle number of the 4% VEC and 6% VEC cells are
somewhat erratic which could be due to the large volume of gas produced during
formation. The pouch cells have a compartment which can accommodate a certain
amount of gas. In the case of the cells with the two highest VEC concentrations, the gas
generated was so great that the pouches swelled extensively. This could have affected the
adhesion of the active material to the current collectors which in turn could be

responsible for the erratic data points in Figures 5.12a, b, and c.

Figures 5.12b and 5.12c¢ show the discharge capacity and Coulombic efficiency,
respectively, as a function of cycle number for the VEC-containing cells cycled at 40°C.
The CE depends on the rate of parasitic reactions at both the positive electrode and the
negative electrode.’ Usually, a higher CE imparts a higher cycle life and calendar life.
Again there is no apparent beneficial effect from the addition of VEC. Figures 5.12d,
5.12e, and 5.12f show the charge endpoint capacity, the discharge capacity and
Coulombic efficiency as a function of cycle number respectively for cells containing no
VEC and cells containing 2% VEC, cycled at 30°C, 40°C, and 60°C. These figures show
that when formed at 40°C, VEC does not bring any improvement to the cycling of

LiCoOz/graphite cells pouch, at any temperature (in the range tested).

Figures 5.12g, 5.12h, and 5.12i show the charge endpoint capacity, the discharge capacity

and Coulombic efficiency respectively as a function of cycle number for cells cycled at
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40°C and containing various amounts of VC (after cycling first for 18 days on a “regular
charger”). Figure 5.12g shows that increasing the concentration of VC increasingly
reduces the charge endpoint capacity slippage. This indicates that VC has a great impact
on the parasitic reactions at the positive electrode as showed by Burns et al.’. Based on
Figure 5.12h, it is difficult to draw any conclusion about the effect of VC on the
discharge capacity fade, mainly because of the scale of the axis and the fade rates of the
cells. Figure 5.121 shows that introducing VC in cells improves the Coulombic efficiency
at concentrations as low as 0.5%. However, the improvement in CE with increasing
amounts of VC is very small at concentrations above 2%. This is in agreement with the
recent work presented by Burns et al., on the impact of VC in wound Li-ion cells of

various chemistries.”

Figure 5.13 shows a summary of the Coulombic inefficiency (CIE = 1 - CE) (a), charge
endpoint slippage (slope of the charge endpoint capacity versus cycle number calculated
from the last 5 measured data points) (b), short-term fade rate (slope of the discharge
capacity as a function of cycle number) and polarization change per cycle (calculated as
the slope of the difference of the mean voltage during charge and discharge as a function
of cycle number) (d) of VC-containing cells and VEC-containing cells cycled at 40°C on
the HPC. The CIE, charge slippage, fade rate, and polarization change between the
control of the VEC containing cells and the VC containing cells are different. This
difference is caused by the history of the cells prior to being put on the high precision
charger. The VEC containing cells were put on the HPC after formation; meanwhile, the
VC containing cells were put on the HPC after having been cycled for several weeks.

Figures 5.13a, b and ¢ show that VEC, alone, does not bring any improvement to the cell,
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Figure 5.13 Summary of the coulombic inefficiency (CIE = 1 - CE) (a), charge endpoint
slippage (b), fade rate, and polarization change per cycle (d) of cells containing VEC (red)
and VC (blue) cycled at 40°C. The data for the VEC-containing cells were collected by
Courtney Henry, Honor’s student, Department of Physics and Atmospheric Science,
Dalhousie University, Halifax, NS (2013).
whether it is in terms of CIE, parasitic reactions at the positive electrode, and fade rate.
Figure 5.13d shows that adding VEC lowers the change in polarization as a function of
cycle. However this advantage probably does not outweigh the disadvantages the
introduction of VEC brings (gas generation, potential cost, etc.). Figure 5.13 shows that

adding VC improves the CIE, charge endpoint slippage, fade rate and polarization change

with cycle number. This shows that VC, alone, is superior to VEC, alone, at any
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concentration. Figure 5.13 also shows that 2% VC offers a good compromise between
CIE, charge slippage fade rate and polarization change as a function of cycle number. 6%
VC brings better charge slippage and comparable CIE, however it seems to bring slightly
higher fade rate (during the early life of the cell at least) and greater polarization increase

during cycling.

Figure 5.14 shows the Bode plot of the area specific impedance of VEC-containing cells
cycled at 30°C (a, b) and VC-containing cells cycled at 40°C (c, d). Figures 5.14a and b
show that VEC does not have any significant impact on the impedance of the pouch cells
in concentrations ranging from 0.5% to 2%. At concentrations of 4% VEC and 6% VEC,
the impedance dramatically increases. However it is not possible to say if this feature
comes from the direct reaction of VEC with one electrode or both electrodes or from the
gas generated and possible damage of the electrode during the formation cycle. Figures
5.14c and d show that VC has a significant impact on the impedance, even at low
concentration. The appearance of a second time constant between 10 Hz and 100 Hz
indicates that the contribution to the impedance changes going from 1% to 2% VC.

However it is not possible to assess which time constant belongs to which electrode.

Figure 5.15 shows the Bode plot of half of the average area specific impedance of the
negative symmetric cells, reconstructed from the electrodes of pouch cells containing
various amount of VEC (a, b) and various amounts of VC (c, d). The error bars are
calculated as the standard deviation of the data points of each replicate. Figures 5.15a and
5.15b show that the impedance of the negative electrode of cells containing VEC is not

significantly different from the impedance of the cells containing no VEC. This indicates
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Figure 5.14 Area-specific real impedance (a, c) and area-specific negative imaginary
impedance as a function of the logarithm of the frequency (b, d) for pouch cells containing
VEC (a, b), and VC (c, d) before opening. All EIS measurements were done at 10°C. The
data for the VEC-containing cells were collected by Courtney Henry, Honor’s student,
Department of Physics and Atmospheric Science, Dalhousie University, Halifax, NS (2013).

that VEC does not affect the surface of the negative electrode in these experimental
conditions (formation at 40°C and cycling between 2.8 V and 4.2 V at 30°C). This
indicates that none of the by-products of the reaction of VEC during the first cycle
precipitated on the graphite surface which is consistent with the results in Figures 5.10

and 5.11. One should keep in mind that the gas evolving during the formation cycle is
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Figure 5.15 Average area-specific real impedance (a, ¢) and average area-specific negative
imaginary impedance (b, d) as a function of the logarithm of the frequency of negative
symmetric cells reassembled from pouch cells containing VEC and cycled at 30°C (a, b), and
containing VC cycled at 40°C (c, d). All EIS measurements were made at 10°C. The data for
the VEC-containing cells were collected by Courtney Henry, Honor’s student, Department of
Physics and Atmospheric Science, Dalhousie University, Halifax, NS (2012)

removed during the de-gassing step. Hard can cells, such as for the experiments described
in sections 5.1 and 5.2 can withstand great pressure. At high pressure, the solubility of

gases is higher than at low pressure. On the contrary, pouch cells are made of a soft
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plastic envelope that expands when gas is generated. This does not allow great pressure
to develop in the cell and prevent the gaseous compounds from solubilizing in the
electrolyte. It is possible that the gaseous compounds generated during the reduction of
VEC at the graphite surface are key for the development of a good SEI. Further studies
should be carried to determine whether these gaseous compounds play a role in the

development of the SEI.

Figures 5.15¢ and 5.15d show that the impedance of the negative electrode is not affected
by addition of VC up to 1% VC. At concentrations of 2% and higher, the impedance of
the negative electrode increases with increasing amount of VC. This indicates that VC
does not affect the negative electrode significantly at concentrations lower than 2%. One
can also notice that the concentration of VC at which the change of the negative electrode
impedance occurs corresponds to the concentration where the dQ/dV peaks in the early

times of the first charge (see Figure 5.10) start to change significantly.

Figure 5.16 shows the Bode plot of half of the average area specific impedance of the
positive symmetric cells, calculated from the impedance of the full cells and negative
symmetric cells reconstructed from the electrodes of the pouch cells containing various
amounts of VEC cycled at 30°C (a, b), and of the area specific impedance of positive
symmetric cells reconstructed from pouch cells containing various amounts of VC and
cycled at 40°C (c, d). The error bars are calculated as the standard deviation of the data
points of each replicate. The positive electrode containing the control electrolyte for the
cells cycled at 30°C was damaged during the process of the pouch cell opening and cell

reconstruction. For that reason no data is presented in Figures 5.16a and b for the control
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Figure 5.16 Average area-specific real impedance (a) and average area-specific negative
imaginary impedance (b) as a function of the logarithm of the frequency of the positive
symmetric cells containing VEC, calculated from full cells and negative symmetric cells
reassembled from pouch cells containing VEC and cycled at 30°C. Area-specific real
impedance (c) and area-specific negative imaginary impedance (d) as a function of the
logarithm of the frequency of positive symmetric cells reassembled from pouch cells
containing VC cycled at 40°C. All EIS measurements were made at 10°C. The data for the
VEC-containing cells were collected by Courtney Henry, Honor’s student, Department of

Physics and Atmospheric Science, Dalhousie University, Halifax, NS (2013).
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cell. However, since the impedance spectra of the pouch cells containing no VEC, 1%
VEC, and 2% VEC were almost identical and the impedance spectra of the negative
symmetric cells reconstructed from the same pouch cells were also almost identical, the
impedance of the positive electrode of the control cell should then be very similar to the
impedance of the cells containing 1% VEC and 2% VEC. Figures 5.16a and 5.16c show
that VEC does not have any impact on the impedance of the positive electrode in
concentrations between 0% to 2%. At concentrations higher than 4%, the impedance of
the positive electrode increases a lot. This might be due to either to VEC reacting at the
positive electrode or electrode damage due to gassing during formation. One has to notice
that this increase in the positive electrode impedance happens at the same concentration
where the sharp rise of the dQ/dV peak at 3.2 V appeared. This rise in the positive
electrode impedance might come from a reaction and precipitation at the positive
electrode of the products of the reduction seen in Figure 5.10b around 3.2 V. Even though
VEC might have an impact on the surface of the positive electrode, this change does not

bring any improvement to the cycling performances of the cell.

Figures 5.16b and d show that VC affects the positive electrode in all concentrations
tested. Adding VC to the cell initially decreases the impedance of the positive electrode.
However, at concentration higher than 2% VC, the impedance of the positive electrode
starts to rise again. This might indicate a change in the reaction pathway VC undertakes
when present in higher concentration. It is also at this particular concentration that the

peak around 3 V in the dQ/dV vs. V plot during the first cycle starts to change drastically.
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Figure 5.17 shows the charge transfer resistance of cells containing different amounts of
VC at 10°C normalized to the Ret of the control cell as a function of VC content (in wt.%)
for prismatic wound LCO/graphite charged to different voltage cut-offs, NMC/graphite
cells made by Medtronic (presented in sections 5.1 and 5.2), LCO/graphite pouch cells
(presented in section 5.3) and NMC/graphite 18650 cells (hard stainless steel can). The
pouch cells, prismatic wound cells and 18650 cells had different electrolyte mass to
active material mass ratios and different solvent compositions. Figure 5.17 shows that the
total Ret of cells containing VC presents the same trend with increasing amount of VC, no
matter what the cell chemistry is. That is a decrease of the Ret with low VC concentration,
and an increase of the Ret at higher VC concentration. However, the concentration at
which the minimum in the total Ret appears is not the same for all cell types. Figure 5.18

shows the charge transfer resistance (Rct) of cells containing different amount of VC at
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Figure 5.17 Charge transfer resistance (Rc) of cells containing different amount of VC at 10°C
normalized to the R of the control cell as a function of VC content (in wt.%) . The EIS
measurements for the 18650 NMC cells were made by Chris Burns, PhD candidate and Nupur
Sinha, PDF, Department of Physics and Atmospheric science, Dalhousie, Halifax, NS (2013).
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Figure 5.18 Charge transfer resistance (Rc) of cells containing different amount of VC at 10°C
normalized to the R of the control cell as a function of the ratio of the mass of VC added in
the cell to the mass of negative active material. The EIS measurements for the 18650 NMC
cells were made by Chris Burns, PhD candidate and Nupur Sinha, PDF, Department of
Physics and Atmospheric Science, Dalhousie, Halifax, NS (2013).

10°C normalized to the Ret of the control cell as a function of the ratio of the mass of VC
added in the cell to the mass of negative active material. Figure 5.18 shows that the
minimum in the total Ret of cells containing VC appears at the same ratio of the mass of
VC added to the cell to the mass of negative material. This indicates that the ratio of the
mass of additive added (in the case of VC at least) to the mass of active material matters,
and not the concentration. One has to note that the mass of negative active material has
been arbitrarily chosen instead of the mass of positive active material. That is because the
ratio of the mass of negative active material to the mass of active positive material is very

similar from one cell configuration to the other.

113



Figure 5.19 shows the value of the charge transfer resistance (Rct) of the positive
electrode and negative electrode of cells containing various amounts of VEC (a, b) and
VC (c, d). Ret represents the resistance to the transfer of Li* from the electrolyte to the
electrode (passing through the SEI). The value of the Rct was calculated by fitting the
impedance spectra shown in Figure 5.15 and Figure 5.16 with the equivalent circuit

model proposed by Atebamba et al.”® shown in Figure 5.3. Figures 5.19a and 5.19b show
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Figure 5.19 Charge transfer resistance of the positive electrode of pouch cells containing VEC
cycled at 30°C (a), of cells containing VC cycled at 40°C (b), and charge transfer resistance of
the negative electrode of pouch cells containing VEC and cycled at 30°C (c), of cells
containing VC and cycled at 40°C (d) obtained by fitting the area specific electrochemical
impedance spectra shown in Figures 5.14 and 5.16 using the equivalent circuit proposed by

Atebamba et al.”
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that VEC does not affect the negative electrode at all concentrations tested and that it
affects the positive electrode when present at high concentration. Figure 5.19c shows that
VC affects the positive electrode when present at all concentrations, even at
concentrations as low as 0.5%. Figure 5.19d shows that VC affects the negative electrode
mainly at concentration higher than 1%. Figures 5.19¢ and 5.19d indicate that introducing
VC at concentration higher than 2% gives high impedance and might affect the power
capability of the cell. Figure 5.19¢ and d support the findings on VC-containing
Medtronic cells. At low concentration, VC has a great impact on the positive electrode
and almost no effect at the negative electrode. At higher concentration, VC has a great

impact on the negative electrode.

5.3.3 CONCLUSION

The effects of VC and VEC on the cycling performance and on the surface of the
electrodes of machine-made LiCoOz/graphite pouch cells have been probed using high
precision coulometry and EIS on symmetric cells reconstructed from the electrodes of
pouch cells. High precision coulometry measurements showed that VEC, alone, does not
have any beneficial impact on the cycling performance at any temperature (30°C - 60°C)
for the cell design tested and produced great amounts of gas during the formation cycle.
VC yields better Coulombic efficiency, lower parasitic reaction rate at the positive
electrode and good capacity retention. EIS on symmetric cells showed that VEC had no
impact on the negative electrode at any concentration tested and modified the positive
electrode surface at concentrations higher than 4%. VC impacts the positive electrode at

every concentration tested and had an impact at the negative electrode at concentrations
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higher than 1%. The study revealed that adding 2% VC to the electrolyte offers a good
compromise between Coulombic efficiency, rate of parasitic reactions at the positive
electrode, capacity retention, and impedance. It also revealed that VEC brings only

drawbacks when added alone to LiCoO2/graphite pouch cells.
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5.4 STUDY OF THE EFFECT OF VC AND TMOBX IN
LCO/GRAPHITE POUCH CELLS BY EIS ON SYMMETRIC
CELLS AND HIGH PRECISION COULOMETRY

In order to test if the effect of TMOBX and VC is the same on different cell
configurations, machine-made pouch cells were filled with different amounts of VC and
TMOBX. The ratios of VC and TMOBX introduced in the pouch cells were not studied
in the prismatic wound cells made by Medtronic. The concentration range of VC and
TMOBX used were selected to be equivalent to 1% VC and 0.3% TMOBX in the
Medtronic cells in terms of ratio of the mass of additive added to the mass of negative
active material. This concentration range was chosen to attempt to achieve a low
impedance cell with good cycling performance as per the findings made in the Medtronic
cells presented in sections 5.1 and 5.2. The following section presents the results of the

high precision coulometry measurements and EIS on symmetric cells study.

5.4.1 EXPERIMENTAL

Machine-made 225 mAh LiCoO2/graphite wound pouch cells were filled with 0.75 g of 1
M LiPFs in EC:EMC (BASF) in a ratio of 3:7 by weight as control electrolyte and
electrolytes containing different additive amounts of VC and TMOBX. Once filled, the
pouch cells were centrifuged, formed and de-gassed following the method described in
section 3.3. The pouch cells were then connected to the High Precision Charger (HPC)
built at Dalhousie University® where cells were cycled at 40°C for ~450 hours at a current
of 15 mA (~C/15) to measure Coulombic efficiency and charge endpoint capacity

slippage. The cells were then stored in a fridge (~ 1°C) at an open circuit potential of 3.80
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V until used for the EIS on symmetric cells study. The EIS on symmetric cells study was

performed following the method described in Chapter 3.

5.4.2 RESULTS AND DISCUSSION

Figure 5.20 shows the values of the Coulombic inefficiency (CIE = 1 — CE) (a), charge
endpoint capacity slippage (b), fade rate (c), and polarization change per cycle (d) for
pouch cells containing various combinations of VC and TMOBX. The Coulombic
inefficiency was calculated as the average of the CIE of cycles 13 to 15. The charge
endpoint capacity slippage was calculated as the slope of the charge endpoint capacity
versus cycle number, from cycles 11 to 15, the fade rate was calculated as the slope of the
discharge capacity as a function of cycle number from cycles 11 to 15, and the
polarization change per cycle was calculated as the slope of the difference of the average
voltage of the charge and discharge as a function of cycle number, from cycles 11 to 15.
The error bars were calculated as the standard deviation of the values of the pair cells.
Figure 5.20a shows that adding incremental amounts of TMOBX to the cells increases
the CIE (bad) up to 0.3% and then decreases the CIE. However from 0.3% TMOBX to
0.53% TMOBX, the CIE does not decrease below the value of the CIE of the control cell.
Adding 2% VC to a control electrolyte greatly improves the CIE, and adding TMOBX to
the cell containing VC does not impact the CIE very much, up to 0.3% TMOBX. Adding
0.6% TMOBX to a cell containing 2% VC makes the CIE worse (almost on par with
control). Cells containing 1% VC and 0.3% TMOBX have a higher CIE than cells
containing 2% VC and 0.3% TMOBX which is not surprising based on the results of

section 5.3 (2% VC shows better CIE, charge slippage and fade rate than 1% VC). Cells
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Figure 5.20 Coulombic inefficiency (CIE) (a), charge endpoint capacity slippage (b), fade rate

(c), and polarization change per cycle (d) for pouch 220 mAh cells containing various

combinations of VC and TMOBX

containing 1% VC and 0.6% TMOBX have a higher CIE than the cell containing 1% VC
and 0.3% TMOBX as was the case for cells containing 2% VC with 0.3% and 0.6%

TMOBX.

Figure 5.20 b shows that adding incremental amounts of TMOBX increases the charge
slippage (increases the rate of electrolyte oxidation at the positive electrode) up to 0.3%
TMOBX. At concentrations higher than 0.3% TMOBX, the charge slippage seems to get

smaller. The change in the way TMOBX affects the charge slippage with concentration
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follows the same trend as the way it affects the CIE. This could indicate a change in the
SEI composition that TMOBX produces at either electrode. Adding 2% VC to a control
electrolyte greatly improves the charge slippage as shown in section 5.3. Adding 0.13%
TMOBX to a cell containing 2% VC does not seem to affect the charge slippage, and

adding 0.3% or 0.6% TMOBX seem to make it worse.

Figure 5.20c shows the same trend in the effect of TMOBX and VC on the fade rate than
on the CIE and charge slippage. That is, incremental amounts of TMOBX added to the
cell, up to 0.3% makes the cell capacity fade more quickly. However, the fade rate seems
to get better with addition of more TMOBX, without getting better than the control.
Adding 2% VC again makes the fade rate a lot better and the addition of up to 0.3%
TMOBX does not seem to affect the fade rate. Adding 0.6% TMOBX to 2% VC makes
the fade rate worse than 2% VC (but better than control). Cells with 1% VC and TMOBX
(0.3% and 0.6%) have a greater fade rate than cells with 2% VC and TMOBX (0.13%,

0.3%, and 0.6%).

Figure 5.20d shows the polarization change per cycle. A high polarization means that the
there is a significant difference between the mean voltage during charge and the mean
voltage during discharge and is essentially the equivalent of the impedance measured
using a direct current. A positive polarization change as a function of cycle number
means that the polarization increases during cycling and that the cell power capability
drops. A low polarization change with cycle number is then preferred. Figure 5.20 shows

that adding TMOBX reduces the polarization change with cycle number. However it does
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not reduce it as much as adding 2% VC does. Adding TMOBX to a cell containing 2%

VC seems to increase slightly the polarization change.

Figure 5.21 shows the Bode representation of the area-specific impedance of cells
containing various amounts of TMOBX (a), and various amounts of TMOBX and VC
(b), after cycling for ~450 h at 40°C. Figure 5.21a shows that adding incremental
amounts of TMOBX has different effects on the cell impedance. Generally adding
TMOBX to the cell reduces the impedance, except for 0.24%. It is not clear if the
inconsistency in the effect of TMOBX with concentration at 0.24% is real or due to some
other factors. Starting at a concentration of 0.45% TMOBX, a new feature around 50 Hz
appears. The feature in the impedance spectra associated to the transfer of Li" through the
SEI generally appears at higher frequency for the negative electrode compared to the
positive electrode. This new feature appearing around 50 Hz might then be a growth of
the negative electrode Ret. It is also at this particular concentration that the effect of
TMOBX on cycling performance starts to be significant (CIE, charge slippage, and fade

rate all begin to decrease).

The difference in impedance between the control cell and the cell containing TMOBX is
not as dramatic as the difference seen in the Medtronic cell presented in sections 5.1 and
5.2. However the pouch cells have been cycling for only 450 h and stored at ~1°C,
whereas the Medtronic cells have been stored around 3.9 V at room temperature for about
a year. As shown in figure 5.20d, the change in polarization is faster in the control cell

than in the cells containing TMOBX. Based on this trend, storing the pouch cells for a
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Figure 5.21 Bode representation of the area-specific impedance of LiCoQO»/graphite pouch
cells containing various amounts of TMOBX (a), and various amounts of TMOBX and VC

(b), after cycling for ~450 h at 40°C. All measurements were made at 10°C

longer period of time at room temperature might have made the difference in impedance

between the control cell and the cells containing TMOBX greater.
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In order to determine at which electrode TMOBX alone and combinations of TMOBX
and VC act, selected cells have been opened and symmetric cells have been reconstructed

following the procedure described in Chapter 3.

Figure 5.22 shows the Bode representation of the average impedance of the negative
symmetric cells reconstructed from pouch cells containing VC alone or TMOBX alone
(a, b) and combinations of VC and TMOBX (c, d). The error bars are calculated as the
standard deviation of the data points of each replicate. Figures 5.22a and b show that
TMOBX has different effect on the negative electrode impedance depending on its
concentration. The impedance of the negative electrode of cells containing 0.45%
TMOBX is greater than the impedance of the negative electrode of cells containing lower

1.1 made on the

TMOBX concentration. This is consistent with the study of Burns et a
effect of TMOBX on the impedance of graphite in graphite/Li half cells. However, the
impedance of the negative electrode of cells containing 0.24% TMOBX is greater than

the impedance of cells containing 0.3% TMOBX.

The impedance of the negative electrode of cells containing 0.24% TMOBX being higher
than the impedance of the negative electrode of cells containing 0.3% TMOBX could
come from several factors. The first factor could be a difference in water content present
in the cells. Cells containing 0.3% TMOBX and 0.24% TMOBX were filled on two
different occasions. It is possible that the water content of the cells used for the two
different TMOBX concentrations was different. Differences in water content for such a
low additive concentration might have a big impact as TMOBX reacts with water. For

instance, water measurements done on a dry pouch cell indicated the presence of about 1
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Figure 5.22 Average area-specific real impedance (a, c) and average area-specific negative

imaginary impedance (b, d) as a function of the logarithm of the frequency of negative

symmetric cells reassembled from pouch cells containing VC or TMOBX and cycled at 30°C
(a, b), and containing VC and TMOBX cycled at 40°C (c, d). All EIS measurements were

made at 10°C.

mg of water adsorbed on the electrodes. A concentration of 0.24% TMOBX corresponds
to a total mass of 1.8 mg of TMOBX introduced in the cell (assuming that the cells were

filled with 0.75 g of electrolyte). This corresponds to a ratio of about 0.5 by mass water-
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TMOBX. A difference in the water content of cells from one batch to the other could

then have an effect on the way TMOBX affects the surface of the electrodes.

Figures 5.22a-d show that the effect of the addition of TMOBX and VC on the negative
electrode impedance when introduced together is very different from the effect of VC
alone or TMOBX alone. This is not consistent with the findings presented in sections 5.1
and 5.2. The difference in the effect again could arise for different reasons. The first
reason could be the difference in the ratio of the mass of additive added to the mass of
active negative material. It was shown in section 5.3 that the effect of VC on the
impedance of the cells depends on the ratio of the mass of additive to the mass of active
material (see Figures 5.17 and 5.18). Based on the difference in the ratio of mass of
electrolyte to active material added in the pouch cells compared the ratio in the Medtronic
cells presented in sections 5.1 and 5.2, a concentration of 2% VC and 0.3% TMOBX in
the pouch cells would correspond to 1% VC and 0.15% TMOBX in the Medtronic cells.
It is possible that in this concentration range, VC does not control the negative electrode
SEI formation anymore and that both additives play a role in it. Moreover, the water
contents of the two cell configurations (pouch cells and Medtronic cells) might be
different. The two cell configurations are also treated differently. While the gas produced
during the first cycle is removed from the pouch cells, the gas produced in the cells made
by Medtronic is not. The gas produced during the first cycle such as carbon dioxide, or
ethylene might play an important role in the formation of the SEI. The removal of the gas
generated during the first cycle in the pouch cells might then alter the way additives

affect each electrode. The cell configurations also had different negative material particle
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morphologies (spherical versus slab-shaped), and slightly different upper cut-off

potentials.

Figures 5.22c¢ and d also show that increasing the concentration of TMOBX in a cell
containing 2% VC and 0.13% TMOBX imparts greater impedance to the negative
electrode. This again indicates that TMOBX has an impact on the negative electrode
surface in these cells. Finally, Figures 5.22¢ and d show that cells containing 1% VC and
0.6% TMOBX have lower negative electrode impedance than 2%VC and 0.13% or 0.3%
TMOBX. This indicates again that VC plays also a role in the composition of the SEI at

the negative electrode.

Figure 5.23 shows the Bode representation of the average impedance of the positive
symmetric cells reconstructed from pouch cells containing VC alone or TMOBX alone
(a, b) and mixes of VC and TMOBX (c, d). The error bars are calculated as the standard
deviation of the data points of each replicate. Figures 5.23a and b show that the
impedance of the positive electrode of cells containing 0.3% TMOBX and 0.45%
TMOBX is identical and significantly lower than the impedance of the positive electrode
of cells containing 0.24% TMOBX. Figures 5.23¢ and d show that the impedance of the
positive electrode of cells containing mixtures of VC and TMOBX is smaller than the
impedance of cells containing VC only or TMOBX only. This indicates again that both
additives play a role in the formation of the SEI at the positive electrode. This is
somewhat different from the findings presented in sections 5.1 and 5.2. The difference in

the way TMOBX and VC control the impedance at the positive electrode in the pouch
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Figure 5.23 Average area-specific real impedance (a, c) and average area-specific negative
imaginary impedance (b, d) as a function of the logarithm of the frequency of positive
symmetric cells reassembled from pouch cells containing VC or TMOBX and cycled at 30°C
(a, b), and containing VC and TMOBX cycled at 40°C (c, d). All EIS measurements were

made at 10°C.
cells and in the wound prismatic cells made by Medtronic could arise for the same
reasons enumerated previously for the negative electrode impedance.
5.4.3 CONCLUSION

The effects of TMOBX and combinations of VC and TMOBX on the cycling

performance and on the electrode impedance in LCO/graphite pouch cells have been
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investigated used high precision coulometry and EIS on symmetric cells. Cells containing
TMOBX showed worse cycling performance (CE, charge slippage) and similar
impedance at 10°C compared to cells containing 2% VC. It has been shown that adding
TMOBX to cells containing VC does not improve the cell cycling performance in any
way as opposed to the great impedance decrease imparted by the addition of TMOBX to

VC-containing cells in the wound prismatic cells in sections 5.1 and 5.2.

EIS on symmetric cells showed that TMOBX (when introduced alone in the cell) seems
to increase the impedance of the negative electrode at high concentrations. At lower
concentrations, the effect of TMOBX does not seem to follow specific rules. It was
proposed that this might come from different water contents in the cells used for this
study. EIS on symmetric cells also showed that both VC and TMOBX seem to control the
formation of the SEI at the positive and negative electrode as opposed to the findings
presented in sections 5.1 and 5.2. It was proposed that this difference in behavior might
come from differences in water content, differences in particle morphology (surface
areas), and differences in additive concentration range. Further studies should be carried
to reveal the origin of the different behavior of the combination of TMOBX and VC in
pouch cells and in prismatic wound cells. Cells with similar ratios of additive mass to
active material mass between the prismatic wound cells presented in sections 5.1 and 5.2

and the pouch cells should be tested.
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CHAPTER 6. CONCLUSION

A method using electrochemical impedance spectroscopy (EIS) on symmetric cells has
been developed to study the effects of additives at the negative and positive electrodes

separately.

A brief review on EIS in Li-ion cells and the relation between the impedance of a cell and
the impedance of each electrode was presented in Chapter 3. In the same chapter, the
experimental details of the method that allows the impedance of the positive and negative
electrode from a commercial cell to be measured independently have been presented.
This technique uses machine-made cells containing long electrodes. The long electrodes
of the cell were salvaged to reconstruct positive symmetric cells and negative symmetric
cells. The impedance of the symmetric cells was measured to determine the effects of

additives at the negative and positive electrodes separately.

Chapter 4 presented the experimental details of the method proposed in the previous
chapter. The proposed method allows the electrodes to be salvaged without any damage
and offers good cell to cell reproducibility thanks to the machine-made cells. Chapter 4
also explored the origins of the different features of the impedance spectra of the positive
and negative electrodes using different cell configurations and electrodes at different
states of charge. It has been shown that the impedance spectra of both electrodes can be
separated into three different frequency ranges. At high to medium frequency, the
impedance mainly comes from the contact resistance between the current collector and

the active material as proposed by Gaberscek et al.*>, and from the diffusion of Li" in the
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electrolyte in the pores of the material as proposed by Ogihara et al.*® At medium to low
frequency, the impedance mainly comes from the transfer of Li" from the electrolyte to
the active particle, passing through the SEI. This contribution to the impedance is the key
feature that allows the impact of an additive at the surface of an electrode to be detected.
Lastly, in the low frequency range, the impedance comes primarily from the diffusion of
Li in the active particle. The analysis of the origin of the different features showed that
many researchers misinterpret impedance data and report resistances associated with the
SEI that are actually resistance due to the contact resistance between the current collector

and the active particles.

Chapter 5 presented the results of the study of the effects of electrolyte additives in Li-ion
cells. Section 5.1 presented the first results obtained on the effect of vinylene carbonate
(VC) and trimethoxyboroxine (TMOBX) in LiCoO2/graphite wound prismatic cells made
by Medtronic. In this cell configuration, VC acted primarily at the positive electrode at
low concentration, and greatly affected the negative electrode at higher concentration.
The introduction of small quantities of TMOBX greatly lowered the positive electrode
impedance without affecting the negative electrode too much. When VC and TMOBX
were mixed together, VC controlled the surface chemistry at the negative electrode and
TMOBX controlled the surface chemistry of the positive electrode. Section 5.1 presented
the model proposed by Atebamba et al.”® used to extract the value of the charge transfer
resistance of Li" from the electrolyte to the electrode. Even though imperfect, this model
was still useful to extract the charge transfer resistance in order to easily compare the

effects of multiple additives at the same time.
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Section 5.2 presented the result of the study of the effects of multiple additives in
LCO/graphite cells charged to 4.075 V and to 4.175 V and in
Li[Ni0.4Mno.4Co0.2])O2/graphite (NMC/graphite) cells. Section 5.2 showed that all
additives tested impact the surface of both the positive and negative electrodes. While
almost every additive tested reduced the impedance of the positive electrode, almost

every additive tested increased the impedance of the negative electrode.

Section 5.2 showed that when multiple additives were introduced in the same cell, in
some cases one additive controlled the formation of the surface of one electrode and the
other additive controlled the formation of the surface of the other electrode. In other
instances, additives introduced in the same cell shared the formation of the surfaces of
both electrodes. Section 5.2 also showed that the effect of an additive at either electrode
depends on the amount introduced in the cell. For example some additives affected one
electrode at low concentration, and affected the other electrode at higher concentration. It
also showed that the effect of an additive at the surface of the LCO positive electrode was
very similar to its effect on the NMC positive electrode. Most additives were shown to
impart higher impedance at the positive electrode when the cell was charged to a higher
voltage except for LiTFSI. Changing the upper-voltage cut-off of the cell from 4.075 to

4.175 V was shown not to affect the impedance of the negative electrode.

Section 5.3 presented a comparative study of the effects of different concentrations of VC
and vinyl ethylene carbonate (VEC) in LCO/graphite pouch cells using EIS on symmetric
cells and high precision coulometry. VC improved the cycling performance in all

concentrations (0.5% to 6%). From low concentration to 2%, VC reduced the impedance
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of the cell, and at higher concentration, increased the impedance a lot. The introduction
of 2% VC offered a good compromise between cycling performance and overall
impedance of the cell. EIS on symmetric cells showed that at low concentrations, VC
affected the positive electrode surface even though evidence of the reduction of VC at the
negative electrode appeared in the early first cycle. This might indicate that the products
of the reduction of VC are soluble and do not affect the negative electrode surface,
migrate to the positive electrode where it reacts, modifying its surface. At concentrations
of 2% and above, VC greatly affected the negative electrode and its effects on the

positive electrode changed (the impedance of the positive electrode started to rise again).

VEC did not improve the cycling performance of the cells, at any concentration tested
(0% - 6%) and at any temperature tested (30, 40, and 60°C). EIS on symmetric cells
showed that the surface of the negative electrode was not affected by the presence of
VEC even though this additive was proposed as a film forming additive at the negative
electrode’. This absence of any effect at the negative electrode could come from the
removal of the gaseous by-products of the reduction of VEC during the de-gassing step.
It is possible that these gaseous by-products are key in the formation of a good SEI at the
negative electrode. The surface of the positive electrode was shown to be affected by
VEC only when present at high concentration. However these changes at the positive

electrode did not bring any benefit to the cell.

Finally, section 5.4 presented a study of the effect of VC and TMOBX in LCO/graphite
pouch cells. Both VC and TMOBX seemed to play a role in the formation of the SEI of

both electrodes in LCO/graphite pouch cells. This is different from the findings on the
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LCO/graphite cells made by Medtronic where TMOBX seemed to control the formation
of the SEI at the positive electrode and VC seemed to control the formation of the SEI at
the negative. This difference in the behavior of additives has been proposed to be the
result of several factors such as cell configuration (soft plastic cans as opposed to hard
metal cans), difference in the concentration range of VC and TMOBX from one study to
the other, removal of the gas formed during the formation cycle, differences in potential

cut-offs (4.20 V as opposed to 4.175 V), etc.

Throughout Chapters 4 and 5, the method presented has been shown to be very useful for
studying the effects of electrolyte additives. However, this technique has several
limitations. Even though the method allows changes at the surface of an electrode to be
detected, it does not provide any chemical information about the composition of the SEI.
Furthermore, if two different SEIs have similar resistance values, then the method will
give the false impression that the two surface films are identical. The method described
constitutes an additional tool for the analysis of the effects of electrolyte additives in Li-
ion cells and should be used along with different measurement techniques, such as
infrared spectroscopy, x-ray photoelectron spectroscopy, scanning electron microscopy,

high precision coulometry, etc.

6.1 FUTURE WORK

Chapter 4 presented the equivalent circuit model proposed by Atebamba et al.” used for
the extraction of the value of Ret. However this model does not take the diffusion of Li"
in the pores into account. Even though the contribution of the diffusion of Li" in the pores

and the charge transfer were shown not to overlap in the frequency domain, it is
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important to improve the equivalent circuit model. Ogihara et al.® proposed an
equivalent circuit model that takes the Li" diffusion in the pores into account. However
this model does not include the contact resistance. It would then be useful to combine

both models and compare the results to real impedance spectra of symmetric cells.

EIS on symmetric cells allows changes in the surface of the electrodes to be detected.
Nevertheless, understanding the way additives work is a huge task. The fate of additives
after cycling and the nature of the by-products of their reaction are unknown. The use of
gas chromatography coupled with mass spectrometry (GC-MS) could reveal the fate of
additives and the nature of their by-products. Gas chromatography separates neutral
compounds that can exist in the gas phase, and mass spectrometry provides information
on the chemical structure of the compounds. GC-MS is very useful to determine the fate
of neutral compounds and to determine the structure of the by-products of the reaction of

additives.

A method for the extraction of the electrolyte of a cycled Li-ion cell has already been
developed (Tony Gozdz, A123 Systems, Boston, USA). This extraction technique allows
the neutral organic compounds to be separated from the salt, thus protecting the GC-MS
setup from the corrosive LiPFe. Figure 6.1 shows a chromatogram (total ion counts) of a
mixture of additives (some names have been replaced by letters for proprietary reasons)
as well as common carbonate solvents and co-solvents used in Li-ion cells. Figure 6.1
shows that additives along with solvents can be well-separated in a rapid manner. GC-MS

can be used to quantify the relative amounts of the organic constituents of the electrolyte
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Figure 6.1 Chromatogram (total ion counts) of a mixture of electrolyte additives and carbonate
solvents used in Li-ion cells (mass spectrometry was used as detection technique), additives A

to H are proprietary compounds.
which makes this technique very useful to determine the fate of the additives after

cycling.

Figure 6.2 shows the chromatogram (total ion counts) of the extraction of the electrolyte
of a commercial 18650 Li-ion cell. Figure 6.2 shows that the electrolyte components can

be effectively extracted from a Li-ion cell and can be analyzed by GC-MS.

The structure that makes a stable SEI and that slows parasitic reactions needs to be
determined. Knowing the desired SEI structure would allow new and better additives to
be identified. However, the scale of the size of the SEI makes it difficult to analyze and
requires sensitive surface techniques to be used. Fourier transform infrared spectroscopy
(FT-IR) using attenuated total reflectance sampling techniques allows only the surface

(top micron) of particles to be probed. FT-IR provides information on the nature of the
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Figure 6.2 Chromatogram (total ion counts) of the extraction of the electrolyte of a commercial

18650 Li-ion cell.
chemical groups (carbonyl, unsaturated or saturated carbons, alcohols, etc.) of chemicals
present in the SEI. FT-IR spectra of known compounds can also be compared to the
spectra of the surface of the electrodes and could allow the compounds in the SEI to be

determined.

X-ray photoelectron spectroscopy (XPS) is also a useful technique for the determination
of the chemical nature of the SEI. XPS probes only the first few tens of nanometers of the
surface of the sample. This surface sensitive technique gives information on the atoms
and bonding present in the constituents of the SEI. Combining these different surface

sensitive techniques would enable the composition of efficient SEIs to be determined.

Section 5.3 presented a comparative study of the effects of VEC and VC in LCO/graphite
pouch cells. This study showed that VEC has no effect on the surface of the graphite at

any concentration and no effect on the surface of the LCO at concentrations below 4%. It
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has been proposed that this absence of any effect might be due to the removal of the gas
formed after the formation process. The role of the gas in the formation of the SEI should
be investigated. The determination of the nature of the gas could provide information on
the reaction pathway which the additive undertook. The structure of the gas can be

revealed once again by GC-MS.

The role of the gas in the formation cycle can be investigated using a compression device.
This device could be made of two slabs of PVC with the shape of the pouch cell milled
into it. The cell would fit between the two slabs that would be tightly screwed together.
This would provide very little space for the gas to expand. The gas would then be
partially dissolved in the electrolyte and could react at either electrode. Comparing the
cycling performance of a pouch cell that would sit in the compression device and cycled
without de-gassing to the cycling performance of a cell that would be de-gassed (treated

as in section 5.3) would reveal if the gas is playing a key role in the formation of the SEI.

The anodic and cathodic stability of each additive should be tested with inert electrodes
such as glassy carbon electrodes. This would provide insights in the stability of the
additives and reveal if the different active materials have some catalytic properties in the
degradation of additives. Putting these additives in presence or absence of Li metal
during the anodic stability tests could reveal some of the reaction pathways of the

interactions between the positive and negative electrodes.

The role of the composition and morphology of the active material on the effect of

additive should also be studied. It is still not clear to this date if the composition and
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morphology of the active material affect the rate of the parasitic reactions. When
additives are studied in cells using different materials, the cells are often cycled to
different cut-off potentials and active materials with different surface areas are often
used. This casts doubts on whether the difference in the effects of an additive is due to the
active material of the electrodes or to the difference in the potential cut-offs and surface

arcas.

There is a high probability that the next generation of Li-ion cells will be charged to
higher voltage than the current generation. This indicates that the effect of higher cut-off
potentials must be investigated in order to validate that the current “best” additives can
still be used and investigate the difference in their behavior at higher potential.
NMC/graphite (can be operated up to 4.7 V) pouch cells can be used for this purpose
along with high precision coulometry, EIS on symmetric cells, GC-MS, micro-

calorimetry, FT-IR and cyclic voltammetry.

The effect of the nature of the carbonate solvents on cycle life has not yet been
investigated. Using the measurement techniques mentioned above would allow the
determination of which solvent is the best for cycle life and their function in the
formation of the SEI. Carbonate solvents are generally used for the improved stability of
the graphite they provide. However, the existence of additives that passivate the graphite
surface allows for different solvents such as lactones, esters, ketones, efc. to be tested,
provided that the thermal stability is not compromised. Using different solvents might

enable better electrolyte-additive systems.
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It is important to study the role of additive structures in a systematic manner, much like
the screening of the efficiency of catalysts. For instance, different molecules of the same
class (ketones, lactones, esters, carbonates, ethers, organosilicates, sulfones, sulfoxides,
phosphates, phosphites, borates, efc.) whose structure varies by one or several carbons or
by one or more oxygens could be screened, along with their isomers, by high precision
coulometry and automated storage experiments. Figure 6.3 shows the structure of cyclic
organosulfates differing by one carbon and one isomer (a) along with the volume of gas

produced during the formation cycle (b). Figures 6.3a and b show that even though the
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Figure 6.3 Structure of molecules of the same family (a), and volume of gas produced in the

pouch during the formation cycle of a 220mAh NMC/graphite pouch cell. Measurements were

done by Jian Xia, visiting student, Department of Physics and Atmospheric Science,

Dalhousie University, Halifax, NS (2013).
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structure of these compounds is very similar from one molecule to the next, the volume
of gas produced during the formation cycle is very different. This indicates that these
compounds either give very different by-products or form different SEIs. Simple
experiments like these could help understand which factors, such as electronic
environment or size of the side chain, are the most important in the formation of a good

SEL

Another area to explore is the boundary between solvent and additives. Chapter 5 showed
that the effects of additives with concentration do not follow a linear behavior. However
the concentration range tested was quite narrow (0% - 6%). Higher concentrations should
be tested to investigate the difference in behavior between low concentrations and very
high concentrations. It would also determine if high concentrations of additives always

lead to higher impedance as was the case with VC and TMOBX in this thesis.

Recently an in operando gas volume measurement system has been developed (Connor
Aiken, summer student, Department of Physics and Atmospheric Science, Dalhousie
University, Halifax, NS) based on Archimedes principle. Since gas is the product of
parasitic reactions, this technique constitutes one more tool for the analysis of the effects
of additives. It also allows the nature of the by-products to be determined (gaseous versus

not gaseous).
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