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ABSTRACT

High voltageLiNiyMny,Co1xy)O> (NMC) cells with conventional ethylene carboratesed
electrolytes do nohave good chargdischarge capacity retention above 4.3ltMis therefore
important to investigate the failure of the NMC cells at high voltage. In this thesis, lithiated
graphite and elithiated NMC electrode materials taken from high voltage Xivi&phitefull
cells were studied individually usy the pouch bag method amldermogravimetric analysis
coupled with nass spectrometry (TGMS). The results obtained from the pouch lmagthod
show that charged NMC positive electrodes stored at elevated temperature in pouch bags create
more gas than the same electrodes stored in pouch full cells at the same temperature.
Surprisingly, the charged NMC electrodes removed from pouch bags afteresttratgvated
temperature had larger impedance than those removed from pouch full cells. These results
suggesthat electrolyte oxidation at the positive electrode mainly contributes to gas generation
and impedance growth in dion cells. The results alsshow that the use of an &; surface
coating and fluorinated electrolyte can hinder impedance growth at the positive eletlrede.
results obtained from the TGKS experimentshowthat oxygen can be released from charged
NMC electrodes at high voltagé raild temperatureThe results show thathé amount of oxygen
releasedcan begreatly limited by utilizing larger NMC particleS hese results provide new
support that theeleased oxygeifrom charged NMC electrodesauses electrolyte oxidation
resultingin cell failure

In this thesis, the effects of differe salt concentrations in ethylene carbonate (€
electrolytes on cell performance and on their physical propertiesalsystudied. The results
show that 1.5 M salt concentration should be usedmprove overall cell performance.
Unexpectedlyat low salt concentratigrbelow 0.4 M, the impedance of ceihcreased greatly.
It was found that this result wasie to the formation of contact ion paiin the electrolyteThe
results obtained fronstudies ofthe physical propertiesf EC-free electrolyte suggest that
limited amount ofdimethyl carbonate (a widely used linear carbonate) shouldisied in
conventional electrolytes to improl@av temperatureell performance.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Lithium-ion batteries (LIBspare widely used in portable consumer electronics such as
cell phones, laptops and camcord€therapplications for LIBs includelectric vehicles
and electricity storage which require improvedergy densityextended lifetimeand

decreasedostof LIBs.}?

Lithium cobaltoxide, LIiCoQ, (LCO)is the most common positive electrode material
used in portable electronic devicet5000 tons/yedr The major disadvantages of this
material are its high cost (the use of cobalt) and poor thermal stabilitg charged state
(LixCoO,, x<0.5)*° Throughout this thesis, thermal stability will specifically refer to the
ability of positive electrode materials to resist releasing oxygen at elevated temperature.
LiNi xMnyCo1.x)O2 (NMC) materialswith low cobalt content arpopularalternatives to
LCO because thegerovidea good combination of cost, cycle life, energy density and
thermal stability’ © Furthermore,NMC grades such akiNi g.4Mno4Cay-0(NMC442)
can be operated up to 4.7 V vs Li7mithout structural changproviding opportunities to

improve the energy density of LIBs.

It is a great challenge to cycMC/graphite cells wellat high voltage (above 3.
V).” One approach to improve the existing NMC technology is the development of new
electrolyte solution chemisés. The use of new solvent blends and the introduction of
electrolyte additives are two practical ways to improve the lifetime of high voltage NMC

cells’®*> Another approach to improve cell performance is the application of a surface



coating onto the NMC particlé§.'® Even though both of these approaches have proven

to be quite valuable, the lifetime of these high voltage NMC cells is not still good enough.

Great efforts have been expended to investigate why high voltage NMC cells show
poor cycling retention during chgadischarge cycling. Analytical approaches have
included monitoring the volume and composition of gas prodtft&djmpedance

h1®*%26and the heat flow due to undesirable parasitic reactiBhs*® However,

growt
the origin of gas production and impedance growth, and negative/positive electrode
interactions in the cells are not well understoodotighout this thesis, positive/negative
electrode interactions refer to a phenomenon where species generated at one electrode
move to the other electrode and cause further parasitic reactions. Recently, linear
carbonate electrolytes were successfully usedimprove high voltage NMC cell

performancé? *' However, the use of different salt concentrations in lineabanate

electrolyte systems has not been explored.

Chapter 1 gives an overview of -ldn cells especially focusing on the
electrode/electrolyte interfaces, where impedance growth and gas generation occur.
Chapter 2 introduces the current understandirigtefactions which occur in tion cells
and cell failure mechanisms. Chapter 3 describes the experimental tools and theory used
t hroughout this work. Chapter 4 presents
explore negative/positive interactions as lwa$ the origins of gas production and
impedance growth in Lion cells with conventional carbonate electrolyte. Chapter 5
explores the impact of fluorinated electrolytes on gas production and impedance growth
using the pouch bag method. Chapter 6 preghetsmpact of surface coatings on gas

production and impedance growth using the pouch bag method. Chapter 7 proposes a

2



chemical origin (oxygen release) to high voltage NMC cell degradation. Chapter 8
describes the impact of different salt concentrationBniear carbonate electrolytes on

cell performance. Chapter 9 presents the impact of different salt concentration on the
physical properties of linear carbonate electrolytes. Chapter 10 gives a summary of the

work and describes future work.

1.2 Li-ion Cells

A lithium-ion batteryincludesseveral identicali-ion cells connected in series and/or
parallel Each Li-ion cell is a rechargeable electrochemical cell madea lithium
containing positive electrode, a negative electrode, an electrolyte and a miasoporo
separatomplaced betweenthe positive and negative electraelhe positive electrode
material is coated on aluminum foil whitee graphite negative electrodecsated on
copperfoil. An electrolyte consists of a lithium salt such as kiBiSsolved m a mixture
of carbonate solvents serving as the medium for the transfer of lithiunfiarseparator
is comprised of porous polyethylene and/or polypropylMheh allow lithium ions to
travel from one electrode to the other duriogll usebut prevent electrical contact
between thetwo electrodes® Since NMC442 and graphite are the main materials
reported in the thesis, Figure 1.1 shows a schematic ofamldell with NMC442 as the

positive electrode and grajpdas the negative electrode.
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lithium ions are extracted from the positive electrode and electit@ensansferretb the
negative electrodeéhrough the externalircuit. After the released lithium ions pass
through the electrolyte and separator, thagrcalate intothe negative electrodand
combine with the transferred electrons. During charge, the two half reactions in the Li

ion cell are given by
Li(Ni 0.4MNg4C2)02 Y L ix(NigaMng4Cop2)O. + x LiT+ x € (1.1)
yCo+xLi"+x€eY vy, Ci(1.2)
The overall reaction is given by

LI(NI 0_4Mn0,4C00,2)02 +y Cs Y Li 1_X(Ni0.4M n0.4CQ).2)02 t+y LiX/yCG (13)



During discharge hereversereactions occufTherefore, the basic electrochemistry of
a Li-ion cell is the transfer of lithium ions between the positive and negative electrodes

during charge/discharge.

During cell operation, the cell voltage chasgaccording to the change of chemical
potential of Li in the negative and positive electrodes. The cell voltage is the potential

difference between the positive electrode and the negative electrode, given by
Vel = Vpos'Vneg (1.4)

where (e is the cell voltage, Msis the potential of the positive electrode vs Li/and
VnegiS the potential of the negative electrode vs Li/lfigure 1.2 shows the voltage vs
capacity of a NMC442/graphiteell and the potential vs capacity BiIMC442 and
graphiteduring charge. During this process, Li moves from NMC442 to graphite, and the
potential of NMC442 vs Li/Li increases while the potential of graphite vs Li/Li
decreases. Since the cell voltagehisgotentialdifference between the positive electrode

andthenegative electrode, the cell voltage increases accordingly.
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This thesis uses units that the LIB community normally uses since this provides a
good comparison with literature. The capacity unit used in Figure 1.2 is mAh rather than

the IUPAC unit, Calomb (1 mAh = 3.6 C).

Today, LIBs dominate the small rechargeable battery matketto high gravimetric
and volumetric energy density compared tiher rechargeable technologieIhe

gravimetric and volumetric energy density of aidm cell (Wh/L and Wi/kg) are given

by
w = (15 & —— (1.6)

whereWy and W, are the gravimetric and volumetric energy density, respectieig,

the usable capacity of a-lon cell in amphours (Ah), V is the cell voltage in volts,
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Volume is the cell volume in liters arMassis the cellmassin kg. The usable capacity
of the cell is based on the choice of positive and negative electrodaatsasad the
selected operating voltage windowHigh specific capacity electrode materials are

desired to increase the usable capacity of the cell

The specific capacity of negative or positive electrode material inllmmphours

per gram (mAh/qg) igiven by

Que— — (L7)

where Qs is the specific capacity (mAh/g} is the Farady constant (964833
coulombs/mol),n is the number ofmoles ofcharge during charging or discharging fo
one mole of active materiandM,, is the molecular weight of the active mate(@gmol).

For example, the theetical specific capacity of NMC448 given by
— % [ 1 EC=278.60mAh/g (1.8)

However, the practical specific capacity is typically much lower than the theoretical
specific capacity since only part thfe lithium can be reversibly remed from the active
material. For NMC442only about seventyour percenof the lithium (chargedo 4.7 V
vs Li/Li*) can be reversibly removed, so the practical specific capaciNMiE442 is

only about 206nAh/g?®

1.3  Positive Electrode Materials
The positive electrode materials commonlged in commercial Lion cells are
LiFePQ, (LFP), LiCoG (LCO), LiNixMnyCo1xy)O2 (NMC), LiNiogC0p15Al0.0502

(NCA), and LiMnO, (LMO). These materials can be classified into three types: LFP

7



(olivine, 1 D lithium diffusion channels), LCO, NMC and NQhayered, 2D lithium

diffusion channels) and LMO (spinel structure, 3D lithium diffusion channels). The
worldwide market share in kilotons (KT) of each positive electrode material in 2014 is
listed in Figure 1.3** The volume of these materials used in 2014 is 104 KT and their

predicted use in 2025 will be 350 Kf.

10
LFP

36
LCO 20

LMO

NCA

25
NMC

Figurtehel vBor |l dwi de&marlketh ploame 204 4mat eri al

Each electrode material has its own advantages and disadvantages. LFP has excellent
thermalstability, long cycle life and good power capabifity?’ However, pure LFP has
low electronic and iowi conductivity*>*® Through carbon coating and reduced size, these
problems have beeavercomeand the power capability of LFEells is excellent™ 2
However, its low energy density due to low crystalline density and low average working
potential hampers its future application in electric vehicles. LCO is widely used dse to
good cycle life and high energy density* The disadvantages of LCO are its poor
thermal stability, high cost and toxicity due t@thse of cobaft**’ Even though LCO
currently occupies the largest share of the market, its growth is leveling off. The use of

NMC is growing due to a good combination of cost, thermal stability and energy

density>® NMC materials are usually distinguished by their transition metal atomic ratio



as NMC442, NMC532, NMC62 and NMC811 (except for x=y=1/3, which is called
NMC111).***When the content of nickel in NMC increases, the specific capacity and
energy density increase but cell lifetime and thermal stability normally become
worse?®*” NCA is also widely used due to its high energy density idnoderate
thermal stabilitywhich is similar to that of some NMC grades. However cibst is high

due to a stringent synthis proces$“® LMO is also widely used in Lion cells because

of its gpod thermal stability and low co¥t>* However, its low energy density and poor
cycling performanceespecially at elevated temperatures restrict its applicition.

Tablel.1 shows electrode materials used in LIBs in present electric vehicles sold in the

US and their impact on energy and vehicle range

Table 1.1 LIBs for present electric vehicles sold in the US where C ar®®l &present graphite
and graphitesilicon composite, respectively.

Battery size| Battery Vehicle range | Vehicle range
Manufacturer Model (kwh) chemistry (mile) (km)
Tesla S ¢ n ¢ mn nC-Si/NCA HAY COM oongpn
Tesla X ¢ n ¢ mn nC-Si/INCA HAY GOM oongpn
BMW i3 22-33 CINMC 80-114 129-183
Nissan Leaf 24-30 C/LMO 80-107 135-172
Volkswagen e-Golf 24-35.8 C/NMC 83-124 135-200
Chevrolet Spark 19 C/LFP 82 132
Kia Soul EV 27 C/INMC 90 145
Ford Focus EV 35.5 C/NMC 100 160
Mercedes B-Class Electri¢ 28 CINCA, 85 137
Mitsubishi I 16 LTO/NMC 62 100
1.4  Negative Electrode Materials

Graphite is widelyused as the negative electrode material in LIBs due to its high
specific capacity (372 mAh/g, theoretical), low irreversible capacity loss in the first cycle

(<10 %), low average working potential (below 0.2 V vs LiLiimproved safety



compared to lithim metal and low volume expansion during lithiation (approximately
10%). *® Figure 1.4 shows a representative potential (V) vs specific capacity (mAh/g)
curve of a Li/graphite half cell during the first cycle. The discharge specificita@p)

is the total charge measured during cell discharge. More than 90 % of the charge is used
to intercalate Li ions into the graphite electrode. This intercalation reaction is highly
reversible. Therefore, this charge can be recovered which isteqbal charge measured
during cell charge, the specific charge capacity).(@owever, the rest of the charge
during discharge is used to form the graphite/electrolyte interface and cannot be
recovered during the subsequent charge. Therefore, the ifbdeespecific capacity

(IRC) of the cell is equal to the difference between the discharge specific capacity and the
charge specific capacity shown in Figure 1.4. Figure 1.4 shows that IRC for the
Li/graphite cell during the first cycle is approximately.26nAh/g, which represents 7.6%

of the first cycle discharge specific capacity.
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Lithium titanium oxide, Li4/3Tis404 (LTO) is not as widely used as graphite in
commercial LIBs but is a promising negative electrode for some niche applications that
require high rate capability and long cycle fifé° LTO has a higher average working
potential (1.5 V vs Li/Li) and lowerspecific capacity (175 mAh/g, theoretical) compared
to graphite. This leads to lower energy densityion cells compared to those using
graphite. However, due to its zeempansion during lithiation and less reductive working
potential, a Liion cell ushg LTO renders longer cycle life than those using a graphite

electrodé’

Silicon is being introduced in commerciakion cells due to its high specific capacity

(3579 mAh/g, theoretical), an accep&bdw working potential (around 0.2 V vs Li/)i
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and good safet$*°> However, silicorbased materials cause large volume expansion
during lithiation and subsequent volume contraction during delithiation resulting in
particle pulverization upon cycling when micrsized crystalline silicon is used. Indition,

large IRC loss during the first cycle and the loss of electronic contact between particles
during repeated cycling also océdf’ Therefore, silicorbased electrode materials are
added to the graphite electrode in small amounts to increase cell energy density and to

limit their impact on cell capacity fad&®

1.5 Electrolyte

The most commorelectrolyte for ai-ion cell is comprised of a mixture of carbonate
solvents containing a lithium salt, LiRFSo far, there has been no single solvent meeting
the requirements of high dielectric constant (the ability to aliss salt), low viscosity
(the ability to facilitate ion transport) and high interfacial stability on both negative and
positive electrode In order to achieve these wbkhlanced properties, solvents either
having high dielectricconstantor low viscosiy are mixed. The former isormally a
cyclic carbonate, ethylene carbonate (ERe latter are linear carbonate solvents such as
diethyl carbonate (DEC), dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC).
Another cyclic carbonate, propylene caréiten (PC) isused as a cesolvent in some
applicationsas it has high dielectric constant, wide liquid range and high interfacial
stability on the positive electrodé® Ester solventssuch as methyl acetate (MA) and
methyl propionate (MPhave much lower melting point than carbonate solvents (except
DEC), so theyare added to an electrolyte improvelow temperature performaneand

rate capability®®’ The chemical stuctures of commonwaits are listed in Figure 1.5.
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Common lithium salts are lithium hexafluorophosphate (Li§F lithium
tetrafluoroborate (LiBB,*® lithium bis(fluorosulfonyl)imide (LiIFSIf*"®"t [ithium
bis(oxalato)borate (LIBOB)*"*’*"> and lithium bis(trifluoromethanedéonyl)imide
(LITFSI).”®"" Figure 16 shows the lsemicalstructure of these common salts. Lifthe
overall winner due to a combination of wbklanced properties in carbonate solvents
such as good ion conductivjtgood solubility, high anodicstability up to 5.1V (vs
Li*/Li) and minimal corrosion ahe aluminum substrate used as the current collector for
the positive electrodddowever,there isan equilibrium for LiPF decomposition which

existseven at ambient temperature
LIPFs z [E®PE (1.9

This reactionleadsto two main drawbacks of LIRFOne isthe low thermal stability®"®

The other ishighly reactive hydrofluoric acid from PF reacting with water. The
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generated hydrofluoric acichn attack passivation films and positelectrodematerials

as well®® The latter is the main reason why LIB electrolgteducerdry to reduce water
content as low as possible. Some salts sudhiTaSI***%% and LiBOB*® can be used

as additiveto improve cell perfanance.

F
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Figure 1.s& rQhceamircealof common salts
1.6  Solid Electrolyte Interphase (SEI) and Ways to Modify its Properties

The nonaqueous electrolytes in aidn cell, especially where graphite is utilized as
the negative electrode, are higlthermodynamicallyunstable because their reduction
potentials (vs Li/Ll) are much higher than the potential of the graphite electrode (vs
Li/Li *) during cycling. A surface layer forms due to the electrolyte reduction on the
surfaces of the LCs particlesin the negative electrode. This surface layer acts as an
interphase between the electrode and electrolyte, has the properties of a solid electrolyte
and can significantly slow down electrolyte reduction. For this reason, the surface layer is
called a soli electrolyte interphase (SEI). AEl can also be formed at the positive

electrode due to electrolyte oxidation. Since the SEI is a key to good cell performance, it
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has been intensively studied for two decades. Effective ways to modify the SEI are the

useof surface coatings and electrolyte additives.
1.6.1 Solid Electrolyte Interphase (SEI) on the Negative Electrode

Even thoughhe SEI is essentially responsible for the reversibilitgheflithium ion
intercalation process andfluencesthe kinetics of werdl cell reactionsijt is difficult to
characterizéhe SEldue toa lack of reliablein situ tools, its sensitive chemical nature
andits complicated compositioff There is a consensus that the main speniéise SEI
on graphite are @®mposed electrolyte solvents and salts. These species include lithium
alkyl carbonatg LiF andLi,O in the EC-based electrolytesvhere LiPk is used A
mechanism has been proposed for thain reduction product of carbonatebased
electrolytes to form th&EI on graphite. It is suggested tEAL reacts with Liand € and
generates a gaseous product, ethyland creates an organic compoulithium ethylene
dicarbonate (LEDC) at the surface of graphite electratigh is the main component of
SEIl Figure 17 showsthe formation of LEDC through EC reacting with"Lland é

residingin Li,C..2

(o}

o
\_ Lit
+ o
+ 2Li" + 2e
2 O O—> 20 o
\ / —» CH,=CH, + LiOTOv\
\ / (0] OLi

Radical anion 0

Figure 1.7 The formation of'anB®&tCdahcrcoouwgdhi nEC tro

Reference 51.
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1.6.2 SEI on thePositive Electrode

Compared to extensive studiestbé SEI onthe negative electrode, thereveabeen
fewereffort to understand the interphasetbapositive electrode. Few reports have been
published about its cheical composition and formation mechani&fff A native film
consisting of i,CO; on lithium transition metal oxidg usually forms during synthesis,
processing and storage time atmosphere, where G@anreactat the surfac&®%09-9293
The SEI on the positive electrodenormally includes LiF, alkoxides and

polycarbonate®*%>°®%" There is a belief that the formation thfe SEI on the surface of

the positive electrode magccur inthree steps:
(1) the formation othenative surfacdiim ;
(2) spontaneous chemical reactions of the native film upon exposure to electrolytes

(3) electrochemical reactions betwettne positive electrode and electrolytes during

the initial andsubsequentycles.
1.6.3 Electrolyte Additives for the Graphite Negative Electrode

Since the introduction of LIBs, enormous efforts have bemade to explore
electrolyteadditives which can formraunique SEI orthe graphite negative electrode
which can allow the reversible intercalationideercalation oflithium in graphite.
Examples of additives believed to act in this manner incluishylene carbonate
(VC),8991% vinyl ethylene carbonate (VEEY fluoroethylenecarbonate (FECY*'%
ethylene sulfite (ES}*°* and 1,3,2dioxathiolane2,2-dioxide (DTD)X*> Among them,

VC is the most successful additive which is being used in many commigreiah cells.
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Aurbachet al.found thatVC reacts with LT and €on the surface of LT particlesprior

to EC% This prior reactionfrom VC forms a flexible and cohesive polymeric species
acting as a @étter SEI. The authors also believed that similar polymeric species may form
on the surface of the positive electrode and may be beneficial to the positive electrode.
Otaet al.found that the addition of VC has a significant effect on the negative electro
but could benefit the positive electrode as W& The Dahn group confirmeithat the
addition of VC isbeneficial tothe positive electrode using various techniques such as
automated storage, high precision couloumetry and electrochemical impedance
spectroscopy’*110H1112113 1n 5ddition, the Dahn group found that the addition of VC
eliminates the formation of lithium alkoxides which not only cause EMC
transesterification, but also migrate to the positive electrode and cause further side
reactions:*****Recently, progl-enel,3-sultone (PES) has gained importance, sihce
suppresses gassing especially for cells cycled at elevated temperature, and improves
coulombigc efficiency dramatically. Results suggest that PES has impacts on both the

negative electrode anthe positive electrodé’®'!’ Figure 18 shows the chemical

structure of these common additives
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1.6.4 Electrolyte Additives for the Positive Electrode

Therehavebeenfewer efforts to develop additives for improving théerphaseon the
positive electrodeompared tdhose made fographite. Before 2007, tion cells were
normally operatedbelow 4.2 V (vs Li/Li*), where cell performance is dominated by
negative electrode issug$.Now there is a great intereist higher voltage NMC positive
electrode materials Examples of additivesfor high voltage cells include
trittrimethylsilyl)phophate ~ (TTSP)® tri(trimethylsilyl)phosphite  (TTSPH,**°
tris(hexafluoreiso-propyl)phosphate ~ (HFiPf* methylene  methanedisulfonate
(MMDS),*?2*2® and dimethylmethylphosphonate (DMMP3* These additives are
believed to be oxidizedt the surface ofpositive electrodedbefore the oxidation of
carbonate solvesused in ai-ion cell'® Additive blends such as PES, DTD or MMDS
and TTSPi or TTSP are also used together to improve cell perforrfdné@Even
though these additivend additive blendsan improve cell performance to some degree,

it is still a great challeng® find or invent additives which catlow cells to operate at or
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above 4.5V (vs Li*/Li) for many years The mechanisms of how these additiaesl
othersfunctionatthe surface ofhe positive electrodare not well understood. Figuredl

shows thechemical structure ofsome additives believed to be useful for positive

electrodes
(H3C)sSi || Si(CH3)3 (H3C)3Si P Si(CHs)s
P AN
\O/ |\O/ O/ |\O/
(e}
I |
li(cm)3 Si(CHz)3
TTSP TTSPI
(0] CF,4 \
Sl =
-~ |\ P~ é
o HsCO | OCHj; /
4\ - //\\
Fac” | TCFy 0 o
HFiP DMMP MMDS
FigurGhemmi®tarlucsome ef addir ol yee believed to be
el ectrodes.

1.6.5 Surface Coatings on Positive Electrode Materials

Surface coating has proven to improve the performance ebriicells. Many
materials such as AD;2%2° AIF5'%%132 and zrQ,'?*'* were investigated as surface
coatings for LCO. Currently, the same strategy is also applied to NMC electrode
materialst®193%13%5 Among all the surface ating materials, AlD; seems to be a good
candidate and has been commercially used on NMC532 and NMC622 by Umicore (a

well-reputed positive electrode manufacturér).
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Surface coatings and electrolyte additives are also used together to further improve
NMC high voltage cell performancéArumugamet al. reported that AIO; surface
coatings had special synergies with an additive blend of 2% FBRIYIMDS and 1%

TTSPi by weght percentage to a conventional-B&sed electrolyte in NMC622/graphite
pouch cells. These synergies greatly suppressed cell impedance growth and improved
coulombic efficiency and cycle life of the celfsHowever, the use of both surface
coatings and electrolyte additives is not always beneficial. Net¢$oal. found that
LaPQ-coated NMC442/graphite pouch cellglwan additive blend of 2% PES, 2% DTD

and 2% TTSPhad worse cell performance than uncoated NMC442/graphite pouch cells

with the same electrolyf®
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CHAPTER 2: MAIN AGING MECHANISMS AND
INTERAC TIONS BETWEEN POSITI VE/NEGATIVE ELECTROD ES

IN LI -ION CELLS

2.1  Main Aging Mechanisms in Liion Cells

Aging mechanismghat occur at the negative electrode aatdthepositive electrode
differ significantly in a Liion cell® In this thesis, electrolyte reductionglectrolyte
oxidation, interactions between positive/negatielectrodes and material degradation
were mainly investigated. Therefore, this chapter overwigwain aging mechanisms
related to electrolyte reduction at the graphite electrode, electrolyte oxidation at the
positive electrode, active material degradatamd interactions between positive/negative

electrodes.
2.1.1 Electrolyte Reduction at the Graphite Electrode

The reduction potential of the electrolyte used indn cells is much higher than the
working potential of graphite vs Li/Lj thus unwanteelectrolyte reduction can occur. It
is observed thahe reduction oélectrolyte componentike EC and EMCduring the first
chargeoccursaround 0.8 1.3 V vs Li/Li" and the average working potential of graphite
is below 0.2 V vs Li/Li 3*% Electrolyte reduction leads tine SEI formation, which
mainly occurs during the first few cycl&¥ *° Although the SEI can differ dramatically
depending on the cell components (tnget of graphite, electrolyte, electrolyte additives
and temperature etc.), the Li atoms used in forming the SEI are always consumed
irreversibly. The SEI is Liion conducting but electronically insulating fifky*4%-**

This implies that an electrolyte molecule needs to diffuse through the SEI layer to a
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distance where ari ean tunnel in order to react with a’land an ethat originate from
LixCs. Therefore, as the SEI grows, the SEI growth rate skgrsficantly and so does
the rate of electrolyte reductidff SEI growth increases with kk¢emperature due to
increased reaction ratét. was found thatSEI growth depends predominately on time

rather than on cycle count and is approximately proportional ta*fitfié®143

a) b)
Li
o i
23 e - 29 =1
=5 — < Electrolyte 28 E’ Electrolyte
S = A S =
&8 | T a8 [ New SEI
SE| New SEI SEl .

Figure 2.1 Simplified possible SEI growt h mec
represented in red and blue, respectively.

Figure 2.1 shows two simplified possible mechanism$h@SEI growth. Figure 2.1a
shows that a new SEI layer is formed on the surface of the old SEI whérranhithe
electrolyte meets an” evhich tunnels through the old SEI and then reacts with the
electrolyte. Figure 2.1b shows a new SEI layer formed close to the surface of graphite
electrode where the Liand € meet the electrolyte diffusing through the old SEI layer.

The new SEI layer then pushes out the old SEI [4er.

Apart from the SEI growth, the SEI repair can also take place since the volume
expansion and contraction of the graphelectrode (approximately 10% of its total
volume) during cycling can break the SEI la}#r'*°The SEI growth and repair which

consume lithium irreversibly is a primary cause for ¢ailure when Liion cells are
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operated below 4.2 V and above 30 8¢'!8143146.14ha SE| growth can also lead to

impedance rise in the cell, so power capability decreases with cyehitig:**>°

2.1.2 Electrolyte Oxidation at the Positive Electrode and Positive/Negative

Electrode Interactions

The conventional carbonate electrolyte can be oxidized above 3.9 V v§ ati/thie
positive electrode due to its intrinsic instability at high poterfi&i! Figure 2.2 shows a
schematic of a typical elgolyte oxidation process occurring at a positive electrode
connected to a charger or under open circuit conditions. Figure 2.2 shows that the
electrolyte is oxidized at the surface of the positive electrode and loses an equivalent
number of electrons. Theeleased electrons can transfer to the negative electrode and
combine with Li ions and intercalatasLi atomsinto the negative electrode if the cell is
connected to a charger (Figure 2.2a). The released electrons can also comlmne Li
and intercalte into the positive electrode if the cell is under open circuit condition
(Figure 2.2b). Therefore, electrolyte oxidation does not normally cause a loss of cyclable

lithium but can cause irreversible loss of electrolyte comporiénts.
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Figure 2.3 shows possible oxidation pathways of €™* which is a major solvent
used in this thesis. Figure 2.3 shows that some oxidation products are gaseous products
like CO, and CO. It has been suggested that C&h migrate to the graphite electrode
can be reduced there. The possible reductidhwaeys of CQ described by Sloopt al.

1% are given by
oLi* + 26 + 2COY L iC,0, (2.1)

2Li" + 26 + 2CO,Y L iCOz + CO (2.2)
Figure 2.3 shows possible soluble and insoluble products from EC oxidation as well.
The soluble specianight migrate to the negative electrode aralild be reduced there.
This interaction betweethe positive and negative electrodegyht lead to impedance

rise at the negative electrode and hydrogen generation in the?tEif¢> The insoluble
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oxidized speciesnight deposit at the surface of the positive electradd might cause

impedance growth at the positive electrode.
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2.1.3 Active Material Degradation and Positive/Negative Electrode Interactions

The parasitic reactions between the electrolyte andutface of the positive electrode
were suggested to be a primary cause of the cell failure when the cells are cycled above

4.2 V1914152 These parasitic reactions were proposed to induce surface degradation o
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the positive electrode. Limt al. found that the surface of NMC442 experienced a
structural reconstruction from (Rn) to rock salt (Fm3m)® During the phase change,
transition metal ions migrate and occupy some lithium sites in lithium layers with a
possible loss of Li and O from the surface of the structure. This surface reconstruction
was asribed to the cause of a significant impedance rise in the cell during high voltage
cycling. The released oxygen is highly reactive. The oxidation of solvent via reaction

with the O atoms of the NMC electrotfe could be
Solvent + MQY S o | vOet+rViO

where Solvent represents a solvent molecule, M&presents the charged surface of a
layered positive electrode at high potential, SohM@ntepresents the oxidized products
between oxygen released from the charged positive electrode surface and a solvent
molecule and MO represents a rock salt structure resulting from the loss of oxygen from

the surface of a charged positive electrode.

This phase transformation phenomenon wae abserved in many published papers
about NCA and different NMC grade materials where surface reconstruction was
described as a main cause of cell faiftife®2%* However, the argument is debatable.
Some studies show that the rock salt layer, the degraded surface, can be bemeédial
performance!®¥*®’  Furthermore Makimura et al. claimedthe rock salt layer could
hinder the bulk material from furghh structural degradation and hinder electrolyte

oxidation at the surface of the positive electrdfie.

Apart from the surface phase transformation of the positive electrode, the positive

electrode also could lose active terdal. This is really true when LiMi©D, is used as the
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positive electrode in a tibn celloperated at elevated tempeattf&!’® It was found that

the manganese can dissolve into the electrolyte and move to the graphite electioele and
trapped in the SEI. Althoughhé manganese dissolution casisetive material loss
resulting ina contribution to capacitjade,the main effect of manganese dissolution in a
Li-ion cell is impedancgrowth at the negative electrodizie to hindered mobility of Li

ions through the SEf*'""1"®wWhen LiFePQ cells are operated at high temperature, Fe
dissoluion is also pronounced?'**However, transition metal dissolution is not an issue

for NMC postive electrode materiaf$’
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CHAPTER 3: EXPERIMENTAL TECHNIQ UES

3.1  Cell Chemistry and Preparation

3.1.1 NMC442/Graphite Pouch Cells

Commercially madé&MC442/graphite pouch cells wepegimarily used in this thesis.
Figure 3.1 shows a NMC442/graphite pouch cell (402035 size, 40 mm long, 20 mm
wide and 3.5 mm thick) as received from UiN, (China).Figure 3.1b shows the jelly
roll of the pouch cell after unwindin@.he cells were balanced to 4.7 Vhe positive
electrode formulatiomnvas96:2:2 NMC442:carbon black:polyvinylidene fluoride (PVDF)
The negative electrode formulatiowas 96:2:2 graphite:@rbon black:carboxymethyl
cellulosestyrene butadienfCMC-SBR). Carbon blackvasused as a conductive additive
in both the positive electrode and the negative electrode while PVDF andSBRC
wereused as a binder for the positive electrode and the megatctrode, respectively.
The positive electrode coating was (3% thick on both sides ahe Al current collector
(13 um thick) to give a total electrode thickness of 88. Themean patrticle size dhe
NMC442 wasl0 um. The negative electrode coatimgs 67um thick on both sides of
the Cu current collector (1im thick) to give a total electrode thickness of 144. The
mean particle sizevas 20 um. The total active area and the total mass of the positive
electrode were 71 ¢hmand0.79 g respectivelywhile the total active area and the total
mass of the negative electrode were 8F amd 0.82 g respectively. Thus, the areal
loadings of the positive and negative electredeere approximatelyll and 10 mg/cfy

respectively. The separator used in thésceas microporous polyprodgne with an
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Al,O3 ceramic coating (particle size about21pm) on the side in contact with the

positive electrode.
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Figur NMZT 44 2A gproawpchib eckenlrle (a) and after opening

3.1.2 A Summary of Other Pouch Cells Usedh This Work

In addition tothe NMC442/graphite pouch cellsjghtotherdifferent pouch celtypes
were also used in thiwork. These pouch cells had the same or similar size as the
NMC442/graphite pouch cells. The electrode formulations of these cells®p similar
to the electrode formulations ofie NMC442/graphite pouch cell§able 3.1 gives a
summary ofthe electrode formulatigncell balance (maximum upper enif voltage),
nominal capacity, and manufacturer for all the pouch cells used inthbss. A
proprietary material was used as surface coating for NMC532 and NMfo62#gh
voltage application. These coated NMC532 and NMC622 positive materials with this
proprietary material were called Hibated NMC532 and H¥oated NMC622,

respecitively
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Table 3.1A summary of all pouch cells used in this thesis

Ratio among the active  Ratio of the active
material, carbon black al material, carbon blach Cell balanca  Capacit
Pouch cell PVDF of the NMC and CMC/SBR of the W) (mpAh) y Manufacture
positive electrode (by | graphite electrode (by
weight) weight)
NMC442/graphite 96:2:2 96:2:2 4.7 200 or 240 LIFUN
LaPQ;-coated 96:2:2 96:2:2 4.7 200 LIFUN
NMC442/graphite
NMC532/graphite 96:2:2 96:2:2 4.7 200 LIFUN
Al Oz coated 96:2:2 96:2:2 45 200 Umicore
NMC532/graphite
HV-coated .
NMC532/graphite 96:2:2 96:2:2 45 200 Umicore
Single crystal - -
NMC532/graphite 96:2:2 96:2:2 4.5 200 NA
NMC622/graphite 96:2:2 96:2:2 4.5 200 Umicore
Al Oz coated 96:2:2 96:2:2 45 220 Umicore
NMC622/graphite
HV-coated - - .
NMC622/graphite 96:2:2 96:2:2 4.5 220 Umicore

3.1.3 Coin Cells and Pouch Bags

In addition to pouch cells, coin cells including full coin cells, symmetric cells and half
cells were used. Coin cells were mainly used for the analysis of elestedter a variety
of tests.Figure 3.2 shows theomponerg of a NMC442/graphite fullcoin cell. The
gasketprovides an air tight seal apdevens cells fromshorting In a symmetric cell, the
counter electrode and the working electrode are idenglegkrodes. In a half cell, Li
metal is used as the reference/counter electrode and the working electrode is either a

NMC positive electrode or a graphite negative electrode.

In order to study electrodes separately, pouch bags containing either thevenegati

electrode or positive electrode plus electrolyte were made. Figure 3.3 shows the steps in
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the construction of pouch bags where the electrodes were taken from a charged
NMC442/graphite pouch cell. The color of the graphite electrode depends on the Li
cortent in the graphit&® An unlithiated graphite electrode is black. When the graphite
electrode is fully lithiated, it is gold. Therefore, the graphite electrode from the
NMC442/graphite pouckell at 4.4 V shown in Figure 3.3 is golden while the graphite
electrode from the dry pouch cell shown in Figure 3.1 is black. More details about the

construction of pouch bags will be presented in Chapter 4.

Stainless steel 440 cap

Polypropylene gasket

Stainless steel 304 spring

Stainless steel 304 spacer

Components

! Counter/reference electrode
of a coin cell

(e.g. graphite)

Separator

Working electrode (e.g. NMC442 )

Stainless steel 440 can

NMC442/graphite coin cell with tabs

Fi gBr2coohmpoonénts c(o2i3n25ceslilze, 23 mm di ameter an
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3.1.4 Importance of the Formation Procedure for Pouch Cells

During the first charge cycle (called formation in this thesis), electrolyte is reduced on
the surface of the graphite electrode and the initial SEI isddrthere. As discussed in
Chapter 1, gas can be generated from electrolyte reduction. The formed gas can cause
pouch cell to swell. Therefore, it is important to remove the initial formed gas before

further tests. The formation procedure used in this shesis based om situ gas
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measurements of pouch cef§'® and experience gained from tests on about 20,000

pouch cells in the Dahn lab.
3.1.5 Formation Procedure for Pouch Cells

Dry pouch cells(without electrolyte)were vacuum sealed in China and shippe
Dalhousie UniversityThe pouchcels were cut just below theeal anddried at 80 or
100°C under vacuum for 14 hours to remaogsidual wateprior to electrolyte filling
The pouch cells were filled witla certain amounof electrolyte(depending orthe cell
and electrolyte type) antien sealed under vacuum agaugepressure of90 kPa. After
adding the electrolyte, thells were placed in a 4D+ 0.1°C temperatureontrolledbox,
and held at 1.5 V fol2-24 h. They were then charged t® 3/ at C/20. (A C/20 rate
means that the current used will discharge the entire capacity of a cell in 20 h. For
example, for a NMC442/graphite cell at a cutoff voltage of 4.4 V, its capacity is around
180 mA. A C/20 rate means a 0.009 A current is applied.yderao remove the gas
formed, the cells werransferred to a glove box for degasstite first degassing step)
(cut open below the seal and-gealed under vacuumpfter degassingcells were
normally charged to4.4 V and held for 1 h and then degasssghin (the second
degassing stgp These degassing voltages were selected based oim thitu gas
measurements, which indicated that most of the gas was prodiucegthe first cycle at
voltages below 3.5 V and 4.3.3 After the two degassing steps, cells wesed for

different purposes.
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3.1.6 Electrolyte Chemicals

Electrolyte ©iemials wereobtained from a varietpf manufacturersand used as
received without additiongdurification. Table3.2 shows the suppliepurity and water

content(when available) of eaacthemical used.

Table 32 Supplier, purity and water content of electrolyte chemsigaéd

Electrolyte Water
1 0

Chemical Common name Company Purity (%)| content
(ppm)
EC ethylene carbonate BASF 99.95 <10
EMC ethyl methyl carbonate BASF 99.92 <20
BASF 99.95 <20

DMC dimethyl carbonate
ALFA AESAR 99 NA

DEC diethyl carbonate BASF 99.95 <20
FEC fluoroethylene carbonate BASF 99.94 <20

bis(2,2,2-trifluoroethyl)

TFEC HSC Corporation 99.80% NA
carbonate
VC vinylene carbonate BASF 99.5 <100
TAP triallyl phosphate TCI America >94 NA
1,3,2-dioxathiolane-2,2-| Suzhou Yacoo Chemicg
DTD dioxide or ethylene sulfatf Reagent Corporation 98 NA
Lianchuang Medicinal
PES prop-1-ene-1,3-sultone Chemistry Co., Ltd. 98.2 NA
TTSPi tris(trimethylsilyl) TCI America > 95 NA
phosphite
PBF pyridine trifluoroborate 3M > 97 NA
LiPF, lithium BASF 99.94 | <20

hexafluorophosphate
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3.2  Open Circuit Voltage Storage

A Li-ion cell canundergoself-discharge(a drop in open circuit voltagejue to
parasitic reaction¥°® These parasitic reactions incluggectrolyte reduction on the
surface ofthe negative electrode, electrolyte oxidation on the surfacéh@fpositive
electrode and transition rze dissolutionfrom thepositive electrodé'®*!#* The potential
of an intercalationelectrode materia{vs Li/Li*) depends on the amount of lithium
residing in the material. Whethe intercalation electrode materieperiences awo-
phase region during lithium intercalati@an deintercalationthe electrode potential (vs.
Li/Li ) versusthe lithium content or state charge in the twghase region is constant
For a Li-ion cell in the charged statef the negative electrode in a two-phase region
and the positive electrode is notamwo-phase regiorthe changen cell potentialduring
storagemust be due ta changein state of chargef the positive electrod&ince the cell
voltage decreases, the lithium content residinghan positive electrodenust increase.
The lithium ions and the corresponding electrons rteele inserted into the positive
electrode These lithium ions must come from the salt and/or the negative electrode. The
correspondingelectrons mustomefrom the electrolyteria electrolyte oxidatiomather
thanthe negative electrodbecauselectrons fronthe negative electrode are blocked by

theseparatar

Figure 3.4 shows potentialcapacity curves of a Igraphite halfcell, a LILCO half
cell and a graphite/LCO full cell whos@ltagecapacitycurve isconstructed from the
differencebetweernthe potentialcapacity curves for the Igraphite and.i/LCO half cells.
Figure 3.4shows that thevoltageof the Li-ion cell decreases due to the potential drop

from the LCO while the graphite is etwo-phase regionTwo arrows representing the
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voltage drop of the LI/LCO cell and the graphite/LCO cell were added in the figure to
guide readerslf an electrolyte additive or a surface coating slows dowenrate of
electrolyte oxidation on the surface of the positive electrodi@| aell with this additive

or surface coatinghould show less voltagopthana control cellover time Therefore,

a storage system is an excellent tool to gain insight how electrolyte additives and surface

coatings work in a Lion full cell.
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Li/graphite
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A storage system wasulit in the Dahn lakin 2012 The storage system carmack

self-discharge by measuring tlogencircuit voltage of a cell as a function of tina
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various temperaturég? Since this system camly measure voltage as a function of time,

a cell must be charged or discharged to the desired state of blefoge it istransferred

to this storage systentn order to reach equilibrium, cells were normally held at the
desired state of charge for some time. In this thesis, the holding time was normally 30

hours and the storage period was 500 hours..

3.3  Electrochemical Impedance Spectroscopy

Electrochemical impdance spectroscopy (EIS) is a powerful technique to guide
electrolyte choice and monitor the state of health of dor.icell}t*214181% |5
measurements are quick and rawstructive. Therefore, EIS is widely used in the LIB

field.

EIS measurements apply a small AC voltage taohi cells to invoke a current
response over a range of frequencies from mHz to MHz. In order to achieve a linear
current response, the applied amplitude of AC voltage is normallyl@ &V. The
impedance (ohms) is calculated at each frequency as the ratio of the applied voltage
(volts) to the measured current (amps). Equivalent circuit models are normally used to
interpret the impedance spectra. Table 3.3 shows a schematic of simple circuit elements,
simplified circuit models of electrodes and a fultiatn cell, and their corresponding
impedance. The capacitance of a capacitor (farads) is design&@ethasresistace of a
resistor (Ohms) is designated Bsand the inductance of an inductor (Henrys) is

designategsL. The angular frequency is equal td2 “wheref is the frequency (Eitz).
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Table 3.3 Equivalent circuit model and the calculated impedance

Component Circuit Symbol Impedance
Resistor “N\V\/- R
Capacitor p

i o
Inductor Y'Y YL Q O
Simplified model of a Ry v Y Q6 'Y
—A\ R p 1 0Y p 1 06Y
negative electrode in —_—
electrolyte ‘iCN
Simplified model of a R, v Y Q6 Y
R P 1 6Y p 10y
positive electrode in
-
electrolyte %
Simplified model of R, R, v Y Q6 'Y
a full Li-ion cell
G i}b Y Q6 Y
P 1T O6Y p10Y
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Figure 3.5 shows the motions kif* ions and electrons through the SEI on a negative
electrode during charge/discharge and the electrical double layer on the electrode surface.
For example, during charging,libns pass through the electrolyte and then pass through
the SEI layer in adtion to some Li ions charging the double layer surface. Therefore,
the equivalent circuit for the negative electrode in electrolyte can be modelled as a circuit
containing a resistoiR|) and a capacitoiQy) in parallel and then in series withiesistor
(Ro). Ry represents the resistance to the motion dfdris and electrons through the SEI,

Cn represents the capacitance of the electrical double layerRamgpresents the
electrolyte resistance. The positive electrode in electrolyte can loeibées similarly

with a resistor Rp, representing the motion of Lions and electrons through the $&nhd

a capacitorCp, representing the capacitance of the electrical double layer) in parallel and
in series with a resistoR{ representing the eledlyte resistance). Thus, a full-ion

cell can be described as the equivalent circuit of the positive electrode in series with the
equivalent circuit of the negative electrode. As the negative electrode and positive
electrodes are in the same electrglypaly one resistor representing the electrolyte

resistance is needed in the circuit.

- SEI

Electrical
double layer

Negative
electrode

Figure 3.5 Schematic of a negative electrode
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EIS spectra can be represented as a Nyquist ploplottad Bode plot. A Nyquist plot
is the imaginary component of the impedane2 § on the yaxis versus the real
component of the impedanc& Yon the xaxis. A Nyquist plot of a full Lion cell
typically shows a sensircular feature and the real component of the impedance typically
increases as frequency decreases. A Bode plot is either the real component of impedance
or the imaginary componeé of impedance in the-gxis as a function of frequency on a
logarithmic scale in the-axis. This is valuable since the impedance is shown at each
measured frequencyrigure 3.6 shows Nyquist and Bode plots from circuit model
calculations. Figure 3.6aeWs a Nyquist plot for a negative electrode in electrolyte. The
shift of the start of the sergircle from zero is the electrolyte resistan@e,Figure 3.6b
shows a Nyquist plot for a full tion cell wherethe impedance ahe two electrods is
close If the two electrode impedargdiffer from one anotherthe Nyquist plowill not
show a smootlsemticircular shape. Figure 3.6¢ shows a Bode plot of the real component
of impedance of the full Lion cell and Figure 3.6d shows the imaginary component of

impedance of the tion cell.
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In this thesis, mdsimpedance spectra are presenéasdNyquist plots Hgure 3.4
shows a NyquistIpt of a pouchcell usingmeasurediata. The EIS equipment most used
in this thesishas two wire connections to the pouch cédllse lead resistance contributes
to the intercept at high frequency whiotherwise couldriginatefrom the electrolyte
resistance. Irmany cases, the electrolyte resistance is abtinterest of this thesis.
Therefore,Nyquist plots obtained from these two wire Bifeasurements were shifted
back to zeroalong the xaxis Cell impedancedepends on the surface areh the
electrodes used in the celh order toallow the impedance to be independent of the
electrale surface area, cell impedance wasmalizedby multiplying the impedance
values by the electrode surface arféigure 3.7b shows a Nyquist plot of the same cell
where the impedance has been normaliaed shifted back to zerd@he normalized

impedanced commonly called the area specific impedance.

In this thesis, the resistance due to the motion bfidris and electrons through the

SEl is calledthe charge transfer impedanci.§. R.: can be extracted from the Nyquist
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pl ot as t he fAedmiacmertcelredd o fa st hieMdassicements df i n
R.: will be used to compare how electrolyte additives, storage corsliéiod cycling

conditiors etc.affect the SEI layer.
3.3.1 Electrochemical Impedance Spectroscopy of Symmetric Cells

The impedancespectra of the negative and positive electrodes in a ftilbrLicell
often overlap over the range of measured frequencies so it is difficult to distinguish the
contributions to the cell impedance from each electrode. However, it is of great
importance teseparate their contributions since doing so can lead to an understanding of
the role of additives and cell failure mechanisms. A good method is to use symmetric
cells. The symmetric cell method is more reliable than the reference electrode method. In
the eference electrode method, a reference electrode is incorporated withiomeckll.
A reference electrode of choice is usually Li métat®” However, it is hard to insert a
Li metal reference electrode into a cell in the right place, especially in commercial
cels**® Furthermore, the introduction of Li metal can alter the behavior of the cell during

long time testing since Li metal is more reactive with electrolyte than lithjaitgahite.

Figure 3.2 shows the construction of coin full cells, positive/positive and
negative/negative symmetric cells. The impedance of a coin full cell, positive/positive

symmetric cell and negative/negative symmetric cell is given by

Zy=2,+272.+ Z 3.1
Zie =27+ Zeo 3.2
Z,.=22+2Z, 3.3
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whereZ,,. represents the impedance of a coin full c&ll, represents the impedance of a
positive/positive symmetric celf,. represats the impedance of a negative/negative cell,
Z. represents the impedance of a positive electrddegpresents the impedance of a

negative electrode arf} represents the resistance of the electrolyte.

If the electrodes used in these symmetric cell$ @in full cells are taken from the
same cell and the electrolyte used in these cells is the same, then the sum of the
impedance of the positive/positive symmetric cell and negative/negative symmetric cell is

twice that of the coin full cell,
Zip + 2, =22+ Ze+ 2Z + Z= 2(Zi + Z + Zo) = 2Z4. 3.4

Chen et al. proved the validity of Equations 3.io 34 using symmetric cells
reconstructed from a 186%§lindrical cellwith a LiNip gCop 2O, positive electrode and a
graphite negative electrod&® Petibon et al. further explored the effects ofarious
electrolyte additives on both electrodes foridm cells of various chemistry using this
method!**?%°2%1 Figure 3.8 shows Nyquist plots and Bode plots of a coin full cell,
negative/negative symmetric cell and positive/positive symmetric cell. The impedance
spectra of the symmetric cellsave been divided by 2 for ease of comparison to the
prediction of equabn 3.4. The sum ohalf of the negative/negaty symmetric cell
impedance andhalf of the positive/positive symmetric cell impedance is shown in the
Bode plot. The electrodes usedtirese cells were taken from the same pouch cell. The
electrolyte used was also the same. Figures 3.8e and f demonstrate that the sum of half
the negative/negative symmetric cell impedance and half the positive/positive symmetric

cell impedance is equ#d that of the reassembled full cell. Figures 3.8a, b, c and d show
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that the main contribution to the full cell impedance is from the negative electrode for
this example. Figure 3.6¢c shows that there are two semicircles for the positive/positive
symmetric cell. The high frequency semicircle is the contact impedance due to the
contact between the positive electrode and cell hardware since a double sided positive

electrode was used in the symmetric ¢8il.

This section should acknowledge that the simple circuit nsaastd here are too
simple. They cannot explain Fiugre 3.8c, for example. It may be worth directingseade
the paper described bgbarbanelet al. *** as well as other papers about interpreting

impedance spectra of-idn cells, 89202208
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3.4  Pouch Cell and Pouch Bag Volume Change Measurements

The electrodes and electrolytes reacting in pouch cells and pouch bags can produce
gas during storage. It is important to track how these products are evolved (for example
gas production vs time and tearpture). Figure 3.9 shows a setupdrsitu gas volume
measurements of pouch cells and pouch bags
buoyant force on a pouch cell or bag to the volume of the cell or bag. Figure 3.9 shows a
pouch cell suspendein water by a hook under a balance. The hook is attached to the

weighing arm of the balance. The sum of forces acting on the cell is given by
E R Ftension-Mg+ Fpuoyant= 0 3.5

where Fension IS the force of the tension due to the hookjs the cell mass,g ithe
magnitude of gravationalacceleationand Fuoyants the buoyant force As the volume of

the cell changes, the buoyant force changes, while the cell weight stays constant.
Therefore, the change of the tension force due to the hook is opposite to the change of

buoyant force on the cell,

P Fenstion= - &P lBuoyant. 3.6
The change of buoyant force on the cell is given by

P Fuoyan= PV §, g 3.7

where (pVis the volume change of the cejl,is the density of water and is the

magnitude of gravationalacceleration

As the hook supporting theell is attached to a balance, the tension force on the hook

can be determined by the balance. Therefore, the change of the tension force is given by
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P Fenstion= 0P Mhlancd 3.8

where® iancd is the change of weight measured by the balance. Laboratory balances

report fimasso even though they measure wei

Combining equation8.6, 3.7 and 3.8, one obtains

va: - malancJ ] y 39

The density of water is very close to 1.000 g/mL at room teriyreral he measurements
were madeat room temperature. Therefore, tbleange of the volume of the cell is

virtually equal to the change of the mass reading from the balance.

P ¥ - P Matance 3.10

This implies thathe volume of gas produced in a pouch cell or pouchchafe easily

obtained by weighing the call pouch baginder watebefore and after testing.
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3.5 Gas Chromatography coupled with Mass Spectrometry and Thermal

Conductivity Detection
In this hesis, gas chromatography (GC) coupled with mass spectrometry (MS) and
GC coupled with thermal conductivity detection (TCD) were used to analyze gas

compositions produced in pouch cells and pouch bags.
3.5.1 Gas Chromatography

A GC can separate volatile and gasis compounds. Figure 3.10 shows a schematic of
a GC. A typical GC includes a carrier gas supply, an injector, the separation column

located in a temperature controlled oven and a detector.
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The carrier gas is caltl the mobile phase (moving through the column) which carries
the sample through the separation column. Common carrier gases &keaHd He.The
majority of separation columns are long and narrow capillary tube made of fused silica
(Si0y) and coated wit polyimide outside (capable of withstanding 350 °C) for support
and protection from atmospheric moistutf® Column inner diameters are typically 0.1 to
0.53 mm and lengths are 15 to 100 m. The inner wall of the column is commonly coated
with functionalized polysiloxanes whichre chemically bonded to the inside of the
column or onto the surface of solid partglpacked in the column. The coated
functionalized polysiloxanes in the coluranecalledthefi st at i onary phasebo

place inside the column).

When a volatile liquid or gaseous sample is introduced through the heated injection
port, it rapidly evaprates because of the high temperature (up to 300 °C) there. As the

components of the sample travel through the column, they interact with the stationary
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phase to different degrees depending on their affinity to the stationary phase. As a result,
componerg travel with different speeds through the column and exit from the column
after a distinct retention time (the time required for a component to exit from the column
after it is injected). The temperature of the oven containing the column can be controlled
to optimize the separation. A multiple heating step is normally used. When the separation
conditions are optimized, sample components exit one by one and each peak represents a
specific compound. When each component reaches the detector, a signal eegrodu

related to its concentration.
3.5.2 Mass Spectrometry

MS is normallyusedcoupledwith GC. Figure3.11showsaschematic oA MS. A MS
comprises a samplalet, an ionization chamber, a mass amaftyand an ion detector.
The sample idirst introducedinto the sampleinlet and thentransferred to the ionization
chamber wheran ion source is formed. Afteng¢ionsare separated based thie mass to
charge ratio (m/z) by the massadyrer, they exit and hit the detector and genewmate
signal. These major congments of a MS are all in high vacuum 1fa) during

operation so that the produced ions are not affected by the gas molecules irfthe air.

Sample lon Mass Detectorl
Inlet source analyzet
Vacuuni
system

Figure 3.11 A simplified schematic of a MS
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Several ionization methods can be used in mass spectrometer. Electron ionization (El)
is a basic one. In the EI method, sample components are hit by fast electrons (70 eV)
produced from a hot filament arldereby ionized. Molecules can be broken down. The
breaking of molecules is called fragmentation. Therefore, in the EI method, molecular
ions (the intact molecule with missing electrons) and fragment ions are produced. The
molecular weight can be identiflefrom the molecular ions and the molecular structure
can usually be determined from the fragment ions. However, in some cases, the
molecular ions cannot be observed in the ElI method. For this reason, other ionization
methods such as chemical ionizatiorl)(&e used. In the Cl method, a reagent gas is
produced from the collision with fast electrons. The ionized gas reagent then collides
with sample molecules. Most of the ions generated are the molecular ions and very few
fragment ions are created. Therefoin the CI method, the molecular weight of sample
molecules are easily identified but structural information is not obtained. In the work in

this thesis, the El method was used.

Each molecule has its own ion fragmentation pattern in EI mode. Theraoren i
fragmentation pattern can be used as a fingerprint to identify its molecular structure by
searching the mass spectral library. In this thesis, the NIST/EPA/NIH Mass Spectral

Library Demo Version 2.0 f was used as the mass spectral library.

3.5.3 Thermal Conductivity Detection

The MS used in this thesis cannot detegpkbduced in pouch cells and pouch bags.
A TCD is normally used to detectHlherefore, GETCD was also used to analyze gases

produced in these pouch cells and pouch bags in this thesis.
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Figure 3.12 A schematic of a TCD with a bridg

Figure 3.12 shows a simplified TCD with a bridge electronic circuit dé3igrigure
3.12 shows that the TCD comprises four cells. Two are called analytical cells and the
other two called reference cells. Each cell comprises a heated chamber containing a
resistor whose regence depends on its temperature. Pure carrier gas flows through the
reference cells while gas eluted from the GC column flows through the analytical cells.
During operation, the resistor is heated to a certain temperature and the flow rate of gas
into the reference cells is adjusted to be equal to the flow rate of gas into the analytical
cells. A current is applied for the bridge electrical circuit and a voltage across the bridge

is monitored.

When no compound is eluted from the GC column, the purgeecgas flows through
both reference cells and analytical cells. Thus, all the resistors have the same resistance
and the voltage across the bridge is zero. When a compound with different thermal
conductivity is eluted from the GC column, the different gaspositions cause heat to

be conducted away at different rates in the reference cells and the analytical cells. The
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resistance of a resistor depends on its temperature. Therefore, the resistors in the
analytical cells have different resistance from thasethe reference cells. As a
consequence, a voltage across the bridge is created. The sensitivity of stroQgby
depends on the thermal conductivity differences between the gases analyzed and the

carrier gas chosein this thesis, argon is chosen ks tarrier gas.

3.5.4 A Home-made Device for Extracting Gas

In order to investigate the gaseous products in a pouch cell or bag, anfamee
device was designed to extract gas. Figure 3.13 shows thistad® devicalesigned
by Remi Petibonlt consists of atass cylindrical chamber where a pouch cell or bag was
placed. The screw top is equipped with a punch which can be pressed into the chamber
and pierce the cell or bag. One gas line was connected to the chamber for vacuum
pumping and argon filling. The othgas line contained a silicone septum allowing a
syringe to pierce and extract gas from the chamber. To extract the gas, a pouch cell was
placed in the chamber properly. In order to avoid safety risks related to a short circuit, the
cell was discharged taround 2.0 V volts before it was inserted into the chamber. Once
the cell or bag was positioned in the chamber, the chamber was connected to a vacuum
pump. In order to make sure that the punch did not pierce therdadlg, the punch was
held by hand duing pumping. After the pressure of the vacuum pump reached 100
millitorr, the chamber was disconnected from the pump. The punch was then pressed to
pierce the cell or bag. Once gas was released from the cell or bag, the chamber was
connected to an argonloyder which allowed argon to dilute the gas from the cell or bag.

After a few seconds, normally 30 seconds, the chamber was disconnected from the
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cylinder. A syringe was then used to extract gas using the septum. Typicailys8s

taken to inject into G-MS for analysis.

gure 3.13 Photograph of the device used to
ght coecmew tepthfe she device with a punch. T
se of the chamber.

3.5.5 Quantitative Analysis of Gas Compositions in Pouch Bags and Pouch Cells

It is important to carry out quantitative analysis of gaseous products genarated i
pouch bags and pouch cells to leafmoutcell degradation mechanisms. Quantitative
analysis of gas compositions is based on the area of a chromatographic peak. In the linear
response concentration range, the area of a peak is proportional to theyopfaiitt

component.

In this thesis, a gas mixture is used as external standard for calibration. The gas

mixture contained butane, carbon dioxide, carbon monoxide, ethane, hydrogen, methane,
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propane, propylene and argon. Each gas was @ mol % in themixture. Sincethe
calibration gas mixture and the gas sample generated in pouch bags and pouch cells were
analyzedwith the same procedure in this thesis, the total volume used for the gas sample
can be considered as the same as that for the gas mkatinermore, th@eumber ofgas
molecules is proportionalto the volume of gasat atmospher@ressure Therefore, the
volume of a component of the gas sample generated in pouch cell and pouch bags can be

simply calculatd using equation 311

o P

e o
e ©

where A. is the peak area of a component of the calibration gas mixigres its
corresponding volume in the calibration gas mixtulg,is the peak areaf the
corresponding component of the gas sample generated in pouch cells and pouch bags and
Vs is its corresponding volume in the gas sample. In this th&sisethe extracted gas

device hasvolume of 4 mL and each gas was#0.1mol% in the gas mxture, 0.4 mL

is used fol/..

3.5.6 Experimental Procedure for GCG-MS

The GCMS equipment consists of two main components which are a BrukeG&36
and a Bruker Scion singlguadrupole mass spectrometer. The Bruker-@g6 is
equipped with a split/spliess injetor and a BRQ-PLOT 30 m column with an inner
diameter of 0.25 mm. The Bruker Scion singleadrupole MS connected to the GC is
equipped with an electron impact ionization module. Helium was used as carrier gas at a

constant flow rate of 1 mL/min. The ig@r temperature was set to 250°C. The
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temperature program was set for a 3 min 35°C hold followed by a 9 min 200°C hold after
a rise to 200°C at 20°C/min and finally followed by a 5 min 250°C hold aftese to

250°C at 100°C/min. The transfer line amhisource were set to 250°C and 200°C,
respectively. 70 eV was used for the electron energy. The MS was set to a full scan mode

with 10-250 amu range.
3.5.7 Experimental Procedure for GG-TCD

The GGTCD consisted of a Bruker 4386C equipped with a split/splitlessjector
(270°C) and aTCD (Bruker) equipped with a custemade capillary column. The
column consisted of a 5A molecular sieve
coating), in parallelwtha® L OT col umn (Bruker, 50 m, 0.5
This custom column allows for permanent gases @4, N,, CO) and light hydrocarbons
(CHg4, GHg, CHg4, etc.) as well as C{o be wellseparged in a single injection. Argon
was used as the carrier gas at a flow rate of 9 mLl'min order to maximizehe
sensitivity of the detector, the reference cell flow rate of the TCD was set to 30 il min
and the makep flow rate of the analytical cell was set to 5 mL hirThe TCD

temperature was set to 230°C while the filament temperature was set to 370°C.

To quantitatively analyze the gas compositions, a calibration gas mixture was
purchased from Praxair for retention time detaation and signal calibratiof.he gas
mixture contained butane, carbon dioxide, carbon monoxide, ethane, ethylene, hydrogen,
methane, propane, propylene and argon. Eachwgas 10+ 0.1 mol% in the mixture.
The pressure in the tank was supplied at only 13 bar (gauge pressure) to ensure that each

species was entirely in the gas phase.
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3.6 Thermal Gravimetric Analysis coupled with MassSpectrometry.
Thermogravimetric analysis (TGA) is a thermal technique to characterize the thermal

properties of materials. TGA continuously monitors the weight of a sample while the

sample is heated under a programmed heating process in a specific amacsmih as

air, argon and heliumDuring this process, theeight loss of the sample due to its

decomposition can be measured endsually plaedwith temperature.

Even though TGA gives a quantitative measurgveight loss of the samplé, does
not provide information on the nature of the products that are lost from the sample.
When TGA is coupled with MS, the released gases can be analyzed andeidgiing
additional valuable information. In this thesis, T®#5 was used to monitor the weight
loss of charged positive electrodes and analyze gas compositions released from these

charged positive electrodes.

3.7  Error Calculation
All results presented in this thesis are the average of the measurements ohphes sa
The error bars shown in the na@us figures were calculated abe range of the two

samples. This provides a good idea of the repeatability of the measurements.
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CHAPTER 4: A SIMPLE AND NOVEL W AY (THE POUCH BAG
METHOD) TO EXPLORE N EGATIVE/POSITIVE ELE CTRODE
INTERACTIONS, THE ORIGIN OF GAS PRODUCTION AND
IMPEDANCE GROWTH IN A LI-ION CELL WITH CARBON ATE

ELECTROLYTE

In this chapter, pouch bags containing a delithiated NMC442 or a lithiated graphite
electrode, taken from pouch cells witM LiPFs in EC/EMC (3:7 w/w) (control
electrolyte) control + 2% VC, control + 2% PES, control + 2% PBF, control + 2% TAP
electrolytes, were used to investigate gas production, impedance growth and gas
consumption at high temperature and high voltage. The results from the pouch bag
studies were compared tesults from the corresponding pouch cells which contained
both electrodes. The majority of this work waapted from the following peeeviewed

articles:

D.J. Xiong, R. Petibon, M. Nie, L. Ma, J. Xia, J.R. Dahn, Interactions between
Positive and Negate Electrodes in Lion Cells Operated at High Temperature and High

Voltage, J. Electrochem. Soc. 163 (2016) AB4651. doi:10.1149/2.0951603jes.

D.J. Xiong, L.D. Ellis, K.J. Nelson, T. Hynes, R. Petibon, J.R. Dahn, Rapid
Impedance Growth and Gas Prodantiat the Lilon Cell Positive Electrode in the
Absence of a Negative Electrode, J. Electrochem. Soc. 163 (2016) iASE®A/.

doi:10.1149/2.1031614jes.
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Deijun Xiong developed the pouch bag method. Deijun Xiong prepared the pouch
cells and pouch bags ands@alprepared the materials for the XPS studies. Deijun Xiong
performed the gas measurements, the impedance measurements and the electrode
potential measurements. Deijun Xiong performed the-MEC studies of gas
compositions together with Remi Petibon. Deijiong performed the gas consumption
measurements using the method originally developed by Leah Ellis. The XPS
measurements and the analysis of XPS spectra were performed by Leah Ellis. Deijun
Xiong prepared all the figures et for Figure 4.2 and Figuréd.13 (prepared by Leah
Ellis). Jeff Dahn provided guidance and participated in experimental design and the
interpretation of all the data. Deijun Xiong prepared the manuscripts of both articles
mentioned above excepdr the XPS section and received réems from Leah Ellis,

Remi Petibon and Jeff Dahn.

4.1  Experimental

4.1.1 Pouch Cells and Pouch Bags

The NMC442/graphitepouch cells werg@repared according to the method described
in Section 3.1.5 andlled with 0.9 g of 1M LiPFk in EC:EMC (3:7 by weight)control
electrolyte)in an argorfilled glove box and vacuum sealed in the same glove Box.
some electrolyte® % VC, 2% PES2% PBF or 2%TAP were addedAfter electrolyte
filling, cells were placed in a 4& 0.1°C temperatureontrolledbox, and held at 5 V
for 24 h. They were then charged to53v at C/20 and transferred to a glove box for
degassing (cut open below the seal andeaed under vacuum)fter degassing, they
were charged to either 4.2 or 4.4 V, discharged to 2.8 V and charged baekstnth

upper charge cubff voltage and held at that voltage f&0 hours.Figure 4.1 shows
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photographs to illustrate how the pouch cells were disassembled, the pouch bags were

created and how the pouch cells and pouch bags were then used.

Some pouctleells
disassembled in
glovebox

Insertinto pouch bag g0+ v te filling

Vacuum sealing B

-

i |8 S|
Many pouch o e T —
cells —
at either 4.2 | po

Vord44dVv |

the other remaining pouch cells |

Gas evolution (esitu gas measuremeht
Gas compositions (G@S, or GO CD
Impedance growth (Symmetrical célls
Potential change (half cell)

X-ray photoelectron spectroscopy (XPS

Store
at 40 and/or 60AC

Fi gurPehod.olgr aphs of steps and a flow path of
and pouch bags.

Six cells either at 4.2 V or 4.4 V were used for hemtlead comparison in the gas
evolution experiments. Two pouch celieere moved toa 60°C temperatte box for
storage.The otheridentical pouchcells were transferred tan Arfilled glovebox and
disassembled thereTwo delithiated NMC442 electrodes collected from the pouch cells
were inserted into pouch bags with 0.8fgeMC. The addition of 0.3 @f EMC to the
pouch bags created a similar electrolyte environment as in the original poucsirezdls
EC and LiPk remained in the electrodad some EMC evaporated during the time (less
than 5 minutes) it took to assemble the pouch bags. The othefeiloated NMC442

electrodes harvested from tpeuchcells were rinsed with DMC three timdse remove
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LiPFe, dried,and then inserted into pouch bags with 0.4 g of EC/EMC (3:7 wiugse
pouch bags were also moved to a 60°C temperature box for stéreggolume of the
pouch bags and pouch cells during the 500 h storage period were measured from time to

time, using theexsitu gasvolumeequipment described @hapter 3.

Eight pouch cells at 4.4 V were used for the impedance studies. Two pouch cells were
moved a 40°C temperature box. Another two pouch cells were moved to a 60°C
temperature box. The other four identical pouch cells were transferred to the glovebox
and disseted there. The four delithiated NMC442 electrodes were inserted into pouch
bags with 0.3 g of EMC. Two pouch bags were moved to a 40°C temperature box. The
other two pouch bags were moved to a 60°C temperature box. All these pouch cells and

pouch bags we stored for 500 h storage period.

4.1.2 Analysis of the Gas Composition in NMC442/Graphite Pouch Cells and

NMC442-containing Pouch Bags

GC-MS was used to analyze the gaseslved in the pouch cells and pouch bags. The
GC-MS procedure enabled detection of ghses other thaml, and CO. The gas
extraction proedure followed that described in Section 3.f%his procedure, gas from
the cell or pouch bag is mixed with a fixed amount of argon before injecting into the GC
MS. In order to keep signals in thedar range of the G®IS, it was necessary to adjust
the amount of gas injected when the amount of gas in the pellstor pouch bags was
large. For most of pouch cells and pouch bat@) pL of the gas was injeéed into the
GC-MS for analysis.50 puL of the gaswas injectedfrom pouch bags containing

delithiated NM@42 electroderinsed with DMC The GCMS used was a Bruker 436
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GC coupled toa Bruker Scion singlguadrupole mass spectrometdihe operating
parametersire describeth Section 3.5.6The pocedures for quantitative analysis of gas

compositions produced in pouch bags and pouda cah be found in Section 3.5.5

4.1.3 Investigation of CO, Consumption in Pouch Bags containing Lithiated

Graphite Electrodes and Intentionally Added CQ

It is first important to describe how gas was intentionally added to the pouch bags.
First, one side of a rubber septum was roughened with a hand file. The roughened
septum was glued to a pouch bag using GoMliglue (a polyurethanbased waterproof

glue, availakd at many hardware storésseewww.gorillatough.cor. A heat gun,

coupled with light pressure, was used to dry the glue rapidly. Rubber septa, attached to
pouch bags by this method, provided a-tigist seal,as evidenced by immersion of

inflated pouch bags under water for several minutes.

1% seal
septum

Ball bearing

2nd geg|

Lithiated graphite
and CO, inside

Figda2A photograph of the pouch bag, showing
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where the first seal , the second seal and the

Lithiated graphite electrodes, taken from pouch cells with control, control + 2% VC,
control + 2% PES and control + 2% PBF, were inserted into the pouch bags along with
0.3 g of EMC in a glovebox. A 6 mm diameter hardened steel ball was placed in the
pouchbag, near the septum, to assist in injecting..Clbe purpose of the ball was to
make space so the gas syringe needle could be inserted into the pouch bag, through the
septum, without puncturing the back side of the pouch bag. The bulge due to the steel
ball can be seen in Figure 4.2. After the pouch bags were vacuum sealed (the first seal
shown in Figure 4.2), CQ(more than 5 mL) was injected using a syringe through the
septum. The pouch bags were then heat sealed at a position below the septulin and ba
(the second seal shown in Figure 4.2), without the application of vacuum. Then the
portion of the pouch bag containing the septum and the hardened steel ball was cut away,
above the second seal. Then the pouch bags containing electrode and electrayte
stored at elevated temperature. Pouch bags with 1 mL of EC/EMC (3:7) + intentionally

added CQ@(no electrodes) were also made for comparison.

The volumes of the pouch bags with injected,@@re measured, from time to time,
using the ex situ gas volume measuremernh Chapter 3. Normally, the pouch bags
floated on water so the same fdAbull dogo pa
pouch bag (at the heat seal) to cause submersion. The weight of the bulldog clamp
(measured under water) was subtdctrom all the weights measured where the bulldog
clamp was employed. The absolute amounts of i@@he initial and final inflated pouch
bags cannot be determined unless all details of the pouch bags and electrodes are known,

but the amount of gas comead can be accurately measured, and this is what was desired
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to be measured.
4.1.4 Symmetric Cell and Half Cell Construction

Some NMC442/graphite pouch cells and NMC4éataining pouch bags were
disassembled in an Ailled glove box after the 500 h storageriod. Li/graphite and
Li/NMC442 half cells and NMC442/NMC442 symmetric cells were constructed from
electrodes harvested from thopouch cells and pouch bagehe importance of using
symmetric cells to determinthe charge transfer impedancB.) (resigance to the
motion of Li" ions and electron through the SBf)electrodes was detailed $ection 3.3
Coin cells were made using one polypropylene (Celgard 2320) separator for half cells
and one additional polypropylene blown microfiber separator @dailfrom 3M Co.,
0.275 mm thickness, 3.2 mg/@nfor symmetric cells. A voltmeter was used to measure
the opercircuit voltage of the half cells, once their voltage stabilized after a few minutes.
EIS measurements were conducted using a Biologic \8\pBtentiostat, with ten points
per decade from 100 kHz to 10 mHz and a 10 mV input signal amplitude. All EIS
spectra were collected at 10°C. This temperature was chosen to magnify the difference

between the impedances of the cells.
4.1.5 X-ray Photoelectron Spetroscopy XPS) Analysis

Pouch ells andpouchbags containing positive electrodes were dissected inside an
Ar-filled glovebox. The electrodes were rinsed with EMC, to remove dried electrolyte.
The samples were transferred to uhligh vacuum without exosure to air, using a
specially designed atight apparatué** The samples were left under uttrh vacuum

for one night prior to their introduction to the analysismber, which was maintained at
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a pressure below £ 10° mbar at all times. Analysis was performed with a SPECS
spectrometer, equipped with a Phoibos hemispherical analyzer, using
unmonochromati zed Mg KU r adiPeliminaryanddimd a p a
survey scans were compared to ensure that no photochemical degradation was induced
during analysis.Calibration of the binding energy scale was deemed unnecessary, as all
peak positions remained constant while thax flux was variedindicatng the absence

of charging effectsXPS spectra were fit with a ndmear Shirleytype background.

This background was subtracted from the sigtwabllow for qualitative comparison of

atomic concentrations between samples, using relpéiak height.

4.2  Results and Discussion

Figure 4.3shows the gas evolution in pouch bags containing lithiated graphite
electrodes which were taken from pouch cells with contratrelgte, control +2% PES,
control +2% VC or control +2% PBF. No volume changes were deted for these
pouch bags during approximately 50@fstorag at 60°C. This suggests that parasitic
reactions between the lithiated graphite and electrolyte do not contribute to gas
generatiorwhen a cell istoredat 60°Cor lower temperatuteThis isconsistent with the

results foundy Kim et al**
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Figure 4.4 shows the volume @mge versus time for pouch cells with control
electrolyte, control + 2% VGgontrol + 2% PESr control +2% PBF during the 500 h
storage period at 60°C Figure 4.4 also shows the volume change for pouch bags
containing delithiated NMC442 positive eleatss taken from the brother pouch cells
during the same storage period. Figure 4.4 shows that the gas volumehef @duch
cells andbagsincreased with time during storage, except for pouch cells with 2% PES or
2% PBF having an initial voltage of 4.2 Wluch more gas was generated in pouch bags
with charged NMC442 than in charged pouch cefPauch bags containing theashed

delithiatedNMC442 electrode (DMC washing) + BEMC 3:7 produced a larger amount
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of gas than those containing the delithiated NME electrode without washin@his
implies that the presence of LifPEan slow gas generating reactions at the positive
electrode. This may be due to the increased oxidative stability of the electrolyte when

LiPFs is present:®

There was concern about the size of the error bars in Figure 4.4 for the pouch bags
with control + 2% PES electrolyte. These efars originate from measurements on at
least three different pouch bage&MC can be lost duimg pouch bag loading and sealing,
due to its highvapor pressureln order to understand thaigin of the largesrror bas,
different amounts of EM@vereadded tadelithiated NMC442ontainingpouch bagsto
examinehowthe amount of added EM&ifectedgas evolutia. Figure4.5showsthegas
volume (mL) versus time for pouch bags with delithiated NMEZ, taken from pouch
cells with control electrolyte, Weng an initial voltage of 4.4 V. Prior to the pouch bag
sealing,0.0, 0.150r 0.3 g EMCwas added to the pouch bagsigure4.5 demonstrates
that the rateof gas productiorhas a strongnversecorrelationto the added amount of
EMC. Whenmore EMCwasadded|ess gas was producedt appears that electrolytes
with higher EC concentration generate more gds. any event, the dependence of
gassing on EMC content suggests a source for the error bars in Figure 4.5. For example,
the large error bars folopich bags containing 2% PES may be due to small differences in

the actual amount of EMC added to the pouch bags
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FiguresAl, A2 and A3 show chromatograms of thenajor gaseous products from
NMC442/graphite pouchcells and pouch bagshat contained charged NMC442
electrodes with contralectrolyte, control + 2% VC, control + 2% PES and control + 2%
PBF. A logarithmic scale on theakis is used for clarity. DMC and DEC come from the
transesterification of EMC** 4 n full cells with control electrolytethe main gaseous

products include CpCH,, CH;CH;, CH;OCH; and CHOCH,CHs. These compounds
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are very similar to the ones found in NMC(111)/graphite cells formed to 3d&s V
introduced by Petibon et & These compounds could be traced back to the reduction of
both EC (CH=CH,), and reduction as well as nucleophilic substitution from reducti
by-products of EMC (CH;CHs;, CH;OCH;, CH;OCH,CH3). A detailed reaction
mechanism can be found in referenceél'be presence of these compounds could come
from an incomplete degassing step or the continuous growth of the SEI at the negative
electrode. Howeer, CH;OCH; and CH3;OCH,CH; were not detected in full cells with
control + 2%VC, control + 2% PES and control + PBF. This suggest that the addition of
these additives forms a better SEI at the graphite electrode to suppress the formation of
these chemicalgzluorinated alkanes sucls &HCH,F were also detected in all the full

cells with different electrolytes which indicates the participation of §.iREhe oxidation
mechanism of the electrolyt®ost of the gaseous products thefull cells culd alsobe

found inthe correspondingouch bags excefir ethane (the main gaseoproduct in the

full cells with control electrolyte). Ithe pouch bags containinige delithiated NMC442
electrodesasignificantamount of CQwas identified while almost no Gvas found in

the pouch cells This means that COhas almost beenconsumedcompletelyby the
lithiated graphite ira full cell, which explainswhy pouchcells producel muchlessgas

than the correspondingouch bags with the positive electrode by itseliis suggests

that this ineraction between the positive electrode and negative electrode helps to limit

gassing during high temperature operation.
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Sloop et af** suggest a mechanism whereby f@nerated at the positive electrode
diffuses to the nedi@e electrode and reacts with intercalated lithium to form lithium
oxalate. This formed lithium oxalate would decrease the lithium inventory and create
irreversible capacity loss. Although lithium oxalate has limited solubility, Sloop et al.
suggest thdormed lithium oxalate can diffuse back to the positive electrode and be

oxidized to CQ again with corresponding insertion of Li (as Hi €) into the positive
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electrode, causing setfischarge and reversible capacity loss. The lack of significapt CO
found in the NMC442/graphite full cells compared to the pouch bags suggests that the
recreation of C@ from lithium oxalate at the positive electrode must be very slow,
compared to the rate of capture of £& the negative electrode under the conditions

explored here

Figure 4.7 shows a summary of the amount of the total gas measured by Archimedes
principle and the amount of G@neasured by the GBIS method for these pouch cells
and pouch bagsThese pouch cells and pouch bags were stored at 60°C for &00 h
then at room temperature for two montiBuring the two month storage at room
temperature, all the pouch cells shrank while the pouch bags did not shrink. This further
shows that gaseous products generated at the positive electrode can be rembeed by t
negative electrodeFigure 4.7 shows that the volume of £@easured by the GEIS
method in these pouch bags exceeded the total gas volume measured by Archimedes
principle. The volume of COmeasured by the GEBIS method is larger than that
measured by Archimedes principle since some @8s dissolved in the electrolgté
This indicates that the majority of gas in these pouch bagsis Tis may also suggest
that the addition of additives does not greatly suppress the reactions leading to a large
amount ofCO, generated in pouch bags. Howewwdmost no or a small amount of €O
wasfoundin pouch cells. These results indicateéat CQ has been almost consumed by
the lithiated graphite in full cells, explaining why the pouch cells produced much less gas

than the corresponding pouch bag
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Figure 4.7 Final gas volume measured by Archi

measur etMSbye668od (b) for pouch cells and pouct
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storage at room temperature

In order to investigate how additivesfect CQ consumption in a pouch cell, pouch
bags containing lithiated graphite electredeken from pouch cells with different

additives + intentionally added G@vere made. The amount of C@initially added to
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the pouch bags was targeted todreaterthan 5 mL According to the
constant for CQ@in 1M LiPF; in EC/DMC (1:1 w/w) at 25°C and 1 atm measured by
Dougassa et Al® approximately 1 mL of C®can be dissolved in the electrolyte in the
pouch bags. This gas dissolves rapidly once the pouch bags are filled. After that,
changesn the volume of the poilicbag correspond to G@hat has been consumed by

the lithiated graphite Figure4.8 shows theconsumptiorof CO, vs. time for pouch bags
containing alithiated graphite electrode and added,C#A control sample containing
EC/EMC solvent plus added G@vas also measured and is included in the Figure for
comparison. Figure 4.8 shows that the volume of, @Othe pouch bag without a
lithiated graphite electrode does not change significantly. This suggests that if the
volume of the pouch bags with lithiatgdaphite and added G@hanges, this change is

due to CQ consumption rather than Gd@issolution in electrolyte.For each curve in
Figure4.8, the averagef two or three raasurements on separate pouch bags were made

and averaged.

Figure 4.8 shows that the addition of additives affethe rate at whichCO, is
consumed.PEScontaining pouch bagshrankby approximately 2 mL This was about
twice the volume change for tlther pouch bagsThereforePESmay be effective in
suppressig gassng in pouch cellsat high temperaturdecause it accelerates the
consumption of C@at the negative electrodd he data presented in this chapter suggest
that PES may not suppress gassing at high temperature at the positive electrode, but
instead, suppress the generation of ethane and acceleratescG@umption at the
negative electrode. Figure 4.8 shows that-ad@taining pouch bags consumed D

the lowest rate copared to the other pouch ba@sgure 4.7 shows that the volume of
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CO;, for pouchcellswith 2% VC at 4.2 Ms larger compared to the other pouch cells at

4.2 V. These results suggest that even though VC can suppress the generation of ethane,
VC slows down the C®consumption at the negative electrode, resulting in increased
amounts of gasn pouchcells at 4.2 V at high temperature as shown in Figure 4.4.
However, the reader is cautioned that many more repeated experiments under a variety of

conditions would be required to have full confidence in these statements.
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Figures 4.9, A4, A5 and Ashow the areapecific Nyguist plos of positive electrode
symmetric cells reconstructed from NMC442/graphite pouch catid NMC442
containng pouch bagsvith control, control + 2% VC, 2% PBF, 2% TAd®ored at 40C
and 60°C The frst semicircle (high frequencyg due to thecortact resistance between
the double sided electrodes and the coin aalbe''' The diameter of thesecond
semicircle (low fequency)corresponds tdwice the charge transfer impedance; R
which is a importantfactorthat affectscell performance Its value is equal to 2Rsince
there are two identical positive electrodes in the symmetrical déiggire 4.10 shows a
summary of the average values qf IReasured for the electrodes taken from pouch bags
and pouch cells. Figure 4.10 shows that positive electrodes taken from pouch bags have

larger impedance than electrodes taken from pouch cellsiaekbpat 60°C
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Nelson et al. found that (R changes quaseversibly at high voltage in
NMC442/graphite pouch cells containing @sed electrolytes which shewhat R; of
the positive electrode varies with different potential (vs Lyfor EC-based electrolytes.
15 Therefore, it is important to compare the impedance of the positive electrode at the
same potential vs Li/Li After 500 h of storage aD4C, the potential of pouch cells with

control, control + 2% VC2% PBF and 2% TAP dropped from 4.4 V to 4.24, 4.25, 4.265
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and 4.28 V, respectively, as shown in Figures 4.12, A7, A8 and A9.

In order to gain

more insight about how Rof the positive electrode changes before storage and after

storage, Nyquist plots ggositive electrodetaken from pouch cells before storage at both

44 V and 4.24 V (in the case of cells with control electrolyte, and corresponding

potentials for cells with different additives) as#so included inthese Figuredor

comparisonFigures 4.9, A4, A5 and Ashow that R of positive electrodes taken from

powh cells after 500 Istorage remain almost the same as before storage when the

positive electrode stays the same potential vs Li/Li
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Figure 4.10 clearly summarizes that fact that the impedance of the positive electrode
grows more rapidly during high voltage storageaipouch bag (no negative electrode
present) than in a pouch cell where there is a negative electrode present. EC and EMC
based electrolyte can be oxidized as the voltage vs*lificreases above 4.2 VP?7
The oxidized species generated at the positive electrode in pouch bags probably remain in
the electrolyte while these species could be consumed by the lithiated graplhiee in t
pouch cells. This suggests that the consumption of oxidized species by the lithiated
graphite electrode is essential for maintaining reasonable impedance in full cells to be
stored at high potential (4.4 or 4.5 V), or otherwise the oxidized speciaseafp react

with the surface of the positive electrode material leading to a high impedance film.

In order to gain insight about howRchanges over time, positive electrode
symmetrical cells were reconstructed from pouch cells and pouch bagsowitbl + 2%
PBF that had been stored for 80, 300 or 500 hours at 40 and 60°C. Figure 4.11 shows a
summary of R versus time for the positive electrodes taken from these pouch cells and
pouch bags. Figure 4.11 shows thatf& positive electrodes takdnom pouch cells
remained constant over the 500 h storage period at both 40 and 60°C. Howeoktr, R
positive electrodes taken from pouch bags stored at 40°Casexdtgreatly at the
beginning, then remained unchanged after 300 hours of storggef Bhe positive

electrode taken from pouch bags stored at 60°C inedesggnificantly with time.
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Figure4.12 shows the potential versus time for NMC442/graphite pouch cells during
storage at 46C and at 68C. These cells had control electrolyte. Also shown are data
points collected for Li half cells constructed from electrodes recovered from the pouch
bags and pouch cells at 89, 257 and 497 h at 40 °C, and 83, 275 and 490 h &t&0 °C.
potential of the graphite electrode is about 0.089 + 0.08 averaged over the six

measurements shown. Therefore, a black;headed arrow, of length equal to 0.089 V
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has been placed at different pouch cell potetitia¢ curves. The potential of thelha

cells containing the NMC442 is expected to be the pouch cell potential plus the graphite
potential. Figure 4.12 shows this is approximately true which suggests that no strange
unexplained processes are occurring in the pouch bags, even though thelpuitéme
positive electrode cannot be directly measured in the pouch bag during storage. It is
interesting that the potential (vs Li/liof the electrodes in the pouch bags appears to be
higher than in the pouch cells. The pouch cells were openednelyrearefully to avoid

short circuit so this difference in the positive electrode potential could indicate less self
discharge for the electrodes stored in pouch bags where a negative electrode is not
present. Figures A7, A8 and A9 show similar reswdtscbntrol + 2% VC, control + 2%

PBF and control + 2% TAP, respectively. The potential of the positive electrode taken
from the pouch bag (vs Li/L) is always greater than that of the electrode taken from the
pouch cell. The difference is very striking foells and bags with control + 2% TAP at

60 °C. This is not understood at present, but is surely due to a negative electrode/positive

electrode interaction which occurs in the pouch cell during storage.
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electrodes stored in bags The peaks arising from SEI components containing ether and
carbonyttype environmentsat 531.5 eV and 533.3 eV, are smaller for the positive
electrodes stored in bags than those stored in cEieseobservations indicate th#te
organicportion of theSEI covering the positive electrodes stored in baglsimnerthan

that inthe SEI brmed on positive electrodes stored in cell$is is surprising, as JrRof
positive electrodes stored in bagsrmschlarger than those stored in cell$he thinned

SEI of positive electrodes stored in bags gives evidence that a thimrgemc
insulating phase is the dominant contributor tpdRowth. This insulating phase may be
the reduced layer abcksalt structuréransition metal oxide, described in several recent
publications'®®***%" The C1s and F1s regions of the XPgectra did not reveal
significant chemical differences between positive electrodes stored in cells and bags,

other than the thmng of the organic portion of tHgEl
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Figure4.14shows a schemataf negative/positive electrode interactions suggested by
the data presented herén a pouch cellglectrolyte is oxidized at the positive electrode
and gaseous or oxidized species as well as electrons are generated. The generated
electrons combine withthium ions and insert into the positive electrode. The released
gaseous and oxidized species move to the negative electrode and are reduced there. This
leads to lower cell volume increase and lower full cell impedance growth even though it
can thicken hie negative electrode SEI film leading to partial blocking of the path for
lithium ions to insert into graphf® In a pouch bag, generated gases such as CO
remain, otheoxidized species accumulate armhaeact at the positive electrode again.

This may produce aore resistive passivatingrh possibly a rock salt surface layer at
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thepositive electrode. These phenomena would explain the larger gas volume production

and larger impedance in pouch bags compared to full pouch cells.

4.3  Summary of observations and concluding remarks

It is veryuseful to summarize the findings of this Chapter here:

1. NMC442 positive electrodes stored at 4.4 V 8C60 pouch bags with electrolyte
create more gas than the same electrodes stored with the same electrolyte in pouch cells.

This suggests the negatielectrode can consume some of the generated gas.

2. Most of the gas generated in the pouch bags during storage &@Gurprisingly,
the presence of electrolyte additives known to improve high voltage storage and cycling

do not affect the gas gemation rate strongly.

3. CQ intentionally injected into pouch bags containing lithiated graphite is

consumed over time.

4. NMC442 electrodes removed from pouch bags after storage at 4.4 V and elevated
temperature have dramatically larger values gf(& least double) than those removed

from pouch cells.

5. Surprisingly, the positive electrode SEI is thinner (for all additives studied) on
electrodes stored in pouch bags, even though thegiisRnuch larger than electrodes
extracted from pouch cells. This suggests the SEI is not thicker even thgugtaRyer
and, instead, the surface of the NMC442 electrode may have been changed, perhaps to a

rock-salt surface layer.
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These observations derscore the complexity of the chemical and electrochemical
reactions occurring in Lion cells charged to high potentials. There can be no doubt that
the presence of the negative electrode #dnc

products that o#trwise adversely affect the positive electrode.
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CHAPTER 5: STUDIES OF GAS GENERATION, GAS
CONSUMPTION AND IMPE DANCE GROWTH IN LI -ION CELLS
WITH CARBONATE OR FL UORINATED ELECTROLYT E USING

THE POUCH BAG METHOD

In this chapterthe pouch cell and pouchdaethoddescribed in Chapterig used to
study the effect of a carbonate electrolgentaining a ternary electrolyte additive
mixtureand a fluorinated electrolyte on impedance growth of charged positive electrodes
stored atelevated temperaturéd gas chromatography method is used to identify gas
compositions, including hydrogen and CO, to gain more insight about the interactions
between the positive electrode and the negative electrode in th& bellsajority of this

work wasadapted from the folloing peefreviewed article:

D.J. Xiong, L.D. Ellis, R. Petibon, T. Hynes, Q.Q. Liu, J.R. Dahn, Studies of Gas
Generation, Gas Consumption and Impedance Growth-larnLCells with Carbonate or
Fluorinated Electrolytes Using the Pouch Bag Method, J. EléwtmcSoc. 164 (2017)

A340i A347. doi:10.1149/2.1091702jes.

Deijun Xiong prepared the pouch cells and pouch bags and also prepared the materials
for the XPS studiesToren Hynes and Qiangian Liu also prepared some cells for this
study.Deijun Xiong performedhe gas measurements, the impedance measurements and
the electrode potential measurements. Deijun Xiong performed thd&§tudies of gas

compositions together with Remi Petibdrhe XPS measurements and the analysis of
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XPS spectra were performed by Ledlhs. Deijun Xiong prepared all the figuregpect
for Figure 5.9 (prepared by Leah Elligeff Dahn provided guidance and participated in
experimental design and the interpretation of all the data. iD&jong prepared the
manuscriptof the article mationed above excedbr the XPS section and received

revisions from Leah Ellis, Remi Petibon and Jeff Dahn.

5.1 Experimental

5.1.1 Pouch Cells and Pouch Bags

The NMC442/graphitepouch cells werg@repared according to the method described in
Section 3.1.5 anéllled with 0.76 mL of 1M LiPEkin EC:EMC (3:7 by weight) (control
electrolyte) + 2% PES + 2% DTD + 2% TTSPi (called PES222 here) or 0.76 mL of 1M
LiPFs in TFEC and FEC (1:1 by weight) + 1% PES (called TFEC/FEC) in an diltgzh
glove box and sealed in ghsane glove box under vacuunihe pouch cells then
experienced the preycling described in Section 4.1.%teps and a flow path of the
process used to make and test pouch cells and pouch bagaslseetescribed irSection

4.1.1.

Four pouch cells either at2dV or 4.4 V were used for heaothead comparison in the
gas evolution experiments in each case. Two pouch vedl® moved toa 60°C
temperature box for storagéhe othertwo pouchcells were transferred tan Arfilled
glovebox and dmssembled thereThe delithiated NMC442and lithiated graphite
electrodexollected from the pouch cells were inserted hfterentpouch bag. In order
to create a similar electrolyte environment in the pouch bags as the pouch cellsp0.15 g

EMC was added to the pouch bags containing charged electrodes taken from the pouch
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cells with PES222 to compensate for EMC evaporation during handling while 0.2 g of
TFEC was injected into pouch bags containing charged electrodes taken from the pouch
cells with TFEC/FEC to compensate for TFEC evaporation during handlmege pouch

bags were also moved to a 60°C temperature box for storhgevolume of the pouch

bags and pouch cells during the 500 h storage period were measured from time to time

usingtheexsitu gasvolumeequipment described Bection 3.4

Eight pouch cells at 4.4 V were used for the impedance studies in each case. Two
pouch cells were moved a 40°C temperature box. Another two pouch cells were moved to
a 60°C temperature box. The ethfour identical pouch cells were transferred to the
glovebox and dissected there. The four delithiated NMC442 electrodes were inserted into
pouch bags with 0.15 g of EMC for PES222 electrolyte and 0.2 g of TFEC for
TFEC/FEC electrolyte. Two pouch bagsreienoved to a 40°C temperature box. The
other two pouch bags were moved to a 60°C temperature box. All these pouch cells and

pouch bags were stored for a 500 h storage period.

5.1.2 Analysis of the Gas Composition in NMC442/Graphite Pouch Cells ard

NMC442-containing Pouch Bags

After 500 h storage at 40 or 60°C, a gas chromatograph coupled to a thermal
conductivity detector (GECD) was used to analyze the gas compositions in the pouch
cells and pouch bagk some cases, only one pouch cell wasya®al. A gas extraction
chamber describeh Section 3.5.4vas used to extract the gasses from the pouch cells
and pouch &gs for quantitative analysis. The procedures for quantitative analysis of gas

compositions produced in pouch cells and pougs lwarbe found in Section 3.5.
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5.1.3 Symmetric Cell and Half Cell Construction

After the 500 h storage periodhet pouch cells and pouch bags wesed to construct
positive/positive symmetric cells and half cells according to the method described in
Section 4.1.41M LiPFg in EC/EMC (3:7 w/w) was used in the half cells and symmetric
cells where electrodes were taken from pouch cells and pouch bags with PES222 while
1M LiPFs in TFEC/EC (1:1 w/w) was used in the half cells and symmetric cells where
electrodes were takefrom pouch cells and pouch bags containing TFEC/FBE@&
potential of the assembled cdmalf cells and AC impedance spectra of the assembled

symmetric cells weremeasured according to the method described in Section 4.1.4.

5.1.4 XPSAnalysis

The details inKPS method can be foumad Section 4.1.5.

5.2  Results and Discussion

Figure 5.1 shows the gasolume vs timein the pouch cells and pouch bags with
PES222 or TFEC/FEElectrolyteduring the 500 h storage period at 60°C. No volume
changes were detected for pbubags containing lithiated graphite electrodes during the
storage period at 60°C, which isnsistent with previous results described in Chapter 4.
Pouch bags with delithiated NMC442 taken from pouch cells with PES222 produced
much more gas than the oesponding pouch cells while pouch bags with delithiated
NMC442 taken from pouch cells with TFEC/FEC produced less gas during the first 300 h.
The large error bars for the gas volume in pouch bags with TFEC/FEC electrolyte after
approximately 300 h are sad on 2 pair bag measurements and arise from an unknown

cause
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Figure5.2 shows the gas compositions in the pouch cells and pouch bags determined
using the GC-TCD method. Figuré.2 shows that there is almost no £f@ft in the
pouch cells with PES222 while there is still a significant amount of f8Gnd inthe
pouch cells with TFEC/FEQhis suggests that the modified SEI at the graphite electrode
in pouch cells with TFEC/FEC suppresses,@duction at the grapleitelectrode and its
removal from the gas. Interestingly, hydrogen was only found in pouch cells and not in
pouch bags. This suggests that the generation of hydrogen is through species created at
the positi\e electrode which travel to tlmegative electrde, react angroduce hydrogen
there®>?*Figure 5.3 shows possible pathways where hydrogen can be generated from the

interactions in pouch cells with carbonate electrofyfé’Figure 5.2shows that there is
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much more hydrogen genegdtin pouch cells with TFEC/FEC thampouch cells with
PES222. This explains why fluorinated electrolytes can cause severe gassing problems
whenused in Liion cells opeated at elevated temperatures.
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Figure5.4 shows the gas volume in the pouch cells and pouch bags measured by GC
TCD and also byArchimedes principleFigure 5.4 shows that gas volume measured by

GC-TCD is consistently larger than that maeed byArchimedes principleThis is

94



expected since gaseous products can be dissolved in the electrolyte in the cells and bags

according to Henids law?°2*°

Figures5.5a, 5.50, 5.6a and5.6b showthe aresspecific Nyquist plot of positive
electrode symmetric cells reconstructed from NMC442/graphite pouch cells with PES222
or TFEC/FEC, respectivelyNelson et al. discoverdtiat R; changé quasireversibly at
high voltage in NMC442/graphite poudaells containing Etbased electrolytes which
shows that R of the positive electrode varies with potential (vs LiLin EC-based
electrolytes® However, Xia et al. found thatRlid not change over the voltage range
(3.84.5 V) in NMC442/graphite pouch cells containing fluorinated electrolyte indicating
that Ry of the positive electrode does not vary strongly with potential (vs ifhithe
TFEC/FEC electrolyt> One mustcompare the impedance ofetipositive electrode at
the same potential vs Li/Liin EC-based electrolyte but there is no need to compare the
impedance of the positive electrode at exactly the same potential vsihifliorinated
electrolyte.After 500 h of storage at 40°C, tip®tential of pouch cells with control +
PES222 dropped frodh.40 to4.27 V, as shown in Figui®l. ThereforeNyquist plots of
positive electrodes taken from pouch ca&ligh control + PES22before storage at both
4.4V and 4.2N are also included in Figes5.5for comparisonFigure B2 shows the
potential versus time of pouch cells containing TFEC/FEC electrolyte during storage for

completeness.
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Figures5.5 and 5.6 show that R of the positive electrode in pouch cells does not

change significantly as the storage temperature increases from 40°C to 60°C.5Fgure

shows that R of positive electrodes taken from pouch bags is larger than that of positive

electrodes takefrom pouch cells with PES222, especially at 60T@is is consistent

with the resultsdescribed in Chapter Zhis suggests that the addition of PES222 does

not suppress the oxidized species from reacting with the charged positive electrode

96



materialleading to a large increase in impedance. Figuéeshows that R of positive
electrodes taken from pouch bags with TFEC/FEC is slightly larger compareddb R
positive electrodes taken from pouch sellith TFEC/FECFigures5.5d and5.6d show

that R, of the electrodes stored at°60in pouch bags with PES222 is about an order of
magnitude larger than t¢se of electrodes stored with TFEC/FECThis suggestshat

either the oxidized species from TFEC/FEC do not react with the positive electrode or
that the passivating layer resulting from TFEC/FEC can prevent the oxidized species
from reacting with the positive electrode resulting in less impedance growthdoged

positive eleatodes in contact with TFEC/FEC.
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Figuresb5.7 and5.8 show the areapecific Nyquist plots of lithiated graphite electrode
symmetric cells reconstructed from NMC442/graphite pouch cells and pouch bags stored
with PE22 or TFEC/FEC, respectivelfigures5.7 and 5.8 show that R of the
lithiated graphite @ctrodes harvested from the pouch cells is roughly the same as those
from pouch bags. However #f the lithiated graphite electrodes harvested from pouch
cells and pouch bags with TFEC/FEC (Figtr8) is much larger compared tq:Rf the
lithiated gaphite electrodes taken from pouch cells and pouch bags with PES222 (Figure

5.7). Large impedance at the graphite electrode is not desirable for high rate and low
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temperature applications. This suggests that TFEC/FEC will not be a good choice for Li

ion cells which need to operatetagh rates and low temperature.
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Figure5.9 shows the backgrourslibtracted Ol1s spectra of positive electrodes stored
at 60°C for 500 h in PES 222 (FigufeSa) or TFEC/FEC (Figur6.%) containing pouch
bags or pouch cells. The trends are roughly the same for both electrolytes. The peak at
529.5 eV, assigned to the NMC lattice oxygen, is larger for positive electrodes istored
pouch bags than for those stored in cells. The peaks at 531.5 eV and 533.3 eV,

originating from SEI components containing ether and carbypg environments, are
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smaller for the positive electrodes stored in bags than those stored in cells. Both
observations indicate that the SEI is much thirfioethe positive electrode stored in bags
than stored in cells. This is unexpected gsdR positive electrodes stored in bags
containing conventional carbonate electrolyte is much larger thaof 8ectodes stored

in cells and R of the positive electrode stored in bags containing fluorinated electrolyte
was slightly larger than fRof electrodes stored in cellsThe thinned SEI of positive
electrodes stored in bags gives evidence that a thinprgamic, insulating phase is the
main contributor to R growth. This insulating phase may be the reduced layer of
rocksalt structure transition metal oxide described in several recent
publicationg®®162184167 Ngo significant chemical differences were revealed i @s

and F1s regions of the XPS spectra between positive electrodes stored in cells and bags

containing PES222 and TFEC/FEC, other than the thinned SEI.
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Figure5.10a shows a schematic of possible reactions and crosstalk between negative
and positive electrodes in the pouch cells and of reactions in the pouch bags containing
conventionacarbonate electrolyte suggested by the data presented here. Fitflre
shows a similar schematic for the cells and bags containing fluorinated electiolye.
pouch cell (left side of Figure5.10a and5.1(M), both the conventional carbonate
electolyte and the fluorinated electrolyte are oxidized at the positive electrode at high
voltage and elevated temperature generating gaseous or oxidized species as well as
electrons. The lithium ions in the electrolyte combine with the generated electrons and
insert into the positive electrode reducing the potential of the positive electrodélys Li
The released gaseous and oxidized species move to the negative electrode and are
reduced there. CQOs consumed at the negative electrode to produce prothattsoat
the graphite electrode surfack.is possible that released protic species react at the
graphite electrode to produce hydrogeNMuch more hydrogen is produced in cells
containing TFEC/FEC electrolyte than PES222 electrolyte. In a pouch bag with
conventional carbonate electrolyte, generated gases such asn@dQother oxidized
species remain and react at the positive electrode leading to a more resistive passivating
film, possibly a rock salt surface layer at the positive electr§&&2%***However in a
pouch bag with fluorinated electrolyte, the gaseous and other oxidized species are either
unable to react with the positive electrode or there is a better passivating layer at the
electode which prevents reactiongherefore a minimal impedance gwth at the

positive electrode is observed in pouch bags with TFEC/FEC.
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5.3 Conclusions

EC-based and fluorinated electrolytes have been comparatively studied using
NMC442/graphie pouch cells and pouch bagshe results show that the flaoated
electrolyte suppressesipedance growth of the charged NMC442 electrodiecreates
large initial negative elctrode impedanceCO, is produced in pouch bags containing
charged NMC422 and either electrolyte, but very little,@ound in pouch cellgvith
the ECbased electrolyteThis suggests that the SEI at the graphikéeteode created by

the fluorinated electrolyte limits G&onsumption compared to the carbonate electrolyte.

Virtually no gas was produced in pouch bags containing lithiatepghge and either
electrolyte. Virtually no hydrogen was produced in poublags containing charged
NMC442 and eher electrolyteHowever, hydrogen was found in pouch cells containing
either electrolyte and the amduof hydrogen in the pouch cells containing the
fluorinated electrolyte was very larg@&herefore, the generatiorf bydrogen must be

caused by the crosstalk between the negative electrode and the positive electrode in a cell.
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CHAPTER 6: EFFECTS OF SURFACE QOATING ON GAS
EVOLUTION AND IMPEDA NCE GROWTH AT NMC PO SITIVE

ELECTRODE IN LI -ION CELLS

In this chapter, the poudbag method described in Chapter 4 is used to study the
effects of surface coatings on NMC442, NMC532 and NMC622 electrodes. The majority

of this work wasadapted from the following manuscript

D. J. Xiong, T. Hynes , L. Ellis, and J. R. Daliffects ofSurface Coating on Gas
Evolution and Impedance Growth E{Ni,Mny,Co,...,JO, Positive Electrodes in Libn

Cells accepted by. Electrochem. Soc.

Deijun Xiong prepared the pouch cells and pouch bags. Deijun Xiong performed the
gas measurements, the impedance measurements and the electrode potential
measurements. Deijun Xiong performed the-M6 studies of gas compositions together
with Toren HynesDeijun Xiong prepared all the figures. Jeff Dahn provided guidance
and participated in experimental design and the interpretation of all the data. Deijun
Xiong prepared the manuscript mentioned above and received revisions from Leah Ellis

and Jeff Dahn.

6.1 Experimental

6.1.1 Pouch Cells and Pouch Bags

The uncoated NMC442/graphitelaPQ-coated NMC442raphite, uncoated
NMC532/graphite, AlOs-coated NMC532/graphite, naoated NMC622/graphite and

Al,Oz-coated NMC622/graphiteells were prepared according to the mdtbescribed in
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Section 3.1.5After the cells were filled with 0.9 g of control + PES222, they then
experienced the precycling described in Section 4.1.1. Steps used to make and test pouch
cells and pouch bags were also described in Section 4.1.1. Flsuatcél4 V were used

for headto-head comparison in the gas evolution experiments in each case. Two pouch
cellswere moved t@ 60°C temperature box for storag&he othertwo identical pouch

cells were transferred tan Arfilled glovebox and dmssembed there Two lithiated
graphite electrode and twaelithiated NMC electrodes collected from the pouch cells
were inserted intdifferentpouch bags with @5 g EMC. The addition of 5g EMC to

the pouch bags created a similar electrolyte environmeint tie original pouch cells

EC and LiPE remained in the electrodad some EMC evaporated during the time (less

than 5 minutes) it wk to assemble the pouch bags.

Eight pouch cells at 4.4 \6f each typewere used for the impedance studieghe
most casesTwo pouch cells were moved a 40°C temperature bdowo otherpouch
cells were moved to a 60°C temperature bdke other four identical pouch cells were
transferred to the glovebox amgbenedthere. Four delithiated NMC electrodes vee
inserted intadifferent pouch bags with @5 g EMC. Two pouch bags were moved to a
40°C temperature boand theother two pouch bags were moved to a 60°C temperature
box. All these pouch cells and pouch bags were stored for 5T0Benvolume of all th
pouch bags and pouch cells during the 500 h storage periodragked over timeising
Ar chi me de s'® The patentiadiofpthegpouch cells were measured with an

automated voltagmeasurement syster®#*
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6.1.2 Symmetric Cells and Coin Half Cells

After the 500 h storage period, the pouch cells and pouch bags were used to construct
positive/positive symmetric cells and half cells according to the method described in

Section 4.1.4.
6.1.3 Analysis of theGasCompositions inPouch Cells andPouch Bags

After 500 h storage, GTZCD was used to analyze the gas compositiorthépouch

cells and pouch bagecording to the method described in Section 5.1.2.

6.2 Results and Discussion

Figure 6.1 shows the amount of gas evolved in pouch cells and pouch bags with
PES222 and different types of NMC, with and without surface coatumgg the 500 h
storage period at 60°C. No volume changes were detectgqgbéich bags containing
lithiated graphte electrodes during th@0°C storage period, whiclare consistent with
previous resulté’® Pouch bags containing charged NMC electrodes produced much more
gas than the corresponding pouch cells. This is also consistent with previous’f&sults.
Pouch cells and pouch bags containing®Q3icoated NMC532 and NMC622 produced
more gasthan the corresponding ones containing uncoated NMC532 and NMC622
during 500 h storage. Pouch cells and pouch bags containing,ica@@d NMC442
produced a similar amount of gas as the corresponding ones containing uncoated

NMC442. This suggests that AhbO3; surface coating can cause more gas generation.
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Figure 6.2 shows the gas compositioafter the storage periadetermined usinghe
GC-TCD methodfor pouch cells and pouch bags containing different coated and
uncoated NMC grade electrodes. Figure 6.2 shows that the major gases produced in the
pouch cells and paeh bags are C{and CO. Figure 6.2 shows that pouch bags produced

much more C@than the corresponding pouch cells, since gases such asaf(he
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consumed by the lithiated graphite electrode in pouch cells as described in Chapter 4 and
5. Figure 6.2 shows that hydrogen is only detected in pouch cells rather than pouch bags.
This is further evidencéhat the generation of hydrogen is through spetieated at the
positive electrodavhich travel to the negative electrode,ateand make hydrogen®*

Figure 6.2shows thatAl ,0s-coated NMC532/graphite pouch cells produced much more
hydrogen than the other pouch cells bus thata appearto be anomalous.Reades

should be cautioned that many more repeated experiments would be required to have full

confidence in this statement.
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5.5

5 Gas volume from GC-MS
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Figure 6.3 showsthe gas volums in these pouch cells and pouch bajter the
storageperiod asmeasured byoth GC-TCD and Archimedes principle.Figure 6.3
shows thatthe gas volume measured by GO CD are consistently larger thathose
measured by Archimedes principl&his is not surpsing sincemanygaseous products

can be dissolveih the electrolytein the cells and ba&gs*°

Figures 6.4, 6.5, 6.6, 6.7 and 6.8 show the areapecific Nyquist plots of positive
electrode symmetric cells where the electrodes were collected from uncoated
NMC442/graphite, LaP@coated NMC442/grdpte, uncoated NMC532/graphit&l,0s-
coated NMC532/graphite, uncoated NMC622/graplaitel coated NMC622/graphite
pouch cells and pouch bags with PES2trolytestored a#4.4 V at40°C and 60°C.

The first semicircle (high frequency) originatieom the contact resistance between the
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double sided electrodes and the coin cell ¢5sehe second semicircle (low frequency)

is due to the charge transfer impedancg, which is an important factdahat affects ell
performancé’* The diameter of the second semicircle corresponds tp fdfce two
identical positive electrodes arsad in the symmetric cells. Figsré.4, 6.6 and 6.8
showthat the impedance of uncoated NMC electrodes grow more rapidly during high
voltage storagat 60°Cin a pouch bag than in a pouch cell wheregtaephite electrode

is present. fe oxidized speciegenerated at the positive electrode in pouch bags can
remain in the electrolytevhile these species couted consume by the lithiated graphite

in the pouch cellsThe remaining oxidized species in the pouch lzagsdd further react
with the surface offte positive electrode materiahdthus create a high impedance film

at its surface. Figuse6.4, 6.6 and 6.8 show that the impedance of uncoated NMC532
grew much less compared to uncoated NMC442 and uncoated NMCG622thdsen
electrodeswere stored in path bags at 60°C Figures 6.5, 6.7 and 6.8show thatan
Al,O3 surface coating can help suppress impedance growkite a LaPQ, surface
coatingdoes notwhen PES222 is usedFigures 6.7 and 6.8 showthat ALOs-coated
NMC622 has less impedance growdbmpared to AlOs;-coded NMC532when they

were stored in pouch bags at 60°C.
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LaPO,-coated NMC442
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Uncoated NMC532
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Al,O,-coated NMC532
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Uncoated NMC622

Al,O,-coated NMC622

0 100 200 300 400
200 ‘ — N 200 :
a) L C)
__4.185V pouch cells
160 - after 500h storage at 60°C 160 - ]
__4.185V pouch cells i
before 500h storage at 60°C
120 __ 4.4V pouch cells I 1201 i
before 500h storage at 60°C ||
80 - 1 80 - ]
40+ 1 40 - ]
& &
£ £
g = ‘ - 3 200 | ]
f:, b) N d) Pouch bags
" 1200 b after 500 h storage at 60°C
160 - ]
120 - ]
800 Pouch bags i
afte 500 h storage at 60 °C
80 - ]
400 - ]
40 - ]
0 400 800 1200 1600 2000 2400 2800 0 100 200 300 400
Z' (W.ecm?2) Z' (W.cm?2)
FigurAea egpeBci fi ¢ Nyquieslite cptlrootdse osfy npnoestirtiicvecel | s.
taken from uncoated NMCG6 02d gatagpdchi NMCgDdAU/ccghr acpehli
cells (b), uncoated NMC62&cetberddNME@6RPRuUshobad
bagd) (after 580t0 @A IAYCt. oproaugceh cel |l s and pouch b
electrolyte. The readeqaxis c&af &oalsdmecc hmd tairge
than in panels a), c¢) and d)

116



I Pouch cell stored at 40 °C for 500 h
[ | Pouch cell stored at 60 °C for 500 h
I Pouch bag stored at 40 °C for 500 h
I Pouch bag stored at 60 °C for 500 h

1400 1400
1300 - - 1300
1200 — - 1200
1100 - - 1100
1000 - - 1000
—~ - N —
S 900 I S % g ] 900
£ 800 O 3 S - 800
&) N N ©) N O
= R = o = N S :
c 700~ ¥ < 3 Z g Z - 700
L 'O 4
S p= @ > IS = b5
— 600~ S5 = = Q = @ - 600
o - © @© g
O
T 500~ @ O I5 3 I5 3 - 500
- ®© < T » IS o 1
400 - 9 O o o) 9 o) — 400
| O ol O S O S |
c © c =~ c =
300 - o — ) < 2 < - 300
200 200
100 100
0 0
Figure 6.9 Aofsutmmarpyooift iRvreore|ltelcd rpaiesh taklelns
stored with PES222 eleddraoddte0mG@.ter 500 h sto

Figures C3, C4 and C5 show that AdlOs-coated NMC532 andél,0Oz-coatedNMC622
haveroughly the same voltage drafter the storage peria@sdo uncoatedNMC532 and
NMCG622 respectively. These suggest that the Al,O; surface coating doesot
dramatically suppress electrolyte oxidation occurring at the NMC electrodes but

apparentlyhindersthe oxidized species from reacting with the surface of the NMC

117



electode thus limiing impedance growthat elevated temperaturd@he average values of

Rc.: shown in Figure 6.4, 6.5, 6.6, 6.7 and6.8 are summarized in Figu9.

R of NMC electrodesvaries with potential (vs Li/l}) in conventional carbonate
electrolyte®™ Thus it is imperativeéo compare the impedance of tN&C electrods at
the same potential vs Li/Li After 500 h of storage at 40°C, the potential of uncoated
NMC442/graphite, LaPfcoated NMC442/graphite andncoated NMC53@raphite
pouch cells dvpped from 4.4 V to 4.27, 4.273 add297, respectively as shown in
FiguresCl, C2 and C3 After 500 h of storage at 60°C, the potential of uncoated
NMC622/graphite dropped from 4.4 V to 4.185 V shown in Figure T6.gain more
insight about how R of the positive electrode changes before storage and aftagstor
Nyquist plots of positive electrodes taken from pouch cells before storage at both 4.4 V
and 4.27V for uncoated NMC442/graphite, 4.4 and 4.273 V for La®&@ed NMC442,
4.4 and 4.297 V for uncoated NMC53#hd 4.4 and 4.185 V for uncoated NMCG#2
also included in Figuse6.4, 6.5, 6.6 and 6.8r comparison Figures6.4g 6.5a and6.6a
show that R of NMC electrodes taken from pouch cells after 500 h stoaagalmost
the same as before storagleen the electrodes were takieom cells at the sae voltage.
Figure 6.8a shows that.fof uncoated NMC622 electrodes taken from pouch cells after
500 h storage at 60°C was roughly the same as before storage when the electrodes were

taken fom cells at the same voltage.

6.3  Conclusions
Different NMC electrdes, with and without surface coatings have been comparatively

studied using pouch cells and pouch bags where PES222 electrolyte was used. The results
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show that an Al; surface coating can suppress impedance growth of the NMC622
electrode in pouch bagst 60°C, more effectively than a LaR®urface coating on a
NMC442 electrode. However, the 8k; surface coating causes more gas generation at
high voltage and high temperature. The pouch bag method can be used to compare the
reactivity of coated positivelectrode materials as a function of potential and temperature
with electrolyte in the absence of a negative electrode. Using this method, it is possible

that very inert positive electrode/electrolyte combinations can be found
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CHAPTER 7: MEASURING  OXYGEN RELEASE FROM
CHARGED NMC AND ITS EFFECTS ON THE PERFORMANCE OF

HIGH VOLTAGE LI -ION CELLS

In this chapterthermogravimetric analysis coupled with mass spectrometry (MSA
is used to measure the release of oxygen from charged NMC electrode mateigts at h
electrode potentials, i.e., low lithium content. This release is observed at relatively mild
temperatures as low as 40°C. The amount of oxygen released may be greatly limited by
utilizing larger NMC particles. Electrochemical measurements demonstcaieetation
between TGAMS results and the cycling performance of NMC/graphite cellsayX
photoelectron spectroscopy complements the TR results and provides evidence of
the solid electrolyte interphase decomposition. The results in this work effesupport
that the release of oxygen from NMC can cause oxidative decomposition of the
electrolyte and is a major reason why high voltage cells generate gas and have poor

capacity retentionThe majority of this work waadapted from the followingnanuscript

D. J. Xiong, L.D. Ellis, J. Li, H.Y. Li, T. Hynes).P. Allen, J. Xia D. S. Hall I.G.
Hill and J. R. DahnMeasuring Oxygen Release from Charged J/Mi,Co..,.,O, and its
Effects on the Performance of High Voltageidn Cells accepted byl. Electrochem.

Soc.

Deijun Xiong prepared the pouch cells and the materials for-M®Ameasurements
together with Toren HynesDeijun Xiong designed and performed the TG/
measurementsDeijun Xiong performedin situ gas measurements for uncoated

NMC442/graphite, uncoated NMC532/graphite, and uncoated NMCG622/graphite cells

120



while Jenn Allen, Hongyang Li and Jing Li performiedsitu gas measurements for the
other cells. Long time cycling data were received from Jingrd Jian Xia.Deijun
Xiong designed and performed the preheated material experimidreg XPS
measurements and analysis of the XPS spectra were performed by LealeflDahn
provided guidance and participated in experimental design and the integoretaall
the data.David Hall participated in preparing figures and analyzing the data. rDeiju
Xiong prepared the manuscripientioned above excefar the XPS section and received

revisions from David Hall, Leah Ellis and Jeff Dahn.

7.1  Experimental

7.1.1 Pouch Cdl Preparation

This work utilized various pouch cells which are NMC111/graphite,
NMC442/graphite, NMC532/graphite, Abs-coated NMC532/graphite, H¥Yoated
NMC532/graphite, single crystal NMC532/graphite, NMC622/graphiteOAtoated
NMC622/graphite and H\oated NMC622/graphite. The details of these pouch cells can
be found in Section 3.1.5. 0.9 g of control or control + PES211 was added to each cell.
After electrolyte filling, cells experienced different prgcling protocolsfor different
experimental purposesghich will be given specifically in different experimental sections

below.

7.1.2 Thermogravimetric Analysis/Mass Spectrometry (TGAMS)

The cells vereexternallyclamped to provide stack pressure (about 0.3 a&ngwere
first placed in a temperature box at 40°C and held at 1.5 \-1@rt6 These cells were

then charged teither 4.2, 4.4, or 4.6V at C/20 and held at that voltage-fi&¥ b prior to

121



disassemblyOne cellwith control electrolytewas chosen to be discharged to 2.8 V at
C/20 afterit was charged to 4.6 VThese cells were then quickly transferred to an Ar
filled glove box and disassembled there with great cautidime charged positive
electrodes were removed from the pouch cells aek wepeatedly rinsed with dimethyl
carbonate (DMC) six times to ensure that a minimal amount of electrolyte remained in
the electrodesAfter the electrodes were dried for half an hour in vacutie NMC and
graphitepowders wergemoved from the alumima and copper foil current collectors,
respectively, by gentle scraping with a stainless steel .rézwe powders were then
transferred in air as quickly as possibletfiermogravimetric analysis coupled with mass
spectroscopy TTGA/MS) experiments to miniire air exposure. Graphite and uncoated
NMC442 electrodes taken from uncoated NMC442/grapatis with control electrolyte

at 2.8 V were also subjected to T@AAS analysis after following the sanréensing
treatment as the charged positive electrode. Ainlsruments SD¥Q600, coupled to a
TA-instruments Discovery MS mass spectrometer was used for these experitnents.
most cases, approximately 80 mg of the electrode material from each cell was used for
each test.During the experiment, the sample wastfget to stay at room temperature for

10 minutes with a flow of argon at 400 mL/min. Then the samples were heated from
room temperature to 350°C at 10°C/min with a flow of argon at 100 mL/min while ions

with m/z = 2080 or only m/z = 32 were monitoreding the mass spectrometer.

7.1.3 In situ Gas Measurement

After electrolyte filling, the cells withcontrol + PES211 were first placed in a
temperature box at 4G°and held at 1.5 V for-62 h. They werehencharged to 3.5V at

C/20. After degassing in the gldwax, the cells were charged to 4.4 V at the same rate
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and then degassed agaiAfter the cells were discharged 80V at C/20, they were
loadedin an insitu gas measurement equipment for gas measureméhis.methochas
been described in detailn Section 3.4. The cells were charged to 4.3 V and then
discharged to 2.8 V Afterwards, the cells were charged to differentafiitvoltages of
4.4, 4.5 and 4.6 V and held at each-affitvoltage for 100 h. The current used during
testing was approximately/2D, where C is the measured capatigtween D - 4.3 V.
Thetests weregerformedat 46C. The changes in the volume of the cells during testing

were tracked as a function of time.
7.1.4 Coin Half cells

After electrolyte filling, uncoated NMC442/graphite and single crystal
NMC532/graphite pouch cells with clampadwith control + PES211 were first placed
in a temperature box at 40°C and held at 1.5 V {&2 6 and then charged to 4.6 V at
C/20 and heldfor 510 h. Cells were thentransferred to an Afilled glovebox for
disassemblyThe charged electrodes were removed and washed repeatedly using DMC
for six times. Before making coin half cells using these electrodes, some of them were
heated intentionall at 100 °C for 3h ima vacuum chamber while the otBedid not
receive the heat treatmentwo Celgard separatoesd control electrolytevere used for
these coin half cellsThe coin half cells were first dischatyo 2.8 V and then cycled

one time atC/40 at 40°C.
7.1.5 X-Ray Photoelectron Spectroscopy (XPS)

The delithiated positive electrodes descrilred.1.4, preparewith and without heat

treatmentwere mounted onto a molybdenum sample holder, using dsidad, ultra
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high vacuumcompatible copperape. The details of the XPS method can be found in
Section 4.1.5Peaks were fit with a mixed Gaussian (70%) /Lorentzian (30%) line shape.
Calculations of the inelastic mean free path (IMFP) were performed using the predictive
TPR2M equation of Tanumat al, with version 1.2 of the NIST EAL Databa$&?*

Leah Ellis, a third year graduate student in the Dahn labtheéise XPS measurements

and calculations.
7.1.6 Long-term Cycling Tests

After uncoated NMC442/graphite and single crystal NMC532/graphite cells with
control +PES211 experienced the grgcling protocolmentioned insection 7.1.3they
were testedwith clamp$ for longterm cyclingbetween 2.8 and 4.4 V usiagC/2 rate at
40°C. In order to check how impedance affecapacity, a slow C/2@ate cyclewas
added every 50th cycleMoreover, the cells were held at the top of charge until the

current eached C/2@uring each cycle.

7.2  Results and Dscussion

It has been proposed that at low lithium content, i.e., at high electrode potentials,
NMC materials release oxygen by the formation of a surface rock salt layer and that this
release of oxygen can cause the obskrexidation of the electrolyte at high
voltagest®®***Figure 7.k shovs that a large amount of m/z = 32) is rkeased from
NMC materials when heated above ~175 °C. The peak of this oxygen release correlates
well with the dm/dT peak, shown in Figurélb, suggesting the main weight loss is due
to this oxygen releastaroughout the materiat high temperature. Figuiglc shows

that the m/z=32 ion signal, which could be due to oxygen release, can also be detected
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from 20 mg of the sample below 1@ This result is consistent with the hypothesis that
NMC can release oxygen atompresumaly from its surface,at relatively mild
temperatures (i.e., the onset ig96°C). In order to verify that this m/z=32 ion peak was

not due to some artifact from the instrument, the experiment was repeated using 76 mg of
the same sampleAs seen in Figurd.lc, the area of the peak was approximately four
times greater when 76 mg of NMC442 was analyzed, relative to the 20 mg sarhjsle.

result confirms that the observed m/z=32 ion pisakot spurious, but rather originates

from the NMC sample.
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The PES211 electrolyte used here can form swlfumtainingand oxygercontaining
species such d€C=0, Ci Oi C at the positive electrodeurface It was then considered
whether the 32 ion signal may have originated fromy@t, SQ or H,S gas molecules
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that originate from decomposed SEI specisorder to exclude that sulfur-containing

SEI at the positivelectrode contribute to the32 ion signal, control electrolyt@asused

for most of samplesneasurechere. Since the SEI at the graphite electrode is rich in
oxygencontainingspecies, a graphite electrode taken from a pouch cell that was first
charged to 4.6 V and then discharged to 2.8 V was analyzed byM$&Asing total ion
mode (Mm/z=2680). Figure 7.2a shove that nom/z=32 signal was detected frothe
graphite electrodesuggesting thabxygencontainingSEI speciesuch ag C=Oand G

Oi C do notmeasurablycontributeto this signal. The most abundant ions for §CHH,

SO, or H;S gas molecules are 31, 63, and 34, respectivEherefore, the intensities of
these ions were ptted in Figure 10.2, whickhows that thesaverenot observed fothe
samples hereThus, the 32 ion signal is not attributabléhe CHOH, SQ and HS gas
molecules. Figures7.2d and7.2e show that the 32 ion peak is present twadthe peak
area are comparabldor charged uncoated NMC442 electrodes taken from 4.6 V pouch
cellsthat containeckither control electrolyte or PES211 electrolyt€his suggest that

the electrolyte does nosignificantly affect the m/z32 signal over this heating
temperéure range. Figure$02d andl102e show that the onset temperature for the
generation of C@for uncoated NMC442 taken from 4.6 V cells is lower than that taken
from lower voltage cells (2.8 V and 4.2 V) shown in Figuregb and7.2c. One
interpretation is that oxygen is released from the NMC material and reacts with the SEI
via a Apseudocombust iohhis can beasapparted by theoXPS r o d u
results which will be discussed later in detail.FiguresD1, D2, D3, D4, D5and D6

show all the ions with signal intenisis thatwereabove the baseline threshold for any of

the samples tested this work Compared to the instrument blank, shown in Figbre
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the m/z=28, 32, and 44 ions are the only ones that produced a peak santples in

FiguresD1, D2, D3, D4, D5 and D6.
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To investigate whether the stability of the positive electrode depends on its state of

charge,uncoatedNMC442 electrodesvere taken fromcells with PES21lthat were

charged to4.2, 4.4 and 4.6/ and were usedior TGA-MS analysis. Given that the

129



lithium content decreases as the electrode potential increases, it is expected that the
material stability will be less at higher cell voltagdtit is assumed that the m/z=32 ion
comresponds to oxygen, the residtconsistent with the observed @lease behaviour

shown in Figure7.3.1n generalthe amount of oxygen released increased witheasing

cell voltage, as evaluated sequantitatively from theelative peak ares, anddecreased

onset temperature of its releaselhe onset temperature fdhe oxygenrelease is
approximately 40°C. Figures 7.3e and7.3f show that the temperature for tB2 ion

signal shiftsto a lower temperaturasthe cell potentialis increased. This suggests that

this 32 ionrelease is not generated by some SEI species bukggen release froithe

surface of the positive electrodeaterial.

Whereas the previous results provide direct evidence jorel@ase from uncoated
NMC442 materials, # question arises whether this phenomenon is limited to a particular
NMC stoichiometry. Guéguent al. reported that charged uncoated NMC111 could
release oxygen around 4.55 V vs Li/lat room temperaturé® In order to see if the
TGA-MS method used here can match their report, charged uncoated NMC111 taken
from uncoated NMQ11/graphite pouch cells with PES211 at 4.2, 4.4 and 4.6 V were
investigated using TGMS. Figure 7.4 shows that the quantity ¢fie 32ion released
from uncoated NMC111 taken from 4.2 V cells was scarcely above the instrument
baseline By contrast, the mcoated NMC111 taken from cells at 4.4 and 4.6 V clearly
display the first 32 ion release peak, which onsets at ~40A%Cobserved for the
uncoatedNMC442 material, theaveragetemperature of th&2 ion peak for uncoated
NMC111 alsadecreases as the elexte potential increases. Tlissagain consistent with

the hypothesis that the material stability decreasése NMC lithium contentlecreases
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In order to explore whether this also occurs for other NMC materials, the method was
then used for NMC532 and NMC622 electrode materials with and without surface
coating. Moreover, single crystal NMC532 materials with large particde srere also
examined using the same methot@ihis material is of particular interest because of its
significantly lower surface area to volume ratibgures7.5 and7.6 show that the ©

release can similarly occur fail of these NMCsamples(uncoatedNMC532, Al,Os-
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coatedNMC532 HV-coated NMC532, and uncoatdliMC622, Al,Os-coatedNMC622,

and H\tcoated NMC622 materials) However, the single crystal NMC532 materials
(large particle size) taken from cetibarged tat.2, 4.4 and 4.6 \did not show the fst
oxygen release peakBy contrast, the application of inorganic coatings did not have a

clear inhibitive effect on the tendency of delithiated NMC532 or NMC622 to release O
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Bak et al. performedsimilar experimentn different grade NMC materials using
TGA-MS. However, no oxygen release bef@@8C was reported.The reason why Bak
et al.failed to find this oxygen release at early temperatuag have beerbecase they
only used around #g of charged NMC electrode materials whose potential vs Li/Li

was 4.3 \¥?® Herein, the onset potential of NMC materials for oxygen release is about
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4.48 V vs Li/Li". Thereforethe oxygen releaspeak if any, in their samples was likely

indistinguishable from baseline noise.
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During charging or storage at high voltage, gas will evolve since the released oxygen
will react with electrolyte. Therefore,in situ gas measurements were used to probe gas
evolution during a high voltage holdlhe voltagetime profile is shown in Figur&.7a,
where each cell was subject to a standard formation cycling protocol followed by
successive holds at 4.4,5, and 4.6 V for 100 h per step. The results shown in FEHgure
7.7b and 7.@ and summarized in Table2 demonstrate that the volume of gas released
increases with the hold voltag@his trend is true for all of the NMC materials examined

in this work. The single cyrstalNMC532 cells generated the least gaghis may be
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attributable taheno oxygen release behavior shown in Figurewhich indicates single

crystal NMC532 does not release oxygen at high voltage

For both NMC532 and NMC622, the A)s-coated materials released the most gas,
followed by the HVcoated and uncoated materials, respectivelgwever, the effect of
the proprietaryHV coating was less clear, where it decreased the volume of gas released
for the NMC622 materiaBy contrast, kghtly more gas was released from the HV
coated NMC532 than the uncoated materidhere was also no clear trend between

NMC nickel content and the volume of gas released.

Table 7.1Volume of gas produced during 100 h constant voltage fatlds4, 4.5 ad 4.6 Vfor
different NMC cells (as indicated) at 40°C.

Gas volume Gas volume Gas volume
Cell type during 4.4 V| Error during 4.5V Error during 4.6 V Error
hold (mL) hold (mL) hold (mL)
Uncoated
NMCA442/graphite | 09%9 | 0026 0.154 0.015 0.266 0.026
Uncoated
NMC532/graphite 0.005 0.014 0.237
Al203-coated
NMC532/graphite | 0024 | 0013 0.201 0.013 0.332 0.026
HV-coated 0.002 0.004 0.069 0.021 0.235 0.001
NMC532/graphite ' : : - . .
Single crystal
NMC532/graphite | 0-00¢ | 0001 0.000 0.006 0.085 0.018
Uncoated
14 .02 .64 124 . .077
NMC622/graphite 0.145 0.026 0.640 0 0.539 0.0
Al203-coated
521 . 1.54 032 _ 07
NMC622/graphite | O 0.050 543 0.03 0.909 0.073
HV-coated
-0.002 - : . 4 .
NMC622/graphite | 020 0.005 0.088 0.005 0.498 0.039

It was then considered what effect the release of oxygen has on the electrochemical
behaviour of NMC material Uncoated NMC442 and single crystal NMC532 taken

from pouch cells charged to 4.6 V meemade into coin cells for electrochemical
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characterisation. Furthegn NMC electrodetaken from the same pouch cellgas
thoroughly rinsed with DMC (see experimental sectitthvgn heated to 100°C for 3 h
under vacuum and then made into additional ceifs cFigure7.8 compares the cycling
behaviour of the hedteated and untreated NMC materials. The heat treatment is
observed to decrease the maximum of the pried@/dV vs Vpeak at ~3.75 V.This

peak is slightly shifted to lower cell voltages ara la smaller total area, representing a
small loss of charge and energy densitigdthough the general observations are the
same between the two NMC materials, the magnitude of the effects of heating are
significantly less for the single crystal NMC53%ah for the uncoated NMC442. This is
consistent with the TGMS results that show less oxygen is released from the single

crystal NMC532 than the uncoated NMC442.
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with heating
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Figure 7.8 dQ/dV curves of Li/luncoateweNBMC4
not preheated (a) and Li/single atgdtahdNME
preheated (b)
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In order to gain more support for oxygen loss from NMC materials, XPS was used to
analyze the samples with and without heat treatment showigure 7.8. Figure 7.9
shows XPS spectra and relative chemical compositions of charged NMC442 and charged
single crystal NMG32 positive electrodes, before and after prolonged exposure to 100°C.
Figure7.9ashows the O1ls spectra of these electrodes NI€E lattice oxygen peak, at
529.5 eV, is often used for determining the relative thickness of surface films on the
positive electrode: a tall lattice oxygen peak indicates a thin surface coating; a small
lattice oxygen peak indicates a thicker surfacdingaon the NMC. For both NMC442
andsingle crystal NMG32 electrodes, the peak at 529.2 eV is larger in the sample that
was heated tham the sample which was not heatedhis indicates that the positive
electrode SEI is thinned upon prolonged exposor200°C. The lattice oxygen peaks
from the single crystal NMG32 electrodes are smaller than those from the NMC442
electrodes, which is because of a proprietary surface coating, of unknown composition,
on thesingle crystal NMG32. Figure7.9bshows tle region of the XPS spectra where
3p peaks from the transition metals (TM), Ni, Co and Mn, and the 1s peakavé Li
observed.For both NMC442 andingle crystal NMG32 electrodes, the transition metal
peaks are taller in the samples that were heate@GeCl This is further evidence that

the SEI layer on top of the NMC positive electrodes is thinned upon heating.
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Table 7.2shows the relative atomic percent of chemical states observed by XPS
analysis. The atomic species are separated in three parts: SEI and/or binder components
(C, O, F and P), NMC components (TM and lattice O), and Li (which could be part of
either the SEI or the NMC).Both NMC442 andsingle crystal NMG32 electrodes
appear to lose small amount of oxygen from the SEI region during heating, which could
be a source of the observed &d/or the CQin the TGAMS experiment.The ratio of

the atomic percentage of lattice oxygen to the sum of atomic percentages of TM was
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expected to deemse if oxygen was released from the surface of the NMC, and if the
thickness of the overlaying SEI did not change. Since the thickness of the SEI appears to
thin from heating, the IMFP of the Ol1s photoelectrons must be compared to the TM3p
photoelectronsin order to account for the change in Ols and TM3p peak areas, before

conclusions about tace oxygen loss can be made.

Table 7.2Therelative atomic percent of chemicg@lexiesobserved by XPS analysis

NMC442 Single crystal NMC532
At%
No heat Heat No heat Heat

. C 50.1+0.8 | 49.4+0.8/495+0.7 51+0.7
é @) 21.3+05 | 19.3+0.5[/23.8+0.5 21.4+05
é F 164+05 | 18.2+0.5(144+04 155+04

P 16+0.2 18+0.2| 21+0.2| 16%0.2

Li 3+x1 11 6.1+09| 49%+0.9

O @) 48+0.5 6.6+05| 3+04 3.9+04
% ™ 2.53+0.0.043.24 £0.021.15+0.01 1.7+0.01

OT™M 19+0.1 |2.04+£0.08 26+0.1| 2.3+0.1

Figure7.10ashows the intensities of O1s and Mn3p photoelectrons, passing through a
SEI of a thickness less than 10 nithese were calculated using the IMFP of the Ols and
Mn3p photoelectrons passing through an overlayer of organic SEhe SEI
stoichiometry was ta&n to be 5:2 C:O (from the XPS quantification, showtabie 7.2.

The density of the SEI was assumed to be between 0.8 and 1% ayichthe band gap of
the SEIl was assumed to be between 4 and 7 &Wese values are expected to be
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representative foan unconjugated organic polymerhe IMFP of the Ol1s photoelectron
through the SEI was calculated to be between 2.2 and 2.6 nm, and the calculated IMFP of
the Mn3p photoelectron through the SEI was calculated to be between 3.3 and 4.0 nm.
Figure 7.10ashows that for an electrode with equal amounts of O and Mn, as the SEI
thickens, the observed intensity of the O1s photoelectron would be lower than that of the
Mn3p photoelectronFigure 7.10kshows the O:TM atomic ratio that would be observed

as a functia of SEI oerlayer thickness. Figures 7.10a and 7.40bw that thinning of

an SEI overlayer would result in an increase in the observed O:TM atomic ratio. The
O:TM atomic rato of the electrodes in Figure 7d8l not change upon heating, when the
SEI wasevidently thinned.This could be caused by loss of oxygen from the underlying
positive electrode. However, since the precise thickniege&SEI overlayer is unknown,

and the degree of its thinning is unknown, it is impossible with XPS analysis to

convincingly conclude that lattice oxygen has been lost from the NMC surface.

a) Photoelectron intensity vs depth b) Effect of depth on O:TM ratio
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It is important to compare the long term cyclingtween polycrystalline and single
crystal NMC materials in Lion cells operated to 4.4 V at elevated temperatéeuch
cells were prepared from uncoated NMC442/graphite, which performed modestly in the
TGA-MS measurements, and single crystal NMC53%fgita, on account of the
exceptionally low oxygen release for this particular material. The results in HdLie
demonstrate a clear performance difference between these two cell Wiheseas the
single crystal NMC532/graphite cell shows minimal capacity loss (< 5 %) or voltage
hysteresis after more than 800 cycles, the NMC442/graphite cell shows ~15% capacity
loss and significant hysteresis growth after just 400 cycles. These results are well
correlated with thepredictions from the TGAS. This offers strong support for the
hypothesis that the release of oxygen from the positive electrode material causes the
deleterious effects observed at high cell voltage, especially the oxidative decomposition

of the electrojte.

141



-} Single crystal NMC532/graphite

4 Uncoated NMC442/graphite
1904 . . : : : : . . 190
b)
180 {180
=
T m} 1170
Fy
§_1m- {160
o
150 | 1150
04 04
d)
03+ {03
s
02} {02
3
01 {01
04 : ' : : : - : : 0
0 200 400 600 800 0 200 400 600 800 1000
Cycle number
Figar €g1 1 capmpadiftey emmeéd bet ween aver al@p)vsharge
cycle number for single crystal NMC532/ graphi
cells (b, d) at C/ 2 wusing dCCAV4 pM¥ ot ocol at 40

The main weight loss for the charged NMC electrode materials in the-M&A
experiments is due to oxygen release above 170°C which is strongly associated with
thermal runaway. Therefore, the weight loss can be used to evaluate the thermal stabilit
of charged NMC electrodes. Figurel2 shows weight loss during the heating range for
different NMC materials taken from the corresponding pouch cells at 4.2, 4.4 and 4.6 V.

Figure7.12 shows that higher Ni content and higher-cfitpotential of NMC méerials
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causes more weight loss during the heating temperature range. This implies that higher
cut-off potential and higher Ni content increase the reactivity between charged NMC

electrode and electrolyte at elevated temperature, which is consistent with &1t al 0s

finding using accelerating rate calorimetry (ARC).
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7.3  Conclusions

TGA-MS measurements were used to demonsthaiieoxygen is released from NMC
electrode materials at high electrode potentials, i.e., low lithium coatéemperatures
as low as 40°C. The observation of this oxygen release offers strong support for the
Oreactive el ectr od dvemectioed itself acts mas awdageotin the h e
oxidative decomposition (pseudocombustion) of the electrolyte solatohthe SEI
This oxidative decomposition of the solvexatuld bethe major reason why high voltage
cells generate gas and have poor @iyaretention. Electrochemical measurements
demonstrate a correlation between the TK8 results and the cycling performance of
NMC/graphite cells.More surface techniques such eensmission electron microscopy
should be used to investigate the ungeg mechanisms of oxygen rease from NMC

materials at high potentials.
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CHAPTER 8: DRAMATIC  EFFECTS OF LOW  SALT
CONCENTRATIONS ON LI -ION CELLS CONTAINING EC-FREE

ELECTROLYTES

In this chapter, a study of different concentrations of LIPFEMC and ECGbased
electrolytes (0.3 2 M) was carried out. The electrolytes were used in NMC442/graphite
pouch cells that were subjected to elevated temperature storage,-disahgege and
impedance spectroscopy studies. Pouch cells were takensapidwdat symmetric cells
could be constructed to learn at which electrode impedance increases originated. In order
to achieve a fair comparison between these two different electrolyte systems at different
salt concentrations, the same electrolyte addhiead with the same weight percentage
was added to all electrolytes used. lonic conductivity measurements versus salt
concentration in EMC electrolyte (0:2.5 M) and EGbased electrolyte (0.0020.2 M)
were taken at various temperatures to gain irisigh what salt concentrations should be
used in EMC electrolytes to optimize cell performance and why the low salt
concentrations in EMC electrolytes cause large cell impedance. The majority of this work

wasadapted from the following manuscript:

D.J. Xiong, T. Hynes, J.R. Dahn, Dramatic Effects of Low Salt Concentrations-on Li
lon Cells Containing E&ree Electrolytes, J. Electrochem. Soc. 164 (2017) A2089

A2100. doi:10.1149/2.1381709jes.

Deijun Xiong prepared all the cells collaboratively with Toren Hymeijun Xiong
performed the conductivity measurements #rel impedance measurements except the

impedance measurements shown in Figure Bejun Xiong analyzed all the data and
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prepared all the figuresleff Dahn provided guidance and participated in experimental
design and the interpretation of all the ddbeeijun Xiong prepared the manuscript

mentioned above and received revisions from Jeff Dahn.

8.1 Experimental

8.1.1 Electrolyte Components Used in this Work

In this chapter, various electrolytes were used for various purposes. In order to bring
simplicity, a table was created to show the electrolytes used in this work and purpose of

each. Furthermore, the electrolytes were labeled by convenient codes.

8.1.2 Pouch Cdls, Formation and Degassing

The details of NMC442/graphite pouch cell construction, formation and degassing can
be found in Section 3.1.5. However, the second degassing step for the cells in this chapter
was slightly different. The cells were degassedmagéer they were charged to 4.5 V at

C/20 and held for 1 h.

8.1.3 Storage Experiments

After cell impedance measurements, the cells with X E VC TTSPi and
X _EE_VC _TTSPi were discharged to 2.8 V and charged back to 4.5 V at C/20 and held
at 4.5 V for 30 hoursThey were then moved to a storage system and stored at 40 or 60°C
for 500 h. Their open circuit voltage was monitored every 10 minutes for the first 6 h and

every 6 h for the remaining 494 h.
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Table 8.1 Eletolytes used in this work and purpose of each. Electrolyte are labeled by convenient code, for example: 0.3 _E VC_TTSPi means

0.3 M LiPF6 in EMC with 2% VC + 1% TTSPi; and 0.2 M_D means 0.2 M LiPF6 in DEC. Weight percentages for additives andaselsds

in this table.
Convenient codes LiPFs Solvent 1 Solvent 2 Additive 1 Additive 2 Purpose of this electrolyte in this Cell types used in this
thesis thesis
for electrolytes used Molarity
X _E_VC_TTSPi 0.3,0.5,1, EMC NA 2% VC 1% TTSPi Storageand various molalities of Pouch cells
15,2 LiPFg in EMC on charge transfer
resistance
X_EE_VC_TTSPi 0.3,0.5,1, EC (30 %) EMC 2% VC 1% TTSPI Storage and various molalities of Pouch cells
15,2 (70 %) LiPFs in EC/EMC on charge transfer
resistance
X_E_VC_TTSPi 05,1,15 NA EMC 2% VC 1% TTSPI Long time cycling Pouch cells
X_EE_VC_TTSPI 05,1,15 EC EMC 2% VC 1% TTSPi Long time cycling Pouch cells
X-E_VC_PPF 1 EMC NA 2% VC 1% PPF Precycling ten times Pouch cells
X_E 0.1,0.2,0.3, EMC NA NA NA lonic conductivity measurements NA
0.4,0.6, 1, 1.5,
2,25
X_E 0.2,0.3,2 EMC NA NA NA Impact of various molalities of LiRF Coin full cells, +/+ and
in EMC on charge transfer resistance /- symmetric cells
X_EE 0.002, 0.02, EC (30 %) EMC NA NA Impact of various molalities of LiRF Coin full cells, +/+ and
0.2,03,1,2 (70 %) in EC/EMC on charge transfer resistang /- symmetriccells
X_D 02,1 DEC NA NA NA Impact of various molalities of LiRF Coin full cells, +/+ and
in DEC on charge transfer resistance /- symmetric cells
X_FT 02,1 FEC (50 %) TFEC NA NA Impact of various molalities of LiRF Coin full cells, +/+ and

(50 %)

in DEC on charge transfer resistance

/- symmetric cells




8.1.4 Long Term Cycling Experiments

The NMC442/graphite  pouch cells with 0.5 E VC TTSPi, 1 E VC _TTSPi,
1.5_E_VC_TTSPi, 0.5_EE_VC _TTSPi, 1 EE_VC_TTSPi and 1.5 EE_VC_Tafs#i 500 h
storage at 40°Qvere selected for long term cycling at 40°C between 2.8 and 4.4 V using a
constant current of/2.2. A constant voltage step was added at the top of charge and applied
until the current dropped below C/20. A low rate C/10 cycle was also included every 50 cycles to
estimate what fraction of the capacity loss was due to impedance growth durimghhmate

cycling.

8.1.5 Electrochemical Impedance Spectroscopy Measurements of Pouch Cells, Coin Full

Cells and Symmetric Cells

NMC442/graphite pouch cells with 0.3_E_VC _TTSPi, 2_ E_VC _TTSPi, 0.3 EE_VC_TTSPi
and 2_EE_VC_TTSPi after 500 h storage at 40°C wese diquilibrated at 3.8 V. They were
then moved to an argon filled glove box and disassembled there. The harvested positive and
negative electrodes from the pouch cells were used to construct NMC442/graphite coin full cells,
NMC442/NMC442 and graphite/grape symmetric cells witlt0.3_E,2 E, 0.3_EE or 2_EE
electrolytes. Eight nominally identical NMC442/graphite pouch cells with 1 _E VC_PPF
electrolyte underwent the two degassing steps and then were given tendibelngege cycles
between 2.8 and 4.5 V 4f°C at a rate of C/10. Then the cells were equilibrated at 3.8 V and
opened in the argefilled glove box to make coin full cells and symmetric cells with 0.2_E, 1_E,
0.2 D, 1D, 0.2 EE, 1 EE, 0.2 FT and 1 _FT electrolytes. The harvested electrodes for
symmetic cells and rebuilt coin full cells mentioned above were washed using DMC two or

three times to remove the residual electrolyte from the electrodes.
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Two Abr ot her o NMC442/ graphite pouch cell s
degassing steps and wererthejuilibrated at 3.8 V. The cells were moved to the glove box and
disassembled there to make coin full cells with 0.2_E, 0.2_EE, 0.02_EE and 0.002_EE. The
harvested electrodes used for coin full cells with 0.02_EE and 0.002_EE were washed six times

usingDMC to completely remove any remaining LiHR the electrodes.

In most cases, more than two symmetric and coin full cells of each type were made to ensure
repeatability. Most EIS measurements were conducted using a Biologie3ddEentiostat, in a
two wire configuration with ten points per decade from 100 kHz tordiB@ or 10 mHz using a
10 mV input signal amplitude. The two wire configuration was used because this VMP3 is
connected to a switching system that allows 16 cells to be measured automatically in sequence.
The lead resisatnce (aboui\} is very small compad to the impedances of the coype cells
measured here. However, to probe the impact of low electrolyte conductivity, some EIS
measurements were made using a Biologic SP150 potentiostatiia Fhode with ten points per
decade from 100 kHz to 5.1 mHi®ing a 10 mV input signal amplitude. The EIS spectra for all
the coin full cells were measured at 3.8 V. All EIS spectra were collected at 10°C. This

temperature was chosen to magnify the difference between the impedances of the cells.

8.1.6 Determination of Gas Evolution in Pouch Cells

Procedures foexsitu gas measurements were described in Section 3.4.

8.1.7 Conductivity Measurements

The conductivity of EMC electrolyte with different concentrations of killas measured
using a conductivity meter (METTLER TOLED, FE30) . Three different
1413 ¢es/ cm am dereluged Wr8calilbneBid temperature controlled bath (VWR
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Scientific, Model 1157) wassed to adjust the temperatuidter the desired temperature was

reached, the conductiyitreadings were recorded at least twice to ensure that the readings were

stable.

8.2  Results and Discussion

Figure 8.1 shows the dQ/dV vs. V curves of NMC442/graphite cells with X_E_VC_TTSPi or
X_EE_VC_TTSPi electrolytes during the formation cycle. Siahal. found that there were
clear interactions between VC and TT&BiTherefore, it was difficult to assign reduction peaks
for VC and TTSPi, respectively. Figure 8.1 shdhat the reduction peak of the additives shifts

slightly to higher voltage as the concentration of Lifff€reases in both electrolytes, which

corresponds ta lower potential vs LiLi.
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4 C.

It is of importance to minimize gas generation in pouch cells. Figure 8.2 shows the volume of

gas produced in the cells of Figure 8.1 during the two steps of formation (a, b) and during the
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500 h storage periods at 4.5V at both 40 and 60°C (c, d). Figli#asand 8.2b show that the
concentration of LiP§does not strongly affect gas generation during formatibigures 8.2c

and 8.2d show that the volume of gas generated during 500 h storage increases as the
concentration of LiP§increases at both temparees, for cells containing both X_E_VC_TTSPi

and X_EE_VC_TTSPi electrolytes. Much more gas was observed after 500 h of storage at 60°C

compared to 40°C. This is due to more severe electrokytiatmon at higher temperature.
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Figure 8.3 shows the open circuit voltage versus time of NMC442/graphite cells with

X_E_VC_TTSPi and X_EE_VC_TTSPi electrolytes during the 500 h storage periods at 40°C

and 60°C. Figre 8.4 summarizes the voltage drop during storage. The voltage drop during open

circuit storage mainly originates from electrolyte oxidation at the positive electrode which causes

lithium ions to intercalate into the positive electrode to combine withtreles from the
electrolyte oxidation™® Figure 8.4 shows that higher concentrations of Li€fuse a slightly

greater voltage drop suggesting that higher concentrations of t#Be slightly larger parasitic

reaction rates at thgositive electrode.
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Figure 8.5 shows the arspecific Nyquist plots oNMC442/graphite pouch cells with

X _E_VC_TTSPiand X_EE_VC_TTSPi electrolytes collected after formation and after the 500 h

storage experiments described by Figures 8.1 and 8.3. The impedance spectra were measured at

3.8 V at 10°C. The width of the ovadping semicircles represents the surRobf the positive

and negative electrodes. The first semicircle at higher frequency originates from the negative

electrode while the second semicircle at the lower frequency range is due to the positive

electrode?®®  Figure 8.5 shows thatR; of NMC442/graphite pouch cells with
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X _E VC_TTSPi or X EE_VC_TTSPi electrolytes decreases as the concentration @f LiPF
increases. This is consistent with Waegal 6 s fi ndi ngs for B0/ gr aj
Figures 8.5d and 8.5f show th&; of NMC442/graphite pouch cells after storage with

0.3 EE_VC_TTSPi is much larger compared to other concentrations ofg LIRF

X _EE_VC_TTSPi. The impedance spectra in Figures 8.5d and 8.5f for cells with

0.3 EE_VC_TTSPi are weldl sxe@pawldera time os & swvon di
lower frequency, due to the positive electrode, is much larger than the first semicircle, due to the
negative electrode, at higher frequency. HowefRerof NMC442/graphite pouch cells with
0.3_E_VC_TTSPi does neteparate into two semicircles. This suggestsRhatiginating from

the positive electrode does not dominate the impedance spectra of cells with 0.3_E VC_TTSPi
electrolyte.The reasons for the differences in the impedance spectra as a functiorcohtait

in these cells will be discussed in more detail in the text pertainingtoes 8.8, 8.9, 8.10 and

8.1
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Figure 8.6 shows discharge capacity vs cycle number for NMC442/graphite pouch cells tested
at 40°C and 55°C. The cells in Figure 8.6 contained 0.5 E VC TTSPi, 1 E VC TTSPi,
1.5_E_VC_TTSPi, 0.5 EE_VC_TTSPI, 1_EE_VC_TTSPi and 1.5_EE_VC_iTdi8&rolytes.

These cells were cycled between 2.8 and 4.4 V at C/2.2 using the CCCV cycling protocol
described in the experimental section. At 55°C, the cells with EMC electrolyte had better
capacity retention than those with the same salt concentratl6G/EMC electrolyte. The cells

containing 0.5_E VC _TTSPi or 0.5 _EE_VC_TTSPi electrolyte experienced rapid capacity fade
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at both testing temperatures. Nelsemal. *®Ma et al. **and other€"?* have shown that the

major reason for rapid capacity loss in NMC/graphite cells tested@taitil to 4.4 V and above

is impedance growth, not dinventory loss. Daget al. *° showed that depletion of LiRBalt
occurred during aggressive chajecharge cycling to 4.5 V in NMC442/graphite cells at 55°C.

If this occurs, it is certainly important to know how both the eledteobonductivity and the
electrode charge transfer impedances depend on salt concentration. Increasing the salt
concentration to 1.5 M improved capacity retention in both cases. This is consistent with
Petibonetald s f i ndi ngs t ha tof LiPRsddipeprevent anpedancetgrowth at o n s

the positive electrode when cells are cycled to 4.8V.
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Ding et al*****?have measured the conductivity versus salt concentration and temperature of
LiPFe:EC:EMC and LIPE: PC: DEC sol uti ons. Such solutions
conductivity increasing linearly with salt content at low concentration and then reaching a
maximum and declining as ion pairing and viscosity increase. By contrast, a sealeh of t
literature did not reveal any measurements for the conductivity ofg\ERFE solutions versus
molarity and temperature. Therefore, measurements were made over a wide range @ LiPF
- 2.5 M) concentrations over a wide range of temperature. F&drshows the conductivity of
X_E electrolytes versus molarity and temperature. Figure 8.7 shows that the conductivity of
X_E electrolyte drops dramatically when the concentration of d_dRfereases below 0.4 M,
completely unlike the results for LIBPCDEC electrolytes described by Dirg al. 22 The
conductivity versus molarity results for X_E electrolytes are very similar to the results described
by Douceyet al. for the conductivity of LIASEFDMC solutions at low salt concentrations
measured at 25°€® Both EMC and DMC have low dielectric consts of 2.958 and 2.805,
respectively* so the dissociation of LiRFr LiAsFs is likely poor at low molarity which could
explain the extremely low conductivity at low molarity observed in Figure 8.7. Figure 8.7 also
shows that 1.5 Eelectrolyte has optimum conductivity over a wide temperature range,

suggesting 1.5_E should be used in cells withfie€ electrolytes based on EMC.
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Figure 8.8 shows the arspecific Nyquist plots of the reassembled negative/negative and

positive/positive symmetric cells and coin full cells with 0.3 E (a, e, i) and 2, K, (b

el ectrolytes wher e t he el ectrodes wer e t ake

0.3 _E_VC_TTSPi electrolytes. These two fAbroth

impedance spectra, shown in Figure 8.5c, have been plotted in Bi§aréor comparison The

symmetric cells and coin full cells with 0.3_E electrolyte had larger impedance than the

corresponding ones with 2_E. Figure 8.8 shows the impedance spectra of the reassembled

negative/negative and positive/positive symmetridscahd coin full cells with 0.3_E (c, g, k)

and 2_E (d, h, I) electrolytes where the electrodes were taken from brother pouch cells with

2 EE_VC_TTSPI el ectrolyte. These two Abrother

impedance spectra, shownkigure 8.5c, have been plotted in Figure 8.8d for comparison. The

symmetric cells and coin full cells with 0.3_E electrolyte had much larger impedance than the
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corresponding ones with 2_E as well. The coin full cells and symmetric cells using 0.3_E
electrolyte (compare Figures 8.8a and 8.8c; compare Figures 8.8e and 8.8g; compare Figures 8.8i
and 8.8k) had roughly the same impedance even though the electrodes were taken from pouch
cells that initially had very different LiRFeoncentration electrolyte3his clearly demonstrates

that the LiPk concentration in EMC can greatly affect: v symmetric cells even when the

electrodes used for the symmetric cells have very different histories
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Figure 8.9 shows the arspecific Nyquist plot of reassembled negative/ne@gasymmetric
cells, positive/positive symmetric cells and coin full cells with 0.3_EE and 2_EE electrolytes
where the electrodes were taken from the #fb
electrolyte. These two fbCfortc00d andl thgrompedancec el | s
spectra, shown in Figure 8.5d, have been plotted in Figure 8.9a for comparison. Figure 8.9
shows that the positive electrode contributes most to the full cell impedance. Corresponding
symmetric cells and coin full cells wit0.3 _EE had roughly the same impedance as those with
2_EE (Compare Figures 8.9a and 8.9b; compare Figures 8.9e and 8.9f; compare Figures 9.8i and
9.8j). Figure 8.9 also shows the asgeecific Nyquist plot of negative/negative symmetric cells,
positive/msitive symmetric cells and coin full cells with 0.3_EE and 2_EE electrolytes where the
electrodes were taken from brother pouch cells with 2_EE_VC_TTSPi electrolyte. These two
ibrothero pouch <cells were stored aahowdi® AC f o
Figure 8.9d, have been plotted in Figure 8.9d for comparison. The symmetric cells and coin full
cells with 0.3_EE had roughly the same impedance as the corresponding ones with 2_EE
(Compare Figures 8.9c and 8.9d; compare Figures 8.9g ancc8rBpare Figures 8.9k and 8.9I).
Figures 8.9a, 8.9b, 8.9i and 8.9] show that the I&gm the full cells with 0.3 _EE_VC_TTSPi
after storage is caused by the large positive electrode impedance and that this is not affected by
the salt concentration used in the symmetric cells during the impedance measurement. Similarly,
Figures 8.9c, 8.9d,.8k and 8.91 show that the mod&tin the full cells with 2_EE_VC_TTSPi
after storage is mirrored by modest positive electrode impedance and that this is not affected by

the salt concentration used in the symmetric cells during the impedance measurement

Figure 8.8 is important because it shows that charge transfer resistance at either electrode is

always largewhen measured in pouch cells, coin full cells or symmetric cells when the cells
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contain 0.3_E or 0.3_VC_TTSPi electrolytes, no matter the pistory of the pouch cells prior

to symmetric cell construction. Figure 8.8 also shows that that charge transfer resistance at either
electrode is always small when measured in pouch cells, coin full cells or symmetric cells when
the cells contain 2_E or E_VC_TTSPi electrolytes, no matter the prior history of the pouch
cells prior to symmetric cell construction. Figure 8.9 shows that the charge transfer resistance is
only high for the positive electrodes taken after storage from pouch cells containing
0.3_EE_VC_TTSPi while it is not high if the positive electrodes were extracted after storage
from a pouch cells containi®) EE_VC_TTSPi. Therefore, in Eltee, EMC based electrodes,

the large charge transfer resistance appears to be caused by the padséowee salt
concentration during measurement, which is a surprising result while in EC:EMC electrolyte low
salt concentration during elevated temperature storage at 4.5 V leads to high positive electrode
charge transfer resistance, no matter how it is uoreds afterwards, provided EC:EMC
electrolytes are used in the symmetric cells. To further confirm these observations, the

experiments below were performed.
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Figure 8.10 shows the arspecific Nyquist plots of reassembled full cells, positive/pasitiv
symmetric cells and negative/negative symmetric cells filled with 0.2_E, 0.2_D, 0.2_EE and
0.2_TF electrolytes. Figure 8.11 shows the -a@ecific Nyquist plots of reassembled full cells,
positive/positive symmetric cells and negative/negative symenedlis filled with 1_E, 1 D,

1 EE and 1_TF electrolytes. The electrodes used to make the various coin cells in Figures 8.10

and 8.11 were harvested from fibrother o pouch
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after ten charge discharge cycles. FigduE) shows that the charge transfer impedance of both

the positive and negative electrodes are much larger when measured in 0.2_E or 0.2 D
electrolytes than in 0.2_EE or 0.2_TF electrolyte. The reader should note the large differences in
horizontal scaléetween those of Figures 8.10a, 8.10b, 8.10e, 8.10f, 8.10i and 8.10j compared to
those of Figures 8.10c, 8.10d, 8.10g, 8.10h, 8.10k and 8.10l. By contrast, Figure 8.11 shows that
all the charge transfer impedances of symmetric and coin full cells with1l [ 1 _EE and

1 TF electrolytes are roughly the same. The electrodes for all the reassembled symmetric cells
and coin full cells in Figures 8.10 and 8. 11
same rinsing procedure, so the SEI at thesetreldes were roughly the same before coin cell
construction. This further verifies that low LiP€oncentration in E@ree linear alkyl carbonate

electrolytes, based on EMC or DEC, causes large charge transfer impedance.
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In order to convince readers of the robustness of these results, it is important to use Bode plots

to demonstrate that the impedances of the reassembled coin full cells ar® ¢hqeaum of the

impedances of the negative/negative symmetric cells divided by two and the impedance of

positive/positive symmetric cells divided by tWd. Figures E1, E2, E3, and E4 are the

corresponding Bode plots to the Nyquist plots in Figures 8.8, 8.9, 8.10 and 8.11. ERu£8s

andE4 show good agreement between the impedances of the reassembled full celissamd th

of the impedances of the symmetric cells while Fidgtiteloes not. It is not known why this is

the case, so the reader is cautioned that the results in Figure 8.8 are less robust than those in the

other Figures.
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To further investigate how low malty EC-free and EC:EMC electrolyte affects impedance
spectra of Liion cells and charge transfer impedance, coin full cells were made from electrodes
extraded from pouch cells at 3.8 V[he coin full cells used 0.2_E, 0.2_EE, 0.02_EE and
0.002_EE electigtes. Figure 8.12a and Figure 8.12b shows the-gpeaific Nyquist plots of
the reassembled coin full cells obtained using four wire EIS measurements at 10 °C, while
Figure 8.12c shows the conductivity of the same electrolytes also measured at 12.6GoSi
wire measurements were used, the high frequency intercept is meaningful and represents the
ionic resistance due to the electrolyte. Figure 8.12 shows that the diameter of the impedance
i s e mi cRylincréages gs the LiPEoncentration in EEMC electrolyte decreases from 0.2
M to 0.002 M. HoweverR for 0.2_E is much larger thaR.for 0.2_EE and still larger than

that of 0.002_EE.
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Figure 8.13 shows the electrolyte resistivity (the nemipl of the conductivity plotted in
Figure 8.12c) plotted versus the high frequency intercept of the impedance spectra of Figures
8.12a and 8.12b. Figure 8.13 shows a good correlation, as expected since the high frequency

intercept is primarily due to theectrolyte resistance in the céff?

Why is the charge transfer resistance for electrodes so large in low molarity solutionsgof LiPF
in EMC and DEC? Xuet al. reported that the extraction of the lithium ion from its solvation

sheath is the rate demeining step for lithium intercalation into graphfté.In dilute LiPFR
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solutions in EMC or DMC, by analogy to LiAskh DMC, as reported by Doucey et?f.the

salt is not weldissociated at low concentration, which is why the conductivity is so small.
Douceyet al. state that in PC solutions, the lithium salt is well dissociated, while in DMC
solutions the ion pair [A A AjAexiBts at very low concentratis, while the ion pairs
[LI(DMC) 4] 'A A AAandF dissociated [Li(DMG)" exist at intermediate concentration®ther
researcher$®® #*® have come to similar conclusions about electrolytes made with low dielectric
constant solvents. It is our belief that the large charge transfer impedance attitoeledeof
NMC442/graphite cells which use 0.2_E (Figure 8.10), 0.2_D (Figure 8.10) or 0.3_E (Figure 8.8)
electrolyte stems from the difficulty of extracting & tation from the ion pairs that predominate
at low concentrations. When the salt concentnaitolarge enough, i.e. 1 M as in Figure 8.11,
then sufficient dissociated Lications exist and the charge transfer impedance in Bb@d

electrolytes becomes comparable to that in EC/EM€ed electrolytes.

8.3  Conclusions

The effects of LiPF concentration in EMC and EMC/EC electrolytes were studied in
NMC442/graphite pouch cells. Low concentrations of LIFFEMC electrolyte lead to large
charge transfer resistance at both electrodes of NMC442/graphite cells. This is because;the LiPF
saltis poorly dissociated at low concentration, which also leads to extremely low electrolyte
conductivity. At higher concentrations, e.g. 1 M, the charge transfer resistance at electrodes in

EMC-based electrolytes becomes similar to that of electrodes BENECElectrodes.

There are significant consequences of these findings for the possible applicatiorfreé EC
electrolytes based on EMC in-lan cells designed for high voltage operation. Any time-a Li
ion cell is operated at high rate, concentratiolapzation in the electrolyte develops. Figure 8.7

shows that the electrolyte conductivity drops precipitously near 0.4 M and this would be a
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concern if large concentration polarization developed. In addition, at the same time, the charge
transfer impednce at the electrode surfaces also rises dramatically as the salt concentration
decreases which would also limit the rate capability of cells. Based on these findings, it is
important to select an initial electrolyte concentration that minimizes thebpibgshat low
concentration would develop at some portions of the electrodes when high currents are
demanded from the cell. Based on Figure 8.7, 1.5 M rather than 1 M ibiEFMC should be

used. However, based on the voltage drop during storage€RBdtiand 8.4) and gas evolution
during storage (Figure 8.2), there may be applications where it is desirable to limit LiPF

concentration to 1 M. Tradeoffs need to be considered
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CHAPTER 9: SOME PHYSICAL PROPERTIES OF ETHYLENE

CARBONATE-FREE ELECTROLYTES

In this chaptersome physical properties ofiPFs in ethyl methyl carbonate (EMC) and
dimethyl carbonate (DMC) electrolytes were studied by conductivity measurementserF
transform infrared spectroscoglyT-IR) and differential thermal analysis (DTAFRonductivity
measurements show that the addition of additive levels of FEC to EMC electrolyte can
dramatically increase the conductivity of E©€e EMC electrolytes at low Baconcentrations
below 0.4 M.FT-IR results show that the added FB@dersion pair formation by competing
with EMC to dissociate LiP§F resulting in increased conductivity in EMC electrolytes.
Conductivity measurementshow that the conductivity of DMC electrolytes decreases
significantly below 0°C due tthe high melting point of DIC. Differential thermal analysis was
used to determine the LIBFIPMC phase diagram which then can be used tdaéxphe
conductivity resultsThe results presented here identify avenues by whiclfréCelectrolytes
can be improved fause in practical izion cells.The majority of this work waadapted from the

following manuscript:

D. J. Xiong M. Bauer, T. Hynes, S. Hyatt, D.S. Hall and J. R. DaBome Physical

Properties of Ethylene Carbondtee Electrolytessubmitted ta@). Electrochem. Sac.

Deijun Xiong performed the conductivity measurements for the EIPMC electrolytes
while Toren Hynes under Deijun Xiongbs superyv
for the LiPR:EMC:FEC electrolytesMichael Bauer performed trenductivity measrement of
1M LiPFs in DMC. Deijun Xiong performed the FIR measurements together with Toren

Hynes.Michael Bauer performed the DTA measurements of the £IRWC electrolytes while
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SarahHyatt carried out the DTA measurements of the EIPMC electrolytes Deijun Xiong
prepared all the FTR and conductivity figures. Michael Bauer prepared all the DTA figures.
Deijun Xiong received assistance from David Hall for interpreting théR-@lata.Jeff Dahn
provided guidance and participated in experimental dearmg the interpretation of the data.
Deijun Xiong prepared theanuscripimentioned above except for the DTA section (prepared by

Michael Bauer) and received revisions from David Hall and Jeff Dahn.

9.1 Experimental Methods

9.1.1 Conductivity measurements

The condictivity of EMC, FEC/EMC(5:95), FEC/EMC (10:90) with different concentrations
of LiPFs were measured using a Mettler Toledo FiveGo conductivity meter. The solvents were
mixed by weight percentage. dbails about conductivity measurements can be found ctidBe

8.1.7.
9.1.2 FT-IR analysis

Measurements were taken on an Agilent Technologies Cary 63®,Fdquipped with a
diamond attenuated total reflectance (ATR) accessory, in afille&t glove box. The
electrolytes analyzed were the same as those usedriductivity measurements in addition to
pure EMC, FECEMC (5:95) and FEEMC (10:90) solvents. 0..nL of each solution was
placed directly on the ATR crystalSixteen scans were taken for each sample, at 2 cm

resolution over the frequency ranigem 600 to 4000 crit.
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9.1.3 Differential Thermal Analysis

Differential thermal analysis (DTA) measurements were taken with a custom built cryostat
and software setup, usingModel 336 LakeShore temperature controller. The detdilthe
construction of DTAhave beerreported by Day et &° The samples measured here were
LIFUN NMC/graphitepouch cells (402030 sizéjled with 0.8 ml of electrolytgOM i 1.5M
LiPFs in EMC andOM T 2.0M LiPFg in DMC). The cells with EMC electrolytes were cooled
from 25°C to-105°C at a rate o2.5K/min andthen heated back up to 25°C at K/nin. The
cells that containedMC-basedelectrolytes were cooled from Z5to -45C at a rate of

1.5C min™* and then heated back up to@&t 1.0C min™.

9.2  Results andDiscussion

The conductivities of EM@ased eldcolytes were measured as a function of the salt
concentratiorand the solution temperaturiéigure 9.1 shows that, in general, the conductivity
increases as the salt concentration (below 1.6Mhe temperature increasdsis is expected
since the concegration or the mobility of free ions (i.e., Land PE') increases as the salt
concentration or tempature increases, respectivelihe increaseof conductivity with salt
concentration is not linear at low molarity as has been found by Doucy et abl@bions of
LiAsFs in DMC.?® In addtion, even at high salt concentrations, the solution conductivity is
relatively low for a Ltion electrolyte. It is welknown that in norpolar solvents, such as EMC,
LiPFs tends to form ion pairs that do not contributgdnic conduction in the solution. It is for
this reason, in part, that EC, a very polaisotvent, is commonly used in-ion cell electrolytes
(the second reason being its tendency to form a passive SEI on graphite electrode 8urfaces).

Therefore, it is desirable to consider how alternativesalwents like FEC, which have been
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shown to improve the properties of -ibn cells with EGfree electrolytes! affect the

conductivity of ECGfree electrolytes.

Solutions were prepared with 5% or 10% FEC, an-f8Ehing additive, a highly polar
mol ecul e, and a de mofres sofutiohst drigute®.h shows e¢hatdthe f o r
addition of FEC to EMC electrolytes indeed improves the electrolyte conductivity. This matches
the expectation that the relative permitividielectric constant) of EM®ased electrolyte
increases when FEC is addédble 9.1 shows the permittivity of an FEC:EMC mixture as
calculated using a simple model describedPbgkongparet al?*° The permittivity of the EME
based electrotgs decreases significantly at low LiP€oncentrations, notabligelow 0.4 M,
completely unlike the results for EMC electrolytes witkt 57 10% FEC. This behavior has
been observebteforein electrolyte solutions prepared with npaolar (ow dielectric constant)
solvents’®>?* Consequently, at lovsalt concentratics the low dielectric constanof the

solution resultsn the formation oklectrically neutralon pairs or aggregates.

Table 91 The stéc permittivity of FEC/EMC binary mixture calculated using a simple model

FECEMC mixture (w/w) relative permittivity
0:100 2.96
5:95 7.30
10:90 11.64

173

E



0O 03 06 09 12 15 18 21 24 27 0.1 0.2 0.3 0.4 0.5
T T T T T T T T T T T

[6-55°C a) d)

121 1o 40°C
lo-25°C
101 fe-10°C ,
lo--5°C e

gl t&-20°Q \ |
o o | 1o

14

Different LiPFg in EMC

Conductivity (ms/cm)

0 & L L L L L L L L 1 1 1 1
0 03 06 09 12 15 18 21 24 27 0.1 0.2 0.3 0.4 0.5
Molarity (mol/L)

FigurCondulcti vity vsnm&M&r (ay dj , LFEE: EMC (5:95 w/
(10: 90 w/w) (c, f) i-20the 52MBerature range from

It is therefore desirable to examine the interactions between the ions and the solvent (or
solvents). FTIR is a good tool that has been hpg to investigate solvation behaviour and ion
pair formation for a wide variety of salts and solvent$*22*® Figures9.2 and9.3 show FFIR
spectra (80®00 and 160900 cm') of EMC and mixed FEC:EMC (10:90) electrolyte
containing different concentrations of LigFFigure F1 shows FIR spectra of mixed

FEC:EMC (5:95) electrolgt containing different concentrations of Li?PHhe IRactive t,
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absorptionof the free, octahedrally symmetric fRnion isobserved at 843 cfift**?* The
formation of contat and/or solvation ion pairs lowers the symmetry of the anion, causing the
absorption frequency to shift and split into two bands, approximately centred at 877 and’834 cm
EMC has an absorption band at 8787cthat overlaps with this region, complizaj any
guantitative analysis of the PRon pair or aggregates, consistent with the behaviour in diethyl
carbonate (DEC) solvent, as described by Seo %t allonetheless, the relative absorbance of
the free (843 c) and ionpaired (834 cil) PR' may be evaluated qualitatively from the
spectra shown in Figure8.2 and 9.3.Examination of these peaks reveals that in mixed
FEC:EMC electrolytes, the is a lower degree of igpairing than is observed in the EM@sed
electrolytesThis can be seen from the absorbance of the free (843RRd relative to the ion
paired (834 cm) PR'. For a given salt concentration and solution temperature otvssrved

that the free PFEpeak increases as FEC is addBg. inhibiting the interaction between Li
cations and Pfanions, it is expected that the addition of FEC should increase the concentration
of ion carriers in solution. This is indeed consisteith the measured conductivity results, as

described above.
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The C=0 bond of the carbonate functional group has a very strong IR absorption in the
carbonyl region (1651850 cn'). The carbonyl shift depends on the local environment and is
typically shifted to a higher wanumber upon coordination to the€ tation. The uncoordinated
C=0 stretching frequencies for EMC and FEC occurs at 1745armd 1835 cnil, respectively,
while the stretching frequencies for a C=O group coordinated ‘tafpear at 1710 cfmand
1810 cnt, respectively.?** As the FEC concentration is increasedhe ratio between
uncoordinate@nd coordinate@=0 groups belonging to EM@ecreasg while the ratio between
uncoordinated and coordinated C=0 grewbelonging to FEC increaseknis result may be

interpretedthat FECcompetes with EMC to associate with thé tations in solution, as may be

expected from the significantly larger dipanoment of the FEC molecul€he significance of
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this result is that FEC can indeed serve as botHefioBming additive and as a polar-solvent,

even at very low concentrations.
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DTA can be used to examine the state of the electrolyte in a cell and generate phase diagrams
of electrolyte systems as wélf Here, this method was used to examine the phase transition
behaviour of EMC and DMC electrolytes with various salt concentrations. The phase diagram
can, among other things, show the liquidus point of the solution, which marks a sharp decrease in
electrdyte conductivity. Thus, the method can be used to determine the lowest temperature that a

cell can be expected to function properly.
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Figure 9.4 shows the DTA traces fadMC/graphitecells containing LIPEEMC electrolytes
with various LiPk concentrationsThis figure showshat the freezing point ahe electrolyte
decreases as salt concentration increases. This data can then be osstiuoct@ phase diagram
showing the relationship between the melting points and the salt compositiond.iblfREEMC
system. The phase diagrams are created by plotting the onset of the solidus feature and peak of
the liquidus features, as shown by Diegal.?*’ In the case of the LIREEMC system, the
solidus and liquidus featurese very close inemperaturewhich makes the eutectic point and

the other finer points of the phase diagram very difficult to discern. This issuepmrhigps be
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overcome with lower heating rates, which would give more precise measurements, but these

ratesmight beexpermmentally impractical for testing a large numbesamples
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Other solvents, such as DMC, freeze at higher temperatures than EMC (48346,

respectively, forle pure compounds). The LIPBMC system also has a greater temperature

differencebetween the solidus and liquidus features, which allows for more clarity in generating

the associated phase diagrdfmrthermore, some commercial cells have electrolytetazong

large proportions of DMC ¥70%of the solvents byveight). The phase diagram of LIREDMC

is considerably easier to construct, and could provide valuablemtiaa consideringells to be
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used for low temperature applications. Fig@t® shows theDTA traces for cells containing
LiPFs:DMC electrolytes. This figure more clearly shows the liquidus (higher temperature) and
solidus (lower temperature) features present in DTA signdising the same liquidus/solidus

convention as described by Ding &t?*’ this diagram can be used to construct the phase

diagram shown ifrigure 9.6.
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The DTA curvefor a particular electrolyteanhelp explain theonductivityvs. temperature
curve for the same electrolyt&€hese data can then be used to determetaionship letween
conductivity and phase change. Fig@reé shows the DTA trace and conductiwty. temperature

of the 1M LiPF in DMC electrolyte. Figur®.7 shows that a change of state from liquid to solid
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in the electrolyte will drastically reduce its conductivity. Though #hectrolytesdoes not
completely freeze unti18°C, DMC will begin to freeze out of the electrolytetla¢ liquidus

point, 3°C. The solid DMC crystals then increase the molarity efréfmaining liquid, while also
significantly reducing the mobility of the rest of the DMC. As the presence of DMC in a solvent
mixture will increase the freezing point, cells that are to be used for low temperature applications

should not have DMC in largguantities, in order to optimidew temperatur@erformance.
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9.3 Conclusions

In this report, ECfree electrolytes were studied by conductivity measurement$RFand

DTA. The results show thakiPFs:EMC electrolytes have low conductivity compared to
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conventional ECEMC electrolytesdue to the formation of neconducting ion pairs and/or
aggregatesThe addition ofadditive quantities (3 10 %) of FEC significanty improve EMC
electrolyte conductivityespecially at low salt concentration§he phase diagram of the
LiPFs:DMC system has beatetermined for the first timé&nomalies in the conductivity versus
temperature behaviour of 1M LiPh DMC can be understodobsed on the determined phase
diagram. The results suggest thabtae portion of DMC should not be usadelectrolytes

when cell performance at low temperatig@nportant
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

In this thesis, high voltage NMC cdhhilure mechanisms were studied usiagvariety of
analytical techniques, especialiynewly developed pouch bag method and a newly developed
TGA-MS method. The effects of various salt concentration EC-free linear carbonate
electrolytes on cell performance and electrolyte physical properties were also skidiad.
surprising chemistriesvere discovered. These findings could guide to further improve high

voltage NMC cell performance.

In Chapter4, a simple pouch bag method was developed to explore the origin of gas
production and impedance growth, and the negative/positive electrode interactions. NMC442
positive electrodes taken from pouch cells at 4.4 V and stored@ti®(®pouch bags with EC
based electrolyte createnore gas than the same electrodes stored with the same electrolyte in
pouch cells. Most of the gas generated in the pouch bags during st@ege€,. Surprisingly,
the presence of electrolyte additives known to imprové kigtage storage and cycling diubt
affect the gas generation rate strongly.,G@entionally injected into pouch bags containing
lithiated graphitewas consumed over time. Electrolyte additives used could greatly affect the
CO, consumption rateUnexpectedly NMC442 electrodes removed from pouch bags after
storage at 4.4 V and elevated temperatucednamatically larger values &% (at least double)
than those removed from pouch cel@uriously the positive electrode SEvas thinner on
electrodes stored in pouch bags, even though Bgivasmuch larger than electrodes extracted
from pouch cellsThese results underscatee complexity of the chemical and electrochemical

reactions occurring in Lion cells charged to high voltagasd operated at elevated temperature.
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Furthermore, theseesults undoubtedly demonstrdkat oxidized species ated at the positive
electrode canmi gr at e t o t he negative el ectrode and
consumption of these harmful degrada species, the positive electeosvould be greatly

affected.

In Chapter 5EC-based and fiorinated electrolytes wereomparatively studied usinthe
pouch bag method The results show that the flioated electrolyte greatly suppresses
impedancegrowth of the chaged NMC442 electrode but credsege initial negative electrode
impedance The results also suggestat the SElformed by the fluorinated electrolyte at the
graphite electrodeninders the consumption of COgenerated at the delithiateddMC442
electrode, leading to more G@ pouch cells with fluorinated electrolyte than inlgalith
carbonate electrolyt&urprisingly, lydrogen gas was only observed in pouch cells after storage
and not in pouch bags which contained either a singletimegaectrode plus electrolyte or a
single positive electrode pluseetrolyte. This implieshatthe H resultsfrom a species created

atthe positive electrodéhat subsequentiyeacts at the negative electrade pouch cell.

In Chapter 6, different MC electrodes, with and without surface coatings were
comparatively studied using the pouch bag method. The results show thatCGanséiface
coating cangreatly suppress impedance growth of the NMC622 electrode, in pouch bags, at
60°C, more effectivelfhan a LaP@ surfacecoating on a NMC442 electrodeHowever, the

Al O3 surface coating causadore gas generation at high voltage and high temperature.

In Chapter 7,TGA-MS was used taneasure the release of oxygen framargedNMC
electrode materials &igh electrode potentials, i.e., low lithium content. Toxggen release was

observed at relatively mild temperatures as low as 40t@xpectedlythe results showed that
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the amount of oxygen releasedn begreatly limited by utilizing larger NMC padies. The
results offer new support that the release of oxygen from NMfan cause oxidative
decomposition othe electrolyteandwasa major reason why high voltage cells genegate and

havepoor capacity retention.

In Chapter 8, he effects of LiPE concentration in EMC an&8C/EMC electrolyteson cell
performancewnere studied in NMC442/graphite pouch ce8sirprisingly low concentratios of
LiPFs in EMC electrolyte causedlarge charge transfer resistance at both electrodes of
NMC442/graphite cellsThis is because the LiBBalt is poorly dissociated at low concentration,
which also leads to extremelgw electrolyte conductivityAt higher concentrations, e.g. 1 M,
the charge transfer resistance at electrodes in Bb&ed electrolytes bamesimilar to that of
electrodes in EC/EMC electrolyte$here are significant consequences of these findings for the
possible application of E€@ee EMC-basecelectrolytes in Liion cells designed for high voltage
operaion. Any time a Lkion cell is operated atigh rate, concentration polarization in the
electrolyte developsTherefore, it is important to select an initial electrolyte concentration that
minimizes the possibility that low salt concentration would develop at some portions of the

electrodes when higcurrents are applied for the cells.

In Chapter 9, the effects of salt concentrations and electrolyte additiZ€sfiee electrolytes
on electrolyte physical propertiegere studiedThe results showhat the addition of additive
levels of FEC to EMC lectrolyte can dramatically increase the conductivity offEs@ EMC
electrolytes at low salt concentrations below 0.4TMe resultsshow that the added FH{nits
ion pair formationmore effectively by dissociating LiRFesulting in increased conductivity in
EMC electrolytes Anomalies in the conductivity versus temperature behavior of 1MgLiPF

DMC can be understood based on ttheF;:DMC phase diagramwhich was determined in this
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work for the first time The resultsuggesthat a large portion of DMC should not be used in
electrolytes when cell performance at low temperature matters. Oubmliesults presented
here identify avenues by which He electrolytes can be improved for use in practicabhi

cells

10.2 Future work
10.2.1 Investigate the Reactivity between Additional Electrode Materials and

Electrolyte Formulations using the Pouch Bg M ethod

The pouch bag method introduced in this thesis is a useful tool to investigate the reactivity of
charged electrode matesalwith electrolyte. More specifically, this method carovide
considerable insight abotlte origin of gas production and the origin of impedance growth-in Li
ion cells at high voltage and at elevated temperatare. future studythe reactivity of many
other positive electrode materiglgich as single crystal NMC532, NMC811, NCA and LCO
with conventional carbonate electrolytean be explored using thgouch bag method.
Additionally, DMC and ester solvents such as MA are commonly added -ash@amtsin
commercial cells to improve cell rate capability or performance at low temperature. However, it
was found in the Dahn lab that these addedaleents can cause more gas production in cells at
elevated temperaturet is important tocarry out the poucbhag experimentto understanavhy
this occursEC-free linear carbonate electrolyte and sulftwased electrolyte have been reported
to improve high voltage NMC442 cell performanée a future workpouch bag experiments

could be usefulo gain insight viny this occurs.
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10.2.2 Identify the Chemical Origins of Impedance Growth of Charged Positive

Electrodes

It was found in this thesis thtte charge transfer impedanceaathargedNMC electrodehat
is stored ina pouch bagwith a carbonatéased electrolyte anat an elevated temperature will
grow more rapidlythanthat ofan electrode that istored ina pouch cell.This suggestshatan
oxidized speciesafi c r i mi maudeghe impedance growth of a charged positive electrode
In pouch bag experimesitthe main gaseougxidation productsgenerated we CGQ and CO.
The question therefore arose whether, @OCO are responsible for the impedance growth at the
positive electrode. To explore this question, pouch bags containing charged NMC442 electrodes
and éther CQ or CO gas were prepared. The electrodes used for these pouch bag experiments
were taken from NMC442/graphite pouch cells charged to 4.4 V. Before these electrodes were
inserted into the pouch bags, they were rinsed six times with DMC and ddedwatuum. C®
or CO was then injected into the pouch bags. After 500 h storage at 60°C, the electrodes were
taken from these pouch bags to construct NMC442/NMC442 symmetric cells and the impedance
growth was measuredrigure 101 shows thathe charge @nsfer impedance for the materials
stored with injected C&is roughly the same as for those stored without any injected gas. This
may indicate that COgasis not the chemical origin of impedance growth of the positive
electrode.Figure 101 shows that # charge transfer impedance for the materials stored with
injected CO is slightly larger compared to those stored without any injected gas. This may imply
that CO causeimpedance growth of the positive electroti®wever, in the other experiments
presentd in this thesis, the pouch bags also contained an electrolyte of interest. It is therefore
worth repeating this experiment using both injected gas and an electrolyte, rather than dry

electrode materials. As a future work, it is suggested thata@@®CO kould be directly injected
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into NMC442/graphite pouch cells. It is hoped thatchytinung to studythe chemical origins
of the impedance growth of charged NMC electmdeaysto suppress impedance growth of

charged positive ettrodes at high voltage wld be developed

500 T T T T T T T T 500
a) Before storage b) after 500h storage
400 | 4 400f .
g 300 F 18 No injected gas T
Q t
g = '
N 200 | ¥ 200 7
100 - . 100 | |
. L % 260 430 en;n aﬁo 1000
0 200 400 600 800 % >
> (Q.cmz) Z' (Q.cm?)

500 T T 500 T T T

c) after 500h storage d) after 500h storage
400 - B 400 - 4

Injected CO, ] Injected CO

g 300 - %- 300 - B
N 00| 4 Mool -
100 - B 100 ~ 2

0 Il Il Il Il 0 1 Il 1 1

0 200 400 600 800 1000 0 200 400 600 800 1000
Z' (Q.cm?) Z' (©.cm?)

pl ot of the delithiated NMC44.
del it hp(alk)e da mMdC@a@d 2

Figuré TBe Nyqui st
pouch bags with dry and rin
(c) after 500 h sto

10.2.3 I dentify Transition Metal Dissolutionin Pouch Bags

The TGAMS experiments show that oxygen can be released from chiilg€d positive

electrods at high voltage at elevated temperature. This released oxygen can dkliS&l
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and/or theelectrolyte andt has been suggested this nygnerate watet*® Due to the hydrolysis

of LiPFs by reacting with the releasethter, HF is generated®?*?%? HF can then corrod8IMC

positive electrode materials and caudissolution of theransition meta. As a future workt

could be usefuko measure for this transition metal dissolution. Charged positive eleetrode
containing pouch bags could be prepared and studied as a function of the initial electrode

potential and of the storage time.

10.2.4 Investigate Electrolyte Oxidation Occurring at the Podiive Electrode at High

Voltage

GC-MS is a powerful tool tgrobevolatile by-produds from electrolyte oxidation occurring
in high voltage NMC cell§>*** This thesisshows that oxidizedpecis can movefrom the
positiveto the negative electrodand subsequentlyetreduced. This suggests that the analysis of
the electrolyte extractefdom full cells cannot reflect the trygroducts ofelectrolyteoxidationat
the positive electrodel-urthermore, it was reported that transesterification was initiated by
lithium alkoxide$®**"?**while other researchers argued that the NMC positive electrode could
catalyze transesterificatidi* As a future work it could be usefuto analyze the electrolyte
extractedrom pouch bags with only charged positive electrode and electudirig the GEMS
method reported by Petibon et &f Thus, the true electrolyte oxidatigathwayat the positive
electrodecould be determinednd the trutreabouthow transesterification occain the cells can

bedetermined
10.2.5 Usethe Pouch Bag Method to Screen Eletrolytes and Electrolyte Additives

Sodium and potassiuApn batteries are promising alternatives to lithilom batteries for

grid storage application due to their potential low cost. In the laboratory, half cells are normally
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used to evaluate electrodeaterials for sodiumand potassiuAbased applications. However,

due to the unstable SEls that tend to form on sodium and potassium metal electrodes in
conventional carbonate electrolytes, the impedance of sodiurpatasisium metal ihalf cells
changes wer time?**?*” Therefore, the electrbemical performance of the tested sodium and
potassium electrode materials using half cells cannot reflect their reliability. It was shown in
chapter 5 that the pouch bag can be used as a powerful tool to screen the stability of electrolytes.
As a future work, the pouch bags could be used to evaluate new electrolytes and electrolyte
additives which are good for testing sodium and potassium electrode materials. Specifically,
pouch bags containing sodium or potassium metal plus an electrolyte of interesteatbred

at a certain temperature (e.g. 50°C) for a certain time (e.g. 500 h). After storage, the gas volume
and composition would be measured and symmetric cells constructed to measure the charge
transfer impedancésoodelectrolytes or electrolyte atisdes would bethe ones that cause the

least gas production and impedance growth.

10.2.6 Use TGA-MS and Pouch Bagsto Compare Positive Electrode Materials at

High Voltage

In chapter 7, it was demonstrated that F@IS is a powerful tool toidentify oxygen release
from NMC electrods charged tdhigh voltags. As a future work, it could be useful to tegher
positive electrode materials suakLCO, NCA and LMOto discover if these materials release
oxygen ata charged state below 100°C.n§le crystal NMC could be the next generation
positive electrode material due to its high inesgsto the electrolyte. Presently, only single
crystal NMC532 is available in the market. Single crystal NMC622, NMC811 and NCA positive
electrode may be avadblein the future As a future work, it is recommended to test these single

crystal materials using this method.
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In the laboratory, coin cells are normally used to test the performance of materials. However,
this cell format cannotbe used to monitogas generation. Figure 1D shows that charged
uncoatedNMC532 electrodesproduce less gas arthveless impedance growth compared to
uncoatedNMC442 anduncoatedNMC622 electrodesvhen theyarestored in the pouch bags at
60°C after 500 h. These impedancel gas volume results were extracted from Chapt&his.
suggests that pouch bagsufd be a good tool to evaluate synthesized positive electrode
materials in the laboratory where materials are normally produced at a small scale. The charged
electrode matrials can be obtained by charging the pelteh cells to high voltageThe pellet
coin cell here refers to a half coin cell where the positive electrode has been compressed into a
pellet and the counter electrode is lithium meTdle charged positivelextrode materialsre
thenremoved and included in pouch bags. Testpositive electrode materials could be the

materials generatingpe leasgas during storage at elevated temperature.
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10.2.7 Use FTIR to Probe the Change of @&lt Concentration during Cell Operation

During cell operation, especially at high voltages and at eléwat@perature, the salt and
solvents in the electrolyte can slowly be consumed due to unwanted parasitic reaction pathways.
Day et al. reported a method that differenti@rthal analysis (DTA) may be usemimeasure the
consumption of LiPkand the carbaate cesolvents in intact cells. However, the DTA apparatus
is not a universal device used in the laboratory. Figure 10.3 shows the area of uncoordinated
EMC and coordinated EMC vs salt concentration in LiIEMC electrolytes. Figure 10.3 shows
that therds a linear relationship between the relative peak areas corresponding to free EMC and
EMC that is coordinated to a’Leation, and the salt concentration. These peak area results were
extracted from FAIR data shown in Chapter 9. This suggests thatRE¢an be used to identify
the salt concentration. Although this method cannot be applied to an intact cdR FT
instruments are more widely available in the average laboratory. Therefore, it is suggested that

an FTIR method could be developed to measheedalt consumption in 4ion cells.
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