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ABSTRACT

The energy density of lithium ion celtsaan increasevhen the charge culff potential
increase®r high Ni conéntpositive electrode materials arsed However, this normally
decreases the lifetime of cells because¢hefparasitic reactionthat occur between the
electrolyte and the charged electrodes. This thesis project focuses on developing high

voltage lithium ion cells having high energy density angylbfetime.

Ethylene carbonate (EC) is normally used as an electrolyte solvent iri@f ¢&lls due to

its stability andmostlithium ion battery scientists believe EC is essential for goeidri
battery operation. Surprisingly, with an appropriateoant of electrolyte additive to
passivate the graphite electrode, cells with only 1M LiplEs ethyl methyl carbonate
(EMC) functioned well up to 4.4 V vs. graphite order tooptimize the amount of
electrolyte additive used in the cellsasgchromatagphy (GC) coupled with mass
spectrometry (MS)was used to track the consumption of several additives and the
transesterification of EMC during formation, cycling and storage. Some other advanced

analysis methods were also used to obtain a better unuéngjaof ECGfree electrolytes.

The effect of ithium difluorophosphate (LiP£P) as an electrolyte additive on single
crystal Li[NisMng3Cay 2O, (NMC532)/graphite pouch cellsvas examined.The
combination of coated single crystal NMC532 and LiPOis extremely useful for
extending cell lifetime especially when some other suitable electrolyte additives (e.g.
fluoroethylene carbonate (FEC)) are used at the sameThmezffect ofa surface coating

on single crystaNMC532 was also investigated systeiteity.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Lithium-ion batteries (LIB)are now widely used inmany applications fronportable
electronics €.g. laptops, mobile phones, etd9 transportation (e.g. electric vehicles
(EVs)). Applications including EVs and grid energy storage systems have increased the
requirements on cell lifetime, energy density, safety and rate capability. Meanwhile,

battery manufacturers are also trying to deseaae cost of LIB.

For the past two decades, researchers devoted significant effort to increase the energy
density of LIBusing several method$he first and most common way was to improve
electrode materials. Take Li{fWnyCo,)O, (NMC, x + y + z = 1) psitive electrode
materials as an example. In 2001, Lu et[H.showed that NMC materials, especially
Li(Nio.379VIng 374C 0y 25)O,, demonstrated excellent electrochemical performance while
Ohzuku et al[2] showed that Li(NisMn1/3C01/3)O> (NMC111) had similar performance.
Since the Ni"/(Ni®* or Ni**) redox couple is the main contributor to the capacity of NMC
materialg3], researchers started to adjust the ratio between Ni, Mn and Co by increasing
the Ni content in order to improube specific capacity. Between 2001 and present, high
Ni content containing positive electrode materials mainly including bg¥ny3Cay 2O,
(NMC532) [4,5], Li(NiggMnoCo2)0, (NMC622) [6,7] and Li(NiogMno.1C0o.1)O>

(NMC811)[8] have been introduced into the LIB market gradually.
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Additionally, increasing the upper eaff voltage will increase the energy density of LIB.
Petibon et al[9] reported that a 36% ergy density (of the positive electrode material)
gain could be obtained if the upper-aiit voltage of Li(Ni.42MNg.42C 001902 (NMC442)

vs. Li/lLi* increased from 4.28 V to 4.78 V. However, parasitic reactions between
electrode materials and electrolytescur, especially at high voltage, and compromise
cell lifetime. In order to extend cell lifetime, electrolyte additives are used to modify the
interphase between electrodes and electrolytes. Xu Et0dlsummarized much of the
recent wok on electrolyte additives in 2014. Knowing the fate of electrolyte additives

during cell operation would allow novel electrolyte blends to be developed.

The first major part of this thesis concentrates optimizing the amount of various
electrolyte addives used in novel ethylene carbonate (&g electrolytes for high
voltage cells[9,11]. Gas chromatography (GC) coupled with mass spectrometry (MS)
was used to track the fate of the electrolyte additives and some other electrolyte
compositions during different operations (e.g. cycling, storage). Cells aftettdong
cycling werealso subjected to degradation analysis including differential voltage analysis,

electrochemical impedance spectroscopy (EIS) and gas evolution testing.

The application of ingle crystal(SC) positive electrode materials thought to bea
promising methal to reduce parasitic reactions and extend lifetineé lithium-ion

batteried12,13]. However, there is a lack of systematic studieshe combined effect of



SCelectrode materialand electrofte additivesThe seconanajorpart of this thesis will
focus on a systematic study of the impaclitbium difluorophosphatéLiPOF,), which
is one ofthe most useful electrolyteadditives, onSC NMC532/graphite pouch cell

performance

Chapter 2 of tis thesisgives an overview of the current understandafighe chemistry
of theinterphase between electrodes and electrolytes iA@nlgell. Chapter3 describes
the experimental techniques used in this thesis. Chdpteports astudy of EC-free
eledrolyte for high voltage lithium ion batterie€hapter5 then describes theffect of
LiPO,F, as an electrolyte additiven SC NMC532/graphite pouch cells. Chapter 6
describe the combined effect of LiP&F, and other electrolyte additivesn SC
NMC532/graghite pouch cell performanc€hapter?7 reports acomparative study on
coated and uncoate®iC NMC532 used in Liion pouch cellswith electrolyte additives.

Conclusions and suggestions for future workdeecribedn Chapter8.

1.2 Basicconfiguration of a Li-ion cell

A lithium-ion cell has a positive electrode, a negative electrode, separators, some
electrolyte and current collectdrs4]. There are many choices of electrode materials that
can act to host the lithium aton®&nce NMC and graphite are the main materials used in
this thesis Figure 1.1 showa diagramof a lithiumrion cellwith NMC111as thepositive
electrodematerialand graphites thenegative electrodmaterial The electrode materials
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areattached tdheir respectivecurrent collectas. The two electrodes are separated by a

electronically insulang porous film called aeparatar
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Figure 11 Schematic of a lithiuaion cell with a NMC111 positive electrodkeft) and a graphite negativi
electrode (right). Taken with permission from Lin Mgtudies of the effects of electrolyte additives on

reactivity between charged electrodes and electrolytes HorLibatteries using accelerating rat
calorimetry, M.Sc. thesis, Dalhousie University, Halifax, NS (2014).

During the charge/discharge process, lithium ions are reversiihacted from or
insertedin the electrodematerials. Whera lithium-ion cell ischargng, the electrons are
forced totravel from the positve electrode twardsthe negative electrode through a

circuit outside. Meanwhileljthium ions delithiatefrom the positive electrodendtravel



through the electrolyteo the negative electrod&hen a lithium ion cell is discharging
the directions ofbath electrors and lithium ions are opposite to that of the charging
processas shown in Figure 1.TThe two half reactions during charge dischargeare
described by equations 1.1 and e&&pectivelyln these reactions, M representsetype

of transitbn metal ora combinationof transitionmetals.The forward reaction occur

when chargingvhile thereverse reacti@occur while discharging

LIMO2Z LiixMO,+xLi* +x€ (1.1)

yCe+ XLi" +x€ Z yLiyCs

(1.2)

The voltage of a lithium ion cell is the difference between the potential of the positive

electiode and the poteiat of the negative electrode.

1.3 Positive electrode materials

Many years of effort have been expended on the development of positive electrode
materials for LIB. LiCoQ (LCO), Li(NipgC0p.15Al0.0502 (NCA), NMC and LiFePQ@

(LFP) are rdatively mature and dominate the commercial market. Each material has

its own advantages and disadvantages. For example, although LCO has high energy
density, the use of Co increases cost and tox{dify16] LFP has excellent safety

performancg17] and is environmentally benigout has verylow energy derisy [18].

5



The transition metal composition has a strong impact on the performance of NMC.
GenerallyastheNi content in NMCincreasesthespecific capacity to 4.2 \hcreasedput

the safetycan be compromied[19].

Compared to conventional NMC (polycrystalline NMG&C NMC [13,20] has larger
primary particls (e.g. ~ 3rm for SCNMC532[20]). Recently, Li et al[12] reported that
SC NMC532/graphitepouch cellswith selected electrolyte ddives showed excellent
long lifetime at high voltageThis suggests that the applicationS€ positive electrode

materiak is a useful way of improving cell performance.

In orderto increase energy density, lithium rich mater{@$] and some new materials
referred to agi V positive electrode mater&alf22] (e.g. LiNipsMn; 504 andLiCoPOy)

are also being investigated. Howevénese materials suffer from different issues.
Although the reversible specific capacity otrigh layeredoxide positive materials can
reach around 250 mAh[@1,23], a large irreversible capacity loss (IR2¥] during the

first cycle, poor rate capabilitf25], poor volumetric energy demgiand a significant
voltage fadg26] limit their application. The development of suitable electrolyte systems

is a bottleneck for high voltage positive electrode matgr@l

1.4 Negative electrode materials

Instead of lithium metal, graphite, silicdrased materials ankithium titanium oxide

(Li4/sTiss04, LTO) are the dominant negative materials used in the LIB industry today.
6



Artificial graphite electrode matermlhaveshown relatively high specific capacity and
improved safety performandg27]. In order to decrease the cost of LIB, natural graphite
has been regarded aspromising candidatg28,29] LTO has relatively low cost,
zerostrain during lithium lithiation/delithiation and excellent cycling performance.
However, its voltage plateau is high (1.5 V vs. LijlLiwhich esults in lower energy

density, and its poor electric conductivity is claimed tbmit its rate capabilityf30,31].

Siliconrbased materials have been used as negative electro@®/s because of their

high volumetric capacity (~ 2200 Ah/L[B2]. However, they can suffer from capacity
fade caused by the mechanical failure of active matena¢lectrodegluring the large
volume expansion/contraction of«Si when LIB are charged or dischargg8,34]
Several solutions have been explofed the Si negative electrode. Nasized Si was
developed because of the reduction of the mechanical $84is36]. Si/inactive (e.qg.

FeSp) alloys were also designed to reduce the volume expansion and improve the cycling

performancg34,37,38]

1.5 Hectrolyte systems

Thetypical components o&nelectrolytesystemare solvents, lithium salts ametectrolyte
additives.Due tohigh dielectric constant, goambmpatibility with theelectrode materials
andfilm forming propertiesEC is the most common electrolyte solveotmponent for

LIB [39]. In order to expand the limited liquid range of £antainingelectrolytesand

7



lower the solvent viscosityseveral linear carbonates arasually mixed with EC
Dimethyl carbonate (DMC), ethyhethyl carbonate (EMC3nddiethyl carbonate (DEC)
are the most common linear carbonates used withlB@9] The chemicalstructures of
the solventsmentioned aboveare shown in Figure 1.2n addition tothe carbonate
solvents, some other nararbonate solvents such as sulfoffy and nitriles[41] have

been ivestigated for special purpose applications such as high voltage cells.

() (b) (c) (d)

Figure 12 Chemical structures of some solvents used in lithiombatteries: (a) €, (b) EMC (c) DEC
and (d) DMC.

The most common salt used in LIB ihium hexdluorophosphatéLiPFs) [39]. It shows
many superb characteristics suchhiégh ionic conductivitywhen mixed with organic
carbonates(> 10° S/cm), high lithium ion transference number @-35) and low

corrosionof the Al positiveelectrode current collectat high potential42].

Some oher sals have also been studied for applicaan LIB including lithium
tetrafluoroborate (LiBE) [43], lithium bis(oxalato)borate (LiBOBJ44], lithium bis

(trifluoromethanesulfonyl)imide  ((LIN(S&CFs), called LITFSI) [45], lithium



bis(fluorosulfonyl)imide (LINSO4F; called LiFSI)[46] and so onThey have thir own
advantages and disadvantages. For exanyi#;, has better thermal stabilif¢3] but
lower conductivity and poorer cation solvatiphi7] compared toLiPFs. LiFSI-based
carbonate electrolyse show higher ionic conductivities and higher lithium ion
transference numbers compared to kHBRsed electrolyte but suffers from Al corrosion

[48]. Figure 13 shows thehemicalstructures of the salimentioned above

Electrolyte additivesaddedat the 0.1- 10% level[39] in electrolyte systems, contribute
to improving cell performance(e.g. control impedance growtf#9], suppress gas

evolution and increase lifetin}B0]). More details will be discussed in the next chapter.

O
| | 0o 0O O
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NN NV
>|/ SN \|< ZNNTN
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Figure 13 Chemical stratures of some common salts used in lithilem batteries: (a) LiPHb) LiBF,4 (c)
LiBOB (d) LiTFSI and (e) LiFSI. Taken with permission from Lin Mgtudies of the effects of electroly
additives on the reactivity between charged electrodes and eleéesolp Liion batteries using
accelerating rate calorimetryM.Sc. thesis, Dalhousie University, Halifax, NS (2014).
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CHAPTER 2 ELECTRODE/ELECTROLYT E INTERPHASE: WAYS T O
CHANGE ITS CHEM ISTRY

2.10lid electrolyte interphase

In lithium ion cells, both charged positive and negatieéectrodes can react with
electrolyte to form layersomposed of the products of the reactiofise layers, called

solid electrolyte interphase (SElxyers are electronically insulating and ionically
conducting.Peled[51] first suggested the formation of the SEI in 1979. The Sws
reversibleLi” transportand dictate the kinetics of cell reactions. Howevéhe SEI is

very difficult to characterize clearly and still being investigated bynanyresearchers.

Winter reported tatitisit he most I mpodéastobdtthdlBpsehent

[52].

2.1.1 Negative electrode/electrolyte interphase

This part will only focus on the interphase between the graphite negative electrode and
carbonatébased electrolygewith or without electrolyte additives. TH&EI containdoth
organic and inorganic compounds resulting from reaetedtrolyte componentst has
beenrepored that the SEI closer tthe electrodeis mainly composedf inorganic
compoundswhile the SEI closer tahe electrolyte isprincipally formed byorganic

compoundg53,54].

The mixture of EC and some other linear alkyl carbonates (e.g. DEC, EMC) with

dissolved LiPEis a typical electrolyte (defined as the standard electrolyte inhbssg.
10



The SEI starts to form during the first charge process called the formation step.
Substantial effort has been devoted to investigate the SEI formed in the standard
electrolyte[54,55] EC is well known to be the principle SEI filfarming agent on the
graphite side. Figure 2.1 shows ttegluction mechanisrof EC [56]. Lithium ethylene
dicarbonate (LEDC) and ethylene are the main products. Formed LEDC precipitates on
the graphite surface to prevent further reduction of the electrolyte while gaseous ethylene
needs to be removetliring the pouch cell manufacturing process in order to decrease the

mechanical stresses in devices containing lithium ion cells.

X i
Li .
20 O+ 2Lt + 2 —> >=< + IO\[rO\/\OJI\ OLi
\_/ 4
EC Ethylene LEDC

Figure 21 The reduction mechanism of EC on the graphite electrode.

The linear alkyl carbonates (e.g. DMC, EMC) can also be reduced on the graphite
electrode and produce lithium alkyl cartadeg57i 61], lithium alkoxides [57,59 62] and

lithium carbonat¢57,60,61,63])n the SEI.

The reaction (shown in FigureZ2.activated by lithium alkoxides (ROLi) is called a
transesterification reactiorji64]. During EMC transesterification reactions, DMC and
DEC are the main products. In thisesis these reactiaare a teltale indicator that

EMC has been reduced at the graphite electrode.
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Rlo 0R2 RO 0R2
+ ROLi — \n/ + R,OLi (a)

or RO OR,

— + R,OLi (b)
0

Figure 22 Possible mechanisnfer the EMC transesterification reaction on the graphite electrode. -
represents methyl, Represents ethyl, R represents either methyl or ethyl).

LiF, resulting from the decomposition of LipFis another component that can be
detected in the SEI on the graphite surf466]. Equation 21 shows a possible

mechanism of LiPEdecomposition when trace amounts of water are in the[6&l1§7].

2H,0 + LiPR, == LiPO,F, + 4HF (2.1)

The addition of filmforming electrolyte additives facilitate SEI formation by
electrochemicallyforming film layers on the surface of graphite through a reduction
process. The reduction potentidltbese electrolyte additives m®rmallyhigher than that

of the main solvents (standard electrolyte), which means they will be reduced prior to the
electrolyte solvents (e.g. EC)inylene carbonate (VC, shown in Figure 2.3(a)jaken

as anillustrative example.Ota et al.[68] showed thathe reduction of VQoccursat a

12



potential more positive than 1.0 ¥. Li/Li*. VC can undergo polymerization on the
surface ofthe graphite electrodeluring formation.Ouatni et al.[69] showed that the
process of polymerization of VC can proceed either through the C=C double bond
(polymer A) or the carboma group (polymer B). The polymerization productssirewn

in Figures 2.3(b) and (c)

Figure 23 The chemical structure of VC (a) and itsjor reactionproducts on the graphite electroc
during formation: polymer A (b) and polymer B (c).

2.1.2 Positive electrode/electrolyte interphase

Comparedo the negative electrode/electrolyte interphadgaited workhas been donen

the positive electrodelectrolte interphaséecause othe complicated speciesnd their
complex formation mechanisn A review on the subject of electrode/electrolyte
interphases was compiled by Xu in 2014, in which he summarized the previous limited
work on the positive electrodegeltrolyte interphase by categorizing their formation

stages, including: (1) the formation of films during positive electrode manufacturing; (2)

13



spontaneous reactions when the positive electrode is soaked in the electrolyte; and (3)
electrochemical rearrapgient of the chemical species formed in stages (1) and (2)

during charging10].

A yIl m c on sGOsusually fprmse dn the surface wansition metal oxidéased
positive electrode materials during their synthesisrocessing irthe atmospher§rz0,71]

Equation 22 showsa possible chemical reactigi0].

x/2CO,+ LiIMOz+ x/4 Oy —>  Li1xMO2+ x/2Li,CO;5 (2.2)

(M represents a transition metal or a combination of transition metals)

Spontaneous chemicaactions can occur when positive electrode masssi@exposed
to electrolyte. Wang et dl72,73]reported that direct contact b€O with EC/DMC (1/1)
containinglM LiPFs resulted in the decomposition of electrolyte dhdt precipitants
formed(e.g.(CH,CO.Li)2) on the surface aheelectrode material. Accompaniég the

dissolution ofLi* and the generation of @0, the degradation dhe LCO structure also

occureed.

It is believed that the positive electrode/electrolyte interphase can be affected by the
electrochemical processduring charging. Based ofti and *H magicangle spinnig
(MAS) nuclear magnetic resonance (NMR) studiegnditiér et al.[74] reported that a

new orgarc film gradually formed on Li(Niy.,C0/Al;)O; in 1M LiPFs with propylene

14



carbonate (PC)/EC/DMC (1/1/3) during electrochemical charging. Duncan[&bA16]
studied the interphase between Ly@j and the electrolytel(M LiPFs in EC/DEC (3/7))

using EIS, Xray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR). Some inorganic species such as LiIPRK, as well as some
organic species such as p@thersweredetected after cycling. Ettrolyte additives can

also contribute to the formation of different species in the positive electrode/electrolyte
interphase. Madec et al[77] systematically compared the composition of the
NMC111/electrolyte (1M LiPkin EC/EMC (3/9) interphase with or without VC and
prop-1-enel,3-sultone (PES)after cycling up to 4.2 V using XPS. OligtC was
detected in the interphase when VC was added meanwhilgLR®&s found when PES

was added.

2.2 Electrolyte additives

Electrolyte additives (upp 10 wt. %) are added to the electrolyte in order to improve the
performance of LIB10,39] In the extensive reviews reported Blgang et al[53] and

Xu et al.[10,39] the benefits brought bylectrolyte additives can be generally divided
into the following two categories: (1) modifying the properties of Sk either on the
positive side or the negative side g8l ovacharg protection Thisthesisfocusesonthe
study of electrolyteadditiveswith the former function. They affect calalendaror cycle

life [78i 80], safety[81,82], gas evolutio83i 85] and impedanc36i 88].
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The three sections below present a brief overview of the present understanding of the
effect of electrolyte additives on the graphite negative electrode, ticengiining
negative electrode and the positive electrode, respectively. The chemical strudture

electrolyte additives described in tlisapterare summarizeth Figure 24.

2.2.1 Electrolyte additives for the graphite negative electrode

Since graphite is now widely being used as the negative electrode material, researchers
have put enormous efforttm using all kinds of electrolyte additives to change the
surface chemistries on the graphite side and improve cell performance. Many attempts
[10] (e.g. XPS, FTIR, NMR) have also been executed to understand how additives work
at a fundarantal level while ultrenigh precision coulometry (UHPC), losigrm cycling

and storage testing are some of the best ways to prove the actual usefulness of electrolyte

additives.

VC, a representative of unsaturated additives, is the most popular electdbjitive

used in LIB because it helps extend the lifetime of [8B,89] It can form polymers on

the graphite side during cell formation and the relevant mechanism has been described by
many researche$3,68,78] Some other organic electrolyte additives (e.g. sddased,
boronbased) have also been reported to have higher redymdtential than the solvents

and change the composition of the interphase between the graphite and the electrolyte.
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Chen et al[90] synthesized butylene sulfite (BS) and demonstrated itsfibming
capability on the graphite side in the B@sed electrolyte. The formatiof a stable SEI

(main produd arelLi,SO; and ROSGLI) on thegraphite surface is believed to improve

the cell performance. Self et §#84] proved that the reduction of PES on the graphite side
during formation can suppress gas evolution in NMC442/graphite pouch cells. Based on
SEM, FTIR, cycling and XPS measurements, Wang ef94l. demonstrated that the

addition of 3,5bis(trifluoromethyl)lenzeneboronic acid (BA)can improve the
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electrochemical performance of the graphite electrode hd@&€d electrolyte.

In addition to organic chemicals, researchers also investigated the effect of some
inorganic chemicals when used as electrolyte additiBesause of the high reduction
potential (1.7 V vs. Li/Li) of BOB anion, LiBOBcan be a usefiglectrolyte additive.

Xu et al.[92] reported that the addition of trace amounts §lwt. %) of LiBOB could

form a stable SEI on the graphite sieenin PGbased electrobg. Yang et al.[93,94]
reported that the addition of LiBE resulted in the formation of stable SEI on the

graphite electrode and decreagsdmpedance during long term cycling.

2.2.2Electrolyte additives for the siliconcontaining negative electrode

With the goal of increasing energy density;c8ntaining negative electrode materials
have been actively explored. Like graphite, Si is normally operated around®.V vs.

Li/Li * where most of the electrolyte components banreduced and the products can
change the surface chemistry of the interpjad¢ However, the interplsa between Si

and electrolyte is highly affected by the large volume changes during reversible
lithiation/delithiation, which is totally different from graphite. During each cycling
process, the formed SEI can be broken while new prisfig® surface isreated and

another round of SEI formation staf8z}].

Based on the success of some traditional elgtér@dditives (e.g. VC, LiBOB) on the

graphite electrode, researchers applied these electrolyte additives to the Si electrode. With
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the addition of VC in carbonateased electrolytes, Chen et [85] reported that the cell
(Si/Li) capacity and the coulombic efficiency (CE) were improved. XPS results showed
that the amount of LiF in the SEI was decreased compared tiveélectrolyte, which
indicated that the polymerized SEI formed by VC could prevent salt anion decompaosition.
LiBOB has also been shown to improve the cycle performance of Si/Li half cells in
typical EC/DEC (3/7) electrolytd96,97] The reduction of BOBresulted in the
formation of a relatively stable SEI and decreased the consumption of active Si.
FEC-containing electrolytes have been widely studied on the Si negative electrode
because they contribute to improving electrochemical performance as judged by the
capacity retention during loAgrm cycling[34,98,99] According to surface analysis
results[99], the interphase between Si and F&taining electrolytes is enriched with
inorganic fluorides while the interphase resulting from HEg@ electrolytes mainly

consists of the carbonate reduction products (as discusSedtion2.1.1).

2.2.3 Electrolyte additives for the positive electrode

Electrolyte additives can also affect the cell performance by changing the interphase
between the positive electrode and thectetdyte. Smith and Burns et g|100,101]
developed UHPC which can accurately rank ctdtilne in a relatively short time period.
Based on their repofil02], with increasing amounts of VC content (up to 6 wt. %) in
NMC/graphite cells, the charge epdint capacity slippage, whids caused by parasitic

reactions at the positive side (e.g. electrolyte oxidation), decreased. This suggests that VC
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is able to improve cell performance by affecting the SEI on the positive side, which

subverts the viewpoint that VC only affects the 8&lkhe negative electrode.

In addition to the known ability to modify the SEI on the negative side, LIBOB also
demonstrated its effect on the SEI at the positive electrode, which led to higher rate
capability for NCA/Li cells[103]. In order to extend the cell lifetime at higbltage,
LiBOB was also applied to LiMrsNiosO4/Li cells operated up to 4.9 M04]. Compared

with LiBOB-free cells, LiBOBcontaining cells showed better capacity retention and
smaller impedance. Surface analysis results suggested that the produs@Bof
oxidation on the positive electrode SEI prevent the oxidation of electrolyte and also

suppress the dissolution of Mn (1l) from the positive elect{@0d].

LiIiPO,F; is an extremely valuable electrolyte additive for coitrglimpedancegrowth

on LiNi g sMng 25C oy 250, during long term cyclindpy modifying theinterphase between
positive electrode and electrolyf@05]. Zuo et al.[88] reported thatthe addition of
methylene methanedisulfonate (MMDS) significantly incrdabe capacity retention of
LCO/graphite cells cycled between 3.0 and M.by suppressingarasitic reactionsn

the positive sideMMDS has also been demonstrated to form stable SEI on the surface of
LiMn 04, thus leading to improved thermal stabilif¥06] and suppression on the
dissolution of Mn[107]. Xia et al.[108] reported thathe addition ofdifluoroethylene

carbonate (DIFEC) decreasetiargeendpoint capacity slippage, which indicated the
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suppression of electrolyte oxidation NiMC442electrode.Yang et al[109] showed that
the addition of DIFEC extended lifetime b€O/graphite cdlby forming stable SEI on

LCO.

2.3 Introduction of coatings on the electrode materials

Surface coating of electrode materials has been widely introduced to improve the
performance of lithium ion cells (e.g. thermal stabilityL0], rate capabilityf111] and
capacity retentiorjl12,113). The coating materialaormaly consist of metal oxides,
carbon, metal carbonates, metal fluorides, metal aluminates and metal phofd#gtes
Various methods have been investigated to carry out surface coating including atomic
layer deposition (ALD)[115], vapor decomposition processg46], solgel methods

[113] and so on. Since surface coating has been applied on both positive and negative
electrode matéals, the two sections below present a brief overview of the present

understandingf the role of surface coating.

2.3.1 Surface coatings on the positive electrode

It is now accepted that the role of surface coating on the positive electrode material can
be mairy classified into the followingthree categories[114,117] (1) improved
electronconducting layer, (2) modification of surface chemistry and (3) physical

protection layer.
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Conductive carbon coatings have proven to be useful for improving the charge transfer
process at the interphase of positive electrode materials. For example, with a surface

coating of carbon,.FP showed better rate capability16,118]

Surface chemistry of positive electrode materials has a strong impact on the
electrochemical performance of cdlld9,120] Since the coating process often involves
some physical treatment (e.g. heat treatment),ddanschange the surface chemistry of

electrodes, whickan contributéo changein cell perbrmance.

When LiPFk reacts with trace amounts of moisture in the cells, HF will form (see
equation 2.1) and corrode the electredeface. Some research¢id4] reported that
surface coating (e.g. AD3) could react with HF to eliminate its negative effect by an

example reaction as shown in equatidh 2.

Al,O3+6HF —> 2AIR+ 3H,0 (2.3)

However, HO, the product of this reaction could produce more HF in cells. Therefore,
some researchers do not believe thhatirface coating camprove cell performance by
eliminating acid species. A solid superacid mdd&[F'] was proposed to illustrate the role

of coating (e.g. AbO3) on modifying surface chentrg. In this model, Al can be

produced through equation32while LiF and Pk can be produced from LiRFIn
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equation 24, LizAlFscan be produced and is regarded as a solid solution gfaAbFLiF

(see equation 3).

3PR+Al,Os+ 6LIF —>  2LEAIFg + 3POR (2.4)
LisAlFg — AlF3-3LiF (2.5)
AlF3/Al,03 and AlR/LisAlFg are solid superacids which form on the SEI around the
positive electrode particle®ecause of high acidic strength and catalytic effects, solid
superacids are widely used as catal{i2d]. They improve electrochemical performance

of LCO-containing cells by removing alkaline impuritigd.9] on the surface of LCO.

Chemically inactive material coatings can be a physical protection layer to suppress
parasitic reactions (e.g. oxidation of electrolyte, oxygen reld22}) between electrodes

and electrolytes. Some examples of these coating materials are Zn{) ABIB; and
Zr0O,[113,114,128125]. However,with the support oNMR technique,Hall et al.[126]
recently found a possible reaction mechanism of,®4 coating on positive electrode

materialswith LiPFg as following equation.

3LIPRs+ 2A1,05 —>  4AIF;+ 3LIPOF, (2.6)

2.3.2 Surface coatings on the negative electrode

Surface coating is also practiced on negative electrode materials in order to suppress side
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reactions between electrolytes and elmbes and provide better electric contact
networks. Carbon coating has been reported to protect natural graphite from attack by
PC-based electrolytg¢127,128] Yoshio et al.[129] and He et al[130] showed that
carboncoatingand ALO; coatingwere both effective for improving Stcontaining cell
performance by stopping parasitic reactions on the surface, keeping integral electric

contact around silicon particles and alléwig particle cracking

Coating is an effective way of improving cell performance by affecting the interphase
between electrodes and electrolytes. Meanwhile, electrolyte additives can also extend cell
lifetime, control impedance growth and suppress gadyaton by modifying the SEI.
Arumugam et al[131] reported the speciaynergetic effectbetween AJOz; coated
NMC622 and electrolyte additive combinationalledfi P E S A2PAIP&ES + 1% MMDS

+ 1% tris (trimethylsilyl) phosphitg TTSPJ)), on cell grformance.There is still wide

space for indamental investigation into the combined effect of electrolyte additives and
coatings on cell performanceh& relevant mechanisms could be of great help in fully

understanding the interphases which affect #gréopmance and lifetime of LIB.
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CHAPTER 3 EXPERIMENTAL TECHNIQUES

3.1 Cell chemistry and preparation

3.1.1 Cell chemistry

Dry (no electrolytemachinemade pouch cells were used through all the projects in this
thesis. Four different cell chemistries were used includingMC111/graphite
NMC442graphite coatedSCNMC532graphiteand uncoated SC NMC5324phite All

the pouch cellsvere obtained from EFun Technology (Xinma Industry Zone, Golden
Dragon Road, Tianyuan District, Zhuzhou yCiHunan Province, PRC, 412000)he
same artificial graphite negative electrode material (Kaijin AMIO from Kaijin, China)
was used in all the pouch cellRable 3.1 summarizes the electrode formulations in the

pouch cells used for this thesis.

The coating on the SC NMC532 was studiechg®lectron microscopy since ietailed
informationwas not disclosed by the suppliero€ssectional samples of the particles
were first created using focused ion beam (FIB) milling in a scanning electron
microscope (SEM). Once cresectioned, a linscan was collected across the interface
from the carbon substrate through the surface and into the bulk of the particle using
electron energyoss spectroscopy (EELS) and scanning transmission electron
microscopy (STEM). At an accelerating voltage of 30KeV, EELS spectra were
collected every 10 nm over a 500 nm span with an exposure time of 0.10 s at a dispersion
of 0.5 eV/channel. Figurd.la shows the STEM image of a coaBdNMC532 particle.

The red line indicates the direction of EELS line sCEtanium was the only element
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other than Li, Ni, Co and Mn observed in the sample.

Table 31 Electrode formulationssed inthe pouch cellsf thisthesis

Cell Type Ratio between the active electrode| Ratio between the active electrod¢ Cell
material, carbon blaclgolyvinylidene material, carbon black and balance
fluoride (PVDF)and graphitednly for carboxymethyl V)
SCNMC) of the NMC positive cellulosestyrenebutadiene rubber
electrode (by weight) (CMS-SBR) of the graphite positive

electrode (bywveight)

NMC111/gr 96:2:2 96:2:2 4.7
NMC442/gc 96:2:2 96:2:2 4.7
coatedSC 94:2:2:2 96:2:2 4.4
NMC532/gt
uncoatedSC 94:2:2:2 96:2:2 4.4
NMC532/gt

To approximate the relative change in Ti concentration across the interface,Ezgh E
spectrum in the linscan was first background subtracted by legstares fitting a
generalized power law to the region between 370 andeX¥4a&s shown in Figurdl.

Counts were integrated between the range of 445 eV and 460 eV to capture the
characteistic Ti L, 3 edge. The counts were then normalized to 1.0. This is shown in
Figure3.1b. It can be observed that Ti is only present in the firdi@B@m of the particle

with few to no Ti counts found in the bulk of the partidieshould be noted thahis
analysis is entirely qualitative and the electron cross section, plural scattering and

electron channeling effects were not taken into account for this andlsisrtheless,
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the data show that the Ti is only present at the surface of the partidebexefore the

coated samples have aldased coating.
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Figure 31 (a) STEM image of a fresh coat&€C NMC532 particle. (bEELSIine scan profile of Ti.

XPS was also used for characterizing surface coating composition. Figure 3.2 shows the
binding energy of Ti 2p peaks for both coated and uncoated NMC532. The binding energy

of Ti 2p peaks for coated NMC532 is in excellent agreement with the repddesture
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[132] values of TiQ. We do not claim the coating is Ti(only that the data suggests the Ti

is in the 4+ oxidation state and is in an octahedral oxygen environment.
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Figure 32 XPS spectra of Ti 2p peaks for coated and uncoated NMC532.

Figure 33 shows the SEMimages for the fresh positive electrode with different
chemistries: (a) NMC111, (b) NMC442, (cpatedSC NMC532and (d) uncoatedSC

NMC532.
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Figure 33 SEM images for fresh positive electrodes from the pouch cells used in this thes
NMC111, (b) NMC442, (c) coated SC NMC532 and (d) uncoated SC NMC532.
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Figure 34 showsvoltage vs. capacity foa mated SC NMC532/graphite pouch cell
(black line), its correspondingoated SC NMC532electrode(blue line) and graphite
electrode(red line) during chargingin order to illustrate the meaning of cell balance

mentioned in Table 3.1.
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Figure 34 Voltage vs. capacity for acoated SC MC532/graphite cell (black line), coated SC
NMC532/lithium metal (blue line) and graphite/lithium metal (red lingh 1.2M LiPFg in ECEEMC 3/7
plus 2% FEC during charging procegsto 4.3 Vwith current corresponding to 2 at 40°C.
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The data was measured using current correspgrid C/20 at 40°C. Theoretically, this
coated SC NMC532/graphite pouch cell is balanced up to 4.4 V. As a result, when this
pouch cell is charged to 4.4 V, there is still around 10% extra capacity in the graphite

electrode as indicated in Figuret3.

3.1.2 Cell preparation

All pouch cells were vacuum sealed without electrolyte in a dry room in China and then
shipped to our laboratory in Canada. Before electrolyte filling, the cells were cut just
below the heat seal and driedl@°C under vacuum for4lhoursto remove any residual
water. Then the cells were transferred immediately to an di¢guoh glove box for filling

and vacuum sealind\ll the pouch cells were filled with 0.9 g of electrolyte. Affaling,

cells were vacuursealed with a compact vacuisealer (MSK115A, MTI Corp.). Then

cells were placed in a temperature box at 40. + 0.1°C whereméeyholdat 1.5 V for

24 hoursto allow for completion of wettingpefore formation. During formation all the
cells were charged from 1.5 V to 3.5 V at @rent corresponding to C/20 and then

degassed and charged from 3.5 Wehigh operation voltage

Figure 35 shows a voltag€V) vs. capacity(Q) curve (a) and its relevant dQ/dV vs.
voltage curve for a NMC442/graphite cell during formation up to 44it¥d a current
corresponding to @0 at 40°C. Normallyplateaus in the voltage vs. capacity appear as
clearly identifiable peaks ithedQ/dV vs.V curve, which suggest the occurrence of redox
reactions. In Figure 3(b), the peak at around 3.2 V suggébtsreduction of EMC on the
graphite electrodf].
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Figure 35 Voltage vs. capacity curve (a) and associated dQ/dV vs. voltage dbjvdor a
NMC442/graphite cell with 1M LiPEin EMC during formation with a current corresponding to C/40
40°C.The dQ/dV vs. V curve only corresponds to tegion of the VQ curve in the highlighted box.

3.1.3 Electrolyte chenicals

Electrolyte chemicals used in this thesis were provided by different companies and used
as reeived without any purificationTable 3.2 summarizes the supplier (if available),

purity (if available) and water content (if available) of each electralyseical.
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Table 32 Detailed information of electrolyte chemicaisedthis thesis

Chemical Common name Supplier Purity Water
(%) content
(Ppm)
EC ethylene carbonate BASF 99.95 " 10
EMC ethyl methyl carbonate BASF 99.92 "6
DMC dimethyl carbonate BASF 99.95 " 20
LiPFe lithium hexafluorophosphate BASF 99.94 " 20
VC vinylene carbonate BASF 99.8 " 100
FEC fluoroethylene carbonate BASF 99.94 " 20
DIFEC difluoroethylene carbonate | HSC Corporation  99.5 NA
MEC methylene ethylee carbonate BASF NA NA
MMDS | methylene methanedisulfonal Tinci Co. Ltd 98.7 NA
DTD 1,3,2dioxathiolane2,2-dioxide | Tinci Co. Ltd 99.0 NA
or ethylene sulfate
TTSPi tris(trimethylsilyl) phosphite TCIl America . 95.0 NA
PES prop-1-enel,3-sultone Lianchuang 98.2 NA
Pharmaceutical
PBF pyridine trifluoroborate 3M Co. Ltd 99.0 NA
PPF pyridine pentafluorophosphatf 3M Co. Ltd 99.0 NA
MA methyl acetate BASF 99.95 " 20
CH.CI, dichloromethane Fisher 99.9 NA
HDI hexamethylene diisocyanate| SigmaAldrich 99.0 NA
LiPO,F, lithium difluorophosphate Tinci and 99.73 180.04
Capchem Co. Ltg
LiBOB lithium bis(oxalate)borate Rockwood 99.9 NA
Lithium
LIDFOB lithium difluoro (oxalate) Chemmetall NA NA

borate
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3.2 Storage testing

Storage experimestare simple and usel method to compare the parasitic reaction
rates of given electrode/electrolyte combinations at a selecteeftutoltage. These
parasitic reactionsnainly consist ofelectrolyte oxidation on the positive electrpdee
dissolution oftransition meta from the positive electrodand electrolyte reduction on
the negative electrodd33]. This experiment can be applied to a single electrode (Li
metal is the negative electrode) or a full cell configuration (usualgphite is the
negative electrode). It is well known thdtet potential of an intercalation electrode
depends on the amount of lithium residing ire telectrode materialln a full cell
configuration, if the negative electrode (graphite)insa twophaseregion and the
positive electrode is not in a twahase region, thgoltage change of the celluring
storage must beaused bya changeof lithium contentin the positive electrodbecause

the electrode potential (vs. Li/liin the twephase region is cstant

Figure 3.6 shows thefull cell voltage (or the half cell potentialys. the state of charge
curve for a LCO/graphite full celind its corresponding half calurves. It is clear that
the change of the cell voltage resdtbm a change of the Iitium content in the positive
electrode at high states of chargéhe potential decrease of the positive electrode
suggests the increase of lithium content insiflee lithium ionsfrom the electrolyte
combine with the electronsaused bythe parasitic redions on the surface of positive

side to insert in the positive electrode. In the case of storage expevondrdlf cells, the
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voltage change comes directly from the working electrode because the potential of the

lithium metal electrode is constant.
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Figure 36 Voltage vs. state of charge curve for a LCO/graphite full d@lle dashedurve). Potential
(vs. Li/Li*) vs. state of charge curve for a graphite half cell (reid snirve) and a LCO half cell (blacl
solid curve), respectively. Taken with permission from Deijun Xiddgrprising Chemistries in tion

Cells PhD thesisDalhousie University, Halifax, NS (201

The Dahnlab storage systenbuilt in 2013 is used to test thepencircuit voltage of

cellsas a function of time at various temperaturdsthe storage results presented in this
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thesisare for the full cell configuratiortsually aMacca series 4000 cycler was uskxd
preparecellsfor the storageests.In thisthesis cells after formationwverecycled between
2.8 V andthe high cutoff voltage @.3 or 4.4V) twice with a current of 10 mA (C/20)
Then the cells were held #te high cu-off voltage @.3 or4.4 V) for 24 hours and then
were transferred to the storage systérhe storage period lasts00 hoursat high

temperature40°C or 60C) for each test.

3.3Gas chromatography (GC)

In order to obtain a deep understandifgthe fate of &ectrolyte compositions, GC
coupled with MSwas used in thighesisto analyzethe consumption of electrolyte
additives andhe change of solventomponentsemiquantitativéy in the cells during

different operations (e.g. formation, lotgym cycling andtorage)

GC is a technique used to separatemultiple species in a sampléd basic gas
chromatographas shown irFigure 3.7, mainly consists of a heated injector, a carrier gas
supply, a separation column located in a temperature programmadieand aletector.
A mass spectrometewas the detector used in thithesis for detecing the volatile

components of the electrolyte

The carrier gas, namely tlienobile phase, is heliumin the column connected tthe
mass spectrometdrere. The choice of carriegas mainly depends on the quality of

separation needed and the analyte mixiiidd].
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Figure 37 A schematiof a GC.

An analytical column, usually made of silicavered with a polymeric film outside isa

key part ofthe GC because théstationary phaseis coated on the inner wall of the
column. The stationary phase is usualliquid phase or porous particulatéis addition

to the stationary phase, the dimensions and coating thickness of the columns depend on
the analyes, sample loading and so die column used for the experiment in tthiesis

is BR-5MS (Bruker, length: 30m, inner diameter: 0.25 mm, thickrafsinside coating:

1.00 mm). The coating material inside the column5% phenyl plus95% dimethyl

arylene siloxanerigure 38 shows the chemical structuretbfs coating material.
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Figure 38 The chemical structure &2 phenyl plus 95% dimethyl arylene siloxane

After the sample is introduced in the injector, it will be volatilized and carriechéy t
mobile phase through the column, during which the aralgté¢he sample will interact
with the stationary phase inside. Since the partition coeffe@ndifferent analytesre
different, different analytes will spend different tisnen the stationgr phase, which
results in the separatiaf the different analytes. In addition tie partition coefficient,
the temperature of the oven also affects the retention tinteeainalytes.During the
experiments inthis thesis a temperature ramprocedure \as used to accelerate the

separation process.

3.4Mass spectrometry (MS)

MS, a powerfuldetection techniqyenvas used in tandem with GEigure 3.9 showsa

schematic ofa typical mass spectrometeA mass spectrometenainly consists of a
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sample inlet, an idmation chamber, a mass armdy and an ion detector. The sample is
initially introducedinto the sample inlet then transferred to the ionization chamber where
the sample is ionized. The charged atoms or molecules are separated hhsedass to
chargeratio (m/z) by the mass analyser. Then the ions exit the mass analyser aed hit th
detector to create a sign&enerally more ions meamstronger signal, which lays the

foundationfor quantitative analysis.

Tonization
chamber Detector

T |

Sample Analyzer
inlet

Figure 39 A schematic of a mass spectrometer.

Electron impact ionization (Elvas the ionization method used to produce results for this
thesis The essential idea of an EIl source is to accelerate electrons to a set energy (usually
70 eV), and allow these electrons to ke neutralgas phase molecules, causing
ionization. The electr@ are generated using a heated tungsten filament and a strong

electric field. The whole process is illustratedrigure 310.
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Figure 310 A schemat of an Elsource

There are several common types of mass aaalguch as ion trap, time of flight,
guadrupole and magnetic sector. A dugole mass analyzer was used to produce the
results for thighesis The basic principle of a quadrupole aralyis to allow the ions to
travel through a set of four rods which create an oscillating electric field. Only those ions
at a specifian/zratio will make it through this field while the rest of the ions will hit the
sides of the rods, and never reach the deteTtwe. detailed theory can be found in

referencd134]. Figure 311 shows a simple schematic of a quadtamnalyzer.

3.5Ultra -high precision coulometry (UHPC)

UHPC developed by Smith et §l.35,136]was extensively used in the work presented in
this thesis in order to gain an understanding about the effect of different electrolyte

systems and cell chemistry on the anticipated cell lifetime
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Figure 311 A schematic of a quadrofe mass analyzer.

Figure 312 shows the 10@hannel UHPC system at Dalhousie University. Several
significant parameters such @g, the charge and discharge endpoint capacity slippages
per cyan d, regpectively) and the fractional fade per cycle can be measured

accurately by UHPC to compare the rate of parasitic reactions between different cells.

According to the lithium inveory model proposed by Smith et f100], the fractional
fade per gcle, fade/Q represents lithium losdue toSEI growth at the negative electrode
andthe fractional charge endpoint capacity slippage per cgbfmage/Q indicatesthe

electrolyte oxidatiorat thepositive electrode
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Figure 312 The UHPC test channels at Dalhousie University.

The relationship betwedade/Q, slippage/Q and Gtan be summarized by the following

eguation:

17 CE= coulombic inefficiency (CIE) = Fade/Q + Slippage/Q (3.1)

Generally bwer slippage/Q, lower fade/Q and higher @ult in longe lived cells

[101].
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3.6Gas evolution

In a lithium ion cell, electrode materialsan react with electrolyte to produce gaseous
products during formation, cyclingr storage. The production of gas can result in the
deformation of gpouchcell, loss of electrical contact between a cell and its device and
evensafety issues. Electrolyte compositions affect the production dBdasTherefore,

it is important tomeasure the gas produced in a cell accurately to determindabeaéf
electrolyte compositioon gas evolutionIn-situ and exsitu gas measuremeslystens

[83] werebuilt in the Dahnlab in 2013In these system& r ¢ h i rRPandigless@sed to
measureghe buoyant force on the cefligure3.13 showsa photograph of the sep used

for the exsitu gas measuremerA pouch cell is hooked under a balanthe details of

the test procedure are discussed by Self [@43J

When a pouch cells immersed in water, the follong forces act on it buoyant force
(Fouoyan), force of the tension due to the hooked$y) and gravity (G). This can be

described in equation3.

EF tensiontFouoyand G = 0 (3.2)

When the volume of a pouaell changes due to gas evolutidi,oyantWill change bulG
will stay canstant.As a result, the change Bgnsionls opposite to the change Bfuoyanton

the cell
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QFtension = -0Fbuoyant (3.3)

The change oFpuoyandS describedyy equation 3.4.

qj:buoyant = 0ovg (3.4)

w h e rvds thep volume change of a pouch cglljs the density othe liquid (water)

where the pouch dds immersedand g is thenagnitude of gravitational acceleration.

The change oFnsioncan be determined by the balance, which is deschlyezfjuation

3.5.

OFtension =  GRAAcD (35)

wh e r gaan@gsnthe mass change measured by the balance and g is the magnitude of

gravitational acceleration.

As a summary of equations 3.3.5, he volume change of @ouchcell, which is equal
to the amount of produced gas, is directly proportional tartasschangemeasured by

the balance. This is describlegequation 3.6.

®v -gFmy/ (3.6)
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§ Apouch cell is hooked under
a balance.

A beaker filled with de-
ionized water (18.2MQ).

Figure 313 The exsitugas measurement sgp.

In this thesis, the volume of a dry pouch cell is around 2.5 mL.

3.7 Electrochemical impedance spectroscopy (EIS)

EIS is a quick and nedestructive technique to measure the current resulting &nom
alternating voltageapplied to an electrochemicatltover a range of frequencies. This

was used in this thesis to obtain anderstandingof the impedance changewhen
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different electrodeglectrolyte systemswere used. Electrolyte compositions affect the
composition and thickness diie SEI, which impad the resistance dhe SEI layer.
Therefore EIS measuremsmtreimportant to characterize the effectivenesghefSEI. In
order to illustrate the impedance of aitin cell, some simple electronic components are
used to model the different contributiotts the impedanceTable 3.3 summarizes the

electronic componentssedandtheir impedance.

Table 33 Basic electronic components and their calculated impedance.

Component Circuit Symbol Impedance
Resistor \/\/ R
Capacitor —_ 1/(iv C)
Inductor LYY Y i vL

The simple equivalent circuit modegported by Petibofil37] is used in thighesisto
interpret the impedance of a-ldn cell. Figure 34 showsa simple model for a
hypothetical single active particl@) and its equivalent circuit mode(b). In Figure
3.14(b), the resistor models the charge transfer resistance for the incorporation of lithium
in the active particlencluding lithium ions passing through SETThe Warburg resistor

(W) models the solid state lithiuiffusion from the edge of the particle to the center of

the particlewhile the capacitor in parallel models the double layggyacitance. Figure
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3.14 alsoshowsa simplifiedequivalentcircuit for a full Li-ion cell. This model consists
of the charge trasfer resistanceand double layer capacitance from bdtie positive
electrode anthe negative electrode resistor (R) in series with the two parallel circuits

models the impedance for lithium passing through the electrolyte.

A small amplitudealternaing voltage signalusuallyin the+/- 5 - 10 mV rarge, is used

so that the current response is linear with the applied voltage. The EIS spectra were
collectedusinga BioLogic VMP3 equipped with two EIS boards. EIS measurements in
this thesiswere takenn temperatureontrolled boxes at 10.0 £ 0.1°C when the cells
were at 3.8 V. A frequency range from Bz to 100kHz was appliedduring each

measurement.

3.7.1 EIS of Symmetric Cells

The application of symmetric cellgl38] in this thesis was used to measure the
impedance of both positive and negative electrodes independently. As a result, the
impedance contributions of positive electrode and negative electrode to the full cell
impedance can be distinguished. A symmetric cell is a coeiar_cell composed of two

positive electrodes or two negative electrodes.
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Figure 314 Scheméc of a single active particle immersed in the electrolyte (a) and its corresgo
simple equivalent circuit (b) aradsimple equivalent circuit of a lithiwiion full cell.

The relationship betweethe impedance of positive symmetric cell, Z., negative

symmetric cell, Z, and a full cell, Z., is described in the following equatiofis37].

Ziw=Zo+ Zo+ 2= 27, + Zo (3.7)
2,.=2 +2Z.+2 =27+ Z (3.8)
Zy=Z.+Z+Z (3.9)
Zop+Z,.= 270 + 27 + 2Z= 2Z.,. (3.10)
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Z, represents the impedance of a pusitelectrodeZ represents the impedance of a

negative electrode arif} represents the resistance of the electrolyte.

3.8 Differential voltageanalysis

Generally, cell capacity loss caasultfrom unequal slippagef both electrode$100],
mechanical damage tbe electrodeg139] or impedance growtlil40] during long term
cycling. Differential voltage analysis is a useful way of distinguistthng capacity loss
a cell betweenelectrode slippage and loskaxrtive material, respectivelfhis method,
first proposed by Bloom et dl141,142] showed thatlV/dQ vs. Q curve of a full celQ

(f), can be calculated from dV/dQ vs. Q data of positive and negativediialf

dVv/dQ vs. Q (f) = dVv/dQ vs. Q (p)dV/dQ vs. Q (n) (3.11)

The capacity, Q, of positive electrofi@,) and negative electrod€).) can be calculated

usingfollowing equations

Qp=0pmp+ U (3.12)

Qn=gM+ U (3.13)

where ¢ and g are specific capacitiesf positive electrode and negative electrodg, m
and m are masssof positive electrde and negative electtoe , a nug arelislippageof

positive electrode and negative electroblee slippag is relative to zero representeyga
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full Li-ion cell in the discharged state.

In order to make the best agreement between calculated dv/dQ vs. Q data and measured
datafor a full cell, here are four parameters can be adjusted during differential voltage
analysis: positivelectrode mass, negative electrode mass, positive electrode slippage and
negative electrode slippaghs a result, the active electrode masses amdivelslippages

can be compared between an early cycle anditae=ll life (e.g. long term cycling, high
temperature storage) to investigate the extent of relative slippages and electrode material

mass losses.

As an example, Figure &lshows voltagevs. capacity for a freshoated SC
NMC532/graphite pouch cell (black line) and its corresponding dv/dQ vs. Q curve (grey
line) during charging procesk order to fit the grey line, dv/dQ vs. Q for a fresiated

SC NMC532/lithium half cell (blue line) a@na fresh graphite/lithium half cell (red line)
were also collected. The fitting curve (green) aetbvantparameters (slippage and
electrode massrealso shown in this Figuréll the data was collected usitige UHPC

with current corresponding to C/2ét 40°C. All the fitting was performed using

homemade softwar§l43].
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Figure 315 Voltage vs. capacity for tiesh coated SC NMC23graphite cell(black line)with 2% FEC
in 1.2M LiPFg in ECEEMC 3/7 and its corresponding dV/dQ vs. Q curve (grey line). dv/dQ vs. Q f
fresh coated SC NMC532/lithium half cell (blue line), a fresh graphite/lithium half cell (red line)
calculated coate®C NMC532/graphite (green line). All the data was collected using the UMIPC
current corresponding to 2J at 40°CAll the fitting results (i.e. slippage and electrode mass) are sh

in the legend.
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CHAPTER 4 A GUIDE TO ETHYLENE CARBONATE -FREE
ELECTROLYTE MAKING FOR LI -ION CELLS

The majority of this work was adapted from tbBowing peerreviewed article
1 L. Ma, S.L. Glazier, R. Petibon, J. Xia, J.M. Peters, Q. Liu, J. Allen, R.N.C. Doig, J.R.
Dahn, A Guide to Ethylene Carbondteee Electrolyte Making for Lion Cells,J.

Electrochem. S0d.64 (2017) A5008A5018.

Lin Ma performed pouch celpreparation, gas evolution measurements, impedance
measurementandstorage testingS.L. Glazier perforndeUHPC cycling testing. Lin Ma
performed GEMS analysis with R. Petibon. Lin Ma performed dV/dQ cell failure
analysis with J.M. Peters. Dr. JR. Dahn provided guidanceparticipated in the
interpretation of all the datand edited all manuscriptkin Ma prepared the firadraft of

themanuscript.

In this chapterNMC442/graphite pouch cells demonstrate superb performainbegh

voltage when E@ree electrolytes, using a solvent mixture that is > 95% EMC and

bet ween 2 and 5% of ThefiemamdRrsag, r&mge i Us e
graphite during formation, can BéC, methyleneethylene carbonate (MECFEC or

DIFEC among othersl n or der to optimize the amount
GCMS was used to track t hengtbeofarmationpstep.on of
Storage testg, EIS, UHPC, longerm cycling, differential voltage analysis and

isothermal microcalorimetrwere used to determine the optimum amoun¢r@abler to
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add to the cellsit was found that the graphite negative electrodenoa be fully
passivated when the amount of Afenabl er o i
capacity fade. Using excess fAenablero car
most cases. Thec hoi ce of fnpactcelllperformanceA seent blend of

5% FEC with 95% EMC (by weight) provides the best combination of properties in
NMC442/grghite cells operated to 4.4 Mhe experiments and their interpretation
presented here represent a primer for the design dfdeCelectrolytesMeanwhle, the

disadvantages of E@ee electrolytegrealso illustated in this chapter.

4.1 Experimental

4.1.1 The preparation of pouch cells

NMC111/graphite and NMC442/graphite pouch cells were prepared according to the
procedure described iBection 3.12. 1.0 M LiPR in EMC was used as the control
electrolyte Electrolytes with additives were formulated &gydng 1, 2, 3, 4 or 5t% VC,

MEC, FECor DIFEC

4.1.2 EIS testing

EIS measurements were conducted MMC111/graphite andNMC442graphite pouch
cellsbeforeand aftetJHPC testing, storage testing and leiegm chargeadischargecycle
testing Cells wee charged or discharged to 3/8before they were moved to a 19€.
0.1°C temperature boxlternating current AC) impedance spectra were collected with
ten points per deda from 1@ kHz to 10 mHz wih a signal amplitude of 10 m\A

Biologic VMP-3 was used to collect this data.
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4.1.3 Charge-discharge cyclingtesting

All the cells were prepared for losigrm cycling a40. = 0.1°C.The cells were charged
and discharged at 80 mER.5 between 2.8 and 4V with constant currert constant
voltage (CCCV) modaising a Neware (Shenzhen, China) charger sysidm.cutoff
current for CCCV mode was 10 mA (C/2@Il pouch cells were cycleavith external
clampsto ensure a firm stackr@ssure of about 25 kRgauge pressur@ven if gas was
produced during cyclingrhe gas, if produced, was forced to the edges of the pouch due

to the action of the clamps.

4.1.4 Storagetesting

A Maccor series 4000 cycler was ugedrepareahe cellsfor the storagetests.Cells after
formationwerecycled betweer2.8 V and 4 V twice with a current of 10 mA (C/20)
Then the cells were held at44v for 24 hours and then were tréemsed to the storage
system.The open circuit voltagef the cells was morored automatically for 1 second

every 6 hours for a total storage time of 500 h &iG10.

4.1.5 GC-MS testing

The extraction of the electrolyte components from the cell jelly roll followed the
procedure described by Petibon ef&#4]. In this method, dichloromethane was used as
the solvent to extract the electrolyte frone fellyrolls of pouch cellsThen the extracted
sample was filtered and put in a mixture of dichloromethane:water (100:1 wt/wt) to
remove damaging chemicals such ag &kd HF whit reside in the aqueous phage.

sample from the organic phase was then injectiedie GGMS.
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4.1.6 UHPC testing

Both formed NMC111/graphite and NMC442/graphite pouchlls underwent UHPC
cycling between 2.8 V and 4.2 V at C/20, 40°C for 16 cycBasce a power failure
interrupted the test, extended cycling vdameto ensure th€€E wasstable.The UHPC
allows the CE and chargsndpoint capacity slippage to be measured with great accuracy

and relevant interpretation can be foundeferencg100].

4.2 Resultsand discussion

4.2.1 The effect of electrolyte additives in ECfree electrolytes on Li-ion cell
performance

Figure 4.1 shows the differential capacity vs. cell voltage of NMC442/graphite pouch
cells filled with 1M LiPRk in EMC and with 1M LiPF in EMC with different
concentration (from 1% to 5% by weightf enablers: (a) VC, (b) MEC, (c) FEC and (d)
DIFEC duringthe formation charge to 3.5 V at 40 with a current corresponding to

C/20. Data for two cells of each type, to demonstrate reproducibilgyslaown.

Cells with 1M LiPF in EMC and no enableshowed a large peak in the differential
capacity plot at around 3.1 V. This results from the reduction of EMC on the surface of
graphite. Adding enablersto the electrolyte suppresséhdis peak, indicang that the
reduction of these enablers proddiGe good passivation layavhich prevented EC
reduction The passivation of graphite is evidenced by the presence of small differential

capacity peaks at around 2.8V, 2.3V, 2.5V and 2.3 V for VC, MEC, F&M&EC,
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respectively. In panel (d), a cell with 1% DIFEC still showssibstantial peak
corresponding to EMC reduction. Thésiowsthat when the amount of enablerto

small, it may not be enough tolly passivate the graphigeirface

Pure EMC
1% Enabler + 99% EMC
2% Enabler + 98% EMC
3% Enabler + 97% EMC
4% Enabler + 96% EMC
5%, Enabler + 95% EMC
o o0l @ (b)
= L
<
E 60
>
=
<o
= 20
o 100} (©) (d)
= L
<
E 6
!
O ,1
= 207 /i
1 e 1 MM’ !

1.6 2 24 2.8 3.2 1.6 2 24 2.8 3.2
Voltage (V) Voltage (V)

Figure 41 dQ/dV vs voltage for NMC442/graphite pouch cells with 1M LPEMC electrolyte or 1M
LIPFEEMC <containing diff er asnndicateduoingrfdrnsationm &t 408G witla &
current corresponding to C/20. The enabler is (a) WEMEC, (c) FEC and (dPiFEC. Data for two cells
of each type is shown in each panel to demonstrate reproducibility.
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Figures 4.2a and4.2b show theamount of enablerleft and the percent of EMC
transesterification (see Section 2.1.1) after the first cyfdemation)as a function of the

initial enablercontent of cells that underwent formatian40°C with a current of @0 up

to 4.4V. The dashed blue line in kige 4.2a is a line of slope Comparing the data for

cells with FEC inFigure4.2ato the dashed blue line shows that calbput2% FEC was
consumed during formation even if the iaitFEC content was 3, 4 or 58y contrast,

when MEC was used, the amount of MEC consumed increases with the initial MEC
content, since only about 0.5% MEs left when the initial MEC content was 5% VC

and DIFEC show intermediate behavior between FEC and MEC where some additional
VC and DIFEC beyond 2% are consumed as the indgading increases his will have

an impact on the cell as will be shown later. Figu® 4hows thepercentagef EMC

that underwent transsterification producind®MC and DEC[57]. The presence of
lithium alkoxides caused by the reduction of linedkyl carbonatescausesthese
transesterification reactionslherefore whentransesterificationof EMC occursit is a

signal thatEMC was reduced ahe graphitenegative electrode during formation. The
presence or absence of DMC and DEC allows one to determine how well the graphite has
been passivated by the products of the reduction of the enabler. Figlirghdwsthat

EMC transesterification is eliminatedvhen theinitial enablercontentis more tlan a
certainamount generallyabout 3%. Figure 4.2b shows that the minimamount of

enablemrequired to passivate the graphite surface and prevent substantial EMC reduction
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should beabout 3%(by weight) for the type of cell used in this study.

In orde to explore the consumption tie enablers duringhe formation process itself
Figures 4.2c and4.2d show the amount of enable@mainingand the percentage of EMC
transesterificationas a function ofime during formation, respectivelfthe experimerst
described in Figures 4.2c and 4.2d were made witimiial enablercontentof 2% (by

weight).

Figures 4.2c and 4.2d suggest that FEC is the most effective enabler since the least FEC
is consumed and the amount of EMC undergoing tesarification igshe smallest when

FEC is used. By contrast, at a 2% loading it appears that DIFEC is the least effective
enabler (on a percent weight basis) as it is totally consumed and 20% of EMC siill
undergoes transesterificatiofigures 4.2c and 4.2d show thanostof the enabler as
consumed before 3V and the amount of EMC undergoing trasterification roughly
stabilizes after 3.5 V suggesting that the enablers were reduced on the graphite surface

early in the formation cycle.

Based on Figurd.2, three enablezontentswere choserior studyusing EIS, storage and
long-term cycling to compare thampact of different enabler contenthe loadings
chosen wereas follows: 1% (nsufficient amount 3% (in the optimal range based on
Figure 4.2 and 5% possibly too mch in the cases of VC, MEC and DIFEC based on

Figure 4.2a
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Figure 42 Amount of enabler left (a) and % EMC traesterification (b) vs. initial enabler content |
NMC442/graphite pouch dslthat underwent their first full (formation) cycle betwn 2.8 4.4 V at 40°C,
C/20.The blue dashed line in Figure 4.2a is a line of slope = 1 and the same lineiisisttogures 4.1a

and 4.1c. The red dashed line in Figure 4.2b is a guide to yleeamd the same line is sk in Figures
4.11b and 4.1d. (¢) shows the amount of enabler left and % EMC testsrification (d) vs. time during
the first cycle at 40°C in NMC442/graphite pouch cells initially filled with 1M LiERC electrolyte
containng ~ 2% enabler.

Figure 4.3 showsNyquist plotsmeasured after formatiofor NMC442/graphite pouch

cells containindlM LiPFs in EMC and 1MLiPFgs in EMC with different enabler contents:
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(a) VC, (b)MEC, (c) FEC and (d) DIFECThe impedance spectra were measured at 3.8
V and at 10.0°C. The diameter of the saintle arises from thesum of the
chargetransfer resistancesd the transport of lithium ions through the SEI layetsott

the positive anahegative electrodesn thisthesis the diameter of the semicircle is called
R [Note: Theinterpretationof the impedancespectrain this work follows that of
Atebamba et al[145] andR; is regarded as the main contribution to the diameter of the
semikcircle]. In the cae of VC, MEC and DIFEC, the diameter of the semicircle increases
dramatically when 5% enabler is used, while with FEC it does not. According to Figure
4.2a, the amount of enabler consumed increases for VC, MEC and DIFEC when the
initial enabler content treased beyond 3% which would thicken the negative electrode
SEI layer causing impedance inase as observed in Figure 4l8.the case of FEC,
Figure 4.2a shows that only 2% FEC was consumed even if 3, 4 or 5% FEQitiatg
loaded in the cellThis is consistent with the results in Figure 4.3 which show the
impedance of cells with FEC does not increase with FEC loading for the cells with 3%

and 5% FEC.

4.2.2 Storage and cycling tests

Figure 4.4 shows a summary of the voltage drop of NMC442/graploteh cells
containinglM LiPFs in EMC and 1M LiPEk in EMC with different enabler contents:
VC, MEC, FEC and DIFEC during the storage test at 40°C. Two cells were measured for

each data point and the error bars in Figure 4.4 are the difference betwien rbsults.
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Figure 43 Nyquist plots for NMC442/graphite pouch cells with 1M LFEMC electrolyte or 1M LiPF
EMC with different enabler contenafter formation. (a) VC, (b) MEQc) FEC and (d) DIFECAII the
data vas measured at 3.8 V and 10°Cata for two cells of each type are presented in each pan
demonstrate reproducibility.

Thevoltagedrop duringthe storagetestindicates the occurrence pérasitic reactionat
the surface of the positive electrodée lithium alkoxides created by EMC reduction are
probablyresponsible for the rapid seadischar@ as they can be involved in shuttle type

reactions [100]. Comparedto the cells with 1M LiPE in EMC and the cells with 1%
61



enabler, thecells with 3% or 5% enableshow a sgnificantly smaller voltage drop.

Based on Figure 4.2b, there were little to no Li alkoxides present in the electrolyte when
the enabler content was 3% or greater so thedsstharge during storage shdude less
severe, as observelor each enablerhére is little or no difference between cells with
3% or 5% endler based on the storage ddtaaddition, the choice of enabler does not

affect the voltage drop during storage when the enabler content is 3% or 5%.

Figures 4.5a showthe capacity versusycle number for NMC442/graphite pouch cells
containinglM LiPFs in EMC and 1M LiPk in EMC with different enabler contents: (a)
VC, (b) MEC, (c) FEC and (d) DiFE@uring CCCYV cycling up to 4.4 V at 40°C with a
current that corresponded to C/ZThe congant voltage cubff current corresponded to
C/20. Figures 4.5eh show the difference betwedhe average charge artie average
discharge potentialDV) vs. cycle numbercorresponding to the cells shown in Figures
4.5ad, respectively. The valuaf a8/ is a measure of thgolarizationin the cells[146].
Comparedo cells with1M LiPFs in EMC and cells with 1% enablerglls with 3% or

5% enablershow better capacity retention and smaller polarization growthnduri
long-term cycling. Figures 4.5g and 4.5h show that FEC and DIiFEC control polarization
growth during cycling better than VC and MEC. Even with a 1% loading of FEC or
DIFEC, the polarization of the cells after 200 cycles is comparable to that of célla wit

5% loading of VC or MEC.
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Figure 44 Summary of voltage drop during 500 hour storage at 4.4 V and 40°C for NMC442/gre
pouchcells with 1M LiPF EMC electrolyte or 1M LIPFEMC with different enabler content as indicate:

4.2.3Cell failure mechanism analysis

Differential voltage analysis was performed on NMC442/gragtutechcells after long
term cycling to determinethe reason fothe capacity lossand to compare differences
betweenvarious enablers with different concentratiobess of Liinventorydue to SEI
growth and repaias well adoss of active material are the possibluses of low rate
capacity lossimpedance growth can reduce cell capacity at high Esbn et al[143],
among otherq141,147] showed thatdifferential voltage analysis allowthe active
masses of both electrodes and the relative capacity slippages of each electoede t
determined.In this work, these parametevgere obtainedusing reference differential

voltage curvesneasured ilNMC442/Li and graphite/Li half cell®o fit dV/dQ vs. Q of
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the full cells
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Figure 45 Discharge capacity (a) tgd) and cell polarization (e) to (h) vs. cycle number -
NMC442/graphite pouch cells witlM LiPR; EMC electrolyte or 1M LiPEFEMC with different enabler
content during long term CCCV cycling at 40°C between 2.8 V and 4.4 V usirgntaicorresponding tc
C/2.5.A constant voltage step at the top of charge was applied until the currentdlfmgdpes C/20. (a),
(e) VC; (b), (f) MEC,; (9, (g) FEC and (d), (h) DiFEMata for two cells of each type are included in et
panel to demonstrate reproducibility.
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Figure4.6(a)showsthe measured Lion cell (afer 200 cycles of CCCV cycling shown

in Figure 4.5) voltage vs. capacityrve at C/B, 40°C.Figures 4.6(c) and 4.6(e) show

the potential vs. capacity curves for the fitted positive and negative electraje
respectivelyFigures 4.6(b), 4.6(d) and 4.6(f)eaenlargements of Figures 4.6(a), 4.6(c)
and 4.6(e), respectively, netlie zero of the capacity axi€ells with1M LiPFs in EMC
containing3% FEC or 3% DIFEC are selected as examples to discussTherelectrode
masses and slippages used in Figuéand Figures 4.7c and 4.ade those thajave the

b e s t betyders the measured and calculated dV/dQ vs Q cuffespoint Q = 0
indicated by the dashed lime Figure 4.6 igakenas the point where thall Li-ion cell
reaches the fully dischargeddat. The positive or negative electrode slippage can be
negative or positive compared to Q = 0 as shown in Figures 4.6(d) and 4.6(f). The
relative slippage is very small indicating that very little capacity loss had occurred by loss

of Li inventory at the ngative electrode.

This is consistent with the data in Figures 4.5a and 4.5b where the low rate C/20 cycle at
the beginning of the testing (cycles 1 and 2) has virtually the same capacity as the C/20

cycles after 200 cycles (plotted as the-staaped dat points at cycle 240, for clarity).

Therefore, Figures 4.6 and 4.7 show that the reason for capacity loss in these cells with
3% FEC or 3% DIFEC is impedance growth. Although not shown, the same conclusions

can be made about all cells with 3% and 5%b&raThe low rate C/20 capacity after 200
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cycles is virtually the same as the low rate C/20 capacity during cycles 1 and 2. Thus, the
capacity fade of 3% or 5% enablmntaining cells shown in Figures 4-8ais

predominantly due to impedance growth.

Thesituation is more complex for the capacity fade of cells with 1M §IRFEEMC and
cells with 1% enabler in 1M LiRAN EMC shown in Figured.5ad. In those cases the
low rate (C/20) cycles collected after 200 cycles did not match the capacity of cycles 1

and 2 at C/2(@see Figure 4.8).

Even when the same cells were tested at C/40 and C/80 after 200 cycles, their capacities
were still about 5 to 10% less than their initial low rate capdsiye Figure 4.8)This
suggests loss of Li inventory as well as adpnce growth for the ceNgth no enabler or

1% enablerThis is consistent with a poorly passivated negative electrode as shown in

Figures4.2a and4.2b for cells with no enabler or 1% enabler.

Figure 4.9 shows a summary of the impedancg (Rameterof the EIS semicircle) of
NMC442/graphite pouch cellsontaining 1M LiPEk in EMC or 1M LiPK in EMC with
different enabler (VC, MEC, FEC or DiFEE€Yntents. Data are shown fog Rollected

after formation (Figure 4.3), after storage (Figure 4.4) and laftgrterm CCCV cycling
(Figure 4.5). Cells using FEC as the enabler showed the lowesirRpared to all other
cells, and R remained small even when the FEC content in the electrolyte was initially

5%. By contrast, when VC, MEC or DIFEC were usegdjriRreased with enabler content.
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Cells with 3% FEC or 5% FEC showed similar values gBRer formation, after storage

and after CCCV cycling. Again, FEC appears to be the best choice among these four

enablers.
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Figure 46 (a) Measured NMC442/graphite cell (after longmiecycling shown in Figure 4.7) V(Qurves
cycled at C/20 at 40°CExtracted W(Q) (b) and V(Q) (c) curves, respectively, from the dVv/dQ analy:
software. These YQ) and W(Q) curves are the potentials of the positive electrode (NMC442)
negative edctrode (graphite) vs. Li/Land these curves are aligned along the capacity axis just as thi
in the full cell. The right inset panels (b), (d) and (f) show an expanded view of the region near Q
panels (a), (c) and (e), respectively.
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Figure 47 Discharge capacity vs. cycle number (a and b, for NMC442/graphite pouch cells with 1M
EMC containing 3% FEC or 3% DIFEC, respectively, during CCCV long term cycling at 40°C bet
2.8 V and 4.4 V with currents aasponding to C/2.5. A constant voltage step at the top of charge
applied until the current dropped below C/20. The-steped points in each panel are the low rate cyc
data collectd after the long term cyclingThe first one was measured at G/2Be second one wa
measured at C/40 and the third one was measured at C/80. Panels (c) and (d) show the differentic
vs. capacity curve and the fitted curve for the cells in panels (a) and (b) after 200 cycles. A C/20
curve collected afte200 cycles was used for the fitting.

Figure 4.10 showsa summary of the gas production in NMC442/graphite pouch cells
containing 1M LiPkin EMC and 1M LiPkin EMC with differentenabler contents (VC,
MEC, FEC or DIFEC)fter longterm CCCV cycling to 4.4 V at 4G (a), after storage

(4.4 V, 500 h40°C) (b) and after formation (c).
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Figure 48 Discharge capacity vs. cycle number (a, b, ¢ and d for NMC442/graphite pouch cells wi
LiPFs EMC containing 1% VC, 1% MEC, 1% FEC and 1% DIiFEC, respectively), during\Cioay

term cycling at 40°C between 2.8 V and 4.4 V withreats corresponding to C/2.A.constant voltage
step at the top of charge was applied uh& turrent dropped below C/2Dhe starshaped points in eacl

panel are the low rate cycling data eclid after the long term cyclingrhe first one was measured !

C/20, the second one was measured at C/40 andiitdeone was measured at C/&anels éh show the

differential voltage vs. capacity curve and the fitted curve for the celgmels a after 200 cyclesA

C/20 charge curve collected after 200 cycles was used for the fitting.
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Figure 4.10 is very interesting. During formation, cells with only 1% enabler produced
more gas than those with 3% or 5% enabler, most likely due to poorly passivated
graphite. During storage and CCQYcling, cells with 5% VC, 5% MEC or 5% DIiFEC
produced more gas than those with 3% of the same enablers, presumably due to oxidation
of excess enabler. During storage and CCCV cycling, cells with 1% MEC, 1% FEC and
1% DIFEC produced more gas than thosth\82% of the same enablers presumably due

to poor passivation of the graphite and resulting EMC reduction. Cells that had 3% MEC,
3% FEC, 5% FEC and 3% DIiFEC showed very little gas generation in these tests
presumably because the graphite was well passlvand, in the cases of MEC and
DIFEC, little excess enabler remained to be oxidized at the positive electrode. In the
case of FEC, excess FEC above 3% did not lead to gassiniCap#@umably due to the

oxidative stability of FEC.

I EMIC after formation I MEC + EMC after formation DIiFEC + EMC after formation
EMC after storage MEC + EMC after storage DIiFEC + EMC after storage
EMC after cycling IMEC + EMC after cycling | DIFEC + EMC after cycling
I V C + EMC after formation [JIlll FEC + EMC after formation
VC +EMC after storage | |FEC + EMC after storage
VC + EMC after cycling (i FEC + EMC after cycling
T T T T T T T

400

200

Rt (Qxem’)

e,

 aCaaeC

Figure 49 A summary of the impedance resuibs NMC442/graphite pouch cells with 1M Ligih EMC
electrolyte or 1M LiPEEMC with different enabler content as indicatfter formation (40°C, C/20), afte
500 h storage (4.4 V, 40°C) and after ~ 200 CCCVeax/¢R.8 4.4 V, 40°C, C/2.5)All the EIS data w&s
measured at 3.8 V and 10°Che data shown is the average of two cells tvederror bars represent tr

range of the measurements.
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Figures 4.11a and 4.11show theamount ofenablerleft in the electrolyte after storage

(4.11a) and long term CCCV cycling (4.11c) as a function of the initial enabler content.
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Figure 410 A summary of the gas volumes MMC442/graphite pouch cells with 1M LIREEMC
electrolyte or 1M LiPEEMC with different enabler content as indicatéa): after ~ 200 CCCV cycles (2.!
i 4.4V, 40°C, C/2.5), (b) after 500 h storage (4.4 V, 40°C) andfteJ formation (40°C, C/20All the
data was measured at 1 atm. and 20°C. The data shown is the average of two cells and the ¢

represent the rge of the measurements.
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These data should be compared to the data in Figure 4.2a which shovesadoting of
enabler left after formatio.he blue dashed lines in Figures 4.2a, 4.11a and 4r&lthe

same and can be used to see that the concentration of FEC in the electrolytes containing
3% or 5% FEC was virtually unchanged after storage or cyclingpaced to the
concentration after formation. By contrast, the concentration of all the other enablers
decreased during storaged during long term cyclingzigures 4.11b and 4.11d show the
amount of EMC trangsterification that occurred after storagel{4) and after long term
cycling (4.11d) as a function of the initiahablercontent.The red dashed lines in Figures

4.2b, 4.11b and 4.11d are the same and can be used to see that the amount of
transesterification increased dramatically during storage aueling for all cells that
initially had 1% of enabler addeiihis, again, shows that 1% enabler is insufficient to
pasivate the graphite electroddowever, with an initial loading of 3% or 5% enabler,

the percentage of EMC tramsterification did noincrease during storage (500 hours) or
long-term cycling (~ 200 cycles). This suggests the formation of a rddiEkbn the

negative electrode when the enough enabler was added initially.

4.2.4 Prediction of cell lifetime at a lower upper cubff voltage

In a further attempt to determine the optimum amount of VC or FEC to use-fre&C
electrolytes based on 1M LiRkh EMC, some NMC111/graphite and NMC442/graphite
pouch cells were subjected to UHPC cycling (16 cycles) between 2.8 and 4.2 V with a

currentcorresponding to C/20 at 40°C.
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Figure 411 Amount of enabler left (a) and % EMC traesterification (b) vs. initial enabler content |
NMC442/graphite pouch cells that underwent 500 h storage at 40°C, 4.4 V; amount of entafdgr
and % EMC trangsterification (d) vs. initial enabler content in NMC442/graphite pouch cells
underwent ~ 200 CCCV cycles (2.84.4 V, 40°C, C/2.5)A constant voltage step at the top of char
was applied untillte current dropped below C/2Dhe data shown is the average of two cells and
error bars represetite range of the measuremerfthe blue dashed and red dashed lines are the ¢
lines shown in Figure 4.2 and are reproduced here so data from Figure 4.2 and 4.11 can be com
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Figure 4.12 shows the significant parameters from the UHPC testHalb) charge
endpoi nt capacity slippage, (c) di scharge
the average charge voltage ath@ average dischge voltage) vs. cycle numbeFest

results for one cell are used as an example in each parsflot® the method of
determiningthe UHPCresultsin thisthesis In panel (a)the CE value from the last five

cycles (1216 cycles) werefitted with a line tgredict theCE value at cycle 16TheCIE

was calculated by taking CIE =i1CE, where CE is the value of the CE from the fitted

line at cycle 16 The CIE is then divided bthe time of one cycleto get CIE/hour as

shown in Figuret.13a.

In Figures 4.12b, 4.12c and 4.12d, the values from the last five cycleks (&fcles)

were fitted with a lineThe slops of the charge erpoint capacity versus cycle number

and the discharge capacity versus cycle number curves were then dividedibetbé

one cycle and the dischagapacity of the first cyclé hese give the fractional charge
endpoint capacity slippage per hour and the fractional capacity fade per hour, respectively.
The relevant results are summarized in FigdréS8b and 4.13cgespectivelyThe slope

of the &V versus cycle number graph was

polarization growth rate as shown in Figure 4.13d.

In Figure4.13 each dat@ointis the average for two nominally identical cellfie error

bar plotted ateach value consists of two parts: (1) the variation from cell tcacel(2)

74



the error associated with theeasured/aluebased on quality of the fitted line to the last
five points. These two contributions to the error have been combined dacgoto

standard practices in error propagafib48].
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Figure 412 The typical measurables of a UHPC test includingGg) (b) charge engboint capacity, (c)
di scharge capacity and edlides inaa¢h parel indicaigeclihear fitrfan tind
last five data pints in each pael. The blue cross in panel (a) represents the predicted CE value at cy
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The fractional fade per hour (Figudel3) represents lithium loss due to SEI growth at
the negative electrode while the fractional chargemoidt capacity slippage péour
(Figure4.13) measures the rate thfe electrolyte oxidation at the positive elect{a@€].
Generally lower fractional charge engoint capacity slippage, lower fractional fade and

lower CIE lead to the cells with longer lifetinfie01].
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Figure 413 A summary of UHPC test results for NMC111/graphite and NMC442/graphite pouch
filled with 1M LiPFs in EMC plus different concentrations of VC (2%, 2.5%, 3%, 3.5%, 4%) or FEC |
3%, 4%, 5%) during 16 cycles between 2.8 and 4.2 V with currents corresponding to C/20 a
including (a)CIE/h, (b) fractional charge engoint capacity slippge per hour, (c) fractional discharc
capacity fade perhourdn ( d) i ncr e a fach data paetshopmein Figure 4.5 is based ¢
linear fit to the last five cycles. The data shown is the average of two cells and the error bai
calculaed as described in the text.
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When cellswere operated to 4.2 V, the concentration of FEC (from 2% to 5%) barely
affecied cell performance while 4% VC led to higher capacity fade compared to other
cells with smaller amoustof VC. The impedance tesesults and gas evolution during
UHPC cyclingcan be foundn Figure 4.14 Figure 4.14 clearly shows that there are
penalties with respect to impedance ifreesed amounts of VC are usé&dhally, the
UHPC results (Figures 4.12 and 4.13) suggest thae tiselittle to distinguish between
cells with between 2 and 4% VC from a lifetime standpoint and between cells with 3 and
5% FEC from a lifetime standpointhe volume of a dry pouch cell is around 2.5 mL as

mentioned in SectioB.6.

4.2.5 The disadvanages of ECGfree electrolyte systems

Rate capability is an important factor for lithium ion cells becafisecreasing demands

on fastcharging lithiumion cellsfor current and forthcoming applicatiofis49]. Various
strategies have been devoted to theetitgpment of higkratelithium ion cells. Klopsch et

al. [150] synthesized new Li[leioMng sdNio.16C00.0dO2 positive electrode material with
small and homogenous particles to improve cell rapability. Yue et al.[151]
synthesized LiMpO,/C composite using a hydrothermal method to improve the contact

between LiMnO,4 and C and enhance the cell reépability.
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Figure 414 A summary of impedance results (a) and gas volumes (b) for NMC111/graphi
NMC442/graphite pouch cells with 1M LIREMC electrolyte or 1M LiPFEMC with different enabler
contert, as indicated, before and after UHPC cycling. All the impedance desangasured at 3.8 V an
10°C.All the cell volume change dataas measured at 20°C and 1 afthe data shown is the average
two cells and the error bars represent the range ohéasurements.
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EC-free electrolyte systems were also used in NMC111/graphite pouch cells for fast
charging rate testing by Liu et dll52]. Figure 4.15 shows discharge capacity versus
cycle number for NMC111/graphite pduccells with 1M LiPEk in the electrolyte
indicatedin the legendiusing differentchargerates at 22°CThe capacity loss during 2C

cycling resultsfrom lithium plating which has been verifigdreferencg152].

EC:EMC(3:7)
EC:EMC(3:7) +2%VC
EMC:VC(C(98:2)
EMC:V(C(98:2) + 1%PPF
EMC:FEC(95:5)
EMC:FEC(95:5)+1%PPF
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Figure 415 Discharge capacity versus cycle number for NMC111/graphite pouch cells with 1M ihiF
the electrolytesndicatedin the legend using different charge rates at 22°C. The discharge ratevags i
C/2. This Figure is taken with permission fr@nQ. Liu, D.J. Xiong, R.Petibon, C.Y. Du, J.R. Dahn, C
Evolution during Unwanted Lithium Plating in H4idn Cells with EGbased or Edree Electrolytes,
J.Electrochem. Sod64 (2016) A3016A3015.
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The volume changef these cells during cycling was monitoreding the insitu gas
measurement setup. Figures 4.16 and 4.17 show the volume change of these cells versus
time during cyclingWhen lithium plating occurred at 2C, cells with f€e electrolytes
producel lots of gas while cells with E@ased electrolytedo not. This suggests thaC

can preferentially react witfreshly deposited.i and form a stable SBb prevent gas

evolutionin EC-containing electrolytes.

1C 20 cycles | [1.5C 20 cycles| |2C 20 cycles [2.5C 20 cycles
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Figure 416 In-situ gas measurement of NMC111/graphite pouch cells with 1M¢liiPfa) EC/EMC 3/7
and (b) EC/EMC 3/7+2%VC during cycling at different charge rates at.Zi8 Figure is taken with the
permission fromQ.Q. Liu, D.J. Xiong, R.Petibon, C.Y. Du, J.R. Dahn, Gas Evolution during Unwa
Lithium Plating in Lkion Cells with EGbased or E@ree ElectrolytesJ.Electrochem. Sod64 (2016)
A3010-A3015.
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Figure 417 In-situ gas measurement of NMC111/graphite pouch cells with 1M d.ifPFa) EC/VC 98/2,
(b) EC/VC 98/2+1%PPF, (c) EMC/FEC 95/5 and (d) EMC/FEC 95/5+1%PPF during cycling at difi
charge rates at 22°This Figure is taken with permission fragnQ. Liu, D.J. Xiag, R.Petibon, C.Y. Du,

J.R. Dahn, Gas Evolution during Unwanted Lithium Plating ifiohi Cells with EGCbased or E@ree
Electrolytes,J.Electrochem. S0d.64 (2016) A3016A3015.

The concentrationf LiPF; has an impact on cell performance. Wang et1&i3] showed
that the concentration of LiRfFaffected the impedance and lifetime lo€O/graphite

pouch cells with E€based electrolyteS.herefore it is necessary to investigate effect
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of LiPFs concentration on E@ee electrolyte systesn Figure 4.18 showsthe

conductivity of LIPR/EMC solutiors with different concentrations of LiRFt different

temperaturesWhen the concentration of LiRks lower than 0.4M, the conductivityof

the solution drop dramatically because LiRKlow concentration) cannot be dissociated

well by EMC (low dielectric constant solvent).
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Figure 418 lonic conductivity of X E (EMC with different concentrations of Lig)Felectrolytes (X = 0.1,
0.2,0.3,0.4, 0.6, 1, 1.5, 2 and 2.5M Lipmeasured at different temperature¥0¢C, -5°C, 10°C, 25°C,
40°C and 55°C)This Figure is taken with permission froimJ. Xiong, T. HynesJ.R. Dahn, Dramatic
Efffects of Low Salt Concentrations on-ian Cells Containing E@ree Electrolytes,).Electrochem. Soc

164 (2017) A208972100.

4.3 Conclusionsfor Chapter 4

Electrolytes consisting of IM LIRF n EMC pl us

a

s mal

lh aarmo brete n

demonstrated to be useful for NMC442/graphite pouch cells operated at high potential.
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The work in thischapterfocused orstrategies for finding the best Htee eletrolyte for

high voltage LIBI n addi tion to the 3thi$wokitleete arBenabl
many more fienabl erso that need to Jdree i dent
electrolytes have remarkable clarity because there is no EC present in the electrolyte to
contribute to a complex negative electrode SEI thatains decomposition products

from EC as well asrbm the electrolyte additiveS.he clear reduction peak of EMC
observed during formation (Figure 4.1) as well as the teatexification of EMC which

occurs when Li alkoxides are created by EMC reductiragufe 4.2) allows one to easily
determine when enough enabler has been added to tire&€lectrolyte to passivate the

graphite negative electrode effectivejuch clear and remarkable data, of an almost

tutorial nature, cannot be collected for elelgties that contain EC.

Il n order to optimize the agionbMCtGCMEwWasenabl e
used to track the ¢ ons u nepterifiaion ofoEMC duenga b | e r
formation.Cel | s containing diffeodoemwtrenistyisale maht
investigated using storage tegt EIS, longterm CCCV cycling and UHPC test$he

tools used here are very appropriate to use to understand the impact of electrolyte

additives in Liion cells.

I f the amount of LiP&snnaBMC avais ot endugle (d.g. 1%), the M

graphite negative electrode could not be passivated well, which resulted in gas production
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during formation, storage and cycling, rapid capacity fade and polarization increase
duringcycling.l f t he amddretr cofwafSen n excess (e. g.
impedance and gas production during storage and cycling, except in the case of FEC.
FEC was the only enabler that was only consumed to a level of about 2% during
formation, even if excess FEC was addetljch explains why the impedance did not

increase when excess FEC was addedaddition, the amount of FEC in the electrolyte

did not diminish during the storage and cycling tests performed here. Cells with 3% FEC

or 5% FEC in 1MLiPFs with EMC appear tde the best in the testing performed here.

Although EMGCbased electrolytes without EC demonstrate outstanding performance at
high voltage and high temperature, serious gas evolution occurs when unwanted lithium
platingexists in NMC/graphite pouch celé high charge rat&ince the concentration of
LiPFs can affect cell performancwith EC-based electroly® the effect of LiPk
concentration on E@ee electrolytesystens was investigated. Unfortunatelythe
conductivity of EGfree electrolyte systems extremely low when low concentratmof

LiPFs areused.
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CHAPTER 5  LITHIUM DIFLUOROPHOS PHATE AS AN
ELECTROLYTE ADDITIVE IN Li[NigsMng3C0p2O2/GRAPHITE POUCH
CELLS

The majority of this work was adapted from the following pesiewed article:

1 L.Ma, Leah Hlis, S.L. Glazier, Xiaowei Ma, Qiangian Liu, Jing Li and J.R. Dahn,
Lithium Difluorophosphate as An Electrolyte Additive in
Li(NigsMng sCay 2)Oo/graphite  Pouch CellsJ. Electrochem. Soc.165 (2018)

A891-A899.

Lin Ma performed pouch celpreparation, ga evolution measurements, impedance
measuremenisstorage testingUHPC cycling testing and NMR testing. S.L. Glazier
performedisothermal microcalorimetryesting.Leah Ellis performed XPS testing and
XPS data analysiPr. J.R. Dahn provided guidangeerticipated in the interpretation of
all the dataand edited the manuscrigtin Ma prepared thérst draft of themanuscript

mentioned above.

In this chapter, e effect of LIPGQF, as an electrolyte additive iINMC532/graphite
pouch cellsvas examined usg UHPC, EIS, storage testing, gas evolution measurements,
isothermalmicrocalorimetry and long term charglschargecycling. Comparisons to the
well-known additive, VC were made. LiBB is an effective additive for
NMC532/graphite pouch cells since ias/found to improv€E, decrease parasitic heat
flow, improve chargalischarge cycle lifetime and decrease impedance growth. The

composition of thé&SElon both electrodes was examinedX¥BSin cases where LiPD,
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was used or not usedhe effect of combimg methyl acetate, as a-solvent to improve
rate capability, and LiP§, was also investigated using lotegm cycling testing at 20°C.
Overall, LIPQF; is shown to be an extremely valuable electrolyte additive, more

effective than VC in these cells.

5.1 Experimental

5.1.1The preparation of pouch cells

Coated SC NMC532graphite and NMC442/graphitepouch cells were prepared
according to the procedure describedsettion3.12. 1.2 M LiPFgin ECEEMC 3/7 (by
weight) was used as the control electrolyteedEtolytes with additives were formulated
by dissolving2 wt.% VC, 0.5 or 1.0 wt% LiPG@F; in control electrolyte20 wt.%methyl

acetate (MAwas mixed with control electrolyte when needed.

5.1.2EIS testing

EIS measurements were conducted MMC532/graplite pouch cellsbeforeand after
both storage testing and lotgrm chargalischargecycle testing Cells wee charged or
discharged to 3.8/ before they were moved to a 1€.0.1°C temperature boXAC

impedance spectra were collected with ten points peadk from 10 kHz to 10 mHz

with a signal amplitude of 10 mX Biologic VMP-3 was used to collect this data.

5.1.3Charge-dischargecycling tests

Some ells were prepared for loAgrm cycling at40. + 0.1°Cor 20 + 0.1°C(room

temperature)The cells vere charged and discharged@mA (C/3) betweer3 and 43V
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using CCCV mode witla Neware (Shenzhen, China) charger sysfiém. cutoff current

for CCCV mode was 11.5 mA (C/20)

Some ells were prepared fohigh-rate longterm cycling at20. + 0.1°C (room
temperature)The cells were discharged atcurrent corresponding 1©/2 and charged
with currents corresponding to 1C, 1.5C, 2C, 2.5C and&@Ween3 and4.1 or4.3V
using a Neware (Shenzhen, China) charger systdihe charging rate was changed
every 30 cyclesThe purpose of this test was to determine at whatentunwanted Li

plating would occur.

All pouch cells were cycledith external clamps$o ensure a firm stack pressure of about
25 KPaeven if gas was produced during cyclifidpe gas, ifproduced, was forced to the

edges of the pouchud to the action of the clamps.

5.1.4Storagetesting

A Maccor series 4000 cycler was usted preparecells for storagetests. Cells after
formationwere cycled betweer2.8 V and 4 V twice with a current awesponding to
C/10.Then the cells were held a#4/ or 2.5 Vfor 24 hours and then were transferred to
the storage systerithe open circuit voltagef the cells was monitored automatically for

1 seconcaevery 6 hours for a total storage time of 500 B0=IC [154].

5.1.5Solution nuclear magnetic resonance (SNMRkests

SNMR was used to identifiiPO,F, [155] before and after cell formatiod9FNMR

spectra were collected at room temperature using a Bruker-Z8D (5.9 T) NMR
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spectrometer. Chemical shifts are répdrin ppm relative to external reference standards
(19FNMR, 0.5% CRCgHs). Since HFgenerated from the hydrolysis of Lig[€an react
with typical NMR tubes, a thin wal fluoro-ethylene propylene (FEP) liner with a
polytetrafluoroethylene (PTFE) plu(&igmaaldrich) inserted into a glass NMR tube was
usedfor testing All the SNMR samples were made fwyxing 100 mg electrolyte withdl
dimethyl sulfoxideds (SigmaAldrich, 99.9 atom% D). The electrolyte after formation
was removed from the formed poucklls by a centrifuge (IEC Centra GP8R, 2500
revolutions/min, 30 min, 20°CA small slit was cut in the base of the pouch cell and the
pouch cell was placed in a sealed tube befored¢n¢rifuge operation startedbout 0.4

mL of electrolyte was extraalehrough the slit by the action of the centrifuge.

5.1.6XPS for surface analysis

XPS was used for analysis of the surfaces of graphiteN@532 electrodes from
selectedpouch cellsafter formation The sample preparation procedared instrument
detals can be found itMadec et al[156]. After formation, certaircells were transferred

to an Affilled glove box. The electrodes were removed, and rinsed several times with
EMC, to remove LiPFand EC. Removal of these species is essential for the underlying
SEI components to be observed by XPS. Removal of EC and isR#so important for
maintaining low pressures in the XPS system. Rinsing with EMC is not expected to
dissolve any SEI components, as EMC is the major component of the eledtmokgftich

the SEI was formedOnce the rinsed samples were dried, they weoeinted onto a
molybdenum sample holder, using doubided, ultrahigh vacuuracompatible copper
tape. The sample holder was transferred into the XPS system, without exposure to air,

using a specially designed -dight apparatus that could be evacuatedoiv pressures.
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Electrodes were left under ulthagh vacuum overnight to allow for effassing of any
remaining volatile components. The samples were then transferred to the analysis
chamber of the XPS, which has a base pressure of'ixfibar and was aintained

below 2x10° mbar during the experiments. Analysis was performed with a SPECS
spectrometer equipped with a Phoibos 150 hemispherical analyser, using
unmonochromat i zoeahd Muass Krdrgyroa20 Pweliminary and final
survey scansvere compared to ensure that no photochemical degrada#s induced
during analysisData analysis was done using CasaXPS software (v. 2.3.18). Charge
correction was done by fitting the adventitious carbon peak and shiftingakis xlown

such that the peak fell at 285.0 eV. XPS spectra were fit with a-limgar Shirleytype
background. This background was subtracted from the signal to allow for visual
comparison of atomic concentrations between samples using relative peak heights.
Elemental analysigias done using relative sensitivity factors for the SPECS instrument.
Peaks were fit with a mixed Gaussian (70%) /Lorentzian (30%) line sAdpXPS

measuremestand XPS data analysis and interpretati@medone by Leah Ellis.

5.1.7Isothermal microcalorimetry tests

In order to form stable SHayersbefore calorimetry measurements, the formed cells
were cycled four times betweé0V and 4.2 V at 10 mA (~ C/20). Then cells were
transferred into a TAM Il Microcalorimeter (TA Instruments) at 46@Qvhere the
temperature was kept stable to + 0.0001°C. Cells were connected to a Maccor series
4000 charger (Maccor Inc.) for cycling the cells while in the microcalorimeter.  All the

experimentaldetaiks can be found in referendé57]. Heat flow measurements were
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recorded to araccuracy of + 1.0 yW and the baseline drift over the course of the
experments did not exceed + 0.5 p\fter 24 hours of temperature stabilization in the
calorimeter, cells were charged and dischargedsan’®A ( £50 Betweerd.0V and a
sequence ofpper cutoff voltages: 4.2V, 4.3 V (twice), 4.4 V (twiad then 4.2 V once
again All microcalorimetry measurementand data analysis were made by Stephen

Glazier.

5.1.8UHPC tests

Formed NMC532/graphite pouctells underwent UHPC cycling between 2.8avid
various upper cudff voltages (4.14.2, 4.3 and 4.4/) at C/20and40°C for 16 cycles.
The UHPC allows the CE and chamgedpoint capacity slippage to be measured with
great accuracy and the interpretatmnhigh precision coulometry datan be foand in

referencg100].

5.1.9Frequencyresponseanalyzer (FRA) tests

The testing systenil58], built in-houseat Dalhousie University, consists of Neware
(Shenzhen, China) cyclers connected to computers with Gamry frequency response
analyzer (RA) cards via appropriate computer controlled relays. Formed
NMC532/graphite pouch cells underwent cycling between 3 and 4.4 V at 40°C using
protocol#1 described by Nelson et 4lL58]. The cellswere cycled between 3 and 4.4 V

at C/ 3. Every 10 cycl es, the cells under we

dischargecycle at C/20 between 3 and 4.4 V while the FRA measured the cell impedance
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every 0.1 V between 3.5 and 4.4 V. After the FRA cycle, the cells were cycled again

between 3 and 4.4 V at C/3 for 10 cycles. This protocol was repeategitimes

5.2 Results and Dscussion

5.2.1The effect of LIPO,F; in EC-free electrolyte on cell formation

Figure 5.1 shows the differential capacity vs. cell voltageNMC442/graphite pouch
cells duringthe formation charge to 3.5 V at 40 with a current corresponding to C/20
The electrolytes used in the cells wér® M LiPFg in EMC plusdifferent concentrations
(0.5% and 1%) oLiPO,F, or 5% FEC With the addition of 5% FEQhe reduction peak
of EMC (~ 3.2 V) was suppresseds reported in Section 241. However, with the
addiion of LIPO,F,, the reduction peakf EMC was not affected. This suggests that

LiPO,F, alonecannot produce a good passivation layer on the graphite electrode

Figure 5.2 shows thpercentageof EMC that underwent trarssterification producing
DMC and DEC[57] vs. the initial content of LiP&- during the first full cycle for
NMC442/graphite pouch cellgup to 4.4 V)at 40°C with a current corresponding to

C/20.
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Figure 51 dQ/dV vs. voltage for NM@42/graphite pouch cells wittlifferent electrolytes as shown in th
legend during formation at 40°Che chargingurrent corresponded to C/20.

As reported in Section 4.2.1hese transesterification reactionsvere caused byhe
presence of lithium alkoxidedue tothe reduction of lineaalkyl carbonatedlt is a signal
that EMC was reduced ahe graphitenegative electrode during formatiowhich helps
determine how well the graphite electrode was passivayetthe electrolyte additives
Figure 5.2 showsthat EMC transesterificationwas barely affectedwhen only LIPO,F;
was added into the electrolyt&his suggests that LiP8, alonecannot passivatéhe

graphite electrode well, which is consistent withrégult shown in Figure 5.1.
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5.2.2 The effect of LIPQF, in EC-based electrolyte on cell formation

Figure 5.3 shows the differential capacity vs. cell voltageNiW1C532/graphite pouch
cells duringthe formation charge to 3.5 V at 40 with a current coasponding to C/20
The electrolytes used in the cells werentrol electrolyte, control electrolyte with
different concentrations (0.5% and 1%)LaPO-F,, control electrolyte with 20% MAnd
control electrolyte with 20% MA plus different concentratiort’s5¢% and 1%) of

LiPO,F,.

20 .

EMC Transesterification %

0 | M | M |
0 0.4 0.8
Initial Content of LiPO.F.%

Figure 52 % EMC transesterification vs. initial conterdf LiPO,F, in NMC442/graphite pouch cells the
underwent their first full (formation) cycle beten 2.8 4.4 V at 40°C, C/20.
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All the cellsshow areductionpeak in the differential capacity plot atfull cell potential
around2.9 V. This results from the reduction of EC on the surface of graphite
Adding LiPO.F; to the electrolyte does not affect this peak, suggesting.tR&,F; is
electroclemically stable in the electrolyte during the formation step. This is consistent

with a previous repoftL05] and the results shown in Figure 5.1

Control
—— Control+20%MA
— 0.5% LFO
— 1% LFO
Control+20% MA+0.5%LFO
- Control+20% MA+1%LFO

[—
[
o

dQ/dV (mAh/V)
=)

2
~

= - TR, ! . l

1.6 2 24 28 32
Voltage (V)

Figure 53 dQ/dV vs. voltage for NMC532/graphite pouch cells with different electrolytes as shown i

legend during formation at 40°CQhe chaging current corresponded to C/20PO,F, is called LFO in the
Figure legend.
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Figure 5.4 shows the °F NMR spectra fom) freshcontrol electrolyte b) fresh control
electrolyte + 0.5% LiPgr,; c) fresh control eldrolyte + 1% LiPQF;; d) control
electrolyte + 0.5% LiPgF, centrifuged out of cells after formation; and e) control
electrolyte + 1% LiP@F, centrifugedout of cells after formatiorf-igure5.4a shows the
doublet from thePR' anionsin the control elecblyte. Figures5.4b i 5.4e, show, in
addition to the doublet fronPFs', a second doublet frolPO,F,' anions which is
indicated by a red circlin the 'F NMR spectra[155]. Moreover, Figure 5.4b i 5.4e
showthat theintensity ratio between P&, and Pk of the fresh electrolyte (Figures
54b and5.4c) is higher than thatin the electrolyte centrifuged out of the cells after
formation (Figuress.4d and5.4e). This suggestghat some of the LiP§, has been

consumediuring formation

To understandand compar the impact of the LiP4{p, additive and MA on the
electrode/electrolyte interphase and study how these interphases are related to the
corresponding electrochemical performance, the nature of SEI, when different electrolyte
blends were used, was characed using XPS after cell formation at 3.8TVe top row

of Figure5.5 shows XPS spectra dlfie graphite negative electrqdermed in control

electrolyte, 1%4.iPO,F,, and 1%d.iPO,F, with 20% MA.
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Figure 54 F NMR spectra for fresh control electrolyte (a), fresh control electrolyte + 0.5%EiRK),
fresh control electrolyte + 1% LiPB, (c), control electrolyte + 0.5% LiP®B, centrifuged out of cells
after formation (d) and control electrolyte + 1% L centrifuged out of cells after formation (e
LiPO,F; is called LFO in the Figure legend.

The peak from lithiated graphite (L& at B4.3 eV, is larger in cells containing 1%

LiPO,F,. This suggestghat the SEI layer, covering the lithiated graphitehisrter in
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cells containing LiP@F,. The SEI formed withLiPO,F;, contains fewer carbonate species
(evidenced by smaller peaks at 291ie\the C*°spectra, and 531 eV in the“Gpectra),

and more fluorophosphate species (evidenced by larger peaks iff tgeétra, and at
687 eV in the B spectra). The presence of more fluorophosphate spemiggestshat
LiPO,F, participates in théormation of the negative electrode SEI. Teduction in the
amount of carbonate speciesuggeststhat the SEI formed by.iPO.F, hindersthe
carbonate solvents from breaking doamd forming the SEI. Fluorophosphate species
appear to passivate the eledgoand may be a cause of improved cell performéase

will be shown later) The bottom row of Figures.5 shows XPS spectra of the
correspondingNMC532 positive electrodeAgain, greater amounts of fluorophosphates
occur in cells withLiPO,F,. ThissuggestthatLiPO,F, reacts at the positive electrode, as
well as the negative electrode, to form a beneficial . addition oLiPO,F, does not
obviously change the thickness of the positive electrode SEI, judging from the relative
heights of the underlyingositive electrode peaks (Ni, Co, Mn, and thé @ak at 528

eV). The addition of MA to cells with LiP&-, does not have an impact on the surface
chemistry of the positive electrode, but it appears to somewhat increase the amount of LiF
in the negativelectrode SEI. The reason why there is more LiF in the presence of MAis

unknown.
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negative Negative electrode
1% LIPO2F2+
Atom % | control |1% LIPO2F2 20% MA
w Fls 4.1 9.6 16.0
o 01s 29.3 17.8 16.3
(& ] Cis | 304 45.6 37.6
P2p 0.4 3.9 3.1
Lits | 359 23.1 27.1
positive Positive Electrode
1% LIPO2F2 +
Atom % | control | 1% LiPO2F2 20% MA
w Fls 15.5 18.4 17.5
@ o1 20.2 182 211
Cls 56.5 552 53.2
P2p 0.8 1.6 1.6
Lils 4.5 4.8 43
NitCotMn| 2.5 1.8 0.0
690 290 285 140 60 50

binding energy/eV

Figure 55 Typical F 1s (a, f), O 1s (b, g), C 1s (c, h), P 2p (d, i) and metal XPS core spectra for graphite electrodes and NMfChI&3, ¢
respectively, at 3.8 V after formation with different electrolytes as indicated.
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5.23 The effect of LiPO,F, on storage testing

Figure 5.6 shows a summary of5a and5.6b) voltage drop, §6¢c and 5.6d) gas
evolution and %.6e and5.6f) impedance change of NMC532/graphite pouch cells
containingcontrol electrolyte, control electrolyte with different concentrations (0.5% and
1%) of LiPO,F,, control electrolyte with 2% VC, control electrolyte with 20% MAd
control electrolyte with 20% MA pks different concentrations (0.5% and 1%).#O,F,

during the storage tesg at 60°C.Two cells were measured for each experiment and the
error bars on the data points in Figure 5.6 are the difference between the two results. The
data point is locatedtdhe average value of the results from the two experiments. The
starting voltage before storage for Figures 5.6a, 5.6¢ and 5.6e was 4.4 V while the
starting voltage for Figures 5.6b, 5.6d and 5.6f was 2.Bh€ voltagedrop duringthe
storagdestingindicates the occurrence pérasitic reactionat the surface of the positive
electrode(4.4 V) and the negative electrode (2.5 V), respectijEb4]. The cells with

0.5% LiPQF,, 1% LiIPQF, and 2% VC show smaller voltage drops compared to other
cells. Figures ®c and d show that with the addition of LifFpor VC, the amount of gas

produced during storage was reduced.

Figures 5.6e and f show a summary of the impedance before and after storage. All
impedance spectra were measured at 3.8 V and at 10.6&@npedance in this Figure is
the diameter of the sernircle in the Nyquist plot that arises from tlseim of the

chargetransfer resistancesd the transport of lithium ions through the SEI layetsott
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the positive and negative electrod&9]. The addition of different electrolyte additives
results in the formation of fierent SEI layersThis has an impact on cell imgence.

Cells using LIPGF; as an electrolyte additive showed smaller impedance compared to all
other cellsFigure 56¢ shows that with the addition of LiBE or VC, the amount of gas
produced during stage was reduced compared to control electrolyte. This shows that the
addition of electrolyte additives can suppress the production of gasequ®dugcts

resulting from parasitic reactions as is well known.
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Figure 56 Summary of voltage drop at 4.4 V (a) and 2.5 V (b), cell volume change at 4.4 V (c) a
V (d), charge transfer impedance (diameter
at 4.4 V (e) and 2.5 V (f) during 500 hour storages@°C for NMC532/graphite pouch cells wit
different electrolytes as indicated. LikRis called LFO in the Figure legend.
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5.24 The effect of LiPO,F, on cell lifetime

In Figures 57ai 5.7c, the data points for cells with control electrolyte cannot be seen
because they are off scale (Their CIE is too large to be seen on this d¢iigphg.5.7
summarizes the CIE (a), fractional fade (b) and fractional chargeoendmapacity
slippage (c) versus upper enff voltage of NMC532/graphite pouch cells during UHPC
testing at 40°C with currents corresponding to C/20. Based on previoud X0ikthe
fractional faderepresents lithium lossue toSEI growth at the negative electrodedthe
fractional charge endpoint capacity slippage indicatestrolyte oxidatiorat thepositive
electrode The relationship betweefnactional fade fractional slippageand CEcan be

found in Section 3.

Figures 5.7a i 5.7c show thatas theupper cutoff voltage increased the CIE and
fractional charge end point capacity slippage increased whge fractional fade
decreasedCells with 2% VC, 0.5% LiPg&F, or 1% LiPQ:F, show similar CIE, fractional
fade and fractional charge end point capacity slippage at different uppsf cattages.
With the addition of MA, the CIE, fractional fade and fractional charge end point
capacity sppage increased dramatigall his suggests that there will be a penalty in cell

lifetime when MA is used as a-@lvent in these cells with these additives.
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Figure 57 A summary of UHPC test results for NMC532/graphite pouch cells filled with diffe
electrolytes as indicated after 16 cycles between 3 and uppeffoutitages (4.1, 4.2, 4.3, 4.4 V) witl
currents corresponding to C/20 at 40°C including (a) coulombic inefficiency per hour, (b) frac
charge engboint capacity slippage per hour and ffgctional di€harge capacity fade per holiihe data
shown is the average of two cells and the error bars were aigldids described in the tekiPO,F; is

called LFO in the Figure legend.
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Figures5.8a and5.8c showthe normalized dischargeapacity versus cycle number for
NMC532/graphite poue cellscontainingcontrol electrolyte, control electrolyte with 2%
VC, 0.5% LiPQF,, 1% LiPQF, and control electrolyte with 20% MA plus different
concentrations (0.5% and 1%) of LiE& during CCCV cycling up to 4.3 V using
currents that correspond to3CAt 20°C and 40°C, respectiveljhe constant voltage
cut-off current at the topfacharge corresponded to C/Zgures 5.8b and5.8d showthe
difference betweethe average charge anlde averagelischarge potentiaDV) vs. cycle
numbercorrespondingd the cells shown in Figurés8a and5.8c, respectively.The
value of &V is a measure of thgolarizationin the cells[146]. Comparedo the other
cells, cells with 1% LiPGF, showthe best capacity retention and the smallest rate of
polarization increase during lofigrm cycling. The addition of MAdecreased cell

lifetime, which agrees with the results shown in Figuie 5

5.2.5 The effect of LIPQF; on gas evolution at high voltage

To further investigate the stability afiPO,F,-containing electrolyte at the NMC532
positive electrode surface, celvith different electrolytes were charged and held at 4.1,
4.2, 4.3, 4.4 and 4.5 V for 20 h while the volumes of gas produced in the cells at high
voltages were measured us@gin-situ gas measuremesetup[83]. The temperature of

thecells during thexperiment was 40.0°C.
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Figure 58 Normalized dischaye capacity (panel a for 20°C, panel ¢ for 40°C) and cell polarization (pa
for 20°C, panel d for 40°C) vs. cycle number for NMC532/grapbitigch cellswith different electrolytes as
indicatedduring long term CCCV cycling between 3 and 4.3 V usingeris corresponding to C/3. ¢
constant voltage step at the top of charge was applied hmiiurrent dropped below C/20PO,F, is called
LFO in the Figure legend.

Figure 5.9a shows the cell voltageersustime while Figure5.9b shows the volume
change otthe NMC532/graphite cellyersustime. Figure5.9b shows that incorporating

MA as a cesolventresulted inargeramouns of gas production at high voltage.
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Figure 59 The insitu gas evolution cell voltage as an€tion of time (a), and the gas volume
NMC532/graphite pouch cells with different electitely as a function of time (H)iPO,F; is called LFO in
the Figure legend.

5.26 The effect of LIPO,F, at fast charge rate

In order to investigate the charging raepability of NMC532/graphite pouch cells with
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selected electrolytes, cells were cycled between 3 V and 4.1 V (FigliBasand5.10b)

or 4.3 V (Figuress.10c and5.10d) usingdifferent charging rates at 20°C. The charging
rates were 1C, 1.5C, 2C, 2.5@da3C (30 cycles at eachr@te) while the discharging
rate was always C/2. Figwé.10a and5.10c show the discharge capacity versus cycle
number for NMC532/graphite pouch cells with different electrolytes during cycling. The
discharge capacity fade befa at high Grate charge depended strongly on the
electrolyte used. Based on previous wfitk9], MA helps improve high charging rate
capability because of its low viscosity while LifF functioned well here by decreasing
impedare from both positive and negative electrodes as showigures5.6e and5.6f
[160]. However, unwanted lithium plating eventually causes capacity fade at sufficiently
high Grates of charge even though cell impedance was decreased using.LiPas is

consistent with the results reported by Liu e{E60].

5.2.7 The effect of LiPO,F, on impedance growth during cycling

Figures5.11a and 5.11bshow thenormalizeddischarge capacity (a) ardV (b) versus
cycle number for the NMC532/graphite pouch cells undergia§RA cycling method
The cells containing control electrolyte and MA dited rapid discharge capacity fade
compared to 1%.iPO,F, and 2% VCGcontaining cellsCells with 1% LiPO,F, + 20%
MA show lesschange inDV compared tccells with 0.5% LIPO,F, + 20 % MA during

cycling, whichdemonstrates that adding LiE& decreagesimpedance growth.

106



Figure 510 Normalized discharge capacity (panel a4dt V, panel ¢ for 4.3 V) and cell polarization (par
b for 4.1V, panel d for 4.3 V) vs. cycle number for NMC532/graptitech cellswith different electrolytes
at 20°Cduring rate capability testing between 3 V and different uppeoffwtoltages (41 or 4.3 V). The
charging rate was changed every 30 cycles as indicated while dischaatgnwas always kept at C/:
LiPO,F, is called LFO in the Figure legend.

Figures5.11c and5.11d show the resistancefRat cycle 2 (a), cycle 68 (bjycle 211 (c)

and cycle 350 (das a function of voltage for the celilepictedin Figure5.11a. Each
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