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ABSTRACT

Rechargeable Lion batteries play pivotal role in the growth of the market for
portable electronic devices like mobile phones, laptops etc. Several key drawbacks with
theLithium-ion Batteriesl(IBs) put a limitation on their use in more advanced apptioat
especially thosethatrequire more power output and rapid charging times such as electric
vehicles. One issue is the safegncerns that arisgue to the growth of lithium dendrites
especially at rapid charging conditiofesading to firehazards at extreme thermal runaway
scenariosAnotherissue is that the current state of the art LIBs are fast approaching their
maximum theoretical energy density limits. The energy density of the piasehiBs is
insufficient to deliver satisfactory epformance especially when used in advanced
applications such as electric vehicles which require long driving range per charge. One
possible approach suggested to increase the energy density of the battery is by replacing
intercalated graphite anode wilithium metal which has greater theoretical capacity.
Utilizing lithium metal would open the possibility to use cathodes with conversion
chemistrythat would store more charge per cycle and there by resulting in the overall

increase in the energy densitiytioe battery.

One of the key issues impeding the commercialization ehéfal batteries is
safety.Safety issues arises due to the uneven deposition of Li on the surface of the Li metal
which wouldgiverise to needle like protrusions (dendrites) thatapable of piercing the
separator and reaicly all the way to cathod& heresult is an internal short circuit of the
cell , which ultimately results in fire or explosion. There are many solutions that have been

proposed over the years, courte$§gomeextensive theoretical and experimental research
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to tackle the issue of dendrite growldtis thesis describes about the research work along

the lines of aouple of possible approaches to prevent the dendrite growth.

The first approach to be discussed is the development of solid
electrolytes/separators to address this safety issue. The major drawbaotostitbf the
solid electrolytes/separators is that they have very low conductivitylimam ion
transference nuber (tLi*)values Transference number @ ion by definition is the
fraction of currentarried by that particular igmere in the case of LIBs is™.iout of the
total current carried by all the ions in thalution. Ideally ait™ of unity is aspiredThegoal
was to develop solid electrolytes having good room temperature conductivity and high
transference numbers and at the same time having good mechanical stretfyhextent
high moduli polymer gel electrolytes with high thermal stabiligre devedped by iRsitu
encapsulation abnic liquids and solvate ionic liquids into nanofilar methyl cellulose
networls. Theseparatorgongels preparegossessegood room temperature conductivity

andlithium ion transference numbers

The other approach descrikisdlevelopng non-aqueous liqui@lectrolytes having
high ionic conductivity and high Li+ transference number$)(Electrolytes with high.t*
are efficient in minimizing the concentration polarization and ultimatelygating the
dendrite growth. As a part of this approaahunctionalized symmetric, mulionic
polyhedral oligomeric silsesquioxane (POSS) with dissociative lithium (BEXSS
(LINSO:CR)s ) salt was dissolved in tetraglyme 4G CHsi Of (CH2CH20)41 CHs in a
specific O/Li ratio and the solution mixture was used as a electrolyte. Good ionic
conductivities §10* S cm?) and lithium ion transference numbers of% 0.65 are

achieved in these electrolyte systems.
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Figure 5.1. Schematic of &) ion pairs and ion triplets found in LiX salésd polymer
SICs; B8) higher order aggregates that can occur in polymer single ion conductors (SICS);
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and POSENSOCR)LI™; and D) structure of POSHLINSO.CR)s; (E) POSS
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Figure 5.2.DSC thermograms for second heating cycles @lPGSS(LINSO.CFs)s 178
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Figure 5.4. TEM image of G/POSS(LINSO.CFRs)s with O/Li = 7.5/1. Sample was
prepared by dissolution of PO§ENSO:CFs)s in polyethylene glycol monomethyl ether
acrylate (Mi = 350 g/mol), 0.1% AIBN, and dilution with acetonitrile (ACN). After
dropping the solution on a TEM grid, and evaporation of the ACN, the sample polymerized.

Figure 5.5.(A) WAXS data for neat &(25 and-100°C), neat POS&.iINSO.CFR)s, and
mole ratios of [G]/[[POSS(LINSO.CR)g] also shown as (O/Li ratio); an&) SAXS data
at25°C for [G)/[POSS(LINSO.CRs)g] = 7.5/1 obtained in 2 regionand the C) S(q) and
() T R (9 1 = L= T 185

Figure 5.6. Temperature dependent ionic conductivity as a function of O/Li ratio for
G4/LITFSI and G/POSS(LINSO2CR3)8. ..uvvvrrrriiiiiiiiiiiiiiiiesieesreieeseeeeeeeeaaeassasasssmnneens 187

Figure 5.7. Anodic scans at 28C, 2 mV/sec from OCV to 5V, using stainless steel
working electrodes, Pireference/counter electrodes, of the electrolytes (all OR20/%):
G4/POSS(LINSOCRs)s; G4/LITFSI; andG4/LiTFSI+20% POSHLINSO.CFRs)s at 25°C.

Figure 5.8.Electrochemical results (all cells O/Li = 20/R) Comparison of cycling data
using 0.1 mA/crhand 2h charge/2h discharge fof/[G4/80wt% LiTFSI20 wt% POSS
(LINSO:CRs)g)/Li® and LP/(G4/LITFSI)/Li% B) Rate capability Li/[G/80wt% LiTFSI/20

wt% POSS(LINSO.CR)gl/LiIFePOy at C/20, C/10, C/5, C/2, 1C, 2C, C/10 and C/£);
Discharge capacity and Coulombic efficiency as a function of cycle number for
Li%[G4/80wt% LiTFSI/20 wt% POSSBLINSO.CFs)s]/LiFePQ; cell at C/4 rate and 25°C;
inset shows cell voltage vs specific capacity at 1, 10, 50 and 100 dytlEemparison of
discharge capacity for PIG4/POSS(LINSO,CFs)s)/LiFePQy and
Li%(Ga/LITFSI)/LIFEPQy At C/5 FALE.........ccueeveeeeeeeete et eeeee ettt eamas e 191

Figure 5.9. 'Li and *F PFGNMR data for G/LiPFs, G/POSS(LINSO.CF)s, and
Gul(LiPFs+ POSS(LINSO2CF)8). cvrvreveeeeeeeeeeeeseesoeseesseseeseessseeseesesesseeseeseeseesens 194

Figure 5.10. Schematic of @POSS(LINSO.CFRs)s showing contact ion pairs, solvent
separated ion pairs and-dissociated Li..............euuuuiummiiiiiccneeeeiiiiiiene e 196

Figure A.1. *H NMR spectra of allyltrifluoromethylsulfonamid@) PhSikO4[(Si(CHs)2-
R)]s, R =-CHCHCH2NLISO2CFs (2), and 4met(LITFSD4 (3) cvvveveeeeiiiiiiieee e 218

Figure A.2. FTIR spectra showingA( Si-H and CH groups of 4mer tetrasit@ = 4mer
(SiH)s; (B) NH group of allyl trifluoromethyl sulfonamide; Cj successful
hydrosilanization reaction with disappearance of SiH group and formation of 4mer
(NHTFSI); and D) disappearance of NH groups due to replacement by Li and formation

OF AME@-(LITESI) 4 e e eee e eeet e e e e e e e e e e e e e e e e e s smmmeeaeeas 219
Figure A.3. X-ray diffraction data for: starting material, 4mer tetrasilane = 4iQit)s;
amide, 4me(NHTFSI» ; Li salt, 4mef(LiTFSIl)4  LITFSI,  lithium
bis(trifluoromethylsulfonyl)imide. ... 220
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Figure A.4. X-ray diffraction data for 4meiNHTFSI): (top) generated from single
crystal data; andopttom) measureghowdered pattern................ueevveeiiiccmeeeerennnnns 221

Figure A.5. TGA data of neat MC, PYRTFSI, 4mef(LiTFSI)s and PYR4TFSI/0.20M
4merLiTFSI.Degradation peaks {T) were: (i) Ti"®= 266°C (major), 45FC (weak) and
559 9C (minor) for pure 4me(LiTFSI)4 salt ; (ii) T¢™> = 353°C (major) and 500C
(minor) for pure MC ; (iii) T"® = 452°C (major) for pure PYRTFSI ..........c........... 222

Figure A.6. TGA and DTGA thermograms of LIiTFSI, 4m&BiH)s, 4mer(Cs
HeNHSO.CFs)4 and 4met(Cs HeNLiISO.CFs)4. Note: the weight loss of ~ 5 the 4mer
(C3 HeNLiSO2.CFs)4 was adsorbed water. This was confirmed by heating the sample to 90
9C in the TGA, exposing it to air and watching the weight gain in the TGA........ 223

Figure A.7. DSC traces (second heating cycle) of mixtures of RYRSI /4mef

(LITFSN4/0.2M and PYR4TFSI JLITFSI/0.25M.....ccoiiiiiiiiiiiieeeeeeeeee e 224
Figure A.8. DSC traces of PYRTFSI/MC/0.20M 4met(LiTFSI)4 ion-gels from-60 to-
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Figure A.9. X-ray diffraction data showing samples that have been cooleto®°C,
where supercooling keeps the P)YRFSI amorphous and those reheatedt@’C, where

the PYR4TFSI crystallizes but does not remelt. In the 90/10 RYRSI/MC or 90/10
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Figure A.10. Comparison of conductivities for PYRFSI/MC/4mef(LiTFSI)4 and
PYRIATESIMCILITESL ...ttt eree e e e 228

Figure A. 11.Crystal structure of 4AmgNHTFSI). H atoms have been omitted for clarity
and C atoms are shown as wireframe. Ellipsoidstave/s at 30% probability......... 229

Figure B.1. TGA data of 90/10, 80/20, 70/30, 60/40 £{[@ *[TFSI] / MC) iongels, neat

Ga, [GaLI] [TFSI] @nd NEAL MC.....coeiiiiieeiiiiee e eseeeeiie e neee e e e 244
Figure B.2. DSC curves of 90/10, 80/20, 70/30, 60[@&Li] *[TFSI] /MC iongels, and
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Figure B.4. X-ray data of MC powder, a gel film of MC (with DMF) prepared in same
way as the blends, those films where the DMF was replaced with acetonitrile (AGN) a
the ACN removed by freeze dryir(tpp). The 90/10 sample after a similar extraction
procedure is also showrbdttom) SEM image of MC gel after replacement of DMF with
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Figure B.5.Raman spectra of 90/10 80/2@/30 and 60/40 [@.i] [TFSI] /MC iongels,

MC and neat [GLi] *[TFSI] . The intensities of the 860 chbands increase in the order
100/0>90/10~80/20> 70/30> 60/40. The intensities of the 86bk@ands increase in the
same order except for the 100f@&t [GLi] [TFSI]). This may be due to a contribution

from MC for the mixtures, which does not appear in the 100/0 spectrum........... 248
Figure B.6. Temperature dependent conductivity data of 90/10, 80/20, 70/30 and 60/40
[GaLi] "[TFSI] / MC iongels and neat [Bi] [TFSI] ...ccoooieeeiiiieeeiiee e 249

Figure B.7. Nyquist plots of temperature dependent conductivity data’g, 3C and
90°C for 90/10 longel (top row) and neat4d *[TFSI]" (bottom row). The equivalent
circuit used to fit the data is in the middle............cccoviiiiiiiieer e 250

Figure B.8.FTIR spectra in the OH ramn stretch region. The [&i] *[TFSI] has no bands
in this region. The 3450 cHOH stretch of the neat MC broadens as the amountsf][G
[TESI] increases inthe blends.........ccooooiiiiiiiieeei e, 251

Figure B.9.Li plating/stripping data for:X) Li%[GaLi] *[TFSI]/Li° cell; J = 0.05mA/crf
remainder at J = 0.5mA/cthe inset showing the voltage vs time for the first 160 cycles
at J=0.1mA/crh (B) EIS data before and after the plating/stripping experiment on
Li%[G4Li] "[TFSI]/Li° cell (C) Li%90/10 longel/LY cell; first 24 cycles (4 days) at J =
0.01mA/cn%, next 150 cycles (25 days) at J = 0.05mAdciast 30 cycles (5 days) at J =
0.01mA/cnt. (D) EIS data before and after the plating/stripping experiment $a0/10
LONGEI/LIZ CEIL. ...ttt 252

Figure B.10.SEM images of original Pimetal at two magnificationdd) 50 eBn and (
5 e&m an dLiplatihgeand strigping experiments, SE mode at two magnifications
(C) 50 e a3n d&) sicevie(v showing interior of Limetal and mossy Li

(combined SE and BSE modes) . Li met al was
about add 300 em aft efF) 9W1b éongg aftert i plagng e x per i
experiment.s....2.0.0. . &M e —— 254

Figure B.11.SEM images of residual iongel separator ohrhetal after LY/Li° plating

experiments at increasimgagnificationAY BY C. There was a | ayer
longel attached to the L metal. At the highest magnificatio€), the MC fibrils of the

separator can be observed. These presumably form whewLh€RS! is consumed at the

Li® metal to form th&El layer, leaving behind the MC network. Regions of attached iongel

where the mossy Lis pushing from beneath the fil®) but does not protrude through it

CaN DB ODSEIVEM......ccc e e 255

Figure B.12.SEM image of L9 surface after ILi° plating experiments. EDX of three
positions on SEM image, showing increased amounts of sulfur and fluorine in region(s) of
attached iongel (1 and 2), and less sulfur and fluorine on SEI (3). The S and F in the SEI
indicates that the TFSdnion is usedatform the SEl layer...........cccccoeeiiiiiiieeennnnen. 256

Figure B.13.SEM image of L{ surface after I9Li° plating experiment. EDX of three
positions on SEM image, showing the highest amountlfdirsand fluorine in the region

of the attached iongel (5), less sulfur and fluorine were found on the mds®) bind
even less on the smoothef surface (4). The S and F on both Li surfaces indicates that
the SEI was formed from the TESNION...........ooooiiiiiiiiiiee e 257
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CHAPTER 1
OVERVIEW OF LITHIUM ION BATTERIES AND LITHIUM METAL
BATTERIES WITH EMPHASIS ON THE ELECTROLYTES USED

1.1Introduction

The need to develop and adopt alternating intermittent energy technologies
e.g., solar and windo reduce our dependence on fossil fuel, has motivated research on the
developmentf efficient electrical energy storage (EES) systenfRechargeable batteries
are one of thenost viable options for electrical energy storage both at the consumer level
for powering portable electronic devices and at the grid level for storing energy generated

intermittently.

Table 1.1. Comparison of different rechargeable battery technolaogikght of various
important parameters

Lkion

battery

Characteristics Lead Acid Ni-Cd Ni-MH
battery battery battery

(1]



Over the past century extensive research has been carried out on rechargeable battery
systems. Several types of rechargeable batteries have been proposed and have been
produced on a large scale. These includ€dli Ni-metal hydride, Liion batteries (LIB¥

etc. A general comparison of different rechargeable battery systems is gihavienl 1.

Among these battery systems LIBs have witnessed huge commercial success and
have prompted an exponential growth in the market of portable electronic devices such
laptop computers, mobile phones, tablets and other devices. The huge success of LIBs has
much to do with their properties of high energy density, good open circuit voltage and high
coulombic efficiencies. Although LIBs have been able to meet the emgemands of
preserdday technology, improvements are needed in order to meet the needs of future
advanced technologies that require greater energy output. Current LIBs have several major
drawbacks, the most important of which are: (I) safety concerne dioe use of flammable
organic liquids as kion conducting electrolytes; and (II) relatively low energy density due
to the use of lithiated graphite as the anode. In order to meet the energy requirements for
the everadvancing sophisticated technologespecially those related to sustainable-eco
friendly transportation such as electric vehicles (EVs) and hybrid electric vehicles (HEVS),
there is a need to develop safer and high energy dendigsieild battery technology. One
plausible approach to achiesach high energy density is by replacing the intercalation
anode material (graphite) currently used with Li metal. Li metal has a theoretical capacity
an order of magnitude higher than the lithiated graphite electrode. Additionally, replacing
the liquid dectrolyte with a solid electrolyte such as a polymer electrolyte would improve

the safety aspect of the batteries especially when used in the applications which draw great

[2]



amounts of power. Despite the benefits associated wWitlnétial battery technologyhere

are still major practical limitations to overcome before commercialization. A serious
problem with the use of Eimetal is the formation of Lithium dendrites, which has serious
detrimental effects on its performance. In particular, the dendriesboth become
Afdeado, i.e. disconnected from the anode,
short it, causing thermal runaway and the possibility of explosions. Extensive research
efforts are directed towards the development of ssilidieelectrolytes and stabilization of

the L’ metal anode via different strategies in order to commercialize high energy density

Li-metal batteries.

1.2 Battery General Considerations
1.2.1Battery

A battery is an electrochemical energy storage device that converts chemical energy
into electrical energy. It is comprised of two electrodes separated by-aaridncting and
electronically insulating medium known as an electrolyte. The battery steretetirical
energy in the electrodes through the concomitant oxidation and reduction of
electrochemically active species in both the electradiéen connected tolaad, batteries
will produce electrical energy until threactants are depletedn a retargeable battery,
Figure 1.1, during discharge the electrons flow spontaneously through an external circuit
from the anode (more negative) to the cathode (more positive) electrode and ions are
transported from the more positive electrode to the more negative electrode internally via
an electrolyte medium maintaining charge balance. The ions and electrons traverse exactly

opposite paths during charging, when the battery is connected to an external DC power
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source to apply a voltage higher than the battery open circuit potential & ttav

thermodynamically unfavorable electrochemical reaétion

I

charge Process

Electrolyte I

Figure 1.1. Schematic showing the general working principle of a battery (A) Durin
discharge; (B) During charge

Discharge Process

Electrolyte

1.2.2Fundamental Thermodynamics of Batteries

The energy storage and power characteristics of a battery follow directiytieo
thermodynamic and kinetic formulations for chemical reactions as adapted to
electrochemical reactions. The thermodynamics involved with batteries will be dealt with
here and an overview of the kinetics involved with battery operation will be destuss
the following section.
The basic thermodynamic equations for a reversible electrochemical transformation are
given as:

& = -T&sS

and

2C= &H &5 (2)

Where, &G is the Gibbs free energy or the

&H i s the enthalpy or the energy released

(4]
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TeS defines the heat associ at érdatenais.tThe t he «
degree symbol is used to indicate that the value of the function is for the material in the
standard state and wunit activity. Since &G
system for a given reaction, in electrical terms,rteeavailable electrical energy from a
reaction in the cell is given by

@G -AFE 3)
and

®&G -nAFE (4)

Here,nis the number of electrons transferred per mole of reactistthe Faraday
constant, E is the electromotive force of the cell reaction or the voltage of the cell with a
specifc chemical reactionE® represents the voltage of the cell in the standard state. In
battery operatior£is equal to the opedircuit voltage of the cell or battery §¢), i.e. the
voltage of the battery when no external current flows. The voltage aiethis unique for
each reaction couple. The tenk accountdor the amount of electricity produced and is
determined by the total amount of materials available for the reaction. Theciopgh
voltage is usually close to thkermodynamic voltage for the system. It is generally the
difference between the chemical potentials of the anage(|E. and cathode (¢} or E,
and is given by

Voc= (Ha- He)le ()
where e is the magnitude of the electronic charge. The- ¥ also limited by the
electrochemical stability window of the electrolyte which is determined by the energy gap
between the highest occepi molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO) as shown Figure 1.2
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LUMO
Ha
Eg ev,.
HOMO He
Anode Electrolyte Cathode

Figure 1.2. Relative energies of the electrolyte window, Eg, and the relationship bt
electrochemical potentials of electrodes and the HOMO or LUMO of the electrolyt

The selection of electrode pairs (anode and cathode) is therefore very important.
Theelectrode pairs must have their respective electrochemical electrode potentadd (U
Hc) located within the thermodynamically stable potential window of the electrolyte. The
electrode chemical potentials should be such thatfithe anode would lie t&w the
LUMO of the electrolyte and qiof cathode would be lying above the HOMO of the
electrolyte to have a stable system. Otherwise, unless a stable passivating solid electrolyte
interface (SEI) layer creates a barrier for electron transfer acrosettmeé/electrolyte
interface, an anode withabove the LUMO will reduce the electrolyte and a cathode with
Hc below the HOMO will oxidize the electrolyte. A stable, passivating SEI is one that is
ionically conducting but electronically insulating in wma. With almost all current
electrolytes, the LUMO of the electrolyte falls below theof the lithium anode, the
formation of an SEI layer is inevitable. The nature of the SEI plays a key role in
determining the cell performance. If it is both ionicatd electronically conductive, there
will be continual reaction with Limetal. Even if it is only ionically conductive, it should

have low impedance for good cell performatte
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In theory, thepotential of the respective electrodes at operating conditions other
than open circuit voltage can be obtained from the Nernst equation. For example,
considering a battery with lithium iron phosphate (LiFeP&s the cathode and lithium
metal LP as the aade, the oxidation reaction occurring at the negative electrode during the
discharge is given below

D0V Q wQ (6)
O © — & (7)

The reduction reaction occurring at the positive electrode during the discharge is given

below
@ Q ¢ 0 © H'QOQD (8)
0 0 — at&—F— 9)

Here E: and Ea are the cathodic and anodic potentigspectively under nestandard
conditions, i.e when the cell is under operatiGn,andO are the cathodic and anodic

potentials respectively under standard conditions, i.e, underamert conditions.

The overall reaction of the cell during discharge is given by
@ Q "0Ql © H'POQD (10)
O O — ‘T (12)
Ecen in the above equation gives the operating voltage of the me@#riconditions
other than the opedrcuit conditions. Under standard conditions or opeouit

conditions the concentration of active species remains constant and the cell voltage which

is also the thermodynamic open circuit voltage of theEsatlr Eocvis given by

[7]



E°=0 -0 (12)
Thereversible heat effect for a thermodynamically reversible cell reaction can be obtained
from equations (1) and (3)
&G -pFE= &eH T &S
= @ HFT(dE/T) (14)

Measurement of the cell voltage as a function of temperature would assist in
experimentally determining the various thermodynamic quantities for the materials in an
electrodereaction. The termEdT determines the reversible heat change in the battery. If
dE/dT is positive the cell heats on charge and cools on discharge. Tbé bhttery is an
example of a cell with a positivee(HT. A lead acid battery is an example ofedl evith a
negative &/dT, where cells cool on charge and heat on discharge. Heating and cooling of
the cell can proceed with heat exchange with the environment. The total amount of heat
released during charge/discharge of the cell/battery at finitesrgteein by

g=TaS +1(Eocvi Er) (15)

whereEocv is the open circuit voltage of the cdlly is the practical cell terminal voltage,
and Agodo is the total amount of heat gi ve
thermodynamic reversible heat released and the irreversible Joule heat. Under practical
operating conditions, voltage losses at intereaistances in the cell lead to irreversible
heat production also called Jodleat. The voltage losses arise due to kinetic effects that
will be discussed in the next section. This heptig released inside the battery at the
reaction sites on the dace of the electrodes. For lenate applications the heat released
is not a big problem, but it is a big concern for kigte batteries in applications such as

electric vehicles, which therefore require provisions for heat dissipation. Failure to

(8]



accommaate/dissipate heat properly can lead to thermal runaway and other catastrophic

situationg?®,

1.2.3Kinetics Involved with Batteries and Key Parameters

Electrode kinetics differ from chemical kinetics in two major aspects: (1) the
influence of the potential drop in the electrical double layer at an electrode interface directly
affects the activated complexes; (2) the reactions at electrode interfacesdoma two
dimensional rather than in a three dimensional manner. The detailed mechanism of battery
electrode reactions involves a series of physical, chemical and electrochemical steps
including chargedransfer and charge transport reactions. The ddttese individual steps
determine the kinetics of the electrode, which ultimately determines the performance of the
battery. The voltage of the cell or battery under operating conditions i.e. when current is
drawn, becomes lower than the ofmrcuit vdtage. This drop in voltage is referred to as
| R drop or polarization (d) or overpotenti

d Eecvi Er (16)

Eocvis the opertircuit voltage andkr is the terminal cell voltage with curremt flowing
through. Basically, there are three different types of polarization (i) activation polarization
(i) Ohmic polarization and (iii) concentratiqgoolarization Figure 1.3).

0] Activation polarizationthis polarization arises from the kinetic hindrances of

the electrochemical redox reactions that take place at the electrolyte/electrode

interfaces of the anode and cathode.

(9]



(i) Ohmic polarization this pohbrization is interconnected to the resistance of

individual cell components and the resistance that arises due to contact
problems between the cell components.

(i)  Concentration polarizationthis polarization is due to the mass transfer

limitations during cell operation such as limited diffusion of active species to
and from the electrode surfate replace the reacted material to sustain and

progress the reaction.

IR Drop

ocv: b ‘/ End of Life
Ohmic (Concentration
Polarization (IR) Po?zation}

fr

: (A

o

: v

o Activation )

= Polarization Higher Rate
Discharge

Discharge =

Figure 1.3. Typical discharge curve oflaattery, showinghe influence of the various
types of polarization

Taking into consideration the effects of different polarizations, the working voltage of
the cell when the current is drawn (discharge voltage) can be statbeématically as
follows

Er = Eocv T [(detat (det)e] T [(de)at (de)e] T IRi = iR (17)
whereEocv is the opertircuit potential, {ct)a, (dct)c areactivation polarizations (charge

transfer over voltage) at the anode and cathode)as (dc)c are the concentration

polarizations at the anode and cathode, andaBounts for the ohmic polarizations in the

[10]



cell. For extracting the maximum output aretfprmance the battery during operation, all

the polarizations should be at a minimur!*

With regard to the battery operation, there are several important gtaranor
Figures of Merit (FOM) (1) gravimetric specific energy in (Wh-% (2) volumetric
capacity in (Ah cn?), (3) rate capability, (4) cyclability (life shelf), (5) selischarge (6)
specific power (Wg), and (7)power density (WEY). Many of these FOM are controlled
by the same characteristitisat control all electrochemical reactions, including mass
loading, surface area, voltage difference between anode and cathode, mobility of ions,

resistance of the electrolyte, kinetics and reversibility of the reactiéh's

The energy density is a common measure to evaluate battery systems. Specific
energy stored (Wh kb in a battery is obtained from the area under the curve of voltage
Vs capacity, by discharging a battery at an appropriate current. Thetid@mpecific
energy for a battery is given as the product of the thermodynamic operating voltage for the
cell reaction and the theoretical capacity of the working electrode.

Esp= Eocv. Quis (18)
whereEocv is the operating potential in volt (V) obtained from the energy change for the
cell reaction andQuis is the specific capacity in ampeneur per mass (Ah kY, or

equivalently (mAh d).

The theoretical discharge capaciysof t he el ectrode can be obt

¥ 38

0 € (29)
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where Mw is the mol ecul ar ma :s the iumbethoé 1|
electrons involved in redox process. For instance, the theoretical discharge capacity of the
LiFePQ electrode is calculated as

Quis= (26.8/ 157.75) x Te= 170 mAh ¢,
where Mw = 157.75 g/mol armd= 1€. The experimental midischarge potential 3.5 V vs.
Li%Li*, for the LiFeP@Li° cell and the theoretical specific energy density of the cell with

equation (18) isalculated to be 595 Wh Kg

The Crate is a parameter used to express the discharge (charge) current in order to
normalize the datagainst the capacity that depends on the battery (i.e., the theoretical
capacity of the batterylC-rate is a measure tifie rate at which a battery is discharged
relative to its maximum capacity. A chargengt rate means that a full charge would be
obtained in a time of f/hours. The power outpiio,:Of a battery is the product of the
electric currentlgis delivered by the discharging battery and the voltdgeacross the
negative and positive external contacts and is given as

Pout = ldis . Vdis (20)
The stateof-charge (SOC) of a battery is the fraction (in %) of available charge capacity

to the total capacity of the battery
YOO piTiP— (21)
where Qis the battery charge and, Qe nominal battery capacity (in Ah). The SOC of a

battery is an important parameter because the user needs to know the remaining available

enggy before the next charge.

[12]
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The selfdischarge rate (SDR) is the percentage of capacity that a battery loses in
opencircuit conditions. The SDR is estimated from the lost discharge capacity after 2 days

storage in normal conditions compared with the imaxn cell capacity as
YO —— pTnTP (22)

whereQmaxis the maximum discharge capacity at a discharge current densin@ret

the retained capacity atdsscharge Girate.

The Coulombic efficiency, CE in %, is the ratio between the discharge capacity and the

charge capacity for each cycle

0 Ob — pmnmhb (23)

1.3 Overview of Lithium lon Battery
1.3.1History of the Development of theli-ion Battery

Research othe electrochemistry of lithiutnegan as early as 913 by Gilbert N.
Lewist*1S but the interest in lithium for battery applications became most evident in the
1960s and 197030 use lthium, the major problem at that time was the lack of availability
of nonaqueous electrolytesince the use afater and air had to be avoidasithey would
react rapidly with lithiumlIt was the research work done Wjlliam S. Harrisin 1958,0n
the ekctroplatingoehaviorof different metals in different cyclic ester solventsat opened
the door for the probable namueous electrolyteé Of the solvents tested, propylene
carbonate showed potential properties for electrochemical applications with alkali metals,
and was, e.g.used in combination with lithium halides. This discovery was gradually

accommodated by the community and carbonates have remained useful as electrolytes to
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this day.Thus, theresearctwork by Lewis and Harrispened the door to the fabrication
and commeialization of varieties of primary lithium battesisuch asithium-manganese

oxide (Li//MnQy) cells commercialized by Sanyo in 1975

Thereafter, the focus of researchers shifted towards the development of lithium
secondary (rechargeable) batteries and therefore the research work was oriented towards
identifying matching cathode material8letal chalcogenides of the type MXvere
particdarly considered andne of the members of this family, titanium disulfide (}iS
was shown to be able to host lithium ions by Walter Rudorff in 198%e intercalation
of lithium between Tiginterlayers wasdemonstrated by Jean Rouxel and coworRers
and byM. Stanley Whittingham and Fred Gambfé who shoved that lithium can be
chemically intercalated in the,[iiS; material over the whole stoidmetric range (0 X
O 1) with a s mafledt. THese pronising studies nspiashittirmginam
to explore electrochemical intercalation in such matéfialsad as early as 1978e
proposé the use ofTiS; asanelectrode irbatteriesvhile he wasat Exxor?. A working,
rechargeble battery was subsequently demonstrated in 29T6e battery cell was
composed of lithium metal as the anode and. BS the cathode, with LiBFas the
electrolyte in propylene carbonate as the gsulva cell electromotive force (emf) of 2.5 V
could be recored and the results indicated the singlease reactionx Li + TiSz Y
LixTiS2. However, commercial development of such batteries essentially came tdaehalt
to the extremelyeactivenature ofmetallic lithium which resulted in the formation of
lithium dendritesat the metal surface upon repeated chadigeharge cyclesausingshort

circuits and potential fire hazasd
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As a solution for the potential safety concern with the use of Li metal as anode,
scientists turned their focus to alternati:
(a. k. a. #r o c3inwhigh botthetectrodeés accemmodale ions, was proposed.
The principle of this type of cell had been demonstrated by Rudori©®38, where
hydrogen sulfate ions were electrochemically shuttled between two graphite eléttrodes
In this type of cell, metallic lithium isavoided and both electrodes are made from
intercalation materials able to accommodate lithium ions. In parallel with the anode
development, better cathode materials were also sought after in order to acquire a higher
cell emf in combination with anodes dfigher potential than metallic lithium. A
breakthrough came in 1979/1980 whé&whn B. Goodenoughand his ceworkers at
Oxford University, UK, discovered thatdGoQO;, another intercalated metal chalcogenide
of type MX, could serve as a cathoahateriaf®>?% The CoQ material showed a very high
potertial of ~4i 5 V relative to Li/Li. This discovery enabled the use of anode materials
with higher potentials than lithium metal, furthering the search for suitable carbonaceous
materials. Considering the difficulty of solving the problem of the electroclaini
intercalation of graphite, other options were investigated insfeadeakthrough came in
198572° when a grop led by Akira Yoshino at Asahi Kasei Corporation, Japan,
identified that certain qualities of petroleum coke were stable under the required
electrochemical conditionsThese discoveries and developments ultimately led to the
release of a commercial lithiuion battery in 1991by SONY energd. The battery was
based on a petroleum cokmsed anode material,xOoO; as the cathode, aral non

aqueouselectrolyte composed of LiRBk propylene carbonatélhe charging voltage was
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high (up to 4.1 V), with a recorded energy density of ~80 Wh/kg or ~200 Wh/L. Compared
to other batteries that were on the market at the time, the lithiubattery quckly became

very competitive and essentially paved the way for the upcoming mobile revolution

At around the same time, it was found that by using mixtures of solvents containing
ethylene carbonate, previously disregarded due its higher melting psati] @lectrolyte
interphase (SEl) was formed at the surface of the graphite electrode during the
charge/discharge cycle, protecting the carbon material from exfoliation and further
decomposition of the graphi32 This discovery was rapidly adopted in the next
generation (and currently used) lithiion batteries that employ graphite as the anode
material. With this anode material, batteries with charging voltages of 4.2 V were soon

produced, resultig in energy densities of ~400 Wh/L.

Fittingly, for their invaluable contributions to the development of the Lithium ion
battery,Dr. Stanley M. Whittingham, Dr. John B. GoodenoughandDr. Akira Yoshino

were awarded the 2019 Nobel Prize in Chemi&try

1.3.2 Liion Battery : Working Principle

The commercial lithium ion battery has a cathode that is usually a transition metal
oxide, such as LiCof) a graphite anode separated by an electrofytdid electrodes
separated by aduid electrolyte are kept apart by an electrolygemeable separatofhe

electrolyte acts as an ion conducting medium for the working ion, which in this case is a
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Li*ion. An illustration of a commercial Li ion cell in discharge stage is presenféglire

1.4

During Discharge

Cathode Anode
current current
Collector

=T e T S

Cathode Electrolyte Anode
LiCoO, Non-aqueous  LixCq
Organic Saolvents
with Li salts

Figure 1.4. Schematic showing the {ion battery during discharge

The electrochemical redox reactions occurring at the two electrodes and the overall

reaction within the Li ion cell are described befdt?* 36

Charge
LiCoO2 4\' Li 14CoO + xLi* + xe (Positive eletrode)

Discharge

Charge

6C +XxLit+ xe :P Colis (Negativeelectrode)

Discharge

Charge
i —_— >
LiCoO2+ C «———  Li 1xCoO + CLix (Overall reaction

Discharge
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1.3.3 Overview of Electrolytes for Li ion Batteries

Electrolyte materials and their properties play a pivotal role in determining the
battery performance. The electrolyte in the first commercial LIB introduced by Sony in
1991 was anixture of ethylene carbonate (EC), a linear carbonate such as diethyl carbonate
(DEC) and a lithium salt, lithium hexafluorophosphate (ls)PEurrent stat®f-the art
electrolytes have a very similar composition, a combination of a linear carbonatGyith
mixed with LiPFs and select additives to optimize the properties of the -stdickrolyte
interface (SEB3°. However, so far, there is no one universal electrolyte which can be
applied for all the available electrode materials. Therefore,ctimabination of the
electrodes and the electrolyte must always be adjusted to the requirements of the
application. Electrolytes with wide electrochemical potential stability are desired
especially for the application of LIBs in plig hybrid electric vehies (PHEVs) and
electric vehicles (EVs) where a high working voltage cathode will be used in a battery pack

to achieve the necessary high energy density (cap&¢nss.

In addition to having a wide operating voltage window, an ideal electrolyte should
meet other important requirements such as : Wiyle liquid range (low liquidus
temperature, high boiling temperature and low vap@ssure) (2) Ability to wet the
polyolefin separator whose porous structure is usually lipopl{BicRetention of the
electrode/electrolyte interface during cycling when the electrode particles are changing
their volume (4) Inertness to other cell ga such as binders, current collectors; &) A

Li + i on cowmxdl10t$ ¢cmt bverythe éntire temperature range of battery

operation; ( 6) Ane<el0®dmt; @)nAilithiunctansfdrancet i vi t y
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number (the fraction ahe charge carried by the*lit,;* ~ 1; (8)Highly safe materials,
i.e., preferably nonflammable and nonexplosive if shoduited; (9) Good chemical
stability with the electrodes and the ability to rapidly form a stable passivating SEI layer
where kingic stability is necessary if the electrode potential lies outside the electrolyte

window; (10) Low toxicity and low cost.

1.3.3.1 Solvents

The highly reactive nature of the strongly reducing anodes (lithium metal or highly
lithiated carbon) and the strongly oxidizing nature of the transition metal oxide cathodes
rules out the possibility of using solvents with active protons for litHhasedbatteries,
despite the fact that the aqueous solvents have greater potential to solvate salts. The
reduction of such protons and/or the oxidation of the corresponding anions would generally
occur within the voltage range of 2.04.0 V vs Li, resulting irunwanted parasitic side
reactions. Therefore, the nagueous compounds with polar groups such as carbonyl
(C=0), nitrile (C=N), sulfonyl (S=0) and ether linkag®<) that are able to dissolve

sufficient amounts of lithium salts garnered a lot of attenti® electrolyte solvents.

Table 1.2. Organic Ethers as Electrolyte Solventeproduced with permission from7]

Solvent Structure M.Wt T,/°C Ty"C n/cP € Dipole Ty °C da’gcm’i,
25°C 25°C  Moment/debye 25°C
DMM '“‘e\o/\o/”‘a 76 -105 41 0.33 2.7 2.41 -17 0.86
n o
DME ”e\o/\\/ o 90 -58 84 0.46 7.2 1.15 0 0.86
Et O,
DEE N, 18 74 121 20 0.84
THF QO 72 -109 66 0.46 7.4 1.7 -17 0.88
2-Me-THF Qo 86 -137 80 0.47 6.2 1.6 -11 0.85
1,3-DL [O> 74 -95 78 0.59 7.1 1.25 1 1.06
Q
4-Me-1,3-DL \[°> 88 -125 85 0.60 0.8 1.43 -2 0,983
o
2-Me-1,3-DL Q 88 0.54 4.39
()
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Table 1.3. Organic Carbonates and Esters as Electrolyte Solvepi®duced with
permission from [47]

Solvent Structure M. Wt To/°C Ty °'C 1/cP e Dipole T/ °C  dfgem™,25°C
25°C 25°C Moment/debye
EC [,0>=o 88 364 248 1.90, 89.78 4.61 160 1.321
~g (40°C)
PC \“[‘D\):o 102 -48.8 242 2.53 64.92 4.81 132 1.200
.D’/
BC 116 -53 240 3.2 53
YBL Q(o 86 -43.5 204 1.73 39 4.23 97 1.199
YVL Q o 100 =31 208 2.0 34 4.29 81 1.057
NMO .|' 101 15 270 25 78 4.52 110 1.17
E‘P:o
DMC o 90 4.6 91 0.59 3.107 0.76 18 1.063
~ A 20°C)
DEC g 118 -74.3 126 0.75 2.805 0.96 31 0.969
,/\o)\/'\\
EMC ? 104 =53 110 0.65 2958 0.89 1.006
/\0)\0/
EA )oko/\ 88 -84 77 0.45 6.02 -3 0.902
MB /\i 102 -84 102 0.6 11 0.898
o
EB b 116 -93 120 0.71 19 0.878
/“\_/J\,o/‘\

An ideal electrolyte solvent should meet the minimal requirements sudi)a

Should have high dielectric constant to dissolve the salts to a large extent; (2) Should have

low viscosity for facile ion transfer; (3) Should be inert to all the cell components and

especially with the charged surfaces of the anode and cathddg dell operation; (4)

Should possess low melting poifitf and high boiling pointTy); (5) Should be safe (high

flash point, Ts), nontoxic and economical. A wide spectrum of polar solvents has been

investigated as nonaqueous electrolytes and a majority of them are either organic esters or

ethers. The most commonly used solvents for electrolytes along with their physical

propertiesare listed inTable 1.2and1.3. Ethers are more resistant to reduction whereas

esters are more stable against oxidation. With novel high voltage cathode materials (> 4V

class) that are being developed for achieving high energy densities, the usesohashe
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gradually faded out because of their anodic instability. Therefore, the electrolytes of the

stateof-the art lithium ion batteries almost exclusively consist of esters as solvents.

1.3.3.2 Electrolyte Solute (Lithium Salts)
The solute is the other majooroponent of an electrolyte. An ideal electrolyte

solute for rechargeable lithium batteries should meet the following minimum criteria: (1)

It should be able to dissociate completely in the-agueous media, and the solvated ions
(especially lithium catiopshould have high mobility in the solvent medium; (2) The anion
should be stable against oxidative decomposition at the cathode; (3) The anion should be
inert with the nomaqueous solvent used; (4) Both the anion and cation of the salt should
remain inertowards the cell components such as the separator, electrode substrate and cell

packaging materials; (5) The salt should be nontoxic and thermally stable.

The anion of the salt should be a weak Lewis base with a well delocalized formal
negative chargt meet the abovmentioned requirements. The structures and properties
of the commonly used lithium salts are listedTiable 1.4 In comparison to thevide
spectrum of aprotic organic compounds #r&possible electrolyte solventhe available
choice of lithium salts for electrolyteapplicatiors is rather limited The fluorinated
inorganic anionsare especially favoredecause of their superior dissolution and
dissociationproperties in noraqueous media and their excellent apitii passivateéhe
positive electrode surfacesd substrates. Among them, Lifominates as the industry
standard in statef-the-art lithium-ion cells There are certain challenges with the

fluorinated inorganic salts, such as higbisture sensitity, tendencyto be increasingly
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reactive at elevated temperaturasd thermal instability with lithiated graphite and

delithiated transition metal oxide bades.

Alternative lithium salts with fluorinated organic anions such as (mg;
LINSO.CFs), abbreviated as LiTFSI) and BET(e.g; LINSQC:Fs), abbreviated as
LIBETI) havebeen explored. These salts have the advantage of Haigimgolubility in
solventsthat even havéow dielectric constast Unfortunately, none of these salts have
replaced LiPE in commercial LIB as theyare incapable of effectively passivating
aluminum, the universally used positive substfatarent collector) at voltages higher
than 3.5V. This disadvantage, in addition to the higher andt high toxicityalways
associated with perfluorinated organic anions, impedes their applications in most of the
lithium-based cells using 4V class positive electrode nase8ome most promising new
salts werereportedin recent literaturehat arebased on boron anions such as a chelated
borate, lithium bis(oxalato)borate (LIBOB), its partially fluorinated derivative, lithium
difluoro(oxalato)boratgLiDFOB), and a disalbased on a polyfluorinaterlosoborane
cluster anion BHi2xF« (X = 0-12). These salts possessed high thermal stability, excellent
ability to prevent corrosion of the aluminum current collector due to the formation of a
protective layer and are morertign to the environment, since their decomposition

products are less toxic than those of LgBF and POE)*2,
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Table 1.4. Lithium salts used in statef-the art electrolytes for lithiusion batteries
reproduced with permission from [47]

Salt Structure Melting | Decomposition| Anion Positive
Point Point CC in Oxidation | substrate
(°C) solution) Potential | (Al)
(vs Liin | Passivation
EC/DMC)
LiBR F W 293 (d) | > 100 4.70 Yes
| Li*
F//B\F
F
LiPk F - 200 (d) | ~ 80 4.65 Yes
A
P
F |\‘F
F
LiAsk F 340 > 100 4.70 Yes
Fo | FW L
\As/
F |\F
F
LiClQ (‘3 - 236 >100 - Yes
Li*
Cl
0"/ o
o)
Li L CERSQ >300 |>100 3.90 No
Triflate
LITFSI | Li* [N(SQCR). 234 > 100 4.00 No
Li Beti | Li* [N(SQCRCR),] - - - Yes
LiBOB o ol >300 |>100 - Yes
\&° (d)
B
j;o/ ‘010
Q
LiDFOB >240 | >100 - Yes
NS o ~° (@)
Li* /B\ 1
£ 97 o
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1.4 Li Metal Batteries (LMBSs)

The advent ofLIBs ushered in the wireless revolution and has stimulated the
interest for the use of batteries to power hybrid electric vehicles (HEVs) and pure electric
vehicles (PEVs). To be adaptable with the eadvancing technologies there are two major
limitations with LIBs. One issue is the safety concern associated with the use of flammable
components in the electrolyte of a commercial Li ion cell. The growth of lithium dendrites
especially at fast charging rates results in the short circuiting of the celhandat
runaway which ultimately leads to the fire hazards or explosions due to the flammable
electrolyte components with low flash poinfBable 1.2 and 1.3*953, A very recent
incident of a Tesla Model S that caught fire due to short circuit while fast charging at a
supercharger station in Gjerstad, Norway in January 2016, highlighted the severity of the
safety aspect related to LIBs. The use of highly thernsthyple solid electrolytes as
replacements for flammable liquid electrolytes was put forth as one of the plausible

solutions.

The other issue with LIBs is that the maximum achievable energy densities of the
present commercial Li ion cells is limited by thieeoretical capacity limits of the
intercalation electrodes, i.e. the transition metal oxide cathodes and lithiated graphite. The
current LIBs have energy densities between-180 Wh Kg'. The capacities of insertion
oxide cathodes have reached a linfit @250 mA h ¢t and on the other hand, the capacity
of the graphite anode is also limited to ~ 370 mAhwhich would provide a maximum
achievable energy density of 250 Wh KgHowever, this maximum attainable energy

density with the present dion battery technology is not sufficient to meet the US

Depart ment of Energyo6s (DOE) targégeraof hav
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battery pack to be used in electric vehiclese solution that surfaced waswisiting the

use of lithium metal anodmaterial due to its extremely high theoretical specific capacity
(3860 mA h @1), the lowest redox potential of any metaB.040 V vs the standard
hydrogen electrode) and a low gravimetric density (0.534 g3¢mto replace the

intercalated graphite ano@€igure 1.5)854,

Cu current Porous polymer Al current
collector separator collector
Graphite porous Metal oxide
electrode porous electrode
- X . e W
e 56 6 (98 S0 » 16 96 96 06 »
Typical o8 56 96 e e o8 96 26 e
zugs D 4 96 96 08 e » & 96 96 06 »
lithium-ion cell - 26 96 e e N oe o6 | 0e oo
at the pack level: oo o8 9 ANANe o0 » o
-150 Wh kg™ e O se »e i 88 oeO9e »e O
250 Wh L™ e 8 e e o6 o0 ] 4 o6 oo
*e » o8 o0 X | e o6
e L] 4 ® ZELCH @ a4 »e
°e o o8 o0 G e e e 9o
° e 0 » SLLE & ® 96 0 »
=20 pm 85 um
>

Prospective
lithium-metal cell
at the pack level
-250 Wh kg
-750 Wh L'

Cu current Solid Al current
collector separator collector

Figure 1.5. A typical Li-ion cell (top) andh prospectivdithium metal cell (bottom),
containing a solideparator and a dense layer of metallic lithivaproduced with
permission from%4]

Replacing intercalated graphite witthium metal, the 1% LMO (transition metal
oxide) batteries can reach specific energy densities of 400 Wh kgrthermore, as
discussed in section 1.2.3 the energy density of the battery can be increased either by

increasing the operating voltage oéth c e | | or by increasing the

[25]



working electrode. Thus, the use of Imetal would open up the possibility of using
conversion type cathode materials such as sulfur and oxygen, which would store more
charge per redox reaction than insertion type cathodes which store limited charge. This
would pave the way for new battery ahistries such as Lithium Sulfur4S) and Lithium
Oxygen (LO») that would further increase the energy denséybattery pack. Although,

in theory the LMBs have tremendous advantages over the LIBs, there are some
fundamental challenges such as dendgitewth, highly unstable interfaces and large
volume changes associated with the electrochemical redox process. All these limitations
stem up from the inherent reactive nature of the lithium Mm%, Therefore, extensive
research efforts are now directed tovgsthbilizing the lithium anode for the successful
commercialization of LMBs. Prominent amongst these challenges is the uncontrollable
growth of lithium dendrites on the surface of the lithium metal anode, resulting in severe
safety related issues such f®s or explosions as in the case of flammable liquid

electrolytes, rapid capacity fade, low coulombic efficiency and short cycle life

Five major approaches have been examined to suppress lithium dendrite growth or
progression of lithiundendrites. These are: (Hormation of an anode surface coating
either Insitu® or exsitu®® (i) Incorporation of additives such as PBif (i) Mechanical
inhibition by adoption of solid electrolytes with shear moduli higher than that of the tip of
a lithium dendrité*%3 (iv) Adoption of tortuous, nanporous separatdi&®*%3 (v)
Adoption of high lithium transference number electrolytes (single ion conditét@$pll
these probable solutions, the use of setate electrolytes and high transference number

electrolytes were extensively studied over the years
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1.5 General Characterization of Hectrolytes
1.5.1 Thermal Properties

Detailed knowledgef the thermal properties of the electrolyte is necessary in order
to produce a stable reliable device capable of working over a range of temperatures. The
thermal analysis of the electrolytes is normally carried out by two different techniques: (i)
Differential scanning calorimetry (DST)¥% and (i) Thermal gravimetric analysis
(TGA)'Y72The thermal parameters generally considered in the optimization of an
electrolyte are the glass transiti temperature, ¢ the melting point temperaturem,T
degree of crystallinity and if present, other phase transition temperatures. Normally, the
DSC technique is used to determine the overall thermal stability and thermodynamic
changes in a material su@s the melting and crystallization temperatures {érder
transitions). DSC measures the differential heat flow between a sample and an inert
reference material. In the case of polymer electrolytes, all or most of the ionic motion is
presumed to occunithe amorphous phase and even partial crystallization of the polymer
matrix will have a large impact on the mechanical and dynamic properties of the material.
Thus, ionic mobility depends on the glass transition temperatgyeo{The amorphous
phase, ath DSC can measure this most important thermal property of polymer electrolyte
materials. The DSC technique therefore functions as a quick and easy estimate of material

properties when optimizing the composition of a new system.

TGA is an analytical techque used to determine the thermal stability of the
measured material. Both inert and reactive gaseous atmospheres may be used, pamely, N
Ar, air and Q. Degradation phenomenon of the electrolyte must be investigated to evaluate

its thermal stability andts capability to work in the operative temperature range of a
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lithium battery. While DSC mostly observes reversible thermodynamic transitions, TGA
reveals the temperature of material decomposition and degradation. In the case of polymer
electrolytes, thanalysis is normally performed between room temperature ar8@DG,

at heating rates typically lying in the range betwedi® 2C mint. The thermogram, which
monitors the weight loss occurring as the sample is heated, provides information about the

(i) sample residual mass, and (ii) the decomposition or oxidation temperatures.

1.5.2 Lithium lon TransferenceNumber (tLi*)

Transference (or transport) numbér,df a given ion (cation or anion) is defined
as the fraction of the total current carried throtigh electrolyte by a particular cation or
anion. In the case of a binary salt electrolyte in which both ions are univalent and within
the dilution limit, the following relationship holds

= M /(e + W) (1.2)

where,u: are the mobilities of the cation and anion, respectively. The lithium transference
number (ti*) gives information about the fraction of total current that is carried by the
lithium cation and is considered an important parameter in the characterization of an

electrolyte for lithium batteries.

Accurate measurement of Liransference number ot trivial and is always a
topic of controversy. There are several different methods whictsaa for determining
transport numberd.he classicasteadystate current approacias developed bi¢vanset
al., where asymmetriccell consisting of two identical kinetal electrodesvas usef.

When a small DC field, e.dlOmV, is applied to such a celithium metal (i°) is oxidized
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to Li* at the positivelypolarized electrode (cathode), while"lis reduced to 1% at the
negatively polarized electrodanode). In an ideal scenario, the initial curdgmbnsistof

both anionic as well as cationic contributiomgjile after equilibrium is reached, the
steadystate currenkssshould only be carried by LiThis is because only the'lions and

not the aions react at the electrodes. The anions reach a steady state distribution, while
the Li* ions continue to carry the current. The lithium transference number can be obtained

from the following equation

tit =— (1.2)

The Evans method only managed to give the probable approximation but not the
accurate values ofit, since this approach assumes an ideal cell condition. It does not take
into consideration several processes that happen in a real cell in operation, such as surface
passivation of the metallic Lelectrode, which results in an interfacial resistance at the

electrodes.

In order to correct the interferences from the interph&ese and Vincent
developed a methdt”™® which uses Depolarization combined with Ad@npedance
spectroscopy, to account for the interphase resistances before and after steady state. The
method consistsfo appl yi ng a smal | DC °gestiolgteglicelleV, t o
and measuring the initial, lo, and the current after attaining steady stéi@ying through
the cell. The same cell is also monitored by impedance spectroscopy to detaettheial
resistance before polarizationg,Rnd the interfacial resistance after attaining the steady

state, By to account for the resistance of passivation layers and the eventual increase of
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this value upon the duration of the DC pulse. Thevalue using this method is given by
the following equation
y

6 —— (1.3)

This method works well with electrochemical systemwiich the charge transfer reaction
is not the limiting step in the cétland with electrolyte systems having highlystisiative
salts. However, the methods are not able to discriminate between single ions and charged

triplets (Li*A'Li™) that will also migrate at steady state.

The lithium transference number can also be determined easily by Pulse Magnetic
Field Gradient (PMFG) NMR technique if both the anion and the cationdggision
coefficients can be measured. The transport numbers for the commonly used lithium

fluorinated salts (LiBE, LiPFs, LIN(CF3SQOs)2 etc.) can be determined from the equation
0 _ (1.4)

where Dj and Dr are the selfliffusion coefficients of lithium and fluorine, respectively.
There are two main limitations with the NMR approach to measure the transport numbers:
(i) The need for strong electric current boosters and efficient coils to generdtigtihe
electromagnetic gradients required to measure solid diffusion coefficients less than 10
m? s; (i) The difficulty in separating the contributions of single ions and ion paif&(Li

), unless their diffusivities can be easily resolved. That mgesthe NMR measurement
tracks Li nuclei, it does not distinguish between an isolated chargednLand Li in a

neutral ion pair. Thereforepnic seltdiffusivities obtained by PF&NMR can be over
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estimated, sincéon pairs do not contribute to ion camion and aggregatiorwauses
reduction inthe net ionic current

Dobs = X Dion + (1-X) Dpair (1.5)
This overestimation becomes substantial for electrolstgeractical salt concentration
( 1.0M), where the iofion interaction is expected to be significaAtsolution for this
overestimation is offered by electrophoretic NMR, where a stimulated echdnegpe

uses a synchronized electric field pulse to determine the mobility of the fuclei.

1.5.3 lonic Conductivity
The ionic conduct i v isthgaméuit)of ceasgs eamigdibya | | y

the ions through a cubic unit of the electrolyte in unit time under unit electric field,

" e — (1.6)

whereld, z, F and X stand for ion flux, ionic valence, Faraday constant and &ld@td
strengt h, r e is the potentiallndey DC cenditibns ¢ is very difficult to
accurately measure this quantity because of the instantaneous deviation from ideal Ohmic
behavior, either caused by the accumulation of charges at elecirelgt#rode interfaces

when blocking electrodes are used, or by the slow ckteagefer processes at electrolyte

electrode interfaces when nbiocking electrodes are used

1.5.3.1 EIS and Equivalent Circuit Models
Electrochemical impedance spectroscopy (EIS), provides an effective approach to
measure the ionic conductivity. EIS methodolggypvides a way to circumverihe

unwanted interferencearising from the electric componentsy providing different
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relaxation time scales with which each of those components resfmadsapplied AC
field’®¥8 A sinusoidal voltage pulse of varying
enclosed between two blocking electrodes at constant amplitgde (V

O ® WENO B QEO (1.7)
The current (I) response of the cell is monitored as a function of voltage (V). From the
obtained informati on, t he | mmectvidyncanebhe Z ( ¥)
calculated. The impedance (Z) is a complex quantity, which has a real and imaginary part.

Ohms law with the impedance parameter Z can be expressed as

Z(¥) = 26 + | Zo (1.8)
0 - - (1.9
where Z06 and ZOo are the real and i maginar
Solution of the complex equation | eads to
overall impedance as
(e ——— (2.0)
QX (2.1)

where Ry is the bulk electrolyte resistance to ionic movemeithe complicated
expressionsZéandZ o0 can be rearranged, after reasonable approximations, into a very

useful expression that sets the foundation of practical impedance spectroscopy

— W  — o (2.2)
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Wh e n is @laitedversusZzéon a complex planaye get a Nyquist plot, with semicircle

that centers gt— T on the real axis. Thus, the semicircle intercepts the real affks, at

0) (Figure 1.6A). In reality, deviation from the ideal equivalent circuit distorts the
semicircle, but the basic featsreemain, and ionic conductivity should always be
evaluated frm theintercept ofZ onthereal axis(to obtain R) and the conductivity can be

obtained from the equation:
y o (2.3)

where, | = thickness of the electrolyte,Rbulk resistance of the electrolyte and A= area
of the electrolyte sample under studyor most liquid electroly®at room temperature

with ionic conductiviteshigher than 1.0 m®m, the semicircle corresponding tedRrinks
or entirelymerges with the interphase component, and the intercept at the high frequency
end is usually taken as® calculatéhe ionic conductivity of the electrolyte froequation

(2.3) Figure 1.6B).

ElIS data is commonly analyzed by fitting it to an equivalent electric circuit model.
Most of the electrical circuit elements asemmon electrical elemenssich as resistors
(R), capacitors(C), and inductorgL). Capacitors often do not behave ideally in EIS

experiments and they are often replaced by a special circuit element called the constant
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phase element (CP#) The circuit elements commonly used in developing the models

along with their impedance and admittance equations are listebla 1.5

Y

_Z” 4

i A

R,/2,0

T

R,/2

A

Z’

Figure 1.6. (A) A sample Nyquist plot(B) Nyquist plotin case omost of the liquid
electrolytes

Table 1.5. Circuit elements used imodels

Equivalent Element Impedance
Resistor (R) R
Capacitor (C) 1/] ¥ C
Inductor (L) ] ¥ L

Infinite Warburg (W)

Finite Warburg (O)

YORE QT TO

Q

CPE (Q)

1/ Yo( j%)

In order to extract useful information, the model should be able to reflect the underlying

physical electrochemical processes occurring in the test sample. For instance, most models

contain a resistor as circuit element which models the cells solutictares. The direct

relationship between the response of a system under test and the proposed equivalent circuit

model is considered as an important characteristic of EIS. Therefore, having some insight
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about the impedance of some standard circuit compsventld be quite useful. From
Table 1.5 it is noticeable that the impedance associated with the resistor element is
independent of frequency and it has only the real component of the impedance. There is no
imaginary impedance component associated withidbistor element, which implies that

the current flowing through the resistor stays in phase with the voltage applied across the
resistor. From the impedance equation associated with the inductor el@aiaptl.5, it

is clear thathe impedance of amductor increases as frequency increases. Inductors have
only an imaginanand no real impedan@®mponentsuggesting thahe current through

an inductorwill be phaseshifted-90 degrees with respect to the voltagéth current
lagging behind the voltage. éapacitorshowsimpedance versus frequency behaviat

is opposite to that of an inductor. A capacitor's impedance decreases as the frequency is
raised. Cpacitors also have only an imaginamth no realimpedance component. The
current through a capacitorphase shifte@0 degrees with respect to the voltagglied

across it, with current leading the voltage.

Few electrochemical cells can be modelgda single circuit element. In the
majority of cases different circuit elements must be combined to mimic the electrochemical
phenomenon happening within the cell with utmost accuracy. The individual circuit
elements can either be combined in series mllghor in combination of both-or linear
impedance elements connected in seffégure 1.7) the equivalent impedance can be

calculated using the equation below

Zeq=Z1+ 2o+ Z3
(2.4)

7 Hz =

Figure 1.7. Impedances in Series

[35]



For linear impedance elements connectqzhnallel Figure 1.8) the equivalent impedance

can be calculated using the equation below

(2.5)

Figure 1.8. Impedances in parallel

Thesimplified Randles cel(Figure 1.9) is one of most common cell modelhe

Randles cells helpful tomodel the electrochemical impedance of an interéankisthe

CoL starting point for other more complex
Ro | — models for many chemical systemsiIt
—ANANN—— R — . . .
? includes a solution resistance, a double layer
| AVAVA Vv, vem—

. . capacitor and a charge transfer (or
Figure19.Schemati c of

Randles cell polarization resistance). The double layer

capacitance isn parallel with the charge transfieesistanceThecircuit components in the
Randles celtan easilybe equaté with familiar physical phenomena, such as adsorption

or film formation

In the Randles cell Ris the electrolyte solution resistance between the two
electrodes,Rp is the polaization resistance or chargg@nsfer resistancéR.) at the

electrode/solution interface a@i. is thedouble layer capacitance at this interface
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mmaxZ':1/CRP‘ ® = Inf

Decreasing frequency
[ Dax 2

0 10 20 30 40 50 60 70 80 90 100 110 120
t Real

RQ Re = 2/Z/tan 6 Rat Rp

Figure L10Ny qui st pl ot from a simple el ec

The Nyquistplot for asimplified Randles celk always asemicircleas shown in
Figure 2.0. As discussed previously, the impedance of a capacitor is inversely proportional
to the frequency (from Table 5) h€ impedance of a capacitor diminishes as the frequency
increases, while the impedanafka resistoremainsconstantAt the highest frequencies,
the impedance of the capacitwould be much smaller thaRq and thebehavior of the
Randles cell is controlled almost entirely Ry. The solution resistance cée obtained
by reading the real axis value at the high frequency inteetethte leftmost end of the
semicircle At the lowest fequencies, the capacitor acts as an open circuitvantti be
effectively removedfrom the circuit. The impedance of the Randles cell is then the
combined resistance values of the two series resiRtoasnd Rp At both the high and the
low frequency limis, the Randles cell behaves primarily as a resjstoe imaginary
component is very smalgnd the phase angle is close to 0 degredsintermediate
frequencies, the capacitor's impedance begins to have an effect and the cell becomes more
capacitive. Ashe imaginary component becomes significant, the phase angle can start to

approach 90 degrees, and the cell impedance becomes frequency depaadmtessary
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to measure the impedance over a range of frequentiesder todetermine which
equivalent circuit best describes the behaviortied electrochemical systemunder

investigation.

1.5.3.2 lon Transport M odels
The ionic conductivity in the electrolytes can be modelled in terms of Arrhenius or
VogelTammannrFulcher (VTF) behawirs or by a combination of béf8 The Arrhenius

behavior ofthé oni ¢ conductivity, G, is governed
” n 'Q(bf:.—
where the preexponential factoy relates to the number of charge carriers, @nd the

activation energydr conductivity.O can be computed from the linear best fit of the plot

between log vs 1/T.

VTF behavior of the ionic conductivity is described by the equation
Y0
Y 'Y
wher e t he t er macfivBtion enesgy forithe copduativityd @iid is the
reference temperature which is usuallySIDK below the experimental glass transition

temperaturely. Fitting the conductivity data in the equation below would gWermation

about the VTF parameters
aeEQY ae€Q ™MOEE—

VTF behavior is related to ion motion coupled with long range motions of the polymer

branches and solvent molecules. The VTF behavior is more relevant in modelling the ionic
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conductivity of the polymer electrolytes. VTF behavior is generally observedlich so
polymer electrolytes abovi, gel polymer electrolyté® electrolyte organic solutions and

ionic liquids™.

1.5.4 Electrochemical Stability

The electrolyte should have a good ionic conductivity and also good
electrochemical stability and compatibility with the electrodes. The electrochemical
stability can be evaluated by considering several parasetach as, Plelectrolyte
interface resistance, the electrochemical stability window and the electrolyte behavior
during battery cycling testé solid electrdyte interface (SEI) isnevitably formedwhen
the electrolyte is put in contact with Li methle to thermodynamic aspects explained in
above The interfacialesistance is the physical parameter describing the evolution of the
passivation layer. The interface behavior is evaluated by following the time evolution of
the overall resistance of a sgmetrical LP|electrolyte|L? cell. Most often he interfacial
resistance isnonitored by the EIS technique. Themplex plot of the imaginary part of
the impedance, @ vs. the real part, @ (Nyquist plot) gives information about the
interfacial resistancerhis plot allowsseparation ofhe resistive contributes related to the
bulk, grain boundarand interfacial resistances and provides also capacitive information.
The electrode/electrolyte interface bebs likea parallel resistan€eapacitance circuit
(RC), described by a semicircle in the Z plahee intercept athe high frequencyendon
therealZ axisgives the bullelectrolyte resistanandthe diameter of the semicircle gives

the overall interfaial resistance, which considers the resistance of the charge transfer
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through the interface and that one associatiéiithe growthof a passivation layer on the

lithium anode.

Impedance spectroscopy may be used during ciisgbarge battery tests, in
order to perform an ksitu investigation of the interfacial resistance at the catt#atghib
and coworkers performed stepwigdS on Li/lL-based gel electrolytes/LiFeRCat
different states of chardfe This technique revealed that a stablerfaigal resistance is

obtained only when the cathodEaches 70% of depth of discharge

Knowledge of theelectrochemical stabilitwindow of the electrolyte i®ssential
for selecting anode and cathode. The electrolyte stability window\aieated by
estimating the reduction and oxidation potenftialts with respect to aefinedelectrode
pair. In particular, the reductive breakdown of the salt amipsolvent is an important
phenomenon which affects the formation of the passivation layer at #réaget The
potential window is measured by sweeps of linear or cyclic voltammetsyandard cell
configuration forthese experiments consists of a thetertrode system where Li is used
both as a counter and referersdectrodewith a metal such aNli, Cu, or stainless steel

(SS) aghe workingelectrode.

1.6 Conclusions
The Lithium ion batteryLIBs) has been highly commercially successidien
compared to the other rechargeable battefibis. chaptersheds light on the bridfistory

behind the deslopmentof the lithium ion batteryits basic working principle anthe
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fundamentatherma dynamics and kinetics involveslith its operationA brief overview

of the electrolytes used in the current lithium ion batter@ésngside with the basic
information on different techniquesed in characterizing the electrolyteas discussed
Finally, thepivotal role of the lithium metal in increasing the energy density dbatiery
compared to the current LJBhebottlenecksassociated with the use of lithium metal anode
and the possible strategitss overcome themvas discussedlhe twovastly researched
approaches to overcome the challenges with the use of lithium metal as tanmdée
lithium-metal battery(LMB) commercially successful on par with the LIB will be

discussed in detail in theext chapter.
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CHAPTER 2
BRIEF OVERVIEW OF POLYMER ELECTROLYTES AND HIGH
TRANSFERENCE NUMBER ELECTROLYTES FOR LITHIUM BASED
BATTERIES

2.1 Introduction

As outlined in the section 1.3 of the previous chapter, using solid state electrolytes
and minimizing concentration polarization by using high lithium transference number
electrolytes were extensiyestudied as the possible options to stabilize the lithium metal
anode. Additionally, the utilization of solid electrolytes by replacing flammable liquid
electrolyte component enhances the safety of lithium ion battery especially at fast charging
rates.The solidstate electrolytes are primarily lithium ion conducting inorganic ceramics
and polymer electrolytes. Polymer electrolytes will be discussed first and the electrolytes
with high transference number will be discussed in the later section. As répresethe
Figure 2.1, the polymer electrolytes possess the advantage of being highly processible and
highly flexible when compared to the ion conducting ceraniibse.development of SPEs
began with the discovery dhe ionic conductivity of ions (alkalmetal) dissolved in
poly(ethylene oxide) (PEO) by Wright and-amrkers in 1973. It was not until 1978,
when for the first time Armand and-e@eorkers proposed the use of alkali metal doped PEO
polymers as ion conductfor battery application, did research anariety of SPEs for
battery applicationgyain momenturd. All solid Li-polymer technology was initially

developed by Hydr@uébec in thd980s and was taken over by Bolloré 30 years later,
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which led to the first commercialization of this battery. Todag, it pp | i es t he ABI
which crosses Paris as partofthe ban proj ect AAutol i bo.
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Figure 2.1. Comparison of the properties of thigferent electrolyte systems

The concept of a material that would act both as a physical separator and as an electrolyte
while maintaining good contact with the electrodes through many charge/discharge cycles
has motivated research on polymer elegtes over the past three decad&BEs should

possess the following physical, chemical and electrochemical propertiesan ideal

Lithium-ion conductot &:

1. High Li+ conductivityi for high power capabilities

2. Negligible electronic conductivifiyto minimize internal selflischarge
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3. High transference numbers close to uiiity eliminate charge polarization losses

4. Wide electrochemical windowd e si red t o maxi mi ze the ce

5. Sufficient mechanical strengénd flexibility - for selfsupport as a separator and
to suppress the formation and intrusion of Li metal dendrites while accommodating
cycling induced volume changes

6. Chemical compatibility with anode and cathode

7. Thin i to minimize the internal resistance for power améhimize added
mass/volume for gravimetric/volumetric energy density

8. Processible and manufacturakileor high throughput manufacturing of full cells
in industrial production lines

9. Environmentally benign, inexpensivdor environmentally safe and lower sto
battery pack

10. NonVolatile and low glass transition temperaturegfTto avoid flammability and

increase ion mobility at low temperatures.

2.2 Types of Polymer Electrolytes

SPEs canbe categorized into two different classes based on their sources and
origins: (i) synthetic; and (ii) natural. Some natural PEs widely explored are chitosan
[(6)18-20], rice starch [(6)21,22] and corn starch-R3 ] . SPE&6s can also b
into three different classes based on their physical state and compositiorp(aticized
or solvent free dry solid polymer electrolytes; (2) plasticized or gel polymer electrolytes;

and (3) composite polymer electrolyte. Last, SPEs can either have dissalts, where
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they are bionic conductors, or the anion can be attached to the polymer backbone and for

polymer single ion conductors (SICs).

2.2.1 Dry Solid Polymer Electrolytes

SPEs are generally developed by the dissolution of lithium salts in a polymeric
matrix to provide ionic conductivity. The lithium salts are dissolved via complexation
between the Li ion and strong electron donor of the polymer backbone. The electron donor
groyp on the polymer backbone is involved in solvation with the cation component of the
dopant salt facilitating ion separation, leading to the ion hopping mechanism that generates
ionic conductivity. The most extensively studied dry solid polymer electrolyte is
polyethylene oxide (PEO). A typical composition RE™X (X = anion) investigated for
battery applications is (the ratio of EO monomer units to Li ions) ranging from 10 to 20.
The optimum value of depends on the application, most importantly the temperature of

operation.

The lithium salt is a major compent of the polymer electrolyte. The criteria that
would determine which lithium salt to use (i.e which anion X) are mainly those that would
account for the solubility of the salt in PEO. Thus, X is preferably a large single charged
and soft anion with hidi delocalized charge such as GlOr N(SQCR)2 in order to
limit ion pairingf. The most widely used lithium salts in polymer electrolytes are LiCIO

LiBF4, LiPFs, LiAsF6, LICRSQO: (abbreviated as LiTf), LIN(CISO)2 (abbreviated as
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LiTFSI) etc. The mobility of the anions in the most commonly used lithium salts and their

dissociation constants are in the following ordtler
Mobility of ions: LiBFs+> LiClO4> LiPFs > LiTf > LiTFSI
Dissociation constants: LiTFSI > LiAsF LiPFs> LiCIO4 > LiBF4 > LiTf

Polymer matrices other than PEO such as polypropylene oxide ®PPO)
poly[bis(methoxyethoxy-ethoxy)phosphazene] (MEE®)’, polysiloxane (Pstf 241719
polyethylene imine (PE4§?° etc., have also been extensively studied by the researchers
over the yearsThe ionic conductivities of some typical dBPEs are listed in Table 1.3.

The ion transfer in a typical iecoupled system such as a BRE is decided by two
factors: one is the proportion of the amorphous phase in the polymer matrix and the other
is theTg. The most widely accepted theory is that the ion transport in@RIEys assisted

by the continuous segmental motion of chains in the amorphous regions of the polymer
host above thegl' In SPEs there is a traddf between ionic conductivity and nieanical
properties. An increase in the amorphous phase in the polymer host increases the ionic
conductivity but it would decrease the mechanical strength since the mechanical strength

of the SPE system is related to the movement of polymer chain andssscbedow {.

In order to synthesize polymer electrolytes with high ionic conductivity and
simultaneously high mechanical strength several approaches have been proposed. These
include blending of polymers, creBeking, and cepolymerization. Blend PEsre
prepared by mixing two or more kinds of molecular chains. Generally, blended polymer

electrolytes would have one polymer that is amorphous with a jae dssist in lithium
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ion migration for high conductivity and the other polymer would have a hjgir Tigh
crystallinity to provide mechanical strength. Tanaka &t @lepared a polymer blend
comprised of PEO and polyethylene imine (PEJ) £ 73i 75 °C) with an ionic conductivity

of 0% Sfem at tbom temperature wighcomposition of [(8:2) PEO/PEILICIO4). Cross
linking of polymers is another approach to increase the conductivity without compromising
the mechanical strength. Archer et 3&l.in 2014 reported a cross linked
polyethylene/polyethylenexide (PE/PEO) SPE with both high conductivity 1.6 X*10

S/cm at 28C and high mechanical strength that was sufficient to suppress dendrite growth.

2.2.2 Plasticized or Gel Polymer Electrolytes

Although unplasticized SPEs have shown promising ionic condlyctralues,
these values were only achieved at elevated temperaturéC§>The conductivities are
not sufficient to deliver appreciable battery performance at ambient temperature. Several
different strategies have been conceived, executedraptbyed over the past few decades
for developing alternative flexible polymeric ion conductors that would have high ionic
conductivities at room temperature. The main research effort has focused on gel polymer
electrolytes (GPESs), also called plasticipetymer electrolyte$3% 34 In GPEs, a polymer
matrix is softened by addition of a certain amount of liquid plasticizer (organic liquid) most
often a carbonate and the electrolytes are uniformly mixed to form a pseudgbiagte
The concept of introducing a liquid plasticizer into the polymer matrix was first proposed
by Feuillade and Perche in 1975, who studied the process of plasticizing a polymer matrix

with an aprotic solution containing an alkali metal®8alt
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For practical applications, a GPE should possess the properties of good mechanical

strength, capability to hold large amount of liquid electrolyte, high ionic conductivity, high

lithium ion transference number and electrochemical l#tatbwards both electrodes . A

variety of polymer matrices were extensively studied as frameworks in gel polymer

electrolytes, such as PE®®, polyvinyl chloride (PVC}®#° polyacrylonitrile (PAN}42

poly(methyl methacrylate) (PMMAJ# polyvinylidene fluoride (PVDFP#’, poly-

(vinylidene fluoride hexafluoropropylene) (PVEHFP) copolymer etclTable 2.1reveals

the structures and physical properties of commonly used polymer matrices for GPEs.

Table 2.1. Molecular formulas and physical properties of commonly used polymer

matrices reproduced witlpermission fronj5]

Polymer matrix Molecular formula Glass transition temperature (°C)

Melting point (°C)

i
PEO J(?*?*C‘Am 64
H H
i|-< Cl
pVC {clzfc:%1 80
H H
" on
PAN TLC’CJF 125
\ \ n
H COOCH,8
PMMA c—C 105
+| |Jf ’
H CH;
Hor
PVDF c—C 40
+‘ .%
0
| \
P(VDE-HFP) TL, ) E‘ ‘TL 90
HOF F CF,

220

317

Amorphous

The GPE using PEO as the polymer matrix is the most commonly studied because of its

high solvating power for Li salts and excellent compatibility with tHeeléctode. The

effects of various plasticizers, such as PEG, poly(ethylene glycol)monomethyl ether
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(PEGME), and poly(ethylene glycol)dimethyl ether (PEGDME) were examined to

improve the ambient temperature ionic conductivity of RET systemg®,

Yamamoto et at? reported PEQLITFSI electrolytes with PEGDME as a
plasticizer. The ionic conductivity was enhanced from 1.3%3@n*to 3.8 x 1¢* S.cm
Lat 80°C with the use of 18 wt% of PEGDME as plasticizer (entry 1). Mellander et al. did
a systematic study on the effect of EC or PC as plasticizers on the conductivity -of PEO
LiTf electrolyte systems. The ionic conductivity increased with increasing amount of
plasticizer. The (PEGLiTf complex yielded an ionic conductivity of 9.0 x4& cm*with
EC®%entry 2) and 5.2 x IS cm?® (entry 3) with PC at 6T in the presence of 50%

plasticizer®

A mixture of EC and PC was also used as plasticizer in thel&@ electrolyté”
53 Nan et aP3, prepared polymer electrags composed of PEO and (PVAPIFP) as host
polymer with LICIQs as the salt and plasticized by a mixture of EC and PC. The polymer
electrolyte so obtained had high ionic conductivity (1.25 % Bxnm') and good
mechanical stability (entry 4). Li et #l.prepared a hybrid GPE based on PVDF/PEO
nanofibrous membrane using electrospinning technology. The membrane was activated by
dipping in 1M LiPFk in EC/PC/DMC (1:1:1, viviv). The PVDF provided mechanical
support while the PEO assisted in having good ionic conductivity by the segmental motion
of the chains. The maximum ionic conductivity of the prepared hybrid was 4:8% &

1 at room temperature (entry 5). Kuo ePasynthesized a PAfihterpenetrating cross
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linked PEO network as a GPE, which achieved excellent electrolyte uptake amount and
electrolyte retention. The GPE so obtained wasnéer as XANE. XANE showed
significantly higher ionic conductivity than that of commercial separator due to decreased
PEO crystallinity. The existence of PAN in XANE resulted in high mechanical stability

(entry 6).

Table 2.2. Selected examples of gel polymer electrolyteh different polymer host and
plasticizers

Entry | Polymer Matrix Li Salt Plasticizer/ B (S.cm?) tu*
Liquid
electrolyte

1 PEO LITFSI | PEGDME 3.8 x10%(60°C) -

2 PEO LiTf EC 9.0 x 10*(60°C) -

3 PEO LiTf PC 5.2 x 10 (60°C) -

4 PEOG(PVDFHFP) | LICIOs | EC and PC 1.25 x 1 (RT) -

5 PVDFPEO LiPFs 1M LiPFs in|4.8x 10° (RT) -
EC/PC/DMC

6 PAN-PEO LiPFs 1M LiPFs in | 8.21 x 1¢° (RT) -
EC/PC/DEC

7 PVDF LiPFs 1M LiPFs in|0.5x10*(RT) | 0.24
EC/DMC

8 PVDF + graphene | LiPFs 1M LiPFs in|3.61x 1C°(RT) | 0.59
EC/DMC/EMC

9 PVDF + LIiPAAOB | LiPFs 1M LiPFs in | 0.35x 1C°(RT) | 0.58
EC/DMC/EMC

10 PVDF + HEC+| LiPFs 1M LiPFs in|0.88 x 1¢°(RT) | 0.57

PVDF EC/DMC/EMC

11 PVDF/MC/PVDF| LiPFs 1M LiPFs in | 1.5x 103 (RT) | 0.47
EC/DEM/EMC

12 PEO LITFSI | BMImMTFSI 3.2x 10* (RT) -

13 | PEO LITFSI | PYRx4TFSI 2 x 105 (RT) -

PVDF is the other most widely used polymer for LIBs dugstéavorable properties such
as high dielectric constarii¢ 8.4) that can produce greater ionization of Li salts, thereby

providing a high concentration of charge carriers by dissolution‘dhkide the polymer
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matrix*532, The first investigation of a GPE based on PVDF was reported by Watanabe et
al. in 1981, where a homogeneous hybrid film was prepared with a Li salt, with EC and/or
PC as plasticizers in appropriate proporttdnBaséani et al*®, prepared a PVDF based
GPE by simply dissolving PVDF in EC:DMC (1:1, v/v) under ambient conditions to obtain
a homogenous solution. The mesponding GPE exhibited good ionic conductivity of 0.5

x 10° at room temperature (entry 7). Liu eP3prepared a PVDF/graphene GPE obtained
via a nonrsolvent induced phase segton technique. The thus obtained membrane was
soaked in EC/DMC/EMC (1:1:1, v/vlv) solution containing 1M L§Ame ionic
conductivity increased significantly to 3.61 x38 cm' in a GPE with PVDF and 0.002
wt% graphene, compared to the conductigitGPE with pristine PVDF 1.85 x £ cm

1 (entry 8). Zhu et al®® developed ecomposite membranbased on poly(vinylidene
fluoride) (PVDF) and lithium polyacrylic acid oxalaberate (LIPAAOB) exhibiting high
safety (seHextinguishing) and good mechanical projgetThe ionic conductivity of the
GPEsaturagédwith 1M LiPFs electrolyte at ambient temperatwas0.35 x 10°S an’?,

which ishigher than that of the commercial separator (Celgard 2730)xal2%S an.

The lithium ion transferenaaumberin the GPE at roorfemperature wsti* = 0.58, twice

that in the commeial separatort(;* = 0.27). The electrospun PVDF ensures good
electrolyte uptake and LIPAAOB with its virtue of being a single ion conductor ensures
good ti* number by decreasing the concentration polarization. The composite GPE
exhibited good electré@mical performance with LiFeR@athode (entry 9). Zhang et4al.
designed a GPE with a sandwiched structure based on PVDF/hydroxyethyl cellulose
(HEC)/ PVDF. The GPE exhibited *omtandn’i c con

of 0.57 at room tempature after activation with 1M LiRFn EC/EMC/DMC (1:1:1,

[60]



w/w/w). The higheri§* is associated with the special structural design of the sandwiched

GPE (entry10).

Clean energy storage has been the focus of current research and has led to more
environmentally friendly production of LIBs. However, wkitown polymers for GPEs.
including PEO, PAN, PVDF, and PMMA, are all derived from the petroleum products and
are nonbiodegradable, which will generate new environmental waste as the LIBs are
discaded?. Therefore, biodegradable polymers have attracteldt aof interest as
alternative polymer hosts for GPEs. Cellulose and its derivatives have drawn considerable
attention due to their outstanding properties, such as bjgetinility, biodegradability,
chemical stability, and good mechanical strength and thermal stbifferent kinds of
cellulose such as nanocrystalline cellulose (NCC), cellulose nanofibrils (CNF), bacterial
cellulose (BC) and cellulose derivatives such as cellulose acetate (CA), methyl cellulose
(MC), hydroxyethyl cellulose (HEC), carboxyrhgt cellulose (CMC) have been used as

hosts for GPE%.

Methylcellulose (MC) is one of the most important commercial cellulose ethers and
it has been used in mamydustrial applications. MC is the simplest cellulose derivative,
where methyl groups CH3) substitute the hydroxyls atZ; C-3 and/or C6 positions of
anhydreD-glucose units and possess amphiphilic propertigufe 2.2  Methyl
cellulose (MC) with its virtue of forming thermeversible gels with very high mechanical

properties in water and dimethyl formamide (DMF)Jusons, is regarded as a good
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RO OR_ polymer host for GPE4 The GPEs described in the later
-0 T
- \% chapters in thishiesis have MC as the polymer host.

OR n Figure 2.2. Repeating unit ¢
methylcellulose:TOH or TOCHs al
positions 2, 3 and 6 dhe anhydreD-

R=H or CHj glucose

Xiao et al®® prepared a GPE from an aqueous solution of MC by casting that had
an ionic conductivity (2 x16 S cnil). The Li ion transference number for the GPE
prepared using MC was better than that of the commercial separator. However, poor cycle
efficiency and rat performance of the Li battery were obtained due to the residual hydroxyl
groups in the MCTo overcome this limitation a GPE based on cellulose as polymer host
was reported by Xiao et®l It used a simple coating of PVDF on botinfaces of methyl
cellulose (MC) to form a sandwich structure. The GPE based on PVDF/MC/PVDF
structure had an ionic conductivity of 1.5 X468 cmi! at 25 °C, a lithium transference
number of 0.47, and a stable electrochemical window up to 4.8 V v$ hfter activation
by immersion in 1 M LiPFin EC/DEM/EMC (1:1:1, w/w/w)entry 11).Stable cycling
behavior with this PVDF/MC/PVDF separator and a LiFeR&hode indicated good
compatibility with the cathode. Li6s group
to provide support for the GBE The resulting GPE not only had excellent mechanical
properties, but ab displayed good electrochemical performance. Zhu®patpared a
porous GPE from carbgmethyl cellulose (CMC). Although the porous CMV3@sed GPE
resulted in relatively lower ionic conductivity of approximately 4.8 ¥ 80cnit at 25 °C

and low electrolyte uptake for only 75.9 wt %, it showed a high lithium transference
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number up to 0.49nterestingly, the HEC based GPE formed a dense membrane without
evidence of pores, although it also showed electrolyte uptake of up to 78.3 wt %, an ionic
conductivity of 1.8 x 10 S cm * at 25 °C, and a lithium transference number of 0.48 after
activaton with 1 M LiPF6 in EC/DMC/EMC (1:1:1, w/w/w), which is close to the
performance of the CM®ased porous GRE. Biodggradable polyJcaprolactone (PCL)

was also used as a polymer host and a GPE for zinc batteries. It was prepared by Sownthari
and Suthanthiraraj via solution casting of PCL and zinc triflate [Zs8O§2] %, and had

an ionic conductivity of 8.8 x 10 S cni! and electrochemical window stable up t@ 9.

at 25 °C. The Béased GPE was prepared through an ecofriendly fast forgire
method that does not involve any toxic or costly solvents. After activation by immersion
in 1 M LiPF6 in EC/DMC (1:1, v/v) liquid electrolyte, the Biased GPE exhibitean

ionic conductivity of 4.04 x 16 S cm?, a lithium transference number of 0.514 at 25 °C,
and a reversible capacity of 75.2 mAH,gand maintained stable cycling at a high rate of

9 C, which indicates that the Biased GPE is suitable ftastcharging LIBS.

In spite of the promising results, GPEs with orgasblvents suffer from some
relevant drawbacks. From the point of the view of commercial use, the most prominent of
all the limitations is related to the use of organic carbonates as plasticizers, which have
high flammability and high vapor pressure theat tead to hazardous explosions in the case
of local overheating (thermal runaway). Therefore, a GPE with high thermal stability and
high safety is required to be used in energy storage devices that are operated at elevated
temperatures in applicationscsuas electric vehicles. The general method to improve the

thermal stability is introduction of different kinds of inorganic/organic fillers with high
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thermal stability or by the incorporation of lithium doped plasticizers/liquid electrolytes

having high thermal stability such as ionic liquidsifle 2.3

Table 2.3. Physical properties of chemicals frequently used asigizsts in polymer
electrolytesreproduced with permission from [74]

Substance T,/°C T,/°C n®/mPas  p®Jjgem™  Vapor pressure/kPa
Dimethyl carbonate (DMC) 90 24 0585 1.0697 2.40 (21°C)
Diethyl carbonate (DEC) 126 —430 0748 0.9752 1.63 (25°C)
Propylene carbonate (PC) 242 —48.8 2.53 1.2047 0.004-0.017 (20°Q)
Ethylene carbonate (EQ) 248 ~364 193 1.321 0.003 (25°C)
(40°C) (25°C)
Pyr,, TFSI - —6.3 60L3 1.41 -
Pyr, 501 TSI - n/a 57.6 1.40 -
Im,, TFSI - —15to -3 34 1.52 -
(20°C)
Pip,; TFSI - 87 117 -

[a] At 25°C unless differently indicated. [b] At 20°C unless differently indicated. n/a = not available.

lonic liquids (ILs) are salts or mixture of salts that melt near or below room

temperature. In particular, those salts which are liquid at room temperature are named

ARoom Tenlpoemriac ulriequi ds o

(RTILs) .

Significa

use of RTILs as replacements for the organic solvents used in lithium battery electrolytes

due to their combination of critical properties for electrolytes such as high chemical and

therma stability, nonflammability, negligible volatility, high ionic conductivity and

exceptional electrochemical stability toward lithium métdf

Typically, ILs are comprised of a bulky organic cation and a laejecalized

anion. The cation is based on linear amines, as in the case of quaternary ammaXjim [R

or cyclic amines which can be aromatic (pyridinium, imidazolinium) or saturated

(pyrrolidinium, piperdinium, morpholinium). The anion may be inorganic a3 BF+
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AsFs or more frequently organic such as cyanide, perfluoro(auifbnyl) imides (TF$&

, BETI), or perfluoroalkyltrifluoroborates JFBFs])"°#% In most cases, the investigated
ionic liquid electrolyte would contain the same anion in both the Li salt and ionic liquid.
This is because the solubility of a Li salt in the idgaid is much higher when the same
anion is incorporated than in systems with different afforRecenty, Passerini et.al.
proposed the incorporation of RTILs into polymer electrolytes to overcome the inherent
limitations to the ionic conductivities of H§PES? They studied a series of RTILs
containing pyrrolidiniurrbased cations and TFSI aniofi$® The GPEs obtained by
incorporating RTIL into polymer matrix are
The most commonly used RTILs for polymer electrolytes are EMFSI (1-propyh1-
methykpyrrolidinium bis(trifluoromethanesulfonyl) imide and P¥RFSI (I-butyl-1-
methykpyrrolidinium bis(trifluoromethanesulfonyl) imideFigure 2.3). Passerini et.al
systematically studied the properties of REDFSI electrolytes with the incorporaticof

RTIL, PYRi3sTFSP287:8991 They found that the systems showed two orders of magnitude
increase in conductivity at room temperature compared to the polymer electrolyte systems

without RTIL.

Another type of RTIL containing adalkyl-3-methylimidazolium cation were also
widely exploed as plasticizers for polymer electrolytes. The molecular structures of most
commonly used RTILs with this cation group, namehethy}l3-methylimidazolium
bis(trifluoromethanesulfonyl) imide (EMIMTFSI), -dropyk3-methylimidazolium
bis(trifluoromethanedtonyl) imide (PMImMTFSI), 1butyl-3-methylimidazolium

bis(trifluoromethanesulfonyl) imide (BMIMTFSI) are shown kigure 2.3).
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Figure 2.3. Molecular structures of some commonly used lonic Liquids
reproduced with permission from [5]

Ahn et al”™®? compared the electrochemical properties of REXFSI electrolyte
by incorporating the BMIMTFSI ionic liquid. The ionic conductivity of the polymer
electrolyte increased with increase of ionic liquid congant reached a value of 3.2X10
S/cm at room temperature (entry 12). Hassoun €traported an electrolyte consisting of
PEOLITFSI plasticized by Noutyl-N-ethylpyrrolidiniumbis(trifluoromethanesulfonyl)
imide (PYR4TFSI) and SiQ filler. The presence of the ionic liquid and filler provided

good cell performance and good ionic conductivity over a wide range of temperature (entry

13).
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Figure 2.4. Structure of the SIL with equimolar mixture of tetraglyme (G4) and LITFSA
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The major drawback with the RTIL incorporated GPE is the poor lithium ion
transference numbers, limiting high rate performance. Furthermore, the RTILs are highly
expensive due to the lack of existing laggale production, limiting their practical
applicabiity. Recently, glymdithium bis(trifluoromethanesulfonyl) amide (Li[TFSA])
complexes referred to as solvate ionic liquids (SILs) were shown to exhibit RTIL like
properties and were proposed as an alternative solution to overcome the bottlenecks
associate with RTILs. SILs are basically equimolar mixtures of a glyme and a Ef-&2lt
Glymes, which have the chemical structurez@H(CH>-CH>-O)n-CHsz can coordinate
with Li* cations to form a 1:1 complex of [Li(* when n is either 3 or 4. Recent
theoretical work suggested thatmof 3 or 4 is suitable for equimolar complexafi#,

with a coordination number of Ltypically as 45% (Figure 2.4).

With SILs, the stability of the complex cation dictates the electrolyte properties
such as thermal stability, electrochemical oxidative stability, and ion transport
propertie€®.SILs [Li(G3 or G4)][TFSA], possess similar properties of typical aprotic
RTILs such as a low vapor pressure, {fl@ammability and high ionic conductivity >
1mS/cm at room temperature. In addition, theidm concentrations in the SILs are as high
as ca. 3 mol dih Futhermore, [Li(G3 or G4)][TFSA] possess a high lithium transference
number (t*) of 0.50.6°>, compared to the RTILs withit of 0.1°% 1%L Moreover, [Li(G3
or G4)][TFSA] complexes possess a high oxidative stability of up to 4.5V vs'Lihd
when used as electrolytes in a 4V class LIBs have demonstrated stable nfefEtie

GPE obtained by incorporating SILs into polymerhastse r ef erred t o as
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or fisolvate ionogels |liquid electrolyte wi
iongels are plentiful, there have been only a handful of recent reports oW3fGsrhe
conductivities of the SIGs reported are in the range éflenB cm! at room temperature,

similar to other statef-the-art solid electrolytes bufi 2 orders of magnitude below liquid

electrolytes, while th reportedit” are higher than the RTIL iongels.

Flexible and/or wearable electronics will be an important key technology in the
next industrial revolution and has sparked the imaginations of many researchers in recent
years. Flexible energy storagevibes play a pivotal role in the advancement of such
wearabl e/ flexible technologies such as 0fAs
devices, large displays, and mobile devices.-Bedfling materials are inspired by human
skin that can spontaneoydieal damage. These new materials play a crucial role in the
development of flexible energy storage devices.-Bedfing polymer materials have
attracted a lot of interest in the fabrication of flexible energy storage devices such as
flexible/stretchabldatteries due to the ease of fabrication of polymeric matetiathese
selfhealing materials, the healing mechanism is based on the reversible formation of weak
chemical bonds between polymer chains. These bonds include dynariovabent
bonds% 1% and dynamic covalent bosid®''’. In the former case, the healing process in
the supramolecular assembly consists of dynamic-coealent interactions such as
hydrogen bonding, electrostatic crdsking, metal coordination bonding and others. The

latter case includes many types of dynamic covalent bonds such as those formed using the

Dielsi Alder reactiont!"11® disulfide linkages?® acylhydrazong?! estert15122.123
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olefin,'** and iminet!2113124125|| of which are feasible for the developmeaitsuch

intrinsic selfhealing materials.

Despite extensive studies on sedfaling materials, only a few PEs have been
developed for use in lithium batteries that utilize -beléling processes, due to the
challenge of designing multifunctional matesiahat possess both good dsdfaling
properties and good lithium ieconductivity. Introducing a dynamic hydrogen bonded
crosslinked network into a PE matrix is a feasible synthetic straf&éi?1?° Yang et al.
prepared a physically crotisked hydrogel via hydrogen and dual metatboxy late
coordination bonds. The obtained hydrogel showed good mechamieagth and self
healing propertie§*® Wei and ceworkers synthesized a highly stretchable and- self
healable hydrogel. The resulting hydrogel exhibited high robustness and good
cohesiveness due to electrostatic intéoas 3! Relative to hydrogels and organogels, ion
gels and solvate ion gels exhibit unique characteristics such as high ionic conductivity,
high chemical and thermal stability, nonvolatility, and nonfizability, all of which can
be attributed to the intrinsic properties of ILs and SILs. Watanabe et al. synthesized an ion
gel based on a block copolymer. The ion gel formed via multiple hydrogen bonds and
showed sethealing at room temperature without @xtal stimuli after 3 %2 Recently,
D6Angel o et . al ., synt hesi z-&ly polgmer sseaffoid e s of
supported solvate ionogels via UV initiated fradical (co)polymerization of two
zwitterionic monomes, 2methacryloyloxyethyl phosphorylcholine (MPC) and

sulfobetaine vinylimidazole (SBVI), with the solvate ionic liquid [Li(G4)][TFSI]. This
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new class of Liconducting solvate ionogel electrolytes demonstrated good room

temperature Liconductivity, highstretchability, and a capacity to saial’*3

Polymer materials with highly dynamic and interchanging boronic ester linkages
present another effective approach for achievingtesling materials. Recently, Jing
etal., developed a SPE with PEO networks containing dynamic boronic estelirtkess
that upon addition of LiTFSI exhibit conductivities that exceetf* ®cm. The SPE
demonstrated good sdikaling capacity with maximum recovery of conductivity and
rheolodcal properties following damage and could be dissolved in water to recover the
starting monomers. These dynamic network SPEs are a promising platform for recyclable,
healable electrolytes in {ion batteries3* Jiang et al. prepared a hpgel based on a
agarose/PVA double network via a dynamic boronic ester bond. As a result, the hydrogel
possessed ultrafast séialing properties even in the wat& The inclusion of borate
linkages has the additional advantage of acting as anion trapping sites that decrease the
anion mobility and thereby eventually increase the lithium ion transference nismkieat
the electrolyte would approach being a sifgle conductor. There are several studies of
GPEs which increase the lithium ion transference number by inclusion of borate linkages
as anion trapping agent& 13 Thus, the incorporation of borate linkages into the polymer
framework and infiltrating the polymer matrix with RTILs or SILs resulting in high
transference number iongels or solvate iongels, with high thermal stability aihe aletig

properties would ban exciting prospect for new gel electrolytes.
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2.2.3 Composite Polymer Electrolyte CPES)

Both SPE and GPE are not perfect candidates for applications in litrased
batteries, due to fundamental issues associated with them as discussed in the above
sectons, i.e., low ionic conductivity of SPEs and poor mechanical properties of GPEs.
Much research effort has been put towards finding practical solutions for having an
electrolyte with desired ionic conductivity and mechanical properties. One plausible
appoach proposed was preparing a composite comprised of a filler (usually an inorganic
moiety) dispersed in the polymer matrix, referred to as a Composite Polymer Electrolyte
(CPE). In the CPE, each component retains its own properties and the propeties of t
composite depends on the properties of individual components (filler and polymer matrix)

and on the interactions between them.

The inorganic fillers employed can be either #i@mically conductive (passive)
fillers or ionically conductive (active) férs. Extensive studies were carried out on
incorporating passive micro or nanoparticles fillers with SPEs to simultaneously enhance
ionic conductivity and improve mechanical strength. In 1982, Weston and Steele reported
for the first time a PEO based CPEhe mechanical properties and ionic conductivity of
(PEO}LICIO4 were significantly improved by doping with an inert fillerglumina, a
Al203). Since then, several néonically conductive nanoparticles such as@l SiO,

TiO2, MgO, ZnO, ZrQ, Li2O dc., have been used in preparing CPEs. Additionally,
ferroelectric ceramic fillers such as BaRj®bTiQ, LINbOsz and SrBiTi4O15 have also
been incorporated with PEO based SB¥&°The enhancement in conductivity by the
addition of the passive filler was proposed to bentgadue to the reduction in the

crystallinity of the polymer matriX** Other studies also suggested that the presence of
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surface groups omé nanoparticles could also enhance the conductivity by promoting local
structural modification which would eventually result in an increase of the free Li ion

concentration'#?

Inorganic solid electrolytes (ceramics), also named as fast ionic conductors ,
discused in much detail in the secti@¥.1, possess high ionic conductivity values up to
102 S cm' at room temperature together with affsimmable properties, have attracted
extensive interests in recent years to be used as fitfefé.Many studies have been
conducted on incorporating these active fillers in SPEs to synergistically combine the
beneficial properties of both inorganic solid electrolytes (high ionic conductivity and
strength) and SPEs (good interfacial propsraiad flexibility)*® Various kinds of fast
ionic conductors have been used in CPEs, including garnet type (elgaZriOq2
(LLZO)), NASICON-type (e.g., Lis AlosGes(PQy)s), and sulfides (e.g.,
Li10GePS12).24814"Among them, LLZO shows an ionic conductivity of48 cm? at room
temperature with superior stability toward Li mét&l. Chen et al. prepared a series of
CPEs with varied ratios of PEQOTFSI and LLZO ranging from a PEO polymer matrix
containing ceramic particles (ceranmcpolymer) toa PEO polymer with binder (PEG) in
ceramic electrolyte (polymén-ceramic)*® All the CPEs prepared exhibited high ionic
conductivity up to 18 S cm? at 55C, electrochemical stability up to 5 V versus L{/Li
and excellent cycling performance in -adllid-state Li/LiFePQ cells at 58C. The
6006cedngpmilymer 66 el ectrolyte with greater fl

forsmalls cal e ener gy st or age -indceewriacne sc,6 6w heil leec ttrh
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higher mechanical strength and safety was more appropriate desstzale batteries and

EV application.

2.3 High Lithium T ransferenceNumber Electrolytes (HTNES)

Conventional electrolytes are based on binary lithium salts and stabilizing additives
dissolved in a mixture of carbonate liquid solvents. The current ligeittrelytes offer
high lithium conductivity across a wide temperature rangel@-inS/cm) and have well
dissociated ions with solubility > 1M Land have been successfully commercialized for
many years. Although the current commercial liquid electrolytesuccessful, they suffer
from several drawbacks of which one of the key issues is their [oinabsference number
(tLi*< 0.5), indicating that the majority of the total ionic conductivity is in fact the result of
anion motion. This lowt"is due tastrong preferential solvation of Lover its counterion,
resulting in a bulky solvent shell around thé tompared to that of aniod® Within a
LIB or LMB, anions tend to migrate in the opposite direction of the lithium ions and
eventually accumulate at the electrode surface,treguh the buildup of a concentration
gradient. This concentration gradient affects the rate at which the battery may be charged
or discharged, limits the operating voltage of the cell by creating a concentration
overpotential and limits the thickness tbe electrodes that may be used, all of which

cumulatively results in the limitation of the power and energy density of the cell. All of

o

these limitations could be substantially alleviated ifahight hi gh G el ectr ol
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2.4 StrategiesTowards Development of High Transference Number Electrolyte
Different strategies for designing electrolytes in which thetriansference number
approaches unity ((f = 1) have been pursued with great interest since 1985. The

approached include:

(1) Lithium ion conducting ceramics thate effectively single ion conductors (SICs)
since the anion lattice is immobile.

(2) Polymer Single lon Conductors (PSICs)

(3) Nonraqueous solveritlled ionomers

(4) Liquid electrolytes i with polymeric anions (nonaqueous polyelectrelyt
solutions), highly conimnmesmtntat eed eclt e otl 1y

solutions containing nanoparticles with appended anions.

2.4.1 Ceramic Based Single lon Conductors

lon-conducting inorganic ceramics were considered for a very long timesidleo
electrolytes for an all solidtate battery. Among these ceramic materials, the most actively
studied materials are garnet phase metal oxides, such as those based dadheQi.
structuré®l, lithium thiophosphate glasses, &iP>S5,'%21%% and NASICON type
conductors such as LkAlxTi-x(PQu)s'®. The reent development of new ceramic
materials with exceptional conductivity (~ 25 mS/cm at room temperature), sucio&s Li
and Si/Ct doped lithium thiophosphate glasses, has garnered substantial interest. Given
that all the iorconducting ceramics reporteteaxpected to possess unity fransference
numbers, when combined with the virtue of having high ionic conductivity, they could

easily improve cell energy densities when compared to the energy densities of a
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conventional cell. Despite all the advantagieseramic electrolytes, many challenges must

be overcome for ceramic conductors to be potential battery separators. These challenges
include their ease of processability and maintaining exceptional homogeneity, both of
which are crucial to have energyndgéies and manufacturing costs that would be better
than existing separators in-lan cells. Achieving these metrics will be a daunting task
given the brittle nature of the ceramics. In an attempt to improve processability, erganic
inorganic compositesra being explored, in which particles of inorganic materials are
embedded in polymer matrix to ensure fastti@msport via percolated inorganic particle
networkst4>155156 Apart from processability, another critical dleage with ceramic
electrolytes is the high interfacial impedance in all setate cells, particularly at the
interface between the porous cathode and the electrolyte. Therefore, future research efforts
towards engineering interfaces to provide lowblgtampedances during battery operation

and to gain more deeper insights about these interfaces are warranted.

2.4.2 Polymer Single lon Conductors (PSICs)

Generally, two approaches have been used to develop single ion conducting
polymer electrolytes with reded anion mobility. The first approach is to affix anions to
the polymer backbone such that they are unable to move separately from the chain. The
other approach is the addition of an anion receptor that preferentially interacts with anions.
The former apmach is the most widely practiced method in which the anions are
effectively immobile and therefore, they are often referred to as being truly single ion
conducting. Kobayashi et al. in 1985 reported the first neat SIC polymer, based on a

methacrylate babone having ethylene oxide and lithiated carboxylate side chains.
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Thereafter, many other systems were studied with similar formulations to this original
system, most often incorporating PEO either as the backbone or pendant side chain to act
as a solvatio medium. Recently, Bouchet et¥Isynthesized a SIC polymer electrolyte

via selfassembled polyanionic BAB triblock copolymers (P(STFSH-BREGDb-
P(STFSILI)) based on lithium polfstyrene trifluromethanesulphonylimide) and a central
linear PEO block. The polymer electrolytes exhibited high ionic conductivity 1.3°x 10
S/cm, high " exceeding 0.85, high mechanical strength and a wideratbemical
stability window up to 5V vs Li/lli. Other systems incorporating a wide variety of
chemistries were also studied including polyphospazeh® boroncontaining
polymers®21¢3and siloxane polymer§? Several recent reviews on polymer electrolytes

provide insights intolte wide variety of PSIC systems that have been atterfiptetf®

2.4.3 SolventInfiltrated lonomer Membranes
lonomer membranes are a promising class of SIC polpased electrolytes, in

which chargd polymers are formulated as a porous membrane and filled with liquid
solvents to allow ion motion via solvation in the more mobile liquid phase. In the ionomer
membranes the anions are fixed to the polymer backbone and the polymer motion is
restricted eher by crosslinking or entanglement, so that the transference number of the
resulting membrane is unity. There are a wide variety of chemistries that have been
explored, with conductivities that are comparable to that of the traditional liquid
electrolyte$®® 18 The key design parameter in these electrolytes is the dissociation of the
affixed ionic species into the liquid phase since if there is not enough dissociation, the

lithium ions must hop between ionic aggregates, which is unlikely unless the aggregates
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are spatially clogé€®. Recently, Lu et.ai®® synthesized an ionomer membrane by lithiating

a sulfonated tetrfluroethylene copolymer (Nafign which provided both a rigid
framework of interconnected pores and sifiglke conducting electrolyte features. The
ionomer membrane was swollen with raqueous solvents with different dielectric
constants (PC, EC:DEC) and tetraglyme (TEGDME). The cdiwlycof the membrane
was ~ 16° S/cm at room temperature using tetraglyme or with a mixture of EC:DEC, but
when PC was used the conductivity improved t6 3@&m. The high conductivity and high
transference number of these electrolytes is therefoite quromising for future

commercial applications.

2.4.4 Single lon ConductingLiquid Electrolytes

Liquid electrolytes have considerable advantages over the solid electrolytes such as
good wetting of the electrodes (especially the cathode) and high ionicatietigiidue to
facile movement of lithium ions in the liquid medium. There have been a few attempts to
raise the transference number of liquid electrolytes. Archer et al. in 2013, suggested a novel
method of slowing anion motion by tethering the anionsawoparticles. This approach
produced high transference number solutions with a conductivity $fS1€m at room
temperature, limited by the dissociation of aniéhsAnother proposed approach is
increasing the concentration of lithium ions in the electrolyte. Highly concentrated
solutions, -incabl atdteoisel eenht ol ytes have be
transferencenungdbr . Suo et . al . i An-s2a0l 1t30, eplreocptorsoel dy tfies:
comprised of a much larger volume of salt (e.g., LITFSI) than liquid solvent. These

electrolytes demonstrated a transference number aroutld 0The other approach that
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has ganered much interest recently is the use of polyelectrolyte solutions to increase the
transference number. This method was first proposed by Kreuer et al. where polyanions
were dissolved in liquid solvent to create a high conductivity and higbléctrdyte!’2

Here, the polymer mobility and thus the anion mobility (since it is attached to the polymer
backbone) is significantly lower relative to the lithium otarion mobility. Recently,
Diederichsen et al. has done systematic studies on polyelectrolyte solutions for use in Li
based and post lithium batteries. They have verified that this approach provides the ability
to tune the transference number betweera@d 0.95, with conductivities reaching up to
103S/cm at room temperature with minimal system optimizaffonTo create a
polyelectrolyte solution for application in a LIB, the most important consideration is
maximizing the ratio of the freely mobile lithium ions tolyuoer backbone. The
polyelectrolyte solution presents the possibility of incorporating a HTNE directly into the

current cells without any significant redesigning of the electrode formulations.

2.5 Conclusions

Next generation battery technologies with high energy densities are touted to be
possible by replacing intercalation graphite with lithium metal as anode, which opens the
possibility to use conversion cathode materials such as sulfur and oxygen rasthiag
increase of the energy density of the battery. The main limitation with the use of lithium
metal anode is the extreme reactivity of the lithium antlamogeneous deposition of
lithium leading to the growth of dendrites which would cause shartit of the cell and

fire-hazards under extreme thermal runaway scenarios.
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The work presented in this thesis is along the lines of the couple of extensively
studied options to stabilize the lithium metal for efficient cycling of lithio@sed batteries.
Thethird chapter discuss the work towards improving the lithium transference numbers,
which is a major limitation associated with room temperature ionic liquid (RTIL) iongels.
The research work presented in chapter 3 discusses a way to improve the treasferen
numbers of RTIL iongel ,by using a muidinic lithium salt with large anionic groups.
Chapter 4 discusses the work on preparing a solvate iongel with high moduli and ionic
conductivity by incorporating solvate ionic liquid (SIL) into methyl cellulpséymer
host. The work presented in chapter 5 describes an approach to haweosimgieducting
liquid electrolytes with high transference numbers and high ionic conductivities by using
functionalized symmetric, muttonic polyhedral oligomeric silsesmxane (POSS) with
dissociative lithium saltdissolved in tetraglyme {5 CHs-O-(CH2CH20)s-CHs, to
increase lithium ion transference numbers and avoid the formation of large ion clusters that

trap the L ions
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CHAPTER 3
ENHANCEMENT OF LITHIUM ION TRANSFERENCE NUMBERS IN IONIC
LIQUID GEL SEPARATORS USING MULTI -IONIC LITHIUM SALTS

3.1 Introduction

Room temperature ionic liquids (RTILs) have recently been investigated for lithium
and lithium ion battery (LIB) applications due to their nonvolatility and thus lack of (or
much reducedflammability and increased saféfy RTILs can have ionic conductivities
of 102S/cm®. In LIBs, the only electroactive species is thé ibin, which is transported
between the anode and the cathode, and therefore a lithium salt, l=>afon), typically
at0.20- 1 M concentrations, with the same anion as the RTIL is used, since the amount of
dissolvable lithium is higher than in mixtsrevith dissimilar aniorfs Disadvantages of
RTILs and RTIL/LiX include higher viscositié$ and thus lower ionic conductivitits
compared with commonly used aprotic electradyteith conductivity decreasing as the
LiX concentration increases in the RTfL Further, RTIL/LiXs have low lithium ion
transferenceumbers (), the fraction of the charge carried by the electroactiVéohis,
although ti* increases with increased LiX concentratioand references therein). In
LIBs, high values oft" are desirable to increase the power density of LIBs, while low
values result in polarization in the electrolyte, and this gradient in ionic concentration can
cause large internal resistances. Slow diffusion has been attributed to the strong
coordinaton of the small L cation to the anions, resulting in [Li({¥"* aggregate$é,
with the mechanism of diffusion consisting not by a vehicular mechanism (where the Li
ion moves with the whole coordination shell, in clusters of [Li(THSH), but by a

structurediffusion mechanism (with disruption and formation of the coordination shells of
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Li* with TFSI anion&*'8, and exchange of TFSigands believed to be only in the first
coordination shell of [*)*?, so that the lithium ion transference numbei*)tis low.
Diffusion coefficients, measured by pulse field gradient NMR, of ionic liquid anions,
cations, and Lications all decrease as the mole fractignof LiX increases, consistent
with the conductivity decreases with increasing 1% urther, for LiX/RTIL mixturesthe

diffusion coefficients decrease in the ordk:B»> Danion> Dyj+ 7+ 1011, 16,19

Nevertheless, the ionic conductivities of LiX/RTILs are greater than those of solid
polymer electrolytes (SPEs) (< "1B/cm), and lithium ion transference numbers in
polymers such as polyethylene oxide (PEO)/LiX are also lew t0.2). However,
compared with liquid electrolytes, SPEs have advantages such as processability, ability to
form thin, flexible films, and elimination of heavy containment materials that decrease
gravimetric energy density. Therefore, when used in LIBs, it is preferable to incorporate
the LiX/RTILs in the form of polymeric ion gels, with a view towards increage ionic
conductivity of the polymer, maintaining sufficient mechanical strength to form flexible,
thin membranes, but still retaining the safety advantages of SPEs when the liquid is a RTIL.
Since a liquid is incorporated into the polymer, they arerredl to as gel electrolytes, and
when the liquid is a RTIL, they are often referred to as ion gels. The polymers in the
RTIL/polymer/LiX systems that have been investigated include polyethylene oxide
(PEOY¥®?3, and polyvinylindene fluoride (PVdBy copolymers with hexafluoropropylene
(PVAR-HFPY#?®, lon gels have also been prepared by solfrestin situ polymerization
of (3-aminopropyl)triethoxysilane (APTES) in PEO/RTIL/L3 by UV crosslinking’,

and using functionaed silica nanoparticlé$ Other methods include bicontinuous

[104



nanostructured polymer electrolyte membranes prepared by polymerization induced phase
separation with components consistingf interpenetration and interpercolating
bicontinuous domains of polyethylene oxide swollen with the RTIL/LiX, and highly-cross

linked polystyren€.

This chapter discusses the work towards improving the lithium transference
numbers of the ion gels by using lithium salt with bulkijionic groups. We have
synthesized a new muinic lithium salt Figure 3.1), all cis[(PhSisOs-(OR)], R =
Si(CHs)2(CH2)sNHSGCF, referred to here as 4m@rTFSI)4, and incorporated it into an
ion gel composed of the RTIL (PYH FSI) and methyl calllose (MC) as the gelator, with
a view towards increasing;t and maintaining both high ionic conductivity and good
mechanical properties in a solid electrolyte. These ion gels have been prepared using a
method developed in our laboratory, in which gels farst formed using MCN,N-
dimethyl formamide (DMF) and a RTIL (PYRFSI). After removal of the DMF, solid
ion gels remain that contain as little as 3 wt% MC. The RTIL investigated here,
PYRu4TFSI, has a stability windows of about 6V, sufficient foe irsLIBS, with an imide
anion, [N(CBRS(Q)2], that is most effective at the formation of a solid electrolyte interface
(SE)) layer, inhibits dendrite growth on Li mefsandhas the highest ionic conductivity
when paired with the pyrrolidinium cation (PY4®%, due to the highly electrewith-
drawing nature of the trifluoromethyl suliegnts and delocalization of the negative
chargé? The large mass of the silsesquioxane moiety (MW 4in@FSl), = 1270g/mol),
with four of these pendant anions, is expected to have reduced mobility compared with the

single TFS1anion, thus decreasing its contribution to the conductivity, and increasing the
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contribution of the Li cation. Further, hydrophobic as well as hydrogending between
MC, 4mer(LiTFSI)s and TFS1 are expected to make more* Lldations available for

conduction.

Figure 3.1. single crystal structure &isS4O16N4F12CasH72 = PhShO4[(Si(CHzs)2-R)]4 with
R =-CHCH.CHNHSOG,CRs, presented aa thermal ellipsoid plot. Ellipsoids are shc
at 30% probability. C atoms are shown as ball and stick modeld. h@lrogen aton
omitted for clarity. dcarbon;6oxygen; fluorine; ¢ sulfur; onitrogen; silicon

3.2 Experimental Section
3.2.1 Materials

The Ebutyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(C11H20FsN204S,, MW 422.41, CAS Number 2234371-4, was used as received (Alfa
Aesar). This compound wibe referred to here as PYARFSI. In the literaturel-butyl-
1-methylpyrrolidinium is also referred tas PYR4, Pis (Where subscripts describe
number of carbons in each alkyl substitd&n{BuMePy], [BMP], and [bmpyr]; and
bis(trifluoromethylsulfonyl)imide is referred to as SE TFSA, and[NTf2]. Methyl

cellulose (MC) (Sigmaldrich, primary supplier DOW, METHOCEL A), average
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molecular weight of 86,000, 273L.5 wt% methoxy and a degree of substitution of 1.6
1.9 mol methoxy per mol cellulose (as specified by manufacturer)dwed at 78C in
vacuum before use. Anhydrous dimethyl sulfoxide (DMSO) and dimethyl formamide
(DMF) were purchased from Sigma Aldrich and further dried over molecular sieves
before use. Lithium metal (0.75mm thick x 19mm wide) was purchased frori\Adiar

and stored in a desiccator inside an argon purged glove box.

3.2.2 Characterization

Differential Scanning Calorimetry (DSC) was obtained on a TA Instruments Hi
Res DSC 2920 at £G /min under N. Except as noted, samples were scanned frofC25
to 100°C, 100°C t0-100°C, and-100°C to 100°C, with the second heating scans reported.
The glass transition temperaturg, Was taken as the midpoint of the heat capacity (C
versus temperature plohermogravimetric analysis(TGA) data was olained on a TA
Instruments 2950 (TA Instruments, New Castle, DE), scanned from 25 €80 rate
of 10°C/min under N. Wide angle xray scattering (WAXS) data was collected using a
Bruker AXS D8 Discover Xay diffractometer under Npurge.Dynamic Mechanical
Analysis (DMA) of the blends was obtained with a TA Instruments DMA Q800 ungder N
purge. A preoad force of 2.0 mN, a constant frequency of 1 Hz and a 15 um amplitude
were applied. Samples, ~ 12 mm length x 6.3 mm width x {@.QIm) thicknessyere
equilibrated at100 °C for 10 minutes. Measurements were taken #®0 °C to 250 °C
with a heating rate of 2° C/mirtlectrochemical Measurementsilonic conductivities
were measured by AC impedance  spectroscopy using a Gamry

potentiostat/galvanostat/ZRA (model interface 1000) in the frequency range frorz0.01
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to 1 MHz. Control of the equipment was through Gamry framework software and data was
analyzed with Gamry Echem analysis software purchased from Gdmnyperature
depeneént conductivities were obtained in a homemade electrochemic¥l @eltn?
stainkss steel blocking electrodes) that was thermostatted in the oven of a cryogenic liquid
N2 gas chromatograph (GC). The electrochemical cell was placed in the oven of a GC and
annealed overnight at 90. Conductivity measurements were made on the cooliolg cy

and heating cycles (the resistances on the heating and cooling cycles were very close) and
the heating cycles are reported. At each temperature above RT, the sample was equilibrated
for about 30 minutes. Conductivities,(mS/cm), were obtained using=(1/ A) A( 1/ R) ,
wherel is the separator thickness in cm, A is the separator-sgxt®nal area in chand

R is the bulk resistance ingmInterfacial resistance and lithium ion transport numbers

(tLi*) were obtained using the appropriate electrolyte film with symmetric nonblocking
lithium electrodes at 60C. The interfacial resistance was measured under open circuit
potential. The lithium ion transference number was obtained using thdi edodic./a.q
steadystate current method, which contains corrections for slow diffusion coefficients of

the ionic species, slow electrode kinetics and passivétios formed on the electrodés:

it = lss YV-lo Ro)/lo(Y®  IsRs9

or the same but multiplied bys#R, (however, Bs~ Ry).2’ A DC pulse (DV) of 10 mV was

used to polarize the cell, and the initial currefitahd resistance,.Rnd final, steady state,

Iss Rssvalues measured, briginates from the migration of both the anions and cations,

while Iss is due to the migration of only the cations. Data fiMat the appropriate
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equivalent circuits using Echem analyst softwareear sweep voltammetryas used to
determine the eleaichemical stability window of the 80/20 PYARFSI/MC/0.20M 4mer
(LITFSI)4 at 60°C using a stainless steel working electrode and a lithium counter/reference

electrode, and the voltage was swept from O to 7.0 V at a rate of *mV s

3.2.3 Materials and Methods

3.2.3.1 Synthesis of 4mef(LiTFSI)4 = PhSi404[(Si(CH3)2R)]4 with R = -
CH2CH2CH2NLISO2CF3

The synthesis of the Ph8L[(Si(CHas)2>-H)]4 (4mekr(SiH)4) has been described
previously?®. The synthesis of Ph&[(Si(CHs)>-R)]s, R =-CH,CH,CH:NLISO.CF; is
presented irscheme A.1 The details of the synthesis alfyltrifluoromethylsulfonamide
(1), the hydrosilyation of allyltrifluoromethylsulfonamide with 4m{&iH)s to form
PhSkO4[(Si(CH3)2-R)]s, R = =-CH2CH.CH>NHISO.CFs (2), and the conversion to the

lithium salt @) are presented in thigppendix A andFigures A.1-A.3.

3.2.3.2 Preparation of PYR14TFSI /MC/4mer-(LiTFSI) 4 and
PYR14TFSI/MC/LITFSI lon-gels

Sample preparation and storage wawaein a N> or argon purged MBraun glove
box. The preparation of thBYR14TFSI /MC/4mex(LiTFSI)4 ion-gels isdescribed in the
schematic beloncheme 3.1 To prepare the PYRTFSI/MC/4mer(LiTFSI)4ion-gels,
calculated amounts of MC (2 wt/v %), 4m&TFSI)s and PYR4TFSI were cedissolved
in DMSO at room temperature (RT). This solution was left stirring egbktin the glove
box and the viscous solution cast on Te?lqniates. The DMSO was evaporated first at

room temperature, then on a hot plate inside the glove box and finally in a vacuum oven at
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110 120°Cfor ~ 48h to remove residual DMS@o residual DN&O confirmed by TGA
The solutions did not gel as was observed when DMF was used as the'salverihe
films only became more viscous as the DMSO was removed, untiktiielfied (upon
complete removal of DMSO). Films with PYRFSI/MC = 60/40, 70/30, 80/20 and 90/10

compositions were prepared with and withO M 4mer(LITFSI)a4.

4mer-(LiTFSI),
in DMSO

a Casting on to a Teflon mold

Stirring Overnight

PYR,,TFSIin
DMSO

MC in DMSO

Removal of
DMSO

Scheme 3.1preparation of PYRTFSI/MC/0.20 M 4mex(LiTFSl)sion-gels "¢

For comparisonPYRwTSI/MC/ 0.20 M LIiTFSI ion-gels were prepared by eo
dissolution in DMF at 9% and the same solvent removal procedure. However, in this case
gel formation was observedrhe solution was cast onto TefFom)Iates in the glove box,

evacuated at room temperature (RT), removing most of the DMF, followed by heat
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treatment in vacuum at 9C to remove residual DMF. The labile proton on DMF did not
displace Li in LITFSI but didso with the 4me(LiTFSI)s, so DMF could not be used to

prepare PYRTSI/MC/4mer(LITFSI)4 ion-gels.

3.3 Results and Discussion
3.3.1 Characterization of 4mer-(LiTFSI) 4

It was not possible to obtain a single crystal of the 4fn@i=Sl)s (Product 3),
which remaned amorphousHgure A.3). However, the precursor amidBréduct 2),
although initially a viscous liquid, crystallized after storage in the refrigerator. Both single
crystal and powder-ray diffraction data were obtained (which were distinct from the
stating material and did not contain any LiTFSI). The generated powder pattern from the
single crystal data agreed well with the experimental powder pattgraré A.4). The
image Figure 3.1) show that the phenyl groups are preferentially on one sidpari@ake
like structure, although not really Jarise, with the NH(SQ)-CFs groups as far away

from each other as possible.

3.3.2 Thermal Analysis
3.3.2.1 Thermo Gravimetric Analysis TGA)
Maximum degradation temperature&®) obtained from the DGA dataare
summarized iMable 3.1.andexhibits maxima () for: (i) pure 4met(LiTFSI)4 salt ¢Z )
at Ty = 266°C (major), 45FC (weak) and 558C'( mi nor ) ; (i i Hd™pur e MC
3539C (major) and 508C (minor); (iii) pure PYR4TFSI & ) at T¢™®> = 452°C (major).

The TGA dataFigure 3.2 andFigure A.5) indicate that the degradation temperatures of

[11]]



the ion gels are all > 308C and are determined by the MC component, which has a
considerably lower J"® than the PYRTFSI, and the degradation temperature of the
4mekr(LiTFSI)4, originally at 266°C: is eliminated when mixed with the PYRFSI. The

major degradation peak for thener(LiTFSI)4 (Tq = 266°C ) is lower than for LITFSI (I

= 400°C), and its pattern of thermal degradation is more complex compared with the single
degradation peak for the LiTFSI, and is not completely decomposed gysotgsis and

residual ash athe phenyl groups and Si@ (Figure A.6).

Addition of 0.20M 4mekr(LiTFSI)4 (Z ) to PYR4TFSI & ) eliminates the " of
4mer(LiTFSI)4 and increases (T of PYRTFSI (A R By 23C, indicating that the
dissolution of the 4mefLiTFSI)s in PYRu4TFSI prevents its degradation at lower
temperatures. The effect of M& () addition to PYR4TFSI # ) is smaller, with " of
PYRwTFSI ( ,Z ,Z , 7 ) decreasing gradually from 452 to 442 This small change is
consistent with the immiscibility of MC in PYRIFSI. Addition of MC to
PYRwTFSI/Amer(LiTFSI)s decrease$s " of PYRuTFSI/4Amer(LiITFSI)4by 32C (from
475°C to 442C). Theseresults suggest that the 4n{eiTFSI)4 makes the MC and
PYR14TFSI more compatible. Theffect on the degradation of MC is that Ttg ™
decreases by an average ofP29when mixed with PYRTFSI, and by an average of 12.5
°C when mixed with PYRTFSI/4mer-(LiTFSI)4 (note: this lower decrease occurs because
PYRwTFSI/Amer (LITFSI)4 has a higher initially ™ than PYR4TFSI by 23C). As
discussed below, DSC, DMA andrdy data suggest that PYARFSI/MC/4mef(LITFSI)4
is microphase separated integions composed predominantly of PYR-SI/4mer

(LiITFSI)4 and regions where the MQGibrils are swollen with PYRTFSI or
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PYRwTFSI/Amer(LiTFSI)s2. The sweling of the MC with PYRTFSI

orPYRwTFSI/4mer(LiTFSI)4 may make the MC more accessible to degradat

PYR, TFSIMC/4mer-(LITFS)
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Figure 3.2. Thermal analysis and -Kay diffraction data for 4me(LiTFSI)a,
PYRwTFSI/MC and PYR4TFSI/MC/0.20M: (i) TGA and DTGA thermograms; (ii) D:
traces of PYRTFSI duringheating and cooling and upon addition of MC and MC/0.
4mer(LiTFSI)4; 80/20 PYR4TFSI/MC/0.20M 4mef(LITFSI)4 expanded 200% to shi
slight crystallization; (iii) Xray diffraction data of neat MC, PYRFSI, 4mef(LITFSI)4
and blends of PYRTFSI/MC/0.20M 4met(LiTFSI)4 at-173°C.

3.3.2.2 Differential Scanning Calorimetry (DSC)
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Table 3.1. T¢"*(°C) for neat 4me(LiTFSI)s, PYRwTFSI, MC, blends ofPYRi4sTFSIMC
and PYR4TFSI/MC/ 0.20 M 4mei(LiTFSI)4 lon-gels

Sample Tgmax(°C)
PYRuTFSI/MC/ 4mer(LITFSI) 4 MC | PYR14TFSI dmer-(LITFSI) 4
0/0/100 - - 266
0/100/0 353 - -
100/0/0 - 452 -
90/10/0 325 452 -
80/20/0 316 448 -
70/30/0 330 444 -
60/40/0 325 442 -
100/0/0.20M - 475 -
90/10/0.20 M 336 465 -
80/20/0.20 M 342 460 -
70/30/0.20 M 344 456 -
60/40/0.20 M 340 453 -

DSC dataFigure 3.2 and Table 3.2 indicate, as previously observet§, that the
neat PYR4TFSI supercools, and thus crystallizes and remelts upon heating. Addition of
0.20 M4mer (LiTFSI)s suppresses the crystallization and almost completely suppresses
the melt endotherm of PYIRIFSI. Addition of MC byitself suppresses the crystallization
and melting of the PYRTFSI with increasing effectiveness as more MC is added, with

complete suppression occurring at RYRSI /MC = 70/30.
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Addition of 0.20M 4mer(LiTFSI)s to PYRuTFSI/MC suppresses the PYRFSI
crystallization completely at PYRIFSI /MC = < 80/20 (there is a very small
crystallization peak in the 80/20 sample shown as an insert). Since complete suppression
of PYRwTFSI crystallization is more effective without MC, this suggests that there may
beregions in the iomgels of PYR4TFSI/MC/4mer(LiTFSI)4 and regions with only phase
separated PYRTFSI/4mer(LITFSI)s. When compared with PYIRTFSI/LITFSI, the
4mer(LITFSI)4 is more effective at suppressing the RYIFESI melt endothermHjgure

A.7). The expanded DSC data at low temperatbreuie A.8, Table 3.2) show that § of

the PYR4TFSI increases fror86.6°C to-83.6°C with addition 00.20M 4mek(LiTFSI)4,

and that separate addition of MC to PYR-SI increases thegby a smaller amour{t-1

°C), to an average 685.3°C. Addition of both MC an@.20 M4mek(LiTFSI)sincreases

Ty monotonically to-85.4°C. Although these Jeffects are small, they indicate that the
4mer(LiITFSI)4has a greater interaction with the P)YR-SI than does th®IC, as might

be expected, since the 4m&iTFSI)4is actually dissolved in the PYRFSI, while MC

and PYR4TFSI are not miscible.

3.3.3 X-ray diffraction

X-ray diffraction dataKigure 3.2 and Table 3.3 show several interesting trends.
The 4mef(LiTFSI)4 (# ) is incorporated at such low concentratiOr2Q M) that its xray
signature (amorphous, since it is dissolved) could not be observed in the blends. The MC
has two diffraction peaks at 853nd 21.09( d ot t e d A- &ré guides to e eye for
thepeaks). The 8.57 peakis separate from the PYRFSI peak and thus can be used to

observe the persistence of the MC semystalline regions for all the compositions (with

[119



and without 4me(LiTFSI)4), although with decreasing intensity as its percentage in the
blends decreases. PYARFSI exhibits twdbroad peaks at 12.and 20.9 (vertical A AakeA
guides to the eyeThe 12.8 peak is isolated from any MC peaks and its relative intensity
increases compared with the &%eak of MC as its percentage in the blends increases.
Although the 21.09and 20.9 peaks of MC and PYRTFSI are close, there is a shift in
the peak maxima upon increased MC content in the hlends

Table 3.2. Ty (°C) for neat PYRwTFSI, MC, blends of PYRuTFSIMC and
PYR14TFSI/MC/ 0.20M 4mer(LiITFSI)4 lon-gels.

& Secondary transition of MC

Sample Tg(°C)
PYRu4TFSI/MC/ 4mer-(LITFSI) 4 PYR14TFSI MC
DSC tan tan 0

0/0/100 NA NA NA
0/100/0 NA -63° 201
100/0/0 -86.6 NA NA
90/10/0 -85.6 NA 172
80/20/0 -84.5 -75 182
70/30/0 -85.2 -69 169
60/40/0 -86.0 -73 184
100/0/0.20 M -83.6 NA NA
90/10/0.20 M -83.2 NA 165
80/20/0.20 M -84.2 -71 173
70/30/0.20 M -85.8 -70 176
60/40/0.20 M -85.4 -75 182
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The persistence of the separate MC and RYIRSI (with or without 0.2 M 4mer
(LITFSI)4) peak in the xay diffraction data indicate that there is phasparation in the
PYRwuTFSI/MC/4mer(LITFSI)4 ion-gels. This is confirmed by-say diffraction data for
samples cooled te100 °C, heated to-40 °C (Figure A.9), so that the PYRTFSI
crystallinity is maintained and observed clearly as a separate

phase in the iomgels.

3.3.4 Mechanical Property Data

Tanl data Figure 3.3, Table 3.2) show that the low temperature glass transition
for PYR14TFSI or PYR4/TFSIN.20M 4mer(LiTFSI)4 occursat <72°C> for samples with
and without 4me(LiTFSI)4, which is not unexpected since there was very little shift
observed by DSCHigure 3.2). This suggests that the PY/RFSI/4mer(LiTFSI)sis phase
separated in these iggels. In PYR4TFSI/MC blends, the Jof MC decreases from its
value of 201°C to lower values that decrease with increasing RVIFSI content (except
for the 70/0 composition). This shift to lower temperatures is slighthatgr in the
PYRwuTFSI/MC/4mer(LITFSI)4 blends, suggesting that the 4r{eiTFSI)4 increases the
compatibility/interactions of the components. Thus, although the bulk of the
PYRwuTFSI/Amer(LiTFSI)s is in a separate phase (as observed by theofTthe
PYRw4TFSI/Amef(LiTFSI)4 in the taniand DSC Table 3.2, there is some interaction of
MC with the PYR4TFSI/4Amef(LiTFSI)s to reduce its §. This might occur either as
interfacial interactions or as a swelling of the MC fibrils with the RYRSI/4mer

(LiITFSI)a.
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Storage moduli datd={gure 3.3) for the blends show as expected that addition of
increasing amounts of the PYARFSI ionic liquid to the MC decreases the moduli of the
blends. WherD.20 M4mer(LiTFSI)4is added (seen more clearty the 60/40 and 7/30
compositions), the moduli with salt are decreased compared with the blends withcut 4mer
(LITFSI)4. This suggests that, since the moduli are determined by the MC component, the
greater decrease iny That was observed whén20 M 4mer(LiTFSI)swas added to the
PYRwTFSI, also accounts for the bigger drop in moduli. There is aaffap the storage
moduli at Ty of the MC for all compositions. However, the moduli remain in the MPa range
to temperatures of 15T as tabulated ifiable 3.4

Table 3.3. Positions for Xray diffraction peaks for neat 4m@riTFSI)s, PYR4TFSI,

MC and PYR4TFSI/MC/ 0.20 M 4me(LiTFSI)4 blends

Sample Peak 1 () Peak 2 0) Peak 3 0)
PYRuTFSI/MC/ 4mer-(LiTFSI) 4 MC PYR14TFSI | MC or PYR 14TFSI
0/0/100 467 8.91 19.0F
0/100/0 - 12.60 20.90
100/0/0 8.57 21.09
90/10/0 12.48 20.31
80/20/0 8.74 (small) | 12.60 20.53
70/30/0 8.86 12.90 21.20
60/40/0 8.74 12.72 20.88
100/0/0.20 M - - -
90/10/0.20 M 12.32 20.14
80/20/0.20 M 8.50 (small) | 12.60 20.53
70/30/0.20 M 8.67 12.53 20.59
60/40/0.20 M 8.52 12.42 20.71
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Figure 3.3. Storage modulus (left) and Tar{Right) data. For the 80/20 compositi
the crystallization and melt of the 4m@iTFSI)4 (as also seen in the DSEigure
3.2) can be observed. The peak 68°C may be due to a secondary relaxation in‘l

3.3.5Electrochemicaldata

Conductivity dataKigure 3.4(A) andTable 3.4) show, as previously observed, that
the conductivity decreases with addition of lithium salt (here 4@&FSl)s) and with
increasing amount of MC in the bleddm the case of pure PYRFSI, addition 00.20M
4mer(LITFSI)4 has minimal effect on the conductivity. This has been attribuneother
LiX/RTILs, to the small contribution of the LiX ions to the total number of ions in the
solution. Addition of MC to PYRTFSI or MC to PYR14TFSI /0.20M 4mer(LiTFSI)4
results in much greater reductions ¢y order of magnitude) in conductiyitompared

with the addition 00.20 M 4mer(LiTFSI)4 to PYRwTFSI.

Mixtures of PYR4TFSIMC/LITFSI andPYRu4TFSIMC/4mer(LITFSI)s at the

same molarity @.20 M Li*) and MC compositionrevealed similar ionic conductivity
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(Figure A.10). In single ion conductors (SICs), low ionic conductivities have been
attributed to ion aggregation, much greater than observed in the case of the corresponding
LiX anions. Here, the conductivities are veiynilar for LITFSI and the 4meiLiTFSI)4,
indicating that whatever ion pairing occurs is the same for both salts. Unlike SICs in which
the pendant anion is attached to a flexible polymer backbone, so that ionic aggregates can
occur, here the anions arttaghed to a rigid structur&igure 3.1) that inhibits this type

of association. The stability window [Figure 3.4(B)], measured for the80/20
PYRwTFSI/MC/0.20M 4mer(LiTFSI)4 using a stainlessteel working electrode and
lithium as the counter and reference electrode was 0.8V to 5V, with a threshold current of
50 Dlamperes/ci This is above the 4V stability range necessary in practical LIBs,
although less than previously reported ffattery grde PYR4TFSI (~ 6V¥, with little
degradation observed due to the MQlorer(LiTFSI)4. The interfacial resistang€&igure

3.4(C)] increases for the first 36 hours, decreases until 89 hours and then stabilizes at 89
hours, which was further confirmed at 160 hours (not shown). These trends are often
observed as the SEI layer on Li metal is formed, partially dissolves and stabibizes; n

attempt was made to investigate the composition of the SEI.

Lithium ion transferences numbeiBaple 3.4) started from a value ofit = 0.09
for 4mer(LiTFSI)s in PYRwTFSI, and a similar value was measured for LiTFSI in
PYRwuTFSI (Table A.1). Reported values ofit for RTIL/LiX pairs, from PFGNMR
(where the individual seffiffusion coefficients of the anions and cations are meastired)
1011 139y dc polarizatiof™ 3738 (using Li metal as neblocking electrode$4%) methods

are in the range ofit = 0.023 to 0.132101%. 13
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Table34.Conductivity (B), modulus (E@&Y)asand
function to PYR4TFSI/MC/4mek(LiTFSI)4 composition

Sample
PYRwuTFSI/MC/4mer | B E° |8 tit |E° |B Eo6 |EO
(LITFSI)4 mS/cm| MPa | mS/cm MPa | mS/cm| MPa | MPa
3°C | 30°C | 60°C 60°C | 90°C | 90°C | 150
°Cc
0/100/0 7973 7298 6446 | 4213
60/40/0 0.04 3027| 0.14 2398 0.45 1888 | 775
70/30/0 0.12 975 | 0.3 740 | 0.57 579 | 224
80/20/0 1.0 654 | 1.6 533 | 2.9 414 | 148
90/10/0 1.3 109 | 3.2 81 5.6 69 14
100/0/0 4.3 9.8 15.5
60/400.2aM 0.005 | 1884 | 0.006 | 0.39|1568| 0.008 | 1283 | 464
70/300.2aM 0.09 590 | 0.19 0.36| 447 |0.33 367 | 128
80/200.2aM 0.3 570 | 0.7 0.35| 110714 985 | 312
90/100.2aM 0.6 198 | 1.3 0.19|115 |19 76 17
100/00.20M 3.3 7.5 0.09 114

The value ofit* obtained f010.20M LiTFSI in PYRwTFSI (" = 0.1) was slightly
higher than that measured by PN®IR (ti* ~ 0.07}~. Larger anions witlyreater charge

delocalization such as 4m€FFSI)4 or TFSI also enhanceit by decreasing ion pairs and
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aggregates, thus leading to higher lithium ion diffusivit@sth addition of MC, "
increased and levelled off at't~ 0.36 for 80/20 PYRTFSI/MC/0.20M 4mer(LiTFSI)a.

In the case of 80/20 PYIRTFSI/MC/0.20M LIiTFSI, ti* = 0.18, half that of the 4mer
(LITFSI)4 (Table A.1). This suggests that the interaction of 4+(l#¥SrF)4 anions or the
TFSI anions of PYR4TFSI withthe MC play a role in retarding migration of the anions,
effectively increasing.t’, and that the interaction is greater for the 4(i&SrI)s. There
have been several approaches to increasifgint LiX/RTIL pairs, in particular by
increasing the numbelensity and diffusion coefficients of lithium ions or decreasing the
diffusion coefficients of the anions or cations of the RTIL. For LiX/RTIL pairs investigated

to date, " increases with the mole fraction of LiX (to values of about’0t%})" 19 37 41

However the concentration of the LiX salt in the RTILs is limited by their solubility
and tendency fothe mixtures to crystallize at high Li¥oncentration'$. For the 4mer
(LITFSI)4 investigated here, solubility problems were observed at 0.5 Misdlt/LiX
solutions, a third component, typically solvents with electronegative oxjg¥nisas been
shown to disrupt the coordination of‘land the anion of the RTIL, resulting in increased
Li* mobility and overall conductivity. Inorganic fillers added to RTIL/LiX also increase
values of ti*, as observed using siti (SiQ)?® (tu* = 0.1 0.27), polyhedral oligomeric
silsesquioxanes (POSS) with hydroxyl groups (P@&8* (ti* = 0.20- 0.49), and TiQ
nanotube® (ti* = 0.295, 0.459), all of which are believed to increagehrough Lewis
acid-base interactions between surface sites on the filler with theins of the lithium
salt, increasing the fraction of ‘Lcations available for conduction. Alternatively, it has

been suggested that the SiOH groups on the silica surface attraetéase Hto interact
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with TFSI anions, reducing the size and iocharge of Li(TFSl by removing one or two

TFSI anioné®.
- Qm.
PYR,,TFSI/MC/4mer-(LITFSI)4 80/20 PYR,,TFSI/MC/0.20 M
~8-100/0/0 4mer-(LiTFSI),
o+ 100/0/0.2M 00008
90/10/0
=@~ 80/20/0 g B
aajp=70/30/0 E
= 60/40/0 :
90/10/0.2M G g 0000
-< > 80/20/0.2M
es= 70/30/0.2M
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Figure 3.4. (A) Conductivity versus 1000/T (K for PYRw.TFSI/MC/4mek(LiTFSI)4 as
a function of composition(B) Electrochemical stability window anC) interfacia
resistance (at 6fC) for PYR4TFSI/MC/4mer(LiTFSI)s= 80/200.20M

Polymers can increasg‘tby interacting with the anions, slowing their motions,
and decreasing anion interactions with the Li ions, thagasinghe number of free Li
available for conduction. For the PYRFSI0.20M 4mer(LiTFSI)s investigated here,
indirect evidence of specific interactions between the compoiseniggested by the DSC,

DMA and X-ray diffraction dataln addition, celluloseolubility studieshed some insight
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on the interactions that occur in these syst&nsles of cellulose indicatiat dissalition

of cellulose depends on the ability of solvents to disrupt the-iatrd intermolecular
hydrogen bond netwofk a recent view regards cellulose as amphiphilic, with the
equatorial direction of the flucopyranose ring (the monomeric unit of cellulose) having

a hydrophilic character (since all three OH groups are located on the equatorial position of
the ring and the axial direction have a hydrophobic character (since-thdnirogens

are located on the axial positions of the ring). Thus the ability of a solvent to dissolve
cellulose also depends on its ability to disrupt these hydrophobic interactioneetwe

cellulose moleculég.

Dimethyl acetamide/LiCl (DMc/LICI) is a welkknown mixed inorganic/organic
solvent for cellulos®. The mechanism of solubility of cellulose in LiCI/DMAc is not fully
understood, but it is believed that the lithium ions are linked with the carbonyl of DMACc.
The Cl anion (due to its basicity) then interferes with the inded intrahydrogenbonds
in cellulose, possibly complexing three OH groups of celldfpsand resulting in an
anionically charged polymer, with {IDMACc] as the counterion, followed by the exchange
of DMAc in the lithium coordination sphere by cellulose hydroxyl groups. This
palyelectrolyte effect is also observed in the TBAF/DMSO system, whelbinBs to the
cellulose and expands the chain due to charge repulsion and NMR evidence indicates that
the Fact as hydrogen bond acceptors of the cellulose OH grolpgeneral, small, strong
polarizing cations (e.g. L) and large polarizable anions are found to interact strongly with

cellulose.’Li NMR evidence supports the direct interaction between Li and cellulose
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hydroxyl group®?. Large polarizable anions are effectively hydrophobic and are enriched

at the hydrophobic surface of cellulose.

Although these redts have been obtained for cellulose, analogies can be made with
MC, since the axi al p |thee mopiatoried plaset contains féiMery d r o
OH groups and thus less intrand inter molecular hydrogen bonding (1169 of the
(equatorial) OH are substituted with methyl groups). In the case of #FRI/MC/4mer
(LITFSI)4 in DMSO, by analogy with the LiCI/DMAc, the Liwould initially be bound
with the carbonyl of DMSO, leaving the large, polarizable 4(&SrI)s or TFSI anions
to hydrogen bond with any free OH groups on MC or interact with them by hydrophobic
association. The large, bulkitbutyl-1-methylpyrrolidinium cation will not have easy
access (steric restrictions) to the O of the cellulose hydroltyiss worth notingthat the
pyrrolidinium cation is not one that dissolves cellufés&he smaller Liion on the other
hand, can have access to the hydroxyls, which become part of the toordination shell
with DMSO (which is eventually completely removed), weakening the associatiof of Li
to 4mer(TFSH)sor TFSI. In PEO/PYR4TFSI/LITESI polymer electrolytes, Raman data
suggest that there is mixed'ldoordination to both PEO and $F°3. However, in this case
Li*ion mability was minimally affected as the PEO/P¥RFSI ratio changed, while for
MC, ti* does increase significantly. For cationic polymeric ionic liquids (PIL),
poly(diallyldimethylammonium bis(trifluoromethyl) sulfonyl imide) (PDADMATFSI),
the polymer alsoan interact with the anion coordination shell, reducingian-TFSF
anion interactions (however the*libon mobility, as measured by its diffusion constant,

was slight reduced due to the viscosity increase from the poRfmer)
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The PYRTFSI/MC/0.20 M 4mer(LiTFSI)4 ion gels thus have both high"tand
high ionic conductivities, which is unusual for RTIL ion gels the case of
PEO/BMPYTFSI/LITFSI (BMPyYTFSI = -butyl-4-methylpyridinium
bis(trifluoromethanesulfonyl)imide ),.it was found to decrease and ionic cactdlity to
increase with increasing mole fraction of the ionic liquid (since the measured conductivity
originates mainly from the BMPyTFS?) While values ofi* were high, conductivities
(B) were low, e.g. (1" =0.3638= 2.1 x 16 S/cmtot*=0.1508= 6.9 x 10°S/cm. In
P13TFSI/LITFSI/PVDV-HFP (R3TFSI = Emethyt3-propylpyrrolidinium
bis(trifluoromethanesulfonyl)imide, PVDHRFP = poly(vinylideneco-
hexafluoropropylene), it are low (ti* = 0.034 at 1M LiTFSPP. In the case of cationic ILs
tethered to Zr@nanoparticles, addition of LiTFSésulted in a largeit of 0.35, possibly
due to immobilization of the IL cations by the Zr@anoparticle core, which decreases
their contribution to the ionic conduction (as well as increasing the ionic conductivity), but

conductivities weragainlow (10° S/cm¥"’.

The DSC, Xray diffraction and DMA data suggest that the MC is microphase
separated from the PYRFSI/4Amer(LiTFSI)s. Previously, we have shown that in
PYRwuTFSI/MC iongels, the high ionic conductivity is the result of microphase separation
of semicrystalline nanometer diameter MC fibrils, which give mechanical strength to a
connected liquid network, in whicihere is little dissolution of MC chaihsMixing of
RTILs with polymer chains will increase their viscosity and decrease their conductivity. In

the previous work, gelation occurred fordvin DMF® and MC/PYR4TFSI in DMF
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solution, and the iogels were formed by evaporation of the DMF from the gel phase. In
that case, Jof the MC in the iorgel was the same as in pure MEere, gelation of MC,
PYRwTFSI/MC or PYR4TFSI/MC/4mef(LiTFSI)4 never occurred in DMSO (by heating

and cooling to RT), although evaporation of the DMSO resulted hgétsy and § of the

MC did decrease as PYRFSI or PYR4TFSI/4mef(LiTFSI)4 was added. This could be

the result of more PYRTFSI/4Amer(LiTFSI)simbibed by the MC fibrils, decreasing their

Tg, and is supported by the cellulose solubility studies that suggest hydrophobic/hydrogen
bond interactions between cellulose and the anions, and participation of the OH of cellulose

(or MC) in the solvation spheré bi *.

A final comment is that in single ion conductors (SICs), low ionic conductivities
have been attributed to ion aggregation, much greater than observed in the case of the
corresponding LiX anions. Here, the conductivities are the same&LiTFSI and the
4mer(LITFSI)4, indicating that whatever ion pairing occurs is the same for both salts.
Unlike SICs in which the pendant anion is attached to a flexible polymer backbone, so that
ionic aggregates can occur, here the anions are attached to stmigidre Figure 3.1)

that prevents this type of association.

3.4 Conclusions

Blends of 4me(LiTFSI)s can be formulated into iegel electrolytes by co
dissolution of MC, PYRTFSI and 4me(LiTFSI)s in DMSO and evaporation of the
DMSO. What is interestingbout these materials is that both ionic conductivity and lithium

ion transference numbers can be simultaneously enhanced® YReTFSI/MC/0.20M
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4mer(LiTFSI)4 ion gels had combined high RT ionic conductivities (>* Blcm) and
transference numbers;i{t= 0.35).At the same Limolarity, ion gels prepared with either
LITFSI or 4me¢(LiTFSI)s have very similar conductivities. Unlike what is sometimes
observedn the case of single ion conductors, the conductivity does not decreasaas the t
increases. However, the 4m@iTFSI)4, with its large (1242 g/mol) anion, has's that

are factors of 2 greater than the LiTFSI'(£ 0.18), so that a greater fractiofithe charge

is carried by the Lication rather than the anion. By analogy with cellulose solubility
studies, we propose that this is due to hydrophobii@htding interactions of the 4mer
(TFSI)4 anion with MC as well as hydrogen bonding of Wwith the OH of MC and thus
participation of the MC in the solvation sphere of.[TThe separators have high thermal
stability, dictated by the degradation temperature of the MC and the selected Li salt, since
the thermal decomposition of tHeYRi4TFSI is > 400°C. They also have excellent
mechanical propert i eMPafouli<t2¥C, RAich cootrdstsiwith, E 6

the rubbery mechanical properties found for many ion gels (e.g. RTILs gelled with silica

NP<9).
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CHAPTER 4
GEL POLYMER ELECTROLYTES WITH HIGH MODULI AND HIGH
CONDUCTIVITY DE VELOPED BY IN -SITU ENCAPSULATION OF SOLVATE
IONIC LIQUID IN METHYL CELLULOS E

4.1 Introduction

The need to improve lithium metal battery safety has motivated the search for
nonvolatile electrolytes that are nonflammable, resist lithium denghite@th and match
or outperform the current carbonate electrolytes used in lithium ion batteries (LIBS).
Research has focused on lithium ion conducting ceramics (LtQ@symer electrolytes
and hybrid LICGpolymer electrolytes. However, gel electrolytbsave even higher ionic
conductivities, make good contact with tHectrodes, and wet the cathode particles similar
to liquid electrolytes, so that all of the active material in the cathode can be accessed, and
they can better tolerate the volume changes of the electrodes during cycling. These
advantages of gel electrodg favor them to be used alone or with LICCs, in composites or
sandwiched between the LICC and the electrodézl electolytes are formed by
encapsulating a liquid electrolyte in a gelating material, for example a pdlpmer
inorganic SiQ°. The resultant gel electrolyte is a solid, but the entrapped liquid often
maintains its fluid behavior, particularly agh concentrations (> 70 wt% liquid) when the
ion transport is decoupled from the polymer chain dynainststhat the gel electrolyte
can have conductivities more similar to liquid than to polymer electrolytes. Downsides of
gel electrolytes are poor mechanicabgerties especially at high concentrations of liquid

(> 70 wt%). The ideal gel electrolyte should have ionic conductivities comparable to liquid
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electrolytes while at the same time maintain good mechanical properties to enable easy

fabrication and prevermtendrite growth and cell shorts during cycling.

Room temperature ionic liquids (RTIL) iongels have been widely investigated as
electrolytes for lithium batteri$. The main drawback with the RTIL iongels is their low
lithium transference numbers;{t~ 0.1)*1°, the previous chapter dis@esl the work
towards improving the (f). However, the resulting iongels have low ionic conductivity
because of the very high viscosity of RTILs with lithium $&f& To overcome these
limitations associated with RTIL iongels, solvated ionic liquids are suggested as aleernati
solution to produce gel polymer electrolytes with high thermal stability, high ionic

conductivity and high lithium transference numbers.

Glymes, CH-O-(CH2-CH-O)-CHjs, often referred to (r G, interact with alkal
metalions(M) , since the fAhardod Lewis base ether
M™ ions, often forming stable, loAied, low melting complexes in fixed molar ratios
[M(glyme)y]*. Glymelithium salt complexes are thus catered a new family of room
temperature ionic liquid$ referred to as chelate or solvate (St:$) For M = Li and =
3 or 4 (Gor G), [Li(Gz or G)]", very stable cations arerfoed as the result of the
chelation of the LY by multiple ether oxygeR$ In this case, in the 1/1 molar ratio, the
glymes wrap around the 'iforming a complex cation, separated from the TFSI
aniont”?t?2wi t h -¥S/cm, arddhigh lithium ion transference numbers6#t0.5, as

obtained by PFENMR. These are referred to variously as Li(G3 or G4)TFSI, [t4G
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G4)][TFSI] or [Gs or GuLi] *[TFSI], and have been investigated as SIL electrolytes in
separator$>?*or in polymer matrices?>, for lithium?®, Li-air and LiS?’ batteries due to
their thermal stability, good stability with lithium metal, high oxidative stability up to 4.5V

and low cost.

There have been research efforts to incorporate SILs into polymer ssaffédoim
flexible and tough iongels without compromising their electrochemical propgérig2°
as summarized iffable 4.1 The polymers scaffolds incorporate the SILs with physical
and/or chemical crosslinks or by phase separation of block copolymers (referred to as ABA
copolymers) into structural and conductive blocks. Poor mechanical propeiteegue to
the plasticizing effect of the SIL. Moreover, if 30 to 40 wt% of the polymer scaffold is
needed to provide reasonable mechanical properties for the iongel, the weight of the
electrolyte separator increases, the conductivity and ultimatelgriegy density of the

battery decreases.

This chapter deals with investigating an iongel electrolyte prepared from
[G4Li] *[TFSI] and methyl cellulose (MC). This MC iongedin encapsulate a large (90%)
amount of liquid, solidify and maintain excellent mechanical properties (a room
temperature storage moduluseofN; = & ThisMPassible since MC itself is a high
strength polymer that we have previously shown formgamgtfibrillar network within
iongels$33* MC previously been used as a polymer gel electrolyte with carbonate solvents

alone (where 20 em t hi%okin@amstss #hPVdF€orb e e n
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Celgad®” to increase the mechanical properties of these systems. Gelation with MC

providesthe best combination of conductivity, high oxidation stability up to 5V and

mechanical properties to date for an iongel. MC thus joins the growing list of cellulose

based polymers that are being used in electrochemical storage eviceturther

discussions the notation used for the iongels will be the weight:4] [@FSI] followed

by the wt% MC. For example, an iongel having 90 wt% solvated ionic liquid and 10 wt %

MC (90/10[GaLi] *[TFSI]/MC) will be referred to as a 90/10 longel.

Table 4.1. Comparison of electrochemical and mechanical property data for solvate ionic

liquids (SIL) in polymer (or Sig) host matrices.

Polymer host | SIL (%) | Modulus| Oxidation | 0 (R [GaLi]* Cycling performance
material (RT) stability mS/cm | Retention
vs Li/Li*
Cell type and C Average
operating rate | discharge
temperature capacity
(mAh/g)
and #
cycles
Single Polymers or SiQ
MC 90 ~ 60 5V 0.4 Yes Li/LFP 25°C Cl2 | 127
MPa
This work (200
cycles)
PEC* 80 Viscous | 4.3V ~1 No NR NR NR
liquid
PMMA, 80 Viscous | 4.5V 0.2 Yes NR NR NR
PBA% liquid
4.3V ~1
PELC® <50 Self- 4.5V >0.1 Yes NR NR NR
standing
film
SiO, 75 Quast | 4.3V >1 Yes Li/LiCoO; C/20 | 105
particles® solid
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with >0.1 C/10 | 100
PTFE C/5 |95
self
standing (100
cycles)
ABA block copolymers
SMS, SB%*?® | 7090 | <10kPa | 4.5V 0.17 Yes Li/LiCoO: C/3 | 120
0.4
60°C (50
cycles)
S0g223 70-90 4V 0.3 No Li/LiCoO2 C/5 | 120
60°C (15
cycles)
LML 3! 70 10kPa |45V 0.1 Yes NR NR NR
Chemically crosslinked polymers
PEGDMA?? 80 370 kPa NR 0.73 Yes NR NR | NR
PEGDA® 79 470 kPa NR 0.43 | Yes NR NR | NR
7592 | 640-1 0.40.9
kPa
PMMA?28 7592 | 640-1 0.20.8 | Yes NR NR NR
kPa
poly(MPCco- | 80 7.3 MPa| >5V 0.70 | Yes graphite|]NCM Cl2 |~75
SBVI) 2°
(100

NR = not reported

MC = Methyl Cellulose

SMS = polystyrend-poly(methylmethacrylateb-polystyrene (PSb-PMMA-b-PSt)
SBS = polystyrene-poly(n-butyl acrylatejb-polystyrene (PSb-PBA-b-PSt )

SOS = polystyrenb-polyethylene oxiddo-polystyrene (PSb-PEOGDb-PSt )

LML = poly(lithium acrylater-acrylic acid}b-poly(methy methacrylatep-poly (lithium acrylater-acrylic
acid) (P(LiA -AA) -b-PMMA-b-P(LiA-r-AA))
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PEO = polyethylene oxide
PMMA = poly(methyl methacrylate)
PBA = poly(butyl acrylate)
PELC = polyelectrolyte cationsith TFSI anions
Poly[diallyldimethylammonium bis(trifluoromethylsulfonyl)imide]
Poly[2methacryloxyethylammonium bis(trifluoromethylsulfonyl)imide]
PEGDMA = polethylene glycol)dimethacrylate
poly(MPCco-SBVI) = copolymerf 2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine
vinylimidazole (SBVI)
PEGDA = pofethylene glycol) diacrylate

4.2 Experimental
4.2.1 Materials

All materials and operations were stored/performed in an argon purged glove box
(MBRAUN LabMaster 130yith H-O and Q content < 2ppmTetraglyme (G) (Aldrich)
was dried at 60°C and stored over molecular sieves. Big@romethane)sulfonamide
lithium sdt (LITFSI) (Aldrich) was dried at 110°C. Dimethyl formamide (DMF) and
dimethylsulfoxide (DMSO) were used as received (Aldrich). Methyl cellulose (MC)
(Aldrich, primary supplier DOW, METHECEL A) had an average molecular weight of
86,000 g/mol, 271831.5 w% methoxy groups and a degree of substitution afl1%mol
methoxy per mol anhydroglucose units (as specified by manufacturer). Lithium metal
(0.75mm thick x19mm wide) (Alff\esar) was stored in a desiccat@arbon coated
LiFePOy was purchased from Xiem Tob New Energy Technology Co. Ltd. Carbon black,

PVDF binder and NMethyl-2-pyrrolidone (NMP) were purchased from MTI Corporation
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4.2.2 Preparation of longels

The preparation of the iongedsd the coin cell assembly is shown schematically
in Scheme 4.1 Briefly, the preparation procedure for 4@ [TFSI] is similar to
previously reportef. MC is not soluble in [@i] *[TFSI] in the temperature range RT to
90°C. After dissolution of both the MC and LiG~SI in appropriate weight ratios in DMF,
the two solutions were mixed together. In all cades,MC was a 1wt/vol% solution in
DMF and only the [GLi] \[TFSI]" was varied. For example, to make 90/10 longel, 360 mg
of [G4Li] *[TFSI]” was dissolved in 2ml of DMF and 40mg of MC was dissolve@nih
DMF. The resultant solution was left stirring overnigttRT, heated to ~120 and
allowed to reach RT to form the gel. After the gel was formed it was again heated to ~90
°C and the solution was cast onto Teficsheets, kegh theglove box for ~ 36 hrs at RT
under inert gas atmosphere to allow the evamsraf DMF solvent to form the film, which

was finally placed in a vacuum oven at®8%°C for 72 hrs to remove the residual DMF.

McC Overmgm
4 )

Dissolutionof MCand  Mixing of MC
[G,Li]*[TFSI] in DMF and [G,Li]*[TFSI]
Solutions

Removal
of DMF

g/ Spring
_~ Spacet
Li metal G m
, anode Tef d
Q-“; > longel

[G,Li]*[TFSI) / MC
longel

-\ LiFePO,
= 3 cathode
CE—— ™ spacer

Cell assembly

Scheme 4.1Preparation of iongel with solvate ionic liquid,4d “[TFSI] and
methyl cellulose (MC) and coin celssembly
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4.2.3Thermal, Mechanical and Spectroscopic Characterization

Readers are encouraged to refer to section () for the details of instrument and
parameters used for obtainingDifferential scanning calorimetry (DSC),
Thermogravimetric Analysis (TGA) andDynamic mechanical analysifDMA) data.
Raman spectra were recorded at room temperature using a Horiba LabRAM HR
Evolution Raman spectrometer, with a resolution ofchi8. Excitation wavelength was
532 nm (60 mW power), and grating groove densigsv800 gr/mm. Samples were

measured with 8 acquisitions, 20 seconds each.

4.2 .4Electrochemical Characterization

4.2.4.1 Impedance measurements

lonic conductivitieswere measured by electrochemical impedance spectroscopy

(EIS) using a Gamry potentiosigadvanostat/ZRA (model interface 1000) with 10mV
perturbation volatge in the frequency range from 1 to 1 MHz. Temperature dependent
conductivities were obtained in a homemade electrochemical cell {ktainless steel
blocking electrodes) that was therrtadted in the oven of a cryogenic liquick Nas
chromatograph (GC)he electrochemical cell was equilibrated for two hours & 90
the GC ovenConductivity measurements were made on the cooling and heating cycle from
9(°C to 10C. The resistances ohd heating and cooling cycles were very close. At each
temperature above RT, the sample was equilibrated for about 30 minutes, until the

resistance measurements responded to smalCj-+t&fmperature perturbations.
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4.2.4.2 Electrochemical characteristics with meallic Li electrode

Theinterfacial resistancevas measured with (203%pe) coin cells consisting of
Li%[GaLi] '[TFSI]/Li° and LP/90/10 longel/L? under open circuit voltage (OCV) at 6h
time intervals, with EIS measurements in the frequency rdnlydHz-100 mH2 using an
applied voltage of 10mV. Thelectrochemical stability windowvas measured at RT using
cyclic voltammetry (CV) and Linear Sweep Mommetry (LSV) on cellshat consisted of
90/10 longel and [@.i] *[TFSI] as electrolytes, with stainless steel (SS) as the working
electrode and Li metal as both counter and reference electiatteam plating and
stripping were measured using botlPA[G4Li] *[TFSI]/Li° and LF/90/10 longel/L? cells
at 0.01, 0.05, 0.1 and 0.5mA/éror 2 h charging/discharging at @5 Longer Lithium
plating and stripping werebtained onLi%[GaLi] *[TFSI]/Li° and LP/90/10 longel/L}
cells at 0.05 and 0.1 mA/GEIS was measured before and after the Lithium plating and

strippingexperiments.

4.2.4.3 Preparation of cathode and coin cell assembly for electrochemical
evaluation

The cathode was made with LiFeP€rbon black/PVDF binder (8/1 by weight)
using Nmethyt2-pyrrolidone (NMP) to form a slurry that was doctdaded onto battery
grade aluminum foil to form 1-9.2 mg/cn electrodes. The electrodes were dried in a
vacuum oven overnight at 120°C. The dried electrodes were caldwadéneaDurston flat
agile F130 mm rolling mill mechanical presser. The composite cathode was soaked with
30uL liquid [GaLi] *[TFSI] electrolyte.Coin (CR2032) cells were assembled with both

liquid and gel electrolytes, using a Li metal anode kik®&PQ, cathode A 0.26 mm
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thicknessWhatman glass microfiber filter (GF), grade GF/ivas used for the liquid
electrolyte and the cell was annealed &6fbr ~ 17hrs after the cell assembly to ensure
maximum penetration of the viscous elctrolyte throtlgh highly densely packed active
material in the cathode. Cells with the iongel electrolyte were ingfigad a rest time of

~ 15hrs before the cycling measuremeitse chargalischarge cycling performance was
obtained with arArbin Instrumentd.BT-+10V-3A between 2.6 and 4.0V at 25°C. The
rate capability was compared between gel and liquid cells at C/20, C/10, C/5, C/2, 1C, C/10
and C/20 for 5 cycles. The cycling stability was compared between liquid and gel
electrolyte cells at both C/5 and C/2 for 1&@les. The current values corresponding to
different Grates were obtained with a theoretical capacity@mAh/g for LiFeP@ The

cells made with gel were conditioned at C/20 (2 cycles), C/5 (7 cycles) before testing

cycling stability at C/5 and C/2.

4.3 Results and Discussion
4.3.1 Thermogravimetric Analysis and Calorimetry Data

Thermogravimetric analysis (TGA) for MC, 3] “[TFSI], 90/10 iongeFigure
4.1(A) and 80/20, 70/30 and 60/40 iong@tsgure B.1), demonstrated that the structure of
the solvated ionic liquid [gki] '[TFSI]" was maintained in the polymer gel electrolyte.
Absence of ligand exchange between the polymer arftbxhe Li* cation) was observed
previously for polymethyl methacrylate and poly(butyl acryfdtednd a block
copolymef®, but not in the case of polyethylendae, where the ether oxygens of glyme
and PEO are the saffieNeat G volatilizes at ~ 100°C and neat MC decompos$&§a°C,

and there was no evidence of @volution in either the [gki][TFSI]" or the 90/10
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[G4Li] "[TFSI]/MC. The thermal stability of [gki] '[TFSI]" increases compared withy G
because of the strong coordination afv@th Li*. At other ratios (O/Li > g/), when there

is excess G it has been observed that &olution also occurs at ~ 166%° and when the

OlLi ratio decreases below 5/1, the €volution occurs at temperatures even higher than
200°C*. The TGA profile for [GLi] *[TFSI] occurs in two steps: the volatilization of the
Gsthat was complexed with Lat ~ 220°C and the thermal decomposition of LiTFSI at ~
400°C. The TGA profile for the 90/1@ngel and the 80/20, 70/30 and 60/40 iongels
(Figure B.1) are similar to [GLi]*[TFSI]" except for an additional weight loss step at
around 500 °C due to MC. This confirms that the solvated structuresbi| [FFSI] is
preserved in the iongel. In all cases, the thermal stability of the iongel is limited by the

volatilization of the complead G ~ 220°.

DSC data for G [GaLi] [TFSI] and 90/10 iongel are comparedrigure 4.1(B).
The melt temperature §) of G4 is -24.73C and noglass transition temperaturegfTis
observed. It is clear from the data that the solvate ionic liqud][GTFSI] is completely
amorphous with = -57.3°C, similar to that previously reported {61° C?°. Upon
gelation of{G4Li] *[TFSI] with 10 wt% of MC the Fincreases te50.69°C, which may be
due to the increase in locaiscosity of the[G4Li] [TFSI] in theiongel as the result of
mixing with MC. In the 80/20, 70/30 and 60/40 iongelgfurther increaseg-igure B.2,

Table B.1).
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4.3.2 Mechanical PropertiesDynamic Mechanical Analysis

The storage modulus (ENj) as f ugskhoivm on of
in Figure 4.1(C) Thei ongel has a RT storage modul us
MPa), the highest value for a J3] *[TFSI] iongel reported to date. Although it was
possible to form solid gels with as little as 5 wt% MC, these gels were very weak. With
increasing MC content, physically stronger gels were formed whose mechanical properties
could be measured by dynamic mechanical anal$isd). Figure B.3, show the increse
in ENj with increase in MC contenbDMAcanarti cu
more easily detectgicompared with DSC, particulalfgr stiff polymers such as MC that
have small changes in heat capacity at the glass transition temperature, while there is a
large change both in the storage and loss modulj. &0F neat MC, {is barely detectable
by DSC, while it is easily observed IDMA. The value of § measured previously by
DMA using the p9%¥ Wthough itisaaot possible te dirkclyddissolve
MC into the solvate ionic liquifiGaLi] “[TFSI]", once the [GLi] [TFSI] is encapsulated
by the MC using a cosolvent (here DMF), thel[F*[TFSI]" and MC fibrils do interact,
so that there are WGi] '[TFSI]" poor/MC rich and [GLi] *[TFSI] rich/MC poor phases.
The two amorpous phases in 8@&10iongel composition haveyE of 60°C (Figure B.3)
for the MC rich phase, as observedtby rand Uy = -50.7°C for the [GLIi] *[TFSI] rich
phase, as observed by DSKus,the MC has been plasticized bys[@ *[TFSI]” so that
its Tq is reduced, andglof the [GLi] *[TFSI] component increased due to incorporation
of MC. For the other compositions, there tara peaks in the vicinity of 66C and broad
peaks around30 °C, which are assigned to the4q *[TFSI] rich and MC rich phases,
respectively. While the details these phases were not further pursued, i.e. it was not

possible to determine their relative amounts, it is worth noting that the conductivity data
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will thus contain contributions from both pha¥edrurther, the MC itself contains a

crysalline component that contributes to the high moduli of the iotigElgure B.4)

4.3.3 Raman Data

Raman spectroscopy was used to further to investigate the structure of the solvated
ionic liquid, [GsLi] *[TFSI] in the iongel.Figure 4.1(D) compares the Raman spectra of
MC, [G4Li]*[TFSI] and 90/10 longel in the 700 to 900 ¢spectral region. The MC has
no peaks in the 76900 cm! cm region, aside from a very weak ethe©aC stretching

mode at 893 crh*3.
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The peak around 739 chfor [G4Li] [TFSI] represents the whole anion expansion
andcontraction of the anion (SN stretch andsG&nding vibrations}, which occur at 739
742 cm' for free anions and solvent separated ion pairs and af5@@&m' for contact
ion pairg® and aggregaté$with Li*. Here, the relativelyow 737739 cm' value and the
absence of a peak at higher wavenumber suggests that the anion is not experiencing much
coordination from the [@i] * cation in the neat state or in the iondét& As the amount
of [GaLi] *[TFSI] increases the [GLi] \[TFSI]/MC mixtures, the intensity of the 739 tm
1 TFSI peak also increaseBi(ure B.5). The 863 crt vibration in [GLi] *[TFSI] is the
so called breathing mode of the tetraglyme/Li comlex [|5 in a crown ether like solvate
structure. It exists in all of the iongels at 860%Rigure B.5), also providing confirmation
for the preserved structure of 3] * in the iongelsThis breathing mode &lso observed

for polyethylene oxide with addedHium salts.

4.3.4 Electrochemical Data

4.3.4.1Conductivity Data

Conductivity data were obtained for all the 90/10, 80/20, 70/30 and 60/40

[G4Li] '[TFSI]/MC iongels but subsequent electrochemical testing was only carried out
for the 90/10[GaLi] [TFSI]/MC composition (90/10 iongel).lonic conductivity data
(Figure 4.2(A), FigureB6) f or the | iquid are close to
1.8 x10°S/cm s 1.44 x 16 S/cnt®and 1.6 x 1§ S/cnt®) at 30°C. The ionic conductivity
for theiongel at 30°C is 4 x 16S/cm and > 18 S/cm at 6’C. Addition of MC results
in decreased conductivities by a factor of 5x for the 90/10 iongel and less than an order of

magnitude for the 80/20 longel composition. With increasing MC concentration, the ionic
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conductivity further decreasdacorporation of [GLi] \[TFSI] into iongelshas resulted in

similar decreases in conductivity as the polyowtent increaséd?>.

The equivalent circuit model used to fit the Nyquist plots to get the resistance value

is shown in(Figure B.7), along with the fitted Nyquist plots for both [G4L[i[TFSI] and
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Figure 4.2. (A) Temperature dependent conductivity data ofLJiG[TFSI]" and 90/1
[G4Li] "[TFSI]/MC longel; 8) LSV curves of [GLi] [TFSI] and 90/10 longellmV/se«
at RT, with LP as counter/reference and SS as worlétertrodes; ¢) CV curves ¢
[G4Li] "[TFSI] from -0.6 to 4.5V(D) CV curves of 90/10 longel fror0.6 to 4.5V;(E)
Time dependent impedance measurements ¥90/10 bngel/LP cell; (F) Interfacia
(Rint) and bulk (Ruk) resistances of Pi90/10 longel/L? cell (solid symbols) ar
Interfacial (Rnt) resistance of Ci([GaLi] *[TFSI])/Li° (open circles)B, C, D, EandF
all measured at RT.
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the 90/10 longel at three different temperatulidege temperature dependent dantivity
data was best fit by the VogébmmanF u | cher ( VTF) oexpqB/@riTélon, O (
w h e ro € crd?) is preexponent conductivity, B (K) is an adjustable parameter, and T
(K) is the vanishing mobility temperature. The parameters, incluglitigation energies,

are shown imable B.2.

The activation energies are very similar f@uLi] “[TFSI]- and 90/10, 80/20 and
70/30 longels, bunhcrease for the 60/40 long&hich might be due to increased viscosity
as the result of mixing of MC into tH&Li] \[TFSI]" phasejnteraction offG4Li] [TFSI]
with MC at the interface of the phases, and the fact that there are two phases present, one

rich in MC the other rich ifiGaLi] *[TFSI].

4.3.4.2 Electrochemical Stability Window
The electrochemical stability window (ESW) of the iongel is the potential range

over which it is neither oxidized nor reduced. It is an important property because the
selection of anode, cathode and trasll cycling potential range, and ultimately energy
density in the devices depends on the E®Wincrease in current indicates the start of
decomposition of the electrolyte and thus is a measure of the highest working vidiege.
anodic stability (LS\eurves) for botthiquid and iongeFigure 4.2(B)show that the iongel

has higher anodic stability than pure[@[TFSI]" (4.5V vs 5.0V), based on a threshold
current density of 50 pA/cfThe anodic stability determined by cyclic voltammetry (CV)
(Figure 4.2(C)and4.2(D)), is also higher for the iongelhe higher anodic stability of the

iongel compared with liquid may be due to the absence of fraetBe iongel. Excess
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has been shown to decrease anodic stability in liqudiJGTFSI] eledrolytes, where the

G4 not in the 1/1 complex can be oxidized around®\In the presence of M@xcess G

may form hydrogen bonds with the MC and thus be unavailable for oxiéfatiahlow
voltages, both the ligd and iongel display reversible lithium deposition and stripping
behavior on stainless steel electrodes. There are two peaks that are noteworthy on the
cathodic scans for both the electrolytes. One is a faint peak at ~ 1.5V, attributed to reduction
of water on the SS electrode. The water content might be due to trace amounts of moisture
captured by the samples when they were transferred into the glove box after drying in the
vacuum oven. The other peak at ~ 0.9V corresponds to a redox couple which was
prevously observed. with SS electrodes mainly due to the presence of electroactive surface

species like oxides

4.3.4.3 Stability with Lithium metal
The stability of the iongel with Pimetal at RT was measured in &/ldangel/Li®
cell with EIS measurements taken at open circuit voltage as a function oFitjne
4.2(E). The intercept of the semicircle at high frequency (using the fitted data) was taken
as the bulk resistance and the width of the semicircle taken asteénfacial resistance,
which is plotted irFigure 4.2(F)together with the total resistancedrand the equivalent
circuit model (insetFigure 4.2 E) used in fitting the data. The bulk resistance remained
constant with time, but the width of the semst® (Rsei+cT) increased and then stabilized.
It began &and 408biogl chaeRT (25°C) afied 12 days. Thimis
comparable to other iongels using PEO and RTILs, where values between 380 and 780

q/ ¢mave been obtainét For comparison, the interfacial resistance for the neat solvate
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ionic liquid in a LPliquid/Li° cell at 25°C is given inFigure 4.2(F). It increases from an
initial vaPtue afcdmlRs$bt an tc raftet ~UL2 daysfThissagree8 0 ¢ /
well with previous data on the same system obtained #C4@vhere the interfacial
resistance increased f7toom aanc oinnsittainal? vvaa luvee

after ~ 20 day$.

4.3.4.4 Lithium plating and stripping

Drawbackdor the development of lithium metal batteries are side reactions of the
electrolyte with lithium metal that lead to logolumbic efficiency, since the lithium is
consumed in irreversible reactions, and which ultimately leaghtot lifetimes of the
batery due to electrolyte consumption. In addition, internal short circuits can occur due to
lithium dendrites that form upon repeated charging and dischaegcycling stability
of the iongel and liquid with lithium metal was studied wihlvanostaticithium plating
and strippingmeasurements ihi%liquid/Li°® and Liongel/L? cells as shown ifFigure

4.3 A, B, C and Dwith the polarization potentials listed Trable B.3

Both the liquid and 90/10 longels exhibited stable cycling at low curresitai=n
(J =0.01 mA/crhand J = 0.05mA/cRA). For the L¥/liquid/Li® cell at J = 0.05 mA/chthe
polarization potential increased from ~ 25 mV to ~ 50 mV in ~ 8 days, and then equilibrated
to a value of ~ 60 mV for 22 daySi¢ure B.9A). For the L%/90/10 iongel/L{ cell (Figure
4.3 C)at a low current density (J =0.01mA/®nthe polarization potential was ~ 15 mV
for the first 24 cycles (4 days) and at J = 0.05mA/dor the same period of

charge/discharge, the polarization potential increaseddatat5 mV for the next 24
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cycles (4 days). A separate’l90/10 iongel/LY cell (Figure B.9C) was cycled at J = 0.05
mA/cn? for 150 cycles (25 days), and the overpotential reached close to its initial value
when the current density was decreased to DEn@A/cnt. This suggests that the iongel
followed good L? deposition and dissolution kinetics and the SEI formed with the
electrode was quite stable at low current densifiess the [GLi] '[TFSI] liquid and 90/10

iongel showed similar stable cycling laefor at low current densities.

The polarization values at this low current density for both the electrolytes are given
in Table B.5. At higher current density (J = 0.1mA/énfior the LP/liquid/Li° cell (Figure
4.3 A) the polarizatiorpotential increased from ~ 50 mV to ~ 150 mV in ~ 5 days, and
then equilibrated to a value of ~ 130 mV for 25 days. This is consistent with the initial
buildup of an SEI layer followed by stable cycling. However, for t€0i10 longel/LS,
the overpotetial increased continuously for 90 cycles (15 days), suggesting the formation
of an unstable and/or resistive SEI layer on tHeniétal. For both the cells (liquid and
90/10 longel), with further increase in the current density J = 0.5nfAfbmoverpotetial
value increased rapidly reaching the safety limit of the instrument ~5V resulting in
termination of the experimen€IS data for LY/liquid/Li® and LF/90/10 iongel/LY cycled
at low(Figure B.9 BandD) and high Figure 4.3B and4.3D) current deasities give some
indication of the impedance buildup in the cells. At low current densities (J = 0.01MA/cm
and J = 0.05mA/cA) (Figure B.9 B and D) the Nyquist plots consisted of a single
semicircle followed by a slanted straight line. The EIS data fitei@ethe circuits shown

in Figure 4.3B and4.3D.
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Figure 4.3. Li plating/stripping data for:A) Li%[GaLi] *[TFSI]/Li° cell; first 160 cycle
(~26.5 days) at J = 0.1mA/énremainder at J = 0.5mA/&the inset showing the volta
vs time for the first 160 cycles at J=0.1mAfc(B) EIS data before and after

plating/stripping experiment on YGaLi] *[TFSI]/Li° cell (C) Li%(90/10 [GLi] *[TFSI]
IMC)/Li° cell; first 24 cycles (4 days) at J = 0.01mAfcmext 24 cycles (4 days) at .
0.05mA/cnt, next 90 cycles (15 days) at J = 0.1mA?¢m) EIS data before and after
plating/stripping experiment on490/10 longel/Lt cell; (E) SEM image of mossy Livith
attached iongel separator, an&) (MC fibrillar network of 90/10 longel whe
[G4Li] *[TFSI] has been removed to form SEI.
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The bulk impedance from the fitted data yielded similar conductivity values before
and after plating at low current densities, suggesting that both liquid and iongel electrolytes
were not consumed appreciably during cycling except for the formation 8&hg able
B.4). The R+ cTincreased in size after the stripping/plating experiments, indicating that
there is impedance build up, angeR ctwas larger before and after plating was complete
for the 90/10 longel electrolyte than for the liquid elelgte. One possibility is that the
deposited lithium metal forms a porous mosaic structure, which is connected to the
underlying bulk Li metal. This is confirmed by SEM dakagUre 4.3 E, Figure B.10),
where the mosaic structure can be observed. Thig lejectrolyte may be able to fill the
porous structure and make better contact with the surfaces where the charge transfer

process takes place, so the impedanee (R) after cycling decreaseBigure 4.3B).

In the cell made with iongel there is free liquid to cover the porous lithium sites
formed after cycling, so there is reduced electrolyte/Li contact, and an increage-igrR
This is confirmed by SEM images at the interface between the mosaic structure and the
gel, which appears to be defed of the liquid electrolyte, leaving only the fibrillar MC
network Eigure 4.3F, Figure B.11); these fibrils can only be observed if there is no liquid
present. At higher c Pr(Figera4B addd D)she tmpeglance( J O |

increases more quickly due to the faster buildup of the porous mosaic structure.

The lithium plating/stripping data at J = 0.5 mAfdior the both the liquid and
iongel electrolytes have high polarization resistances. The liquid hdglsligwer

polarization than the iongel, which might be due to the low cell resistance. The cell failure
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at this current density could be a combination of multi and simultaneous processes such as
dendrite short/soft short and/or that dead lithium no lohgsrelectrical contact through

the cell. With repeated galvanostatic plating and stripping bimeital on the surface of

the L working electrode, the volume of the electrode is known to increase, disrupting the
initially formed passivation SEI layer.uRher cycling results in the electrolyte reacting
with the freshly exposed fielectrode surface to generate mosaic lithium pockets and
usually this process continues as long as the cell is in operation, resulting in the corrosion
of Li® electrode and imedance build up in the cell due to lack of electrical contacts and/or
ion transport pathways. In the case of the iongel, when the current density is increased to
J=0.5mA/cm, the passivation layer may not able cover the volume changes in the lithium
electode and forms very disconnected structures leading to impedance buliayuge (

4.3 D) which is consistent with the steep rise in polarizaijbigure 4.3 C). These
observations suggest that in the iongel, there is a mossy growth of Li (as obsé&igeaen

4.3E and 4.3F) and impedance build up by the continuous evolution of new lithium and
electrolyte layers. In the case of the liquid, after cell failure the impedance of the cell
actually decreased, inditing that a low resistance SEI formed. Although failure can result
from dendrite growt??, in this case a sudden drop in voltage is expected, not the rise
observed at J = 0.5 mA/@n It is possible that when the current density was increased
from J = 0.1 mA/crai(where the plating growth was stable) to J = 0.5 mA/there was
disruption of the SEI and exposure of neWdlirface, resulting in increased asion and

thus increased polarization potentiédigure 4.3 A). The low value of the resistance
(Figure 4.3B), although not to zero, is possibly due to the initiation of dendrites that have

not yet spanned the cell.
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4.3.4.5 PostMortem Studies- SEM Data

The Li/90/10 longel/Li cell was disassembled after it failed, and the Li surface and
the longel surface imaged by SEM. The Li surface, which was smooth initially, showed
the presence of a layer of mossy lithiuigure 4.3 D and 4.3E andFigure B.10). The
90/10 longel came apart from the®lhut left some attached gel film on the Li surface
(Figure 4E). EDX analysisftigure B.12 and B.13 confirmed the presence of sulfur and
fluorine from the TFSlanion on the mossy lithium, indicating that the TR®lion was
used to form the SEI layer. The bulk of the iongel film showed integrity and appeared
smooth after cyclingHigure B.14), but near the interface with the mossy, Ithe liquid
appeared dried up and the MC fibers could be obserigdré B.11C). Further, regions
where the mossy Piwvas pushing against the iongElqure B.11D) and regions where it

penetrated the iongel film were observedy(re B.14).

4.3.4.6 Battery Performance

C-rate capabilities, charegischarge curves and cycling stability for’/B0/10
iongel/LiFePO4 and PI[GuLi] *[TFSI]/LiFePO4 cells is compared Figure 4.4 A,B,C
D andFigure B.15 A and B C-rate capabilitiesKigure 4.4 A) are comparable (slightly
better) for the iongehan for liquid electrolytes from C/Z2@50 vs 144 mAh/pto C/5 (140
vs 139mAh/g) with current densities < 0.07 mA/énwhere the L9 plating/stripping data
was similar for the iongel and liquid. Nyquist pldEsgure B.16) for C-rate capability cells
before cycling show slightly better interfacial resistance for iongels compared with
[GaLi] "[TFSI] liquids. This may be due to better adhesion of the iothgal the liquid in

the glass separator to the cathode. At low current densities (and thus low C rates) the stable
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cycling with Li® metal is comparable for the iongels and liquidisate capabilities were
equivalent for 5 cycles at C(225 vs 123 mAh/ gfor the liquid and iongel. At higher C
rates (i.e. 1C) and thus higher current densities@@3nA/cn?), the iongel has lower
capacity than the liquid7@ vs 95 mAh/Y consistent with the better dplating/stripping

plating data for the liquid obsemat higher current densities (e.g. 05 mA/cnf).

The longterm cycling data for the iongel exceeded 100 cycles atFigbire 4.4
C) and C/2 Figure 4.4B) (when the experiments were stopped). The cycling data for the
liquid at C/2 rate Kigure B.17) is consistent with literature reports. As showrigure
4.4 B the capacity of the conditioning cycles at C/20, C/5 H6 and 142 mAh/g
respectively and drop th13 mAh/g at C/41% cycle). The capacity value increases with
cycle number and stabiéz at 131 mAh/g with a coulombic efficiency of > 99% in the first
7 cycles. This may be due to wetting of the electrodes and decrease in polarization
resistance with formation of a stable passivation layer on thaetal. The capacity of the
cell after 100 cycles is 128Ah/g (compared with the liquid that is also 125 mAlagyl
maintains 95% of its initial stable capacitifiqure 4.4 B/D). The chargalischarge
performance of the hatfells with liquid [GiLi] \[TFSI]  and 90/10 longel electrolytes also
have comparable performance at lower C rates (e.g(Effijre 4.4C andFigure B.15).
This cycling performance is considerably better than previously reported ion gels prepared

with solvate ionic liquidsTable 4.1).
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Figure 4.4: Charge-discharge characteristicsat 25°C for Li %(90/10longel)/LiFePO4
cellat 25°C (A) rate performance at variousr@tes;(B) comparison of discharge capa
andcoulombic efficiencyas a function of cycle number for &A(®0/10 longelLiFePQy
and LP/[G4Li] "[TFSI]/LiIFePQ cells at C/2;(C) comparison of discharge capacity
coulombic efficiencyas a function of cycle numbéor a Li%(90/10 longelLiFePQ: anc
Li%[G4Li] "[TFSI]/LiIFePQ cells at C/5(D) Specific capacity vs voltage profiles for
first cycles at C/20, C/5 and B@ycle, 94" cycle at C/2

The difference in performance of the liquid versuseettrolytes in the CiLi°
and LP/LiIFePQi cycling tests is due to the differences in the interactions of the separators
with the electrodes. In the case of the liquid, a glass fiber separator was used, and the
improved performance at the cathode for libvegel is due to better adhesion of the gel

compared with the glass fiber to the cathode; better adhesion reduces the charge transfer
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resistance at the cathode interface. However, although the MC adheres to the Li anode, it
appears that the liquid in theelgis consumed at the interface as observed by the SEM

images Figure 4.3F, Figure B.110).

4.4 Conclusions

An iongel of 5V anodic stability, high ionic conductivity of 4 x18/cmat 30°C,
highstorage modulu€E Nj = 60 MPa at RT and ther mal sta
from 90 wt% solvate ionic liquid [€ki] [TFSI] and 10 wt% MC. The high ionic
conductivity originates from the 90% liquid content incorporated in the low wt% gelator,
but at the same time laieves the highest storage modulus with 90% liquid content to date.
This is due to the nanofibrillar network of MC which can encapsulate up to 95% SIL
without leaking liquid*. MC has the advantages that it is environmentally friendly and
inexpensive. The thermal and Raman studies show thhi] [T FSI] remains as the 1/1
complexwhere the transference number of the lithium ion st 0.5. This means that the
MC gelator physically retains the SIL in the nanofibrillar network without disrupting the
1/1 complex structure. Any residual free iBteracts with the OH groups of MCrtugh
hydrogen bonding with the SIL, which increases the anodic stability (from 4.5 V to 5V)
and opens the possibility for using ether based SIL electrolytes for high voltage
applications. The cycling stability of the iongel with lithium symmetrical a#itsvs stable
cycling at low current densities, but at high current densities (0.5 ntAtampolarization
increases rapidly, and the cell fails. Similarly, in full Li/longel/LiFaf€élls, there is stable
cycling at low C rates, but not at high C ratagygesting that the problem is at thé Li

anode. The SEM data suggest that in a narrow layer at the interface (< 1 nm) the MC is
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attached to the Pi(due to the reaction of the OH groups of MC witH inetaf®) but the
liquid is depleted from the gel, having bemmsumed to form the SEI. Future studies will
focus on a more in depth understanding of the interaction %mktal with iongels

prepared using MC with various degrees of lithium substitution orCtHegroups of MC.

Although similar conductivities havpreviously been achieved with combinations
of polymers and SILs, mechanical properties are significantly lower. Mixtures of
[GiLI]*[TFSIfand PEO had si mil ar*Scomat@@Cc tainvdi tli ess 2(.
x 102 S/cm at 6¢°C), but only formed iscous solutions, not iongétsin situ crosslinked
poly-(ethylene glycol) diacrylate (PEGDA) with }JG]*[TFSI] exhbited similar
conductivities (0.43 mS/cm) with moduli 100 times less (0.47 KfPahile ABA block
copolymers with conductingnd structural blocks have similar conductivitiest®/cm)
but moduli in the kPa rang&! that can exhibit leakad®®® Mixtures of [GLi] *[TFSI]
with poly(diallyldimethylammonium) or poly¢nethacryloxyethylammonium) cations
only formed iongels when the polymer component was greater than 50 wt%, but no moduli
were reportet?. Other iongel electrolytes (with room temperature ionic liquids, RTILS)
have reached conductivities of"4&/cm at 20C and 16 S/cm at 6(°C, but weak gels
with no mechanical property data have been repyreedhe gels have been prepared on
polyethylene supporté Similarly, polymer gel electrolytes ith volatile carbonate
solvents, typically made using combinations of polymers such as polyvinylidene fluoride
(PVdF), pdy(vinylidene fluorideco-hexafluoropropylene) (PVARFP), polyethylene

oxide (PEO), polyacrylonitrile (PAN), or blends, have betteid@onductivities but worse
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mechanical propertiésvith typicalvalues of 16P&, except when incorporated into olefin

or crosslinked aromatieparatoré,
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CHAPTER 5
UTILIZING NANOPARTICLE IONIC
POLYOCTAHEDRALSILSESQUIOXANES FOR FORMING SINGLE ION
CONDUCTOR LIQUID ELECTROLYTES WITH HIGH IONIC
CONDUCTIVITY

5.1 Introduction

One of the major problems in tdevelopment of separators for lithition or metal
batteries (LIBs, LMBS) is to optimize ionic conductivitg) (and reduce concentration
polarization. Concentration gradients adversely affect cell performance by contributing to
the growth of dendrites, weh are branched or needike structures that form instead of
desirable flat, uniform Lideposition. Dendrites can break off, resulting in a decrease in
energy density, or span the cell separator causing internal shorting, heating, thermal
runaway and dastrophic cell failure. Dendrites are particularly a concern for lithium metal
batteries (LMBs), but also occur in lithivion batteries (LIBs), since Limetal rather than
intercalated Li can deposit on the anode in LIBs during fast charging or at low
temperaturé's As discussed in chapter hettransition from graphitic to metallic lithium
anodes would enhance energy density 10 fold, and metallic lithium anodes would enable
the use of udithiated materials such as sulfur or air to replace intercalation cathades fo
lithium/sulfur or lithium/air batteri€s® with improvedenergy density. In these cases, the

safety issues associated with dendrite growth when using metdbiela major concern.

There has been extensive theoretical and experimental research on the prevention of
dendritic growth, including mechanical initibn* and limiting concentration gradients

that result in anion depletion near the arfodée prospect of prevention of dendritic
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growth by mechanical inhibition was discussed in the chapters 3 and 4, with the use of gel
polymer electrolytes. This chapter discusses the work towards dendrite prevention by the
limitation of concentration gradients, which candmhievedy the use of electrolytes with

high ionic conductivities and low anion mobility, i.e. high" lion high transference

numbers (*). The transference number is by definition the contribution sfngle

charged species to transport under the influence of an electric field. Sineét = 1, if

the anion is immobilext = 0, {;* = 1, and concentration polarization does not develop. A

ti* = 1 was shown to enhance power and energy density, particularly at high discharge
rates, over electrolytes withit = 0.2, even with an order of magnitude decrease in
conductivity. Recent modelling studies suggestthdtd 0. 7 woul d al so al

attainable state of charge at high charge fates

However, most electrolytes are ndéal,and lithium can be transported in the form
of neutral contact ion pairs, and neutral or charged aggregates. When the electrolyte is non
ideal, an equilibrium exists between*LiX", LiX, Li2X*, LiX2> (and eve larger
aggregates), andi't depends on the concentration (activity), mobility and charge of each
charged speciésThe measurement af'tis therefore not straightforward and an accurate
determination is not always possibl@he two most common methods used to measure
transport properties of lithium are spin echo pdiskl gradient (PFGNMR and
electrochemical techniqu€sparticularly potentiostatic polarization, devedal by Bruce
and Vincent" 12 In spin echo PFBIMR'*16, the average static salfffusion coefficients

of all species containing a nucleus with a unique chemical shift is monitored, whalseas o
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charged species are measured using potentiostatic polarization. Both methods can

overestimate the effectivat, and they often do not agree with each other.

Concentration gradients are avoided in polymer single ion conductors (SICs) by
covalent attachment of anions to the polymer backbone sothaf t 1 . However
conductivities of polymer SICs have remained losv { 10° S/cm)’. In polymer
electrolytes the cation motion is believed to bepted to the backbone dynamics, so
attempts to increase conductivity have included incorporating flexible chains with low
glass transition temperatures§J such as polydimethylsiloxanes. One of the reasons for
the low conductivity in polymer SICs is ert@ve ion aggregation. As in the case of bi
ionic conductors, there are completely dissociated ions, neutral contact ion pairs (CIPs)
and poorly conductive ion triplets and aggregates (AF®ure 5.1(A)]. However, for
polymer SICs larger ion aggregates also form, as shown schematidalgune 5.1(B)]
and there are few dissociated i8h&’ In this case, polymer flexibility adversely affects
conductivity by contributing to the ion clustering, since the pendant ion groupsheave
mobility necessary to phase separate from the more hydrophobic backbone. Confirmation
that the formation of these aggregates causes a decrease in ionic conductivity comes from
the unexpected finding that addition of a tetraglyme plasticizer to amem@sulted in a
reduction of ionic conductivity by-8 orders of magnitude, as the result of recoupling of
the ionic conductivity with the polymer segmental dynafiicSingle ion conductors can
be crosslinked and swollen with liquid solvents to achieve=t 1 and higher ionic
conductivity than dry systerfis?223, and as in the dry systems, highly dissociative ionic

species reduce the formation of aggregates and increase conductivity. Thus, replacement
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of carboxylate, phosphate and sulfonate anions with the LHik&Sanion in lithium[(4

styrenesulfonyl)trifluormethanesulfonyl)imidef*  2°

and poly[(4styreneslionyl)
(trifluoromethyl (Strifluoromethylsulfonylimino) sulfonyl) imidef have resulted in the

best ion conductivities to date.

. TESI  1on Pair Aggregates s 3@
[Li(Ga)*][TFSI-

& TFSIF $

Triplets s @

Gu4/LiTFSI

TFSI- & TFsI-

A : c El??f?
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(NSO2CF3)Li*

=POSS-(LiINSO:CF3)s
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Figure 5.1. Schematic ofA) ion pairs and ion triplets found in LiXalts and polymer

SICs; B) higher order aggregates that can occur in polymer single ion conductors
(C) solvate ionic liquid [Li(G)*J/[TFSI], mixtures of G and LiTFSI and mixtures of

and POSENSO,CR)Li™; and D) structure of POSS(LINSO2CR)g; (E) POSS
(NSO:CFs)s anions dispersed in£3G4 not shown

Nonflammable liquids have some advantages over solids and gels when used as
battery electrolytes. In particular, they can permeate the space between the composite

electrodes so that more of the active material is accessible. In order to increase t

(179



liquids, the strategy has been to use large, slow moving anions. Anions tetheregl to SiO
nanoparticle§ and polyanions dissolved in liquid solvefit§ have been investigated, and

can have high room t e mp*Stcm)tad ti'"e> 0F.Racehtlyc t i v i t
investigated solverin-salt electrolytes also exhibit't~ 0.7 and high conductivity. As

highlighted in the chapters 2 and 4traglyme (@), CHs-O-(CH2.CH20)s-CHz, is an

alternative to expensive nonflammable ionic liquids (ILs), since it forms a solvate (or
chelate) IL, where a third component (herg &rongly coordinates Lj thus forming a

complex cation. This has been shown to occur for a 1/1 molar mixtures; @né
LITFSI,[Li(G4)*][TFSI], with brackets used to indicate the molar ratios, while for other
compositions or salts, coordination of tan occur between bothy@nd the aniofFigure

5.1(C)] 323,

This chapter discusses the work directed towards achieving electrolytes with high
lithium transference numbers and high ionic conductivitieshieyuse of functionalized
symmetric, multiionic polyhedral oligomeric silsesquioxane (POSS) with dissociative
lithium salts[Figure 5.1(D)] dissolved in tetraglyme ({5 CHs-O-(CH.CH20)s-CHg, to
increase lithium ion transference numbers’)(tand avoid the formation of large ion
clusters that trap the Lions. The salts are composed of (&9 cubes, where the eight
corners have been functionalized with LiTH$be saltsand are referred to as POSS
(LINSO2CR)s. The POSSELINSO2CRs)s can be considered solventsalt electrolytes,
since salt weights =x3solvent weight can be achievédwhen dissolved in £ some of
the Li ions dissociate, resulting jpartially charged species, and form a colloidal solution.

These large negatively charged anions repel each other, preventing aggrgaggtion
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5.1(E)]. We have investigated POSENSO.CFs)s in G4, and compared the properties of
G4/POSS(LINSO.CRs)s with those of G/LiX, X = TFSI, PRk, and lithium
bis(perfluoroethanesulfonyl)imide (BEJI = [N(SQC2Fs)2], and their mixtures,
G4/POSS(LINSO.CR)g/LiX. Mixtures of POSLINSO.CFs)s and LiTFSI or LiPk

dissolved in Ghave ti*~ 065 in the liquid state, with conductivities> 103,

5.2 Experimental
5.2.1Materials

Bis(trifluoromethane) sulfonamide lithium salt (LiTFSI) and tetraglyme) (G
(Sigma Aldrich) were dried at 60°C in waen, and Gfurther dried over molecular sieves
in an argon purged glove box. Lithium metal (ARasar) was stored in a desiccator inside
an argon purged glove box. Octasilane POSS (SH1310) was a gift from Hybrid Plastics,
Inc. and used as receivedll the startingmaterials for synthesis of the salt were purchased
from SigmaAldrich and used as received. Carbon coated Likek&> purchased from
Ximen Tob New Energy Technology Co. Ltd. Carbon black, PVDF binder &xiiR2

were purchased from MTI Corporation.

5.2.2 Methods and Characterization Techniques

The step wise synthesis of tROSS(LINSO.CR)sg is described in detail in the
Scheme C1. The preparation and compositions of all the samples are giviexbla C.1.
G4/POSS(LINSOCR)sand G/LiX, X = TFSI, Pk and BETI, were characterized based
on the ratio of ether oxygens inn@ Li* ions (O/Li ratio), as is common in PEO based

electrolytes, and/or their molar ratios. In the case of the 1/1 molar ratia &od@.iX, this
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is O/Li = 5/1. In the case of &L OSS(LINSO.CFs)s, a 1/1 molar ratio is O/Li = 5/8, while

to provide one Gfor all of the eight Li on the POS&iINSO.CR)s, requires O/Li = 40/1.

In mixture of POSYLINSO.CFs)s with LiX, the weight ratio of POSELINSO.CFs)s to

LiX varied from 100/0 to 0/100rhe description of the characterization techniques and the

parameters useto obtain the data presented in this chapter is givAppendix C.

5.3 Results and Discussion
5.3.1Thermogravimateric and calorimetric studies
Differential scanning calorimetry (DSC) datBaple C.4, Figure 5.2) of the neat

G, indicated it melts at ff = -

AN
\_J\[ 28.3 °C in agreement with

literature values (F = -30°9),

£

ar

£ y . "
2 with  no glass transition
w

)

. temperature (J). Attempts to
: |

Hl = crystallize POSS
E 51 G POSS-{LINSO,CF),

% {01 G /POSS.(LINSD,CF,), (LlNSOZCFB)S Were

—12.501 G‘J'POSSv{LINSDFCF}]I

=18l G POSS-(LINSO.CF ),

—7 51 GIFPOSHLINS{J’CF&].
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unsuccessful, and it

40 S 60 40 20 o 20 4 s s 1w decomposed before gTwas
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Figure 5.2. DSC thermograms for second heating cyf reached. At comparable O/Li
of G/POSS(LINSO.CRs)s

ratios, G4/LiTFSI more

effectively suppresses crystallization than does RQBESO.CFs)s. For G/LITFSI the
melt is completely suppressed for O/Li = 15/1 to 5/1, and there are only very small

(crystallization and remelt) peaks for the 20/1 and 17.5/1 kes{ipigure C.3). For

[178



G4/POSS(LINSO.CRs)s, the melt temperaturenlonly completely disappear at O/Li =
7.5/1 and 5/1 and there is a very small crystallization and remelt at O/Li = 10/1. Since
Li* ions are typically solvated by a combination @b 4&ther aygens and/or anion
contacts, in the case olfBOSS(LINSO,CFs)s, more of these contacts may come from
contact ion pairs than from the ether oxygens gh@n in the case of [Li(& /[TFSI],
where the Li ions can be completely solvated by Gigure 5.1C). This would leave
more G molecules available for crystallization in the case @PGSS(LINSO.CRs)s
compared with @LiTFSI, as observed. When both £POSS(LINSO.CRs)s and
G4/LiTFSI are amorphous,qbf G4/LiTFSI is 10°C higher than @POSS(LINSO.CFs)s

at the same O/Li ratio. This also suggests that there is modéskociation in GLITFSI
raising its §, while in G/POSS(LINSOCRs)s the Li* ion dissociates less and forms
(LINSO2CRs)s show the expected increase ywith increasing salt concentration, which
can be been attributed to the effects of increased viscosity and

~CH.CH,O A AADCH.CHo~ crosslinks with increased salt concentration.

Thermogravimetric analysis (TGA) dateigure 5.3 also providanformation on
the complex formed between the'ldation and G Unlike the case of [Li(@"][TFSI]
(1/1 mole ratio, O/Li = 5/1), where removal of; & delayed until ~ 208C*® compared
with G4 removal at ~ 108C in compositions with excesss@lelayed removal of &loes
not occur for any composition of4#BOSS(LINSO.CFs)s (Figure C.5) except for the 4/1
mole ratio (O/Li = 2.5/1)Kigure 5.3). The TGA data therefore indicates that fafRDSS

(LINSO:CR)s( O/ Li O *Ks{camplexishnet fotmied. Instead, the ion is more
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loosely complexed with thefzand possibly also interacting with the N&XBs~ anions of
POSS(NSOGCFRs7)s. For G/POSS(LINSO.CRs)s (4/1 mole ratio, O/Li = 2.5/1), Zomes

off predominantly at 300C, at an even higher temperature than the pure POSS

(LINSOCR)s.
@ —— 51 G,LiTFSI . -NSO,CF3-
—2.501 G‘F[PGSS-{HNEOJCFJ}‘
|@ — ¥o/rossimsocr, ® Li
e 2011 G J(POSS-(LINSO,CF ),

110 -
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Figure 5.3. TGA weight loss data: The samples were heated to 100°C (at 10°C/mit
held at thatemperature for 1 h, and then heated to 400°C at 10°C/min

In this case, the Qs even more tightly complexed than for the [ TFSI],
which is removed at 208C. This arises since one;@wust be shared between twd bif
G4/POSS(LINSO2CRs)g so that the Gis trapped between the cubes, as shown in a 2D

representationHigure 5.3). It should be noted that even for this composition, where the
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weight of thePOSS(LINSO.CFs)sis 3x that of te Gi, the mixture is stable against any

signs of phase separation or precipitation for months.

5.3.2 TEM study

TEM images Figure 5.4) also show no aggregates, &IdAX data Figure C.2)
confirm that these images cont&®SS(LINSO.CRs)s. The absence of aggregation and
the formation of a stable colloid fora®OSS(LINSO.CF)s are indicated by the lack of
phase separation or precipitation over months, even though the weight of- POSS

(LINSO2CR)sis up to 3x greater than the weight of GeeTable C.1).

Figure 5.4. TEM image of G/POSS(LINSO.CRs)s with O/Li = 7.5/1. Sample wi
prepared by dissolution of POSISNSO.CF)s in polyethylene glycol monomethgthe
acrylate (My = 350 g/mol), 0.1% AIBN, and dilution with acetonitrile (ACN)After
dropping the solution on a TEM grid, and evaporation of the ACN, the s
polymerized.
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5.3.3 Structure of the liquids by X-ray scattering

Wide angle xray scattering (WAXS) data obtained at room temperature for neat
Gs and neat POS8.INSO.CR)s are shown inFigure 55 A and Figure C.4. Gs
crystallized at low temperatures«F -30°C; shown at173°C), but POSELINSO.CF)s,
which is a glass, had similar WAXS at all temperatures (not shown). Atteraperature,
Gishows a single broa@?(peldkm;de d45emadiisat 2o
feature typical of molecular liquids that can distinguish between iatré intermolecular
distance®. POSS(LINSO:CF)se x hi bits a shol(gd#sngedak at 2
0.40 nm), and two bqgo-d3llnfite0atd nmaensd @Xt9(g2>p 6~ 91
=4.9nm!, d = 1.28 nm). Assignments of the peaks can be made in analogy with LiTFSI in
the (simulated) liquid state (530K). For LITFSI, deconvolutios@f)obtained from MD
simulationgtin the 4 < g/nrit < 20 region show three Gaussian functions: a shoulder peak
at 2p %=(q2155®M d = 0.405 nm), and(grdla% s cen
nm d = 0.53 A@m¥r62anmd Ap==180717 nm) &L4qmd. The
15.5 nm!; d = 0.405 nm) shoulder peak in LiTFSI, known as the contact peak, corresponds
to distances between neighboring atoms of different ions, defining the boundary between
intra- and intermolecular featurés, and can be similarly assigned for amorphous ROSS
(LINSO.CR)s. The Ziature inlLi@ESBas been attributed to a chaxmelering
peak (COP), often referred to as the polar network, and is a feature observed in ionic liquids
and molten salts, since ions need to be surrounded by coommseto establish local
electroneutralit§?. In LiTFSI, this assignment is corroborated by a more ordered COP at d
=0.52 nmin the cistalline stat®. T h e 2(g~ £3.1 Brii; 8 = 0.48 nm) feature in

POSS(LINSO.CRs)s can also possibly be assigned to the COP peak, but crystalline POSS
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(LINSO.CR)si s not available to make a S@G@&il ar c
nmt, 1.01 nn peak in LITFSI was attributed to distances between sulfur atoms belonging

to two TFSiions, oriented side by side without an intervening Li, and occurs at 0.86 nm

in crystalline LITFSt2. By anal o g%aq~ 40 hm 1.28mm)pealdin POSS
(LINSO2CRs)s may correspond to some larger distance between the sulfur containing
pendant anions. Small angleay scattang (SAXS) data (not shown) showed no structure

at small g for either Gor POSS(LINSO2CFRs)s.

WAXS data for mixtures of @POSS(LINSO.CFs)s at room temperature with
O/Li = 2.5/1, 5/1, 7.5/1 are shown Figure 5.5 A. Temperature dependent ddtet
shown) were identical, and none of the samples showed crystalline peakatef @°C.
With the addition of @to POSS(LINSO.CRs)s the (shoulder) contact peak of PGSS
(LINSO.CR)sat 2 8° (q— 12=2nmt; 0.40 nm) shifts to lower angles, i.@rder
distances, and merges withthataf G and t he i ntense cha’ ge or
(q ~ 13.1 nrrt; 0.48 nm) disappears. In the case @L@FSI (1/1 molar ratio), the contact
peak (shoul d&ag-15.anm ®=90.465 nA) hisdd#t to lower values of
2o =9(@% 1520 nrt; d = 0.418 nm), i.e. larger distances, and the intense charge
ordering peak also disappears. The additiongdb®OSS(LINSO.CRs)s for O/Li = 2.5/1
and 5/ 1 results in a0%g@g#H49nn, de .28 nh)denthtigelyt ur e
assigned to separation between the anionicgideo ups, to | ow®@= angl e:
3.9 nm}; d = 1.61 nm), consistent with an increase in the separation distance between

POSS(LINSO.CRs)s due to intervening @&molecules .

[183



Inthecaseof @ Li TFSI a new peak appears that shif
(g ~ 9.5 nmt, d = 0.66 nm) for the 1/1 molar ratio, and is attributed to a characteristic
separation distance between anions consistent with ghpivated Li ion&” 4L The peak

associated with anion separation ifPDSS(LINSO.CR)sa t 2 &°(q= 4.&m'9d =

1.28 nm) can only be observed foi/BOSS(LINSO.CRs)s with O/Li = 2.5/1 and 5/1,

which correspond to the mole ratios [#& POSS(LINSO.CR)s] and [8G][1 POSS
(LINSO.CR)g], where 1 G is shared between two Li or there is 4 fGr each Li,
respectively. Since it was nbdbyWhaXS¢dsetd!| e t o
instrumental limitations), SAXS was used to determine whether aggregation/clustering or
ordering could be obsezd for G/ POSS(LINSO.CFs)s for O/Li = 7.5/1.This sample was

chosen since it had the highest concentration of PQBEO.,CFs)s whose viscosity

allowed it to be put into narrow quartz capillaries. SAXS data were obtained in two q
regions, which were sgied togetherKigure 5.5 B). Subtraction of Gfrom G/POSS
(LINSOCR)sinthe 3to20g (nM) r egi on showed that -the 2»
(LINSOCR)sper si sted in the mixture a22gpeak(gs di s
~ 15 nm; d = 0.45 nmpf Gg4; subtraction of Gwas not done in WAXs dat&jgure 5.5

A. SAXS data from g = 1 nto g = 5 nm' obtained for GPOSS(LINSO.CFs)s with

O/Li = 7.5/1 was fit to a structure factor, assuming a model where the primary particles

were hard spherefigure 5.5C). The form factorEigure 55D)gave fAparticl esa
nm radius. The SiQ core has an approximate radius of 0.45"hrifhe large radius

observed by SAXS suggests that the PQSNSO.CRs)s cubes do not aggregate and

instead form solvated structures, withe space between adjacent §Cores of POSS

(LINSOCR)s  occupied by free & G4 participating in contact ion pairs (one anion
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Figure 5.5. (A) WAXS data for neat (25 and-100°C), neat POS&.iINSO.CFs)s, and
mole ratios of [G]/[POSS(LINSO.CRs)s] also shown as (O/Li ratio); an8) SAXS data
at25°C for [G]/[POSS(LINSOCR)g] =

(C) S(g) and D) P(R) data.
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5.3.4Electrochemical Characterization
5.3.4.1 lonic conductivity measurements

Temperature dependent ionic conductivities ofP@SS(LINSO.CFs)s and
G4LIiTFSI as a function of O/Li, Kigure 5.6, Table C.2) show about an order of
magnitude decrease in conductivity of/l/BOSS(LINSO.CFs)s compared with that of
G4/LITFSI. This is encouraging since if the pendant anion were on a polymer SI€, a 2
order of magnitude decrease in conductivity is expected. The conductivityLoT IESI
agrees well with previously reported values at@06.56 x 16 S/cm¥° Of further interest
is the temperature dependent viscosity of both electrolytddd C.3), where the viscosity

of the G/LiTFSl is only ~ 21% less than that of the/BOSS-(LINSO.CFs)s at 20°C.

This suggests that large scale aggregation does not occur insROSS
(LINSO2CR)s (which would otherwise result in large viscosity increasébgse results
suggest that the difference in conductivity is related deaeased contribution from the
large POSENSO:CRs)g anions (2520 g/mol) compared with the TR8iion (215 g/mol)
and/or to the better dissociative properties of the LITEFESONLISO.CFs) compared
with -(LINSO2CFs)s, which has only half the number eliectron withdrawing groups. As
in the case of bionic conductors and polymer SICs, tbenductivity increases as the
electron withdrawing groups of the anion increase, and as the negative charge becomes
more delocalized. Addition of LITFSI to £#LOSS(LINSO.CR)s increases the

conductivity, as expected éble C.2).
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Figure 5.6. Temperature dependent ionic conductivity as a function of O/Li ratio for
G4/LITFSI and G/POSS(LINSO2CFRs)s.

5.3.4.2 Electrochemical Stability and Reversibility

0.7
41 Figure 5.7. Anodic scans at 25C, 2
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4 steel  working  electrodes, i
E 044 __sonopossiinsocr, reference/counter electrodes, of the
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The anodic stability of @GPOSS(LINSO,CFRs)s, Ga/(LITFSI+20% POSS
(LINSO2CR)g), and G/LITFSI was measured with linear sweep voltammetry at 25°C
from open circuit voltage (OCV) to 5V at a scan rate of 2 mV/sec, using stainless steel
working electrodes and lithium counter/reference electrodes. The stability window was
about the same (2V th1 V- 4.3V) for the three electrolytes, using a threshold current of
50upA/cn? typical for glyme electrolyte€, and thus the electrolytes were stable in the

voltage range (2.6 to 4V) used for ha#ll testing with the.iFePQ: cathodgFigure 5.7).

The time dependence of the resistance under open circuit voltagCaFREire
C.8) was obtained using a Li/electrolyte/Li cell fdB4/POSS(LINSO.CFs)s and
G4/(80Wt% LiTFSI/20 wt%POSSLINSOCRs)s) with electrochemical impedance
spectroscopy. The bulk resistance was constant for both electrolytes, with the bulk
resistance ofG4/POSS(LINSO.CRs)s greater than that ofG4/[80wt% LiTFSI/20
wt%POSS(LINSO.CRs)s], as expected from the conductivity datdere was a gradual
but slight decrease in the interfacial resistance fay8@wt% LiTFSI/20 wt%POSS
(LINSO2CFR)g], but forG4/POSS(LINSO.CFs)s the interfacial resistance dropped steeply
for several daysyhich may be due to improved wetting of the aledés with time or to
decreased diffusion in the more visc@gPOSS(LINSO.CRs)s, andthen leveled off to
the same value as for the mixed system. This suggests that[RDS®.CF;)s affects the
formation of the interfacial layer onLinetal and its resistance similarly for both systems,
and may be due to the formation of a particle rich coating on thmétal, as previously

suggested for hairy nanoparticiés
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5.3.4.3 Lithium Plating and Sripping

Lithium plating and stripping for PIG4LITFSIJ/Li® Li%[G4/POSS
(LINSO.CR)g/Li® and LP/[G4/80wt% LiTFSI/20wt%POSSLINSO.CFs)s]/Li® were
studied at different current densities (0.01 to 1mZA/cfar 2 hour charge and discharge at
25°C. Cell failure occurred in the ordeun/@0%LIiTFSI/20 wt%POS$LINSOCRs)s <
G4/LITFSI < G/POSS(LINSO2CRs)s, (although not all cells were cycleudtil failure). At
0.01 mA/cn?, Ga/80wWt%LITFSI/20 wt%POSSLINSO.CFs)s and G/LITFSI exhibited
stable cycling, but for @POSS(LINSO.CFs)s, the polarization increased with cycle
number Figure C.9). At 0.1mA/cnf, both G/80wt% LiTFSI/20 wt%POSS
(LINSO2CR)s and G/LITFSI exhibited cyclic stability and stable voltage profiles for 11
days (when cycling was stoppeéjdure 5.8 A), and the overvoltage was less in the case
of the G/80wt% LiTFSI/20 wt%POSSLINSO,CFs)s. At 1 mA/cn? (Figure C.9), cell
failure occurred at < 1 cycle, ~ 1 day and was stopped at 5 days,4/O&ES
(LINSO,CRs)s, GJ/LITFSI and G/80wt% LiTFSI/20 wt%POSSLINSO.CF)s,
respectively, although polarization increased with cycle number480@t% LiTFSI/20

Wt%POSS(LINSO.CFa)s.

5.3.4.4Half-Cell Testing
Cyclic voltammetry (CV) was used to study the reversibility of tHEG4/POSS
(LINSO2CR)s O/Li = 20/1)/LiIFePQ system. Figure C.10); the preparation of the
LiFePOs electrode is provided in Skor practicalapplications, the battery should be able
to run at different &ates with high capacity. The galvanostatic performance of half cells

using LP metal as the anode andFePQ; as the cathode were investigated for the
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G4/80Wt% LiTFSI/20 wt%POSSLINSO.CFs)s, G4/LITFSI and G/POSS(LINSO,CFs)s
electrolytes as a function of@te.The high ionic conductivity of electrolytes (0.25mS/cm

to 3mS/cm) allows the batteries to be tested at RT. The expected decrease in capacity with
C-rate for LP/[G4/80wt% LiTFSI/20 wPOSS(LINSO.CFs)s]/LiFePQy (Figure 5.8 B),

which recovers when returned to lowr@tes, demonstrates the stability of the electrolyte
throughout the testing. Stable performance was demonstrated at C/4, with retention of 130
mAh/g until the 108 cycle, when cycling was stoppedFigure 5.8 C). Better cycling
behavior was demonstrated for the/DSS(LINSO.CRs)s than for the GLITFSI
electrolyte at C/5Kigure 5.8 D): the former exhibited stable cycling until thed" cycle,

while the latter showed capacitgde after the S0cycle. At 3C, capacity fade began at ~

30 cycles Figure C.11) and decreased slightly less for thes/&wt% LiTFSI/20
wt%POSS(LINSO.CR)s than for the G/LITFSI electrolyte. By comparison, for 1M
LiPFes in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
(EC:EMC 4:6 by weight) and a NCA cell (NCA = LiNio.s0C0.15Al0.002), the specific

capacity started decreasingeafil5 cycles at 1C, 2C and 3C rafes

The cause of cell failure or capacity fade was not directly ascertained. However, it
is interesting to note that recent workaemdritic growth in liquid electrolytes has shown
that this growth is inhibited by electrolytes with low viscosities and large anions (with little
effect of conductivity)®. In the current investigation, cells lasted longest and hadeste b
half-cell cycling using the electrolyte that had large anions as well as low viscosity
(Ga/80wWt% LIiTFSI/20 wt%POSELINSO.CFs)s). The role of nanoparticles in stabilizing

the interface and reducing interfacial resistance birstal has also been denstrated®.
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Figure 5.8. Electrochemical results (all cells O/Li = 20/R)} Comparison of cycling data
using 0.1 mA/crhand 2h charge/2h discharge fof/[G4/80wt% LiTFSI/20 wt% POSS
(LINSO.CR)g)/Li® and LP/(G4/LITFSI)/Li% B) Rate capabilityi/[G /80wt% LiTFSI/20

wt% POSS(LINSO2CR)g]/LiFePQy at C/20, C/10, C/5, C/2, 1C, 2C, C/10 and C/£);
Discharge capacity and Coulombic efficiency as a function of cycle number for
Li%[G4/80wWt% LiTFSI/20 wt% POS$LINSO.CF)s]/LiFePQ; cell at C/4 rate and 25°C;
inset shows cell voltage vs specific capacity at 1, 10, 50 and 100 dklésmparison of
discharge capacity for Y[G4/POSS(LINSO.CF)g]/LiFePQy and
Li%(G4/LiTFSI)/LiFePQ; at C/5 rate.

5.3.4.5Lithium lon TransferenceNumbers (t:°F) by Potentiostatic Polarization
Lithium ion transference numberdable 1) were obtained by potentiostatic
polarization experiments:{f), where they were calculateBquation 1) after corrections

for the solid electrolyte interphase (SEI) thaims on the electrod€kquation 2.
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o — : Equation 1

Equation 2

e

HereaV is the applied small constant potentiabd Mvith the electrolyte between%rnetal
non-blocking electrodestal is the initial current ¢), composed of both anions and Li
cations, li+ is the steady state currengg(lcomposed of only Liions, D+ and D are the
diffusion coefficients of the cation and anion, respectively, andnid Rsare the initial
and final interfacial resistance8ince we measuregida at t = 1 s, as recommendgchot

observing the initial current drop is probably nobarse of error irt:PP.

What is interesting is that for all thesiX (X = TFSI, PR and BETI), t.PP = 0.5+0.01,

but for G/POSS(LINSOCFs)s, and all the mixtures, i.e.£&IX/POSS(LINSQCFs)g, t+P

= 0.65+0.01.Any system with greater than 10 wt% POGBNSO.CFs)s also had:PP >

0.65 (Table C.2). Evidence that we do not have significant amounts of neutral species
(although we could have other charged species) of ROBISO.CFs)s or LiX in Ga

comes fr om mesH SkFled@elfdd ..eiflexpected to be independent

of the applied voltage when &V: (i}@O 10 m
< 10 V for high concentrations of LiX (since the solution acts like an insufatéherefore
measurement of the steady state current itself can indicate when significant ion pairs are
presertt’. For all of the systems we intes gat ed, values of @&V = 1
tested, and the current increased as &V i

neutral species.
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Al t hough me a® d(rde=hyean tosl/ad)fdo ndt yield t (Equation
1) whenthere are ion pairs or multiply charged species (sinte defined for a single
species, typically L)), it is important to stress that in practical applications, what is of equal
importance is the steady state DC current, which is a measure of thiexnef the
electroactive constituent (lithium) in the cell. Although the initial DC current under the
same applied potential (~ 20 mV) is about 3 times higher for LiX (X = TP, BETI
) than for POS§LINSO.CR)s, lo (LiX), the steady state currentd) is always higher for
the POSYLINSQCF3)s or mixtures ofPOSS(LINSQCFs3)g/LiX than for LiX.A high
v a | u ex isadésiralile, since in battery applications, during discharge, lithium can be
carried by Li, aggregates and LiMt is less important which species carries the current,

provided that the total flux of Li from anode to cathode is hidhich is the casedre.

5.3.4.6Diffusion Measurements and_ithium lon Transference (8"MR) from
PFG-NMR

Diffusion coefficients obtained by PFSMR are summarized iffable 5.1. In
order to also measure the mixed diffusion of P@QSNSO.CFs)s and LiX in Gy, LiPFs
was selected since it has a distift® NMR signal compared withCFs from POSS
(LINSO.CFs)s. Three systems were investigated/RBDSS(LINSO.CFRs)s, G4/LiPFs and

G4/[80 Wt% LiPF; + 20 wt% POSSLINSO,CFs)g).
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Figure 5.9. 'Li and F PFGNMR data for G/LiPFs, G/POSS(LINSO.CF)s, and
G4l(LiPFs+ POSS(LINSO2CFs)g).

H-NMR (Figure C.6) was only used to measure the diffusion coefficient of the
Ga, using chemical shifts in the 3®ppmrange. The diffusivity of the RFwas measured
by °F PFGNMR at its characteristic signal, a doublet resonating at arb@@dopm, and
the diffusivity of the POSS anion was followed using the i @sonance a6 ppm Figure
5.9. As expected, thenixed G/(LiPFs + 20 wt% POSHLINSO.CFs)s) samples had
features from both the BFand the-CFs species. Of interest is that in thg spectra of

neat G/POSS(LINSO.CR)s, two broader but separate peaks are observed.

In all cases, theelf-diffusion constants increase in the ordesz B Danion> Dii+,
the same ordesbserved previously for dilute LiX solutions of glyme/BE®and other

aprotic solventsThe diffusion constant of neat @ecreased with the addition of/GiPFs,
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G4/POSS(LINSO.CRs)s, and G/(LiPFs+ POSS(LINSO2CFRs)s), consistent with previous
reports for addition of LiX salts to glym&s®. Since 4 has the fastest fiision constant,

it indicates that there is free glyme in all the LiX solutioRarther,Dgs is fastest for
G4/POSS(LINSOCFs)s, indicating that there is more freex@nd less Gparticipating in
solvation shells than for fA_iPFe, consistent with the DSC resulfhe diffusion constants
of Li* and Pk in G4/LiPFs are slower by a factor of ~ 2 compared with &nd TFS1in
G4/LiTFSI (O/Li = 20/1) (Dresk = 11 x 107, and Di+ = 9 x 107 cné/s) at 3PC3®) consistent
with the known low lattie energy of LiTFSI compared with other LiX salts (such as §)iPF

and itstendency for less ion pair formation in solution.

In the case of POSEINSO.CFs)s, the most salient feature is that fo/ BOSS
(LINSO.CRs)s, the anion shows a single peak in tfe NMR spectra, while Li exhibits
two peaks in théLi NMR spectra. Fot%F, this may indicate a single diffusing species or
a variety of diffusing species with rapid chemical exchange between them. However, the
existence of 2 peaks intAei NMR spectrun i ndi cates that there ar
and that each lithium pool consists of lithium containing species that exchange with each
other and/or have similar chemical shifts. The broadness dLitiaes is indicative of a

lower mobility for theLi* ions

While we cannot definitely assignthetwobie a k s, t h e -dchiafrfrwssenrg
species) peak is likely to involve Li in a more symmetric environment. It is similar in
position and shape (although slightly broader) than that of Li indaRé other LiX salts

and it may be assigned to solvated. dihe solvated Lic an b e ™G, BuEnot, Li
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necessarily in a 1/1 molar ratio withy,Gn the form of a contact ion pair (~~ N

AIA'AG)A, or even a #nfr eeoofthe cageRigute 5.0 Vhes wi t |
broaderdi(fifulsamgo species) peak is then as:
from the POSS cage. Their relative populations based on the integrated intensities of the
static’'NMR peaks is 33/67 (fast/slow), wieas the ratio in a twoomponent fit of the

decay in théNMR PFGNMR experiment (see below)48/52 (fast/slow). The two ratios

are different because theoad peak ("slowdiffusing” specieshas a significantly faster

relaxation.Further insight can be gained by analyzing the radii of the solvated ions, by: (i)

the Stokestinstein equation originally defined for hard spheres:

o —, Equation 3

Figure 5.10. Schematic of @POSS(LINSO.CRs)s showing contact ion pairs, solvent

separated ion pairs and-dissociated Li

where d is the slthe effactive wdredgnansici ($tokes)aradids, R
relation that was fouhto holdfor LiX in a series of 12 solverffs2 or (ii) analyzing the
data by defining an experimentabfR which corresponds to the Stokes radius of the ions

with respect to the solven
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wEQ Equation 4

Table 5.1. Diffusion coefficients, lithium ion transference numbers, and ionic radii (or
normalized ionic radii) for @LiPFs, G4/POSS(LINSO2CFs) = G4/8mer and mixtures

O/L = 20/1
Sample Diffusion constant, D, n¥/s Lithium ion Radii (hm) or normalized radii
O/Li=20/1 |x10% transference numbers Rif rofm g 3¢+ [vemog

=iVn mogs Mo

Dgs | Dpr | Dsmer | Dui tNMR | £,PP t.NMR R | RFFE | RSOSS | L PFs | POSS

G4/LiPFe 7.70 | 5.83 441 1043 | 051 |0.57 0.33 | 0.25 1.75] 1.32

G4/(LiPFe 6.41 497|114 | 353 (042 |0.65 |PF¢ 033 |0.24 |1.03 |181|1.29|56

+20wt 0.583
%8mer?)? POSS
0.002
G4/8mer? 11.3 2.05 | 1.6 0.44 |0.65 |0.60 0.92 0.63 |7.1 55
1.1 0.35 1.34 10.3

28mer = POSS(LINSO,CFy)

. J _
Dos= 14 x 101 m?s; °d 4 4 B g“ 8 @25°C, where d %mB®EHBs), D (m
T T

¢ if equal moles of two species are assumed “O/Li = 18.3/1
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Radii obtained by both methods are presentedable 5.1, using measured
solution viscositiesTable C.3) for the StokeEinstein equationTh&ansference numbers

were calculated from setfiffusion coefficients Table 5.1) usingEquations 5 and 6:

0 _— Equation 5

o] : Equation 6

where Dj and Drre0r Dgmer(8mer = POS§LINSO.CRs)g) are the diffusion coefficients of

any species containing pksd n @né&aselkhe maledrbcBons, r e s |
of LiPFs and POSHLINSO.CRs)g, resgectively, in the mixture. Comparison of the lithium

ion transference numbers obtained by potentiostatic titration aneNRHGIndicates that

they are not the sam&4dble 5.1). In all cases we observe thdtt> t.N\MR although what

is commonly observed is that'V? > t,°P since measurement by PR@®/R includes

charged and neutral species.

In order to better understand the measured diffusion coefficients, associated radii
and transference numbers, the actual spagiesent in solution must be considered. In
particular, we want to elucidate why't> t."\MR and why there is only orfé~ NMR signal
and two’Li NMR signals. In general, lithium ion transference numbers depend on the
possible species and their relataraounts in solution. For simple LiX salts in aprotic polar
sol vent s [+ X eqdlibria exist, so that free (solvated) ions, contact ion pairs

(CIPs) and higher order multiplets can be present. In most treatments, only free solvated
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ions and CIPs arconsidered.For LiPFs, the smaller value of KJEquation 3 for PR
than for Li" indicates that there is less interaction between the anion atiduGbetween
Li* and G. That is, G preferentially solvates Liions compared with the BFanions, as
also reported for gLi triflate (Tf =LiCF3SGOs) [RLi ~ 0.3171 0.383 nm and R ~ 0.289
0.326 nm]. The same trends for Lf¥fe observed usirfgquation 4 where the ionic radii

are normalized against the solverdites.

In the case of POSEINSO.CR)s, there are many possible multiply charged as

well as neutral species.
For POSHLINSO:CFs)s, abbreviated as Pii

PLig+ N XGsz PLi7" + XoPLig% + x3PLis> + x4PLis* + xsPLiz> + xsPLi2® + x7PLi1" +

xsPLio® + XLi*(Ga)n Equation 7
where xis the mole fraction of Pk, Xx; and ni#s the number of solvent molecules

If there is rapid exchange between all the Li containing species, the diffusion coefficient

measured by PFGIMR is:

DiNVR = [8(1-Y)D(PLis)  mxi(88D(PLis1" + XD(Li* (Ga)n)]/[8(1-Y )  i%i.(88 + X]
= [8(1-Y)D(PLis)  mxi(84)D(PLig1" + XD(Li* (Ga)r)]/8 Equation 8
where Y = Ei X

In the case of complete dissociation,

DLiNMR = D(Li*(Ga)n) Equation 9
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The corresponding conductivities are:

= 2/KETHXD(Li *(Ga)n)  mxii’EPLis.i")] for all species and

Co

=2k THB®(Li *(Ga)n) +64D(PL®)] for complete dissociation

Co

where ¢ = salt concentration; e = electric charge, Roltzmann constant and T is absolute

temperature.

The Li" ion transference numbers are then:

tiNVMR = XD(Li*(Ga)n)/[XD(Li *(Ga)n)  mxii’EPLis.")] for all species Equation 10
tiNMR = D(Li*(Ga)n)/[D(Li *(Ga)n) +8D(PL®)] for complete dissociationEquation 11

The value of the radius obtained from #ie NMR-PFG diffusion coefficientEquation

3) indicates that Ryssis small (0.63 nm), in the range of sizes found for POSS compounds
(where radii of ~ 0.8).6 nm are exgcted from the geometry of the cubes). Since a trimer
composed of POSG.iINSO.CFs)sAlAIAA A A(LINSOLK)s would have a size much

larger than those measured in tfle NMR-PFG experiment, aggregates of this type are

rare and/or not long lived.

It is not possible to obtain lithium ion transference > 0.5 uBimgations 10 or 11
with any combination of Pki"- and free Li(Gs)n. Equations 11lindicates that for fully
dissociated Plgj i.e. PLt® + 8 Li*(Ga)n, the diffusion coefficient of '{Ga)n must be very
much greater than 8 D(R£i) to achieve a high Litransference number, and there would
be only one peak in th&i NMR spectrum. The radius of this solvated ldn would also

be expected to be approximately the same size as that obge@gliPFs, ~ 0.33 nm,
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and in G/Li triflate (Tf =LiCFsSQs) ~ 0.3170.383 nrf®, rather than 0.92.34 nm. Since
these effects are not observed, Bigg must be only partially dissociate&ven in this
case, i.e. for a digbution of PLki", since the two Li peaks have similar areas, this
interpretation indicates that the average charge <i> of theiPhust be significantly
greater than unity, assuming that theg?Lall have the same average diffusion coefficient,
<Dp>. The diffusion coefficient of L{Ga)n, D (Li*(Ga)n), must then be greater than about
5 times <> to achieve a high Liion transference number. However, the diffusion
coefficients obtained froniLi PFG-NMR are smaller for the two Li pools thaneth
diffusion coefficient obtained by’ F PFGNMR for the PLii", so that the L ion

transference number would be substantially less than 0.5.

In order to obtain lithium ion transference numbers > 0.5, the peaks in the Li PFG
NMR must beassigned to solvated and-salvated Li ions. The solvated Lipeak (0.92
nm) is composed of free 1(iGs)n and PLgi" A La)n, (.6GPLbi" solvated with Li. The
PLisi"A L 4)n caf B contact ion pairs or'(64)n moving with the anion; thiatter can
arise if the anion and cation fluxes are coupledre 5.10. The peak at 1.34 nm is
assigned to Pkj'"" in which the Li is urdissociated. Since PFBMR measures the average
diffusion coefficient of the nuclei in each pool, the diffusiorfficient of the PLdi" A
Li*(Ga)n (which do not contribute to Liion conductivity since they are charge neutral)
may be substantially smaller than *tohse di ff
(which are the only lithium ions that contribute to thé ibn conductivity) and result in

the (average) small difsion coefficients measured.
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In addition, the solvated lithium ions that are linked to the-Pidns reduce their
effective charges, and hence their contribution to the anion conductivity. In other words,
the dissolved Pliexists as {PLdi"A ( Gu)j} (-, and the effective degree of dissociation is
small, thus reducing the anion conductivity. This makes &ttivery much like a 1:1 salt
in solution from a conductivity point of view. A small effective degree of dissociation
enables the diffusimcoefficient of the free solvated’libns to be substantially larger than
the average diffusion coefficient of all the solvatedibns (that also include the slower
moving Li* associated with the large aniorj the diffusion coefficient of the freelvated
Li* ions is substantially larger than the average diffusion coefficient of all the solvated Li
ions, a Lf ion transference number greater than 0.5 can be achie¥exinall degree of
effective dissociation can also account for the much loweruwgivity of also POSSki

relative to simple lithium salts despite the high PFG NMR diffusion coefficients.

In the %F NMR, there is broadening of the £Fesonance compared with the
narrower PE of the LiX salt, indicating a wider distribution of anion populations or
environments that could arise from a range of solvated andaleated Liions associated
with the anion (but h still with only a singtéF NMR peak). As in the case of other LiX
salts, whencontact ion pairs exist, the effect of-dissociated dimers on the average
diffusion constant (<X+ LiX>) of the anion (i.e. addition to a small Li to a largej »
smaller than the effect of tissociated dimers on the average diffusion constant @<L
LiX>) of Li (i.e. addition of large Xto small Li)I*°. This explains why there can be one

19F NMR signal but twdLi NMR signals.
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The assoation of Li* ions with G and the anion are dynamic processes that are
somewhat reminiscent of the Grotthumechanism in water. However, here charge does
not move from one Li atom to another, so it is better described as coordinated hopping of
Li*. The Li" ion is associated dynamically with an average of n solvent molecules and/or
anions. Thus D (L{Gs)n) in the above equations should be interpreted as the diffusion
coefficient of Li" ions that are instantaneously but not permanently solvated by an average
of n solvent molecules, and where one solvent molecule can displace another. In a contact
(GAALA*Aforming Li*(Ga)n. The diffusion of Lt ions can then occur either by a Grotthuss
type (coordinated hopping) mechanism (rapid exchange between species) or translation

(diffusion) of a complex of Li (Ga)n (if species longived).

Grotthuss type mechanisms of*lion transfer, where charge transport has been
decoupled from mass transport, have been modelled using molecular dynamics simulations
(MDS) of concentrated solutions acrylonitrile (AN)-LiX, consisting of dissociated ions,
neutral contact ion pairs (CIPs) or neutral aggregates (AG®)e coordinated hopping
of Li* between ion pairs or higher order clusters has been predicted by:MD®re
hopping between aggregates is unlikely unless they are closely ¥padestefore, this
mechanism can occur between two PEESISO.CFR)s cubes only if they are close
enough together. ForfPOSS(LINSO.CRs)g O/Li = 20/1, the centeto-center distance is
estimated as 2.27 nm (cubic array)/2.41 nm (FCC) so that the largest size (1.13 nm radius)
measured for the Li species Byi PFG-NMR is the closest possible approach for two

contacting spheres.
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The SAXS data for the more concentrated RBDSS(LINSO.CFRs)s O/Li = 7.5
sample indicates that the spheres can be overlapping. In the mixed system, the radii of Li
ions are almost the same in/GPFs and mixed G/LIPFs/POSS(LINSO.CFs)s samples,
and the radii of the RFions are also almost the same in/lBPFs and mixed
G4/LIPFs/POSS(LINSO.CRs)s samples, suggesting that each ion is similarly solvated in
both systemsSince the POSEINSO.CRs)sg is expected to become more dissociated with
dilution, more dissociated Lions solvated by a singles@re expected. Wther, in mole
ratios, the [LiPE] = 85 [POSS(LINSO:CFRs)g], so the dominant species is Li?However,
the radius of the POS&INSO.CFs)s anion measured byF PFGNMR increases, but not
to twice the size expected if triplets were formed. We Huggest that the POSS anions
its diffusion constant and permits a higher transference number measured by potentiostatic

polarization.

5.4 Conclusions

In summary, wehave shown that muttonic lithium salts (POS$LINSO.CR)s,
comprised of rigid polyoligomeric silsesquioxanes (POSS) cubes functionalized with eight
lithium[(4-styrenesulfonyl)trifluorometharsulfonyl)imide] groups (LINS@CFs), can be
added to solution®sf LiTFSI or LiPFs in tetraglyme (G), increasing the lithium ion
transference number but maintaining high ionic conductivity. The (PQBSSO0.CFs)s
are only partially dissociated, and better ionic conductivity is expected with more

dissociative pendant anions. Unlike single ion conducting (SIC) polymers added to
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electrolyte solutions, addition of the compact P&ESISO.CFs)s provides a source of

less mobile anions without the same large increase in viscosity as in the flexible SIC
polymers, and avoids the formation of clusters/aggregates that tragnkiand prevent

high conductivity in these SIC systems. In neatP@SS(LINSO2CFRs)s, solventin-sdt
electrolytes are formed at high POGSNSO.CFs)s concentration and stable colloids are
formed with increasing solvent. When the PE8BISO,CFRs)s are in close proximity to
each other in @solutions, there are many possible rapidly equilibrating Leigigesuch as
contact ion pairs and solvent separated ion pairs that can result in the transpoidms Li

by Grotthuss type coordinated hopping mechanisms as well as by diffusion.
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APPENDIX A: SUPPLIMENTARY INFORMATION FOR CHAPTER THREE
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Scheme A.1General scheme for tf8ynthesis of 4mefLiTFSI)s = PhSiOa[(Si(CHs)2-
R)]a with R =-CH2CH2CHNLISO2CRs

Steps involved in the synthesis &her(LiTFSI)s = PhSiO4(Si(CHs)2-R)]4 with R = -
CH2CH2CH2NLISO.CRs, is presented infScheme A.1.The detailed procedure for the

synthesis of4dmer(LiTFSI)4 is described below
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Synthesis of allyltrifluoromethylsulfonamide (1)

Triflicanhydride (18 mmol) was added dropwise under an argon atmosphere to the solution
of allylamine (1.0 g, 17.5 mmol) and trimethylamine (2.0 g, 20 mmol) in dryGGKAO0

ml) at-40 °C. To this 5.0 g of triflic anhydride (18 mmol) was added dropwisierua
nitrogen atmosphere. The resultant solution was stirred for 4 h at room temperature, and
volatiles were removed under reduced pressure. The viscous portion was dissolved in 30
mL of 4 M NaOH and washed with GEl> (3 x25 mL). The aqueous portion waslected

and then neutralized with HCI. The mixture was extracted withGEH3x30 mL). The
organic extracts were then dried over8ia, and filtered. The liquid product was isolated

by the removal of CkCl, under vacuum. The product was confirmed wWHhNMR (1)

(400 MHz, CRCN) U 6. 75 i 5.29,(m, 1H)| .28 (&iddp=19.5, 10.3, 2.8,

1.5 Hz, 2H) and®F NMR (376 MHz, CRC N ) -77566 (s)Figure A.1. The NH vibration

at 3315 crtt is observed iproduct 1 (Figure A.1).

Hydrosilyation of allyltrifluoromethylsulfonamide with 4me(SiH)4 to form (2)

To a solution of 1.11 grams (2.23 mmol) of 4r(®iH)4 in 12 ml of toluene, 30 pl of Pt(0)
catalyst was added at 30 followed by the solution of allyltrifluoromethylsulfonaae (1)

(1.7 grams, 8.94mmol) of in 5 ml toluene, added drop wise. The resulting solution was
stirred at 78C for 1719 hours. The reaction was monitored by TLC (40% ethyl acetate in
hexane) for the disappearance of reactants, after which toluene wasag@pmder
vacuum. The viscous crude was purified by column chromatography and the product was
collected at 30 to 35% of ethyl acetate in hexane. The solvent was evaporated under

reduced pressure and codistilled with Ck@times) to remove traces of gthacetate.
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The product 2, T4-POSS(CsHsNHSO:CFs)s, was confirmed wittH NMR (400 MHz,
CD:CN) Ui 704 (;h11H), 7.00 6.82 (m, 1H), 2.92 (t) = 7.2 Hz, 1H), 1.73 (dt] =
5.0, 2.5 Hz, 1H), 1.44 1.25 (m, 1H), 0.39 (dJ = 17.3 Hz, 1H)!%F NMR (376 MHz,
CDsC N ) -77B5 (s) Figure A.1) and FFIR(3315 cmt) data. The FTIR daté&igure A.2)
show the disappearance of the SiH, the appearance of the NH and appearanCGapf the

groups during the hydrosilylation reaction.

Conversion to lithium salt, 4me(LiTFSI)4 = PhSuO4[(Si(CH3)2-R)]s with R = -
CH2CH>CH2NLIiiSO2CF3 (3)

1.4 grams of (2) was dissolved in 40 ml THFR2@ °C. To this solutiomt.5 equivalents

(1.3 ml) of nbutylLi were added dropwise. The solution was stirred for 12 hours at RT.
The volatiles were removed in high vacuum and the white precipitate solid was washed
with excess pentane (3 X) to remove any remain#bgtyl Li. The white precipitate was
filtered off, washed with THF to remove any contaminates and dried in vacuun’@t 70

for 16-18 hours to remove residual solvent (THFjoduct (3) was confirmed withtH

NMR (Figure A.1) and FTIR Figure A.2).
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Figure A.3X-ray diffraction data for: (
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Figure A.7. DSC traces (second heatirgycle) of mixtures of PYRTFSI /4mef
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Figure A. 9. X-ray diffraction data showing samples that have
cooled to-100°C, where supercooling keeps the RYRESI amorphot
and those reheated 40 °C, where the PYRTFSI crystallizes but do
not remelt. In the 90/10 PYRITFSI/MC or 90/10 PYRTFSI/MC/0.20NV
4mer(LiITFSI)s, the MC peaks are too weak to be seen, bu
PYRwuTFSI and PYR4TFSI/0.20 M 4mef(LiTFSI)s are distinci
crystalline phasseparated phases.
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Table A. 1. Comparison ofit* for PYRi4TFSI/MC/4mef(LiTFSI)s and
PYRwsTFSI/MC/LITFSI

SAMPLE LiX
4merLiTFSI LITESI

PYRwTESI/MC/LIX

100/00.20M, 0.25M* 0.08, 0.10 0.10
90/100.2QM, 0.25M* 0.19 0.16
80/200.2aM, 0.25M* 0.35 0.18
70/300.2QM, 0.25M* 0.36 0.21
60/400.2QM, 0.25M* 0.39 0.23

*0.20 M for 4mer(LiTFSI)4 and 0.25 M for LiTFSI
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Crystal Structure Report for 4mer-(NHTFSI)4

7 <

Ik

v

Figure A. 11 Crystal structure of 4mgNHTFSIu. H atoms have been omitted for
clarity and C atoms are shown as wireframe. Ellipsoids are shad@%@probability.

A specimen ofC4gH72F12N4016S4Sis, approximate dimensior@070mm x0.190mm
x 0.335mm, was used for the-Kay crystallographic analysi¥he X-ray intensity data were
measured.

The total exposure time was 9.81 hodise frames werentegrated with the Bruker SAINT

software package using a narrn@me algorithm. The integration of the data using atriclimiit

cell yielded a total 0p8461r e f | ect i ons t o 28.26h@®.2R mesolotiony,ofangl e o f
which 10298were independerfaverage redundan&/764, completeness =99.8%;R 4.51%,
Rsig=5.83%) and’/086( 6 8. 8 1 %) we r e ?.ghedirmltcalicondtanta n 20 ( F
ofa=11.371(3)A, b=16.642(4)A, c=19.433(5); , &9 =699 (14)A, b =8
=78.305(4)°, volume 38589.6(15)A3, are based upon the refinement of the Xdéntroids
of5984r ef |l ecti ons @b &vwd A27®@0°.4tkl were ovirectéd for absorption
effects using the mukscan method (SADABS). The ratio of minimum taximum apparent
transmission wa8.877. The calculated minimum and maximum transmission coefficients (based
on crystal size) ar@.6541and0.7456.

5. 466 (

The structure was solved and refined using the Bruker SHELXTL Software Package, using the
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space grou -1, with Z =2 for the formula unitCagH72F12N40164Sis. The final anisotropic full
matrix leastsquares refinement orf with 837 variables converged at R17-59%, for the

observed data and wR222.85% for all data. The goodnesfsfit was1.047. The lagest peak in
the final difference electron density synthesis W&39e/A3 and the largest hole wal.656€

/A% with an RMS deviation 0.094e/A3. On the basis of the final model, the calculated density

was1.427g/cm? and F(000)1600e€.

Table A.2. Sample and crystal data for 4merNHTFSI.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Table A.3. Data collection and structure refinement for 4mex(NHTFSI)..

4mer(NHTFSI),
CagH72F12N4O16S4Sis
1542.05 g/mol

100(2) K

0.71073 A

0.070 x 0.190 x 0.335 mm
triclinic

P-1
a=11.3713) A
b =16.642(4) A
c=19.433(5) A
3589.6(15) A

2

1.427 glcr
0.358 mmt
1600

O O C

Theta range for data collection 1.05 to 23.26°

Index ranges
Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program
Function minimized

Data / restraints / parameters

-12<=h<=12-18<=k<=18,-21<=[<=20
28461
10298[R(int) = 0.0451]

99.8%

multi-scan

0.7456 and 0.6541

direct methods

SHELXS-97 (Sheldrick, 2008)
Full-matrix leastsquares on¥
SHELXL-2014/7 (Sheldrick, 2014)
E  wi(-FR)

10298 /1 /837
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Goodnessof-fit on F2 1.047
Final R indices 7086 datal] >2 0 ( | ) R1=0.0759, wR2 =0.1930
all data R1=0.1137,wR2 =0.2185

w = 1 (F2&(0.1054P3+11.3886P]
where P=(F+2F?)/3

1.279 and0.656 eAd
0.094 ef3

Weighting scheme

Largest diff. peak and hole
R.M.S. deviation from mean

Table A.4. Atomic coordinates and equivalent isotropic atomic displacement parameters
(A?) for 4mer-(NHTFSI)a.

U(eq) is defined as one third of the trace of the orthogonalizeerdor.

x/a y/b zlc U(eq)

Sil 0.98127(13) 0.50725(9) 0.19917(8) 0.0256(4)
Si2 0.26405(13) 0.27975(9) 0.21293(8) 0.0261(4)
Si3 0.20769(13) 0.47165(9) 0.22065(8) 0.0255(4)
Si4 0.98215(13) 0.31816(10) 0.21570(8) 0.0259(4)
Si5 0.2(656(14) 0.55882(10) 0.36171(9) 0.0322(4)
S8 0.85666(17) 0.95471(12) 0.43717(10) 0.0525(5)
Si7 0.76059(16) 0.57556(12) 0.30161(10) 0.0443(5)
Si8 0.93383(16) 0.27465(11) 0.36764(9) 0.0388(5)
Si9 0.44290(17) 0.22955(12) 0.32155(11) 0.0480(5)
C11 0.9396(5) 0.5616(4) 0.1186(3) 0.0333(14)
C12 0.8789(5) 0.5285(4) 0.0700(3) 0.0411(16)
Ci16 0.9701(6) 0.6378(4) 0.1048(4) 0.0486(19)
Ci14 0.8782(6) 0.6463(6) 0.9989(4) 0.067(3)
Ci13 0.8464(6) 0.5720(5) 0.0109(4) 0.055(2)
Ci15 0.9401(6) 0.6808(5) 0.0448(4) 0.063(2)
Cc21 0.3372(5) 0.2263(3) 0.1333(3) 0.0275(13)
C25 0.4568(5) 0.2209(4) 0.0246(3) 0.0383(15)
C26 0.4016(5) 0.2627(4) 0.0830(3) 0.0311(14)
C23 0.3833(7) 0.1037(4) 0.0599(4) 0.059(2)
C24 0.4482(6) 0.1414(4) 0.0134(4) 0.0477(18)
C22 0.3290(6) 0.1450(4) 0.1198(4) 0.0508(19)
C31 0.3557(5) 0.5129(3) 0.1546(3) 0.0304(14)
C32 0.4768(5) 0.4768(4) 0.1444(4) 0.0432(17)
C34 0.5110(7) 0.5742(5) 0.0583(4) 0.055(2)
C33 0.5542(6) 0.5068(5) 0.0960(4) 0.0525(19)
C36 0.3151(6) 0.5788(4) 0.1142(3) 0.0434(17)
C35 0.3917(6) 0.6104(4) 0.0666(4) 0.0519(19)
C41 0.9140(5) 0.2631(4) 0.1528(3) 0.0303(14)
C42 0.7955(6) 0.2938(5) 0.1378(4) 0.058(2)
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C4a4
C46
C45
C83A
03
02
o1
04
05
06
o7
08
Cc84
C83
N8
081
082
F81
F83
F82
C71
C72
C73
N7
S7
071
o72
C51
C53
C52
C54
N5
S5
052
051
F53
F52
F51
Ca1
C92

x/a
0.7970(7)
0.9719(7)
0.9140(8)
0.7395(7)
0.2819(3)
0.1186(3)
0.9684(3)
0.1223(3)
0.8994(3)
0.2885(3)
0.9140(3)
0.3190(4)
0.8840(6)
0.9519(10)
0.9616(6)
0.8741(5)
0.7454(5)
0.9919(3)
0.8781(4)
0.8039(4)
0.6946(8)
0.6487(8)
0.6084(9)
0.7143(8)
0.7269(2)
0.6550(6)
0.8509(7)
0.2402(6)
0.1245(6)
0.1368(6)
0.1698(9)
0.2267(5)
0.2260(2)
0.3467(6)
0.1409(6)
0.2360(6)
0.0592(5)
0.1753(6)
0.4854(7)
0.3881(7)

y/b

0.1827(6)
0.1929(5)
0.1512(5)
0.200(6)
0.3735(2)
0.5117(2)
0.4131(2)
0.2764(2)
0.5502(2)
0.4919(2)
0.3144(2)
0.2359(3)
0.8448(5)
0.0200(5)
0.9867(4)
0.9587(3)
0.9840(4)
0.8098(2)
0.8294(3)
0.8112(3)
0.6796(5)
0.6819(5)
0.7709(7)
0.8044(6)

0.89014(18)

0.9046(6)
0.8828(6)
0.6654(4)
0.7845(4)
0.6956(4)
0.9370(5)
0.8015(4)

0.82616(12)

0.8193(4)
0.7934(4)
0.9736(3)
0.9565(3)
0.9653(3)
0.1206(5)
0.0955(5)
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zlc

0.0626(4)
0.1194(4)
0.0735(5)
0.0932(5)
0.2105(2)
0.2109(2)
0.1922(2)
0.2186(2)
0.2654(2)
0.2971(2)
0.2911(2)
0.2804(2)
0.4202(4)
0.3252(4)
0.3944(3)
0.5082(3)
0.4116(3)
0.4373(2)
0.3541(2)
0.4572(3)
0.2691(5)
0.1987(5)
0.1720(6)
0.1607(4)

0.20254(13)

0.2640(3)
0.2017(5)
0.3276(4)
0.2621(4)
0.2828(4)
0.1403(5)
0.2202(3)

0.14143(11)

0.1132(3)
0.1094(3)
0.1792(3)
0.1672(3)
0.0774(3)
0.3474(5)
0.3915(5)

U(eq)
0.062(2)
0.0543(19)
0.073(3)
0.070(2)
0.0319(10)
0.0284(9)
0.0320(9)
0.0289(9)
0.0334(10)
0.0321(9)
0.0339(10)
0.0387(10)
0.0475(18)
0.077(3)
0.0604(17)
0.0661(15)
0.0796(18)
0.0562(11)
0.0696(13)
0.0746(14)
0.080(3)
0.079(3)
0.111(4)
0.101(3)
0.0818(7)
0.119(3)
0.141(3)
0.0439(17)
0.0471(17)
0.0445(17)
0.068(2)
0.0535(16)
0.0626(6)
0.094(2)
0.085(2)
0.1044(19)
0.0939(17)
0.1031(19)
0.065(2)
0.067(2)



Co4
C93
S9
092
091
F93
F92
Fo1
C8A
C5A
C7A
C6A
C3A
C4A
C2A
C1A
N9
c81
C82
F71
F72
F73
C74

x/a
0.4459(8)
0.4196(9)
0.3746(2)
0.4134(5)
0.261(6)
0.4228(5)
0.5656(5)
0.4141(5)
0.3804(6)
0.4053(7)
0.1146(6)
0.5651(7)
0.0530(7)
0.7908(7)
0.7686(7)
0.6784(6)
0.4416(8)
0.9889(9)
0.9073(11)
0.5567(9)
0.6894(13)
0.7262(11)
0.6835(17)

y/b
0.8032(5)
0.0073(6)
0.86882(13)
0.8251(3)
0.8852(4)
0.7307(3)
0.7946(3)
0.8387(3)
0.5400(4)
0.3008(4)
0.5459(5)
0.2065(6)
0.3165(6)
0.3059(7)
0.5840(6)
0.4956(5)
0.9478(4)
0.1603(6)
0.1148(6)
0.9737(5)
0.0418(5)
0.9654(6)
0.9730(8)

zlc
0.4382(4)
0.4198(5)
0.37055(12)
0.3089(3)
0.3937(3)
0.4390(3)
0.4274(3)
0.4998(3)
0.4191(3)
0.3966(4)
0.4104(4)
0.2621(5)
0.4054(4)
0.4218(4)
0.3952(4)
0.2791(4)
0.3669(4)
0.3572(4)
0.3270(5)
0.1424(5)
0.1746(5)
0.0855(4)
0.1449(8)

Table S5 Bond lengths (A) for 4mee(NHTFSI)..

Si1-05
Si1-02
Si2-08
Si2-04
Si3-06
Si3-02
Si4-07
Si4-01
Si5-06
Si5-C8A
S8082
S8N8
Si7-05
Si7-C1A

1.609(4)

1.613(4)
1.604(4)
1.619(4)
1.606(4)
1.612(4)
1.609(4)
1.622(4)
1.651(4)
1.851(6)
1.390(6)
1.579(7)
1.649(4)
1.848(8)

Si1-01
Si1-C11
Si2-03
Si2-C21
Si3-03
Si3-C31
Si4-04
Si4-C41
Si5C7A
Si5C51
S8081
S8C84
Si7-C2A
Si7-C71
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U(eq)
0.059(2)
0.088(3)
0.0653(6)
0.0661(15)
0.094(2)
0.0788(14)
0.0908(17)
0.0948(17)
0.0456(17)
0.060(2)
0.0512(18)
0.081(3)
0.071(3)
0.077(3)
0.067(2)
0.064(2)
0.088(2)
0.079(3)
0.093(3)
0.167(4)
0.231(6)
0.178(5)
0.127(5)

1.611(4)

1.850(6)
1.613(4)
1.841(6)
1.611(4)
1.854(6)
1.610(4)
1.839(6)
1.847(7)
1.870(7)
1.414(5)
1.820(8)
1.836(8)
1.870(8)



Si8-07
Si8&-C4A
Si9-08
Sig-Ca1
C1l1-C12
C12C13
C14C13
C21-C26
C25C24
C23C24
C31-C36
C32C33
C34C35
C41-C46
C42-C83A
C44C45
C84F81
C84-F82
C83C82
C72C73
N7-S7
S7-072
C51-C52
C53C52
C54F51
C54S5
S5051
C91-C92
C94-F93
C94-F92
C93N9
S9-092
C81-C82
F72-C74

1.639(4)
1.848(8)
1.659(4)
1.856(8)
1.390(9)
1.389(9)
1.370(11)
1.386(8)
1.367(9)
1.353(10)
1.370(9)
1.396(9)
1.366(10)
1.360(9)
1.375(10)
1.360(11)
1.314(7)
1.326(8)
1.556(12)
1.558(13)
1.683(10)
1.389(7)
1.520(9)
1.514(9)
1.309(10)
1.827(9)
1.391(6)
1.472(11)
1.285(8)
1.339(9)
1.403(12)
1.398(6)
1.469(12)
1.300(13)

Si8&-C3A
Sig-C81
Si9-C5A
Si9-C6A
C11-C16
C16C15
C14C15
C21-C22
C25C26
C23C22
C31-C32
C34C33
C36:C35
C41-C42
C44C83A
C46-C45
C84-F83
C83N8
C71-C72
C73N7
S7-071
S7-C74
C53N5
C54-F52
C54-F53
N5-S5
S5052
C92C93
C94F91
C94-59
S9-091
S9-N9
F71-C74
F73-C74

Table 6. Bond angles (°) for 4mef(NHTFSI)a.

05-Si1-01
01-Si1-02
01-Si1-C11
08-Si2-03

110.4(2)

110.2(2)
109.1(3)
109.8(2)

05-Si1-02

05 Si1-C11
02-Si1-C11

08-Si2-04
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1.845(8)
1.886(10)
1.853(8)
1.861(9)
1.400(9)
1.395(10)
1.373(12)
1.402(9)
1.371(8)
1.390(10)
1.386(8)
1.365(10)
1.394(9)
1.394(9)
1.336(11)
1.413(10)
1.320(8)
1.456(10)
1.499(11)
1.427(8)
1.386(6)
1.787(14)
1.441(9)
1.300(10)
1.336(10)
1.584(6)
1.420(6)
1.547(12)
1.329(9)
1.836(8)
1.370(7)
1.646(8)
1.444(17)
1.214(17)

106.8(2)
111.7(2)
108.6(2)
106.8(2)



03-Si2-04
03-Si2-C21
06-Si3-03
03-Si3-02
03-Si3-C31
O7-Si4-04
04-Si4-01
04-Si4-C41
06-Si5-C7A
C7A-Si5C8A
C7A-Si5-C51
08258081
081-S8N8
081-S8-C84
O5-Si7-C2A
C2A-Si7-C1A
C2A-Si7-C71
O7-Si8-C3A
C3A-Si8-C4A
C3A-Sig-C81
08-Si9-C5A
C5A-Si9-Co1
C5A-Si9-C6A
C12C11-Cl6
Ci16C11isSi1
C15C16C11
C14C13C12
C26-C21-C22
C22C21-Si2
C25C26C21
C23-C24C25
C36-C31-C32
C32C31-Si3
C33C34C35
C31-C36C35
C46-:C41-C42
C42C41-Si4
C83A-C44-C45
C44C45C46
Si3-03-Si2
Si1-01-Si4

110.7(2)
108.8(2)
108.7(2)
110.4(2)
108.1(2)
109.0(2)
110.1(2)
109.9(2)
109.6(3)
109.7(3)
110.6(3)
122.1(4)
108.7(3)
102.8(3)
108.1(3)
112.0(4)
108.0(4)
108.6(3)
109.4(4)
107.6(4)
107.5(3)
112.6(4)
111.4(4)
118.1(6)
120.1(5)
121.9(7)
120.1(7)
115.8(6)
120.9(5)
122.0(6)
119.7(6)
116.8(6)
119.8(5)
119.8(7)
122.2(6)
116.8(6)
119.1(5)
120.5(7)
118.6(8)
161.7(3)
155.5(3)

08-Si2-C21
04-Si2-C21
06-Si3-02
06-Si3-C31
02-Si3-C31
O7-Si4-01
O7-Si4-C41
01-Si4-C41
06-Si5-C8A
06-Si5-C51
C8A-Si5-C51
0O82S8N8
082-58-C84
N8-S8-C84
O5-Si7-C1A
05-Si7-C71
C1A-Si7-C71
O7-Si8-C4A
O7-Sig-C81
C4A-Sig-C81
08-Si9-Co1
08-Si9-C6A
C91-Si9-C6A
Cl12C1isi1
C13Ci12C11
C13C14C15
C14C15C16
C26C21-Si2
C24C25C26
C24C23C22
C23C22C21
C36C31-Si3
C31-C32C33
C34C33C32
C34C35C36
C46C41-Si4
C83A-C42C41
C41-C46C45
C44-C83A-C42
Si3-02-Sil1
Si4-04-Si2
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111.6(2)
109.1(2)
109.3(2)
110.9(2)
109.4(2)
109.5(2)
109.7(2)
108.6(2)
108.7(3)
109.8(3)
108.5(3)
112.0(4)
103.7(3)
105.8(3)
108.1(3)
106.8(4)
113.5(4)
107.8(3)
108.5(3)
114.8(4)
105.6(3)
109.8(3)
109.7(4)
121.8(5)
120.2(7)
121.8(7)
117.9(7)
123.3(4)
120.7(6)
120.0(7)
121.7(6)
123.4(5)
121.7(6)
119.8(6)
119.7(7)
124.1(5)
121.1(7)
121.9(7)
121.1(7)
153.5(3)
152.3(3)



Si1-05-Si7
Si4-07-Si8
F81-C84-F83
F83-C84-F82
F83C84-S8
N8-C83-C82
C72C71-Si7
N7-C73C72
O71-S7-072
O72-S7-N7
O72-S7-C74
C52C51-Si5
C53C52C51
F52-C54-F53
F52-C54-S5
F53C54-S5
051-S5052
O52S5N5
052-55C54
C92-C91-Si9
F93-C94-F91
F91-C94-F92
F91-C94-S9
N9-C93-C92
091-S9-N9
091-S9-C94
N9-S9-C94
C82C81-Si8
F73C74F72
F72C74F71
F72-C74S7

144.6(3)
142.0(3)
108.2(6)
109.1(6)
111.0(5)
111.5(7)
116.0(6)
107.1(8)
120.6(5)
102.5(6)
103.1(7)
117.1(5)
113.8(5)
106.8(7)
111.2(6)
109.0(7)
123.1(4)
108.9(4)
101.7(4)
111.4(6)
109.6(7)
107.1(6)
110.4(6)
112.1(8)
116.1(4)
103.3(4)
105.0(4)
116.4(7)
114.6(14)
105.8(14)
109.4(10)

Si3-06-Si5
Si2-08-Si9
F81-C84-F82
F81-C84-S8
F82-C84-S8
C83N8-S8
C71-C72C73
C73N7-S7
O71-S7-N7
O71-S7-C74
N7-S7-C74
N5-C53-C52
F52C54F51
F51-C54-F53
F51-C54-S5
C53N5-S5
O51-S5N5
051-S5C54
N5-S5C54
C91-C92-C93
FO93-C94-F92
FO93-C94-S9
F92-C94-S9
091-59-092
092S9-N9
092-59-C94
C93N9-S9
C81-C82C83
F73C74F71
F73C74S7
F71-C74S7

Table S7. Torsion angles (°) for 4mex(NHTFSI)..

05-Si1-C11-C12
02-Si1-C11-C12
01-Si1-C11-C16
C16C11-C12-C13
C12C11-C16C15
C15C14C13C12
C13C14C15C16

-107.6(5)
134.8(5)
-164.8(5)
-2.1(9)
0.7(10)
-1.3(11)
-0.2(12)

01-Si1-C11-C12
05-Si1-C11-C16
02-Si1-C11-C16
Si1-C11-C12C13
Si1-C11-C16C15
C11-C12C13C14
C11-C16C15C14
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144.7(3)
137.6(3)
108.1(6)
110.0(5)
110.3(5)
123.7(6)
112.8(8)
120.8(8)
113.8(5)
109.3(7)
106.2(5)
114.0(6)
109.0(8)
109.4(7)
111.2(6)
124.9(5)
110.7(3)
104.6(5)
106.1(4)
114.8(7)
107.1(7)
113.7(5)
108.7(5)
120.4(4)
105.4(4)
105.1(4)
121.1(8)
114.5(9)
105.8(12)
118.1(12)
101.4(10)

14.7(6)
72.9(5)
-44.6(6)
178.4(5)
-179.8(5)
2.5(10)
0.5(11)



08-Si2-C21-C26
04-Si2-C21-C26
03-Si2-C21-C22
C24C25C26C21
Si2-C21-C26-:C25
C26C25C24C23
C26C21-C22-C23
06-Si3-C31-C36
02-Si3-C31-C36
03-Si3-C31-C32
C36-C31-C32C33
C35C34C33C32
C32-C31-C36:C35
C33C34-C35C36
O7-Si4-C41-C46
01-Si4-C41-C46
04-Si4-C41-C42
C46-C41-C42-C83A
C42-C41-C46C45
C83A-C44-C45C46
C45C44C83A-C42
06-Si3-03-Si2
C31-Si3-03-Si2
04-Si2-03-Si3
06-Si3-02-Sil
C31-Si3-02-Si1
01-Si1-02-Si3
05-Si1-01-Si4
C11-Si1-01-Si4
04-Si4-01-Sil
O7-Si4-04-Si2
C41-Si4-04-Si2
03-Si2-04-Si4
01-Si1-05-Si7
C11-Si1-0O5-Si7
C1A-Si7-05-Sil
03-Si3-06-Si5
C31:-Si3-06-Si5
C8A-Si5-06-Si3
04-Si4-07-Si8
C41-Si4-07-Si8

-118.0(5)
124.2(5)
-176.0(5)
1.2(9)
178.9(5)
0.8(10)
0.5(10)
-108.6(5)
12.1(6)
-48.0(5)
0.8(9)
-2.0(11)
-2.0(10)
0.8(11)
-113.9(6)
126.4(6)
-174.4(5)
2.2(11)
-2.1(11)
2.1(14)
-2.1(14)
82.2(9)
-157.3(9)
25.0(10)
-114.3(6)
124.1(6)
-0.9(7)
-64.7(7)
172.2(6)
-62.6(7)
-115.9(6)
123.8(6)
11.6(7)
-60.1(5)
61.5(5)
34.0(6)
-150.4(4)
90.9(5)
-161.8(5)
-8.9(5)
111.5(5)

03-Si2-C21-C26
08-Si2-C21-C22
04-Si2-C21-C22
C22-C21-C26:C25
C22C23C24C25
C24C23C22C21
Si2-C21-C22-C23
03-Si3-C31-C36
06-Si3-C31-C32
02-Si3-C31-C32
Si3-C31-C32C33
C31-C32C33C34
Si3-C31-C36:C35
C31-C36-:C35C34
04-Si4-C41-C46
O7-Si4-C41-C42
01-Si4-C41-C42
Si4-C41-C42-C83A
Si4-C41-C46-C45
C41-C46:C45C44
C41-C42-C83A-C44
02-Si3-03-Si2
08-Si2-03-Si3
C21-Si2-03-Si3
03-Si3-02-Si1
05-Si1-02-Si3
C11-Si1-02-Si3
02-Si1-01-Si4
O7-Si4-01-Si1
C41-Si4-01-Si1
01-Si4-04-Si2
08-Si2-04-Si4
C21-Si2-04-Si4
02-Si1-05-Si7
C2A-Si7-05-Sil
C71-Si7-05-Sil1
02-Si3-06-Si5
C7A-Si506-Si3
C51-Si506-Si3
01-Si4-07-Si8
C3A-Si&-07-Si4
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3.2(5)
62.7(5)
-55.1(5)
-1.8(8)
-2.1(11)
1.5(12)
179.8(6)
132.3(5)
71.1(5)
-168.3(5)
-178.9(5)
1.2(11)
177.6(5)
1.3(11)
5.9(6)
65.8(6)
-53.9(6)
-177.6(6)
177.6(6)
0.0(13)
-0.1(13)
-37.7(10)
-92.6(9)
145.0(9)
5.3(7)
119.0(6)
-120.3(6)
53.1(7)
57.3(7)
177.1(6)
4.3(7)
131.1(6)
-108.1(6)
-179.9(4)
155.4(5)
-88.6(5)
-29.8(5)
78.4(5)
-43.2(5)
-129.4(4)
63.5(6)



C4A-Si8-07-Si4
03-Si2-08-Si9
C21-Si2-08-Si9
C91-Si9-08-Si2
082-S8-C84F81
N8-S8C84-F81
081-S8-C84-F83
082-S8-C84-F82
N8-S8C84-F82
082-S8-N8-C83
C84-S8N8-C83
C2A-Si7-C71-C72
Si7-C71-C72C73
C72C73N7-S7
C73N7-ST-072
06-Si5-C51-C52
C8A-Si5-C51-C52
Si5-C51-C52-C53
C53N5-S5051
C53N5-S5C54
F51-C54-S5051
F52-C54-S5052
F53C54-S5052
F51-C54-S5N5
08-Si9-C91-C92
C6A-Si9-C91-C92
C91-C92-C93N9
F91-C94-S9-091
F93-C94-S9-092
F92-C94-S9-092
F91-C94-S9-N9
C92C93N9-S9
092-S9-N9-C93
O7-Si8-C81-C82
C4A-Si8-C81-C82
N8-C83C82-C81
O72ST-C74F73
O71ST-C74F72
N7-S7-C74F72
O72-ST7-C74F71

-178.1(5)
-44.7(5)
76.0(5)
-138.6(5)
175.2(5)
57.2(6)
-176.4(5)
-65.6(6)
176.4(5)
-18.4(7)
93.9(6)
-163.5(7)
-173.6(7)
-121.1(8)
155.8(8)
65.3(6)
-176.1(5)
175.3(5)
-28.2(7)
84.7(7)
-68.4(8)
-177.6(7)
-60.1(7)
174.5(6)
-58.6(6)
-176.8(6)
-63.8(11)
-52.3(6)
-55.7(7)
63.5(6)
69.7(7)
-130.0(7)
177.6(7)
-62.0(7)
58.6(8)
63.0(12)
60.0(14)
55.9(15)
179.0(12)
175.0(8)

C81-Si8-07-Si4
04-Si2-08-Si9
C5A-Si9-08-Si2
C6A-Si9-08-Si2
081-S8-C84-F81
082-S8-C84-F83
N8-S8C84-F83
081-S8-C84-F82
C82C83N8-S8
081-S8-N8-C83
05-Si7-C71-C72
C1A-Si7-C71-C72
C71-C72C73N7
C73N7-ST-071
C73N7-ST-C74
C7A-Si5-C51-C52
N5-C53-C52C51
C52-C53N5-S5
C53N5-55052
F52-C54-S5051
F53-C54S5051
F51-C54-S5052
F52-C54-S5N5
F53C54-S5N5
C5A-Si9-C91-C92
Si9-C91-C92-C93
F93-C94-S9-091
F92-C94-S9-091
F91-C94-S9-092
FI93-C94-S9-N9
F92-C94-S9-N9
091-S9-N9-C93
C94-S9-N9-C93
C3A-Si8-C81-C82
Sig8-C81-C82C83
O71-STCT74F73
N7-ST7-C74F73
O72ST-C74F72
O71-S7-C74F71
N7-S7-C74F71
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-53.2(6)
-164.8(4)
100.9(5)
-20.4(6)
-56.7(6)
55.5(6)
-62.5(5)
62.5(5)
91.9(9)
-156.3(6)
80.4(8)
-38.7(9)
67.4(11)
23.9(9)
-96.4(10)
-55.7(6)
62.9(8)
111.5(6)
-166.5(6)
53.3(8)
170.8(6)
60.7(8)
-63.8(8)
53.7(7)
58.5(7)
-175.8(6)
71.3(7)
-169.5(6)
-179.4(6)
-166.7(6)
-47.4(7)
41.6(8)
-71.7(8)
-179.4(7)
-175.1(6)
-170.5(12)
-47.4(14)
-73.5(14)
-55.5(9)
67.6(10)



Table S8 Anisotropic atomic displacement parameters (A for 4mer-(NHTFSI)a.
The anisotropic atomic displacement factor exponent takes the-rfhh?a? Ui+ ... + 2 h k

ab Uiz ]

Ui
Sil 0.0191(8)
Si2 0.0198(8)
Si3 0.0198(8)
Si4 0.0203(8)
Si5 0.0293(9)
S8 0.0544(12)
Si7 0.0294(10)
Si8 0.0421(10)
Si9 0.0445(11)
Cl1 0.022(3)
Cl2 0.019(3)
Cl6 0.033(4)
Cl4 0.027(4)
Cl13 0.022(3)
C15 0.039(4)
C21 0.021(3)
C25 0.032(3)
C26 0.028(3)
C23 0.072(5)
C24 0.041(4)
C22 0.052(4)
C31 0.029(3)
C32 0.025(3)
C34 0.050(5)
C33 0.023(3)
C36 0.039(4)
C35 0.052(5)
C41 0.031(3)
C42 0.039(4)
C44  0.065(5)
C46  0.049(4)
C45 0.081(6)
C83A 0.045(5)
03 0.020(2)
02 0.020(2)

Uz
0.0298(9)
0.0289(9)
0.0283(9)
0.0326(9)
0.0371(10)
0.0515(11)
0.0525(12)
0.0498(11)
0.0442(11)
0.044(4)
0.068(5)
0.058(5)
0.117(7)
0.108(7)
0.078(6)
0.029(3)
0.046(4)
0.035(3)
0.032(4)
0.054(5)
0.035(4)
0.031(3)
0.053(4)
0.054(5)
0.065(5)
0.041(4)
0.047(4)
0.038(4)
0.065(5)
0.082(6)
0.060(5)
0.068(6)
0.089(7)
0.031(2)
0.029(2)

Uss
0.0279(9)
0.0303(9)
0.0291(9)
0.0265(9)
0.0296(10)
0.0466(12)
0.0435(12)
0.0279(10)
0.0568(13)
0.033(4)
0.035(4)
0.056(5)
0.051(5)
0.036(4)
0.075(6)
0.033(3)
0.038(4)
0.034(4)
0.070(6)
0.046(4)
0.063(5)
0.036(4)
0.057(5)
0.061(5)
0.072(5)
0.046(4)
0.053(5)
0.026(3)
0.074(6)
0.053(5)
0.055(5)
0.073(6)
0.085(6)
0.044(3)
0.038(2)

[239

Uazs
0.0078(7)
0.0040(7)
-0.0009(7)
0.0073(7)
-0.0013(7)
-0.0012(9)
0.0019(9)
0.0078(8)
0.0072(9)
0.012(3)
0.009(3)
0.030(4)
0.043(5)
0.012(4)
0.048(5)
0.005(3)
-0.005(3)
-0.004(3)
-0.014(4)
-0.012(4)
0.002(4)
-0.009(3)
0.009(3)
-0.005(4)
-0.001(4)
0.000(3)
0.006(4)
0.011(3)
.0.011(4)
0.002(4)
-0.003(4)
-0.022(5)
-0.013(5)
-0.0038(19)
0.0049(18)

Uis
-0.0041(6)
-0.0084(7)
-0.0037(6)
-0.0043(6)
-0.0052(7)
-0.0092(9)
0.0007(8)
-0.0043(8)
-0.0315(10)
-0.002(3)
0.000(3)
-0.016(3)
-0.002(3)
-0.004(3)
-0.013(4)
-0.008(2)
0.001(3)
-0.009(3)
0.006(4)
0.005(3)
0.015(4)
-0.003(3)
-0.009(3)
0.017(4)
0.001(3)
0.011(3)
0.017(4)
-0.005(3)
-0.015(4)
-0.028(4)
-0.023(4)
-0.026(5)
-0.028(4)
-0.0025(18)
-0.0074(17)

Uiz
-0.0043(6)
-0.0042(6)
-0.0056(6)
-0.0082(7)
-0.0042(7)
0.0032(9)
0.0082(8)
-0.0168(9)
-0.0021(9)
-0.005(3)
-0.005(3)
-0.010(3)
-0.002(4)
-0.012(4)
-0.014(4)
-0.002(2)
-0.014(3)
-0.012(3)
-0.009(4)
-0.007(3)
0.011(3)
-0.016(3)
-0.017(3)
-0.022(4)
-0.015(3)
-0.005(3)
0.011(3)
-0.014(3)
.0.012(4)
-0.036(5)
-0.007(4)
-0.011(5)
-0.025(5)
-0.0052(17)
-0.0058(16)



o1

04

05

06

o7

08

Cc84
C83
N8

081
082
F81
F83
F82
C71
C72
C73
N7

S7

071
o72
C51
C53
C52
C54
N5

S5

052
051
F53
F52
F51
Ca1
C92
C94
C93
S9

092
091
F93

U
0.024(2)
0.019(2)
0.024(2)
0.031(2)
0.022(2)
0.037(2)
0.033(4)
0.133(8)
0.072(4)
0.080(4)
0.079(4)
0.044(2)
0.072(3)
0.054(3)
0.080(6)
0.079(6)
0.074(7)
0.085(6)
0.0743(16)
0.092(5)
0.073(5)
0.045(4)
0.053(4)
0.046(4)
0.089(7)
0.049(4)
0.0892(16)
0.100(5)
0.136(6)
0.138(5)
0.096(4)
0.146(5)
0.062(5)
0.062(5)
0.071(6)
0.087(7)
0.0775(16)
0.079(4)
0.095(5)
0.106(4)

U2z
0.038(2)
0.035(2)
0.041(2)
0.031(2)
0.048(3)
0.047(3)
0.066(5)
0.056(5)
0.059(4)
0.076(4)
0.085(4)
0.059(3)
0.073(3)
0.076(3)
0.075(6)
0.065(6)
0.170(12)
0.134(8)
0.117(2)
0.220(9)
0.216(10)
0.041(4)
0.045(4)
0.038(4)
0.053(5)
0.067(4)
0.0474(11)
0.089(5)
0.098(5)
0.075(4)
0.066(3)
0.067(3)
0.058(5)
0.058(5)
0.058(5)
0.082(7)
0.0532(12)
0.067(4)
0.102(5)
0.058(3)

Uszs
0.037(2)
0.034(2)
0.033(2)
0.033(2)
0.031(2)
0.033(2)
0.044(5)
0.044(5)
0.053(4)
0.042(3)
0.064(4)
0.062(3)
0.062(3)
0.099(4)
0.068(6)
0.089(7)
0.075(7)
0.068(6)
0.0610(16)
0.049(4)
0.139(8)
0.045(4)
0.041(4)
0.048(4)
0.062(6)
0.042(4)
0.0461(12)
0.078(5)
0.042(3)
0.109(5)
0.104(4)
0.088(4)
0.072(6)
0.081(6)
0.058(6)
0.093(8)
0.0667(15)
0.056(4)
0.071(4)
0.082(4)
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Uzs Uiz
0.0069(19) -0.0093(18)
0.0057(18) -0.0048(17)
0.0037(19) -0.0028(17)
-0.0016(18) -0.0101(18)
0.0081(19) -0.0016(17)
0.006(2) -0.0147(19)
0.000(4) -0.011(3)
0.003(4) -0.022(5)
0.008(3) -0.015(3)
-0.010(3) -0.005(3)
-0.001(3) -0.021(3)
0.009(2) -0.009(2)
-0.020(2) -0.020(2)
0.006(3) 0.004(3)
-0.013(5) -0.024(5)
-0.019(5) -0.041(5)
0.019(7) -0.023(6)
0.010(5) -0.001(5)
0.0114(14) -0.0222(12)
-0.026(5) 0.018(4)
0.022(7) -0.034(5)
-0.012(3) -0.004(3)
-0.004(3) -0.007(3)
-0.003(3) -0.009(3)
-0.005(5) 0.019(5)
-0.002(3) -0.004(3)
0.0017(9) 0.0064(11)
0.002(4) 0.044(4)
0.015(3) -0.039(3)
-0.007(3) 0.012(4)
0.004(3) 0.017(3)
0.038(3) 0.004(4)
0.003(4) -0.031(4)
0.008(4) -0.023(5)
0.006(4) -0.022(4)
0.009(6) -0.023(6)
-0.0060(11) -0.0338(12)
-0.006(3) -0.026(3)
-0.037(4) -0.030(4)
0.011(2) -0.034(3)

U
-0.0118(18)
-0.0080(17)
-0.0008(18)
0.0012(17)
-0.0065(18)
-0.005(2)
-0.007(3)
-0.017(5)
-0.015(3)
-0.015(3)
0.016(3)
0.0006(19)
-0.004(2)
-0.028(2)
0.031(5)
0.010(5)
0.015(7)
0.011(5)
-0.0298(14)
-0.048(5)
-0.028(5)
-0.005(3)
-0.003(3)
-0.005(3)
-0.024(5)
-0.006(3)
-0.0065(10)
0.000(4)
-0.064(4)
-0.050(4)
0.012(3)
-0.008(3)
0.002(4)
-0.004(4)
-0.028(4)
-0.003(5)
-0.0055(11)
-0.017(3)
0.020(4)
-0.029(3)



Un Uz Uss Uzs Uis Ui
F92  0.080(4) 0.100(4)  0.103(4)  0.030(3) -0.049(3) -0.028(3)
FO1  0.141(5) 0.087(4)  0055(3) -0.008(3) -0.036(3)  -0.009(3)
CBA 0.045(4)  0050(4)  0.043(4)  -0.005(3) -0.013(3) -0.008(3)
C5A 0.074(5) 0036(4)  0.074(6)  -0.001(4) -0.045(4)  -0.003(4)
C7A 0.045(4) 0068(5)  0.043(4)  -0.001(4) 0.002(3)  -0.017(4)
C6A 0.045(5) 0102(7) 0.103(8) 0.023(6) -0.034(5)  -0.020(5)
C3A 0061(5) 0.122(8) 0.041(5) 0.004(5)  -0.008(4) -0.041(5)
CAA 0.050(5) 014909  0.037(5) 0.009(5)  0.007(4)  -0.033(5)
C2A 0.041(4) 0096(6) 0.055(5) -0.012(5) 0.011(4)  0.000(4)
CIA 0033(4) 00956) 0.061(5) -0.001(5) 0.006(4)  -0.010(4)
N9  0.140(7)  0.055(4)  0.064(5)  0.002(4)  -0.032(5)  0.000(4)
C81 0.101(7) 0097(7)  0.050(5)  0.040(5) -0.030(5) -0.038(6)
C82 0.148(10) 0.085(7)  0.063(6)  0.033(5)  -0.042(6)  -0.055(7)
F71  0183(8) 0.132(6) 0.167(8) -0.019(5) -0.098(7)  0.047(6)
F72  050(2)  0.102(6) 0.126(7) 0.005(5)  -0.065(9)  -0.131(9)
F73  0.331(14) 0.186(8) 0.050(4)  0.019(5)  -0.013(6)  -0.134(9)
C74 0.81(15) 0.085(9)  0.124(13) -0.012(8) -0.062(11) -0.028(9)

Table S9Q Hydrogen atomic coordinates and isotropic atomic displacement parameters {¥
for 4mer-(NHTFSI)a.

x/a y/b zlc U(eq)
H12 -0.1405 0.4761 0.0772 0.049
H16 0.0124 0.6608 0.1373 0.058
H14 -0.1432 0.6748 -0.0422 0.08
H13 -0.1979 0.5502 -0.0213 0.067
H15 -0.0382 0.7322 0.0359 0.076
H25 0.5016 0.2476 -0.0083 0.046
H26 0.4077 0.3183 0.0891 0.037
H23 0.3748 0.0491 0.0515 0.071
H24 0.4876 0.1128 -0.0269 0.057
H22 0.2853 0.1174 0.1526 0.061
H32 0.5080 0.4304 0.1711 0.052
H34 0.5639 0.5959 0.0263 0.066
H33 0.6366 0.4803 0.0894 0.063
H36 0.2320 0.6039 0.1188 0.052
H35 0.3610 0.6570 0.0401 0.062
H42 -0.2473 0.3438 0.1588 0.07
H44 -0.2441 0.1545 0.0330 0.075
H46 0.0536 0.1712 0.1272 0.065
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H45
H83A
H83B
H83C
H8
H71A
H71B
H72A
H72B
H73A
H73B
H7
H51A
H51B
H53A
H53B
H52A
H52B
H5
HI1A
H91B
H92A
H92B
H93A
H93B
HBAA
H8AB
HBAC
H5AA
H5AB
H5AC
H7AA
H7AB
H7AC
HEAA
H6AB
HEAC
H3AA
H3AB
H3AC

xla
-0.0441
-0.3414
-0.1051
0.0316
0.0299
-0.3727
-0.2432
-0.4205
-0.2871
-0.4311
-0.4493
-0.2263
0.2314
0.3163
0.0518
0.1122
0.1489
0.0607
0.2947
0.5038
0.5591
0.3166
0.3657
0.4919
0.3521
0.3911
0.3614
0.4549
0.3714
0.4784
0.3461
0.0509
0.0906
0.1274
0.5702
0.6420
0.5475
0.1301
0.0593
0.0329

y/b
0.1022
0.2751
-0.0056
0.0061
-0.0157
0.7054
0.7135
0.6539
0.6512
0.7702
0.8044
0.7799
0.7036
0.6691
0.8005
0.8191
0.6610
0.6884
0.7979
0.0853
0.1130
0.1001
0.1343
0.0018
-0.0025
0.4838
0.5788
0.5475
0.3561
0.3020
0.2822
0.5493
0.5893
0.4923
0.2265
0.2415
0.3156
0.2967
0.2983
0.3766

[242]

zlc

0.0506
0.0838
0.3011
0.2988
0.4136
0.3023
0.2685
0.2002
0.1658
0.1285
0.2067
0.1315
0.3675
0.3005
0.2363
0.3044
0.2406
0.3082
0.2399
0.3056
0.3727
0.3647
0.4311
0.4460
0.4520
0.4364
0.4581
0.3933
0.3808
0.4198
0.4290
0.3787
0.4457
0.4328
0.2183
0.2831
0.2@5
0.3786
0.4533
0.4044

U(eq)
0.088
0.084
0.093
0.093
0.072
0.096
0.096
0.095
0.095
0.133
0.133
0.121
0.053
0.053
0.056
0.056
0.053
0.053
0.064
0.077
0.077
0.081
0.081
0.106
0.106
0.068
0.068
0.068
0.091
0.091
0.091
0.077
0.077
0.077
0.121
0.121
0.121
0.107
0.107
0.107



H4AA
H4AB
H4AC
H2AA
H2AB
H2AC
H1AA
H1AB
H1AC
H9

H81A
H81B
H82A
H82B

xla
-0.2303
-0.1998
-0.2733
-0.1915
-0.3130
-0.1854
-0.3161
-0.4064
-0.2860
0.4920
0.0659
0.0064
-0.1045
-0.1721

y/b
0.3659
0.2828
0.2856
0.5310
0.5995
0.6259
0.4887
0.5120
0.4436
-0.0471
0.1504
0.1372
0.1339
0.1280
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zlc

0.4254
0.4680
0.4009
0.4129
0.4178
0.4049
0.2288
0.2964
0.3001
0.3311
0.3280
0.4032
0.2792
0.3537

U(eq)
0.116
0.116
0.116
0.1

0.1

0.1

0.096
0.096
0.096
0.105
0.095
0.095
0.111
0.111



APPENDIX B: SUPPLIMENTARY INFORMATION FOR CHAPTER FOUR

With iongelsmade with higher MC content (80/20, 70/30 and 60(#jure S1) the
residual weight in the TGA pan above ~%T5increases with increasing MC content, since
only the LiTFSI component contributes to the mass that remains after all of the MG and G

decompse (their individual TGA curves are effectively zero at 80P

100 —

pure G,
— [G,Li]'[TFSI]

o w90/10 longel
iz ~— 80/20 longel
s 60+ ~—T70/30 longel
_*g — 60/40 longel
G 40 - pure MC
=

20 -

‘ h\y
0 -

T T T T T
300 400 500 600 700 800

Temperature (°C)

T T
100 200

Figure B. 1. TGA data of 90/10, 80/20, 70/30, 60/40 {[§ "[TFSI] / MC) iongels
neat G, [GaLi] *[TFSI] and neat MC
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1JJ

Heat flow (J/[g) —» Exotherm

~———60/40 longel

- 80/20 longel
=90 10 longel

70/30 longel

——[G,Li]'[TFSI]

“ pure G,
—————————7—
80 60 40 20 0 20 40 60 80 100

Temperature (°C)

Figure B. 2. DSC curves of 90/10, 80/20, 70/30, 60[@Li] “[TFSI] /MC
iongels, and pure G[GaLi] [TFSI]

Table B. 1. Glass transition and melt temperatures of pure G4, neati] [GTFSI]
and 90/10, 80/20, 70/30 and 60/4Ql[( *[TFSI] /MC iongels

Sample Tq(°C) Tm (°C)
Ga - -24.73
[GALI*[TFSI] -57.30 -
90/10 longel -50.69 -
80/20 longel -43.82 -
70/30 longel -38.93 -
60/40 longel 44.03 -
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—— MC powder

= MC DMF film

— MC gel in DMF extracted with acetonitrile and freeze dried
= 90/10 sample extracted from acetonitrile and freeze dried 1st
—— 90/10 sample extracted from acetonitrile and freeze dried 2nd

1600 1

1400 -

Intensity (a.u.)
2 o0 ©® S M
o o o o o
2.9 O 9 9

N
[=]
b

5 10 15 20 25 30 35 40 45
20 (degree)

HFW
11.5mm  20.7 pm

Figure B.4. X-ray data of MC powder, a gel film of MC (with DMF) prepared in <
way as the lkends, those films where the DMF was replaced with acetonitrile (ACN
the ACN removed by freeze dryingpp). The 90/10 sample after a similar extrac
procedure is also showrbdttom) SEM image of MC gel after replacement of DMF \
ACN andfreeze drying showing fibrillary network
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B [G4Li]+ [TFSIT

— 90/10 iongel

— 80/20 iongel

—— 70/30 iongel

—— 60/40 iongel
MC

Normalized Intensity (A.U.)

I 1
800 900
Raman Shift (cm™)

Figure B. 5. Raman spectra of 90/10 80/20, 70/30 and 60/4Qi[G[TFSI]" /MC iongels
MC and neat [GLi] *[TFSI]". The intensities of the 860 chbands increase in the ord
100/0>90/10~80/20> 70/30> 60/40. The intensities of the 86bb@nds increase in th
same order except for the 100/0 (neai['[TFSI]). This may be due to a contributic
from MC for the mixtures, which does not appear in the 100/0 spectrum
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Figure B. 6. Temperature dependent conductivity data of 90/10, 80/20, 70/30 and |
[GaLi] *[TFSI] / MC iongels and neat [i] “[TFSI]
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Figure B.7. Nyquist plots of temperature dependent conductivity data%t, &FPC and
90°C for 90/10 longeltop row) and neat [gki] *[TFSI]" (bottom row). The equivalent
circuit used to fit the data is in the middle.

Table B.2. VTF parameters and activation energies oliG'[TFSI]" and 90/10, 80/20,
70/30 and 60/40 [ki] [TFSI] /MC iongels

Composition VTF parameters Activation
To(K) B(K) | (o R? (E;J‘?EZI)

Liquid 165.87 792.38 | 0.6504 | 0.9957 | 6.88

[GaLi] "[TFSI]

longel

90/10 172.44 858.47 |0.2617 |0.9979|7.41

80/20 182.30 721.36 | 0.1115 | 0.9994 | 6.23

70/30 180.02 810.76 | 0.0251 |0.9866 | 6.98

60/40 163.24 | 1508.50 | 0.386 0.9961 | 12.84
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— MC film
—[G,LiI'[TFSIT
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Figure B. 8. FTIR spectra irthe OH region stretch region. Thedd * [TFSI]” has no
bands in this region. The 3450 ¢@H stretch of the neat MC broadens as the amount of
[GaLi] * [TFSI] increases in the blends

Table B. 3. Plating/stripping polarization potentials for’l(R0/10 longel)/LY and
Li%[GaLi] *[TFSIJ/Li° cells cycled at a maximum current density of J=0.1mA/cm

Current density Polarization potential (mv)

(J) mA.cm® 90710 longel [GaLi] [TFSI]-

0.01 (4 days) 10.3+0.71 NA

0.05 (4 days) 52.33+ 3.9 NA

0.1 173.58+ 63.6 (15days) | 133.45+ 19.4 (~22 days)
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Figure B. 9. Li plating/stripping data for:X) Li%[GaLi] *[TFSI]/Li° cell; J = 0.05mA/crfy
remainder at J = 0.5mA/cithe inset showing the voltage vs time for the first 160 cyc
J=0.1mA/cm (B) EIS data before and after the plating/stripping experimer
Li%[GaLi] "[TFSI]/Li° cell (C) Li%90/10 long#Li® cell; first 24 cycles (4 days) at .
0.01mA/cnt, next 150 cycles (25 days) at J = 0.05mAlclast 30 cycles (5 days) at .
0.01mA/cnt. (D) EIS data before and after the plating/stripping experiment $a0/i.(
longel)/Li° cell.
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g (S/ cm)

J =0.05mA/cr J =0.1mA/cm
Sample before after before after
LILIPIating |\ iy i biating | W/ PN || i i piating

[GALI)*[TFSI] | 1.22 EO3 1.17 O3 9.7 EO4 1.7 EO3

90/10 longel 1.83 EO4 1.53 EO4 1.9 EO4 1.04E-04

Table B. 4. Conductivity data obtained with symmetric lithium cells before and after
plating

Table B. 5. Plating/stripping polarization potentials for’i(P0/10 longel)/LY and
Li%[GaLi] '[TFSIJ/Li° cells cycled at a maximum current density of J=0.05mA/cm

Current density Polarization potential /mV
(J) mA.cm?

90/10 longel [G4LI] *[TFSI]-
0.01 (4 days) 11.16+ 1.1 NA
0.05 (25 days) 68.85+ 8.3 60.02+ 9.3
0.01 (5 days) 17.09+ 1.8 NA
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Figure B. 10. SEM images of original Pimetal at two magnificationsA) 5 0 eB)n5
¢ mand after LY/Li° plating and stripping experiments, SE mode at two magnificatio)
50 ¢ mD)an3 B sidevieyw showing interior of Limetal and mossy Ri(combine
SE and BSE modes). Li metal was origirtr
after the plating experiment$£)(90/10 longel after Clip | at i ng exper i m
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