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Figure 2.1 Chemical structures of materials used to synthesize ILSPEs (Chapt&&RIEs
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Figure 3.1 High molecular weight poly(ethylene oxide) (300k, 1M, and 4M Da; M &, 92,2

ionic liquid, and LiTFSI lithiumsalt are combined in varying molar ratios. The components are
first mixed by mortar and pestle, vacuum sealed, and thepréssed to produce a final electrolyte
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Figure 3.2Full modulated DSC scans in the rangesdf °C to 100 °C for A) PEO (1M) B) 20:0:2

(AM) C) 20:2:0 (1M) D) 20:2:2 (1M) E) 20:0:2 (4M) F) 20:4:0 (4M) G) 20:4:2 (4M) BDRAM).

Note, M = 16 Da. Arrows indicate the different combinations of components that were mixed and
tested. The thermograms show the impact each component has on the plasticization of the ILSPE
individually and cooperatively. Individually, both compaotefail to fully create an amorphous
ILSPE with observable glass transitions and melting points..............ccevvviiiiene e 42

Figure 3.3Full modulated DSC scans in the range&tf °C to 100 °C for A) 20 (1M):1:1 and B)

20 (1M):1:3. Note, M = 1DDa. An increase in the salt (LiTFSI) content of A leads to significant
suppression of the PEO melting geand complete suppression of the PEO recrystallization peak
in B, but increases the Tg to an observable temperatudd 6€ and shifts the melting peak down

Figure 3.4 Offset modulated DSC scans in the heating direction over the ran§é o€ to 100

°C for A) 1M PEO based electrolytes and B) 4M PEO based electrolytes. Inset platsoared

in from the scans of the same color. Arrows are used to point to phase separation in the 20:4.0
(4M) electrolyte showing two melting transitions. The thermograms show the impact each
component has on the plasticization of the ILSPE individualiycamoperatively. All composition
designations represent molar ratios in the form of x PEO: y IL: z LITFSI (PEO MW).....43

Figure 3.5A) Nyquist plots produced by EIS of the ILSPE with different electrolyte volumes, as
defined by the area of the opening in the PTFE spacers (below B). Two samples for each area were
run and show agreement. The spacer thighsmallest opening area shows much higher resistance
and produces a semicircle. B) Linear regression model for the fit between the reciprocal of spacer
area and electrolyte bulk resistance, verifying that conductivity measurements are independent of
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Figure 3.6 Example Nyquist plots produced from EIS scans of the ILSPE, with stainless steel
blocking electrodes in a coin cell, over a range-&01Hz. Scans were taken from 0 °C to 80 °C,

at increments of 5 °C, with 1 hour between scans for temperature eguitib@tans from 0 °C

to 15 °C are not shown. Lower temperatures produced a semicircle indicative of a 2R1C equivalent
circuit, while higher temperatures, especiall
linear behavior indicative of polarizah and pure ionic conductian..................cceeviiieeennee. 48

Figure 3.7 lonic conductivity of the various ILSPE systems nuzad by EIS in the temperature
range of O°C to 80 °C in increments of 5 °C. Addition of IL leads to an increase in conductivity
while addition of lithium salt leads to a decrease in conductivity. 20:1:3 (1M) (gray square)
samples exhibited poor consistgrand reproducibility, as well as uninterpretable data below 15
°C. All composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO

Xiii



Figure 3.8Modulated DSC scan, in the heating direction, of 20:1:1 (1M) (black line, left ordinate)
overlaid with the conductivity values, obtained from EIS, of 20:1:1 (1M) and 20:2:2 (1M) (green
and blue triangles respectively, right ordinate) over a range of tatnpes from 0 °C to 80 °C. In

the direction of heating, the 20:1:1 (1M) ILSPE has a lower conductivity until 47.5 °C, at which
point the ILSPE undergoes a phase transition and the conductivities overlap at 50...C..50

Figure 3.9 A collection of the experiments ran for determination of lithium transference number

by the BruceVincent method. A) 5 cyckeof galvanostatic cycling to develop a stable electrolyte
interface with lithium metal B) Potentiostatic scan of the ILSPE to extract initial and steady state
currents C) Electrical impedance spectroscopy measurements before and after the potentiostatic
scan with zoomed images of the D) low frequency and E) high frequency measurementd

Figure 3.10Cyclic voltammograms from 2.5V to 4.5V of A) 20:1:1 (1M) B) 20:2:2 (1M) and C)
20:4:2 (4M). Scans were taken at 60 °C at a 5 mV/sedwoatl00 total cycles. All compositions
show oxidation during the first cycle followed be significant current reduction in subsequent
cycles, indicating passivation through electrolyte breakdown and formation of a solid electrolyte
interphaseAll compostion designations represent molar ratios in the form of x PEO: y IL: z
LITESI (PEO MW ) ... et eeees ettt e e e e e e e e e e emmmtaaaaaaaaaaeeae e e e e e e e s s smmneaaaeaseseaennnnn 54

Figure 3.11 Symmetrical Li/ ILSPE/ Li cell stripping and plating at 60°C with a 0.1 mAR/cm
current density over 200 hours (100 cycles) for A) and B) 20:1:1 (1M) C) and D) 20:2:2 (1M) and
E) and F) 20:4:2 (4M). B, D, and F shale first 10 cycles for the respective compositions for
clarity. The ILSPES show a reduction in overpotential to an equilibrium with cycling, indicating
good compatibility and longerm stability with lithium metal All composition designations
represenmmolar ratios in the form of x PEO: y IL: z LITESI (PEO MW)....cooovviiiiiiiiniiiiiiees 55

Figure 3.12Micrographs of the composite cathode incorporating the ILSPE taken using scanning
electron microscopy at A) 10kx magnification and B) 50kx magnification. CY Ejectroscopy

traces overlaid on image B, highlighting the compositions of different regions. The small, high
contrast spheres (fild) are carbon nanoparticl
lithium iron phosphate, connected by thegremat t er ( A2/ 3/ 40) <containi

Figure 3.13Specific capacity vs. cycle number of Li/ ILSPE/ LFP at 60 °C with a rate of 1C for
A) 20:2:2 (1M) and B) 20:4:2 (4M). Matching cell potential difference vs. specific capacity graphs
are provided for C) 20:2:2 and D) 20:4:2. Both compositions demonpteattical cyclic stability

with lithium metal at 60 °C and 1C, based on the high efficiency and capacity retention for 500
cycles.All composition designations represent molar ratios in the form of x PEO: y IL: z LITFSI

Figure 3.14Specific capacity vs. cycle number of Li/ ILSPE/LFP at 22°C with a rate of C/20 for
A) 20:2:2 (1M) and B) @:4:2 (4M), and with a variable rate for C) 20:2:2 (1M). Matching cell
potential difference vs. specific capacity graphs are provided for D) 20:2:2 (1M) at C/20 E) 20:4:2
(4M) at C/20 and F) 20:2:2 at variable rate. Both compositions show cyclic stabill®C and

C/20, with 20:4:2 (4M) showing no capacity fade over 42 cycles. Capacity recovery during
variable rate cycling in C indicates a kinetic limitation to accessing available capacity at higher C
rate, not degradation of the ILSPHL composition eksignations represent molar ratios in the form

Of X PEO: Y IL: Z LITFSI (PEO MW)..coiiiiiiiiiiiiii e 60
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Figure 3.15Specific capacity vs. cycle number of Li/ ILSPE/ LCO at 60°C with a rate of 2C for
A) 20:2:2 (1M). Matching cell potential difference \specific capacity graph is provided B).
20:2:2 shows reasonably high coulombic efficiency with slow capacity fade through 450 cycles.
All composition designations represent molar ratios in the form of x PEO: y IL: z LITFSI (PEO
1Y TS RPP S OPRRORPPRRR 62

Figure 4.1 ASPE preparation: High molecular weight poly(ethylene oxide) (1IMDa, M®%; 10
water, and lithium salt LITFSI are combined in varying weight ratios. The components are mixed
by mortar and pestle, vacuum sealed in a pouch, and then pressed with heaide aroASPE
Q002 00 W T 0 1o - PSPPSR 71

Figure 4.2 Standard DSC thermograms for (A)*1v PEO and (B)ASPE?2 in the temperature
range of40 °C to 100 °C. The heating rate was 10 °C/min and cooling rate was 10 °C/min with a
heat/cool/heat program to erase thermal history. (A) is the polymer matrix control sample and
shows a melting peak at ~ 67 °C, and iBjepresentative of all ASPE compositions and shows
complete plasticization with the absence of any melting peaks. The red arrows show the direction
OF TNE SCAN.... et s e e e e e e e e eeena e e e e e e e e e e e e e e e e e eeannes 74

Figure 4.3 Standard DSC thermograms for ASE4 depicted on the same plot with a vertical
offset of 0.5 W/g. All ASPE compositions show gii the temperature range 1.6 t0-85.85
e ittt e e et e e e e—a——————ttttttetaeeeeeeeeeeeam—m—eeeeeeeeeeeeeaaaaaaantsannneeaeaaannnnnntntterreeeernanrnnnneerrnees 74

Figure 4.4 (Left) Tensile stresstrain curve of ASPE2 taken at room temperature. The resulting
Youngo6s Modulus calcul ated f r omoftrdnslugenttASREe r i me |
solid membrane stretched With tWEEZEIS.............uuiiiiiiiee e 75

Figure 4.5lonic conductivity as function of inverse temperature (1/K), measured over the range
of (A) 00 80 °C in 5 °C increments via EIS, and (B) 55 °C in 10 °C increments via pfgMR

for ASPED ASPE4. Temperature (°C) is given on the tepxs. Error bars in (A) are the
standard daations from measurements across 3 Samples.........ccccovvvvviiccciiiii e eeeviiien, 17

Figure 4.6 ASPE pfgNMR sample preparation method. Sticky electrolyte is rolled inside parafilm
to make packing high aspeetio NMR tubes easier. Sample preparation took less than Fnin.

Figure 4.7 pfg-NMR measured iffusion coefficients for ASPE1 ASPE4 from (A) set 1, Li

($ ,)BEnd TFSI($ & only; (B) set 2, water® ( ¢)/Li* ($ ,)Bnd TFSI($ & For set 1 (A),
samples were measured over the temperature ran@® 3C in increments of 10 °C (Table 4.2

and Table4.3). For set 2 (B), samples were only measured at 25 °C. ASPE1 corresponds to the
highest water content while ASPE4 corresponds to the lowest water cantent................ 79

Figure 4.8lonic conductivity as a function of inverse temperature (1/K) measured over the range

of 00 80 °C in 5 °C increments via EIS, and 55 °C in 10 °C increments via pfgMR for (A)

ASPE1, (B) ASPE2, (C) ASPES3, and (D) ASPE4. Temperature (°C) is given on theatap. X

Error bars are the standard deviations from measurements across 3 samples for EIS measurements.
Linear regressions based on an Arrhenius model are presented for batedd@ements (blue)

and pfgNMR calculations from Equation 4.3 (red)...........ooooiiiiiiiiimmmn e 84

Figure 4.9lonic conductivity as a function of 1/(To), whereTo = Tg i 50, measured over the

range of @ 80 °C in 5 °C increments via EIS, and 55 °C in 10 °C increments via pfgMR

for (A) ASPEL, (B) ASPEZ2, (C) ASPE3, and (D) ASPE4. Temperature (°C) is given optke to

axis. Error bars are the standard deviations from measurements across 3 samples for EIS
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measurements. Linear regressions based on a VTF model are presented for both EIS measurements
(blue) and pfgNMR calculations from Equation 4.3 (red)............uueeiiiiiiiiieceeiieiiinee e 38

Figure 4.10lonic conductivity as a function of 1/¢TTo), whereTo = Tg, measured over the range

of 00 80°C in 5 °C increments via EIS, an@ %5 °C in 10 °C increments via pfgMR for (A)

ASPE1, (B) ASPE2, (C) ASPES, and (D) ASPE4. Temperature (°C) is given on theakig x

Error bars are the standard deviations from measurements across 3 samples faskiSmaats.

Linear regressions based on a VTF model are presented for both EIS measurements (blue) and
pfg-NMR calculations from Equation 4.3 (red).........ooooiiiiiiiiiiieene e 89

Figure 4.11Structural properties from MD simulations: radial distribution functions (RDFs) and
coordination numbers for Liwith oxygen atoms of TFSIwater, and PEO and with nitrogen of
TFSI for (A) APE1 and (B) APE4 electrolytes at 333 K. (C) probability for th@(Orrsi), n =

08 6 solvates using the &iO distance of 2.8 A. (D) most probable solvates (>4%) for APE1 and
APEA4 electrolyte with Licoordinated to EO, @ and Gesiwithin 2.8 A.(E,F) Li*(H20),domains

are highlighted with blue isosurfaces for (E) APEL1 and (F) AREA...........ccovvvvivvieecnnnnnee. 91
Figure 4.12Fraction of free Li (no Orrsi within 2.8 A) as a function of the number of®and
half of the number of EO coordinating"lfor APEID 4...........ccccveeiiiiieeiiieeneeeeeiiee e a3

Figure 4.13lonic conductivity of solid ASPE1/APEL (blue) and ASPE4/APE4 (red) electrolytes
measured by EIS (solid/dashed) and cali@d from MD simulations (dashed triangle).
ASPE1/APEL corresponds to the highest water content while ASPE4/APE4 corresponds to the
[OWEST WALEE COMTENL.... . uuteiiiieee e e e e e e e e ceee e s s e e e e e e e e e et e e et e e anreeeeeeeaeeeeeeeeeesssnnssnmmmreeeeessnsnnnnns 95

Figure 4.14 Linear sweep voltammetry of LFP/ASPE/AI (reductive) and LFP/ASPE/Ti
(oxidative) cells for ASPE1 ASPE4 overlayed o the same plot. The voltage was swept from
OCV (= 3.425 V vs. Li/Li) to-0.5 V vs. Li/Li* (reductive) and to 8.0 V vs. Li/L{oxidative) at a

scan rate of 1 mV/s at 25 °C. Current density was calculated by dividing the measured current
response by tha@a of the eleCtrolyte............oooviiiiiiiiii e 97

Figure 4.15Cyclic voltammetry LFP/ASPE/AI (reductive) and LFP/ASPEbOKidative) cells for

(A) ASPEL, (B) ASPE2, (C) ASPE3, and (D) ASPEA4. The individual reductive and oxidative scans
are combined for each electrolyte on the same plot. The voltage was swept doinB\D vs.

Li/Li * (reductive) and 3® 4.5 V vs. Li/Li* (oxidative) at a scan rate of 1 mV/s at 25 °C. Cycles

1, 2, 50, and 100 are provided with a 10 pAfe@rtical offSet..........ccccvvvveeereceeceeereeee 99

Figure 4.16Cyclic voltammetry LFP/APE/AI (reductive) cells for (A) APE1, and (B) APE2. The
voltage was swept from 300.25 Vvs. Li/Li* at a scan rate of 1 mV/s at 25 °C. Cycles 1 and 2
are plotted with the specified vertical offSet.............oooriiiii e, 100

Figure 4.17 Galvanostatic cycling performance of LTO/ASPE2/LMO at a charge/discharge rate
of 1C at 23 °C over ~ 280 cycles. Black data points correspond to the specific capacity (left axis)
while red data points correspond to coulombiccedhcy (right axis). The active material loading

fOr LTO WaS ~ 18.86 MO/CH......ccueiieieceee e ctieeme e ee et eeee e eteestnme et e seeesaeesnteeereesnaenns 101
Figure 5.1Use of PEGSH (2000 Da) and PEGA (700 Da) in the synthesis of an AGPE based
on thiokene Aclicko chemistry wusing HMPP as a ph

components. (B) picture of AGPE with a cure tiofi€ minutes. (C) picture of AGPE with a cure
time of 20 minutes. (D) schematic of the coin cell construction for ionic conductivity
NEASUIEIMEINTS . ... ettt ettt ettt e et e e et e e e enmme e e e e eea e e e e e e e e e e smans e e eean e e eeean e eeennnnes 108



Figure 5.2Use of PEGSH (2000 Da) and PEGA (700 Da) in the synthesis of an AGPE based

on thiokene #Aclickd chemistry wusing AIBN as a th
components. (B,C) Wjuist plots from the ionic conductivity measurements of the two gels
L0 0 1= o PR 109

Figure 5.3Useof PEGSH (2 kDa) and 4PE®al (40 kDa) in the synthesis of an AGPE based
on nucleophilic thiclkene Michael addition chemistry with no initiator. (A) chemical structures of
components. (B,C) picture of AGPE with a cure time of 2 minutes. (D) schematie cbin cell
construction for ionic coNdUCTIVity MEASUIEMENTS...........uuuuriiiiieiiieeeieereeeeeeeeeeeeeeeeee e s e 111

Figure 5.4 Success rate of AGPE formation when reacting either 1k-BHEgray) or 2k PEG
SH (black) paired with 40k PEGIlal in various volumes of WIiSE, ranging from B0600 pL in
NTIMA SYNENESIS... .ot errer e e e et e e e e et smnn e e e e e eaaa e e e e 112

Figure 5.5Success rate of AGPE formation as a function of each macromer mass when reacting
either 1k PEGSH (gray) or 2k PEE&H (black) paired with (A) 40k PE®lal or (B) 20k PEG

Mal in 100 pL of WIiSE with NTMA SYNtheSIS.........coooiiiiiiiiiiie e 113

Figure 5.6 LSV results showing (Acathodic stability and (B) anodic stability of the as prepared
Awet 0 AGPE. (C) full el ectrochemical stabil it
remove all UNDOUN WALEK..........uiiiiiee e ere e 115

Figure 5.7(A)roomt emper ature i onic conductivi ©y0 of se:
minutes at 60 °C. (B) comparison of cathodic stability, measured li&h) of the as prepared

AGPE and the same AGPE after 1 and 2 minutes of drying at 60.°C............cccvvvivieennnne 116

Figure 5.8.CV measurements of the AGPE prepared with limited water (~ 24 wt%)....117

Figure 5.9(Left) image showing the successful gelation of 4RE&8 + PEGSH (A1 10)- and 41
SH + PEGM a | (A20) . (Right) overview of the vario
studies and their relative reactivity rateS..........cccuuuuiiiiiiieeeiiiiiie e 119

Figure 5.10Cathodic stability, measured by LSV, of the various combinations of macromers used
in NTMA synthesis using theeducedwater method. For comparison, the as prepared wet AGPE
(light blue) synthesize with additional water and the ASPE from Chapter 4 are includetil9

Figure 5.11Cathodic CV measurements of (A) 4Pl + PEGSH and (B) 4PEGSH + PEG

1= | PP PP PP URSRTPPPR 120
Figure 5.121mages of the AGPEs studied in Figure 5.11. (A) 4ME& + PEGSH and (B)
APEGSH + PEGMAL. ...ccoiiiiiiiiiii et ettt e e et e e e e e 121

Figure 6.1Representative Nyquist plots for£&H1 at 25 C outlining the data truncation process.

Points colored red (<3.98 Hz and >89125 Hz) were found to be inconsistefnuakion 6.1 and

the KramersKronig relations and thus truncated. (A) before truncation showing all data points

over the range of 1 Hz to 1 MHz. (B) high frequency data before truncation showing the typical
Afhooko shape due t o imae Highdrequenoy dagafshoercinh ) aftear C) t
truncation following regression to Equation 7.2 using the weighting parameter described by

Lo U= U0 I TR PSPPI 129

Figure 6.2Representative Nyquist plots for£&H1 over the range of temperaturés 80 C after
regression to Equation 6.2 using the weighting parameter described by Equation. 6.3.130
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Figure 6.3Visual summary of the process fasdEP reference/counter electrooieparation. (A)
charge/discharge profile for STEP 1, including the discharge capacity after both the first and
second full cycles. (B) charge/discharge profile for STEP 2, including the final voltage and
discharge capacity, which is shown in (C) and isaétp onehalf of DGo.........ovvvvvevveiinnnnnnn. 132

Figure 6.4 HAILSPE pfgNMR sample preparation method to prevent thecteolyte from
sticking to the high aspect ratio NMR tube by rolling the sample in parafilm/PTFE......136

Figure 6.5Representative leastjuares fitting of the Stejskd@kanner equation to find the diffusion
coefficients for (A) HO and ILY, (B) TFSI, and (C) Li. This data was measured at room
temperature fOr PYBHL. ... eer e enne e 136

Figure 6.6(Top) Molecular structure, atomic mass, and van der Waals volume of the iordc liqu
cations (S2,2/Pyr.,3") and anion (TFS) used in the HAILSPE systems. Volumes were calculated
using the van der Waals radii found from molecular modeling in the ChemDoodle 3D software
from iChemLabs. (Bottom) Optical images ef23H2.5 demonstratig solid properties......138

Figure 6.7 Thermograms (exotherm up) in the heating direction, for eatllte components used

in the electrolytes. (A) DSC of PAN over the range/® Cd 300 C (inset: zoomed mDSC over

the range of70 Cd 110 C showing a ). (B-D) mDSC of LiTFSI, $2.2TFSI, and PyrsTFSI,
respectively, over the range-g10 Co 110 C. All observed transitions are labeled with the peak
area and associated minimum/maximum temperature. PAN undergoes a cyclization reaction at
high temperatures, labeled agc[250]. $.2,2TFSI undergoes solidsolid rearrangement at low
temperatures, labeled assT..........oooi i 140

Figure 6.8mDSC thermogram@®ffset, exotherm up) in the heating direction over the range of
70 Co 110 C for the four HAILSPE systems studied. The inset plots provide zocameadws
of the (left) S22H2.5 and (right) Pyrs H2.5 electrolytes. The Pys H2.5 electrolyte showa
small, minimal melting transition at -22.80 C (0.725 J/g). A scalebar, representing 0.25 W/g,
has been provided. The compositions of these electrolytes are provided in Table.6.1.142

Figure 6.9 lonic conductivity, as measured by EIS over the temperature range &9 OC in
increments of 5C, of the HAILSPEcompositions H1 (blue, circles) and H2.5 (green, diamonds)
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Chapter lintroduction

1.1 Significance and Innovation

One of the major technological challenges of tite nt ury i s meeti ng
demands without further exacerbating the global climate crisidoThis in a sustainable manner,
improvementsn both energy conversion and energy storage are necessary. Electric vehicles (EVSs)
are the most prevalent example, promising to replace fiogdédd vehicles with cars powered by
lithium-ion batteries (LIBs) that can reduce carbon dioxide emissionde\ENis are the single

greatest influence on the current exponential expansion of the LIB market, their widespread

adoption by consumers has been plagued by challenges due to range, charge time, cost, and safety

[1].
At the core ofthe safetyproblens with LIBsis the ubiquitous use of flammable organic
liquid electrolytes such as ethylene carbor(&€) and dimethyl carbonattObMC), which are

electrochemically unstable in an operating battEorthermore, the overwhelming use of LéPF

also ceates potential risks, as it thermally decomposes at moderate temperatures into toxic gases

such as POJ-HF, and CQ[21 6]. Because of thinstability of these electrolyte componentsrsh
conditions or flawed manufacturing and design leave open tlsgbpibg for catastrophic failure

in the form of thermal runaway leading to battery fife There is growing research interest in
replacing these liquid organic electrolytes with solid alternatives that are intrinsically5s8fer

10]. Ideally, an alterative to liquid organic electrolytes shall simultaneously address the safety
concerns while maintaining suitable performance metrics for conductivity and electrochemical

stability.
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Solid-state electrolytes (SSEs) are not only intrinsically safer buirsprove upon the
overall safety of the battery by decreasing the production of toxic redox products and eliminating
leakage of environmentally harmful solvents into the environment. A SSE with these properties
that also meets éhrequired performance mesiof its applications would offer a stronger, safer,
and more sustainable alternative to current liquid organic electrolyte technofgjidspolymer
electrolytes (SPE) are one option that can meet this demand and improve the efficacy of LIBs.
They repesent an attractive alternative to the flammable organic liquid electrolytes commonly
used in commercial batteries because they are nonflammable, lightweiglcin prevent leaking
of toxic solvents and saltdl1]. The polymer matrix provides the mechanical stability and
flexibility that current liquid electrolytes lack, as well as strong thermal and electrochemical
stability. Many polymer matrices are resistant to reduction at low voltages, making them
compatiblewith low-potential anodes like graphite and lithium metal, however this often comes
at a tradeoff with ionic conductivitjl2]. To enhance the ionic conductivity of SPEs, a common
strategy is the use of additives to plasticize the polymer matrix thatptiisioter and
intramolecular forces to effectively add free volume for lithiiam (Li*) conduction[13]. These
plasticizing additives are trapped within the polymer matrix with no leakage, resulting in a flexible
and conformal solid electrolyte.

The incaporation of water, ionic liquidiL), or both into a polymer matrix with a lithium
salt could achieve the design goals above for applications in LIBs. Furthermore, plasticized SPEs
also address many of the problems not regarding safety that are asseitlated use of liquid
electrolytes in LIBs. For example, commercial LIBs necessitate the use of an interegiagion
anode, typically graphite, due to dendrite growth when lithium metal is[tg¢dThe uneven

electrodeposition of redox products on thetal surface unavoidably leads to the formation of



pointed lithium structures (dendrites) at the electrode/electrolyte interface. The persistent growth
of dendrites can continue through the electrolyte space until contact is made with the opposing
electode surface, leading to short circuit, cell failure, and even catastrophic digEster
Unfortunately, lecause lithium metal is a more energy dense material, the switch to graphite
ultimatelyresultsin a significant reduction in the specific capacitytbé system by a factor of ~
10, which lowers the overall energy density. A SPE with sufficient mechanical properties,
however, carenable the use of lithium metal and recover the lost energy density by resisting the
proliferation ofdendrites. Moreover,tlie use of SPEs as both the electrolyte and separator removes
unnecessary weight from the system, further boosting the energy density of LIBs. Even still, SPEs
can be processed into thin film flexible batteries which avoid the shape and size restrictions of
LIBs that use liquid electrolytd8].
1.2 Intellectual Merit

The aim of this dissertation is to use fundamental chemical and electrochemical
engineering principles to study the inclusion of salts and plasticizers inddBEmderstand how
mechanisms faion conduction and interphase formatiame affectedn these electrolyte systems
For SPEs to compete with organic liquid electrolytes, both ionic conductivity and interphase
formation need to be improved significantly. losenductivity is the measure of how easily an
electrolyte can transport ions; in the case of LIBs, the transpbit. The low conductivity values
of SPEs observed in literatufe10* S/cm) compared to their liquid counterparts (38icm)are
primarily due to morphology and chaitominant transport mechanisni3esign strategies that
promote SPE morphologies whi are ionically conductive are needed, such as reducing polymer
crystallinity and/or decoupling ionic transport from polymer chain mobilitiese design

strategies must also address the issue of poor electrode/electrolyte interfacing in SPEs, which



resuts inreduced energy density and cycle life. High interfacial resistance at this boundary is due
to the low degree of wettability compared to liquid electrolytes, while the low capacity utilization

is a direct result of limited Eiconduction pathways ifick, porous electrodes designed for liquid
electrolytes. Several methods to improve the compatibility of electrodes with SPEs are discussed,
including robust solid electrolyte interphase (SEI) formation and addition of SPE components
within the electrodeThe latter provides an ionic and electronic conduction network through the
bulk electrode, allowing for utilization of capacity that was not previously accessible.

The results of thiglissertatiorwill advance the understanding of the composiiamction
relationship fothe variougpolymers salts and plasticizers used in SPEaining insight into the
mechanisms for ionic conduction and interphase formation of these systems through various
characterization techniques and analyses coupled with molegulamics (MD) simulations can
provide a framework for the future development of SFE®N this framework e rational design
of SPEscan be leveraget optimizeionic conductivity for better rate capability amderphase
formation for significantly inproved electrochemical stabilitippth of which lead tdnigh power
and high energy density systems for LIBs.
1.3Broader Impacts

Batteries play an important role in the overall function, reliability, and safety of portable
electronic devices, which are reliegon worldwide, ranging from cellular phones and electric
vehicles to pacemakers, wheelchairs, and other medical devices. Unfortunately, many of these
devices have experienced higiofile reports of failurd EVs, Samsungds Gal axy
747 Dreamher, etc.)highlighting safety concerns surrounding the use.l&s [16i 19]. This
concern stems from thesystemicuse of organic liquid electrolytes that are thermally and

electrochemically unstable, creating multiple failure modes that can result in thermal runaway,



explosions, and even dealfo ameliorate these concerns, there is great interest in replacing these
liquid organic electrolytes with safer alternatives, such as SSEs. ParticoRiy present a strong
alternative, as they obviate failure modes such as internal short circuits, electrolyte leaching,
flammability, high temperature operation, and overcmaygil]. Furthermore, battery power
would benefit greatly from the conformal nature of SPEs.

In one iteration, ionic liquidbased SPEs (ILSPESs) are ideal for applications with elevated
temperature or high energy density, such as for EVs, as they are ienpath lithium metal
anodes and high voltage cathodes. The ILSPEs operate with a ~ 4 V output and are stable at high
temperatures (~ 108C). Where battery safety is critical, such as in medical devices, a second
iteration of aqueoubased SPEs (ASPEspuld be ideal. These ASPHEsmonstrate good cycling
stability, high ionic conductivity (>1 mS/cra} physiologicallyrelevant temperatures (3€), and
good mechanical properties (>0.1 GPa shear modulAugyeous gel polymer electrolytes
(AGPEs) further etend these mechanical properties in a mechanically robust solid that exhibits
the ionic transport of a liquid electrolyte; however, some sacrifice to the overall electrochemical
stability of the system was apparent. AGPEs could be implemented in logereitstems where
flexibility and reliability are necesSPhasry.
(HAILSPES) of a good combination of both the stability of ILSPEs and the ionic transport of
ASPEs. These systems, if successfully cycletth Wihium titanate (LTO) ottitanium niobate
(TNO) as theanode and lithium manganese oxide (LM&3) thecathodewould significantly
increase both the power density and energy density of aqueous systems, which has not been
successfully achieved previously

Ultimately, the insights gained in thiissertationi based on correlating properties and

structure to performandewill inform the design and manufacturing of safer batteries using SPEs.



Furthermore, tis dissertation featuresork thatis heavily mulidisciplinary i polymer science,
electrochemistry, and chemical engineering, among othexgch that it traverses academic,
governmental, and industrial sectarssulting incollaboration and innovation among a diverse
field of researchers.
1.4 Objectives

This dissertation examines the electrochemical properties of various SPEs for LIBs through
the lens of compositiefunction relationshipslon transport in SPEs, traditionally limited by
polymer chain mobility, is slow compared with organic liquid electedy Furthermore, the
interfacial contact between electrodes and SPEs is generally less favorable due to a lower degree
of wetting at the interface. The goal of this dissertation is to use fundamental engineering principles
to study how plasticization ofFEs provides alternative mechanisms for ionic transport and SEI
formation. Theobjectives of this dissertation are:

1. Determine the compositiefunction relationships between polymer molecular weight,
plasticizer chemistry (water/ionic liquid), and componeiio and the effect on the
morphology and ionic conductivity of various SPE systems (ILSPE, ASPE, AGPE,
HAILSPE).

2. Decipher the role of compositiefanction relationships, morphology, and ionic
conductivity in interphase formation and electrochemicallgtab

3. Evaluate the significance of interphase formation and electrochemical stability- in full
cell compatibility and optimization for high energy density and high power density

systems.

This dissertation explores the above objectives through a seridmptecs focusing on each

iteration of SPE. This dissertation is organized as follows:



Chapter 2 provides relevant background information and motivation for the field of solid
electrolytes, with a focus on aqueous electrolytes and SPEs. A small discussion and
justification on material selection is also given.

Chapter 3 details the investigation of gdticizing poly(ethylene oxide) (PE®ased
electrolytes with ILs to produce completely amorphous ILSPEs. The morphology of the
electrolytes was confirmed through differential scanning calorimetry (DSC) and was
correlated with the ionic conductivitiélectochemical stability and longerm cycling with
lithium metal are also addressed.

Chapter 4 details the investigation of plasticizing PE@sed electrolytes with water to
produce highly conductive ASPEs. MD simulations analyzed thecaondinating
envirorment of these systems, revealing the wassisted conduction mechanism. While
the ASPEs are not compatible with lithium metal, probEoncept cycling indicated
compatibility with LTO and LMO.

Chapter 5 details the investigation of a hybrid SPE plaged by both ionic liquid and
water. In this first body of work, the effect of changing the chemistry of the ionic liquid on
electrochemical performance was investigated, which showed a favorite for producing
HAILSPEs with better passivation against watmiuction. An extensive analysis of the
transport mechanism is also investigated and compared to the ILSPE and ASPE systems
from Chapter 3 and Chapter 4.

Chapter 6 details additional investigations of HAILSPEs, focusing on how changing the
composition of tlk electrolyte influences performanddore than 30 compositions are
characterized, including ionic transport, stability, passivation, anadillcompatibility.

Unique to this chapter is the characterization of the chemical composition of the SEls



formedin HAILSPEs at the anode surface, which shows contribution not only from the
lithium salt but also from the included ionic liquids.

Chapter 7 outlines the suggested future improvements that can lead to optimizations of
the work presented in this disseitat as well as comments on the scientific contributions

from the work presented in this dissertation.



Chapter 2Background

2.1 History and Significance of Lithium-ion Batteries

More than 30 years after the production of the first commercial lithawmbattery (LIB), they
have become a ubiquitous part of everyday life; from portable electronics and electric vehicles to
aerospace and largescale grid storage applicd20n23]. The success of LIBs is due, in pant
part,to their long cycle lives, high charge/discharge rates, high specific energy (~ 150 Wh/kg),
and low cost[24i 26]. Decades of research and technical advancements have been fueled by
applications that demand higbyger density (power tools, rapid charging) or high energy density
(portable electronics, electric vehicl¢®Y]. Despite their modern day popularitiieir true origin
cannot be agreed upadowevert he producti on of Sondired€ddy por at i
Nobel laureate Akira Yoshinas generally accepted as the first commercialization of this
technology.

More than 15Q/ears earlier, the discovery of lithium by Johan August Arfwedson and Jons
Jacob Berzelius in 1817 was made through the analysigetdlite ore (LiAISiO10) [28,29]
Lithium metal would then be isolated by William Thomas Brande in 1821 throughettteolysis
of Li20 based on the processes employed by Sir Humphry Davy to previously isolate other alkali
metals[30]. However, he electrochemical properties of lithium remained unclear until the first
experiments on electrochemical generators in 1912 by Gilbert Ud4i82]. Le wi s 6 wor Kk
demonstrated that the low density (0.53 gcihow reduction potentiall(/Li * couple-3.05 V vs.
SHE), and high electronegativitf lithium could make it suitable for battery applicatipbstthe
interest in lithium evolvedslowly as researchers battled with how teme its reactivity; to
practically use lithiumyater and air had to be avoid@dherefore, the development of nonaqueous

solvents with specific properties were necessary, including inertness, melting poinstedulay,



lithium solubility, ionic conductivity, and viscosity. Development of these nonaqueous electrolytes
camein 1958when William Harrisexamined the solubility ofarious metal salt$ including
lithium salts (LiCl, LiBr, Lil) T in nonaqueous eléolytesthat usedpropylene carbonat@C),
EC, -butyrolactone], -valerolactongethylene trithiocarbonate, or cyclopropenone as the solvent
[33]. Ha r r i sdeémonstratekl the ability dheselithium salts tosuccessfullyelectroplatea
working electrode from these solutions, whiehis slowly accommodated by the community. This
spurredsignificantgrowth in the use afonaqueous electrolytes for lithium primary and secondary
battery applicationg34,35] To this day, carbonates havena@ned useful solvents for commercial
batteries.

Prior to LIBs, the standard secondary batteichnologiege.g., nickelmetal hydride and lead
acid) possessed low energy densities. The search for higher energyed€isit V x Capacity)
led researcherbackt o Lewi s& and Had 1958 wvhichwlwowed thé widem 191
electrochemical stability window (ESW) of organic solvents and the highly reducing nature of
lithium. Furthermoreresearchers were intrigued the low atomic mass and small atomic radius
of Li* that suggestd enhanced solubility and thesically faster ionic diffusionThis could
providea route to increase the number of charge carriers in the system without sacrificing ionic
transport, enabling high power density applications as Wéle switch to lithiumbased
chemistries first came ithe form of lithium metal batteries (LMBs), whigmployed lithium
metal as the anod&arly workon LMBs is attributed to Selim, Hill, and Rao for their work in
1965 on LMBs in propylene carbondiased electrolyte836]. However,the system exhibited
poor performanceachievng a stripping/plating efficiency of ~ 8070%.Over the next 10 years,
several investigations into rechargeable LMBs unfolded yet yielded little [8@ir43]. From the

problemsdescribedn these reports, potential solutions becanwee apparenfor lithium-based
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batteries to work, better cathodes and electrolytes were needed. Furthermore, the inherent hazard
and instability of lithium metahlsosparked interest ialternativeanodes.

2.1.1In Search oCathode Materials

At the ime, great emphasis was put into identifying cathode materials to match the metallic
lithium anode of LMBs. Following the investigations of ionic conductivity in solids, materials with
a high reduction potential that would be able to accommodatat lhigh transfer rates were of
special interest to improve the energy density and power density of LMBs. For this reason, a range
of lithium-containing structures were studied, and the ability of these materials to give and receive
Li*, known as deintercalatiand intercalation, was evaluat&ar intercalation/deintercalation to
progress reversibly in a material, several criteria must be must: (1) the material must be crystalline
(i.e., have a crystal lattice), (2) the crystal lattice must have empty sites in the form of isolated
vacancies or 1D channels, 2D layers, or channels in a 3D network, and (3) the material must be
both electronically and ionically conductivif21,44,45] Furthemore, for the material to be a
function cathode, it must also: (1) have a large electronic band structure to facilitate intercalation
of ions over a wide range sfoichiometries(2) have limited structural change due to intercalation
of ions over a wideange ofstoichiometries(3) be insoluble in the electrolyte, and (4) not allow
the cointercalation of electrolyte solven6].

One particularly interesting candidate were the transitietal dichalcogenides of the type
MX2, where M = Ta, Nb, and Ti and X = S, Se, and Te, as these materials were known to have
layered structures abundant with potential binding sites for lithium. Particulbdylamellar
structure ofTiSz had already been sown to host bnd allow intercakion and deintercalation
among the arranged layers in 1983]. Nobel laureate M. Stanley Whittingham further improved
upon the LiTiSz2 systems, demonstrating successful intercalation over the whole stoichiometric

range (0 <O ,Which inspired the expration of electrochemical intercalation in these materials
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and, as early as 1973, proposing the use ©fi%: as electrode materials that wouéder be
successfully demonstrated in commercial rechargeable bat{d8e50]. The results from
Whittinghamtd s wor k became the starting point for t
LMBs, however both the electrolyte and lithium metal anode proved to be highly reactive and
unstable. The problem proved to be difficult to solve, and the commercial devalagrbatteries

based on LTSz and lithiummetal came to a halt.

The earliest iterations of cathodes that resemble the current cathode materials came from
the breakthrough discovered by Nobel laureate John B. Goodenough. His work found that
LixCoQ;, arother intercalated metal chalcogenide of the typexMXuld serve as a cathode
material, as its structural similarities toxTiSz could provide binding sites for Liwithout
dramatic lattice expansidbl]. However, unlike the previous material proposed by Whittingham,
the CoQ of the newly discovered material had a low electronegativity, which suggested that the
resulting cation intercalation would be associated with a large, negativenieegy change an
thus a high cell voltagi®2]. The reasoning proved to be correct, and th€d®> material showed
a very high potential of ~5 V vs. Li/Li".

2.1.2In Search ofAnode Materials

After the obvious struggles withequestBos appa
a safer and more stable anode material began almost immediately, undergoing great progress
nearly in tandem with later cathod®aterialresearchBecause of the high potential of cathode
materials like LiICoQ, it was possible to sacrifice soreaergy density for improved safety by
exploring suitable carbonaceous materials for anodes. The earliest alternative to rhttiaim
came in the form of graphite, with successful reversible intercalatiori belng demonstrated in
1976[38]. However, pogress on appropriate electrolytes for this anode material had not made

way, resulting in the emtercalation of electrolyte solvent into the graphite structure and poor
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performance. Interestingly, one of the first successful uses of graphite was witlynaer
electrolyte in 1978rom Armand this ultimately identifiedgraphite as an ideal replacement for
lithium-metal [53]. The use of graphite was the direct
configurations, in which both electrodes can accomneombats, as an alternative to LMBs. This
concept, called the Arocking chairo cell, was
of Li* from one electrode to the other during charge/discharge cyi@dm§4] However, the
electrochemical intercation of Li" into graphite was difficulleading to further improvement of
the anode materials. Finally, Akira Yoshino identified an improved carbonaceous anode material,
based on petroleum coke, which allowed for efficient and revelsitdecalation of Li into the
material while demonstrating a low potential (~ 0.5 V vs. [¥land the ability to accommodate
a large amount of Li[52]. The combination of Goodenoughos
anode material ultimately led to the I eas e of Sonyds commer ci al
LiPFe/propylene carbonate (P@)ectrolyte solution. The development of these materials paved
the way for future developments of electrode materials, such azQiVitiFePQ, and LkTisOxz,
among others.

2.1.3 Electrolytes

The quest for appropriate cathode and anode materials over the spah 0 2Bars
naturally led researchers to evaluate the role of the electrolyte in these new LIBs. Around the same
time as the commercial production of LIBs, the choicgodvent in electrolyte systems was being
thoroughly investigated. The use of ethylene carbonate (EC), which had previously been
disregarded due to its high melting point, in combination with PC was repfa%dA
groundbreaking result is the identifimm of an irreversible reaction on the first discharge
associated with electrolyte decomposition. This is the first instance of a passivating film, or solid

electrolyte interphase (SEIl), being reported. The SEI formed on the surface of the graphite
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electiode, which protected the carbon material from exfoliation and further decomposition that led
to long cycle life with minimal capacity loss. This discovery was readily adopted by the
community, which paved the way for the next generation of LIBs. The cbat&§kl formation
is still important today and a necessary design choice for all LIBs, especially agueous LIBs.
2.2 Current Commercial Technologies

Since the commercialization of LIBs in 1991, their advancements have been fueled by their
demands in consuen electronics and EVs at an exponential rate. In 2006, the total energy
production of LIBs was <10 GWh, almost entirely driven by the demand for the newly popular
personal laptops and mobile phoifgs]. By 2016, the global production had reached ~ VWG
shared nearly equally between EVs and consumer electronics. By 2030, the global demand for
LIBs is projected to surpass 400 GWh due to the increased demand for EVs to combat the growing
climate crisig57]. By the turn of the centuryhe first wave of EVs did not use LIBs at all. Instead
Pb-acid and NiMH aqueous batteries were used in cars such as the General Motors ENIDand S
Ford Ecostar and Ranger EV, the Toyota Ranger EV, the Honda EV Plus, and the Chrysler EPIC
[20]. However these EVs all suffered from either a prohibitively low range (<150 miles) or high
cost of purchase and prohibitively long recharge jg8§. As a result, only ~ 4000 EVs were
leased owsold between 19962000[58]. The Toyota Prius offered an attractiveeatative as a
hybrid-electric vehicle, implementing cheaper@lil hydride batteries to reduce cost and extend
driving range. After nearly 10 years of commercial success, LIBs began to garner popularity as an
answer to the limited driving range of previdiMs because of their high energy density, however
scaling LIBs up from consumer electronics tosg)foved to be challenging. Nevertheless, the

first example of a LIBpowered EV was the Nissan Altra offering a driving range of 120 miles at
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a price of ~ 300/kWh [20]. At the time, it was estimated that the threshold for EVs to be
commercially competitive with regular vehicles was 150 $/K98j.

Over the last 20 yearsignificant strides in the development of LIBs for EVs have been
made, resulting in a sge of popularity. With a market size >$14 billion, it is hard to imagine a
future without EVs. Now, cellevel gravimetric energy densities of current LIBs are approaching
the targeted 350 Wh/kg; in 2014, alone, the Tesla Model S battery was reportéd \&H/R§

[59]. However, these current staiethe-art LIBs still come at a significant cost to the consumer

(~ 250 $/kwh), which have yet to realize the goal of 150 $/kWh set two decadd¢20qgo
Nevertheless, as progress continues with high energy yiénBs, the cost of battery packs is
expected to meet the threshold by 20@5]. The main battery technologies used today in EVs
include lithium nickel cobalt aluminum oxide (NCA), lithium nickel manganese cobalt oxide
(NMC), and LMO cathodes. The choioéanode is almostlways graphite. Common examples

of LIB technologies used in EVs is graphite/NCA in the Tesla Model S (Panasonic),
graphite/NMCLCO in the Fiat 500 (Samsung), and graphite/L4NOA in the Nissan Leaf
(AESC) among othelf$1]. The resultig popularity of NMC and NCA has resulted in a substantial
drop in cost (64 to 40 $/kWh) due to increased production effici@@¢yHowever, the production

costs for nickel and cobalt are quite volatile due to limited supplies and humanitarian concerns,
which has | ed to proposed fAcobalt freed cat hooct
2.3 Common Issues with Commercialized Lithiurvion Batteries

Working with the highly oxidizing cathode materials (>4 vs. Li)Li used i n today
and other LIB technologies requires electrolytambinations that operate well outside their
smaller windows of thermodynamic stability (3.5 V). For this reason, verywitiage cathode

materials had been largely ignored until the demands for higher energy density necessitated their

15



use. Generally, thelectrolytes used in these commercial systems are entirely organic, utilizing
carbonate solvents due to their high solubility of lithium salts and relatively high HOMO and
LUMO oxidation potentials of 4.7 and 1.0 V vs. LilLrespectivel\({62]. The mostcommonly
used electrolytes are blends of many of the carbonates, including PC, EC, diethyl carbonate (DEC),
dimethyl carbonate (DMC), or ethyl methyl carbonate (EM&particular, EC is used to provide
a passivating SEI layer at the anode surface. De8mir use, carbonatese solvents are highly
flammable with flashpoints below 3. In addition, the most common lithium salt used, kLiPF
can undergo autocatalytic decomposition into LiF angliAtich can then react irreversibly with
any water presertb form HF gas. Furthermore, above 8D, the Pk can also react with the
carbonate electrolyte, to further exacerbate the production of LiF andli#éspawns a continued
cycle of reactions, all of which are highly exothermic, and can led to thermal runaway, gas
evolution, cell rupture, and drastic consequenchsrdore, to ameliorate the concerns over the
safety of the liquid organic electrolgeised in commercial LIBs, thei®a growing interest in
replacing thesesystemswith safer alternatives such as aqueous electrolytes, ionic liquid
electrolytes, ceramic electrolytes, and solid polymer electrolytes to namdga 8eh0].
2.4 Safer Electolyte Alternatives

2.4.1 Aqueous Electrolytes

Aqueous electrolytefor lithium-ion batteriesare an attractive replacement for common
commercial electrolytes for a multitude of reasansluding their competitiveness in terms of
safety, environmental ipact, and cost. As water is nonflammable and has a low volatility, the
probability of thermal runaway, cell rupture, and fire is significantly reduced in aqueous
electrolytes. The nontoxicity of water also limits the environmental impact of the battetg gho
rupture or leak. Additionally, the abundance of water and the reduction in stringent moisture

controlled environments for agueous electrolytes offers significant cost sevamgsample, it is
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reported that the capital cost for lithition, Pbacid, and redox flow batteries will be 289, 220,
and 393 $/kWh by 2025, respectivgds]. Pbacid, the mostbiquitousaqueousystem, clearly
enjoys reduced costs, which shows a ~ 5% decrease in cost per year as technologies advance
[64,65] Therefore, it $ not surprising that aqueous electrolytes have been investigated as
alternatives to organic electrolytes for lithitiom batteries for almost 30 years.

Lithium-ion aqueous batteries (LABs) were first proposed by Jeff Dahn and coworkers in
1994 from theirinvestigation of a 5 M LiIN®aqueous solution paired with a Lik®s (LMO)
cathode and V@anode[66]. This first LAB demonstrated an operating voltage of 1.and a
practical energy density of ~ 55 Wh/kg, which was competitive witladtdh (~ 30 Wh/kg) ad
Ni-Cd (~ 50 Wh/kg) technologies at the timdevertheless, the LAB was only able to successfully
charge/discharge for a few cycles. Indeed, further improvements on the lifespan and energy density
of LABs were necessary. The main challenge facing LABeBatime was the relatively narrow
ESW of RO (1.23 V), which readily decomposes intpdthd Q. These deleterious side reactions
limit the overall choice of electrode materials available within potential window:2a@nid Q
evolution, significantly reducing the likelihood of increasing the energy density of power density
of LABs. Furthermore, the solubility of certain electrode materials or their catalytic behavior
toward water also presented unique challenges for aqueectsogjitesthat were necessary to
overcomg67].

Since then, many notable accomplishments in the progress of LABs have been achieved.
Down one path, many researchers focused on improving the electrode materials and their
suitability with aqueous electidkes. To this end, cathode materials including oxides (k@M4n
LiCoOg, LiNi1sMn130z2), phosphates (LiFeROFePQ, LIMNPQOq, Li(Fe,Mn)PQ), and Prussian

blue analogs (FeHCF, NiHCF, CuHCF, and MnHCF) have been developed within the operating
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window of wate [671 69]. Down a second path, researchers focused instead on electrolyte design,
including concentration, pH, oxygen elimination, and additives. For example, Luo et al. were able
to extend the cycle life of a LAB by mitigating the side reactions of teede@amwith Q and by
changing the pH to shift the potential window ofathd Q evolution of their LiSQ:based on its
Pourbaix diagrani70]. Despite the system demonstrating capacity retention >80% up to 1000
cycles, the low voltage (~ 1.3 V) and low enedgysity (~ 75 Wh/kg) of the LITiPQy)s/LiFePOy
(LFP). A similar system, based on carbomated LiTi(POs)3 and LiMneOa, also presented a low
energy density of ~ 68 Wh/kfyl]. Ultimately, these systems fail to compete with current
nonagueous LIBw/hose energy densities range from a 500 Wh/kg.

The breakthrough for LABs came in 2015 from collaborative work between Chunsheng
Wang and Kang Xu, who propostttc onc e pt -nfsad towatl ec[f2].mthgt e ( Wi
WISE system, a highly conceated lithium bisffifluoromethanesulfonyimide (LiTFSI)aqueous
solution (21 mol LiTFSI in 1 kg kD) was cycled in a M&&s/LiMn 204 system at 2.3 V (1.8 V
average)exhibitingan impressive energy density of 100 Wh/kg and high capacity retention (68%)
with nearly 100% coulombic efficiency over 1000 cycles at both low (0.15 C) and high (4.5 C)
charge/discharge rateéBhe success of the WISE system was attributed to the highly concentrated
electrolyte, which reduced the®/Li" ratio to ~ 2.67, severely liniitg the amount of free water
in the electrolyte. Molecular dynamics (MD) simulations showed that this effectively reduced the
number of HO molecules in the solvation shell of'lfiom 4 in a dilute salin-water (5 m) to
approximately 2.5 in WIiSE, whilaubsequently introducing approximately 1 TFSI anion (TESI
Ultimately, this results in the alteration of the reduction potential of Téh&t to its intimate
interaction with Li. Large Li(TFSI)(H:O)x aggregates observe a calculated theoretical reduction

potential of2.9 V vs. Li/Li*, which is substantially higher than the reduction potential of the
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isolated TFSI(1.4 V vs. Li/Li*) and of hydrogen evolution (2.63 V vs. Lifli This shift in
potentialleads to preferential reduction of the aggregate at the anode, resulting kuamniau
passivation. Characterization of the solid electrolyte interphase (SEI) formed from the reduction
of Li2(TFSI)(H20)x found an overwhelming presence of inorganic lfjch is a hydrophobic
species with a wide ESW. The synergistic combination of LiF formation and water activity
reduction lead to an expanded ESW of 3.0 V that enabled th8&Mid/n 204 LAB.

Ger mane t o t he-in-s a klectopytes isttfe untlevstandang of solvsalt
interactions. From a solvation point of view, & Io a dilute solution exists in a solvesgparated
ion pair (SSIP), coordinated with 3 to 4 solvent molec[#&% Therefore, the SEI layer formed
in dilute electrolytes is derived from the decomposition of solvent molecules; in commercial
systems this equates to organic species suchh@®4and its carbonate derivatives. However, to
avoid electrochemical reduction ot® in aqueous electrolytes, SEI fimation must be derived
from decomposition of the salt. As demonstrated by the WISE, this can be achieved through highly
concentrated electrolytes where the coordination number “ofsLieduced to & 2 solvent
molecules. In these systems, salt anions ehéesolvation shell to form contact ion pairs (CIPs)
and catioranion aggregates (AGG$J3]. | nde e d, since the-inisraddamti o]
electrolyte, research has shifted to the development ofZDiPAGG-based aqueous electrolytes.
Systemssuch agthe2 8 m finvbatsearl t 0 el ectrol yte (Wi BS), sunp
MesEtN-TFSI electrolyte and hydrate melt§ 28 m Li(TFSI)o.ABETI)o.3(H20)2 and 55.5 m
Li(PTFSIp.s(TFSIp.4(H20) 1 all reportsignificantly enhanced ESWs ranging fren3.10 4.85V
[74i 77).

Despite the WISE, WIBS electrolyte, and hydratelt electrolytes effectively expanding

the ESW of aqueous electrolytes to >3.0 V, expansion of the window at the cathodic limit remains
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limited due to the repulsion of TFSby negativey polarized anode surfaces in these highly
concentrated systems. This #Acat haadreduceanchal | en
contribute to SEI formation, leading to water adsorption with hydrogen closest to the anode surface
and an energeticallavorable hydrogen evolution reaction (HERS]. For this reason, increasing
the fluorinated salt concentration proves to be ineffective at expanding the cathodic limit. To this
end, a new class of Ahybrid aquéeenegoned hya q u e o |
several groups which utilize an additional nhonaguéoofien flammableorganis i component
to assist in SEI formation beyond LjiF9i 81]. As a result, a conformal and dense SEI rich in
inorganic LiF and organic-© and CQ@species. For \Ahg and coauthors, this strategy resulted in
further reduction of the cathodic limit from 1.9 V vs. Li/lin the groundbreaking WIiSE system
to 1.0 V vs. Li/Li" in the HANE systeniThis approach waesxtendedo the nonflammable organic
CO(NHg)2 (urea)to not compromise the merit of the aqueous electrd§2. Compared to the
original DMC-based HANE, the urelased HANE exhibited a cathodic limit of 1.5 V vs. Li/Li
Nevertheless, the system enabledTlsO012 (LTO)/ LMO cycling in pouch cells with thick
electrodes of 2.5 mAh/chwith 92% capacity retention over 470 cycles. Given the significantly
reduced concentration of HANEs 4.5 m in the uredased systeni that can mitigate the
deleterious effects on ionic transport observed for highly concentratedsysheir investigation
is highly warranted. However, the concept of HANE systems has not been observedstaselid
systems like SPEs.

2.4.2 lonic Liquid Electrolytes

lonic liquid (IL) electrolytes are another attractive replacement for common camaier
electrolytes. ILs are molten salts, defined as having a melting point belo#C1@0particularly
interesting subset are roet@mperature ILs (RTILs), whose melting point is €€5and are liquids

at room temperature. ILs have a number of uniqudrelgzemical, physiochemical and thermal
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properties, including high ionic conductivity, wide electrochemical stability, nonflammaubility,
nonvolatility, and high thermal stability83,84] Furthermore, IL electrolytes have been
popularized due to their inherent compositional flexibility, since the structural motifs can be
endlessly varied based on the choice of cationand @8&®©f t en cal |l ed t he fAde:s
ILs offer a compositnal flexibility that spans a vast chemical space that can be used to easily
tailor the electrochemical, physiochemical, and thermal propdg@tss This has led to the
development of numerous functionalizks based on cationic structures such as inmodam,
pyrrolidinium, piperidinium, sulfonium, quaternary ammonium/phosphonium, among others
[84,86 90]. These systems have numerous advantages in terms of electrochemical performance
and operational safety, such as the formation of uniform and robusay®is that provide high
coulombic efficiencies and long cycle lif®1i 93]. Moreover, operation of IL electrolytes at
elevated temperatures, which is infeasible with conventional organic electrolytes, has shown
enhanced performance in the way of improvwadic conductivities, dendrite suppression, and
improved rate capabilitig94i 96].

Despite their impressive benefits, there are a number of drawbacks preventing IL
electrolytes from being as widespread as organic electrolytes. As the cation in mestdt ki,
the addition of a lithium salt is necessary for LIB applications; this can significantly increase the
viscosity of the electrolyte, hindering the transport of the charge carryiagdithus conductivity
[85]. This is further exacerbated by tipeesence of additional ions from the IL that also
significantly reduce the Litransference number, which limits rate capability. However, this can
be enhanced in highly concentrated systems where the charge carrier is the majority&Hecies
Beyond tkeir properties, ILs also suffer from large capital costs of low volume batch synthesis,

which is prohibitive for their practical application as electrolyte components in LIBs 167.
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However,it is argued that the electrolyte is often not a large contrilattire overall cost of LIB
productionand that largescale production of ILs can significantly reduce their cf@98]
2.4.3 Ceramic Electrolytes

The rebirth of soliestate electrolytes (SSEs) as materials of notable scientific and
commercial interedor electrochemical energy storage has been primarily driven by the desire for
high modulus ionic conductors, which is thotighprovide a path towards practical, highergy
rechargeable LMB$99]. The high modulus of SSEs can prevent lithidendrite formation,
enabling the use of lithium metal as an anode. More recently, however, greater focus has been
placed on SSEs as safer alternatives to commercial electrdlygeto advancements that have
increased roortemperature ionic conductivitie® ~ 1 mS/cm in these systems, which is
comparable to those of conventional systems. In particular,-stalid inorganic electrolytes,
typically in the form ofceramics and glassese often intrinsically singt®n cationic conductors
offering higher chrgetransport efficiency compared to liquid electrolytes, which traditionally
have low transference numb§99,100} Examples of soligstate inorganic systems inclugassy
lithium phosphorous oxynitrides (LiIPONSs), lithium superionic conduldker (LISICON)
materials such as RS and LhoGeR:Si2, perovskites such asadiaesyxTiOs (LLTO), sulfide-
based argyrodites such asR$&Br, sodium superionic conducttike (NASICON) materials such
as LiGe(PQw)s and LusAlosTind{PQy)s, and garnets suchsalizLasM20:2 (LLMO) and
LizLasZr2012 (LLZO) [99i 102].

Garnettype SSEs are considered as a strong choice to replace conventional electrolytes in
all-solid-stateLIBs due to their stability toward lithium metal and wide ESW (>6 V vs. Lj/lin
addition to their high ionic conductiviff01]. The latter is typically achieved by increasing the
Lifcontent, formi-sgufhedéoganheltMOBadl&Z0(ld+ s sucl

7); generally, the ionic conductivitgf lithium containing garnets increases almost exponentially
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with Li* contentRoomtemperature ionic conductivities have been reported frofa 1> S/cm
[101]. As singleion conductors, thesalues are competitive with conventional liquid electrolytes
with low Li* transference numbers. Despite the excellent transport properties and wide stability of
garnettype SSEs, these materials are also plagued by several limitations, including mamgfacturi
difficulties due to their fragility, risk of dendrite formation and proliferation along grain
boundaries, high cost, and poor environmental stalp@y. Furthermore, these materials suffer
from poor interfacial charge transport arising from the Emid-solid contact between the SSE
and the electrodes. This results in severe interfacial resistance that can ultimately lead to contact
loss during longerm cycling and premature failure. To better enable SSEs feolaltstate LIBs,
the electrode/etdrolyte interface must be improved using conformal materials.

2.4.4 Solid Polymer Electrolytes

The concept of polymer electrolytes was first introduced in 1973 when Fenton et al.
reported the successful solvation of alkali salts in PEO to form condwciaplexeq103]. In
these systems, PEO is a solvérdt candissolve large concentrations of ionic salts because of
strong ionRsolvent interactions that overcome the lattice energies of the salts. Furthermore, PEO
solvates cations more strongly than asiahrough association with the ether oxygens along the
polymer chain backbone, rendering the anion effectively immqbdd]. The first true PEO
electrolyte was proposed by Armand in 1978 basada PEGLi salt SPE with an ionic
conductivity of ~ 16 Slcm at 4@ 60 °C [53]. The interest in PE®ased SPEs for LIB
applications quickly grew due to the realization that the reversible elastomeric properties of the
polymer make PEb ased SPEs ideal for cells incorporat
medanism of intercalation electrodess the electrodes undergo volume changes during charge

and discharge, the SPE can expand and contract without affecting perfoftrtstjce

23



At the time, it was thought that Liransport in PE&ased SPEs was through the network
crystalline polymeisalt complexes. However, a significant advancement in the understanding of
polymer electrolytes was achieved with the discovery that ion conduction is confined to the
amorphous domasof the electrolytd104,105] It was quickly realized that the addition of
inorganic fillers, in the form of low molecular liquids and solids, could obtained $H®nixtures
with little to no crystallinity, improving ionic mobility in these SPEs whalso increasing the
mechanical strength and interfacial stability of the syqtE®6]. This trend continued into the
1990s, with microrsized and naneized inorganic materials such as aluminum oxide and silicon
oxides investigated as electrolyte fillg& 107 109]. This resulted in a new concept of highly
plasticized SPEs, sometimes referred to as composite polymer electaylyigbrid polymer
electrolytes, depending on the composition of the filler.

Over the last 30 years, significant research ormouarpolymer matrices and plasticizers
has taken place in pursuit of systems wighter performance. An ideal polymer matrix must fulfill
essential criteria for application in an SPE: (1) preferential cationic solvation with enough strength
to ensure sakolubility while still allowing ionic hopping from one coordinating site to another;

(2) a high dielectric constant to promote effective charge separation of the salt; (3) high backbone
flexibility and low energy barrier for bond rotation, which facistthe segmental motion of
polymer chains; and (4) high molecular weight to achieve SPEs with better mechanical strength
[110].

Besides PEO, other polymers have been researched for SPE application such as
polyacrylonitrile (PAN), polymethyl methacrylat€MMA), poly(vinylidene fluoride) PVdF),
poly(vinylidene fluorideco-hexafluoropropylene) (PVARFP), poly(ethylene carbonate) (PEC),

poly(trimethylene carbonate(PTMC), poly(vinylene carbonate) (PVCA), poly(propylene
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carbonate) (PPC), polyesters, andypiddbxaneg110]. Each system brings a new unique property,
offering highly tunable SPEs. For example, the complete dissociation of lithium salts in PEO
based SPEs is not achieved due to the low dielectric constant of PEO; this can be ameliorated
through mlycarbonatédbased SPEs because of their high dielectric constants. When these
structures are introduced into the polymer backbone or aslsae functional groups in aliphatic
polymers, it has been shown to be efficient in the development of high ¢mgtuand
electrochemically stable SPEE10]. A second example is the use of polyestarsose most
prominent advantage is the high electrochemical stability against oxidation, when enables them to
couple with high voltage cathodes in LIBs.

SPEs offer many advantages that make them an attractive option over other solid
electrolytes for a diverse set of applicatioBREs are easily processible as they can be solution
cast or fabricated using a solvdrge hotpressing methofl11,112] Furthermore, depeling on
the composition of the SPE, these systems can be flexible and conforming in nature, which leads
to unique applications such as flexible devic
of SPEs is their inherent nonflammability and neblig vapor pressure, which make them ideal
candidates as safer alternatives in EVs or medical devices. For SPEs to become commercially
viable, however, they must exhibit appreciable conductivity>%0cm within the operating
temperature range and haveadocycle life[6]. Moreover, it is critical that SPEs act as both
electrolyte and separator to increase energy density and maintain good contact with both electrodes
withstanding the internal pressure and temperature variations during operation. This can b
realized through several strategies developed to advance the traditionslaPBE@Esof the

previous decades.
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Since the discovery of ionic conduction through the amorphous phase of PEO; a well
studied, more elegant strategy to increase conductivity in SPEs is to reduce the crystallizability of
the polymer matrix by limiting the total number of repeat uUi@!]. In the context of PEO, this
can be achieved through block copolymers (BCPs) where a second block is introduced to disrupt
the crystallinity of the PEO block. This can be achieved in many ways through the strategic
selection of blocks; typically, one blotkused to provide ionic conduction while the other block
provides mechanical stability and rigidity, as seen in many-pé&@gstyrene (PS) BCH$3,113]

The combination of these properties occurs when the BCP is tuned towards block phase separation,
leading to an intimately interconnected structure with sbkd properties while segregating ion
conduction to one phasBased on the composition of the BCPs, different morphologies are
possible including lamellae, gyroid networks, disordered, sphere, atadreal cylindrical
phases. The morphology of BCP electrolytes can be tuned by changing the salt concentration,
changing polymer functionality, or by changing the relative length of each Hladk116]. As
expected, each morphology propagated by eachesiethanges will have different mechanical

and electrochemical properties, offering a wide range of BCP electrolytes that can be explored.
One extension of BCPs is the creation of nearly strayleeonductors through the functionalization

of the polymera incorporate the anion of the sglfil7]. Once the anion is fixed to the BCP7 Li

is free to move unimpeded by the often bulky anion, resulting in transference numbers that
approach unity. Although the idea of decouplingttansport and polymer chain iibty through

the use of BCPs is promising, their synthesis is difficult and the resulting changes to ionic transport
remain negligible.

A second approach to improving traditional RE&t SPEs is the concept of composite and

hybrid polymer electrolytedAs discussed above, these systems aim to increase ionic transport by
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reducing the crystallinity of the polymer matrix through the addition of rszed and nansized
inorganicfillers of either inactivematerials(TiOz, Al20s, ZnCx, ZrOz, SiGz) or active ceramic
materials (LLMO, LLZO, NASICON]118]. Dispersed fillers are thought to influence the kinetics

of crystallization in PEO polymer chains, effectively suppressing crystallinity and thereby
increasing Li conduction due to the large presence of gous domain$108,119] In this
regard, the inactive materials function solely as plasticizers as they are ionically conductivity. In
contrast, the ceramic materials actively contribute to ionic conductivity through three major
pathways: (1) transport &f * through both the inorganic particle and the polymer electrolyte; (2)
transport of Li across the neat polymer electrolyte; and (3) transport dfalong the
particle/polymer electrolyte interfad@18]. In ceramierich SPEs, however, an alternative Li
transport pathway is created through the network of connected ceramic particles.

While the definition of composite polymer electrolytes is generally limited to the use of
solid inorganic fillers as plasticizers, the concept can be extended to applgticiphtion through
other means, such as ionic liquids or organic solv&tti et al. conducted the first study of this
class of ternary polymer electrolytes by blending PEO with an ionic liquid and lithiupi 2@t
124]. They studied systems with vamg amounts of ionic liquid and showed that the addition of
IL dramatically improved ionic conductivity compared to typical dry P&@ SPEs, and even
demonstrated the viability of this system for battery cycling. The boost in ionic conductivity from
theaddition of both IL and lithium salt to the PEO matrix comes from the effective increase in the
free volume of the system, allowing for greater chain mobility and a localized -ligeid
environment for Li to move. An extension of this concept is polyrmed ionic liquids, where
either the anion or cation is incorporated covalently into the polymer backizsid 27]. In the

former case, the system behaves much like a siagleonductor allowing for highly efficient

27



movement of Li and a transference number of {1117]. However, these systems are often
extremely difficult to synthesis and thus their commercial viability is limited. Nevertheless, ternary
composite SPE systems blending polymer, salt, and ionic liquid remain a m@raignue
towards the development of safe and commercially viable SPEs.

2.4.5 Gel Polymer Electrolytes

As an intermediate between liquid electrolytes and SPEs, gel polymer electrolytes (GPES)
were proposed to improve the often limited ionic conductivity observed in SPEs. Like SPEs, GPEs
are often composed of polymer matrices, liquid solvents as plastjditewsn salts, and additives
such as inorganic filler§110]. However, in GPEs the polymer matrix is crosslinked, either
physically or chemically. In addition, the liquid solvent content in GPEs is typically much greater
than in SPEs, causing the geb®swollen. PEO, PAN, PVdF, PVdfFP,and polyvinyl alcohol
(PVA) are a few of the polymer matrices used in reported GRE$10,128,129]Solvents and
plasticizers used in GPEs are often the same organic liquids used in conventional electrolytes, such
asPC, EC, DMC, DEC, but have also been reported as ethers like tetraethylene glycol dimethyl
ether (TEGDME), 1,@ dioxolane (DOL), and dimethoxyethane (DME). Some ionic liquids have
also been reported in GPEkL0,130] Due to the swollen nature of GPEs, th@nsport of Li
mainly occurs in the liquid phase containing dissolved lithium salts, while the polymer matrices
provide mechanical strength. This results in seatid-state systemghat prevent leaking,
improving overall safety, but witithe transportproperties of liquid electrolyte [131].
Furthermore, the high solvent contents in GPEs also faciltat®rmation of robust organic SEls,
similar to liquid electrolytes, from preferential reduction of the liquid solvents over the
electrochemically in¢polymer matrice§132].

Although GPEs possess the high ionic conductivity and superior electrode/electrolyte

interfacial properties of liquid electrolytes while offering the excellent mechanical properties
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(strength, flexibility, etc.) of polymer eleclytes, their dependence on high solvent contents can
be detrimental. The use of organic solvents to achieve satisfactoryteogmerature conductivity
values (>1¢ S/cm) not only compromises the strength of the GPE membrane, but also results in
poor themal stability and thearious safety hazards intended to be avoided (thermal runaway, gas
evolution, fire, explosion, etc.). Switching from organic solvents to water to create aqueous gel
polymer electrolytes (AGPES) may be a path toward improving GPEswtisacrificing their

safety, however AGPEs are seldom investigated in LIB applications.
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2.5 Material and Component Selection
In the follow section, information on the materials used to synthesize the various SPEs in
Chapters 8 7 is given.Figure 2.1gives an overview of the chemical structures of the polymers,

plasticizers, and lithium salts used.
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Figure 2.1 Chemical structures of materials used to synthesize ILSPEs (Chapter 3), ASPEs (Chapter 4), and
HAILSPEs(Chapter 6 and Chapter 7).

2.5.1 Polymer Matrix
The two polymer matrices investigated in this dissertation are PEO and PAN. As the role
of the polymer matrix is to entrap the various solvents and plasticizers used while providing the

mechanical strengtlotmaintain solid properties, high molecular weight matrices were used. For
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PEO, several molecular weights were studied, including ®.an@ 4x16. PEO is a common
choice as polymer matrix in SPEs and GPEs due to its electrochemical stability, partitudavly
potentials, reasonable conductivity at ambient and elevated temperatures, easy processability,
safety, andinnate ability to solvate most lithium salts by coordination to the oxygen in the
backbon€g13,113,121,124,133.35]. This coordination provicdethe main mechanism for ionic
conduction in PEO, facilitated by the inter and intrachain hopping ‘oaimaiongst coordination
sites along the PEO backboji&6]. This hopping mechanism is entirely dependent on the PEO
chains being mobile, creating a stratgpendency between ionic conductivity, crystallinity, and
temperature. However, plasticization of PB&sed electrolytes can increase the amount of
amorphous phase present, which enhances ionic transport. Plasticization has been achieved
through various mthods, such as inclusion of ceramic nanopatrticles or ILs, use of low molecular
weight polymers/oligomers, and use of PB&sed block copolymers with plasticizing blocks
[112,133,137140].

Despite the popularity of PEO in studied SPEs and GiREsnodynamic instability at 4
V vs. Li/Li" has been observed for these systems due to the oxidation of the eliettretier
oxygens[5,141] For this reason, PAN was also investigated as a polymaétix of choice to
potentially enable higiroltage applicationsThe molecular weight of PAN2(30x10° Da) was
chosen to be as high as commercially available to ensure-ligelighroperties instudied
compositions that can contain varying degredgjafd componentdn contrast to PEO, PAN has
an innately wide ESW >4.5 Y142]. FurthermorePAN, whose structure consists of an organic
backbone (@ C) with a pendant/vinyl cyano KIN) group on every other carbae,anexcellent
Lewis base that can coordinate to and solvatevith comparable solvating power to PE3].

PAN is also a hydrophilic polymer, allowing for extensive coordination with watech is
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thought to limit its activity PAN-based SPEs have showrmhanced ESWs of 5.5 V vs.Li/Li *
[142i 144]. The semicrystalline nature of PAN and its relatively higlg ~80°C,*® compared to
P E O 6gs -60°C,suggests thaAN will exhibitionic mobility that is independent of polymer
ion coupling unlike PEQ[143]. Indeed, atdies suggest an almost entire decoupling, with PAN
being mostly immobile and participating very little in ionic transpb4t,146] This indicates a
hierarchy of Li interactions that contribute to ionic conductivity: (1) movement of frégvithin
the PAN matrix > (2) movement of Lassociated with plasticizer molecules > (3) movement of
Li* due to coupling with PAN and segmental mot[@47]. Therefore, it is anticipated that the
ionic conductivityof PAN will increase dramatically with ineasedsolvent salt, and plasticizer
content as decoupling of PAN* coordination bonds occurs, enabling the PiSE domain when salt
content is approximately greater than 6[1%43].

2.5.2 Lithium Salt

LITFSI was chosen ahe lithium salt because the TF&tion is known for itschemical
and thermal stability, ease of dissociation, and ability to contribute to LiF formation in the SEI
[72,148 150]. While one major concern with the use of LiTFSI is its ability to corrode aluminum
i a common current colleatonaterial for cathodeisat high potentials (>4 V vs. Li/L), LiTFSI-
based SPEs have been shown to be stable against aluminum, limiting the ability of LiTFSI to pit
or corrode the current collector (31, 48, 130).

2.5.3 lonic Liquid

The most extensivelystudied IL in this dissertation is triethyl sulfonium TFSI
($222TFSI/S,2,9). The triethyl sulfonium cation €S2) was chosen because it is a seldomly
researched structure for ILs in LIB applications, both liquid and-stdité. In prior work, these
of $,2,2TFSI in a SPE established thepensity to improve ionic conductivity by plasticizing the

polymer network to reduce crystallinity133,137] Furthermore,several electrochemical
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measurements indicated strong passivating behavior and intesiadidity at low voltagesAn
additional ionic liquid, NmethytN-propy! pyrrolidinium TFSI (PyirsTFSI/Pyi,3) was chosefor
comparative investigatiomcaus¢he N-methykN-propyl pyrrolidinium cation (Pyrs") has been
extensively shown to reduce to stable products, suchsBls &md contribute to LiF production in

the SEI when paired with TFS$h lithiated system§gL511 155].
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Chapter 3Solid Polymer Electrolytes Plasticized with lonic Liquid

Thischapter was adapted from a published manuscript

M.D. Widstrom and K.B. Ludwig, J.E. Matthews, A. Jarry, M. Erdi, A.V. Cresce, G.
Rubloff, P . K o fEmabliagHigh Herformance ABolid-State Lithium Metal Batteries
Using Solid Polymer Electrolytes Plasted with lonic Liquid Electrochim. Acta345.
(2020) 136156

3.1 Introduction

3.1.1 Rationale

Lithium-ion batteries (LIBs) are an important energy storage technology due to their high
energy densities and long cycle life, however there are conceenshe safety of thes#evices
[23,156] At the core of this problem is the ubiquitous use of flammable organic liquid electrolytes
such as ethylene carbonate (EC) and dimethyl carbonate (DMC), which are electrochemically
unstable in an operating battegnd rely on a passivating layer consisting of electrolyte
degradation products called the solid electrolyte interphase (SEI) to operate. Because of this
instability, harsh conditions or flawed manufacturing process and design leave open the possibility
for catastrophic failure in the form of thermal runaway leading to batterj/fir&here is growing
research interest in replacing these liquid organic electrolytes with solid alternatives that are
intrinsically safer[5,8/10,157] Ideally, an alternativeot liquid organic electrolytes shall
simultaneously address the safety concerns while maintaining suitable performance metrics for
conductivity and electrochemical stability.

Due to its unique characteristics, solid polymer electrolytes (SPEs) are prosmging
alternatives to organic liquid electrolytf®12,79,122,157]SPEs are nonflammable and have
little to no vapor pressure, making them ideal candidates for battery applications in which safety
is critical [158]. They are easily processible as they can be solution cast or fabricated into thin

films using a solventree hotpressing approach, they are flexible and conforming in nature, and
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they can eliminate the need for inactive cell components, such as spateechkaging, that are
currently required in the manufacturing process to prevent liquid electrolyte from escaping
[112,138] However, the biggest challenge facing SPEs is their inferior ionic conductivity, as solid
electrolytes are inherently less condwettowards Li than their liquid counterparts. For
poly(ethylene oxide) (PEO), whose etltantaining architecture is commonly employed in SPEs
due to its ability to dissolve lithium metal salts, this challenge is embodied in its propensity to
crystallizebelow 60°C for even moderately high molecular weigiit3,133] EO-containing SPEs
exhibit ionic conductivity values several orders of magnitude lower compared to conventional
liquid electrolytes below their melting poiMZhile it is possible to havegificant ion conduction

of aligned PEO crystallites, appreciable transport of ions in PEO largely relies on segmental chain
motion which is only possible in the amorphous state, making it advantageous to have a plasticized
PEO matrix and avoid any crydtaation[113,159]

There are several strategies researchers have used to create a more favorable morphology
for ion conduction at lower temperatures in-E@ntaining SPEs. One approach is to introduce
micro or nanosized ceramic fillers suchla®z, Al20s, silica and garneas plasticizers that form
composites with better mechanical properties and enhanced conductivity due to the disruption of
crystal formation[9,119,160,161] Conductivity values on the order of <41&/cm have been
obtained at elevated e mper at ures using ceramic fillers,
commercial applications. A second approach is to incorporate PEO into a block copolymer (BCP)
to disrupt crystallization while simultaneously imparting robust mechanical propkedieshe
second blockl114,115] The inclusion of a second rigid block drastically improves the mechanical

properties of the SPE which can help stabilize Li metal anode foitéwngcycling. The drawback
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of this approachs that the rigid block is not emuctive, leading to a low overall conductivity
making these BCP SPEs only suitable for high (38temperaturefl16,162]

3.1.2 Objective

A third approacho create a more favorable morphologyoglasticize PEO with an ionic
liquid (IL) to form anamorphous SPEL120,133,137,138,163]Ls are molten salts that have
melting points below 100C and are often in the liquid state at room temperature. ILs have high
ionic conductivity coupled with high thermal and electrochemical stability, and when anateg
into a polymer matrix can lead to significant increases in conductivity of the resulting BRE
In this chaptey the objective is to characterize electrolytes of varypotymer:IL:lithium salt
ratios whichhave not previously been studjeaidtheir effect on the physical and electrochemical
properties of the resulting ILSPE system

In the investigations presented in this chapterwas shown thatILSPE systems
demonstrate a conductivityl mS/cm at room temperature, a value suitable fornoemial
application.Furthermore, ptimized ILSPE compositionshowed strongresistace to oxidation
and showdideal Li stripping/ plating behavior. ILSPEs with excellent transport properties were
able to achieve room temperature cycling in Li/ILSHH configuration with high coulombic
efficiency and capacity utilization. €hresults of this chapter hatlee potential to enable the

commercialization of ILSPEs for room temperature applications.
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3.2 Experimental Design and Methods

3.2.1 Electrolyte prepatan

Electrolytes were prepared using a solvieeé hotpressing technique, outlined below in
Figure 3.1 First the specific amounts of PEQ,23TFSI and LiTFSI were mixed in a mortar and
pestle. The resulting solid mixture was vacuumed seall [fsig, 30 s) inside a laminated
aluminum pouch. The pouch was then presse#at C, above the melting point of PEO, for 1
minute with a force of 1 matrton, resulting in a homogeneous film with thickness of-200

mm, depending on the composition. These films were further processed for specific experiments.

Electrolyte Composition (20:1:1, 20:2:2, 20:3:1, 20:4:2)

1. Mixing 2. Vacuum Sealing 3. Press @ 85°Cand 1 ton

20 Moles EO monomer
H nPH| 300, 1M, 4M (M = 1
PEO
+

1 to 4 Mole(s)

o9 0
. F2C-S-N-S-CFy
HaC._S2_CHy non
O O
SZ TFSI Stainless Steel Casing

+

1 to 3 Mole(s)

Wave Spring
Positive Electrode

PTFE Spacer
1" 1" Electrolyte
F3C_[SI_N_§_CF3 Negative Electrode
O Li O

LiTFSI

Stainless Steel Casing

Figure 3.1 High molecular weight poly(ethylene oxide) (300k, 1M, and 4M Da; M 8,19, ionic liquid, and
LiTFSI lithium salt are combined in varying molar ratios. The components are first mixed by mortar and pestle,
vacuum sealed, and then fessed to proade a final electrolyte film.

3.2.2 Electrode preparation

Composite cathodes were designed by incorporating 20 wt% ILSPE into an LFP electrode.
The composition of the cathode is 60 wt% LFP, 10 wt% Kynar 1800 PVdF, 10 wt%-Buper
carbon, 5 wt% PEO, 10 wt% %TFSI, and 5 wt% LIiTFSI. All components were ball mixed with

NMP for 20 minutes to ensure homogeneous dispersion. The cathode was casted on an aluminum
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current collector using a doctor blade and then vacuum dried for at least 24 hr priorTfbeuse.
morphology of the cathodes was imaged by SEM using a Tescan GAIA SEM system
3.2.3 Differential scanning calorimetry

Modulated differential scanning calorimetry (mDSC) was performedToh iastruments
Q100 differential scanning calorimeter. Samples weregoegpby hermetically sealing i mg
of electrolyte in an aluminum pan in a dry atmosphere. Samples were heated from room
temperature to 100C at a rate of 3C/min with a®0.20 C/min modulation.Table 3.1is a
compilation of the relevant data extracted from the DSC experiments, including glass transitions
temperatures]g, melting points,Tm, enthalpies of meltingp b, and degree of crystallization,
g x. All thermal transitions and enthalpies were fousithg the tools included in the TA Universal
Analysis software. The degree of crystallization is estimated as the ratiglddr the ILSPE to
theqp Hh of 100% crystalline PE@.g.,196.82 J g [164i 167]. For compositions containing PEO,
the enthalpy haalso been normalized to the mass of polymer within the electrolyte except for the
first melting peak of 20:4:0 (4M), which is due to melting of the ionic liquid.

3.2.4 Electrochemical impedance spectroscopy

Impedance measurements were performed usinglat®o 1287A/1255B platform.
ILSPE was placed in a symmetrical coin cell using stainless steel blocking electrodes and annealed
for 24 hr to create good contact before measurement. Impedance spectroscopy was measured over
the frequency range ofMIHz to 1Hz with a 10mV amplitude. Temperatures ranging frorh@
to 80 °C were measuredn increments of 5C, with a onehour dwell time between each
temperature to allow the electrolyte to equilibrate before measurement. mnthabkick PTFE
spacer with a 4nm inner diameter was used to create a clean-deélhed volume for ion
diffusion. The samples were made using an empirically determined amount of electrolyte that best

fills the volume defined by the PTFE spacer.
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3.2.5 Transference number

Transferencenumber was measured on Li/ ILSPE/ Li cells using the BKineent
polarization methofiL68,169] The cells were annealed for Bd and conditioned by running 5
galvanostatic cycles with al% charge, 4%nin rest, 4hr discharge, and 45 min rest congiitg
one cycleat anappliedcurrent density of 0.0thA/cn?. The transference measurement involves
applying a 10mV potential to the cell and measuring the current until a stetadg current is
reached at 60C. Impedance spectroscopy was run beforeadtst the polarization to take into
account any change in the resistance of the electrolyte.

3.2.6 Cyclic voltammetry

Cyclic voltammetry was performed on an Arbin BUR0to determine the oxidative
stability of the electrolyte. Li metal/ILSPHA-coated SSoin cells were prepared and cycled at
60 °C. Theappliedpotential differencevas swept from 2.¥ to 4.5V vs. Li/ Li* and back for a
single cycle at a rate ofriV/sec, for a total of 100 cycles.

3.2.7 Lithium stripping and plating

Stripping and platig of lithium metal with the ILSPEs was performed on an Arbin B020
using symmetrical Li/ILSPE/LIi coin cells. Cells were subjected to an alternating current density
of 0.1 mA/c? every one hour at 60C, for a total of 100 cycles, while treverpotential was

measured.

3.2.3 Galvanostatic cycling

Li/ ILSPE/ LFP cells were cycled on an Arbin BT2000 betweerd208/ vs. Li/ Li *. Cells
were cycled at 60C for constant rate cycling, with a charge/discharge rate of 1 hour (1C). Some
cells in thesame configuration were cycled at 22 with a C/20 rateOtherswerecycled using a
variable rate routinevhere theells completed 5 cycles at the following rates in succession: C/20,

C/10, C/5andC/2. All cells were annealed for 24 prior to cyclirg.
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3.3 Results and Discussion

The ILSPE compositions follow the nomenclature of identifying the molar ratios of each
of the components and the mol ecul arz2WSliyght
Li TFSI (PEO mol eculndly arevearied betweend amnd i eandethe PEOa
molecular weight is either<iL0° or 4x10° Da. The molar ratios and molecular weight of the SPE
(from 20:4:2:2 (4M) with the greatest salt/ionic liquid loading to 20:1:1 (1M) with the least
loading) were varied tencompass a wide range of electrochemical while maintaining the ability
to create homogeneous, coherent SPE films with thepiessing method. To maintain the
mechanical integrity of the resulting SPE film with greater salt/ionic liquid loading, a higher
molecular weight PEO was used. Increasing molecular weight has been shown to have a minimal
impact on conductivity beyond 1,000 [i/0]. PEO was selected as the polymer matrix because
of its ability to dissolve alkali salts, like LiTFSI, in high concatittns and for its strong reductive
stability against lithium metdlL71i 174]. TFSIF was chosen as the anion for both the lithium salt
and ionic liquid for its chemical and thermal stability, ease of dissociation, and ability to contribute
to LiF formation in the SElas well as for being a good plasticizer that can promote an amorphous
morphology in the electrolytf 75,176]

3.3.1 Differential scanning calorimetry

DSC was used to characterize the thermal properties of the ILSPE electrolytes, specifically
to measure if there are any thermal phase transitions that could influermeditstivity behavior
with temperatureFor example, anelting phase transitiowould indicate the presence of PEO
crystalinity, which effectively shuts down the segmental motion of polymer chandstunsthe
main conduction mechanism in PEO electredyf133,177] This canlead to poor ionic
conductivity valuesthereforeijt is imperative to find ILSPE compositions with sufficient salt and

IL content to plasticize PEO into an amorphous electrolyte. On the other handahigintent
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cancreate agggates that result in a significant decrease of conductivity andlhigbntentwill
begin solvating PEO and result in a significant decrease of mechanical int€égrgynsure the
best performance of the ILSPEsg@mpromise must be found. DSC is usedinderstand what
effect PEO, IL, and LITFSI have on the morphology of the electrolyte. From a design perspective,
the minimum IL + salt content that will ensure an amorshmorphologyof the electrolytdas
desired

The reference DSC thermograms of the PE@trix, PEO and £2TFSI, and PEO and
LiTFSI were collectec@long with the thermograms for all compositions studied, showigure
3.2, Figure3.3, andTable 3.1 To assess the impact of each compobarglectrolyte morphology,
the results ofigure 3.2 andFigure 3.3 were compared to the thermograms of the full ILSPE
systems for two compositions, givenkigure 34. The PEO matrix (1M and 4M MW) shows a
strong melting peak above 66 that is consisint with the melting temperature of high molecular
weight PEQ[178]. Adding IL into the PEO matrix has a strong effect on the PEO crystallinity.
For 20:2:0 (1M), the PEO and IL thermografigure 34A, red curve) shows a suppressed
melting peak at59°Cwi t h an ent halnpgf 9203f¢ thateid smallergn, sizepH
compared to the 130 J*dor PEO, indicating a lesser degree of crystallinity at 47% compared to
the 65% of PEO. For 20:4:0 (1MFigure 3.4B, orange curve), the thermogram shows twatimg|
peaks, indicating that this composition is phase separated. The first peaki2 &€-and can be
assigned to the melting temperature of pur§l®7]. The second peak ab%°C corresponds to
PEO melting but is smaller in size (323 @nd further suppressed to a lower temperature than
the melting peak for 20:2:0 (1M). These results demonstrate thattiwhitditiorof IL into the
PEO matrix has a beneficial impact on its thermal properties, another plasticizer, such as a lithium

sal, is necessary to plasticize the matrix and make the electrolyte amorphous.
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Figure 3.2 Full modulated DSC scans in the range5ff °C to 100 °C for A) PEO (1M) B) 20:0:2 (1M) C) 20:2:0

(1M) D) 20:2:2 (1M) E) 20:0:2 (4M) F) 20:@ (4M) G) 20:4:2 (4M) H) PEO (4M). Note, M =4Da. Arrows indicate

the different combinations of components that were mixed and tested. The thermograms show the impact each
component has on the plasticization of the ILSPE individually and cooperativdilyidually, both components fail

to fully create an amorphous ILSPE with observable glass transitions and melting points.
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of -44 °C and sifts the melting peak down to ~38 °C.
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Figure 3.4 Offset modulated DSC scans in the heating direction over the range % to 100 °C for A) 1M PEO

based electrolytes and B) 4M PEO based electrolytes. Inset platecaned in from the scans of the same color.
Arrows are used to point to phase separation in the 20:4:0 (4M) electrolyte showing two melting transitions. The
thermograms show the impact each component has on the plasticization of the ILSPE individualtparatively.

All composition designations represent molar ratios in the form of x PEO: y IL: z LITFSI (PEO MW).
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As expected, adding TFSlinto the PEO matrix drastically changes its thermal behavior.
The thermograms for the PEO and LiTFSI sgitemn Figure3.4 (20:0:2 (1M) and 20:0:2 (4M))
lack large features but the insets highlight the glass transition and melting temperature for both
compositions. The glass transitions for 20:0:2 (1M) and 20:0:2 (4M) &26 *C and ~40 °C
respectively, whilghe melting transitions occur att#°C for both compositions. While the salt
alone plasticizes the polymer to a significant degree as evidenced by the 20:0:2 (1M and 4M)
scans, it also increases the glass transition of the polymer-66iC to -26 °C and -4 0°C
respectively{178]. Further increasing salt content can aid transport through plasticization of the
polymer matrix and by increasing the number of charge carriers, but there is a tradeoff with a
commensurate increaseligwhich decreases the segmental motion of the polymer making it less
ionically conductivg115,179] This is evidenagby the thermograms for 20:1:1 (1M) and 20:1:3
(IM) in Figure 3.3where 20:1:3 (1M) has a suppressed melting peak in both location°’(37.6
and size (2.6 J'Y as compared to 20:1:1 (1M) (478, 38.6 J ¢). However a Ty becomes
detectable at44.0°C for 20:1:3 (1M) whereas ngyWas observed for 20:1:1 (1Mphis increase
in Tg with increasing salt content was not observed when tleertent was increased to the same
degree or more as is evidenced by the 20:2:2 (1M) and 20:4:2 (4M) thermagr&igsre 3.4
where no §was measured in the range of the scan dowB@8C. Furthermorethe full ILSPE
scansin Figure 3.4 show no feature$or both 20:2:2 (1M) and 20:4:2 (4M), indicating full
plasticization and advantageous morphology for ion conduction in this system. Both IL and salt
have some plasticization effect as they either suppress the magnitude or the temperature for the
melting ransition of PEO, but neither individually create an amorphous electrolyte and therefore

a combination of both is necessary to yield synergistic effect.
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Table 31 A summary of the thermal transitions observed usieglulated DSC of the HSPE compositions studied
and their individual components, in the range5if°C to 100°C. The enthalpy of melting is provided along with the
degree of crystallization. Degree of crystallization was calculated using a referendgyersfth@elting of 196.82 Jg

L for 100% crystalline PEQL65].

Tg Tm Te P Hh (00)4
Designation
°C °C °C Jg* %
PEO (1M) -67 66.3 52.0 128.2 65.1
[178]
PEO (4M) -67 65.5 49.2 119.8 60.9
[178]
S;TFSI NA?2 7.8 -31.3 17.4 NA?2
LiTFSI NA2 234 NDP 46 NA2

20:0:2 (AM)  -25.6 47.2 NDP 0.4 (0.7) 0.2 (0.4)

20:2:0 (IM)  NDP 58.7 385 92.0(175.5 46.7 (89.2)

20:2:2 (IM)  ND" NDP NDP NA2 NA2
20:0:2 (4M)  -39.7 47.0 NDP 5.5 (9.5 2.8 (4.6)
20:4:0 (4M)  NDP -11.5 -30.5 5.8 NA
50.7 28.2 32.2(90.79 16.4 (46.1)
20:4:2 (4M)  NDP NDP NDP NA2 NA2
20:1:1 (AM)  NDP 475 23.9 38.6 (68.7) 19.6 (34.9)
20:1:3 (1IM)  -44.0 37.6 NDP 2.6 (6.4) 1.3 (3.3)

aNA = not applicable?ND = not detectedEnthalpy is based on mass of PEO in sample
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3.3.2 Electrochemical impedance spectroscopy
EISwas performed to measure the resistance of the electig)yteprder to calculate the

ionic conductivity fromEquation 3.1

v TS (31)

wheret andA are the thickness and area, respectively, of the electrolyte. Resistance was extracted
from equivalent circuit models based on the associated Nyquist plots. The area and thickness in
Equation 3.1 were held constant by using a PTFE spaEest, the method for defining the
electrolyte area was establish®dvarying the inner diameter of the PTFE spacer, measuring and
extracting resistance through EIS, @hdncalculating the associated conductivity valuks the

area of the electrolytefined by the PTFE spacer changed, so did the amount of ILSPE contained
within the inner channel. Since ionic conductivity is an intrinsic property and does not depend on

quantity, it is expected that the resistances measured using EIS will be inveopelstipnal to
the areaj.e., ¥ -, yielding the same ionic conductivitfFigure 3.5 shows theNyquist plots

measured for three different spacer areas and the equivalent circuit model used to fit the data.
Linear regression of the extracted resistarstesvs good agreement kgure 35B, verifying

that conductivity measurements are independent of PTFE spaceSacead, the appropriate
equivalent circuit model was determined by examiniegNyquist plot®f a representative ILSPE
system across a widange of temperatures, shownHRigure 3.6 For lower temperatures, <40

“C, the Nyquist plots indicate a twesistance system with an appropriate equivalent circuit
modeling containing a bulk electrolyte resistance (R1) in series with a second intesfasiance

(R2) and capacitor, which are in parallel with each otAeronstant phase element (CPE) was
used in place of a traditional capacitor because the Nyquist plots showédkeabrnapacitive

behavior R1 represents the resistance to ionic moitiothe bulk electrolyte while R2 represents
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resistance to charge transfer at the interface due to theupuidd charge, known as the double

layer. Thus, the resistancelguation 3.1is equal to the sum of R1 and F&r high temperatures
>40°C, the Nyguist plots show behavior of a pure ionic conduactdgrere the only resistance is the

bulk electrolyte A simple equivalent circuit of one resistor in series with a capacitor was used.

These two different equivalent circuit models were used when extraesisgiances.
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Figure 3.5 A) Nyquist plots produced by EIS of the ILSPE with different electrolyte volumes, as defined by the area
of the opening in the PTFE spacers (below B). Two samples for each area were run and show agreement. The spacer

with the smallest opening area showscm higher resistance and produces a semicircle. B) Linear regression model
for the fit between the reciprocal of spacer area and electrolyte bulk resistance, verifying that conductivity

measurements are independent of spacer area.
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Figure 3.6 Example Nyquist plots produced from EIS scans of the ILSPE, with stainless steel blocking electrodes in

a coin cell, over a range of1 Hz. Scans were taken from 0 °C to 80 °C, at increments of 5 °C, with 1 hour between

scans for temgrature equilibration. Scans from 0 °C to 15 °C are not shown. Lower temperatures produced a
semicircle indicative of a 2R1C equivalent <circuit, wh

melting point ~65 °C, had linear behavior iratige of polarization and pure ionic conduction.

Following validation, EIS measurements for the ILSPE systems were taken oven the
temperature of OC to 80°C, in increments of 8C. Logarithmic scale conductivity as a function
of inverse temperature isgted inFigure 3.7 and shows a trend of higher ionic liquid loading
leading to higher ionic conductivity. 20:4:2 (4M) and 20:2:2 (1M) have the highest conductivities
at room temperature (26) with values of 0.96 mS/cm and 0.45 mS/cm respecti2éhl:1 (1M)
is the next most conductive at room temperature with a value of 0.24 mS/cm and 20:1:3 (1M) has
a similar conductivity value of 0.22 mS/cm. The 20:1:3 (1M) electrolyte exhibited poor
consistency and reproducibility across samples, evident thhensporadic and often large error
bars inFigure 3.7, as well as uninterpretable data below °C5 These results show a clear

connection between increasing conductivity and increasing ionic liquid content, while an increase
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of lithium salt in the absencef higher ionic liquid content decreases system conductivity.
Increasing the salt content increases the amount @hlairge carriers present, but this increase in
Li* content appears to increase the likelihood ofi@mnand ioncluster interactions, degasing

the mobility of Li*in the systenj108]. High ionic liquid content leading to better conductivity
values is corroborated with the DSC resultBigure 3.4 where 20:2:2 (1M) and 20:4:2 (4M) have

no melting transitions while having the highest conigitees, with 20:4:2 (4M) having a room
temperature conductivity value twice as high as 20:2:2 (1M). 20:1:1 (1M) also shows a rapid
increase in conductivity comparable to 20:2:2 (1M) arounts€orresponding to a melting phase
transitionthat leads toricreased segmental motion and thus ionic conductivity in the electrolyte

shown inFigure 3.8
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Figure 3.7 lonic conductivity of the variouk. SPE systemsneasured by EIS in the temperature range @ @ 80

°Cin increments of 3C. Addition of IL leads to an increase in conductivity while addition of lithium salt leads to a
decrease in conductivity. 20:1:3 (1M) (gray square) samples exhibited poor consistency and reproducibility, as well
as uninterpretable dabelow 15°C. All composition designations represent molar ratios in the form of x PEO: y IL:

z LiTFSI (PEO MW).
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Figure 3.8 Modulated DSC scan, in the heating direction, of 20:1:1 (1M) (black line, left ordinate) overlaithevith t
conductivity values, obtained from EIS, of 20:1:1 (1M) and 20:2:2 (1M) (green and blue triangles respectively, right
ordinate) over a range of temperatures from 0 °C to 80 °C. In the direction of heating, the 20:1:1 (1M) ILSPE has a
lower conductivity mtil 47.5 °C, at which point the ILSPE undergoes a phase transition and the conductivities overlap
at 50 °C.

3.3.3 Transference Number

The transference numb@r ), which is defined as the fraction of current that is due to
Li* as a ratio of total @rge carriers, was measured for the different ILSPE electralgteg the
BruceVincent method168,169] Figure 3.9 shows representative data from each step of the
method; symmetrical Li/ILSPE/Li cells were first subjected to agmrditioning routine iad then
measured by EIS for an initial impedance, followed by a potentiostatic polarization and a final
measurement of impedancéhe preconditioning cycling routine demonstrates that a stable
interface is formed with the lithium metal, as the cell potential profiles remain relatively constant

between cycles ifrigure 3.9A. The impedance scans kigure 3.9C also confirm the stable
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interface, as there is very little change in the interfacial resistance before and after the potentiostatic

scan.
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Figure 3.9 A collection of the experiments ran for determination of lithium transference number by theviditaea

method. A) 5 cycles of galvanostatic cycling to develop a stable electrolyte interface with lithium metal B)
Potentiostatic scan of the ILSPE to extract initial and steady state currents C) Electrical impedance spectroscopy
measurements before and aftiee potentiostatic scan with zoomed images of the D) low frequency and E) high

frequency measurements.

51



Table 3.2 Summary of the thermal and transport properties for the different ILSPE electrolyte compositions

investigated. Additin of IL leads to an amorphous SPE with high ionic conductivity without impacting the lithium

transference numbeill composition designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO

MW).
Electrolyte Tm s at 25°C s at 60°C  §
Composition °C mS cmt mS cm*
20:1:1 (AM) 47.5 0.24° 0.06 2.20° 0.42 0.35° 0.03
20:1:3 (1M) 37.6 0.01° 0.01 0.36° 0.05 NM?2
20:2:2 (1M) NDP 0.45° 0.06 2.30° 0.34 0.25° 0.04
20:4:2 (4M) NDP 0.96° 0.02 4.00° 0.07 0.31° 0.11

The calculatedd

aNM = not measured ND = not detected

for each of the ILSPE systems is givenTable 3.2, along with

respective melting temperatures amaoic conductivity values at select temperatures. Of particular

importance is the finding that addition of ionic liquid, which consistsodia cation and anion,

to plasticize the network does not show an impact on transference niimieuggets thatthe

relatively morerelatively bulky ionsof the ionic liquiddo not hamper lithium mobilityasthe

20:4:2 (4M) ILSPET which showed the highest ionic conductivity Figure 3.7 i has

approximately the same transference numb&0az.2 (1M) of ~0.3 depite having 2 times the

amount of ionic liquid and a higher molecular weight PEO matrix. It should be noted that due to

the poor consistency between samples, the 20:1:3 (1M) ILSBEmMwas not evaluated fats

transference number.
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3.3.4 CV Stability ad Li Stripping and Plating

Electrochemical stability against oxidation was measured using CV with a Li metal
reference and titanium working electraoe 20:1:1 (1M), 20:2:2 (1M), and 20:4:2 (4Vjhown
in Figure 3.10. Theapplied potential differenogas swept from 2.5 4.5V vs. Li/ Li* at a rate of
5 mV/sec, andcycles 1, 2, 10, 100 are shown on the same figure with a vertical offset. This
potential differencerange was chosen as it encompasses the redox potentials for many
commercially available higpotentialcathodes for LIBs. All compositions show a modest amount
of current starting between 3\6and 4.0V vs Li/ Li* in the first cycle which isndicative of
electrolyte breakdown. During the second cythe current response of 20:1:1 (1M) and 20:2:2
(1M) has lessened to a significant degree showing strong passivation behavior. For cycle 2 of
20:4:2 (4M) the current has also decreased from cyeldith indicatepassivation behavior, but
there remains higher total current than the other two compositions. This suggests that the 20:4:2
(4M) composition is less stable against oxidation than its counterparts. By cycle 10 through 100
all compositions show shrinking current response up t&/420:4:2 (4M)shows ~10 pA/cn?,
20:2:2 (1M) show ~1 pA/cm?, and 20:1:1 (1M) shosv~0 pA/cm?, all indicating passivation
behavior.

To measure the interfacial stability of the ILSPE electrolytes with Li m&faimetrical
Li/ ILSPE/ Li coin cells were constructed for Li stripping and plating experiments shdvigure
3.11 The experiment consists of applying a constant current density ohA/dn? in one
direction for one hour, then reversing the polarity of the curf@n@arother onehour while
measuring the overpotential of the a0 °C. The 20:1:1 (1M) electrolyte shows the smallest
interfacial resistance with an initial overpotential value off80that decreases slightly to &8/
after the first 5 cycles andgteaus through the remainder of the experiméigufe 3.11A). The

20:2:2 (1M) electrolyte shows the next best interfacial stability with an overpotential value
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Figure 3.10 Cyclic voltammograms from 2¥ to 4.5V of A) 20:1:1 (1M) B) 20:2:2 (1M) and C) 20:4:2 (4M). Sc
were taken ab0 °C at a 5mV/sec rate for 100 total cycles. All compositions show oxidation during the firsi
followed be significant current reduction in subsequent cycles, indicating passivation through electrolyte b
and formation of a solid electrolyieterphaseAll composition designations represent molar ratios in the forn
PEO: y IL: z LITFSI (PEO MW).

of ~56mV thatplateaus at 54V after 10 cyclesKigure 3.11C). The 20:4:2 (4M) electrolyte has
aninitial value of ~84mV that decreases and plateaus to md6after 30 cyclesKigure 3.11E).

All compositions show an initial higher value of overpotential that decreases and plateaus after a
few cycles,indicating longterm stability with Limetal The $iarp pointandsmoothness of the
overpotential curves Figure 3.11indicate that, at this current, there is no formation of mossy

lithium dendritessince thereisne hi ft fr om A p osdiedlgdp t o Aar ci ng
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Figure 3.11 Symmetrical Li/ ILSPE/ Li cell stripping and plating at 60°C with a 0.1 mARmrent density over

200 hours (100 cycles) for A) and B) 20:1:1 (1M) C) and D) 20:2:2 (1M) and E) and F) 20:4:2 (4M). B, D, and F show
the first 10cycles for the respective compositions for clarity. The ILSPES show a reduction in overpotential to an
equiibrium with cycling, indicating good compatibility and lotgrm stability with lithium metalAll composition
designations represent molar ratios in the form of x PEO: y IL: z LiTFSI (PEO MW).
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3.3.5 Galvanostatic Cycling

LFP was chosen ake cathodematerial to demonstrate good cycling performance of
ILSPESs. To ensure good ionic contact between the ILSPE and cathode active material, electrolyte
components are included in a composite cathode to create an ionically conductive network for
these solid eldmlytes in lieu of electrolytelectrode porosity infiltration for high interfacial
contact typical of liquid electrolytes and standard electrotles morphology of thepecially
designed compositeathodes was imaged by SEM, showrFigure 3.12. Figure 3.12A and
Figure 3.12B show a broad and zoomedn Vvi e w, respectively, of
morphology. EDX analysis was performed contemporaneously on the cathode im&ggden
3.12B. The analysis inFigure 3.12C shows the traces that were takend the respective
components at three of those traces. Trace 1 was taken on one of the numerous small, high contract
nanoparticles and was found to be carbon, as expected. Traces 5, 6, and 7 were taken on the larger,
low contract particles scattered inetimage. These traces produced characteristic signals for
oxygen, phosphorous, and carbon, with minor iron signals, leading to the confirmation that these
| arger particles are LFP. Traces 2, 3, and 4
particles, which is coated with carbon nanoparticles. EDX analysis on these traces showed
characteristic signals for carbon and oxygen with minor signals for sulfur and fluorine, suggesting
that it contains the ILSPE components (PE£»,75FSI, and LiTFSI) andaditional PVdF binder.

The ILSPE electrolytes were cycled with the composite LFP in a Li/ILSPE/LFP coin cell
configurationat60 °C with a 1C current rat&pecific capacity and coulombic efficiency vs. cycle
number and celpotential differencess. spetfic capacity are plotted ifrigure 3.13for 20:2:2
(Figure 3.13A,0 and 20:4:2 Figure 3.13B,D. Both compositions cycled with high efficiency

(>99%) and capacity retention for 500 cycles, demonstrating practical cyclic stability with a Li
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metal anode and LFP cathodegure 3.13Cshows that the initial capacity for the ficstcle for
20:2:2 (1M) was 144.8nAh/g. By the 100 cycle, the specific capacity increased to 151.1 mAh/g

and by the 500cycle the specific capacity had increased to 153.1 mAh/g, or 105.6% of the initial

4

% Carbon

Figure 3.12Micrographs of the composite cathode incorporating the ILSPE taken using scanning electron m
at A) 10kx magnification and B) 50kx magnification. C) EDX spectroscopy traces overlaid on image B, higl
the compositions of differnt r egi ons. The smalll , hi gh contrast
l ow contrast particles (A5/6/7060) are |lithium i
ILSPE and PVdF.
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capacity. The origin of this capacity increase with cycle number is likely duestaxation effect
and increased utilization of the LFP cathode through effective formation of a solid electrolyte
interphase. The 20:4:2 (4M) composition has a starting capacity of 178.1 mAh/g on the first cycle,
which decreases slightly to 177.1 mAhfgtbe 108 cycle. By the 500 cycle the specific capacity
delivered was 160.1 mAh/g, giving a capacity retention of 89.9% after 500 cycles. LFP has a
theoretical specific capacity of ~1H@Ah/g, indicating a potential overestimation of capacity for
the 2:4:2 (4M). The best rationalization for this discrepancy is the use of an average mass loading
when calculating specific capacity, rather than arduously measuring the loading of each individual
electrode.There is concern with the potential for aluminuorrent collectors to corrode in the
presence of TFSanion, however there is strong evidence that aluminum corrosion is suppressed
in ionic liquids and 500 cycles in a full cell configuration here suggests that this is tH&&Hse
183]

Given that the 20:2:2 (1M) and 20:4:2 (4M) compositions are amorphous and have ionic
conductivity values at room temperature that are exceptionally high for ai.8RE10° S/cm,
these compositions were chosen as good candidates to assess room temfg2atQ)
galvanostatic cycling in a Li/ ILSPE/ LFP cell configuration and are show#igure 3.14 The
20:2:2 (1M) electrolyte has an initial capacity of 139.8 mAh/g on the first cycle, which drops to
120.2 mAh/g on the 40cycle for an 85.6% capacitgtention with a C/20 ratérigure 3.14A).
The 20:4:2 (4M) electrolyte has an initial capacity of 169.0 mAh/g on the first cycle, stays steady

through the 49 cycle with a capacity of 170.3 mAh/g for an 100.7% capacity retention at the same
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Figure 3.13 Specific capacity vs. cycle number of Li/ ILSPE/ LFP af@Qwith a rate of 1C for A) 20:2:2 (1M) and

B) 20:4:2 (4M). Matching cell potential difference vs. specific capacity graphs are provided for C) 20:2:2 and D)
20:4:2. Bth compositions demonstrate practical cyclic stability with lithium metal &€&Mhd 1C, based on the high
efficiency and capacity retention for 500 cycléB.composition designations represent molar ratios in the form of x
PEO: y IL: z LITFSI (PEO MW.
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Figure 3.14 Specific capacity vs. cycle number of Li/ ILSPE/LFP at 22°C with a rate of C/20 for A) 20:2:2 (1M) and
B) 20:4:2 (4M), and with a variable rate for C) 20:2:2 (1M). Matching cell potential difference vs. spquifaitya
graphs are provided for D) 20:2:2 (1M) at C/20 E) 20:4:2 (4M) at C/20 and F) 20:2:2 at variable rate. Both
compositions show cyclic stability at 22°C and C/20, with 20:4:2 (4M) showing no capacity fade over 42 cycles.
Capacity recovery during varilbrate cycling in C indicates a kinetic limitation to accessing available capacity at
higher C rate, not degradation of the ILSREcomposition designations represent molar ratios in the form of x PEO:

y IL: z LiTFSI (PEO MW).

C/20 rate Figure 3.14B. The accompanyingell potential differences. specific capacity graphs
for select cycles are shown kiigure 3.14DandFigure 3.14Efor 20:2:2 (1M) and 20:4:2 (4M)
respectively. The full capacity retention of 20:4:2 (4M) compared to the 85.6% cajpdeitiian
for 20:2:2 (1M) after 40 cycles could be attributed to the higher ionic conductivity of the 20:4:2
(4M) electrolyte.

To assesshe room temperature rate capability of the ILSPE electrolyte, variable rate
cycling was performed on 20:2:2 (1M) eladyte at 22°C. The experiment consists of a Li/
ILSPE/LFP coin cell undergoing 5 cycles at&es of C/20, C/10, C/5, and C/2 in succession for

a total of 60 cyclesHigure 3.14Q. It is typical for a battery system to deliver less capacity at
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higher Grates due to higher kinetic demands ohrhbvement in the electrode, charge transfer
resistance, and electrolyte‘ldonductivity limitations. The correspondingll potential difference
vs. capacity graph for this sampkadure 3.14F shows thespecific capacity for the middle cycle
at each @ate (.e.,the C/20 curve corresponds to cycle 3, the C/10 curve corresponds to cycle 8,
etc.). At a C/20 rate, a specific capacity of 138Ah/g is reached on the third cycle. At a C/10
rate thesystemexhibits a specific capacity of 91.9% of the C/20 capacity. C/5 has a specific
capacityequal t070.0% of the C/20 capacity, and the C/2 rate shows a specific capaidi/to
35.1% of the C/20 capacity. Remarkalthe next three rounds of C/20 cycling ¢tas 21-25, 4%
45, 6165) fully recover the capacity of the initial round of C/20 cycling, demonstrating stability
through reversible rate performance. The recovery also indicates that there is a kinetic limitation
preventing access to available capactthigher rates, rather than degradation of the electrolyte
limiting the capacity. The rate capability could improve with a thinner ILSPE electrolyte, which
would decrease the length of migration fof.LGiven that this system shows full reversible
capaciy at any given rate is an indication that the electrolyte can handle high current without
evidence of degradation.

High-voltagecathode cycling was also investigated with the same strategy of mixing SPE
components with active material, creating a lithiuvbalt oxide (LCO) composite cathode. The
full cell configuration Li/ ILSPE/ LCO was cycled over 400 cycles with a 2C rate &t @®igure
3.15. A gradual decrease in the capacity with cycling is observedpidsence of PE® the
composite cathode isamt likely the origin of this capacity fade as PEO has known challenges
with oxidation against higpotential(>4.0V) cathodefl80]. Making further improvements to the
composite cathode formulation that omit PEO are needed to improve the cycling pectoohan

high-voltage cathodes such as LCO or lithium nickel manganese cobalt oxide (NMC). With a
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sufficient ion conduction network in a composite cathode without BEDformation and kinetic
passivation could be relied on and contained to the electrode/ electrolyte interface, enabling high
voltagecathales
3.4 Conclusions

ILSPEs characterized here show a promising step in the direction of séhangpnic
conductivity and interfacessuesof SPEs with ionic conductivity values of 0.4&nd 0.96mS/cm
for the two most conductiveompositions. ILSPEs have also demonstrated the ability to cycle at
room temperature with full reversible capacity at differemates, a significant improvement to
most SPEs that can only cycle at elevated temperatures. This improved capability ididhe to
ionic conductivity originating from a plasticized polymer matrix as characterized by DSC, and an
improved interface between ILSPE and composite electrode via inclusion of electrolyte
components in the electrode. The ILSPEs showed-temg stabilitywith lithium metal and

oxidative stability up to 4.¥, indicating their potential for use in higiell voltagebatteries.
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Chapterd: Solid Polymer Electrolytes Plasticized with Water

This chapter was adapted from a published manuscript

M.D. Widstrom O. Borodin,K.B. Ludwig, J.E. Matthews, S. Bhattacharyya, M.N.

Garaga, A.V. Cresce, A. Jarry, M. Erdi, C. Wang, S. Greenbaum, P. KofiWager

Domain Enabled Transport in Polymer Electrolytes for Lithiuro n Batterie
Macromolecule$4. (2021) 28822891

4.1 Introduction

4.1.1 Rationale

The current statef-the-art lithium-ion batteries (LIBs) are dependent on liquid organic
electrolyte solvents to create passivating interfaces that enable battery systems with high voltage
outputs (>4 V). Salents such as ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC), and propylene carbonatar@&¥ew of the
most common choices. These organic solvents help increase the solubility of lithiumhdalts
maintaining the viscosity of the electrolyte. Furthermore, they are excellent ionic conductors and
help stabilize the electrode/electrolyte interface at the graphite anode by decomposing into an
electronically insulating but ionically conducting sbéilectrolyte interphase (SEI). Unfortunately,
these solvents are inherently flammable and are often coupled with thermally unstable salts like
LiPFs [11]. The use of these solvents in commercial LIBs is a deedided sword; while
performance improves, ébatteries remain susceptible to multiple modes of failure that can result
in significant consequences, such as heat generation, thermal runaway, and even combustion.
High-profile failures of LIBshavegenerated significant interest in replacing thesa@digprganic
electrolyte systems with safer alternatiyé®,120,184186]. Solid-state electrolytes (SSESs) are a
particularly attractive option from a safety perspective because they can address many of the failure
modes that liquid organic electrolytes are susceptible to, including leakage, overheating,

overcharging, and firgl1].
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As a candidate replacemeritdr y 0 s ol i d pol y nieconsistingefcat r ol y t
polymer matrix and a lithium salthave been studied for decades. Despite being more thermally
stable than many of the liquid organic electrolytes used in LiBsetdry SPEs have been shown
to still burn in a flammability test, suggesting that thermal stability and safety are still a concern
[187,188] Additionally, these dry SPEs often exhibit poor ionic conductivities {<3@m),
limiting their practicality]176,189 192]. Attempts to improve ionic conductivity in these systems
have focused on the addition of plasticizing agents to reduce the crystallinity of the polymer matrix
[9,120,133,137,138,160RN second approach to this challenge is to decouple ioomfsbm the
structur al rel axation and segment al moit-i on of
salto el ectlOPIBYy t es ( Pi SEs)

In contrast to the more traditionally studied saipolymer systems, such as the dry SPEs
mentioned above, PES maintain the lithium salt as the majority component. This is, in part, due
to the ability of certain polymers, like poly(ethylene oxide) or polyacrylonitrile, to solvate lithium
salts to high degrees, offering nearly complete miscibility. In theseyhighicentrated PIiSE
systems, it has been observed that the gfassition temperature gJshowed a local maximum
point as salt content was increased. This suggests that increasing the amount of salt beyond this
point could improve transport propertieghwut further limiting the practical temperature window
for operation. lonic conductivity values of >4@nS/cm were measured at room temperature for
electrolytes with 90% lithium salt and 10% polyrmie®3]. The transport properties of these PiSE
systemswere further investigated, providing a description in terms of percolation theory.
Effectively, in these highly concentrated PiSE systems, a critical threshold of ion clusters exists,
after which an extensive, continuous network of clusters forms that allo f o r Asuper.

transport of lithiumions (Li's) by decoupling ionic motion from polymer chain segmental motion
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[194,195] This combination of fast cationic transport with the mechanical properties of a flexible
polymermakest an attractive approadb addressing the issues faced by SPEs.

This strategy of highly concentrated electrolytes has also been observed in the liquid phase,
particularly in aqueous el eicdalotly telsec tAr dli gthed
developed that consesi of a 21 molal (m) solution of lithium bis(trifluoromethylsulfonyl)imide
(LITESI) in water. While transport properties are not an issue in the WISE, this system
demonstrated for the first time that aniderived formation of a passivating SEI is possihle
aqueous electrolytes when highly concentrated with lithium [§&t84,149,196,197]This WISE
system showed an expanded electrochemical stability window (ESW) obna@ Mlt-cell cycling
with a MesSs anode and a LiMi©D4 cathode. The developmenttbie WISE has sparked interest
in superconcentrated electrolytes as an approach for changing the mechanism for SEI formation in
aqueous systems, leading to further improvements through the use of additional salts and additives
[74,76,77,79] Switching fromorganic solvent to aniederived passivation constitutes a paradigm
shift in interphase formation and opens a range of possibilities for tailoring the SEI that were
previously unavailable, ultimately enabling high voltage aqueous battery chemistries.

4.1.2 Objectives

In this chapter, the design of SPEs composed of a polymer matrix doped with salt and
plasticized with water are investigated, building upon the concept of PiSEs whereby small amounts
of solvent can improve ionic conductivity by multipleders of magnitudgl98]. Theseaqueous
SPEs (ASPEs3imultaneously improve electrolyte safety and lithium cation transport, while also
improving upon the electrochemical stability of the traditional WiSE. The inclusion of water in
the ASPEs provides an exjuishing effect that negates the flammability observed of traditionally
dry PiSEs. The ASPE systems were fabricated using high molecular weight poly(ethylene oxide)

(PEO) instead of low molecular weight poly(ethylene glycol) that is common in manye@port
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systemgq199]. Tuning the molecular weight of the PEO matrix results in either an ASPE or an
agueous polymer electrolyte (APE) with the same chemistry, which was used for easier
electrochemical characterization with thv&ectrode cyclic voltammetrBoth variations of the
electrolyte demonstrated roet@mperature ionic conductivities of >1 mS/cm and exceptional
cationic transport properties wih >0 . Molecular dynamis(MD) simulations reveal Li
solvating environments and the meclsamifor the highLi* conductionobserved in these
el ectrolytes, which i s do'm$ahydrated [{H2Q)scdmplexhi cul a
rather solvent and anion exchange.
4.2 Experimental Design and Methods

4.2.1 Polymer electrolyte preparation

Aqueous solid polymer electrolytes (ASPEs) were fabricated by a sdteerttotpressing
process, whereby PEO, LiTFSI, andHwere mixed with a mortar and pestle. The resulting
electrolyte mixture was sealed inside a laminated aluminum pouch and thaedssd at 85C
and 1.5 metric tons for 1 minute to form a thim ASPE membranef-our different electrolyte
compositions, ASPEL ASPE4, were fabricated and characterized, keeping the molar ratio
between the repeat units, ethylene oxide (EO), and LiTR&tant while changing the amount of
water. ASPEs were handled in normal ambient conditions with care taken to limit the overall
exposure time during processing and handling to minimize water absorption. Additional analogous
liquid polymer electrolytes, PE1 and APE4, were fabricated using the same composition as
ASPE1 and ASPE4, respectively, by replacing the high molecular weight PE€L(¥Da) with
low molecular weight polyethylene glycol (PEG,M 3350 Da)APEL andAPE4 were mixed

using a high seanixer rather than the mortand pestle used for ASPE1 and ASPEA4.
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4.2.2 Electrode preparation

Lithium manganese oxide (LiM®s, LMO) cathodes were received from Argonne
National Laboratory (ANL). LMO cathodes consisted of 90 wt% LMO, 5 wt% polyvinylidene
fluoride (PVdF, Solvay 5130) binder, and 5 wt% C45 Stupdiimcal) carboncoated on
aluminum folil. Lithium titanate (LiTisO12, LTO) anodes were fabricated from a slurry consisting
of 80 wt% LTO,10 wt% PVdF binder (Kynar 1800), and 10 wt% C45 Sitpeabon. The slurry
was casted on aluminum foil using a doctor blade at a height qiri5&lectrodes were dried at
80 °C to remove NMP solvent and then stored under vacuum &tCLGEr at least 24 hr prior to
use. Lithium iron phosphate (LiFek,QFP) refeence electrodes for electrochemical stability tests
were also fabricated from a slurry consisting of 80 wt% LFP, 10 wt% PVdF, and 10 wt% C45
SuperP carbon casted on aluminum foil at a height of 150

4.2 3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on a TA Instruments Q100 DSC
equipped with liquid nitrogen for lowemperature applications. The ASPE samples were
hermetically sealed in aluminum pans shortly after being preBsee . PEO samples wesealed
after drying at 60C for 48 hr. All samples were measured using a cyclic heat/cool/heat method
to remove any imparted thermal history. Samples were measured over the temperature range of
either-100°C to 20°C or-40°C to 100°C at a heating and cooling rate of @min.

4.2.4 Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800 DMA
on ASPE samples at room temperature to determine mechanical properties. DMA samples were
prepaed by hot pressing excess ASPE into a rectangular metal mold (100 mm x 6.85 mm x 1.6
mm). A light coating of PTFE release spray was used to prevent the molded sample from adhering

to the metal mold. Samples were then loaded into a tensile clamp, whietl thdl sample at a
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rate of 0.01 N/min until failureY o u n gadldus was calculated by taking the slope of the
measured stresstrain data over the range a @% strain.

4.25 Electrochemical impedance spectroscopy

ASPE samples were measured via eletieatcal impedance spectroscopy (EIS) using a
symmetrical stainless steel (SS)/ASPE/SS coin cell configuration. A polytetrafluoroethylene
(PTFE, Teflon) spacer was used to define the thickness and area of electrolyte at 0.025 cm and
0.126 cm, respectively.The samples were made using an empirically determined amount of
electrolyte that best fills the volume defined by the PTFE spacer, outlin€tiapter 3 EIS
measurements were performed on a Solartron 1287A/1@&®Bination platform. ASPE samples
were masuredrom 1 MHz to 1 Hz with a 10 mV amplitude over a range of temperatures from O
“Cto 80 C inincrements of 5C, including a ondhour dwell time between each temperature to
allow the electrolyte to equilibrat&lectrolytic conductivity for the liga polymer electrolytes
APE1 andAPE4 were determined from impedance scans of the samples using an Agilent E4980A
precision LCR meter from 2 MHz to 2 Hz with a 20 mV amplitude over a range of temperatures
from 80 °C to 0 °C in increments of 0.1 °C with ttanous impedance measurements. The liquid
conductivity cell consisted of a Pyrex glass cell body sealed with a ground glass stopper with cell
constants calibrated at 0.0954 tand 25 °C. lonic conductivities were evaluated at the intercepts
of the compéx impedance curves with the real axis for each temperature.

4.2 6 Pulsedfield gradient nuclear magnetic resonance

All electrolytes were opened and packed into NMR tubes (5 x 18Comthe same day within

a limited amount of time to ensuegposure to a constant ambient atmosphere. The NMR tubes
were subsequently sealed to preserve the atmosphere in which they were prepared, preventing any
flux of water into or out of the tube. The diffusion coefficients for TESF), Li* (“Li), and HO

(*H) were measured on a 300 MHz Vari@mirect Drive Wide Bore Nuclear Magnetic Resonance
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(NMR) spectrometer operating at a magnetic field of ¥, (Li, andH Larmor frequencies of
280.5,117.3, and 302.MHz, respectively) equipped with a Doty SciéintZ-spec pulsedield
gradient(pfg) probe (D$1034).The diffusion coefficients were measured at room temperature
(25 C) by using fg-stimulated echpulse sequence. The gradient stren@twas varied in the
range of1.7d 700 G/cm, as neededpr 32 increments. The diffusion tim&, and the diffusion
pulse length] , were setto 100 ms and @ 4 ms, respectively. From each experiment, the
integrated signal strength{ as a function of the applied gradient was obtained, and the diffusion
coefficients,O, were calculated by using leasjuares monoexponentigting of the Stejskal

Tanner equation, given by

Y O'YQown (4.2)
where"Y is the signal sength without a diffusion gradient pair ands the nuclear gyromagnetic
ratio of the nucleuf200,201]

4.27 Molecular dynamic simulation methodology

Molecular dynamis (MD) simulations were performed for PBQLITFSI (EO:Li = 6.4),
two liquid polymer compositionsPEQ LITFSId H20, of APEL (EO:Li = 2.286, HO:Li =
3.101) andAPE4 (EO:Li = 2.286, HO:Li = 1.177), and 21 m LIiTF®IH20. In the MD
simulations, PEO chains were restricted to 64 repeat un#8X9 Da). A mamypody polarizable
APPLE&P force field was used. The force field parameters for LiTFSI, ®EDFSI, and
LITFSId H20 were taken from previous works. The initial configuration for RBCLITFSI,
APEL, andAPE4 was created by packing solvent and salt in a large box with dimensions of ~
1008 150 A and then reducing the box size to ~ ACover a period of @ 5 ns at 500 K.
Afterwards, PE®@40 LiTFSI was equilibrated for 65 ns at 423 K before finally reducing the

temperature to 363 KAdditional relevant information can be foundAppendix D.
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4.3 Results and Discussion

Aqueous solid polymer electrolytes (ASPEsS) were produced by using a high molecular
weight PEO matrix (10 Mv) to make freestanding polymer electrolyte membranéthe
manufacturing process is depictedrigure 4.1. Thecompositions of ASPEZ were designed by
fixing the mole ratio of Lito EO (EO being total ethylene oxide repeat units in the system) to
value 0f1:0.44 while adjusting the molar component of water from6 to 1.36 in increments of
0.20.This was dondo study the effect of water concentration on electrolyte properties. ASPE
composition information in both weight percentages and relative molar concentrations can be
found in Table 4.1. Low molecular weight aqueous polymer electrolyte solutions (desiginat
APEL, APE4) are made with the same molar ratios of ASPE electrolytes foumdhbie 4.1,
howeverthe low molecular weight PEG (3350,Morms a polymer solution as opposed to a solid
membraneAPEL andAPE4 are referenced in the MD simulations, as #&ycloser in molecular

weight to what was modeled (PEO with 64 repeat units, molecular weight ~2816Da).
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Figure 4.1 ASPE preparation: High molecular weight poly(ethylene oxide) (IMDa, MPx; Water, and lithium salt
LiTFSI are combined in varying weight ratios. The components are mixed by mortar and pestle, sealednn a
pouch, and then pressed with heat to produce an ASPE2(pn thick).

Table 4.1 Compositional and transport properties of ASPEs determined by electrochemical impedance spectroscopy (EIS)-&atll pulse
gradient NMR (pfgNMR).

cample| oo | LTESL | eter | 60 | om0 | i mansporio. | E1s g ¢ NeekEnsen
[Wi%] [Wi%] [Wi%] ratio mole ratio | [D(Li *)/(D(Li*)+D(TFSI)]? [mS cnt?] [MS ci]e
ASPE1| 227 64.7 12.6 1:3.09 | 0.441:1.36 0.64 1.75+0.132 3.67
ASPE2| 23.1 66.0 10.9 1:2.64 | 0.441:1.16 0.67 1.58+0.235 2.54
ASPE3| 235 67.3 9.2 1:2.18 | 0.441:0.96 0.67 0.909+ 0.123 1.76
ASPE4| 24.0 68.5 75 1:1.73 | 0.441:0.76 0.66 0.681+ 0.146 0.998

aTransport numbers are obtained from-piyIR experiments for various molecular species at@%lonic conductivity is measured by EIS at
25°C. “Conductivity is calculated using the NeriShstein equation at 2.
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4.3.1 Differential Scannin@alorimetry

Differential scanning calorimetry (DSC) was performed to ensure that the relative
concentrations of LITFSI and20 were sufficient to fully plasticize the high molecular weight,
crystalline PEO matrixFigure 4.2 shows the thermograms for both pure 1M molecular weight
PEO Figure 4.2A) and for ASPE2Kigure 4.2B) measured over the temperature rangdofC
to 100°C. Similar thermograms were observed for the other ASPE compositions. The pure PEO
matrix exhibits a melting transition at 67.42, which is consistent with other measured values of
high molecular weight, crystalline PEQ@78]. The representative ASPE theogram, however,
shows a suppression of the melting transition at ~®;7indicating that the PEO matris
amorphoudue to plasticization. An amorphous morphology is preferred for ionic mobility in
PEObased SPEs because the classic conduction moasktof the breaking and forming of
coordination bonds between ethylene oxide (EO) ahdwthich is not possible in the crystalline
lamellaeas the conduction model relies upon the flexibility and segmental motion of polymer
chains[202].

In the literaure focusing on polymeon transport, it is well agreed upon that a maximum
in ionic conductivity exists as a function of the relative molar concentration of salt in dry PEO
systems, such that the ratio of IHO becomes significafi203,204] While highsalt content can
increase the total number of charge carries that would boost the ionic conductivity in a liquid
system, high concentrabns in polymer systems lead to a rapid increase in the number of
associations between the polymaatrix andthesalt[136,204,205] This maximum is often found
at lower salt concentrations, for examplé:ED = 0.08 in LITFSI/PEO systenj204]. These
associations can drastically increase thewhich is a strong indicator of segmental dynamics of
the polymer chains irhe system. Below thegthe amorphous fraction of the electrolyte consists

of polymer chains that are glassy and locked in place. AbovegitteeBe chains switch from a
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glassy state to a rubbery state as they begin to gain mobility. Therefore, eledystgms with

high Tg valuesmalke it difficult to avoid temperatures where ionic conductivity would essentially
plummet; thereforea critical design choice is to maximize the distance betweengthadlthe
operating temperature of the electrolyte. #uas reasonit is vitally important to characterize the

Tg of ASPESs, which have a much highef:EO = 0.44than the dry LiTFSI/PEO systems {IlEO

= 0.44) that exhibit a gfat 15 °C [205]. Figure 4.3 displays the DSC thermograms for the four
ASPE compositions, where a letemperature instrument was used to observe ghef These
systems. As expected, the addition of water strongly plasticized the polymer matrix, resulting in
Tg values betweerB81.56°C and-85.85°C. This result highlights the sngficant impact HO has

asa plasticizersince Tis much lower than the dry LITFSI/PEO systems and is even lower than
neat ligh molecular weight, crystalline PEQg = -67 °Q [206]. Therefore, it is clear that the
inclusion of water in the ASPE systeri$ectively suppresserystallinity and decreases the, T

even in the presence of high salt content. It remains unclear how much water is actually needed to
have this plasticization effect, as thgfdr ASPED 4 are not appreciably different, likely due t

the narrow window of water contents from ®786.36 parts. Nevertheless, these results suggest
that these electrolytes successfully can potentially move the maximum ionic conductivity value to
higher salt contents that could assist in afdenved passi@tion without sacrificing ionic

mobility.
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Figure 4.2 Standard DSC thermograms @) 10° Mv PEO and(B) ASPE2 in the temperature range-40 °C to

100°C. The heating rate was 1T/min and cooling rate was 1G/min with a heat/cool/heat program to erase thermal
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Despite the addition of water creating completely amorphous electrolytes, the ASPEs retain
their mechanical properties and behave as elastomeric solids. Dynamic mechanical analysis
(DMA) was performed on geially designed and molded samples at room temper&igae
4.4 shows the resulting stressrain curve, as well as an example of the elastomeric properties of
ASPE2. While the sample clearly shows plastic
by taking the slope of the curve betweén2Yb strain, in the linear elastic region, and found to be
E = 15.2 kPaTherefore, the ASPEs demonstrate their ability to be conformal, elastomeric free

standing membranes with no wetness or leakage.
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Figure 44 (Left) Tensile stresstraincurveo f ASPE2 taken at room temperature.
calculated from this experiment is 15.2kRRight) Picture of translucent ASPE solid membrane stretched with

tweezers.

75



4.3.2 Ekctrochemical Impedance Spectroscopy

The implication of ASPEA ASPE4 being entirely amorphous is clearly seen in the ionic
conductivities of the electrolytes, shownFigure 4.5A. EIS was used to measure the impedance
values for the four electrolytes ovartemperature range o8B0 °C, in 5°C increments, from
whichionic conductivity was extracte@he roomtemperature (25C) ionic conductivity for each
electrolyte ison the order ofl03 S/cm, a benchmark set for SPEs to be competitive with liquid
electrolytes, as seen Table 4.1 The results also show a positive correlation between ionic
conductivity and water content, evidenced from ASRiE4 (.68 mS/cm) with the least amount
of wate (7.6 wt%) and ASPEIi(= 1.75 mS/cm) with the most amount of water (12.6 wt%). As
discussed above, the conduction mechanism'ohlREGbased electrolytes often relies upon the
mobility of polymer chains; this results in a wide range of ionic condtievfrom 10°6 10*
S/cm depending on the degree of crystallinity. As fast ionic transport is characteristic of the
amorphous phase, higher ionic conductivity SPEs exhibit crystallization inhibition in the polymer
matrix. With regards to ASPB1ASPE4,Figure 4.2B andFigure 4.3show the absence of any
thermal transitions for the electrolytes, indicating that LITFSI and water have sufficiently
plasticized the PEO matrix to an amorphous morphology. Therefore, it is expected thaBbASPE1
ASPE4 would enjoy condtigities on the higher end of the range attributed to amorphous PEO
systems (18 S/cm), however these systems observe values a full order of magnitude greater.
Thereforeijt is likely that water plays an important role in altering the conduction meché&oism
the traditional PE&assisted transport. While it is possible that the high salt content of the ASPE
systems can lead to the formation of aggregates and clusters that establish a network from which
Li* can move via solvent exchange, concentrateddiggueous electrolytes (WiSE) have shown
preferentialwatea s si st ed fAvehi ttrdughrwaterichrLE(H2©)pdomatns doed L i

to the disproportionation of solvated*linto these waterich domains and anierich domains
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[207,208] All three mechanisms likely contribute to the overall transport 6§ lin ASPES, but
the significant increase in conductivity measured by ElI&igure 4.5A for only incremental
increases in water concentration between ASPE4 and ASPE1 suggests th@Hi@ddomains
are likely dominant. Due to the available PEO matrix, the combination of water amal thedt
ASPE systemgrovides micro liquid-like enviramments through which £$ can migrate with
liquid like diffusion in heterogeneous water domains, while still being contained within a high

molecular weight matrix that imbues the macroscopic propertieselaatomeric solid.
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Figure 45 lonic conductivity as a function of inverse temperature (1/K), measured over the range®f§&J0 in

5 °C increments via EIS, and (B) %5 °C in 10 °C increments via pigMR for ASPED ASPE4. Temperature (°C)

is given on the top-axis. Error lars in (A) are the standard deviations from measurements across 3 samples.
4.33 pfgNMR

To further elucidate the transport properties of the ASPE syspégadMR measurements
were taken. Diffusion coefficients for TF$1F), Li* (‘Li), and water ¥H) were measured for
ASPED ASPE4 samples across various temperatures from twséighe first, the pfgfNMR
samples were prepared in ambient conditions using the method illustratéguire 4.6.

Electrolyte was rolled inside of parafilm to creat®d shape that easily traveled to the bottom of
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the NMR tube without leaving residue on the tube wall. This preparation method resulted in
electrolytes being exposed to ambient conditions for less than 5 minutes, however these samples

could not be used toeasure the water diffusion coefficieit ( because the saturated parafilm

generated excessive background signal intithepectraTherefore, a second set of samples was
prepared without parafilm, however these samples took significantly longer toep(e0 min)

and likely absorbed ambient water during preparafitwis set of samples was only measured at
25 °C. Figure 4.7A shows the Li ($ ) and TFSI($ ) diffusion coefficients for ASPE1 and
ASPE4 from the first set of samples over a range of ¢eeatpres from & 55 °C, measured in 10

°C incrementsTable 4.2andTable 4.3provide the diffusion coefficients for all four electrolytes

at each temperatur&€he difference in exposure time for the second set of samples is apparent in
Figure 4.7B, as all four electrolytes from this set demonstrated higher diffusion coefficients for
each of the measured species, which can be attributed to water absorptierth&ificst set of
samplesKigure 4.7A) were prepared quickly, such that the true composition is closer to intended,

measurements at multiple temperatures were performed to enable additional analyses.
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Figure 4.6 ASPE pfgNMR sample preparation method. Sticky electrolyte is rolled inside parafilm to make packing

high aspect ratio NMR tubes easier. Sample preparation took less than 5 min.
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Figure 4.7 pfg-NMR measured diffusionoefficients for ASPEA ASPE4 from (A) set 1, Li($ )rand TFSI($,)

only; (B) set 2, water¥( J ), Li* ($, kand TFSI($,). For set 1 (A), samples were measured over the temperature

range ® 55 °C in increments of 10 °C (Table 4.2 and Table 4.3). Fa& &8}, samples were only measured at 25

°C. ASPEL1 corresponds to the highest water content while ASPE4 corresponds to the lowest water content.
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Table 4.2 Li* diffusion coefficients measured from the first set of-NlgR data fo ASPEDB ASPE4 as a function

of temperature. Red values represent repeat measurements. Coefficients are givenasiix10

Tem?,ecr;‘t“re ASPE1D(L) | ASPE2D(Li) | ASPE3D(L) | ASPE4 D(Li)
5 3.07 2.79 1.1 0.42
15 3.7 2.85 2.14 1.26
25, repeat 10.54,8.99 9.24,8.22 3.9,4.12 2.72,1.98
35 15.87 12.13 6.78 4.64
45 23.79 10.05 12.07 7.73
55 32.89 31.98 16.21 11.99

Table 4.3 TFSI diffusion coefficients measured from the first set of BigR data for ASPEA ASPE4 as a function

of temperature. Red values represent repeat measure@eetfficients are given as Dx10m?/s.

Tem?,%r)a‘t“re ASPELDF) | ASPE2DE) | ASPE3DE) | ASPE4DF)
5 0.52 1.15 0.4 0.18
15 1.32 2.51 1.05 0.57

25, repeat 6.03,6.22 4.47,3.90 1.88,1.01 1.41,0.98
35 10.57 8.54 3.87 2.61
45 15.51 14.01 7.06 5.04
55 20.34 18.06 9.3 8.37
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The diffusion coefficients ifrigure 4.7 are noteworthy for several reasons. First, the room
temperature coefficients (~<10%28 1x10! m?s) are an order of magnitude higher than those
typically observed in nonaqueous, nonconcentrated-&diCelectrolytes, even at temperatures
beyond the meakhg point of PEO (~ 60 °C) where transport is expected to increase significantly
[136]. This is consistent with the high ionic conductivities observédgare 4.5A. Secondly, the
cation diffusion coefficien$ exceeds that of the anié, which is notobserved in traditional
dry PEGsalt electrolytes where the polymer chains preferentially solvate the cations thereby
slowing their diffusion rate while simultaneously leaving anions unhindered to move freely. In this
regard, it is expected in these ttashal dry electrolytes th& >$ , which would result in Li
transport numbers the fraction of ionic motion due to the movement ofiLiof ~ 0.20 to 0.30
[203]. From the pfeNMR results, this Litransport number can be calculated for ASPASPE4

from

o (4.2)

The values calculated frorkquation 4.2 are given inTable 4.1 Additionally, the ionic
conductivity of ASPE® ASPE4 can be estimated from the fyIR resuts by the Nernst
Einstein (NE) equation given by

” — O © — 0 © (4.3)
whereF is the Faraday constant a@ds the concentration of ionEquation 4.3 only applies to
systems with a single source of ions that fully dissosjatech that the concentration of cations is
equal to the concentration of anionEhese values are plotted alongside the EIS measured
conductivities inFigure 4.5B.

When comparing the ionic conductivity values calculatedElgyation 4.3 and those

extracted from EIS measurementsTiable 44, the calculated NE valuetend toexceed the
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measured valuedy upwards 082% (ASPEL, 2%C). Neverthelesshe values remain laively

eqgual from both methods for most samples, indicating a low level of ion coupling and a high degree
of confidence in the pf§iMR results. 1 remains tha$ >$ for all four ASPE systems, which

is significant since dry PE®alt electrolytes alway exhibit$ > $ and, at best, liquid
electrolytes with a high degree of ion association sho@ $ [136,203,209] This suggests that

the preferential transport of Lis largely due to the presence of water, even for the wide range of
Li:H20 moleratios explored in the ASPE systems, which supports the claim that the dominant
mechanism for Limobility is waterassisted vehicular transport enabled by substantial occupation
of H20 in the solvation shell of Li[207]. Unfortunately, the presence of t&ain the ASPE
electrolytes prevents the use of the Brifiecent method to measure the tiansference number,
used in Chapter 4, for comparison, but the 4R results clearly indicate preferential transport

of Li™.

Table 4.4 Comparison of ionic conductivity values measured through EIS and calculated fravptgesults for
ASPED ASPE4 at various temperatures.

Temperature (°C) | ASPE1 (mS/cm)| ASPE2 (mS/cm)| ASPE3 (mS/cm)| ASPE4 (mS/cm)
EIS NMR EIS NMR EIS NMR EIS NMR

5 0.53 0.60 0.47 0.56 0.28 0.26 0.18 0.10

15 1.01 0.81 0.90 0.76 0.49 0.54 0.36 0.31

25 1.75 2.57 1.58 1.92 0.91 0.98 0.68 0.70

35 2.79 3.97 2.55 2.88 1.55 1.80 1.19 1.22

45 4.15 5.71 3.83 3.34 2.43 3.23 1.90 2.14

55 5.78 7.50 5.45 6.89 3.59 4.26 2.84 3.40
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As both the EIS Kigure 45A) and NMR Figure 4.5B) conductivity plots show
approximately linear behavioruither analysis of the first set of piyMR data Figure 4.7A,
Table 4.2 Table 4.3 was conducted via Arrhenius fitting Figure 4.8to extract the relevant
activation energies @and prefactor (A) value§ he NEonic conductivitiesvere calculated over
a range of temperatures from 55 °C in increments of 10 °C. After the sampleacted the
maximum temperature of 55 °C, a repeat measurement was taken at 25 °C upon cooling shown in
red in Table 4.2 and Table 4.3 Interestingly, the repeat measurements show equal or lesser
diffusion coefficients than the initial measurement, indicating some type of hysteresis effect. A
possible source of this might be the NMR tubes not being perfectly sealed, which would allow
sonme water to escape during measurements at elevated temperatures. Nevettkeleks;ant
data are plotted iRigure 4.8 along with each associated linear regression based on an Arrhenius
model fit. The activation energies extracted from the linear ssgre as well as the goodness of
fit parameter, R are given irTable 45. The R values for both EIS measured and NE calculated
conductivity show good agreement with the choice of Arrhenius fit2as@R95 for all samples
and typically >0.99 for the B measuredamples. This corroborates the two additional transport
options of solvenexchange and the more dominant wassisted vehicular transport since both
follow Arrhenius type relationships. The activation energies extracted from the Arrhetings fit
in Table 45 can be compared to the highly concentrated WIiSE ~ 0.24 eV regardless of
concentratiorj207]. The activation energies resulting from the Arrhenius fit of ASPESPE4
as measured by EIS have values ranging fromd0(B80 eV, which is in gab agreement with
other PE@ LIiTFSI systems, while the values from the fitting of the NE calculated values are

slightly higher at 0.393 0.541[203].
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Figure 4.8 lonic conductivity as a function of inverse temperature (bii€asured over the range é 80 °C in 5 °C

increments via EIS, and555 °C in 10 °C increments via pfdMR for (A) ASPEL, (B) ASPE2, (C) ASPE3, and

(D) ASPEA4. Temperature (°C) is given on the tegxis. Error bars are the standard deviations from measatem

across 3 samples for EIS measurements. Linear regressions based on an Arrhenius model are presented for both EIS

measurements (blue) and gfMR calculations from Equation 4.3 (red).
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Table 45 Linear regression Arrhenius tfitg results with calculated activation energies for ASPBBPE4 for

samples measured by EIS and by-NigR with ionic conductivity values calculated usiBguation 4.3.

Sample Ea (eV) A (S/cm) Arrhenius Fit R?
ASPEL (EIS) 0.345 1090 .9857
ASPE1(NMR) 0.429 34800 9576
ASPEZ2 (EIS) 0.362 1850 .9904
ASPE2 (NMR) 0.393 6850 9675
ASPE3 (EIS) 0.379 2190 .9943
ASPE3 (NMR) 0.451 41600 .9941
ASPE4 (EIS) 0.404 4270 .9932
ASPE4 (NMR) 0.541 803000 .9851

Since the Arrhenius plots of conductivityfigure 4.8show a slight curve for both the
EIS and pfgNMR derived values, the data were also fit to the classic VTF model as well. The
VTF model is a deviation of the Arrhenius model with the temperature bffse valueTo,

known as the Vogel temperature. The VTF model dictates that
., 0zQo/F— (4.4
however, there is naniversallyagreedupon method for selecting a value fiy. Often, Tois
assigned a given value, typically equabtb C below either the glof the pure polymer or thegT
of the entire polymer electrolyte (including any additives)9,201,210] In other cases, some
studies do not set a value iy, using it as an additiah fitting parameter instedd79,211] For
the ASPE system3, was first fit to the conductivity data by choosing a value that maximized the
linearity of 1/(T-T¢) as a function of I n(0d); edwlueal ent
obtained by linar regression. This method was used on the EIS measured conductivity values for

ASPED 4 at T = 25 C, given inTable 4.6 For comparison, thegivalues measured through
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DSC (Figure 4.3 are also provided:he values foifothat maximized thénearity range between
~Tg7 50 Cand Ty. Therefore, two fittings were performed wikh= Tg1 50, which is commonly

used in literature, and witfo = Ty. The results for the two fits are givenTiable 4.7and shown

in Figure 4.9and4.1Q respectivel. As shown by the Rvalues inTable 4.6 using a VTF model
linearizes the data to a higher degree than the Arrhenius model, regardless of the cfaice for
The linear regression plots fds= Tq 1 50 (Figure 4.9 andTo= Tg(Figure 4.10 confirm this,

as they removenost of thecurvature in the data observedHigure 4.8that the Arrhenius fit is

not able to captureHowever, the fit withTo= Tg 7 50 only improves the linearity of ASPEZ2,
ASPE3, and ASPE4, while the fit willa= Tgonly improves the linearity of ASPE1, ASPE2, and
ASPEA4. Since the degree of linearization from either VTF fit is approximately the same for either
fit, it is difficult to select and justify an appropriate value fier especially since neither fit
improves dl four electrolytes simultaneously. Further, it remains unclear if a VTF fitting is
appropriate for the ASPE systems, as these models are used when the primary conduction
mechanism is polymeassisted transport; as discussed above, vagtsted vehiculdransport is

the primary mechanism in ASP&IASPE4. Therefore, because of the absence of a clear choice
for Toin the VTF fit andthe lack of a strong physical basis to justify the use of a VTF fit, the

Arrhenius model was chosen as the more appropridte tanalysis.
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Table 46 Summary of optimized, values that maximized the linearity of 1ATT,) for use in VTF fitting. Values

for Ty, determined by DSC in Figure 4.3, are also given.

Tofor max linearity (°C) Ty from DSC (°C)
ASPE1 -83.7 -85.85
ASPE2 -91.0 -85.11
ASPE3 -132 -81.56
ASPH -112 -84.90

Table 47 Summary of goodness of fit parameteérf& the Arrhenius and two VTF fits of EIS measured and pfg

NMR calculated conductivity values.

Arrhenius FitR? | VTF Fit R? (To=Tg41 50) VTF Fit R? (To= Tg)
ASPEL1 (EIS) 0.9857 0.9956 0.9990
ASPE1 (NMR) 0.9576 0.9636 0.9656
ASPE2 (EIS) 0.9904 0.9978 0.9995
ASPE2 (NMR) 0.9675 0.9664 0.9623
ASPE3 (EIS) 0.9943 0.9980 0.9944
ASPE3 (NMR) 0.9941 0.9972 0.9968
ASPE4 (EIS) 0.9932 0.9990 0.9983
ASPE4 (NMR) 0.9851 0.9931 0.9976
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Figure 49 lonic conductivity as a function of 1/(TT,), whereT, = T 50, measured over the range 6f80 °C in

5 °C increments via EIS, an® %5 °C in 10 °C increments via pfdMR for (A) ASPE1, (B) ASPE2, (C) ASPES3,

and (D) ASPE4. Temperature (°C) is given on tipextaxis. Error bars are the standard deviations from measurements
across 3 samples for EIS measurements. Linear regressions based on a VTF model are presented for both EIS

measurements (blue) and gfMR calculations from Equation 4.3 (red).
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Figure 4.10 lonic conductivity as a function of 1/(TT,), whereT, = Ty, measured over the range @ 80 °C in 5
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(D) ASPE4.Temperature (°C) is given on the tofaxis. Error bars are the standard deviations from measurements
across 3 samples for EIS measurements. Linear regressions based on a VTF model are presented for both EIS

measurements (blue) and gf¥MR calculations fron Equation 4.3 (red).
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4.3.4 MD simulations

The impressive properties of the ASPE electrolytes, along with trends in DSC, EIS, and
pfg-NMR all pointing to wates@ssisted vehicular transport as the dominant ion transport
mechanism, warranted additionalolacular scale insight into the structure and transport
mechanismMolecular dynamics (MD) simulations were performed based on the KiREd and
APE4 electrolytes, which showed distinct differences in behavior from the -fvagerhighly
concentrated driPEQS LIiTFSI electrolyte EO:Li* = 6.4) and the 21 m LiTFSI in water (WIiSE)
electrolyte. Radial distribution functions (RDFs)HRigure 4.11A andFigure 4.11B indicate a
strong preference for Lito be coordinated by water oxygensdL®w, red), followed byether
oxygens (EO) of PEO (Bi EO, blue)compared to coordination by it$-SI anionoxygens (L&
Orrsi, black)or nitrogen (L& N, green) This suggestshat Li* are highly dissociatedwhichis
consistent with thesolvating power ofwater and, to a lesser extent, PEO when a sufficient
concentration of solvating species is availdil@s,212] In Figure 4.11B, APE4 shows almost
equal coordination of Liby EO and TFSIcompared to the clear difference @IPEL in Figure
4.11A. This islikely due to the number of solvent solvating sites from PEO ai@d Ibeing
significantly reduced in the highly concentrateBE4 electrolyte below the required®5 to

completely fill the first solvation shell of Lileaving coordination by TFSavailabe.
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Figure 4.11 Structural properties from MD simulations: radial distribution functions (RDFs) and coordination
numbers for Liwith oxygen atoms of TFSiwater, and PEO and with nitrogen of THSI (A) APEL and (B)APE4
electrolytes at 333 K. (C) probability for the-hOrrs), n = 03 6 solvates using the &iO distance of 2.8 A. (D)
most probable solvates (>4%) fAPEL andAPE4 electrolyte with LT coordinated to EO, §) and Qe within 2.8

A. (E,F) Lif(H,O),domains are highlighted with blue isosurfaces forAPE1 and (F)APEA4.

Based upon the RDFs iRigure 4.11, the length of the first solvation shell for’lis
assumed to be ~ 2/8. Within this first shella singleLi* is coordinated by water 2.328, 1.25
EO, and 0.87 TFSfor APEL. When the water concentration decreases and the salt concentration
increasesAPEL Y APE4), the Li is only coordinated by 1.17728. This reduction of water in
the first shell by nearly half leads to a switch from the weteninated solvation observed in
APEL to PEGdominated solvation. IAPE4, 93% of all available #0 and 80% of all EO are
bound to Li. This significantly reducethe amount of free water in the system A®E4, which
could help in the extension of electrochemical stability. Nevertheless, the lack of available water
and EO for Li solvation inAPE4 leads to more than double the amount of TESthe first

solvationshell (1.95), resulting in a strong contact ion pair (CIP) and aggregate (AGG) formation.
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Yet, Figure 4.11C shows that ~ 60% and 306 of all Li* do not have any TFSi its first shell

a = 0) forAPEL andAPE4, respectively. This indicates thaeevfor the highly concentrated

APEA4 electrolyte, a substantial fraction of lare solvenseparated and coexist with the'd that
are predominately coordinated by 4 or 5 TH®ksiding within the anion network as was previously
noted for the WISE (21 rhiTFSI in H20; (H20)2.7LiITFSI) [207]. The LiTFSI salt dissociation,

measured by the fraction of'Lriot coordinated by TFS(i = 0), is the highest iIAPEL, then

decreases in the orderAPEL > dry PEQ@40 LITFSI > WIiSE >APEA4. For these for electrolytes,

no clear correlation between fraction of free, uncoordinatédiLi = 0) and the number of

H20 or EO solvating groups. However, #8PE1d APE4, a good correlation does exist between
the fraction of free, uncoordinated’land the number of ¥D +1/2 EO solvating groups available
in these electrolytes, as seerfrigure 4.12. This suggests that in the highly concentrated, solvent
deficient regime being explored for these electrolytes, the EO groups are aboustratigigood

as HO in competing against TFSbr coordination with Li, effectively excluding it from the first
solvation shell. Thisgreeswith Figure 4.11A andFigure 4.11B, where the order of magnitude

for the Lid EO RDF peak is approximately 1/2 t@1he magnitude of the &i Ow RDF peak.
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Further analysis of the different solvate specieARiEL andAPE4 is shown inFigure
4.11D. The Li's primarily coordinated by #D and EO, referred to as solvesgparated solvates,
are dominant inAPE1 with the Li'(H20)4 ([0,4,0])solvate being the mostqtrable (37.7%)
followed by Li"(EO)(H0)s ([1,3,0], 8,59 and Li"(EO)(H20) ([2,2,0], 4.9%), which is
consistent with the high fraction of solvates (~ 60%) not coordinated by ilHSgure 4.11C.

This is expected to lead to higheamductivity since O is the most mobile species in the system.

At higher salt concentrations iRPE4, while several solvergeparated solvates are still most
probable, their contribution is significantly reduced and a wider distribution of solvates, exist
particularly solvates coordinated by TESlo better visualize theistribution of solvatesigure

4.11E andFigure 4.11F show the spatial 3D distribution of the water rich domain ([0,4,0]) for
bothAPEL (37.7%) andA\PE4 (10.3%). In théAPEL electrolye, the L(H20)s domain percolates
through the whole box, suggesting that sufficient avenues are available for the relatively small

Li*(H20)sto dominate ionic transport over‘liransport with and along the PEO segments or by
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solvent exchange. In compson, the Li(H20)s domains inAPE4 are much narrower, more
tortuous, and discontinuous; thus, polyrassisted Litransport is necessary for*kito move
from domain to domain. While the high fraction of the LITFSI AGG formatioHE4 can
contribute toLi* transport through anion exchange or motion via charge clusters, this along with
polymerassisted Litransport is expected to be less efficient than thgkD)stransport observed
in APE1 and in the WiSE213].

From MD simulations, the ionic conductivitiesAPEL andAPE4 can be calculated based
on the experimental parameters, which showigure 4.13that the simulations foAPE1 (blue,
dashed triangle) are in excellent agreement with the experimental fesREL (blue, dashed)
and ASPEL1 (blue, solid). However, the MD resultsA®E4 (red, dashed triangle) significantly
disagree with the experimental result®\&4, which also disagrees with the experimental results
of ASPE4.The discrepancy between ASPENJAPE4, with the solid variant having higher ionic
conductivity, is likely an artifact from unaccounted water absorption during sample fabrication
and transfer for ASPE4, leading to larger conductiyit98]. Thus, we consider the actual
conductivity b be lower, with the values shown kigure 4.13 representing an upper bound.
Additionally, the difference between the MD simulations and experimental resulg et is
partially due to the deficiencies of the force field in this highly concentratetieggevertheless,
the agreement is quite good compared to simulations from other groups for DMEIDE&I
that predicted slower dynamics by multiple orders of magnitude in the highly concentrated regime

[214].
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Figure 4.13 lonic conductivity of solid ASPEMPEL (blue) and ASPEAPE4 (red) electrolytes measured by EIS
(solid/dashed) and calculated from MD simulations (dashed triangle). ASPEILEorresponds to the highest water
content while ASPEAPE4 corresponds to the l@st water content.
4.3.5LSV and CV

While the previous results and discussions in this chapter show that water-sgheeob
imbues the ASPE systems with exceptional ionic conductivity ahdransport number, its
presence can also hinder the functlipaf these electrolytes in electrochemical energy storage
systems due to the notoriously small ESW of water (~1.23%j]. To investigate the impact of
water on the electrochemical stability of the system, LSV was performed and is shéguare
4.14. LSV is a useful technique for determining the ESW of the electrolyte, as well as for
discovering the onset potentials at which oxidation or reduction reactions of the system occur. In
this technique, the current evolution at the working electrode isumezhsvhile the potential
difference between the working and reference electrodes is linearly swept over time. Oxidation or

reduction of a particular species manifests as an evolution in the current density, indicated by a
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peak or trough, respectively, dmetresulting LSV voltammograrfigure 4.14 is a composite of
eight separate LSV experiments superimposed to show the ESW of ASEHIE4. For each
electrolyte, two separate samples were run to either a high potential (oxidative, anodic limit) or a
low potertial (reductive, cathodic limit). For the reductive scans, aluminum was used as the
working electrode, while for the oxidative scans titanium was used instead. This is because highly
concentrated LiTFSbased electrolytes can pit aluminum at oxidative qadks, which would
obscure the results. Hatharged LFP was chosen as a suitable reference/counter electrode for a
two-electrode setup due to its wide voltage stability. While lithium metal is traditionally used as a
reference electrode in LSV experimgnihe presence of water in the ASPE systems precludes its
use. Furthermordsigure 4.14 indicates the onset of reduction >0 V vs. Lijlivhich would also
restrict the use of lithium metal.

In Figure 4.14 there are three distinct regions in each hatheftotal scan: (1) a region of
little to no current evolution, (2) a region of moderate current evolution, and (3) a region of
unmitigated current evolution. The first region can categorically be assigned to the ESW of the
electrolyte, while the secondgien is a transitoryregime between stability and complete
electrochemical degradation. For ASBEASPE4, a conservative lower bound of 1.0 V vs. Li/Li
for the cathodic limit and an upper bound of 3.5 V vs. Lifbr the anodic limit encompasses all
four electrolytes. ASPEL ASPE3 show extended cathodic limits down to ~ 0.5 V vs. Lillhe
transitory regions exist betweet.25 0.5 V vs. Li/Li" (ASPED® ASPE3) and0.255 1.0 V vs.
Li/Li * (ASPE4) at the cathodic litpiwhile the anodic limit is 3& 5.0 V vs. Li/Li* for all four
systems. In these regions, there is some electrochemical reduction of LiF® @i oxidation
of LITFSI/H20/PEO. However, the current is small enough that passivation with cycling in these

regons may still be possible, which would then stabilize the system. In the third region of
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unmitigated current evolution {€.25 V vs. Li/Li"; >5.0 V vs. Li/Li"), largescale electrolyte
degradation occurs from redox reactions and are not accessiblediicginase in energy storage

systems.

200 1 — ASPE 1
ASPE 2
: —__ASPE 3
—__ ASPE4

100 -

Current Density (MA/cm*”2)

2 3 4 5 6
Voltage vs. Li (V)

Figure 4.14 Linear sweep voltammetry of LFP/ASPE/AI (reductive) and LFP/ASPE/Ti (oxidative) cells for ASPE1
ASPE4 overlayed on the same plot. The voltage was swept from OCV (~ 3.425 WLv4. t0i~0.5 V vs. Li/Li*
(reductive) and to 8.0 V vs. Li/ti(oxidative) at a scan rate of 1 mV/s at 25 °C. Current density was calculated by

dividing the measured current response by the area of the electrolyte.

To assess the ability of the ASPEs togpaate near the potentials of onset reduction and
oxidation, CV was performed at both the cathodic and anodic limits, respectively. Similar to LSV,
CV measures the current evolution at the working electrode while the voltage is swept in both the

forward aml backward directions, for several cycles. This makes CV a useful technique for
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determine several distinct properties, such as temporal stability of the electrolyte, the ability for
intercalation and deintercalation to occur, the reversibility of redatioss, and even the ability

of the electrodelectrolyte interface to passivate with cycling. In the last case, CV is typically
performed to potential values at the onset of reduction or oxidation determined by LSV. For
ASPED ASPEA4, anodic (oxidative) Cscans were cycled from 3.5 V vs. Li/Li" and back,

while cathodic (reductive) CV scans were cycled fron® 310 V vs. Li/Li* and back. Cells were
cycled 100 times, as seenFigure 4.15. Cycles 1, 2, 50, and 100 are shown with auAfcm?

vertical offset so that each cycle can be easily comp&¢gg@articular interest is the cathodic
scans, which show minimal current evolution on cycle 1 and excellent passivation behavior with
continueccycling. For the anodic scans, ASREASPE3 show a larger current evolution on cycle

1, likely due to the excess water in these systems available for oxidation. By cycle 2, the current
has lessened significantly, and by cycle 50 all four compositionsrsbanly complete passivation.

This suggests that all four ASPE systems exhibit strong passivation against both reduction and
oxidation by cycle 50. For comparisohPEL andAPE4 were also measured with CV kigure

4.16. Both systems show complete reducttability with no current evolution down to ~ 1.9 V

vs. Li/Li* (APEL) and ~ 1.5 V vs. Li/Lli (APE4). Current evolution beyond these limits to 0.20 V

vs. Li/Li* shows multiple reduced species, likely the reduction of both LITFSI (and its various
complexes)and HO. Both electrolytes also show a degree of passivation, evidenced from the

reduction in overall current density from the first to the second CV cycle.
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Figure 4.15 Cyclic voltammetry LFP/ASPE/AI (reductive) ahdFP/ASPE/Ti (oxidative) cells for (A) ASPEL, (B)
ASPEZ2, (C) ASPE3, and (D) ASPE4. The individual reductive and oxidative scans are combined for each electrolyte
on the same plot. The voltage was swept fromd A M V vs. Li/Li* (reductive) and 3® 4.5 V vs.Li/Li * (oxidative)

at a scan rate of 1 mV/s at 25 °C. Cycles 1, 2, 50, and 100 are provided with a 18 yekfimal offset.
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Figure 4.16 Cyclic voltammetry LFPAPE/AI (reductive) cells for (AAPEL, and (B)APE2. The voltagevas swept
from 3.08 0.25 V vs. Li/Li" at a scan rate of 1 mV/s at 25 °C. Cycles 1 and 2 are plotted with the specified vertical
offset.

4.3.6 Galvanostatic cycling

While the focus of this chapter was to investigate the excellent transport properties of th
ASPE systems, the LSV and CV results suggesiglaanostaticycling of these electrolytes is
feasible which would demonstrate the ability of ASPE electrolytes to operate within a practical
battery system. To demonstrate prodiconcept cycling, LTCASPE/LMO coin cells were
constructed and cycled at a charge/discharge rate of 1C°&t Egyure 4.17 shows the specific
capacity (black) and coulombic efficiency (red) as a function of the number of cycles for ASPE2.
This system demonstrated cycling with ~ 99% coulombic efficiency after 50 cycles. This initial
period of low efficiency is likely due to Tk defects in LTO causing water hydrolysis; LTO is a
notoriously challenging anode material for aqueous electroft256,79,149,150,215,216]
Another consideration that would need to be optimized to reduce the fade in specific capacity seen

in Figure 4.17 is the interfacial contact at the electrode/electrolyte interface. With poor contact, a
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kinetic limitation arises that limits the charge transfer reactions at the interface, essentially yielding

void zones of inaccessible capacity.
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Figure 4.17 Galvanostatic cycling performance of LTO/ASPE2/LMO at a charge/discharge rate of 1C at 23 °C over
~ 280 cycles. Black data points correspond to the specific capacity (left axis) while red data points correspond to
coulombic efficiencyight axis). The active material loading for LTO was ~ 18.86 mg/cm
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4.4 Conclusions

The results of this chaptelemonstrate a wate@ontaining solid polymer electrolyte system
(ASPE) with high ionicconductivity and preferential cationic transpd{(I(i)>D(F)) measured
by EIS and NMR. These exceptional transport properties arise from the disproportionation of Li
solvation environment into mostly water and fwater solvates as described by MD sintiolas.
The extent to which a network &f*(H20)s domains percolate through the system affects the
conductivity, with low molecular weight liquidPEL having a more robuti *(H20)s domain
network and a higher conductivity thARE4, which hasnore tortuos Li “(H20)s domains. There
is good agreement between experimental measures of conductivityaitidl MD simulations,
providing confidence that Lisolvation disproportionation predicted by MD simulations is

accurate.
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Chapters: Aqueousbased Gel Polymer Electrolytes

5.1 Introduction

5.1.1 Rationale

Synthesis of gel polymer electrolytes (GPES) is often categorized as either physical or
chemical. In the physical definition, crosslinks between polymer chains are formed through
physical interactions, such as ionic bonding or hydrogen bonding. These GPEs are often formed
by dissolving polymer matrices in good (organic) solvents and then mixed with plasticizers, fillers,
or other additives. The solvent is then evaporated, resultiagdity polymer membrane that is
subsequently swelled with the desired liquid electrolyte solution containing lithium salt(s) and
plasticizer(s]110,130] Many methods to prepare physical GPEs are employed, including solvent
casting, inverted phase, ané@tospinning134,217,218]Despite physical GPEs demonstrating
sufficient roomtemperature ionic conductivity, favorable mechanical strength, and even self
extinguishing properties, the weak physical interactions can lead to electrolyte degradation or
dissolution over timg110,217] This can lead to leakage of solvents, poor electrochemical
performance, and safety hazards.

In contrast to physical GPEs, chemical GPEs are formed from the covalent chemical bonds
initiated between polymer chains. Typicallgther than starting with an already polymerized
matrix, chemical GPEs are synthesireditufrom the combination of monomer, crosslinker, and
initiator. The three components are dissolved in a strong (organic) cosolvent in a precise ratio to
form a preursor solution. Subsequently, polymerization of monomers is initiated under controlled
circumstances and proceeds typically via freeradical polymerizationi under certain
circumstances. As a result, covalent bonds between the crosslinker and polymarrddust

meshlike network, whereby the liquid electrolygelution exists in the nanopores of this network.
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Because of the strong bonds formed in the crosslinked structure, chemical GPEs show excellent
long-term electrochemical and thermal stabilityttwino solvent leakage at elevated temperatures
[219]. Furthermore, the synthesis of chemical GPEm®jtu methods provides a simple scheme
with high efficiency to fabricate LIBs in one step, which could have substantisd@adsg effects
if implemented. The use ah situ synthesis also avoids the high viscosity of concentrated
electrolytes and can also prde better electrode/electrolyte interface since the precursor solution
can better wet electrode surfa¢g$0].

5.1.2 Objective

In situ polymerization of GPEs typically proceeds via thermal, radiation, and/or
electrochemical initiationln each case, sgific initiator species are included in the precursor
solution that decompose based on exposure to heat, ultraviolet (UV) tah#tion, or an applied
current/voltage to facilitate fredical, ionic, or condensation polymerization of the monomers.
In the context of singlstep production, UV dr radiation can be prohibitive if the correct source
is not used; UV cannot penetrate the coin cell or pouch materials us¢drad@tion can be
extremely dangerous to use. Thermal and electrochemitation are both viable options for
largescale, singlestep production of GPEs, however the reagents used for thermal initiation are
far more prevalent and cheaper. Furthermore, thermal initiation would not require major changes
to the production order dflBs, whereas the use of electrochemicatiyiated GPEs would
necessitate preycling of batteries.

Despitein situ synthesis of chemical GPEs having several attractive advantages, several
studies demonstrate that the major drawback of this methbe detomposition or deposition of
unreacted residual monomers, crosslinkers, and initiators in th¢Z28EThese deleterious side

reactions can significantly increase the electrode/electrolyte interfacial resistance, resulting in
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deterioration of cyclig performance and premature battery fai[add]. To this end, the objective
of this chapter is to minimize the use of monomers, inhibitors, crosslinkers, inhibitors, and other
reagents necessary fior situ polymerization to reduce the deleterious side reactions that create
unknown products and limit éhoverall performance of GPEs. This chapter provides one possible
route toward achieving this goal through the synthesis of scalable GPEs with high ionic
conductivity and stability from thim situ polymerization of low viscosity, low molecular weight
maciomers and electrolyte components via radioe, nucleophilic Thicene Michael Addition
(nTMA). This method showed that components were easily mixed homogeneously and were easy
to process into frestanding aqueous GPEs (AGPES).
5.2 Results and Discussn

5.2.1 Available routes for in situ polymerization

To facilitate the facile polymerization of
employed. This concept, first introduced by Kolb et al., focused on the formation of a wide variety
of compounds Wwh diverse functionalities frona shared set aftarting material§221]. This
investigation substantially simplified the reaction pathways necessary to achieving desired
products, noting that the formation of carbweteroatom bonds naturally preferrd over the
formation of carborcarbon bonds. In this work, a set of powerful, highly reliable, and selective
reactions for the rapid synthesis of useful new compounds was developed, in addition to
combinatorial libraries through heteroatom linksX€C) [221]. Among the various reactions in
the click chemistry toolbox is the coppeatalyzed azidalkyne cycloaddition reaction, which has
been widely applied to the synthesis of linear and crosslinked polymers, amond22bie228].
One particularly noteworthy pathway in this category is the @ click chemistrfTCCO

reaction whereby an addition production of a thiolated species to an alkene is generated. The main
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advantage offCC is the stepgrowth formation of the network.his leads to homogeneous
polymer networks with good mechanical properties compared to-ghaivth network. However,
this reaction proceedsa a radicatmediated mechanism @ndepending on the structure of the
alkene, the carbon radical intermediate dawact with another alkene for homopolymerization,
failing to form the desired addition product. Therefore, thin¢ reactions are only regarded as
click chemistry when certain alkene groups are used, such as norbornenes, vinyl ethers, allyl
ethers, anathers that prefer chain transfer over homopolymerizatiar$kkpcc) [228]. While
TCChas a high reaction rate and produces high yields of the addition product, themesdizgkd
pathway necessitates the use of a catalyst or radical initiator, edncéiffect the electrochemical
properties of the GPE.

A subset ofTCC s the thiolene Michael addition (TMA) reaction. The addition product
is the same as with regula&CC, however the pathway proceeds via an ammdiated
mechanism. This slightly diffence significantly affects the reactivities of thiols and alkenes in
each reactiondictating the possible combinations of spediesegular TCC, electronich alkene
groups are more reactive, while in TMA, electaeficient alkene groups are more tbac[229
232]. Nevertheless, the procession via an anionic intermediate still necessitates the use of a
catalytic Lewis base (electron donor). However, if a sufficiently strong Lewis base i ased
that is rich in electronisthen the addition of a talyst is not necessary. Such reaction can proceed
when an electronich thiolated group is allowed to nucleophilically react with an electrophilic
alkene group in nucleophilic TMA (nTMA). As with TCC, nTMA pathways can only occur with
certain combinationsf thiolated groups and alkenes, however this can be seen as a benefit because
it allows for precise tailoring of the reaction rate. Furthermore, because nTMA proceeds via an

anionic intermediate and not a radical intermediate, the possibility of honnogadhation or other
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byproducts is eliminated; nTMA only yields the desired addition prd@a&,233,234]Common
thiolated groups used in NTMA in increasing order of reactivity include alkanethiols, -3
mercaptopropionatesr@ercaptopropionates, and roagptoacetate. Likewise, common alkenes
used in NTMAI in increasing order of reactivityinclude methacrylates, cinnamates, crotonates,
acrylonitriles, acrylates, maleates, fumarates, and maleiff@8&k As a comparison, this chapter
investigates the efficacy of both TCC and nTMA pathways in producing AGPEs for LIB
applications.

532Thiolene fAclicko chemistry

As discussed above, TCC prefers electiioh alkenes in terms of reactivity. While
acrylates are not the most reactive grahe abundance of lowost acrylated PEG macromers
warranted initial investigated as a choice for TCC. To this end,-d&€ylate (PEGDA)
macromers with molecular weight of ~ 700 Da were reacted with-#ti®l (PEGSH) with
molecular weight of ~ 200@a. 2-hydroxy-2-methylpropiophenonHMPP) photoinitiator was
mixed with the macromers in a solution at a 99:1 volume ratio, based on PEGDA. The liquid
solutions were then molded inside a PTFE spacer using UV light, as sEéeyuia 5.1 The
mechanical prperties of the resulting AGPE were dependent on the total exposure to UV light
(Acur e t i mé&igure.5.1B\the gsl eueed fori2 minutes was soft and thick. However, if
the gel was cured for 20 minuteSiqure 5.10), it became very brittle due foss of solvent.
Roomtemperature ionic conductivity measurements, givehahble 5.1 corroborate this result,
which shows a significant decrease in conductivity with cure time. Because the variability in
results was heavily dependent on cure time, andusecthe reaction was< situunder a UV

source, HMPP was replaced with a thermal initiator to better faciiitati¢u polymerization.
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Figure 5.1 Use of PEGSH (2000 Da) and PEGA (700 Da) in the synthesis of an AGBEsedonthise ne fcl i ck o
chemistry using HMPP as a photoinitiator. (A) chemical structures of components. (B) picture of AGPE with a cure
time of 2 minutes. (C) picture of AGPE with a cure time of 20 minutes. (D) schematic of the coin cell conswuction f

ionic conductivity measurements.

Table 5.1 Summary of the ionic conductivity measurements for AGPE gels synthesized®&sg§H (2000 Da) and
PEGDA (700 Da) with HMPP as the photoinitiator.

Cure Time Avg. Conductivity @ RT St. Dev

(min) (mS/cm) (mS/cm)
2(n=3) 2.10 1.30
4 (n=3) 3.43 0.62
5(n=5) 3.05 0.44
20 (n=3) 0.98 0.36

10€



When HMPP was instead replaced with the thermal initiator azobisiobutronitrile (A4B&)
synthesized under the same general conditions as the HMPP AGPE, except switch the UV iniation
with initiation in a 60°C, the resulting gels had significantly reduced ionic conductivity, less than
the very brittle photoinitiated gel with a 20 minutere time (0.98 mS/cm)Fgure 5.2). Upon

furter investigation, the AIBNnitiated AGPEs were soft, wet, and crumbled under the slightest
touch. This is likely because AIBN is not water soluble, thus the AGPE did not actually form and
the gel could not matain contact within the coin cell with the stainless steel electrodes; this would

lead to very high interfacial resistance and the significant drop in ionic conductivity observed in

Figure 5.2
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Figure 5.2 Use of PEGSH (2000 Daand PEGDA (700 Da) in the synthesis of an AGPE based onthinle fAcl i ck o

chemistry using AIBN as a thermal initiator. (A) chemical structures of components. (B,C) Nyquist plots from the

ionic conductivity measurements of the two gels formed.



When thehermal initiatowasswitched to 0.1 wt% , -dz6bis(4cyanovaleric acid)ACVA)
instead, a welknown watersoluble thermal initiatgrthe averageonductivity of the AGPEs
increased from- 0.11mS/cm to 0.42: 0.06 mS/cm at room temperatuMevertheles, thermal
polymerization, while able to be completedsitu, did not result in high conductivity to be viable
and was generally much slower (hours to days) than UV polymerization, which had to lex done
situ and results in very brittle AGPEs. Most importantly, howeigethe use of photo or thermal
initiators in TCC, which is of major concern due to their known effect on electrochemical
properties. For this reason, the initiaftee NTMA reactions were alsovestigated.

Thiol-ene Michaelddition chemistry

Despite the acrylate group being moderately reactive, gel time still tooki@aeseks
using thermal initiation. Becauslee kinetics of nTMA reactionsan be altered by changing the
functionality of the thiol anélkene yinyl) groups,the more reactivanaleimide was chosen for
the vinyl group to reduce the gel time to mindt@fiours. To this extent, several combinations of
thiol and vinyl molecular weights, as well as amauwitliquid electrolyte used for gelation, were
tested to determine a desigraep.To ensure a solid network is formed and gelation is achieved,
a 4arm maleimide macromer basedRBEG(4PEGMal) with a molecular weight of 40 kDa (40k)
was paired with a linear thiol macromer, alssdal on PEG (PEGH), with a molecular weight
of 2kDa (2k). At a 1:1 molar ratio of maleimide:thiol end groups, the gel was synthesized with 40
mg of 40k 4PE@Vial and 4 mg of 2k PE&H by mixing with 20QuL of the highly concentrated
Awa-inemal t el ect [74.llogid cenduct{vityof ;& gelsanged from ~ 7.85 mS/cm
at room temperature to ~ 12.02 mS/cm. The large discrepancy between conductivity values is
likely due to water absorption during processing; additional water can uncontrollably increase
ionic mobility [201,235] Figure 5.3shows tle structure of the macromers used for the AGPE, as

well as the high degree of swelling obtained. These gels successfully exhibited ionic conductivities
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comparable to the value of the original WISE electrolyte (~ 10 mS/cm), indicating that the ionic
transpot was entirely in the liquid phase with the PBE + 4PEGMal gel providing a

mechanical network that encapsulates the liquid electrolyte.
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Figure 5.3 Use of PEGSH (2 kDa) and 4PE®al (40 kDa) in the synthesis of an AGB&sed on nucleophilic thiol

ene Michael addition chemistry with no initiator. (A) chemical structures of components. (B,C) picture of AGPE with

a cure time of 2 minutes. (D) schematic of the coin cell construction for ionic conductivity measurements.

In addition to the 2k PEGH, a lower molecular weight of 1 kDa (1k) was also paired
with the 40k 4PEGVial. Therelative WIiSE, 4PE@Mal, and PEGSH contents in both sets of gels
were investigated and assessed for their impact on the ability to form a eyl first study, the
amount of PEGSH was held constant at 1 mg and a 1:1 molar ratio of end groups was used to
determine the corresponding amount of 4P#&; 18.5 mg for 1k PEGSH and 9.25 mg for 2k
PEGSH. WISE was added to each set in increasing voltroe 100uL to 500uL, mixed, and
then used to create ~ P gels. As the volume of WIiSE increased, the resulting number of gels
that could be created also increased. After adequate time was allowed for the gelation reaction to

complete, the samples veeassessed and tallied for the number of gels that formed and the number
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of gels that did not formAs seen irFigure 5.4, for 100uL of WIiSE added, both 1k and 2k PEG

SH displayed a 100% gelation rate. However, the addition of WISE beyond that caused a
significant decrease in the success rate of gelation for both molecular weights. At moderate
volumes of added WISE (26800 pL), 1k PEGSH was more successful at gellinig

approximately twice as mucéhthan 2k PEGSH. However, the reverse is true at largkinees of

added WiSE (40B00L).
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Figure 5.4 Success rate of AGPE formation whemactingeither 1k PEGSH (gray) or 2k PEGSH (black) paired
with 40k PEGMal in various volumes of WiSE, ranging from $0800 pL in nTMAsynthesis.

112



In the second study, the amount of WiSE added was held constanpat 40 the amount
of PEGSH was varied from 04 mg. At a 1.1 molar ratio of end groups, this resulted in the
amount of 40k PE@®/al varying from 1@ 80 mg and 8 40 mg for k PEGSH and 2k PEG
SH, respectively. In addition to the 40k PB4&l, a lower molecular weight of 20 kDa (20REG
Mal was also paired with 1k PESH and 2k PEESH. WISE was added to each of the different
sets of macromer masses, mixed, and then useeatecr 5QIL gels. For most sets, two gels
were synthesized, however for some sets only one gel was synthesized due to the high viscosity of
the solution and difficulty measuring or pipetting. After adequate time was allowed for the gelation
reaction to cmplete, the samples were assessed and tallied for the number of gels that formed and
the number of gels that did not foimFigure 5.5 For both 40k 4PE®/al and 20k 4PE&Mal,
the lower molecular weight 1k PE&H failed to successfully gel when a low ambof macromer
was used. However, at higher quantities of eithelPEGSH or 2k PEGSH, gelation was
successful because the 1:1 molar ratio of end groups ensured that mor&dPESS also used,

which increased the probability to form crosslinks and gel.
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Figure 5.5 Success rate of AGPE formation as a function of each macromer mass when reacting eitheStk PEG

(gray) or 2k PEGSH (black) paired with (A) 40k PE®Ial or (B) 20k PEGMal in 100 pL of WISE with nTMA
synthesis.
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While initial gels demonstrated ionic conductivities comparable to WISE (6712502
mS/cm at room temperature), the influence of water content soon became clear. As the gels were
synthesized in ambient conditions, the high concentratitmedViSE used as the solvent induced
extensive water absorption in some systems. Despite these gels having significantly enhanced
roomtemperature ionic conductivity (28161.5 mS/cm), their stability assessed through LSV
was much worse compared toampletely dry AGPE. As seenfilgure 5.6, the cathodicKigure
5.6A) and anodicKigure 5.6B) show onset water reduction and oxidation at potentials & ~ 2
2.5 and >4.5 V vs. Li/lli respectively. When compared to a similar gel that had been completely
dried under vacuum for 24 hours to remove watggyre 5.60), the ESW is significantly wider;
onset potentials for water reduction and oxidation are ~ 0.5 and 5.25 V vs, télpectively.

This indicates that the high onset potentials in the wet géikahg due to the free, uncoordinated
water in the system which can easily undergo redox reacfianthis endthe effect of water
concentration on the electrochemical properties of the AGPES was further investigated.

Starting with the aprepared AGPKU = 28.6 mS/cm), various portions of the gel were
dried for 1, 2, 7, and 10 minutes at 1@ As seen irFigure 5.7, the subsequent drying of the
AGPEs reduced the overall water content from ~ 38 wt% to ~ 25 wt%. Subsequently, the measured
roomtemperatee ionic conductivities were also reduced 28.6 mS/cm to ~ 5.40 m&igord
5.7A). Interestingly, the water content from 7 to 10 minutes did not change significantly, indicating
a maximum amount of free, unbound water that can be removed from the Skisézafore, the
remaining ~25 wt% water is attributed to bound water interacting with the polymer matrix and
lithium salt. LSV measurements corroborated this reduction in the amount of free water in the
systems, showing iRigure 5.7Bthe shift in onset radttion potential. The AGPE produced after

2 minutes of drying showed a much wider ESW, with electrolyte degradation at potentials <2 V
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vs. Li/Li*. Therefore, to unlock the ability to use 8% anodes or lower, like LTOi the gels

must be dried for at lsa2 minutes. To maximize ionic conductivity and stability, a drying time

between 8 7 minutes is suggested.
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Figure 56 LSV results showing (A) cathodic stability

full electrochemical stability of the same AGPE after drying for 24 hours to remove all unbound water.
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(B) comparison of cathodic stability, measured from LSV, of the as prepared AGPE and the same AGPE after 1 and

2 minutes of drying at 60 °C.

The method for controlling water content usedrigure 5.7is cumbersome, resulting in
inefficient production of AGEs. To facilitate more facile synthesis, a new approach was used
whereby instead of drying the systems to remove water, the reactions were conducted in more
concentrated systems with less water. Specifically, instead of using 21 m WISE as the solvent,
LiTFSI and HO were mixed with the macromers individually, such that the amount of water could
be precisely controlled. Compared to the ~ 38 wt% water used in the AGPEs prepared before
(Figure 5.7), the total water content was decreased to ~ 24 wt%. Thigeésnla decrease in
water by 50 vol%. The resulting AGPEs demonstrated an excellent-tesoperature ionic
conductivity of ~ 19 mS/cm, despite the significant reduction in water. Moreover, CV
measurements iRigure 5.8 of these AGPEs showed minimal wateduction over the course of
20 cycles, indicating that the water inside the system is almost entirely bound through interactions

with polymer and/or LiTFSI.
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Figure 5.8. CV measurements of the AGPE prepared with limitadler (~ 24 wt%).

With the success of the AGPEs using 20k 4Fm#&/1k PEGSH and 40k 4PE®/Aal/2k
PEGSH, additional studies were conductey swapping the functionalize of the linear and
branched macromers, altering tmelecular weight othe macromersand using different vinyl
group chemistries.Figure 5.9 summarizes the various combinations investigated. The most
reactive system is 4PEMal (20k) + PEGSH (1k), which was used above in the previous study.
This AGPEFE i g ur e ) dels quitefguicklyn between 30 minutes at G and @ 6 hours at
25 °C (Table 5.2. If the functionalities are swapped such that the branched macromer is 4PEG
SH (20Kk) and the linear macromer is P®al (7.5k), the predicted reactive decreases based on
the fundamentals afTMA. The gelation results corroborate this, as this system took significantly

longer to gel at botb0 °C (12 hours) and 25 °C (24 hour$his gel is showniri gur e . 5. 9

117

NS



If the functionality of the vinyl group is swapped, again, to a vinyl suttmased PEG (PEW'S,

5k), the theoretical reactivity further decreases. Again, the resuliabdé 5.2 corroborate this;

this AGPE combination took >48 hours to gel at 60 °C. Gelation at 25 °C was considered
negligible, as the time scale is far too significéor practical application®Nevertheless, despite
differences in gel times, the three systems showed comparable-teograrature ionic
conductivities ranging from 4.837.19 mS/cm. However, the cathodic stabilities of these systems
were significantly diferent. As seen ifrigure 5.1Q the fiwetodo gebIPS6tudi ec
(light blue) showed minimal stability with electrolyte degradation >2 V vs. LilMhen the new
synthesis method using less water is used to prepare the three gel combinatiotedarésgare

5.9, the LSV results clearly indicate that the vinyl sulfone group (red) is less electrochemically
stable. The more reactive 4PE@l + PEGSH combination (black) is slightly more stable than

the 4PEGSH + PEGMal combination (dark blue). latestingly, the stability of all three systems

is significantly less than the ASPEs (green) presented in Chapter 4; this is likely due to the nearly

double water content (~24 wt%) in the AGPEs versus the ASPEs (~12 wt%).

Table 52 Summary of gelation times for various nTMA combinations of macromers at 25 °C and 60 °C.

20kDa 4PEGMal 20kDa 4PEGSH 20kDa 4PEGSH
+ + +
1kDa PEG-SH 7.5kDa PEGMal 5kDa PEG-VS
Gel time, 60°C 05 12 >48
(hr)

Gel t'?pﬁ)’ 25¢C 20 6 24 Not tested (too long)

» (25°C) 4.63+£0.94 7.19+1.17 6.32 £ 2.23

(mS/cm)
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Figure 59 (Left) image showing the successful gelation of 4P#& + PEGSH ( i1l 0) -SH m BEGMd E G
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Figure 5.10 Cathodic stability, measured by LSV, of the various combinations of macromers used in NnTMA synthesis
using thereducedwater method. For comparison, the as prepared wet AGPE (light blue) synthesize with additional
water and the ASPE from Chapter 4 are included.













































































































































































































































































































































