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ABSTRACT

Many countries have enacted renewable energy targets of 32% or more by 2040 to reduce
their carbon footprint. However, due to the intermittent nature of renewable energy
sources, long-duration energy storage systems are vital for providing a secure electricity
supply. To meet this demand, new battery technologies utilizing earth-abundant and low-
cost components are necessary. Among them, non-aqueous redox flow batteries represent
a transformative energy storage system due to their flexible material selection and wide
operating voltage window. A membrane plays a critical role in these next-generation
energy storage technologies as it separates the anode and cathode while allowing for
facile transport of the charge carrier. In addition to designing and synthesizing novel
polymer membranes with improved ion transport, it is imperative to gain a greater
understanding of the impact of a non-aqueous electrolyte on membrane properties. The
goal of this study is to synthesize new high performance membranes and gain insight into
the impact of non-aqueous electrolytes on membrane properties.

In this dissertation, membranes of various composition and architecture are synthesized,
and a systematic evaluation of membrane properties in various electrolyte solutions
unravels their structure-property relationships. Tailored crosslinking of poly(ethylene
oxide) (PEO), a commonly utilized polymer electrolyte, was found to enhance sodium-
ion conductivity and mechanical robustness over a wide temperature range compared to
the linear polymer. Building upon these findings, a Lewis basic functional group was
incorporated to the crosslinked PEO network. The Lewis basic functional group
facilitates lithium salt dissolution and enables higher cation transport. Then a
trifluoromethanesulfonimide functionalized cation exchange membrane was synthesized
and the critical relationships between membrane ion transport and electrolyte salt
concentration are unraveled. Tailoring the electrolyte salt concentration enables over an
order of magnitude increase in membrane ionic conductivity, while maintaining a
transport number >0.75.

Finally, the synthesis of a mechanically robust anion exchange membrane with excellent
chemical stability is demonstrated. The membrane is evaluated for use in an aqueous and
non-aqueous environment. Insights gained into the effect of organic electrolytes on
membrane properties will provide strategies for the development of new polymer
electrolyte membranes and performance improvements for a variety of electrochemical
technologies.



TABLE OF CONTENTS

INTRODUCTION ..ottt bbbttt bbb enes 1
CHAPTER I Background: Membrane Properties in Non-Aqueous Electrolytes............... 5
ADSTTACT ...t 6
T T [N o4 AT ] o SRS 6
MemDBranes for NARFBS ..........ooiiie e 7
Impact of Non-Aqueous Solutions on Membrane Properties...........cccccooeeerencnennne. 11
SOIVENT UPLAKE. ...ttt esra e reenee e 11
[ONIC CONAUCTIVILY. ...viiiiieieie ettt sre s 13
TranSPOrt NUMDET. ......c.viiieiece e re e 18
PeIMEADITITY. ..o.veeiiceie e e 19
Design of Membranes for NARFBS .........ccooiiiiiic e 21
(000 0] [U1 [ OSSR 23
CHAPTER Il Crosslinked PEO Salt-in-Polymer Electrolyte............ccocovveviiieiiciecnnenn, 26
N o1 = Tod S PSSUSRTPSN 27
T oo [0 Tox o] o TSRS P TSR 27
EXPEIMENTAL ... 29
IMIBEETIAIS ...ttt bbbttt ettt b et b e re s 29
FIIM Preparation...........oocooeiieiiieee s 29
Electrochemical CharaCterizations.............cuiviieieiiiene s 30
Thermal CharaCteriZationS ...........ooveieiieiiee e nee s 31
MeChaniCal ANAIYSIS........cc.eiiiiice et 31
Shear RNEOIOGY .......coiiiiiiicee s 31
Nuclear Magnetic RESONANCE ........cceeiuieieiieiie ettt 32
RESUILS aNd DISCUSSION ......eecvieieeiesiiesieesie et e ee e see e re e te e s steeneesreenteeneenneeneas 32
Fabrication of PEGDGE/Jeffamine Crosslinked Membranes ..........cccocoeevvevivinnnns 32
Impact of NaTf and TEGDME 0N Tg ..cvoiviiiiiiiiiciceie e 32
[ONIC CONAUCTIVILY ...t ae e 35
TranSPOIT NUMDET ..o 39
FTIR Spectral Analysis of Dry and Plasticized Membranes .............ccccoevvvevveinnenne. 41
Mechanical Comparison of MemMDBIanes ..........ccoveiiiiriieieiieesee e 43
CONCIUSIONS ...ttt bbbttt b st e s et e b et sbesbesrenreenean 45
CHAPTER III Improving Cation Transport in Salt-in-Polymer Electrolytes .................. 46
ADSTFACT ...ttt b re e 47
INEFOTUCTION ... .ttt e st et e e esneesreeneeanaenneenneas 47
EXPEIIMENTAL .....c.viiiiiiee et r e rs 48
[ LT oSSR 48
MeMDrane SYNTNESIS ........iiiieii e 49
Electrochemical CharaCterizations..............cevveieieeieeriesieeseee e e e 49
Thermal CharaCterizations ............ooveiiiieiiee e 50
MEChANICAlI ANAIYSIS .......iiiiiieiieii bbb 50
Fourier Transform Infrared Spectroscopy (FTIR) ....ccocvvvieiieiiieiicciie e 50
RESUILS aNd DISCUSSION ......vevieiieeiesiiesieesie et e e ssee e sae e e e e e eneesnaesseenaesneesseeneesneeneas 50



MEMDBIANE SYNTNESIS ....c.viiieiiieiece ettt re e sre e 50

Conductivity and Transport NUMDET ..o 52
Thermal and Mechanical Properties ..........ccooviveieeiieiiie e 55
FTIR SPECIIOSCOPY ...ttt 58
CONCIUSIONS ...ttt bbbttt ettt e bbbt beebeene s 61
CHAPTER IV Unraveling lon Transport of a Cation Exchange Membrane in Non-
AQUEOUS EIECIIOIYIES ...ttt e re e e 62
AADSTIACT ...ttt a et et ane e nre e teareenre et 63
INEFOAUCTION ... bbbttt bbbt ens 63
EXPEIMENTAL ... 65
IMIBEETIAIS ...ttt bbb re s 65
Synthesis and Fabrication of TFSI Na Membranes.........ccccoccvvevinieninne e 66
Membrane CharaCterizations ..........cccooeieiirienieiee e 66
Electrochemical CharaCterizations............c.cerveierieieerie e see e 67
RESUILS N DISCUSSION .....veiievieiieieie ettt b et 67
MeEMDIaNe SYNENESIS........ciiiiieiie e 67
Morphology of the Pentablock Copolymer Membranes..........c.ccccccoveveieeieciie s, 68
Thermal and Mechanical Properties ..o 70
SINGIE-10N CONAUCTIVILY ....cveeiiiic e 72
Impact of Electrolyte Salt Concentration on Membrane Properties............c.cc.cee... 74
(070] T[S o] S J RSP SOUPT P TRPRPRR 78
CHAPTER V Synthesis of Anion Exchange Membranes for Aqueous and Non-Aqueous
y AN o] 0] [oF: 4 o] OSSPSR 79
N o111 = Tod SRR 80
Yoo [0ox o] o TSR PPTTRRR 80
EXPEIMENTAL ... 82
IMIBEETIAIS ...ttt ettt ettt b b reene s 82
Small Molecule SYNTNESIS. ..o s 82
POIYMEE SYNENESIS.....cviiiicie ettt sre e 83
(O T 0 (= 72 LA ] 1SS 84
RESUILS AN DISCUSSION .....vevieiieiieiieie ettt sttt snesrenne e 85
POIYMET SYNTNESIS. .....ciiiiiiieeeiee e 85
MeEChaNICal PrOPEITIES. .....c..civieiecie ettt 89
AQUEOUS PEITOIMANCE ... .c.eiiiiiiiieiieie ettt 89
NON-AQUEOUS PerfOrMAaNCE. .......ccuiiiiiiiieiie it iie sttt ee et 93
(00 0] U1 [ S 95
F N o] 0T a 1o 3 RSP SROTRPRIN 96
(010 N[0 I 0] [\ USRI 100
REFERENCES ..ottt sttt e nbesneeneeneas 102
RV L I ST 117



LIST OF TABLES

Table 1. Relaxation times (T1 and T>), rotational correlation times (zc), and diffusion
coefficient calculated from zc (Dnmr) and directly measured by PFG-NMR (Dprg).40

Table 2. Values used to calculate Ideality parameter f. ........ccccoveveeieeieiiievieere e 42
Table 3. Mechanical Properties of Dry and Plasticized 18 wt% NaTf crosslinked PEO
MEMDIANE AL 21 °C .ottt bbb 44
Table 4. Electrochemical and thermal properties of dry membranes and thermal
properties of plasticized MemMBranes...........cccovveve e 54
Table 5. Mass fractions of PEI and LiTFSI salt in the dry PEI-PEO membranes............. 54
Table 6. Mechanical Properties of the 2000 series PEI-PEO membranes at 25 °C.......... 59

Table 7. Thermal and mechanical properties of pentablock copolymer membranes. ...... 71
Table 8. Synthetic data for brominated polynorbornenes used for the fabrication of
AAEIMIS. e e e 88

Vi



LIST OF FIGURES

Figure 1. (a) Schematic of a lithium-ion polymer battery. (b) Schematic of a non-aqueous

redox flow battery, with examples of organic and metal-based redox couples. ......... 2
Figure 2. lllustration of a (a) salt-in-polymer electrolyte, (b) single-ion conducting
polymer, and (c) single-ion plus salt POIYMEr. .........cccoviiiiiiiese e 2

Figure 3. (a) Selectivity of various NARFB membranes. All studies measured the
permeability of V(acac)s. References for the data points in the plot are: aligned and
non-aligned QPPO, Ref *; Celgard, Neosepta AHA and PDDA/ urushi Ref ¥';
P4VP/ PVC, Ref ; aramid nanofiber and sPS/ PDDA coated aramid nanofiber, Ref
39 Nafion/ PVA and Nafion 212, Ref 4°. QPPO= quaternary amine form of
poly(phenylene oxide), PDDA= poly(diallyl dimethylammonium), P4VP= poly(4-
vinyl pyridine), PVC= polyvinyl chloride, sPS= sulfonated polystyrene, and PVA=
POIYVINYL @ICONOL. ... 9

Figure 4. Schematic of the 3 categories of membranes for NARFBs and their ion
transport mechanism. (a) Cation exchange membrane, (b) anion exchange
membrane, and (C) porous separator. The arrows represent the relative ease of ion
transport through the membrane: solid fast transport, dash moderate transport, and
dotted SIOW traNSPOIT. ........ccvieie e 10

Figure 5. (a) lonic groups utilized in NARFB membrane studies. (b) Examples of
potential cationic groups for anion exchange membranes. (c) Examples of potential
anionic groups for cation exchange Membranes. ...........ccovvirerieieienese s 12

Figure 6. (a) Solvent uptake versus IEC of Li-Nafion in various solvents. Modified and
reprinted with permission from Doyle et al.>® Copyright 2001 American Chemical
Society. (b) Uptake of crosslinked poly(phenylene oxide) (PPO) anion exchange
membranes of various IECs (0.49, 0.87, 0.89, 1.03) in AN and electrolyte solution.
Reprinted with permission from Li et al.>® Copyright 2018 Elsevier. (c) Uptake of
Nafion-117 equilibrated in various concentrations of aqueous salt solutions.
Modified and reprinted with permission from Stenina et al.>* Copyright 2004
=LY 1= SR 14

Figure 7. The conductivity of Li-Nafion as a function of solvent (a) donor number and (b)
dielectric constant. Modified and reprinted with permission from Doyle et al.*3
Copyright 2001 EISEVIE. ......cviieieiieeee ettt 15

Figure 8. (a) Conductivity of Nafion or 3M perfluourinated membrane in various counter-
ion forms in aqueous and non-aqueous solutions. (b) Uptake of Nafion or 3M
perfluourinated membrane in various counter-ion forms in aqueous and non-aqueous
solutions. AN and water data from Refs®? %4 1M LiCl (aq) Ref**, 0.01M and 1M
LiPFs in PC Ref*®, 1M LiFSI in DMC Ref%, 0.1M TEABF4 in AN Ref®. ............. 17

Figure 9. (a) Conductivity of Nafion-117 equilibrated in various alkali metal chloride
aqueous solutions as a function of concentration. Modified and reprinted with
permission of Ref %*. Copyright 2014 Elsevier. (b) Conductivity of Nafion-117
equilibrated in various organic electrolyte solutions as a function of LiPFe
concentration. Modified and reprinted with permission of Ref *°. Copyright 2016
TOP SCIBINCE. ... tieieeie ettt ettt e et e e e e s s e steeseesre e teeneeaneesreenaeeneeaseeneans 17

vii



Figure 10. Schematic of ion transport through a membrane (a) with charge inversion
(poly(glycidyl methacrylate) (PGMA)) and (b) without charge inversion (poly(4-
vinyl pyridine) (P4VP)). Modified and reprinted with permission of Ref 4.
Copyright 2015 EISEVIE. .....eoviiiieiiieie ettt 20

Figure 11. (a) Reaction scheme of PEGDGE and Jeffamine to produce a crosslinked
PEO-based network, (b) Schematic of a crosslinked PEO network where dots
represent nitrogen and lines represent PEGDGE and Jeffamine, and (c) photograph
of a free standing crosslinked membrane containing 24 wt% NaTf...............c......... 33

Figure 12. (a) DSC plots for non-plasticized crosslinked and linear PEO. (b) DSC plot for
10 wt% NaTTf crosslinked PEO plasticized with TEGDME with pure TEGDME
shown as reference, insert: enlarged view of Tq and T of plasticized 10 wt% NaTf
crosslinked PEO. (c) Effect of NaTf concentration in the membrane on T4 for non-
plasticized and plasticized crosslinked membranes. (¢c) TGA analysis of non-
plasticized and plasticized crosslinked PEO. .........ccccoceiiiinininiiieece e 34

Figure 13. (a) Conductivity as a function of temperature for selected wt% NaTf
crosslinked PEO membranes. Lines indicate fit to the VFT model. 1 M NaTf in
TEGDME (liquid electrolyte) is included for reference, (b) VFT parameter B of this
work compared with previous reports as a function of plasticizer wt%, at a salt
concentration of ~12 wt% (EO:M* = 20:1, where M = Li or Na). ........c..ccevverennee. 36

Figure 14. (a) Conductivity of dry 12 wt% NaTf linear PEO and crosslinked PEO from
70 °C to 20 °C, (b) Comparison of conductivity as a function of wt% NaTf at 20 °C
for non-plasticized and plasticized crosslinked and linear PEO, and 1 M NaTf in
TEGDME. ...t bbbttt bbb 38

Figure 15. (a) Current decay over time after applying a bias potential of 7.5mV, (b)
Electrochemical impedance of non-plasticized crosslinked PEO before and after bias
potential is applied, (c) Electrochemical impedance spectroscopy of TEGDME
plasticized crosslinked PEO before and after bias potential is applied, (d)
Transference number for dry and plasticized crosslinked PEO measured by NMR
and Bruce-Vincent MEthOUS. .........oooiiiiiiiieiee s 40

Figure 16. (a-d) FTIR spectra of crosslinked PEO membranes with different wt% NaTf
with pure NaTf shown for comparison, (a-b) Non-plasticized and (c-d) TEGDME
plasticized, (a,c) Region for CFs in-plane bend (8s CF3), (b,d) Region for SO3
SYMIMELTIC SEIEICN. ..o re e 42

Figure 17. Mechanical analysis of crosslinked PEO and linear PEO, (a) DMA of non-
plasticized membrane, (b) Rheology of TEGDME plasticized membrane and (c)
Stress-strain curve of non-plasticized and plasticized crosslinked PEO membranes at
20 % et bR Rt Rt e ettt ettt et renreenes 44

Figure 18. (a) Reaction scheme for PEI and PEGDGE 2000, where n represents various
ratios of PEGDGE used. (b) Schematic of the crosslinked network for 4:1 2000
membrane. (c) Membrane images for each PEI-PEO 2000 ratio. ...........cccccvervrerenne. 51

Figure 19. FTIR spectra in the region of the O-H and N-H stretching vibrations............ 51

Figure 20. (a) lonic conductivity as a function of PEI-PEO ratio, with PEO molecular
weights of 2000 g/mol and 500 g/mol. lonic conductivities are presented as dry and

viii



with 20 wt% 1M LiTFSI in TEGDME. (b) VFT parameter B for PEO-based
polymer electrolytes as a function of plasticizer loading...........cccccooeeviiiiiiinnnnnne 53
Figure 21. (a) EIS of the 1:1 2000 membrane. (b) EIS of the 4:1 2000 membrane. (c)
Current profile after the bias potential (7.5mV) was applied for the 1:1 2000 and 4:1
2000 MEMDIANES. .. veveiieteeiieieie ettt bbbttt e et e bbb benbeenes 56
Figure 22. DSC traces for a) dry PEI-PEO 2000 membranes and PEO 2000. b) Plasticized
(IM LiTFSI in TEGDME) PEI-PEO 2000 membranes. ¢) TGA of 2000 series
MEIMDIANES. ..ottt sttt e et et e et e s st e sbeeteereesbeenteaneesreeeeenee e 57
Figure 23. (a) Storage modulus of dry membranes over the temperature range of -60 to
200 °C. (b) Tensile measurement of dry membranes. (c) Tensile measurement of dry
and plasticized 1:1 2000 MEMDBIANE. .......cccveiiiiieiiee e 59
Figure 24. (a) Infrared spectra of 1:1 2000 PEI-PEO and Jeffamine 900-PEO2000
crosslinked membranes between 780 cm™ and 900 cm™. (b) Infrared spectra of 1:1
2000 PEI-PEO and Jeffamine900-PEO2000 crosslinked membranes in S-O
SEELCHING FEOION. .. .eiieeie et e re e re e 60
Figure 25. (a) Synthesis of TFSI functionalized pentablock copolymer from the sulfonic
acid functionalized base polymer, Nexar. (b) Image of precipitated polymer in

sulfonate, sulfonyl chloride and TFSI fOrmS. .......ccocviiiiiieiiiecee e 69
Figure 26. SAXS profiles for sodium sulfonate and TFSI pentablock copolymer
MEIMDIANES. ..ottt et este e e st e beentesseesaeeneeereeabeenaeaneenreeeeanee e 69

Figure 27. (a) DSC traces of dry membranes in sulfonic acid and TFSI H forms and
plasticized TFSI Na membranes. (b) Modulus of the pentablock copolymer
membranes in sulfonate and TFSI forms, E’ is storage modulus and E” is loss

modulus. (c) TGA traces for the pentablock copolymer membranes. ...................... 71
Figure 28. (a) Representative stress-strain curves for the pentablock copolymer

membranes. (b) Image of TFSI functionalized membrane. ..........cccccceevviviivernennene 73
Figure 29. Conductivity of the pentablock copolymer membranes in sodium sulfonate and

sodium TFSI forms, equilibrated in TEGDME and PC..........ccccovevviiiineveiieneene 73

Figure 30. (a) Electrolyte uptake of the TFSI Na pentablock copolymer membranes. (b)
Room temperature conductivity of TFSI Na membranes. (c) Cation transport
number, with a TEGDME plasticized salt-in-polymer crosslinked poly(ethylene
oxide), (PEO), membrane as reference. (d) Sulfur uptake (from Tf") into TFSI Na
membrane, at various salt concentrations in PC and TEGDME. Error bars represent
the standard deviation of 3 samples. No error bars are present for transport number
ey L= T 011=T 0 OSSR OPSRP 75

Figure 31. Schematic of monomers synthesized and norbornene............cccccoocveiiniinnn. 86

Figure 32. Synthesis scheme of norbornene anion exchange membranes. (a) Copolymers
where the alkyl chain length was varied, n= 1,3 and 6 to yield quaternized polymers
QMN, QPN and QHN. (b) Terpolymers where the molar ratio of z ( hexyl
norbornene) was varied to yield quaternized polymers QP-HN5, QP-HN15, and QP-

HN30. (c) Image of PBPN MeMbBIane. ........cccciieiiieiieiie e 88
Figure 33. (a) Modulus of dry polynorbornene membranes in "OH form. (b) Storage
modulus of polynorbornene membranes at 80% relative humidity in CI- form. ...... 90

Figure 34. Tensile properties of dry and wet polynorbornene membranes in “OH form.. 90

iX



Figure 35. (a) Water uptake, swelling ratio, and hydration number of polynorbornene
membranes, measured in water at room temperature in “OH form. (b) "OH
conductivity of membranes in water. Error bars are the standard deviation of at least

B SAMPIES. ..t 92
Figure 36. SAXS profiles of polynorbornene membranes in “OH form. Profiles are offset
TOr €aSE OF VIBWING. ...veiviiiiie ettt ne e 92

Figure 37. QPN membrane uptake as a function of electrolyte salt concentation in various
solvents. PC=propylene carbonate, MeCN=acetonitrile, TEGDME=tetraethylene
glycol dimethyl ether. Error bars are the standard deviation of at least 3 samples... 94

Figure 38. 'H NMR spectra of 5-bromomethyl-2-norbornene in CDCls............ccccouee.. 96
Figure 39. 'H NMR spectra of 5-bromopropyl-2-norbornene in CDCls. .........ccocveueneee. 96
Figure 40. 'H NMR spectra of 5-bromohexyl-2-norbornene in CDCls............ccccevnnee. 97
Figure 41. *H NMR spectra of 5-hexyl-2-norbornene in CDCla. ..........cccovvvveviverenennnn 97
Figure 42. *H NMR spectra of bromomethyInorbornene-norbornene copolymer (BMN) in
CD G311ttt et 98
Figure 43. *H NMR spectra of bromopropylnorbornene-norbornene copolymer (BPN) in
CD G5 bbbt 98
Figure 44. 'H NMR spectra of bromohexylnorbornene-norbornene copolymer (BHN) in
CD G5 ettt 99
Figure 45. Representative *H NMR spectra of bromopropylInorbornene-hexylnorbornene-
norbornene terpolymer (BP-HN) in CDCl3. .......cccooiiiiiiiiiiinieeececeeeeeie e 99



INTRODUCTION

Large-scale, long-duration energy storage (LDES) is a key technology to enable the widespread
adoption of renewable energy resources (solar, wind, etc.) and to meet the growing demands of
an energy intensive economy. The increased renewable energy penetration in the electric grid is
essential for decarbonization to address global climate change. Several governments and states
have mandated targets to increase electricity generation from renewable sources. For example,
the European Union set a 32% target for renewable energy use by 2035, and California plans to
achieve net-zero carbon by 2040.? The switch to renewable energy sources requires a diverse and
flexible energy storage portfolio to meet the power demands of the grid. A recent techno-
economic study suggests that for storage between 10-100 hours at rated power, the levelized cost
of storage should be > $0.05 kWh*.2 Furthermore, The United States Department of Energy
long-duration storage shot’s recent announcement sets an aggressive goal of reducing grid-scale
storage cost by 90% within the next decade for systems delivering 10 plus hours of storage.* This
target is based on the $162 kWh 2020 capital cost of a 100 MW lithium-ion battery. To meet
this demand, new battery technologies utilizing earth-abundant and low-cost components are
necessary. Thus, it is imperative to advance alternative battery chemistries for large-scale
stationary applications.

Current Li-ion batteries utilize a liquid electrolyte (organic solvent + salt) with a porous
separator. Possible next-generation batteries include lithium and sodium-based solid-state
batteries, in which a polymer electrolyte replaces the liquid electrolyte (Figure 1a). The use of a
polymer electrolyte membrane may enable the use of the ultimate high energy density anode,
lithium metal. Traditional research into polymer-based batteries have utilized neutral polymers
that can solvate an alkali metal salt or single-ion conducting polymers (Figure 2a and 2b). Salt-
in-polymer electrolytes often suffer from low cation transport numbers (< 0.5).5 % The low
transport number causes concentration polarization at the electrodes, a reduced electrochemical
stability window, and dendrite formation, which limits their practical application for high energy
density batteries utilizing an alkali metal anode. Single-ion conducting polymers constrain the
mobility of the anion by tethering it to the polymer backbone and exhibit high cation transport
numbers (>0.85).2 However, the use of single-ion conducting polymers in solid-state Li or Na-
ion batteries has been limited due to the poor ionic conductivity of these polymers in a dry state
(10! to 10 S/cm at 30 °C).”® Strategies used to increase the conductivity of single-ion
conductors for Li and Na batteries include the use of a cation conducting group with a
delocalized negative charge, such as trifluoromethanesulfonimide (TFSI), and the addition of a
high dielectric constant carbonate plasticizer.!%? For LDES applications, where the weight of a
battery is not a limiting factor, solid-state Na-ion batteries are a promising alternative to Li-ion
batteries due to the low cost and abundance of sodium compared to lithium.*3
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A representative LDES technology is a redox flow battery (RFB). RFBs are well suited for
LDES due to their modular design and ability to decouple power and energy performance.** 1
RFBs store energy in redox-active species dissolved in a liquid electrolyte as separate catholyte
and anolyte solutions (Figure 1b). Non-aqueous RFBs are a potential next-generation LDES
option due to their higher operating voltage and higher energy density compared to aqueous flow
batteries.!® 1" A membrane, as a critical component in these non-aqueous electrochemical
systems, needs to exhibit high selectivity and conductivity in addition to high chemical,
electrochemical, and mechanical stability. Improved membrane performance and the design of
new polymeric materials are imperative to aid in the advancement of next-generation batteries. In
this dissertation, various strategies are implemented to improve the ionic conductivity, transport
number, and mechanical properties of polymer electrolytes. Firstly, several salt-in-polymer
electrolytes were developed to improve upon the transport and mechanical properties of linear
poly(ethylene oxide) (PEO). Linear PEO has been extensively studied as a polymer electrolyte
due to its ability to form complexes with various cations.!82° However, linear PEO electrolytes
typically exhibit poor room temperature ionic conductivity (107 — 10® S/cm) due to its semi-
crystalline nature.?">* Furthermore, linear PEO loses its mechanical integrity at temperatures
above the crystalline melting point of 60 °C.

A crosslinked PEO polymer electrolyte for Na-based batteries was developed utilizing readily
available building blocks via a facile single-step synthesis. The crosslinked polymer network
provides mechanical robustness over a wide temperature range, even when completely immersed
in an electrolyte. Even with a high degree of crosslinking, the membrane remains flexible and
completely amorphous, imparting excellent room temperature ionic conductivity. The role of
ethylene oxide complexation with sodium triflate (NaTf) and its effect on polymer segmental
dynamics and ionic conductivity is elucidated with and without tetraethylene glycol dimethyl
ether (TEGDME) as a plasticizer. To explore the impact of adding a Lewis basic group to the
polymer network, a novel crosslinked polymer system consisting of branched
poly(ethyleneimine) (PEI) and linear PEO was synthesized. Due to the hyperbranched structure,
H-bonding, and electrostatic interactions of PEI, the PEI-PEO crosslinked membranes
demonstrate unique features of improved salt solvation and lithium-ion transport over linear
PEO. The PEI-PEO crosslinked polymer electrolyte system is evaluated for use in a Li metal
battery, and the effect of free amine moieties on ion transport and mechanical properties are
revealed.

Then a single-ion conducting cation exchange membrane was utilized to gain a fundamental
understanding and insight into membrane transport properties in non-aqueous electrolytes
(Figure 2c). A commercially available sulfonated pentablock terpolymer was utilized due to its
high mechanical strength and capability to form microphase-separated morphology. The
sulfonate functional group was converted to a TFSI functional group via a facile two-step



process to provide improved ionic conductivity in a non-aqueous system. Membrane properties
such as uptake, conductivity, transport number, and salt absorption were measured to determine
the relationships between membrane transport and electrolyte salt concentration. Finally,
mechanically robust polynorbornene anion exchange membranes were synthesized and evaluated
for use in both aqueous and non-aqueous systems. The impact of the quaternary ammonium
tether length and incorporation of hydrophobic groups on aqueous membrane performance was
elucidated for this polymer system. The best performing membrane was then selected for
evaluation in a non-aqueous environment. Membrane properties of uptake and conductivity were
evaluated in several organic electrolyte solutions to determine its efficacy for use in a non-
aqueous flow battery.

The insight gained into the effect of organic electrolytes on membrane properties will provide
strategies for the development of new membrane materials, performance improvement of
existing membrane materials, and stimulate further research into the ion transport mechanisms in
non-aqueous electrolytes. The results of this study have the potential to provide an avenue for the
significant advancement of Li-ion, Na-ion, and non-aqueous flow batteries. Furthermore, the
high-performance membranes synthesized for this work can be applied to other electrochemical
technologies.
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Abstract

Redox flow batteries are promising technologies for long-duration, large-scale energy storage
applications. Among them, non-aqueous redox flow batteries (NARFB) represent a
transformative flow battery system since NARFBs can offer higher energy density and lower
cost than aqueous flow batteries. However, many technical challenges remain for NARFBs,
including the lack of high performance membranes, low solubility of redox materials, and poor
efficiencies of the cells. Membranes serve a vital function in NARFBs, as they allow for
selective ion transport while providing separation between the anolyte and catholyte. NARFB
membrane development is an emerging research area, and this chapter reviews critical factors
that influence membrane properties, including solvent uptake and ion transport. A greater
understanding of membrane behavior in non-aqueous solutions provides design principles for
developing next-generation membranes for NARFB and lays a strong foundation for the
development of electrolytes for solid-state batteries and various other energy storage systems.

Introduction

Large-scale, long-duration energy storage (LDES) is a key technology to enable widespread
adoption of renewable energy resources (solar, wind, etc.) and to meet the growing demands of
an energy intensive economy. Redox flow batteries (RFBs) are well suited for LDES due to their
modular design, ability to decouple power and energy performance.* * RFBs have been widely
studied since first reported by Thaller in 1974.?° The aqueous RFB was further developed into a
vanadium RFB, first reported by Maria Skyllas-Kazakos in 1984, the most common RFB
chemistry used today. Non-aqueous RFBs (NARFBs) have emerged as an alternative to aqueous
RFBs. The use of an organic solvent offers a much higher operating voltage than aqueous RFBs,
which in turn can increase the system’s energy density. The potential window of aqueous RFBs
is limited to 1.5 V,*” due to the occurrence of undesirable water-splitting, while organic systems
such as acetonitrile based electrolytes have an electrochemical window of up to 5 V.** NARFBs
show great potential as next-generation RFBs, with some systems having theoretical specific
energies over 200 Wh kg%, almost 10 times greater than aqueous vanadium RFBs.?” A United



States Department of Energy report predicts the LCOS of utility scale installments for a
chromium/iron-based NARFB (200-250 $ MWh™) to be half that of an aqueous vanadium RFB
(425-475 $ MWh1).28 However, many challenges still need to be addressed before NARFBs can
reach commercial viability, including the development of redox-active species with improved
stability/solubility and higher performance membranes.

The membrane is a critical component in flow batteries, as it needs to provide high ionic
conductivity and separate the anolyte and catholyte compartments. The membrane in a NARFB
is constantly exposed to the harsh environment of the organic supporting electrolyte and redox
couples. To achieve stable NARFB performance, membranes are required to provide high
mechanical strength, high ionic conductivity and selectivity, and excellent chemical and
electrochemical stability.?® Currently, commercially available porous separators and
conventional membranes for aqueous RFBs are the most widely used membranes in NAFRBs,
due to the unavailability of high-performance membranes designed for NARFBs. In addition,
commercially available membranes for aqueous systems often lack the stability in organic
solvents to provide suitable performance for NARFBs.

This chapter provides insights into factors that control electrolyte uptake and ion transport in
non-aqueous systems. The effect of organic solvents on membrane properties in non-aqueous
systems is complex and not well-understood, while these parameters are relatively well studied
in aqueous systems. Greater insight into the impact of organic solvents on membrane properties
will provide design strategies for improved membranes for NARFBs and other non-aqueous
battery technologies.

Membranes for NARFBs

The US DOE’s recent announcement sets an aggressive goal of reducing long-duration energy
storage costs by 90% within the next decade. To reach such as aggressive target, achieving
enhanced performance while reducing component costs are necessary. Furthermore, next-
generation RFBs, such as NARFBs, should be able to achieve a minimum of 1250 cycles, or 5
years of operation, to be competitive with Li-ion systems.*® Realistically, a lifetime of >10 years
is expected. The membrane, as a critical component in a NARFB, should exhibit:

1. High ionic conductivity

A membrane needs to have low area specific resistance, which requires thin membranes with
high ionic conductivity. Darling et al. recommended a target resistance of < 2.3 Q cm?* where
for example, 30 um membrane would require a conductivity of 1.3 mS cm™.



2. Low permeability of redox-active species

Failure to effectively block the transport of the redox-active species through the membrane can
lead to self-discharge and irreversible capacity loss. Maintaining a Columbic efficiency of
99.99% or higher is necessary to achieve stable long-term performance of a flow battery. To
achieve such high CE of an operating cell, a membrane needs to have an active species
permeability of < 101° cm?s.

3. High mechanical stability/ low swelling ratio

High mechanical and dimensional stability in organic solvents reduces membrane fatigue and
enables thinner membranes to be utilized. Excellent mechanical strength also allows the
membrane to withstand the pressure induced by flowing liquids in the cell. Excessive
dimensional swelling of the membrane reduces its mechanical strength and increases stress when
assembled into a device. Furthermore, a membrane with high mechanical strength allows for
facile integration into large-scale roll-to-roll manufacturing.

4. Chemical and electrochemical stability

Excellent chemical and electrochemical stability mitigates side reactions of the membrane with
the electrolyte, which is critical to enable stable device performance. More specifically, the
membrane needs to be stable in organic solvents and against highly oxidative and reductive
redox couples. Furthermore, to fully utilize the benefits of a non-aqueous system, a wide
operating voltage is needed. A simulation study by Chen et al. indicates that many polymers
utilized as electrolytes for Li-ion batteries have an electrochemical stability window (ESW) of
4.75 eV.3! As redox couples are developed that can achieve larger potential windows, the
electrochemical stability of the membrane will become a critical factor.

Unfortunately, there is often a trade-off among these performance requirements. High ionic
conductivity generally comes at the cost of decreased selectivity,3 as demonstrated with
reported values of conductivity and redox species permeability (Figure 3). In addition, many
polymeric systems with high mechanical and chemical stability typically exhibit poor room-
temperature ionic conductivity.3*-% For non-aqueous systems, there are many factors involved
that impact a membranes’ uptake, conductivity, and active species permeability. For this chapter,
membranes are classified into 3 broad categories: anion exchange membrane (AEM), cation
exchange membrane (CEM), and porous membranes (Figure 4).

AEMs are the most widely developed membranes for NARFBs. The cation tethered to the
polymer backbone aids the transport of an anion while blocking the transport of positively
charged species by Donnan exclusion. Many redox couples are positively charged (e.g.,
ferrocenium cation), with the charge carrier being the anion. Thus, AEMs can serve as the
appropriate choice of membrane for these systems. On the other hand, CEMs contain an anion
tethered to the polymer backbone, allowing the transport of cations through the membrane while
8
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blocking the transport of anions. Porous membranes are defined here as separators that do not
contain any chemical functionality to inhibit the transport of redox couples or ions. Porous
separators block the transport of redox species via size exclusion, though often, the pore size is
larger than the solvated redox compound. Porous separators allow for transport of both anion and
cation, thus offering no selectivity toward the charge carrier. To date, a handful of ionic groups
have been utilized for ion exchange membranes for NARFBs (see Figure 5a). In some cases,
membranes containing larger cations (i.e., 1-methylpyridinium) exhibit lower V(acac)s
permeability than those prepared with a smaller cation (i.e., trimethylammonium).** Examples of
potential ionic groups yet to be explored for NARFB membranes are given in Figures 5b and 5c.
While the list of ionic groups in Figures 5b and 5c is by no means comprehensive, the depicted
cations demonstrate improved stability in aqueous environments, while the anions show
improved conductivity lithium-based battery studies.

Impact of Non-Aqueous Solutions on Membrane Properties

To design membranes for NARFBsS, it is imperative to establish an understanding of the structure-
property relationships and the dynamics of ion transport in non-aqueous systems.*> % Considering
the vast combination of supporting electrolytes and redox-active species possible for NARFBs,
developing correlations between the supporting electrolyte composition and membrane properties
(i.e., uptake, ion transport, permeability) is imperative for developing high-performance NARFB
membranes.

Solvent Uptake.

It is essential to control a membrane’s electrolyte uptake and swelling in flow battery applications.
A large amount of solvent uptake generally increases ionic conductivity, but excessive uptake
results in high permeability and loss of mechanical integrity. On the other hand, when the uptake
is limited, the membrane typically exhibits poor ionic conductivity. Uptake is generally correlated
with membrane dimensional swelling unless a support layer is utilized (see discussion below). In
aqueous solutions, backbone flexibility,** 4 polarity,*® 4’ and membrane ion exchange capacity
(IEC)*® %% have a significant impact on electrolyte uptake. Due to the ionic groups being
hydrophilic, water uptake increases with higher IEC in aqueous systems; thus, there is a balance
between ionic conductivity and swelling of the membrane. In non-aqueous solutions, the
relationship is much more complex. Solvent uptake is affected by the physical properties of the
polymer as well as that of the solvent.

The effect of solvent properties on lithiated Nafion (Li-Nafion) uptake has been comprehensively
studied by Doyle et al.*® In general, solvent uptake increased with donor number and dielectric
constant. The effect of backbone structure in non-aqueous solvents is not well understood, though
it is intuitive that a rigid backbone may experience less swelling than a flexible backbone. While
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the polarity of the backbone greatly affects water uptake in aqueous solutions, the trend is not well
studied and is unclear in non-aqueous solutions. In water, the highly hydrophobic backbone of
Nafion exhibits less uptake than a non-fluorinated backbone such as styrene-ethylene/butylene-
styrene (SEBS) triblock copolymer.>® 3! In organic solvents, such as propylene carbonate (PC),
acetonitrile (AN), and dimethyloxyethane (DME), Nafion exhibits uptake values of 65%, 19%,
and 29%, respectively, while the sulfonated SEBS copolymer had no measurable solvent uptake.*
The IEC of the membrane also impacts solvent uptake, though the degree to which this occurs
depends on the solvent dielectric constant and the electrolyte salt concentration. For Li-Nafion, an
increase in DME uptake only occurred at a high IEC (1.27 meq g).%° On the other hand, a gradual
increase in PC uptake was observed with increasing IEC, with a sharp increase occurring at IECs
>1.0 meq g* (Figure 6a). The lesser change in uptake for DME may be related to its low dielectric
constant. For example, a high dielectric constant solvent exhibited a greater affinity for the ionic
regions of sulfonated polystyrene, while a low dielectric solvent had similar affinities toward the
backbone and ionic regions.>® Thus, a change in the IEC would have a greater impact with a high
dielectric solvent such as PC than the low dielectric solvent DME. Furthermore, uptake of a
poly(phenylene oxide) (PPO) membrane increased significantly when salt was present in an AN-
based electrolyte (Figure 6b).>® This trend is the opposite of many aqueous systems, where the
presence of salt generally decreases solvent uptake (Figure 6¢).>* Furthermore, the degree to which
uptake increases in the non-aqueous electrolyte solution is more pronounced at higher IEC values
(~2x at 0.49 meq g and ~3.5x at 1.03 meq g?).

lonic Conductivity.

In non-aqueous systems, many factors contribute to the ionic conductivity of a membrane,
including the solvent type, functionality of the tethered anion or cation, as well as the counter-ion.
Proton transport in aqueous systems generally occurs via the Grotthus mechanism, based on H-
bonding between the proton and water molecules. It is difficult to match the proton conductivity
of aqueous systems to ion conductivity in non-aqueous systems due to the lack of Grotthus-type
of transport. In non-aqueous systems, ion diffusion is a much slower process; thus, developing
clear correlations between membrane conductivity, solvent type, and other factors is crucial for
improving the entire cell performance in NARFBs.

In general, membrane conductivity in non-aqueous solvents increases with the solvent’s donor
number and dielectric constant (Figure 7a and 7b). Li-Nafion has a Li* conductivity of 5.4x1073
mS cm™t in AN #3556 and 2.2x102 mS cm™ in PC.*3:%5%6 |n contrast, in water, Li* conductivity
reaches 16 mS cmt, ~two orders higher than in non-aqueous solvents.* > The difference between
aqueous and non-aqueous conductivity values is partially attributed to the constriction of Nafion’s
ionically conductive channels. In water, the pore size of Li-Nafion is estimated to be 2.9 nm,>" %8
which decreases to 0.53 nm in PC.%° Another reason for the decrease in ionic conductivity is the
poor solvation of the Li* cation and the perfluoro sulfonate functional group by organic solvents,
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causing the Li* to be more tightly bound to the anion.>® 8 A further decrease in Li* conductivity
was observed in PC for more Lewis basic anions of perfluoro carboxylate and styrene sulfonate.
Thus, to promote ion disassociation in organic solvents, a very weak Lewis basic anionic group,
such as a sulfonylimide, is a promising route to explore for NARFBs.*® In Li-ion batteries, the
sulfonylimide functional group is proven to provide an order of magnitude increase in Li*
conductivity due to the highly delocalized charge on the anion.®* Another method to promote ion
disassociation is the use of an organic cation instead of an alkali metal cation.

In non-aqueous solvents, organic cations demonstrate much higher ionic conductivity than Li*.4®
%0. 82 The conductivity of organic cations increases with increasing size, contrary to the trend
observed in aqueous systems (Figure 8a). A perfluorinated 3M membrane (similar chemical
structure to Nafion) exhibits a conductivity of 2.4 mS cm™ to 18.3 mS cm™ in AN with an increase
in cation size from tetramethylammonium (TMA) to tetrabutylammonium (TBA).%2 In this work,
the 3M membrane in lithium form had a conductivity of 1.1 mS cm, similar to some reports for
Li-Nafion,®° but also several orders of magnitude higher than values reported elsewhere for Li-
Nafion.**5% % The conductivity of Nafion can depend on pretreatment conditions and equilibration
time, so values here are only compared within the same work. The increase in conductivity for
organic cations is attributed to the weaker electrostatic interactions between the larger TBA cation
and the sulfonate groups of the polymer. In addition, the membrane in TBA* form exhibits a higher
AN uptake (127%) than when in TMA™ (81%) and Li* (16.4%) forms, which also contributes to
the increase in conductivity (Figure 8b).

The effect of supporting electrolyte concentration on membrane conductivity is well documented
for aqueous flow batteries, where an increase in proton conductivity is observed at low acid
concentrations, then steadily declines at higher acid concentrations.®® % Reasons behind the
decline in proton conductivity include an increase in solution viscosity and dehydration of the
membrane. In neutral pH aqueous electrolytes, the conductivity of Nafion 117 depends strongly
on the alkali metal cation (Figure 9a).>* Conductivity increased with increasing salt concentration
for both NaCl and LiCl, though the conductivity of NaCl was higher across the concentration range
measured (0 M to 3 M). For KCI, the conductivity slightly decreased with increasing salt
concentration.

In a non-aqueous solution, a study utilizing Nafion 117 demonstrated that a decrease in Li*
conductivity is observed with increasing LiPFs concentration in PC. On the other hand, LiPFe
concentration (0 to 1.5 M) in DMSO electrolytes had little impact on conductivity (Figure 9b).%°
In PC, the decrease in conductivity is attributed to fewer solvent molecules within the membrane
as the salt concentration increases. For DMSO, the solvent uptake by Li-Nafion is considerably
higher than in PC (136 wt% compared to 65 wt%).*> % Thus, a small decrease in the number of
solvent molecules in the ion channels of Nafion soaked in LiPFs dimethyl sulfoxide solutions has
little effect on ionic conductivity. The higher viscosity of concentrated electrolytes may also play
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a significant role. However, there is likely a more complex set of interactions causing the
decrease in conductivity that is not yet well understood. Considering that the supporting
electrolyte plays such a pivotal role in NARFBs, more research into the effect of the supporting
electrolyte composition on membrane conductivity is needed.

Transport Number.

Membrane selectivity for the transportation of the desired charge carrier is an important parameter
for NARFB performance. The transport number is the fraction of current which arises from the
movement of a given charge carrier. Typically, a high transport number for the desired ion reduces
cell polarization.’® The charge carrier can be the anion or cation depending on the redox couples
utilized, but generally, an AEM is utilized for an anion charge carrier and a CEM for a cation
charge carrier. From the few studies that have reported the transport number in non-aqueous
electrolytes, there appears to be a significant decrease in the transport number from aqueous to
non-aqueous environments. These studies utilized the electromotive force (emf) method to
estimate the transport number. Briefly, the cell potential is measured between compartments
containing high and low concentrations of the supporting electrolyte separated by the membrane.
The anion transport number (t_) through the membrane is then calculated using V =

1- ZE_)¥ln(§—L) where V is the cell potential, R is the gas constant, T is the temperature in
H

Kelvin, F is the Faraday constant, and C. and Cy are the low and high electrolyte concentrations,
respectively.®® While relatively dilute solutions are generally utilized to limit the impact of the
activity of the electrolyte solution, studies in aqueous systems suggest that the contribution of the
non-ideal thermodynamic portion may be significant in certain cases.®” This is especially true in
situations where the ion activity coefficient of the solution increases with increasing electrolyte
concentration and needs to be considered for non-aqueous systems. Furthermore, developing
methods to accurately determine the ion transport number in more concentrated solutions, such as
those utilized in NARFBs, would provide additional insight into improving membrane
performance in non-aqueous electrolytes.

Kim et al. measured the BF4 anion transport through two AEMs in PC and found that both
exhibited a decrease in the anion transport number (0.79 and 0.87) from the CI" transport number
in water (0.96 for both membranes).®® Shin et al. observed an even more drastic decrease in the
anion transport number of several membranes.*! A poly(glycidyl methacrylate) (PGMA)/alky!
trimethyl ammonium and a poly(4-vinyl pyridine) (P4VP)/pyridinium crosslinked membranes
containing a PVDF/Si support demonstrated CI™ transport numbers of 0.96 in aqueous solution,
consistent with other reports of aqueous transport numbers.> %8 When immersed in a dilute 0.05
M TEABF4 AN solution, the anion transport number decreased to 0.36 for the PGMA and 0.64 for
the PAVP membranes. The commercial AEM, Neospeta AHA, exhibited an anion transport
number of 0.98 in an aqueous electrolyte and 0.80 in the non-aqueous electrolyte 0.05 M TEABF4
in AN.4
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A decrease in transport number could be partially due to the difference in the salts utilized. Stienna
et al. demonstrated that the cation transference number is relatively size-dependent in 1M aqueous
solutions of NaCl, LiCl, and KCI.>* The transport numbers of Li* and Na* were very similar at
0.96 and 0.97, respectively, while the transport number of the larger K* ion was 0.89. Furthermore,
when the counter-ion was changed to the larger SO+ ion, all the transport numbers remained
above 0.98. However, even with variations in salt type, the transport numbers in aqueous systems
remain significantly higher than that of the transport numbers in non-aqueous systems. Shin et al.
attributed the low transport number of the PGMA membrane to charge inversion. The flexible
cation in PGMA was proposed to be more accessible to the uptake of the BF4™ counter-ion to form
a Stern layer (a layer of ions counter to those tethered to the membrane) in comparison to the rigid
aromatic cation of P4VP (Figure 10). Thus, charge inversion was prevented for the P4VP
membrane, and a higher transport number was maintained. Even so, the ability of the membrane
to exclude excess ions from entering is reduced in non-aqueous solvents compared to aqueous
solutions. The poor exclusion of counter-ions implies that the effect of Donnan exclusion is weaker
in organic solvents than in water. The membrane transport number behavior in non-aqueous
systems needs to be further investigated to improve ion transport and reduce the redox species’
permeability.

Permeability.

Reducing or eliminating the permeation of the redox couples through the membrane remains one
of the greatest challenges for NARFBs. A high crossover rate of the redox species leads to low
Columbic efficiency and energy efficiency.** The most widely studied redox couple to test
membrane performance is vanadium acetylacetonate (\V(acac)s), which is positively and negatively
charged when used as the catholyte and anolyte, respectively. The co-presence of charged and
neutral species poses a problem for developing membranes for NARFB’s, as many membranes are
either cation or anion exchange, as discussed above. A few reports have utilized an aramid
nanofiber support coated with layers of cation and anion exchange polymer to create a dual
functionality membrane. The membrane exhibits one of the lowest V(acac)s permeabilities
reported (7x10° cm? sTable 2).° On the other hand, ferrocene (Fc, a smaller molecule than
V(acac)s) had several orders of magnitude higher permeability through the dual functionality
aramid nanofiber membrane.®® ®° In addition, the neutral Fc species permeability was found to be
higher than Fc* (1.1x107 cm? s compared to 2.8x10® cm? s1).%° The decrease in permeability of
Fc™ is attributed to electrostatic repulsion from the ion exchange layers in the membrane.

Maurya et al. measured V(acac)s permeability in its cationic, neutral, and anionic forms. The
authors found that the permeation of V(acac)sz increased with decreasing ionic size (ionic size:
V(acac)s” > V(acac)s > V(acac)s") in low crosslink density/high IEC AEMs. However, the
permeability of all three species was relatively constant for a high crosslink density/low IEC
membrane.®® If Donnan exclusion were the main factor in determining the permeability of a
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20



charged species, one would expect the highest IEC membrane should have the lowest permeability
for V(acac)s', as seen with AEMs in aqueous systems.®® Furthermore, Mushtaq et al. found that
the molar flux of Fc* was similar for an AEM (FAP-450) and CEM (Nafion) at ~5 pumol h'*-cm-
2.0 These studies suggest that Donnan exclusion is not the major determining factor in redox
species permeability for ion exchange membranes. For neutral species, the polarity of the redox
species and the polymer backbone correlate strongly with permeability. In a study utilizing a PPO
backbone, neutral species permeability was found to occur through the PPO phase of the
membrane rather than the ionic rich regions, thus largely unaffected by the membrane’s IEC.%> 't
Furthermore, the transport of more polar molecules through the membrane was decreased
compared to their less polar counterparts. The reduction in permeability of the more polar
compounds is due to less favorable interactions with the PPO backbone. This study suggests that
the permeability of redox species, especially that of neutral species, may be decoupled from
membrane conductivity. Thus, careful design of backbone polarity in addition to ionic groups will
be necessary for controlling redox species’ permeability. Surprisingly, the permeability of neutral
V/(acac)s is an order of magnitude higher in Nafion than Fumasep FAP, even though both polymers
have a similar perfluorinated backbone.®® 72 This discrepancy may be due to differences in
membrane microstructure and/or the sidechain ionic groups.

The concentration of the supporting electrolyte also impacts the permeability of redox species. The
permeability of Fc*, Fc, and I decreased by 1.5 to 2 orders from a 0.01 M LiPFs/ PC solution to a
1M LiPFe/ PC solution.®® The reduction in redox species permeability can be attributed to a
decrease in electrolyte uptake with the 1M solution. These works demonstrate the complexity of
redox species permeability through a membrane in non-aqueous systems. Systematic studies of
permeability through polymers of varying polarities with different ionic groups are necessary. In
this manner, the permeability of positive, negative, and neutral redox species could be systemically
studied to gain greater insight into the factors governing their permeability through a membrane.
To control redox species permeability, multiple modes of exclusion may be necessary, such as
combining size exclusion with Donnan exclusion (i.e., a nanoporous substrate coated with an
AEM).

Design of Membranes for NARFBs

Considering the vast combination of solvents, salts, and redox species candidates for NARFBS,
designing a membrane that meets all the performance requirements mentioned above is a highly
challenging task. As material selection is narrowed to fewer high-performing candidates,
membrane design will also be optimized for these systems. As mentioned in the previous
sections, many factors contribute to the overall performance of a membrane in a non-aqueous
environment, including backbone polarity, IEC, electrolyte composition, and counter-ion. The
polarity and charge of the redox species and composition of the supporting electrolyte all need to
be considered when designing a membrane for a NARFB. For relatively non-polar redox species,
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a polar backbone may be advantageous to mitigate crossover.’* The membrane’s IEC appears to
have less of an impact on the permeability of redox-active species but can significantly alter the
ionic conductivity of the membranes.®® Thus, a membrane with a higher IEC may be more
beneficial for non-aqueous systems. In addition, compared to aqueous systems, increasing
membrane IEC impacts uptake to a lesser extent in non-aqueous systems, especially for non-
polar solvents. But an upper limit often exists on the achievable IEC of a polymer membrane.
This upper limit is due to ionic aggregation that causes the polymer to become brittle.>* 73 The
brittleness is especially problematic for non-aqueous systems since the polymers need to be dried
thoroughly before use to remove any residual moisture. Methods employed to aid in reducing the
brittleness of ion exchange membranes include crosslinking, the formation of a graft or block
copolymer, and polymer blending.

As with aqueous systems, controlling membrane uptake and dimensional stability are vital
engineering requirements. Methods commonly employed to control membrane uptake and
swelling include crosslinking,” copolymerization,”™ ® and the use of a support layer.’
Crosslinking aids in reducing dimensional swelling and improves solvent resistance.
Crosslinking generally reduces solvent uptake and swelling, but can also reduce the membrane’s
conductivity.”” Crosslinking alone does not typically control swelling to a sufficient degree when
minimal dimensional swelling is required. Another approach includes the use of block
copolymers to decouple ionic conductivity and mechanical properties. A block copolymer can
have 2 to 5 dissimilar blocks, consisting of ionically conductive block(s) and mechanically
robust block(s). Block copolymers have been investigated for use in aqueous systems and have
been adopted with varying levels of success.”’” For non-aqueous systems, a block copolymer
would need to be designed such that the non-aqueous electrolyte has a higher affinity towards the
ionic regions rather than the mechanical blocks. This approach has not been investigated for
NARFBs thus far and is a pathway worth considering.

Of these methods to control uptake and dimensional stability, the use of a porous support layer,
such as Celgard, is the most effective and widely used strategy for NARFB membranes thus far.
Utilizing a porous support layer is effective in minimizing dimensional swelling while allowing
for a reasonable electrolyte uptake. For example, Bang et al. reported the dimensional swelling
of a Celgard/ Nafion composite to be less than 0.5% with an electrolyte uptake (0.1M TEABF4 in
AN) of 30%. In comparison, Nafion exhibited a dimensional swelling of 9.3% with a solution
uptake of 17%.° Methods utilized to prepare composites with a porous substrate include (i) pore
filling with a monomer solution,® %72 followed by polymerization, (ii) dip coating in a polymer
solution (provides surface coating),’® and (iii) infiltration of a polymer solution into the porous
substrate.” In addition to controlling dimensional swelling, the use of a composite increases the
overall strength of the membrane. The ultimate tensile strength of a composite utilizing a
polyolefin separator may be significantly higher (120-150 MPa) than the neat polymer
membranes (9 to 30 MPa).*% ¢ Notably, the tensile strength of polypropylene-based separators
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depends on the direction of elongation (due to the manufacturing process), with values of 100-
150 MPa and 5-15 MPa for elongation along or against the casting direction, respectively.&

A composite system commonly utilized in aqueous systems is the use of a
polytetrafluoroethylene (PTFE) or expanded PTFE (ePTFE) support matrix. A polymer solution
is typically cast with the support matrix to obtain a membrane of excellent mechanical strength.
The use of ePTFE is standard for the fabrication of Nafion-based fuel cell membranes, though
the use of a composite may increase membrane cost substantially. Another promising pathway
for the development of membranes for NAFRB is the use of a ceramic/polymer composite. Most
highly conductive ceramic separators are brittle and difficult to fabricate as thin films. A
ceramic/polymer composite can offer high single-ion conductivity while maintaining flexibility,
providing a mechanically stable membrane that is potentially scalable with roll-to-roll
processing. Furthermore, ceramic fillers reduce uptake and swelling of the polymer component
and have been shown to aid in the reduction of redox species permeability.8% &

Conclusions

Utility-scale electrical energy storage is expected to play a significant role in enabling the
widespread adoption of renewable energy sources and improving the power grid's efficiency.
NARFBs are an attractive technology for large scale energy storage due to their potential for
high energy density. While much research has focused on the development of redox active
species, the development of membranes for NAFRBs is a relatively recent endeavor. Progress
has been made toward achieving high performance membranes for NARFBs, with V(acac)s
permeability values in the range of 1x107° to 7x102° cm? s and reasonable room temperature
conductivity (0.1 to 5.4 mS cm™*). However, significant improvements still need to be made
before this technology can reach the commercialization stage.

To enable commercially viable NARFBs, improvements in the redox active species, membranes,
and cell design are necessary. The Department of Energy (DOE) long duration energy storage
shot’s recent announcement sets an aggressive goal of reducing grid scale energy cost by 90%
within the next decade for systems delivering 10 plus hours of storage.* This target is based on
the $162/KWh (2020) cost of a 100 MW lithium-ion battery. To fully utilize the benefits of a
non-aqueous flow battery, a high concentration of active species (~4 M) and high operating
voltage (3-4 V) are necessary.®® 84 Furthermore, an increase in cell voltage to 4.5 V may relax
constraints on membrane/electrolyte area specific resistance (ASR) and redox species
concentrations.®* In addition to active species concentration and cell voltage, performance
metrics for a NARFB include a cell resistance (which includes electrodes, electrolyte, and
membrane) under 5 Q cm? 84 and a Columbic efficiency value higher than 99.99% for an
asymmetric and 97% for a symmetric (where the same redox active species is reduced on one
side and oxidized on the other) flow battery. ** While the actual performance requirements are
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highly dependent upon the specific system utilized, these metrics provide useful targets. To
predict the cost and performance of a flow battery, Crawford et al. reported a chemistry agnostic
model based on inputs such as electrolyte and membrane conductivity and kinetic rate
constants.® Such a model allows for the rapid evaluation of novel chemistries and will expedite
the development of future NARFBs.

To further advance NARFB technology, membrane performance needs to be improved.
Specifically, to achieve a Columbic efficiency of 99.99%, a membrane needs to be highly
selective with good chemical and mechanical stability. Active species permeability of < 1070
cm?stis required for acceptable long-term performance. The chemical durability of membranes
in non-aqueous systems is not well studied. Studying polymers with proven chemical stability in
aqueous systems will provide benchmark values for understanding stability in a non-aqueous
environment. In particular, polymers containing only hydrocarbons in the backbone have proven
to be more stable in strongly basic conditions and against radical species.** 888 The target ASR
of the membrane is < 2.3 Q cm?2.3% 8 To achieve this goal, a highly conductive thin membrane is
required, where for example, a 30 um membrane needs to have a conductivity of 1.3 mS cm™ to
meet the ASR target. Furthermore, solvent uptake by the membrane needs to be minimized to
maintain high selectivity and good mechanical properties.

The utilization of a Celgard/polymer composite membrane is the most common and effective
method to control swelling thus far. However, Celgard/polymer composites are often limited to
operating at lower current densities (0.5 to 2 mAh cm2)%¢ 7290 and delamination of the
composite is a concern during long term operation.>® Nanoporous membranes (pore size of 0.1-1
nm) have been proposed as a possible candidate for NARFB separators.*® Additionally, the
development of ceramic/polymer composite membranes could be a promising pathway for
NARFB membrane improvements. Most highly conductive ceramic separators are brittle and
difficult to fabricate as thin films. A ceramic/polymer composite can offer high single-ion
conductivity as a flexible and mechanically stable membrane that is potentially scalable into
manufacturing platforms such as roll-to-roll. In addition, the ionic group utilized in ion exchange
membranes can significantly impact membrane conductivity and redox species permeability.
Thus, systematic studies are necessary to determine the optimal tethered ionic groups for
NARFBs. A membrane for a NARFB will likely require the combination of a support matrix and
a high performance ion exchange membrane to achieve the desired properties.

NARFBs provide a promising energy storage option that utilizes earth abundant and low-cost
materials, while they still require much research and optimization before possible
commercialization. Continued study on all components of a NARFB is necessary, and the
membrane, as a key enabler of the technology, requires significant improvements in durability,
selectivity, and conductivity. Furthermore, targeted research on the effect of organic solvents on
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membrane transport will provide a deeper understanding of membrane properties in a non-
aqueous environment. Establishing the structure-property relationships of the membrane in non-
aqueous systems will provide routes for the design of high performance membranes for NARFBs
and enable deployment of NARFB technologies.
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CHAPTER Il
Crosslinked PEO Salt-in-Polymer Electrolyte
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Abstract

Sodium-based energy storage systems are promising candidates for electric vehicles and grid-
level energy storage applications. The advancement of sodium-based energy storage systems
relies on the development of high performance sodium-ion conducting electrolytes and
membranes that exhibit high ionic conductivity and mechanical stability. A crosslinked
poly(ethylene oxide) based polymer electrolyte was developed that demonstrates high ionic
conductivity, as well as excellent mechanical stability over a wide temperature range. The
membranes were evaluated in both dry and plasticized states, with the Na* transference number
decreasing upon plasticization. lonic conductivities up to 2.0 x 10* S/cm at 20 °C and 7.1 x 10*
S/cm at 70 °C are achieved for the plasticized membrane, almost four orders of magnitude
greater than that of the non-plasticized membrane. The membranes are mechanically robust, and
the storage modulus of the membrane is maintained at ~1 MPa from -20 to 180 °C even with the
addition of plasticizer. This study provides a synthesis approach towards the design of highly ion
conducting, mechanically robust gel polymer electrolytes for Na-ion batteries, non-aqueous flow
batteries, and many other applications.

Introduction

Sodium-based energy storage systems have gained renewed interest in recent years due to the
low cost and abundance of sodium compared to lithium.*® With the ever-growing need for low-
cost renewable energy storage systems, sodium-based batteries are promising candidates for
electric vehicles and grid-level energy storage applications.®™ % In addition to sodium-based
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anodes and cathodes, the developments of high performance sodium-ion conducting electrolytes
and membranes are imperative for the success of these emerging technologies.®® * Though much
can be learned from the Li-ion field, relatively little work has been done on the development of
electrolytes for Na-based energy storage systems. Compared to conventional liquid electrolytes,
solid polymer electrolytes (SPEs) offer several advantages, including all solid-state device
construction, good mechanical flexibility, low cost fabrication, and high ionic conductivity due
to the formation of a stable gel by plasticizing with solvents. In addition to cost reduction, safety
is a major concern for any battery technology. Electrolyte instability issues have plagued lithium
ion batteries,® and SPEs plasticized with ether-based solvents offer a safer alternative to
conventional carbonate-based liquid electrolytes.®®

Poly(ethylene oxide) (PEO) has been extensively studied as a SPE due to its ability to form
complexes with various cations.'82° However, PEO electrolytes typically exhibit poor room
temperature ionic conductivity (107 — 10 S/cm) due to the semi-crystalline nature of PEQ.224
The addition of plasticizer to the polymer network has been shown to improve the room
temperature ionic conductivity of PEO (10 — 10° S/cm),*"*° but the weak mechanical
properties of plasticized PEO prevents its use for practical applications. The mechanical strength
of linear PEO derives from the well stacked chains in the crystalline phase and chain
entanglement, but it loses mechanical integrity at temperatures above the crystalline melting
point at around 56 °C. Crosslinking is an effective means to increase the mechanical strength of
polymer electrolytes, including PEO-based electrolytes.1% 1% Several techniques have been
developed to fabricate Li-ion conductive crosslinked PEO-based SPEs, including photo-induced
102 and free radical polymerization.1® On the other hand, thermally induced polymerization can
also be effectively used to crosslink the precursors.’** This method allows for precise control
over crosslink density, which is determined by the precursor chain length and is readily tunable.

To date, several crosslinked PEO-based membranes have been studied for lithium systems, % 105-
108 phut few reports exist on gel polymer electrolytes for sodium systems. Gao et.al. reported a
radical polymerized crosslinked poly(methyl methacrylate)-TEGDME gel polymer electrolyte
for a sodium-sulfur battery that exhibited excellent electrochemical stability,** though it
required a cellulose layer for mechanical support. Colo et al. reported a photo-crosslinked PEO-
based polymer that demonstrated excellent conductivity (1 x 10 S/cm) at room temperature;
however, this is above the crystalline melting temperature and no room temperature mechanical
properties were reported.*'? Bella et al. reported a poly(ethylene glycol methyl ether
methacrylate) crosslinked polymer electrolyte plasticized with a 1 M solution of NaClOa in
propylene carbonate.!* The photo-crosslinked polymer also displayed excellent room
temperature conductivity (5.1 x 10 S/cm) but showed extensive swelling (200%) when
immersed in the electrolyte. Further advancement of mechanically robust and highly Na-ion
conductive membranes is necessary to meet the future demand of the technology. This is
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especially true for non-aqueous flow battery applications, which require mechanical stability
while fully immersed in liquid electrolyte. Thus, this study aimed to create a crosslinked PEO
membrane with high ionic conductivity and good mechanical stability after plasticization, along
with establishing the structure-property relationships.

Herein, this chapter demonstrates a facile single step synthesis approach that utilizes readily
available building blocks to create a mechanically robust crosslinked PEO membrane for Na-
based batteries. The PEO-based polymer is designed to be highly crosslinked, providing
mechanical robustness over a wide temperature range and when completely immersed in
electrolyte. Even with a high degree of crosslinking, the membrane remains flexible and
completely amorphous, which imparts excellent ionic conductivity at room temperature. We
utilize tetraethylene glycol dimethyl ether (TEGDME) as a plasticizer due to its compatibility
with PEO as well as its excellent electrochemical and thermal stability.%® 112 113 TEGDME is
more stable with respect to reduction than carbonate solvents and is thermally stable to just
below 200 °C. The role of ethylene oxide (EO) complexation with sodium triflate (NaTf) and its
effect on polymer segmental dynamics and ionic conductivity is elucidated with and without
TEGDME as a plasticizer. The mechanical properties of the crosslinked membrane are evaluated
using dynamic mechanical analysis (DMA) and rheology.

Experimental

Materials

The crosslinked PEO membrane contained two polymer precursors: (i) Poly(ethylene glycol)
diglycidyl ether (PEGDGE, Sigma Aldrich, M, = 500g/mol) and (ii) Jeffamine® ED 900 (95%
purity, Huntsman, M, = 900g/mol), a diamine with a poly(ethylene glycol) and poly(propylene
glycol) backbone. Poly(ethylene oxide) (PEO, Sigma Aldrich, My = 600,000 g/mol) was used as
the linear PEO reference, and sodium trifluoromethanesulfonate (sodium triflate, NaTf, 98%,
Sigma Aldrich) was the salt in all membranes. Diethylene glycol dimethyl ether (diglyme,
99.5%, Sigma Aldrich) was used to cast the crosslinked membranes. All reagents used in the
preparation of crosslinked films were used as received, except for TEGDME (>99%, Sigma
Aldrich) which was dried over molecular sieves and stored in an inert atmosphere.

Film Preparation

Crosslinked films were prepared using a solution-casting technique where the NaTf
concentration was varied with respect to the polymer from 8 to 40 wt%. The molar ratio of
epoxides in PEGDGE to amines in Jeffamine was fixed at 2:1 for all films. The polymers were
mixed using a magnetic stir bar for 24 h before adding the desired amount of NaTf (dissolved in
5 ml diglyme). The polymer/solvent/NaTf mixture was mixed for 3-5 h to allow for
complexation of the salt with the polymer chains, cast in a Teflon® dish, and cured at 100 °C for
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3-3.5 h. All the fabricated membranes were dried under vacuum for 24 h at room temperature to
remove any residual solvent. Plasticized samples were prepared in an Ar-filled glove box by
soaking the dry membranes in excess TEGDME for 24 h and blotting dry. The initial and final
mass of the samples were measured to determine the amount of TEGDME incorporated into the
film. All plasticized membranes contained approximately 50 wt% TEGDME. Residual
TEGDME from plasticization was evaporated to dryness, and no evidence of NaTf was
observed, indicating the TEGDME soaking procedure did not leach NaTf salt from the polymer
membrane.

Linear PEO-NaTf membranes were made as follows. The butylated hydroxytoluene (BHT)
inhibitor in linear PEO was removed by rinsing 5g PEO with 1L of acetone, followed by drying
PEO (My = 600,000 g/mol) at 60 °C under vacuum for a minimum of 24 h. NaTf was dried under
vacuum at 90 °C for 8 h. PEO and NaTf were dissolved in acetonitrile (Sigma

Aldrich, anhydrous, 99.8%) to form 4 wt% and 3 wt% stock solutions, respectively. These two
stock solutions were mixed to form a series of PEO-NaTf solutions, with NaTf concentrations
ranging from 12 wt% to 40 wt% in the final membrane. One plasticized linear PEO-NaTf sample
was prepared by adding 2 moles of TEGDME per 1 mole EO to the solution. The PEO-NaTf
solution was then cast into a Teflon® dish and dried under ambient conditions for 8 h, followed
by a 16 h drying step under vacuum to evaporate any residual acetonitrile. All membranes were
stored in an Ar-filled glove box (H20 < 0.1 ppm, O2< 0.1 ppm) for further use.

Electrochemical Characterizations

lonic conductivity of the membranes was measured by electrochemical impedance spectroscopy.
Samples were punched into circular disks (1.27 cm in diameter) and sealed between two
stainless-steel electrodes using heat shrink tubing to prevent moisture exposure during
measurements. The impedance for each film was measured at multiple temperatures (20 — 70 °C)
over a frequency range of 10° - 1 Hz using a 6 mV AC signal. Samples were thermally cycled
three times between 20 — 70 °C in 10 °C increments to ensure reproducibility in the impedance
measurements. All samples for electrochemical measurements were prepared in a glovebox and
were performed using a Biologic VMP3 potentiostat and EC-Lab® software. The
electrochemical stability window and Na* transference number of dry and TEGDME plasticized
18 wt% NaTf membranes were measured at 40 °C, with an additional transference number
measurement at 20 °C with a plasticized membrane. The electrochemical stability window was
measured using sodium foil as the counter and reference electrodes with a stainless-steel working
electrode by linear sweep voltammetry between open circuit voltage and 6 V (vs. Na*/Na) at a
rate of 10 mV per second. For transference number measurements, a sodium foil symmetric cell
was used, and a small DC potential of 7.5 mV was applied, and the current decay was monitored
over time. Electrochemical impedance spectra at open circuit voltage just before applying the
bias potential and after the current reached a steady state value were measured. Sodium stripping
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and plating stability test was performed at 40 °C using a sodium foil symmetric cell and a
TEGDME plasticized 18 wt% NaTf crosslinked PEO and 18wt% NaTf Linear PEO, cycled at a
73 pA/cm? current density.

Thermal Characterizations

Glass transition temperature (Tg) and melting temperature (Tm) of each membrane were
measured using differential scanning calorimetry (DSC, TA instruments Q2000). Samples were
sealed in aluminum DSC pans in an Ar atmosphere prior to measurement. The samples were
cycled at a rate of 5 °C/min from -90 to 90 °C for 2 cycles, and Tq and Tm were recorded from
the second cycle. The thermal profile of dry and TEGDME plasticized membranes were
performed by thermal gravimetric analysis (TGA, TA Instruments Q50). TGA was conducted
under nitrogen from 25 to 800 °C at a heating rate of 20 °C/min.

Mechanical Analysis

Films were prepared into approximately (9 x 4 x 0.1) mm? specimens for mechanical analysis.
Storage and loss modulus were measured by dynamic mechanical analysis (DMA) at an
operating frequency of 1 Hz utilizing a TA Instruments RSA-G2 Solids Analyzer as the samples
were heated from 20 °C to 200 °C at 3 °C/min under nitrogen. Tensile measurements were
performed according to ASTM D1708 using an Instron 3343 universal tensile meter. Membranes
were stretched constant rate of 1 mm/min at room temperature in air until break. Reported tensile
properties are an average of 5 samples.

Shear Rheology

Mechanical transitions in linear and crosslinked PEO samples were measured utilizing an
AR2000ex rheometer (TA instruments) through temperature sweep tests in an oscillatory shear
mode under a nitrogen atmosphere. Two different geometries were applied based on the
magnitude of the shear modulus. The temperature range was -60 to 180 °C for the crosslinked
PEO sample and -40 to 180 °C for the linear PEO sample. For both samples, the temperature
ramp rate was 1 °C/min, and the angular frequency was 1 rad/s. Parallel plates (4 mm in
diameter) were employed for measuring the crosslinked PEO sample over the entire temperature
range. For the linear PEO sample, parallel plates of 4 mm diameter were used from -40 to 45 °C,
and parallel plates of 8 mm diameter were used from 45 to 180 °C. The stress controlled
oscillatory mode was set to 25,000 Pa stress for the entire temperature range for the crosslinked
PEO sample. For linear PEO, the stress controlled oscillatory mode was set to 25,000 Pa stress
for the temperature range of -40 to 45 °C, and the strain controlled mode was set to 0.15% strain
for the temperature range of 45 to 180 °C.
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Nuclear Magnetic Resonance

For the determination of the ion rotational correlation time, z. for Na* cation and Tf anion, 2Na,
and '°F nuclear relaxation times were measured on a 600 MHz solid state NMR spectrometer
(Bruker, Germany) equipped with a 2.5 mm magic angle spinning (MAS) probe at 20 °C without
spinning the samples. Spin-spin (T2) and spin-lattice (T1) relaxation times were determined using
a Carr-Purcell-Meiboom-Gill (CPMG) (90°- 7 - 180° - 7 - acquisition) and the inversion-recovery
(180°-7-90°-acquisition) sequences, respectively. Larmor frequencies (wo) for 1°F and 2*Na
relaxation measurements were 2n-564.644 and 2n-158.751 rad-MHz, respectively. The rotational
correlation time, z (s) for Tf anion and Na* cation was estimated from the nuclear relaxation
ratio using equation 1.1%4
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From the measured z¢, the diffusion coefficient of Na* cation and Tf anion were determined
using the Einstein-Smoluchowski equation,t°
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where a is the ionic radius of Na* cation (1.02 A)*6 and the radius of Tf anion (2.95 A)'Y".
Results and Discussion

Fabrication of PEGDGE/Jeffamine Crosslinked Membranes

Crosslinked membranes were prepared via a single step synthesis using amine and epoxide
terminated PEO-based precursors (Jeffamine, M» = 900g/mol, and PEGDGE, M, = 500g/mol,
respectively). The primary amine on Jeffamine reacts with the epoxide on PEGDGE to form a
covalent linkage, and the resulting secondary amine further reacts to form a crosslinked network
(see Figures 11a and 11b). The molar ratio of epoxides:amines was fixed at 2:1 to form a robust,
highly crosslinked network. Constraining the PEO segments in a crosslinked network is
anticipated to reduce the crystallinity associated with linear PEO. All membranes are flexible and
translucent (see Figure 11c). The membranes are mechanically stable, even with the addition of
plasticizer and became slightly stiffer with increasing NaTf concentration. To evaluate the effect
of NaTf concentration on their T4 and ionic conductivity, the membranes were prepared with
NaTf concentrations ranging from 8 to 40 wt% with respect to polymer mass (EO/Na = 32 to 4).

Impact of NaTf and TEGDME on Ty

Figure 12a shows the DSC curves for non-plasticized crosslinked membranes with linear PEO
shown for comparison. All crosslinked membranes exhibit a single Tq and no melting peak,
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Figure 11. (a) Reaction scheme of PEGDGE and Jeffamine to produce a crosslinked PEO-based
network, (b) Schematic of a crosslinked PEO network where dots represent nitrogen and lines
represent PEGDGE and Jeffamine, and (c) photograph of a free standing crosslinked membrane
containing 24 wt% NaTf.
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Figure 12. (a) DSC plots for non-plasticized crosslinked and linear PEO. (b) DSC plot for 10
wt% NaTf crosslinked PEO plasticized with TEGDME with pure TEGDME shown as reference,
insert: enlarged view of Tg and Tm of plasticized 10 wt% NaTf crosslinked PEO. (c) Effect of
NaTf concentration in the membrane on Tq4 for non-plasticized and plasticized crosslinked
membranes. (c) TGA analysis of non-plasticized and plasticized crosslinked PEO.
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which indicates suppression of PEO crystallization. In comparison, linear PEO with 34 wt%
NaTf shows a Tg at -30 °C and a crystalline melting temperature (Tm) of 56 °C. T of the dry
crosslinked membranes linearly increases with NaTf concentration from -48 °C at 0 wt% to -6
°C at 40 wt% (Figure 12c). These results are consistent with the report by He et al. for a non-
plasticized crosslinked PEO-Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) electrolyte.1!8
The increase in Ty and broadening of the glass transition for dry samples is attributed to ion-
dipole interactions between the Na* and the ether oxygens on PEG segments.®” 11° These ion-
dipole interactions act as physical crosslinks within the matrix which increases Tgq. This
conclusion is further supported by the depression of T for plasticized samples, which remains
fairly constant at ca. -54 °C (Figure 12c), as TEGDME solvates the ions, reducing the ether
oxygen-Na* interactions. Ty of the plasticized sample containing no salt is slightly lower at -58
°C, indicating that there are some weak interactions between EO and Na™ in the plasticized
membranes that also prevents leaching of the salt during plasticization. As shown in Figure 12b,
the melting temperature of TEGDME is -28 °C for both pure TEGDME and TEGDME
incorporated into the polymer network. The percent crystallinity of TEGDME is significantly
reduced when incorporated into the polymer network. Pure TEGDME is 60% crystalline, and the
crystallinity of TEGDME in 1M NaTf-TEGDME is 38%. TEGDME crystallinity is reduced to
roughly 8% in the membrane, indicating that Na* forms physical crosslinks between TEGDME
EO and polymer EO units, preventing TEGMDE from forming a crystalline phase. This
conclusion is further supported by the slight increase in Tq for the plasticized sample with the
highest salt concentration.

TGA analysis of dry crosslinked PEO shows that the polymer has only a 2% weight loss up to
350 °C, while the plasticized membrane shows TEGDME evaporation occurring at 200 °C,
consistent with a report by Carbone et. al who studied the electrochemical and thermal properties
of various ether-based/LiTf electrolytes (Figure 12d).%

lonic Conductivity

The ionic conductivity of crosslinked and linear PEO membranes containing up to 40 wt% NaTf
were measured over 20 — 70 °C using AC impedance spectroscopy. As shown in Figure 13a, the
ionic conductivity of the non-plasticized crosslinked PEO membranes decreases with increasing
salt concentration. The slope of log(conductivity) vs. reciprocal temperature shows no significant
change, indicating that there is no phase change of the polymer, which is consistent with the
DSC measurements. In principle, the ion conduction mechanism in a polymer electrolyte is
based on the coupling between ion transport and the segmental relaxation of the polymer chains.
Increasing NaTf concentration reduces the polymer segmental motion in the dry samples
(indicated by higher T4 shown in Figure 12c), which causes a decline in ionic conductivity. The
highest conductivity for the non-plasticized membranes is 6.4 x 10 S/cm at 70 °C for the 10
wt% NaTf sample (Figure 13a), which is in agreement with other PEO-based crosslinked
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systems using LiTFSI.1*® Unlike the dry samples, the conductivity of the plasticized films
increases with increasing NaTf concentration (Figure 13a), while Tq4 remains fairly constant
(Figure 12c). An increase in conductivity with ion concentration is expected at constant Tg.
Overall, plasticization results in a nearly four orders of magnitude increase in ionic conductivity
at room temperature for the crosslinked membrane containing 40 wt% NaTf, consistent with
conductivity values reported by Kim et al for a PVDF-HFP/TEGDME/NaTf composite
system.1%0

As shown in Figure 13a, the ionic conductivity over 20 — 70 °C for these crosslinked PEO-based
polymers can be fit well to the VVogel-Fulcher-Tammann (VFT) equation ?*:

0 = 0o exp (o) 3)

where o is the conductivity, oo is the pre-exponential factor, and B and To are the VFT
parameters. The VFT parameter B for dry membranes (8.8 to 12 kJ/mol) is similar to those for
other PEO-based crosslinked systems (6.0 to 10.0 k/mol) 10% 122124 parameter B for plasticized
membranes is highly dependent upon the wt% of plasticizer within the membrane. A comparison
of VFT parameter B versus plasticizer wt% for a fixed salt concentration of ~12 wt% (EO:M =
20:1) can be found in Figure 13b. The VFT parameter B for the plasticized membranes in this
work (~ 4 kJ/mol) is lower than other reported values (Figure 13b) and is closer to that of 1M
NaTf in TEGDME (1.8 kJ/mol) than that of the dry membranes (~ 9 kJ/mol), an indication that
ion conduction is preferentially through TEGDME, and governed by salt-TEGDME interactions
in preference to salt-polymer interactions .

To determine the impact of crosslinking on conductivity, crosslinked and linear PEO membranes
containing various NaTf concentrations were compared. The conductivity of crosslinked and
linear PEO with 12 wt% NaTf is shown in Figure 14a as a function of temperature. Linear PEO
exhibits a sharp decrease in conductivity at T < 60 °C due to crystallization, whereas the
conductivity of the crosslinked membrane shows no significant change in slope over the same
temperature range. At 20 °C, the ionic conductivity of the crosslinked membrane is almost an
order of magnitude greater than that of linear PEO (1.6 x 10° vs. 4.1 x 107 S/cm, respectively).
As seen in Figure 14b, the conductivity for non-plasticized crosslinked membranes strongly
decreases above 10 wt% NaTf concentration, while linear PEO exhibited a maximum
conductivity around 20 wt% NaTf. The optimal salt concentration for the highest ionic
conductivity shifted from 20 wt% NaTf for linear PEO to 10 wt% NaTf for crosslinked PEO. It
should be noted that the conductivity obtained for a given polymer electrolyte depends on many
factors such as the polymer segmental dynamics, crystallinity, ion concentration and their
dissociation (see discussion of the FTIR data below), as well as the coordination/mobility of
charge carriers.'?>12’ The conductivity of plasticized crosslinked PEO shows a higher value than
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that of plasticized linear PEO (Figure 14b). To put these membrane conductivity values in
perspective, the conductivity of a liquid electrolyte containing 1M NaTf in TEGDME (Figure
13a and Figure 14b) was also measured, which sets the upper limit of the ionic conductivity of
the current polymer membrane system. Compared to 1M NaTf in TEGDME, the plasticized
crosslinked PEO exhibits only an order of magnitude lower conductivity. Since most polymeric
systems typically result in several orders of magnitude lower conductivity than their liquid
counterparts, this plasticized crosslinked PEO presents significant promise toward maintaining
high ionic conductivity.

Transport Number

The transport number of Na* (t;) was evaluated using both the diffusion coefficients determined
by NMR and the Bruce-Vincent method 28 12° for non-plasticized and plasticized crosslinked
PEO membranes given by the following formulas:

Na* ion transference number, tenmr) from the diffusion coefficient determined by NMR:

Dimr ( 4)

t =
c(NMR ¥ =
( ) Dymrt DNMR

where D*nmr and D nwir are the Na* cation and Tf anion diffusivities, respectively.

Bruce-Vincent:

__ Iss(AV—=1I4Ry)
Le®V) = 1o @r=1sR) ()

where lo and Iss are the initial and steady-state currents (Figure 15a); AV is the bias voltage, set as
7.5 mV; Roand Rss are the initial and steady-state interfacial resistances, which were obtained by
electrochemical impedance spectra at open circuit voltage before and after applying the bias
potential (Figures 15b and 15c).

The relaxation times (T1 and T2), rotational correlation time (zc) and estimated diffusion
coefficients (Dnmr) for Na* cation and T anion for the crosslinked PEO membranes obtained
from NMR are summarized in Table 1. As can be seen from Table 1, the relaxation time is too
short to apply pulse field gradient (PFG) NMR to these samples, except for the Tf anion in the
plasticized sample. Thus, for the plasticized sample, the Tf anion diffusion coefficient was
determined both from rotational correlation time, zc using Equations 1 and 2, and °F PFG-NMR.
PFG-NMR gives a Tf anion diffusion coefficient of Dprg = 9.0 X 102 m?/s, which is in
reasonable agreement with D'nvr = 2.13 x 101! m?/s, estimated from z. Thus, it is believed that
the diffusion coefficients estimated from z. are useful to calculate the Na* ion transference
numbers (tevvr)). As seen in Figure 15d, the value obtained by the Bruce-Vincent method at 20
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Figure 15. (a) Current decay over time after applying a bias potential of 7.5mV, (b)
Electrochemical impedance of non-plasticized crosslinked PEO before and after bias potential is
applied, (c) Electrochemical impedance spectroscopy of TEGDME plasticized crosslinked PEO
before and after bias potential is applied, (d) Transference number for dry and plasticized

crosslinked PEO measured by NMR and Bruce-Vincent methods.

Table 1. Relaxation times (T1 and T>), rotational correlation times (zc), and diffusion coefficient
calculated from z. (Dnmr) and directly measured by PFG-NMR (Drrg).

Samples T1(s) T2(s) 7 (S) Dnvr(mM?/s) | Drec (M?/s)
19F (Tf) | Dry 6.26 x 10 | 1.46 x 10® | 9.67 x 10° | 1.99 x 1022 N/A
Plasticized | 6.36 x 10 | 6.64 x 102 | 9.05x 10° | 2.13x 10" | 9.0 x 102
Na | Dry 1.67 x 103 | 478 x10° | 2.15x10® | 1.07 x 103 N/A
Plasticized | 4.72x 10* | 6.60 x 10° | 9.67x10° | 239x10%° | N/A
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°C for the plasticized membrane is higher than that obtained from NMR relaxation time
measurements. We attempted to obtain a value for the dry membrane using the Bruce-Vincent
method at 20 °C, but due to the high resistance of the membrane, the steady state current was too
noisy to obtain a reliable value.

To determine the expected agreement of tc between the Bruce-Vincent method and NMR
relaxation time measurements, an ideality parameter (8) can be applied, given by the formula **°:

ORT
F2¢ (D ypr+DNMR)

B = (6)

where o is the ionic conductivity, R the gas constant, T is temperature, F is Faraday’s constant, ¢
is the bulk molar salt concentration and D*nmr and D nmr are the cation and anion self-
diffusivities obtained by NMR. A S value close to 1 indicates that a good agreement is expected
for transference numbers obtained from NMR and galvanostatic polarization methods, while a
< 1 indicates the values are expected to be different. The ideality parameter provides a measure
of how much the diffusivities, D*and D, obtained by NMR relaxation time measurements are
due to disassociated ions (f close to 1) or a combination of associated and disassociated ions (5 <
1), which results in a lower self-diffusion value by NMR than that of the charged species
diffusivity measured by galvanostatic methods. The calculated g value for the dry membranes is
0.006 and 0.174 for the plasticized membrane (Table 2). This indicates that we should not expect
reasonable agreement between the two methods. The tc value (0.3) of the plasticized membranes
measured at 20 °C and 40 °C by the Bruce-Vincent method are in reasonable agreement with
those typically reported for linear PEO (tc, 0.2-0.5).> 1% 131 An interesting finding is that tc
decreases upon plasticization (Figure 15d) by both NMR and Bruce-Vincent methods. The
higher tc value for the dry membrane may be due to the crosslinked 3D network restricting
triflate anion migration. The decrease in transference number with plasticization indicates that
the addition of TEGDME to the polymer matrix changes the mechanism of ion transport. Adding
TEGDME provides improved solvation and diffusivity of both ions (confirmed by IR, Figure 16)
and decreased Tg of the matrix (Figure 12c)), resulting in an increase in ionic conductivity
(Figure 13a), but migration of the larger triflate ion is increased to a greater extent than the cation
(Table 1).

FTIR Spectral Analysis of Dry and Plasticized Membranes

Vibrational spectroscopy provides an additional means to understand the effect of NaTf
coordination chemistry on T4 and ionic conductivity of the membranes. FTIR spectra were
acquired for non-plasticized and plasticized crosslinked membranes at various NaTf
concentrations. The vibrational modes of the triflate anion are sensitive to changes in
coordination, and the FTIR spectra in Figures 16a and 16b show that the degree of ion
association increases with NaTf concentration, as expected. The CFs in-plane bending mode, Js
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Table 2. Values used to calculate Ideality parameter f.

Sample 20°C lonic Molar NaTf Diffusivity Diffusivity Ideality
Conductivity | Concentration | Na* (m?/s) Tf (m?/s) Parameter
(S/m) (mol/m?3) (B)
Dry 8.13 x 10° 1778 1.07 x 102 | 1.99 x 102 0.006
Plasticized 1.27 x 102 889 2.39x 108 | 213 x 10 0.174
() 6, CF, (b) v, SO,
lon pairs lon pairs/ Free anion
Aggregates Free anion Aggregates Aggregates
) M I N I T T T I/\ I T Nan
—— 40 wt.%
34 wt.%
[0) ) — 24 wt.%
c < A —— 18 wt.%
o \/\ 3 \ 15 wt.%
o} - 5 — 12 wt.%
§ ’\C g / \ —— 10 wt.%
e i “I>==—{Dry membranes
780 760 740 1080 1060 1040 1020 1000
Frequency (cm™) Frequency (cm™)
() 5, CF, @ v,s0,
lon pairs lon pairs/ Free anion
Aggregates Free anion Aggregates Aggregates
T T T T T T T T T T T — NaTf
/\ 34 wt.%
/ \ — 18 wt.%
g § N | 10wt %
® o
0 Ke]
: i 7
8 g 2 /
< 5z§ < & Plasticized
o L . —| membranes
780 760 740 1080 1060 1040 1020 1000
Frequency (cm™) Frequency (cm™)

Figure 16. (a-d) FTIR spectra of crosslinked PEO membranes with different wt% NaTf with pure
NaTf shown for comparison, (a-b) Non-plasticized and (c-d) TEGDME plasticized, (a,c) Region

for CF3 in-plane bend (6s CF3), (b,d) Region for SO3 symmetric stretch.
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CFs3, occurs near 753 cm™ for the free anion, 757 cm™ for the ion pair, and 761 cm for the triple
ion [Na.Tf]*. 8 CFs shifts to higher frequencies > 764 cm™ for more highly associated aggregate
species 132133 Up to 24 wt% NaTf, the triflate anion appears to exist primarily as the free anion
or as ion pairs with weak interactions in the non-plasticized membranes 34, At higher triflate
concentrations, the appearance of a strong band at 767 cm™ is clear evidence for the formation of
aggregates. These trends are further confirmed by analysis of the SOz asymmetric stretch, vs SOs.
The band at 1030 cm™ is assigned to free triflate anions. The band around 1042 cm™ is attributed
to triflate anions with higher degrees of cation association and may consist of overlapping
contributions from ion pairs, triple ions, and aggregates **1%, The band at 1022 cm™is
attributed to aggregate triflate species **°. Differences in the free ion concentration within the
polymer matrix are one contributing factor to the ionic conductivity of the membranes **'. The
addition of TEGDME to the crosslinked membrane results in a shift of s CF3z and vs SOz to 753
cm™ and 1030 cm?, respectively for the 34 wt% NaTf sample. The shift in 8s CF3 and vs SO3 to
a lower frequency indicates the presence of free anions (Figures 16¢ and 16d). The
disappearance of vs SO3 bands at 1042 cm™ and 1022 cm™ for the 34 wt% NaTf sample is a clear
indication that NaTf preferentially interacts with TEGDME over the polymer chains. The
preferential solvation of NaTf by TEGDME is reflected in the almost constant T4 and provides
an additional explanation for the significant increase in ionic conductivity of the plasticized
membranes.

Mechanical Comparison of Membranes

Plasticization significantly improves the conductivity of crosslinked and linear PEO, but the
plasticized membrane must also exhibit high mechanical stability to be useful in practical
devices. Mechanical properties of the non-plasticized and plasticized membranes were evaluated
using DMA and rheology, respectively (Figures 17a and b). Due to the very weak mechanical
properties of linear PEO at T >Tr (56 °C), a rheometer was used to accurately measure the
modulus of plasticized membranes. Linear PEO exhibited a fairly high modulus at T < T, but
showed a significant decrease in the storage modulus once above 56 °C for both non-plasticized
and plasticized samples. The low modulus of linear PEO above 56 °C does not provide a stable
membrane, preventing its use at operating temperatures above Tm. The presence of a crystalline
phase in linear PEO provides a fairly high modulus at low temperatures, but it also inhibits ionic
conductivity. The crosslinked membranes show excellent mechanical properties with no
significant change in the modulus over the temperature range measured. The modulus for the
plasticized crosslinked membrane is maintained at ~1 MPa in the temperature range of -20 — 180
°C, which is a reasonable modulus for a gel polymer electrolyte and sufficiently high to be easily
handled. Furthermore, the modulus ~1 MPa is a tenfold increase from previous reports of
plasticized crosslinked membranes.% 124 138 The stress-strain curve for dry and plasticized
membranes is shown in Figure 17c. The tensile strength of the membranes is 0.924 + 0.03 MPa
and 0.521 + 0.07 MPa for dry and plasticized membranes, respectively (Table 3), consistent
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Figure 17. Mechanical analysis of crosslinked PEO and linear PEO, (a) DMA of non-plasticized
membrane, (b) Rheology of TEGDME plasticized membrane and (c) Stress-strain curve of non-
plasticized and plasticized crosslinked PEO membranes at 21 °C.

Table 3. Mechanical Properties of Dry and Plasticized 18 wt% NaTf crosslinked PEO membrane
at21 °C

Youngs Modulus  Tensile Strength Elongation at

Sample (MPa) (MPa) Break (%)
Dry 3.41+0.25 0.924 + 0.03 33.0+25
Plasticized 232 +0.16 0.521 +0.07 243 +43
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with other crosslinked polymer electrolytes.'® 13° The high degree of crosslinking enables good
tensile strength while maintaining reasonable ductility, resulting in a Youngs Modulus of 3.41 +
0.25MPa and 2.32 + 0.16 MPa for non-plasticized membranes and plasticized membranes
respectively (Table 3). Many prior works on PEO-based crosslinked gel polymer electrolytes did
not report the mechanical properties of their membranes,10% 111, 118,122,140, 141 nassiply due to the
inherently weak nature of gel polymer electrolytes. The mechanical stability and excellent
conductivity over a wide temperature range combined with the thermal and electrochemical
stability of TEGDME provides a path for a highly conductive membrane that is useful for a
variety of battery applications.

Conclusions

A robust crosslinked PEO-based membrane has been developed that demonstrates high ionic
conductivity and mechanical stability. The crosslinked films were prepared via a single step
synthesis of an amine and epoxide-terminated PEO-based precursors with varied NaTf
concentrations. Tq of the dry membranes increased with NaTf concentration due to ionic
crosslinking between the salt and polymer chains, and this was reflected in a strong decrease in
conductivity with increasing salt concentration. Plasticization of the membranes with TEGDME
significantly reduced ionic crosslinking within the polymer matrix due to ion solvation, and this
correlated with a much lower Tq that is essentially independent of salt concentration. The
addition of TEGDME increased the ionic conductivity of the membranes by 4 orders of
magnitude to 2 x 10 S/cm at 20 °C, just slightly lower than that of a TEGDME-based liquid
electrolyte (1 x10 S/cm). The membranes are sufficiently robust to resist short-circuit by
sodium dendrites over the course of 180 hours when cycled in a Na metal symmetric cell, and
have a Na* transference number of 0.58 in the dry membranes and 0.31 in plasticized membranes
at 40°C. In addition, the mechanical properties of the crosslinked membrane were maintained
with the addition of plasticizer. The membranes were stable over a wide temperature range with
a constant storage modulus of ~1 MPa from -20 °C to 180 °C. The excellent mechanical stability
of the crosslinked PEO-based membrane combined with the electrochemical and thermal
stability of TEGDME provides a highly conductive gel polymer electrolyte suitable for a variety
of Na-based electrochemical energy storage applications.
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CHAPTER 111
Improving Cation Transport in Salt-in-Polymer Electrolytes
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Abstract

A new facile single-step method to fabricate crosslinked polymer electrolyte membranes
consisting of branched poly(ethyleneimine), (PEI) and poly(ethylene oxide), (PEQ) is
demonstrated. The membranes exhibit excellent ionic conductivity (1.2 x 10 S/cm at 80 °C)
with minimal addition of plasticizer (20 wt%). The amine functional group in the PEI-PEO
crosslinked matrix provides Lewis basic and hydrogen bonding characteristics that facilitate the
dissolution of lithium salt and enables a higher cation transport number than a PEO crosslinked
matrix. The glass transition temperature, degree of crystallinity, and room temperature storage
modulus increases with decreasing crosslink density and increasing ratio of free amines. The
resultant ionic conductivity and mechanical strength can be flexibly tailored by varying the
molar ratio of free amine moieties in the crosslinked PEI-PEO matrix. This study provides an
improved synthesis method, in-depth characterization, and fundamental insights on the effect of
free amine moieties on the transport properties of a highly conductive gel polymer electrolyte.

Introduction

Polymer electrolytes have applications in solid-state Li-ionl00: 101, 138,140,142 5 Na-jon?23 109 126
secondary batteries, as well as medium to large scale energy storage such as flow batteries.
Poly(ethylene oxide) (PEO) is one of the most widely studied polymers for use as a polymer
electrolyte, 820 24 put generally exhibits low room temperature ionic conductivities of 107 — 10
S/cm?2% due to the formation of a crystalline phase at ~60 °C. In contrast, relatively few reports
exist on the study of poly(ethyleneimine) (PEI) as a polymer electrolyte. Linear PEI is a highly
crystalline material and exhibits a lower room temperature ionic conductivity (10 S/cm) than
PEOQ.143 144 On the other hand, branched PEI is an amorphous, viscous liquid at room
temperature due to the highly disordered hyperbranched structure and exhibits conductivity
values similar to that of PEO.'* In addition, hyperbranched structures have been shown to
improve the cation transport of PEO-based polymer electrolytes when incorporated into the
polymer matrix.146: 147
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The vast majority of studies with PEI have focused on a blend of PEI with various polymers,
including blends of PEI with poly(vinyl acetate),'“® 14° sulfonated polyetheretherketone,*>
PEO,® 152 and polyvinyl pyrrolidone.®? In particular, the blend of linear PEI with PEO
improved the room temperature ionic conductivity of PEO due to the reduction of PEO
crystallization.®% 152 A blend of PEI with poly(vinyl pyrrolidone) also demonstrated enhanced
performance of a Li-sulfur battery when used as a binder for the anode.!>® The fabrication of
crosslinked membranes containing both PEI and PEO has been reported previously by Zhou et
al.™® The crosslinked membrane demonstrated excellent ionic conductivity (400% plasticizer
uptake) and inhibition of lithium polysulfide shuttling, though the fabrication method yielded
yellowed membranes indicative of oxidation of the amine functional groups.>> 1%

While solid-state polymer electrolytes offer a safer alternative to liquid electrolytes for lithium-
ion batteries,* the low ionic conductivity of dry polymer electrolytes typically limits their
practical application. The addition of a small molecule plasticizer significantly increases ionic
conductivity, but adversely weakens the mechanical properties of polymers. Crosslinking is a
promising strategy for improving the mechanical strength of a gel polymer electrolyte, in

addition to reducing PEO crystallization and providing high-temperature dimensional
stabil itylloo, 105-108, 157, 158

In this chapter, an improved synthesis method and in-depth characterization of a novel
crosslinked polymer system consisting of branched PEI and linear PEO is presented. Due to the
hyperbranched structure, H-bonding and electrostatic interactions of PEI, the PEI-PEO
crosslinked membranes demonstrate unique features such as improved salt solvation and lithium
ion transport over the linear PEO system of our previous work.”* The PEI-PEO crosslinked
polymer electrolyte system is evaluated for use in a Li metal battery, and the effect of free amine
moieties on ion transport and mechanical properties are unraveled. Furthermore, the design and
elucidated structure-property relationships indicate many potential applications for composite
systems.

Experimental

Materials

The crosslinked PEI-based membranes consist of the following polymer precursors: (i)
Poly(ethylene glycol) diglycidyl ether (PEGDGE, Sigma Aldrich, M, = 500 and 2000 g/mol) and
(i) Branched poly(ethyleneimine) (PEI, Sigma Aldrich, M, = 600 g/mol).
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%, Sigma Aldrich) was the salt in
all membranes and isopropanol (IPA, 99.9%, Sigma Aldrich) was used to cast the membranes.
LiTFSI was dried at 90 °C for 16 h and tetraethyleneglycol dimethyl ether (TEGDME, >99%,
Sigma Aldrich) was dried over molecular sieves and stored under an inert atmosphere.
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Membrane Synthesis

The membranes were prepared by varying the molar ratio of amines in PEI (M, = 600 g/mol) to
epoxides in PEGDGE. Two molecular weights of PEGDGE were used, M, = 500 g/mol and M,
= 2000 g/mol, as an additional method to control the resulting crosslink density. The molar ratio
of amine:epoxide (7 ¥:A) was 1:1, 2:1 and 4:1 for the 2000 g/mol PEGDGE (i.e. described as
1:1 2000) and 1:1 for 500 g/mol PEGDGE (1:1 500). The ratio of LiTFSI was fixed to the
number of ethylene oxide (EO) units in PEGDGE to be EO:Li = 12:1. The desired molar ratio of
PEI and PEGDGE were dissolved in 0.5 ml deionized water before LiTFSI and IPA were added.
The resulting solution was mixed with a magnetic stir bar for 30 min, cast into a Teflon® dish
and cured at 85 °C for 2 h. One reference sample was prepared from Jeffamine-ED® 900
(Huntsman, M»= 900 g/mol) and PEGDGE 2000 using the same EO:Li ratio and procedure as
above. All membranes were dried under vacuum for 48 h at 50 °C, then transferred to an argon-
filled glove box. Plasticized membranes were prepared in a glove box by adding the desired mass
ratio of 1M LiTFSI in TEGDME to the membrane, and equilibrated for 24 h.

Electrochemical Characterizations

Samples for electrochemical characterizations were prepared in an argon-filled glovebox and
measurements taken using a Biologic (VMP3) potentiostat. For electrochemical impedance
spectroscopy (EIS) measurements, samples were sandwiched between Li foil and stainless-steel
blocking electrodes then sealed with heat shrink tubing. Samples were cycled between 20 — 80
°C three times, and the impedance measured over the frequency range of 1 MHz - 1 Hz using a 6
mV AC signal. The Li* transport number was measured at 40 °C with an applied DC potential of
7.5 mV, and the current monitored over time. EIS measurements were taken at open-circuit
voltage just before applying the bias potential and after the current reached steady-state. The
electrochemical stability window was determined by linear sweep voltammetry (LSV) between
open-circuit voltage and 6 V (vs. Li*/Li) using lithium foil as the counter and reference
electrodes and a stainless-steel working electrode at a scan rate of 10 mV/s.

For full cell characterization, cathode slurries were prepared by mixing lithium iron phosphate
(LFP) powder (LiFePO4, Hydro-Québec), Super P carbon black, and poly(vinylidene fluoride)
(PVDF) (65/20/15 weight ratio) in N-methyl-2-pyrrolidone (NMP). The slurry was cast with a
doctor blade onto a carbon-coated Al foil current collector and dried overnight under vacuum
before preparing the electrochemical cells. The final active material (LiFePOa) loading is
estimated to be 1.4 mg/cm?. For the full cell test, a coin cell configuration (CR2032) composed
of an LFP cathode, a PEI-PEO crosslinked membrane (plasticized with 20wt% TEGDME), and a
lithium foil anode was used. All full cell tests were performed at 75 °C.
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Thermal Characterizations

The glass transition temperature (T4) and melting temperature (Tm) of the membranes were
determined using differential scanning calorimetry (DSC, TA instruments Q2000). The samples
were cycled from -90 to 90 °C at a rate of 10 °C/min for 2 cycles, with Tg and T recorded from
the second heating cycle. The thermal stability of the membranes was determined by thermal
gravimetric analysis (TGA, TA Instruments Q50). The samples were heated from 25 °C to 600
°C under nitrogen at a rate of 10 °C/min, with the thermal decomposition temperature (Tq)
measured at 5% mass loss.

Mechanical Analysis

The storage modulus of the membranes was determined by dynamic mechanical analysis (DMA)
at an operating frequency of 1 Hz using a TA Instruments Q800 DMA.. The samples were heated
from -60 °C to 200 °C at a rate of 10 °C/min under nitrogen. One plasticized sample was
measured over the temperature range of 10 °C to 90 °C with a heating rate of 10 °C/min. For
tensile measurements, the membranes were elongated at a rate of 1 mm/min under ambient
conditions until break using an Instron 3343 universal tensile meter. Reported tensile properties
are an average of at least 3 samples.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measurements were performed using a Fourier Transform Infrared Spectrometer (Bruker,
ALPHA) with a diamond attenuated total reflection (ATR) accessory. The FTIR measurements
were performed in an argon-filled glove box.

Results and Discussion

Membrane Synthesis

The crosslinked membranes were synthesized via a single-step procedure using branched PEI
and epoxy terminated PEO (Figurel8a and b). The crosslink density was varied by adjusting the
PEO crosslinker molecular weight and the molar ratio of PEO epoxy groups to amine NH
groups. The ratio of amine:epoxide (7 ¥: A) was 1:1, 2:1 and 4:1 for the 2000 g/mol PEO (i.e.
described as 1:1 2000) and 1:1 for 500 g/mol PEO (1:1 500) with a fixed ethylene oxide to
lithium ratio of 12. A small amount of water was used for the dissolution of the PEO 2000 and
IPA was used to cast the membranes into a Teflon® evaporation dish. The resulting membranes
are flexible and elastic, ranging from clear to opaque as the number of free amines increases
(Figure 18c). Free amines are defined here as any remaining -NH and -NH2 groups in the
crosslinked network. The primary amines are anticipated to react first, followed by the secondary
amines. The presence of a single broad peak at 3370 cm™ in the FTIR spectra of the 4:1 2000
membrane confirms that the majority of the NH: functional groups have reacted (Figure 19).
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Membranes with excess NH groups (the 2:1 and 4:1 2000 samples) are expected to have a
significant amount of H-bonding and electrostatic interactions. The presence of H-bonding can
be beneficial for increasing the interfacial contact between the polymer and other components to
create a strong interface at the molecular level,** 1 as well as improving mechanical
properties.t®% 162 The band centered at 3470 cm™ for the 1:1 2000 membrane is indicative of O-H
stretching vibrations formed during the ring opening of the epoxide on PEGDGE and shows little
indication of N-H stretching observed in the 4:1 sample and pure PEI. The broad peak centered
at 3370 cm™ with an upfield shoulder for the 4:1 membrane is likely due to the over lapping of
the OH and NH stretching vibrations!>* 163164 The 4:1 sample shows little indication of the
doublet at 3260 cm™ and 3180 cm™ that is attributed to the presence of NH; functional groups'#.

Conductivity and Transport Number

The structure and composition of the PEI-PEO membranes significantly influences their ionic
conductivity performance (Figure 20a). The conductivity of the dry 1:1 2000 sample is almost 2
orders of magnitude higher than that of the 1:1 500 sample (8.9x10° S/cm and 2.4x10 S/cm,
respectively at 30 °C). The theoretical crosslink density of the 1:1 500 membrane is ~4 times
higher than the 1:1 2000 sample due to the polymer length between crosslinks being ~4 times
smaller. The higher crosslink density of 1:1 500 membrane results in a 30 °C higher glass
transition temperature (Tg), (Table 4). For polymer electrolytes, ionic conductivity is typically
coupled to polymer segmental motion. Thus, a polymer electrolyte with a low Tq is desirable for
achieving higher conductivity. Due to the improved conductivity of the 2000 g/mol PEO
samples, this series was selected for further characterizations. For the 1:1 and 2:1 2000
membranes, the ionic conductivity increases with decreasing crosslink density (8.9x10° S/cm
and 2.7x107 S/cm, respectively at 30 °C) as expected for crosslinked membranes. The ionic
conductivity for the 4:1 2000 membrane decreases slightly from the 2:1 2000 membrane (1.8x10"
® S/cm from 2.7x10°° S/cm, respectively at 30 °C), likely due to a combination of a higher Tg, the
presence of a crystalline phase and abundant H-bonding. Interestingly, a sharp increase in
conductivity is not observed for the 4:1 2000 sample above T, as observed for other PEO-based
polymer electrolytes.®” 192 129 With the addition of 20 wt% plasticizer (1M LiTFSI in TEGDME),
ionic conductivity increases over an order of magnitude from 8.9 x 10® S/cm to 1.7 x 10 S/cm
at 30 °C for the 1:1 2000 sample (Figure 20a). The slightly higher conductivity of the plasticized
1:1 2000 sample over the 2:1 and 4:1 2000 samples (1.7x10* S/cm, 1.4x10** S/cm, and 9.8x10
S/cm respectively at 30 °C) is likely due to the sample having a higher salt content due to the
greater number of EO repeat units in the sample (Table 5).

The ionic conductivity data was fit to the Vogel-Fulcher-Tammann (VFT) equation,*?* which
describes the viscous behavior of polymers and can be related to ionic conductivity through
equation 3. The dry membranes exhibit a VFT activation energy (parameter B) (4.3-5.4 kJ/mol)
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Table 4. Electrochemical and thermal properties of dry membranes and thermal properties of
plasticized membranes.

Dry Dry Plasticized
Sample ‘. c (40 °C) | Tq Tm % T4 Ty Tm %
(S/cm) (°C) (°C) Crystallinity (°C) (°C)  (°C)  Crystallinity

PEI 600 076 15x10°® -65 -- -- 222 | Not measured

PEO 2000 | N/A N/A -61 52 84 350 | Not measured

1:1 500 054 7.6x107 -12 -- -- 317 -31 -- --

1:1 2000 055 19x10° | -42 - - 338 -55 -- -

2:1 2000 055 56x10° | -43 19 5 314 -58 11 6

4:1 2000 0.76 3.9x10° -33 32 20 320 -59 19 13

Table 5. Mass fractions of PEI and LiTFSI salt in the dry PEI-PEO membranes.
Mass Fraction  Mass Fraction

Sample

PEI LiTFSI
1:1 500 dry 0.15 0.27
1:1 2000 dry 0.04 0.33
1:2 2000 dry 0.08 0.32
1:4 2000 dry 0.15 0.30
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that is lower than values reported for other PEO-based crosslinked membranes (6.0 to 10.0
kJ/mol)118. 122124, 185 ‘including a hyperbranched PEO-based network polymer4® (Figure 20b).
The VFT activation energy of the dry membranes is similar to that of a TEGDME plasticized
crosslinked PEO system from our previous work.” For the PEI-PEO membranes, there is no
significant change in VFT parameter B (4.4-6.0 kJ/mol) upon plasticization, suggesting that there
is little change in the coordination chemistry of the salt within the polymer matrix (see FTIR
discussion below).

The effect of the PEI moiety on the cation transport number was investigated using the Bruce-
Vincent polarization method (Equation 5).128 Roand Rss, the initial and steady-state interfacial
resistances, obtained from EIS measurements at open-circuit voltage before and after
polarization, are shown Figures 21a and b. lp and Iss, the initial and steady-state current are
shown in Figure 21c. The cation transport number was found to be higher than typical PEO-
based polymer electrolytes (0.2-0.5),> ® with values of 0.55 for the 1:1 and 2:1 2000 samples, and
0.76 for the 4:1 2000 sample (Table 4). To the best of our knowledge, this is the first time that
the transport number has been reported for a PEI based polymer electrolyte. The increase in Li*
transport number for the 4:1 2000 membrane is likely due to several factors, including H-
bonding between the anion and amine, and the lone pair on the nitrogen heteroatom facilitating
lithium ion transport. Several spectroscopy studies with PEI have reported interactions between
the lithium ion, triflate anion and amine (Li* - :N-H --- "SO3CF3) that could decrease the anion
transport number.14 163164 ‘Molecular dynamics simulations suggest that the lone pair on the
nitrogen atom can interfere with anion transport and facilitate lithium ion transport in a similar
PEI-PEO crosslinked system.>

Thermal and Mechanical Properties

Tgof the 1:1 and 2:1 2000 membranes are relatively constant at ~-43 °C, while the 4:1 2000
membrane exhibits a 10 °C increase in T4 (Figure 22a). Tg is generally expected to decrease with
decreasing crosslink density, as observed for other crosslinked systems.*®® An increase in T for
the 4:1 2000 sample is due to abundant intermolecular electrostatic interactions and H-bonding
between the amine groups in PEI and the oxygen atom in PEO.'® The increased crosslinking
density in the 1:1 500 sample exhibits a T4 30 °C higher than that of the 1:1 2000 sample (Table
4). A PEO crystalline melting point (Tm) is observed for the 2:1 and 4:1 2000 samples at 11 °C
and 32 °C, respectively, though the PEO Tm and percent crystallinity is significantly reduced
from that of pure PEO 2000 (52 °C and 84%), (Figure 22a and Table 4). The decrease in PEO
crystallinity is attributed to the restriction of PEO chain mobility through crosslinking,”* '8 and
H-bonding between the amine and ether oxygen.®! 152 Once plasticized, T4 decreases and
remains relatively constant for all the 2000 series membranes, consistent with previous studies of
crosslinked PEO-based membranes.”* A decrease in Ty with plasticization is partially attributed
to the solvation of the ions by TEGDME, decreasing the ion-dipole interactions between Li* and
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the polymer matrix, allowing for greater polymer segmental motion. The degree of crystallinity
remains constant or decreases upon plasticization (Table 4), while Trm of the plasticized
membranes lowers to below room temperature (Figure 22b). TGA analysis shows that the
decomposition temperature (Tq4) of the membranes roughly decreases with increasing mass
fraction of PEI (Table 5). The 1:1 2000 membrane contains the lowest mass fraction of PEI with
a Tq occurring at 338 °C, while the 1:1 500 and 4:1 2000 membranes have the highest mass
fraction of PEI with T4 occurring at 317 °C and 320 °C, respectively (Table 4). TEGDME
evaporation is observed for the plasticized membrane at approximately 150 °C, well below its
boiling point of 275 “C, consistent with a report by Carbone et al.*®

The effect of the composition and chemistry of the membranes on their mechanical properties
was evaluated by tensile measurements and DMA, as shown in Figure 23 and Table 6. The
membranes maintain their mechanical properties over a wide temperature range with a rubbery
plateau modulus of 0.6, 0.7, and 0.5 MPa for the 1:1, 2:1, and 4:1 2000 membranes, respectively
(Figure 23a), typical values for rubbery polymers.®” The higher room temperature storage
modulus of the 4:1 2000 membrane is due to the presence of a crystalline phase and significant
H-bonding that provides increased mechanical strength until 65 °C. The tensile properties of the
dry 1:1 2000 membrane exhibit an excellent combination of ultimate tensile strength and
elongation, at 1.34 MPa and 90%, respectively (Figure 23b). With decreasing crosslink density,
the tensile strength also decreases for the 2:1 and 4:1 2000 membranes. The 4:1 2000 membrane
exhibits a tensile curve similar to that of an entangled linear polymer, with elongation continuing
well after the yield point.1®8 1% While tailored crosslinking provides enhanced mechanical
stability in a plasticized state, as seen with other rubbery crosslinked membranes,’ the tensile
strength and elongation decreases upon plasticization due to the polymer chains being partially
extended when swollen with plasticizer (Figure 23c).

FTIR Spectroscopy

To better understand the coordination chemistry of crosslinked PEI with the alkali salt, LiTFSI,
the 1:1 2000 PEI-PEO sample and the reference sample Jeff900-PEO2000 were investigated by
FTIR spectroscopy. Between the 780 cm™ and 900 cm frequency regions, an additional band
occurs at 867 cm for the PEI-PEO membrane, whereas the Jeffamine-PEO membrane shows a
less distinguished shoulder (Figure 24a). This mode is assigned to the On-M (ether oxygen-alkali
metal ion) breathing mode, due to the local crown ether-like interactions with the Li* cation.!”®
Our previous studies indicate that such an On-M breathing mode is more apparent in a short-
chain PEO-alkali salt solution, resembling the IR spectrum of sodium triflate in TEGDME.'"* At
the same salt concentration, such an On-M breathing mode at 867 cm™ does not appear in either a
linear PEO nor a crosslinked PEO system.”® Therefore, it is reasonable to conclude that the
interaction of PEI with the alkali metal salt and the ether moiety in PEO contributes to better
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Table 6. Mechanical Properties of the 2000 series PEI-PEO membranes at 25 °C

Sample Youngs Tensile Elongation at Storage
P Modulus (MPa) Strength (MPa) Break (%) Modulus (MPa)
1:1 2000 dry 2.11+£0.10 1.34 £0.09 89.2+£4.04 0.86
2:1 2000 dry 0.952 + 0.09 0.468 + 0.08 71.4+£5.12 1.02
4:1 2000 dry 2.68£0.19 0.470+£0.01 193+71.9 98.5
1:12000 +20Wt% 4 13,031 0.418 + 0.06 51.0 + 6.00 0.52
Plasticizer

59



(@) 0.16 ——=5505 (b) 0.16

—e— 1:1 2000
]—=—Jeff900+PEO2000 843 - 845 CH, —=— Jeff900+PE02000

— 0.14+ rocking mode — 0.14+
3 T . S
© ] 867Li ) , © |
: 0.12 O breathing M-O breathing ; 0.12
r‘;‘ mode '5
& 0.104 @ 0.10-
Q o
< 0.08- £ 0.08

0.06 - 0.06

900 880 860 840 820 800 780 1260 1240 1220 1200
Frequency (cm’) Frequency (cm”)

Figure 24. (a) Infrared spectra of 1:1 2000 PEI-PEO and Jeffamine 900-PEO2000 crosslinked
membranes between 780 cm™ and 900 cm™. (b) Infrared spectra of 1:1 2000 PEI-PEO and
Jeffamine900-PEO2000 crosslinked membranes in S-O stretching region.

60



dissociation of the salt, similar to a plasticized system. This conclusion is supported by the low
VFT activation energy (parameter B) of the dry membranes, which is similar to that of a
TEGDME plasticized crosslinked PEO membrane. The frequency region between 1240 and 1255
cm™* comprises S-C and C-F stretching vibrational modes, with the band centered around 1241
cm* ascribed to dissociated TFSI- ions (Figure 24b).12 The PEI-PEO membrane exhibits a
higher intensity at the 1241 cm™ band, indicative of a high concentration of solvated Li* and
TFSI ions. The conclusion of well-solvated ions is in good agreement with the strong local
interaction of the PEO ether oxygen with the Li* cation, as shown in Figure 24a.

Conclusions

An improved synthesis method for fabricating a novel PEI-PEO crosslinked membrane has been
demonstrated that provides high ionic conductivity and improved salt solvation. The membranes
were synthesized via a single-step procedure utilizing branched PEI and epoxide terminated PEO
with varying amine NH to epoxide ratios. The resulting PEI-PEO crosslinked matrix consists of
membranes with no free amine NH groups (1:1 2000) to abundant free amine NH groups (4:1
2000). The membranes exhibit an increasing amount of hydrogen bonding with an increasing
number of free amines, resulting in an increased cation transport number and storage modulus
for the 4:1 2000 membrane. Tq and the degree of crystallinity of the dry membranes increases
with decreasing crosslink density, though due to crosslinking and H-bonding, the degree of
crystallinity is significantly reduced compared to neat PEO. Light plasticization of the
membranes with 1M LiTFSI in TEGDME reduces Tg, Tm, and % crystallinity, resulting in
almost two orders of magnitude increase in ionic conductivity. With plasticization, the ionic
conductivity of the 1:1 2000 membrane reached 1.7 x 10 S/cm at 30 °C and 1.2 x 10 S/cm at
80 °C. The highly conductive membranes demonstrate reasonable cycling in a lithium metal full
cell under harsh conditions (75 °C) and have many potential applications in electrochemical
storage devices.
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CHAPTER IV
Unraveling lon Transport of a Cation Exchange Membrane in Non-Aqueous
Electrolytes
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Abstract

Single-ion conducting ion exchange membranes provide a key function in various non-aqueous
energy storage technologies such as lithium-ion, sodium-ion, and redox flow batteries. The
membranes in flow batteries are constantly exposed to a liquid electrolyte, while plasticization of
the membrane with an electrolyte solution is often used to increase performance of solid-state Li-
ion batteries. As such, understanding the role of a non-aqueous liquid electrolyte on ion transport
through a membrane is imperative for optimizing the performance of various energy storage
systems, but their structure-property relationship is often unclear. This study unravels the
relationships between membrane ion transport and electrolyte salt concentration. We utilize a
trifluoromethanesulfonimide (TFSI)-based pentablock copolymer membrane with a polar
(propylene carbonate, PC)) and non-polar (tetraethylene glycol dimethyl ether, TEGDME)
organic electrolyte solutions. Furthermore, the delocalized negative charge on the TFSI anion,
combined with its placement in the center of the pentablock copolymer facilitates ion transport,
while the outer blocks provide mechanical robustness. Membrane properties such as electrolyte
uptake, ionic conductivity, transport number, and salt absorption were evaluated as a function of
electrolyte salt concentration. Over an order of magnitude increase in membrane conductivity is
achieved by tailoring the electrolyte salt concentration. Moreover, the tethered anions in the
membrane restrict the mobility of free anions, maintaining a high cation transport number
(>0.75) across the concentration range for PC and at moderate electrolyte concentrations for
TEGDME. This study reveals critically important design parameters for key energy storage
systems utilizing non-aqueous electrolytes, such as Li and Na-ion batteries and non-aqueous
flow battery technologies.

Introduction

Cation exchange membranes (CEMs) are essential for various aqueous and non-aqueous
technologies such as fuel cells, desalination, redox flow batteries, and solid-state batteries. lon
transport in these systems is a crucial factor, as the selectivity and conductivity of the ion
through the membranes need to be tailored for the specific application. In addition, the type and
concentration of the supporting electrolyte (or brine solution for desalination applications) play a
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pivotal role in membrane performance. The use of CEMs in aqueous systems is relatively
mature, and membrane properties such as uptake, ion transport, and selectivity are well studied
as a function of electrolyte salt concentration. For example, the impact of NaCl aqueous
solutions (0.1 to 1M) were studied in CEMs with pendant sulfonate groups. The studies revealed
that an increase in NaCl concentration increased ionic conductivity and decreased water uptake,
while the cation transport number remained relatively constant (~0.97).%* 173 For aqueous
vanadium redox flow batteries, proton conductivity was found to increase at low acid
concentrations before declining as the acid concentration increases.®® ® In contrast to aqueous
systems, the correlation among CEM properties and salt concentration in non-aqueous
electrolytes is not established.

In non-aqueous redox flow batteries, the CEM is bathed in an electrolyte solution of various salt
concentrations depending on the solubility of both the salt and redox couple. Often, the effect of
the chosen electrolyte concentration on membrane performance is not considered. In a study by
Li et al., membrane uptake was found to increase when a crosslinked poly(phenylene oxide)
polymer was immersed in an acetonitrile-based electrolyte solution compared to acetonitrile
without salt.>® This is in contrast to aqueous systems where membrane uptake generally
decreases in an electrolyte solution compared to pure water. In addition, the charge carrier
transport number is typically lower in non-aqueous electrolytes compared with aqueous
electrolytes (0.64 to 0.79 compared to 0.96).*! %6 Maurya et al. proposed that the Donnon
exclusion effect, where oppositely charged ions are excluded from entering the ion exchange
membrane, is less effective in organic solutions than in water. Thus, a greater understanding of
membrane properties in non-aqueous electrolytes is imperative for improving the performance
and selectivity of polymeric membranes in non-aqueous flow batteries.

CEMs (or single-ion conductors) are also a vital component for use in Li and Na-ion solid-state
batteries. The use of CEMs in solid-state Li or Na-ion batteries has been limited due to the poor
ionic conductivity of these polymers in a dry state (10! to 10 S/cm at 30 °C)® 174, While salt-
in-polymer electrolytes can reach higher conductivity values than that of CEMs, much of the
conductivity of salt-in-polymer electrolytes is contributed by the anion, resulting in cation
transport numbers (t+) below 0.5.> 61 A high cation transport number is desirable for reducing
polarization effects at the electrodes, which can be detrimental to the life of the battery. The
benefit of a CEM in a solid-state battery is providing a high cation transport number (>0.85),
improving battery cycle life.1% 11174175 Strategies used to increase the conductivity of CEMs for
Li-ion batteries include the use of a cation conducting group with a more delocalized negative
charge, such as trifluoromethanesulfonimide (TFSI), and the addition of a high dielectric
constant carbonate plasticizer.? The addition of a small molecule plasticizer to a CEM
improves the ionic conductivity, but an upper limit exits due to a trade-off in the amount of
plasticizer and the number of charges in the system, i.e., number of tethered anions that can be
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added to the polymer backbone. Plasticizing a CEM with a salt-containing electrolyte solution
provides a means to breakthrough this upper limit by providing additional charges within the
membrane, thus increasing the ionic conductivity.

It is critical for the development of next-generation energy storage systems to gain a greater
understanding of CEM ion transport in the presence of non-aqueous media. This study thus aims
to unravel relationships between membrane transport properties and salt concentration of
equilibrating electrolyte solutions. A commercially available midblock sulfonated pentablock
terpolymer was selected as a base polymer due to its high mechanical strength and capability to
form microphase-separated morphology. The superior mechanical strength enables stable thin
membranes to be fabricated. The midblock of the copolymer was converted from a sulfonate
functional group to a TFSI functional group via a facile two-step process. Furthermore, the
tethered anion is expected to aid in restricting the mobility of free anions, allowing a high cation
transport number to be maintained. The selected electrolyte solvents are propylene carbonate
(PC) and tetraethylene glycol dimethyl ether (TEGDME). These solvents are of similar viscosity
(~3.3 mPa s), and widely differing dielectric constant () (erc=65, etecpme=7.8).1"® 1’7 Sodium
triflate (NaTf) was selected as the salt due to its solubility in glyme solvents and demonstrated
compatibility with highly reactive redox species.?’” Membrane properties such as uptake,
conductivity, transport number, and salt absorption were measured as a function of electrolyte
concentration to determine the relationships between membrane transport and electrolyte salt
concentration. The results of this study provide important design parameters for the advancement
of high performance non-aqueous energy-storage technologies.

Experimental

Materials

Trifluoromethanesulfonamide (TFSA, TCI America, 98%), sodium hydroxide (Fisher Scientific,
97%), anhydrous dimethylformamide (DMF, Sigma, 99.8%), triethylamine (TEA, Sigma,
99.5%), anhydrous tetrahydrofuran (THF, Sigma, 99.9%) and thionyl chloride (Sigma, 99%)
were used as received. Tetraethylene glycol dimethyl ether (TEGDME, Sigma, 99%) and
propylene carbonate (PC, Sigma, 99%) were dried over molecular sieves; sodium
trifluoromethane sulfonate (NaTf, Sigma, 98%) was dried at 80 °C for 72 h and stored in a glove
box before use. Nexar™ pentablock terpolymer, poly(t-butylstyrene-b-ethylene-r-propylene-b-
sulfonatedstyrene-b-ethylene-r-propylene-b-t-butylstyrene), (MD-9200) was kindly provided by
Kraton Corporation. The center block is selectively sulfonated to obtain an ion exchange
capacity of 2.0 mmeq/g.
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Synthesis and Fabrication of TFSI Na Membranes

The Nexar polymer was dried from the as-received cyclohexane solution and washed with
deionized water to remove any residual impurities from polymerization. For conversion to
sulfonyl chloride form, 3g (6.0 mmol SO3) of polymer was dissolved in THF (100 ml). A
catalytic amount of DMF was added (0.60 ml, 7.7 mmol), and the solution cooled to 0 °C.
Thionyl chloride (1.8 ml, 24 mmol) was added dropwise, and the polymer solution was kept at 0
°C for 1 h, then reacted at room temperature for 6 h under an argon atmosphere. The polymer
solution was stored in the freezer overnight before precipitating into ice water. The polymer was
collected via vacuum filtration and washed several times with cold water, then dried under
vacuum at 50 °C for 48 h. The obtained product is a white fluffy polymer. The TFSI
functionalized polymer was prepared by dissolving the sulfonyl chloride intermediate in THF
(100 ml) and purging with argon. The solution was cooled to 0 °C before TFSA (1.8 g, 12 mmol)
and TEA (2.8 ml, 20 mmol) in 5 ml of THF was added dropwise. The reaction proceeded at 0 °C
for 1 h, then room temperature for 3 h. The solution was chilled in the freezer before
precipitating into ice water. The resulting light brown polymer was collected via vacuum
filtration and dried at 65 °C for 24 h. Conversion to TFSI (H) from was confirmed by elemental
analysis (C=54.7 mmol/g, N=1.77 mmol/g, H=84.2 mmol/g).

The sulfonate membranes were fabricated by casting a 3 wt% polymer in 3:1 THF/DMF solution
into a Teflon® evaporating dish. The solvent was slowly evaporated, followed by drying under
vacuum at 65 °C overnight. The membranes were exchanged to sodium form by soaking ina 1

M NaOH aqueous solution for 24 h. The solution was replaced with fresh NaOH three times. The
membranes were rinsed well with deionized water and dried under vacuum at 65 °C for 24 hours.
To prepare the TFSI membranes, the polymer was converted to Na* or H* form first, then cast
using the same procedure as above. The membranes were approximately 50 um thick.

Membrane Characterizations

Small-angle x-ray scattering (SAXS) was performed using a Xenocs Xeuss 3.0 system with
dual-source Cu and Mo x-ray beam (50 kV, 0.60 mA, 2=0.154 nm). The sample to detector
distance was 900 mm. The samples were probed for 15 min, with scattering information
collected with a triple-axis Pilatus3 R 300K detector. The g range scanned was 0.004 to 3.2 nm™.
The glass transition temperature (T4) of the membranes was determined by dynamic mechanical
analysis (DMA) using a TA Instruments Q800 DMA. Samples of a 15x5 mm size were
measured at an operating frequency of 1 Hz and heated at a rate of 10 °C/min from -80 to 250
°C. Tg4 of the membranes was recorded from the loss modulus peaks. Differential scanning
calorimetry (DSC, TA instruments Q2000) was used as an additional method to determine the Ty
of the ethylene/propylene block. Samples were prepared in an argon-filled glovebox and heated
at a rate of 10 °C/min from -90 to 120 °C for 1 cycle, then from -90 to 200 °C for 1 cycle. Tg was
recorded from the second heating cycle. The decomposition temperatures of the dry membranes
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were determined by thermal gravimetric analysis (TGA, TA Instruments Q50). TGA was
conducted under nitrogen at a heating rate of 20 °C/min, with the thermal decomposition
temperature (Tq) measured at 5% mass loss. The tensile strength of the membranes was
measured using an Instron 3343 universal tensile meter according to ASTM D1708. Membranes
were stretched constant rate of 1 mm/min under ambient conditions until break.

The electrolyte uptake of the membranes soaked in the various electrolyte solutions was
determined using:

Uptake (%) = mwm—‘d"” X 100 7)
where my, is the mass of the polymer after soaking in the electrolyte solution and mq is the mass
of the dry polymer. The amount of salt absorbed into the membranes was determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES, Agilent Technologies
5110). Electrolyte equilibrated membranes were dried to remove the residual organic solvent,
then heated overnight in a known volume of 1 M nitric acid to transfer the salt into the aqueous
phase. The moles of Tf in the aqueous solutions was determined by measuring the concentration
of sulfur against analytical standards.

Electrochemical Characterizations

Samples for electrochemical measurements were prepared in a glovebox and equilibrated in the
various solutions for at least 3 d. Tests were performed using a Biologic VMP3 potentiostat and
EC-Lab® software. Electrochemical impedance measurements were performed by a direct
contact method.1’® Samples were sealed between two stainless-steel blocking electrodes, and the
impedance measured while heating from 25 to 60 °C and cooling from 60 to 20 °C. The
frequency range of 1 MHz - 1 Hz was used, with a 6 mV AC signal. The Na* transport number
was determined by the Bruce-Vincent polarization method.*?® The equilibrated membranes were
sandwiched between sodium foil and sealed. A 10 mV DC potential was applied, with the
current monitored over 10 h at 50 °C. Electrochemical impedance was measured just before the
potential was applied and at 10 h. The cation transport number (t.) is determined using equation
5.

Results and Discussion

Membrane Synthesis

Nexar was selected for this study due to its ability to form microphase-separated ionic domains,
mechanically robust backbone, and availability in sulfonated form. The pentablock terpolymer,
poly(t-butylstyrene-b-ethylene-r-propylene-b-sulfonatedstyrene-b-ethylene-r-propylene-b-t-
butylstyrene), (Nexar™, MD-9200), has an ion exchange capacity (IEC) of 2.0 meg/g in acid
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form (H") (structure shown in Figure 25a). The polymer combines a rigid poly(t-butyl styrene)
outer block for mechanical support, a flexible low T4 poly(ethylene-r-propylene) inner block,
and a sulfonated polystyrene ionic center block (Figure 25a). In addition to providing mechanical
rigidity, the t-butyl styrene structure also prevents sulfonation of the outer block, enabling
selective sulfonation of the center block.!”® The original sulfonic acid group was converted to a
TFSI functional group via a two-step process. The polymer was reacted with thionyl chloride to
form the sulfonyl chloride intermediate. The sulfonyl chloride intermediate was then reacted
with trifluoromethanesulfonamide to form the styrene TFSI functional group (Figure 25a).
Images of the dried polymer at each step is shown in Figure 25b. The polymer was then
exchanged to sodium form to provide a sodium-ion conducting membrane. The IEC of the
sodium sulfonate pentablock polymer is 1.9 meq/g, and the sodium TFSI polymer is 1.6 meq/g.
Membranes were cast from a 3:1 THF/DMF solvent mixture, thoroughly dried, and transferred to
a glove box for plasticization. Plasticization was carried out by equilibrating pieces of membrane
in an excess of electrolyte solution consisting of 0 to 1 M NaTf in either TEGDME or PC. The
TFSI functional group was selected for this study as it is shown to provide improved
conductivity in polymer electrolytes for Li-ion batteries over the sulfonate functional group.*® In
addition to the anion type, phase separation of a polymer into ionic domains facilitates ion
transport, depending on the morphology of the membrane. 8% 182

Morphology of the Pentablock Copolymer Membranes

The neat pentablock copolymer, Nexar, in sulfonic acid form, exhibits microphase separation
into various morphologies depending on the casting solvent. For example, Huang et al. reported
that Nexar cast from cyclohexane exhibited a disordered structure, while utilization of THF as
the casting solvent produced membranes with a laminar/hexagonal morphology.'® The proton
transport of the membranes increased from 4.5 to 47.8 mS/cm (25 °C in water) with the change
in casting solvent from cyclohexane to THF. Troung et al. studied the effect of incrementally
increasing the casting solvent polarity using toluene/n-propanol mixtures.'®® With 29 wt% n-
propanol, the membranes exhibited a highly ordered lamellar morphology with multiple peaks at
higher g in small-angle x-ray scattering (SAXS). When the solvent mixture reached 40 wt% n-
propanol, membrane morphology switched to a disordered lamellar structure that was more
favorable for proton transport under moderate humidity conditions. Proton conductivity
increased from 0.004 to 0.015 mS/cm (25 °C, 52% relative humidity) with an increase in n-
propanol in the casting solution from 29 wt% to 40 wt%. Here we compare the morphology of
the SO3Na and TFSI Na pentablock copolymer membranes cast from the same solvent mixture
(Figure 26). The primary q for the sulfonated membrane occurs at a lower value (0.136 nm™)
than that of the TFSI membrane (0.214 nm™), indicating a larger feature size. The SAXS profile
of the SOsNa membrane is similar to that of Nexar SOsH cast from THF,'8 indicating that the
polar solvent DMF in the casting solution had minimal effect on membrane morphology, unlike
alcoholic co-solvents as mentioned above. Both membranes show a distinct primary peak with
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Figure 26. SAXS profiles for sodium sulfonate and TFSI pentablock copolymer membranes.
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additional peaks at higher g values. The scattering patterns of both membranes indicate the
presence of lamellar morphology. The appearance of the additional peaks of 3g* and 4g*
observed for the TFSI membrane indicate longer-range order.'®% 18 The corresponding domain
spacing, di = 2w/q*, of the SOsNa membrane and the TFSI Na membrane is 48.9 nm and 29.3
nm, respectively. The obtained domain spacing for the sodium sulfonate membrane is slightly
larger than that reported for the sulfonate membrane in proton form (43- 44 nm).182.183 The
smaller domain size of the TFSI membrane suggests that the TFSI anion allows the ionic regions
to be more densely packed, possibly increasing the available percolating pathways for ion
transport.1®*

Thermal and Mechanical Properties

The thermal properties of the sulfonate and TFSI membranes are compared in both proton and
sodium forms. The first glass transition temperature, Tg,1, corresponds to the ethylene/propylene
block. As expected, there is no change in T of this block between the sulfonate and TFSI
membranes or between proton and sodium forms (Table 7, Figure 27a). There is a slight decrease
in Tg1 (2 to 4 °C decrease) when the membrane is plasticized with TEGDME and PC. This slight
decrease in Ty is due to plasticization of the ethylene/propylene backbone by the solvent. The
impact of plasticization is minimal compared to a more polar polymer, such as poly(ethylene
oxide), where its Ty decreases 10 to 20 °C upon plasticization with TEGDME.* 4% A minor
change in Ty of the uncharged block also indicates that the majority of solvent molecules are
adsorbed into the ionic regions of the polymer. T4 of the remaining blocks is not easily measured
by DSC for these polymers, thus DMA was employed. DMA of the solvent equilibrated samples
was not performed due to excessive moisture adsorption by the polymer when exposed to air. As
can be seen from the E” curves in Figure 27b, a broad Ty transition occurs from ~90 to 140 °C,
close to reported values of T for poly(t-butyl styrene) at ~130 °C17% 18, Thus, this Ty region is
attributed to the poly(t-butyl styrene) block and occurs at a similar temperature (~115 °C) for all
the membranes except the TFSI H sample. The increase in Tg» for the TFSI H sample is due to a
combined transition corresponding to poly(t-butyl styrene) and polystyrene TFSI. Reported T4 of
polystyrene TFSI is 110 °C,'8 a much lower temperature than polystyrene SOsH. The Tg of
highly sulfonated polystyrene typically occurs at temperatures >170 °C.'®" The E’ curve for the
TFSI H sample shows a rapid decrease in modulus once above Tg2, whereas the SOzH sample
exhibits a broad decline in modulus in this region. This broadening is due to increased ionic
interactions in the SOsH sample that slow chain relaxations.® The terminal region E” and E”
curves of the TFSI H and SO3H samples correspond well to the expected T4 of polystyrene TFSI
and polystyrene sulfonic acid. Furthermore, when converted to sodium form, both membranes
exhibit a relatively insignificant decline in E’ above Ty, an indication of much stronger ionic
interactions between the sodium ion and both the SO3™ and TFSI™ anions. The strong interaction
between the anion and sodium cation is also demonstrated in the thermal decomposition of the
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Table 7. Thermal and mechanical properties of

pentablock copolymer membranes.

Sample Tgipsc | Tg2pmad Td E’° Stress®¢ | Strain® | Toughness
(C) (C) (C) (GPa) (MPa) (%) (MJ/m?)
SO3H -52 115 246 1.3 10+1 45+ 13 43+12
SO3Na -52 116 318 1.7 112 25+ 6 1.7+£04
TFSIH -52 127 302 2.3 171 575 49+1.6
TFSI Na -52 112 395 1.8 19+1 265 3.6+12

3T, taken from the loss modulus peak. ®Values taken at 20 °C. “Maximum tensile stress.
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Figure 27. (a) DSC traces of dry membranes in sulfonic acid and TFSI H forms and plasticized
TFSI Na membranes. (b) Modulus of the pentablock copolymer membranes in sulfonate and
TFSI forms, E’ is storage modulus and E” is loss modulus. (c) TGA traces for the pentablock

copolymer membranes.
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membranes (Figure 27¢). Tq of the membranes in sodium form is 60 to 90 °C higher than in
proton form (Table 7).

The increased ionic interactions of the membranes in sodium form are also evident from tensile
measurements of the membranes (Figure 28a). The sodium form of the membrane exhibits a
higher maximum tensile stress than the proton form and decreased elongation (Table 7). The
strong ionic interactions between the TFSI anion and the sodium cation increase strength and
cause the polymer to become stiffer and less elastic. Even so, these membranes have excellent
toughness (both strong and flexible), with values of 4.9 and 3.6 MJ/m? for the proton and sodium
TFSI membranes, respectively (Table 7). The tensile strength and elongation at break of the
TFSI H membrane (16 MPa and 57%) is greater than that of the SOsH membrane (9 MPa and
46%),18% 190 indicating that the conversion reaction from sulfonate to TFSI did not damage the
backbone structure and even enhanced mechanical strength. The TFSI Na membrane exhibits a
significantly higher tensile strength (19 MPa) than that of the SOsNa membrane (11 MPa), likely
due to the change in morphology,*®% 192 as shown in Figure 26. Furthermore, the GPa range
storage modulus of the membranes (from DMA, Figure 27b) is another indication of the
exceptional mechanical strength of these pentablock copolymers. The high mechanical strength
combined with reasonable elasticity allows the fabrication of thin membranes (20 — 30 um) that
enable low area specific resistance of the cell and easy assembly into an electrochemical device.

Single-ion Conductivity

Thermal and mechanical analysis of the membranes suggests that there is a strong association
between both the SOz and TFSI anions with the sodium ion, while the delocalized charge on the
TFSI anion is expected to improve sodium ion dissociation. As a dry polymer, the switch from
sulfonate to TFSI forms is shown to improve Li-ion conductivity at least 1 order of magnitude.®*
Plasticization of a membrane with an organic solvent aids in the dissociation of the anion and
sodium cation and the extent is evidenced by membrane ionic conductivity. The sodium-ion
conductivity of the plasticized membranes increases over 2 orders when in TFSI form compared
to sulfonate form (Figure 29). This increased conductivity supports that the larger delocalized
anion significantly improves sodium-ion conductivity in non-aqueous solvents. Membranes
plasticized with the high dielectric solvent PC exhibit a single-ion conductivity of 1.5 x 10
S/cm compared to 1.8 x 10" S/cm at 30 °C for the sodium TFSI and sulfonate membranes,
respectively. These results are comparable values reported for lithiated Nafion, which exhibits a
Li* conductivity of 2.2 x 10 - 1 x 10°° S/cm in PC.**% Furthermore, the extent of solvent
uptake can influence the conductivity of the membranes. Solvent uptake for the TFSI form of the
membrane is 33% higher in TEGDME and 13% lower in PC compared to the sulfonated form of
the membrane (TEGDME uptake is 77% and 99%, PC uptake is 116% and 103% for the
sulfonate and TFSI membranes, respectively). This difference in uptake influences the relative
increase in conductivity between the sulfonate and TFSI membranes in TEGDME and PC. The
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conductivity of the TFSI membrane equilibrated in TEGDME increases almost 3 orders, while
the conductivity of the membrane equilibrated in PC increases 2 orders. The demonstrated
improvement in conductivity is important for non-aqueous systems, which inherently have a
lower conductivity than aqueous systems. Furthermore, glymes are a commonly used class of
solvent in non-aqueous systems due to their superior electrochemical stability compared to
carbonate solvents.®% 1% Thus, improving the conductivity of a membrane plasticized with a
glyme-type solvent (i.e., TEGDME) is important in the applications such as Li-metal battery and
non-aqueous flow battery technologies. In an electrolyte solution, factors such as salt absorption
into the membrane and electrolyte uptake also play a role in membrane conductivity, in addition
to solvent type.

Impact of Electrolyte Salt Concentration on Membrane Properties

Often there is a trade-off between electrolyte uptake, mechanical strength, conductivity, and
selectivity of the membrane. An increase in electrolyte uptake increases conductivity but
decreases mechanical integrity, limiting the application of the membrane for non-aqueous flow
or solid-state batteries. In addition, the effect of non-aqueous electrolyte uptake and electrolyte
salt concentration on cation selectivity of CEMs has not been studied previously. To identify
optimal performance of the membrane, a greater understanding is needed for the effect of an
electrolyte on membrane transport, selectivity, and electrolyte uptake. Studying membrane
properties in an electrolyte solution is also important for non-aqueous flow battery applications,
where the membrane is constantly bathed in an electrolyte solution. In most cases, the effect of
the chosen electrolyte concentration on membrane performance is not considered when
performing flow battery tests. Furthermore, plasticizing a membrane with a salt-containing
electrolyte solution is a method to increase the number of charges within the membrane to
improve ionic conductivity for solid-state batteries. To systematically study the effect of a non-
aqueous electrolyte on membrane performance, membranes were equilibrated in solutions
consisting of 0 to 1 M NaTf in either PC or TEGDME. Membrane parameters including uptake,
conductivity, and transport number were then studied. In addition, the amount of salt absorbed
into the membrane at the varying salt concentrations was quantified.

The electrolyte uptake of the membrane steadily increases with increasing salt concentration for
TEGDME, while the opposite trend is observed for PC (Figure 30a). For PC, a similar trend was
observed by Su et al., where electrolyte uptake decreased with increasing LiPFs concentration.>®
The decrease in uptake with an increase in salt concentration is also commonly seen in aqueous
systems.>* 1% Counter to this trend, the electrolyte uptake increases with increased salt
concentration for TEGDME. The change in uptake behavior may be correlated with the lower
dielectric constant of TEGDME. A similar observation occurred when an anion exchange
membrane was equilibrated in an acetonitrile-based electrolyte compared to neat acetonitrile.>
Uptake of the membrane increased from 12% in neat acetonitrile to 38% in the electrolyte.
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Furthermore, a change in uptake with increasing salt concentration can be attributed to a change
in the ionic activity coefficient of the solution,>* 13 1% a value not commonly measured for non-
aqueous electrolytes. Xin et al. measured the mean activity coefficients of LiPFs in several
organic solvents.'®® The results showed an almost 2 order decrease in the activity coefficient for
the low dielectric solvent dimethyl carbonate ( 0.006) compared to the moderate dielectric
constant solvent acetonitrile (0.115) at a concentration of 0.5 kg/mol. These values are
significantly lower than that measured for LiCl in water (0.74).1% 197 The low mean activity
coefficient for dimethyl carbonate is attributed to ion-pairing, a factor that would impact the
ionic conductivity of a membrane in addition to electrolyte uptake.

The membranes demonstrate a 3x increase in conductivity when equilibrated in a 0.25M NaTf
electrolyte solution, compared with the neat plasticizer without salt (Figure 30b). The
conductivity continues to increase with higher electrolyte salt concentration, reaching a room
temperature conductivity of 1.3 x 10* S/cm at 0.5 M NaTf for PC and 5.2 x 10®° S/cm at 0.75 M
NaTf for TEGDME. While a direct comparison between this system and others is difficult due to
different salt/polymer/counter-ions used, the values obtained here are similar to a poly(phenylene
oxide) CEM utilized in a non-aqueous flow battery study. The poly(phenylene oxide) CEM with
a tri-sulfonate side chain exhibited a conductivity of 6.0 x 10° S/cm in a 1 M LiFSI/dimethy!I
carbonate electrolyte.% In another study, Nafion exhibited a conductivity of 1.6 x 10~ S/cm and
8.1 x 10° S/cmina 0.5 M and 1 M LiPF¢/PC electrolyte, respectively.> Conductivity of the
membranes equilibrated in the TEGDME and PC electrolytes follow a similar trend as salt
absorption (Figure 30d), indicating the conductivity increase is directly related to the number of
‘free’ ions within the membrane. These results demonstrate that the addition of even a low
concentration of free ions into a CEM via the plasticizing solution significantly improves ionic
conductivity.

While the bulk conductivity of a membrane is important, measuring the transport number
provides information on the contribution of the cation to conductivity. Maintaining a high
transport number is critical for reducing cell polarization and improving battery performance.°
The transport number of ion exchange membranes in aqueous electrolyte solutions is generally
higher than in organic electrolyte solutions.*! % This phenomenon may be due to a difference in
the Donnan exclusion potential (the ability of an anionic polymer to exclude anions) and a
significantly lower mean activity coefficient between organic solvents and water. The decrease
in transport number for organic solutions is likely due to a weaker interaction between the ionic
groups in the polymer and the solvent, allowing for a higher number of free ions to enter the
membrane, thus decreasing the transport number. This phenomenon is evidenced by the lower
transport number of membranes equilibrated in solutions with the low dielectric constant solvent
TEGDME compared to the high dielectric solvent PC (Figure 30c). The cation transport number
is maintained at a higher value for the PC electrolyte, while the transport number in the
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TEGDME-based electrolyte continues to decline with increasing salt concentration. In addition
to the difference in the Donnan exclusion potential between PC and TEGDME, the ethylene
oxide units of TEGDME preferentially coordinate with the cation, reducing its mobility. % 198199
Thus, the transport number of the TEGDME system is lower than the PC system. Few studies
have reported membrane transport number in an organic electrolyte solution, and none were
found that have reported the transport number as a function of electrolyte concentration. The
anion transport number was measured by Kim et al. in a 0.05 M TEABF4/PC electrolyte. The
BF4 transport number was found to be 0.87 through a synthesized styrene-divinyl benzene anion
exchange membrane, consistent with that reported here at the lowest concentration of the PC
electrolyte (0.89). Notably, the cation transport number is maintained above 0.75 for PC and 0.5
for TEGDME. The high transport number demonstrates that the tethered anion within the
polymer aids in restricting the mobility of the free anions introduced into the membrane from the
equilibrating solution. The degree to which this depends on a specific tethered anion is unknown.
The TFSI anion’s improved sodium ion dissociation may contribute to promoting cation
transport and excluding free anions to a greater extent than the sulfonate anion and warrants
further investigation. The high transport number demonstrated here is a significant improvement
over salt-in-polymer systems, where the transport number is typically below 0.5.% 128131 For
example, a TEGDME plasticized crosslinked poly(ethylene oxide) membrane utilizing the same
salt (NaTf) as this study exhibits a Na* transport number of 0.31 (Figure 30c).”

Measuring the amount of salt adsorbed into the membrane provides a quantitative measure of the
role of Donnan exclusion in non-aqueous systems. Salt sorption by the membrane equilibrated in
the various concentrations of electrolyte solutions was measured by the moles of free sulfur
(from Tf anion) within the membrane. The equilibrated membranes were dried to remove the
organic solvents, then heated in a known volume nitric acid to extract the salt from the
membrane. Utilizing ICP-OES, the moles of sulfur in the aqueous acid solution were measured.
The moles of sulfur absorbed into the membrane, normalized to the mass of the electrolyte
equilibrated membranes, shows an almost linear increase with salt concentration for TEGDME,
while for the PC electrolyte, the adsorption of the anion into the membrane increases slightly
above 0.5M NaTf (Figure 30d). The amount of salt absorbed into the membrane increases with
increasing electrolyte concentration for TEGDME, and to a lesser extent for PC. Thus, the effect
of Donnan exclusion is weaker in TEGDME than PC, especially at high electrolyte
concentrations. This also explains the trends observed for transport number and conductivity.
The continued increase in anion sorption for TEGDME increases conductivity but results in a
continued decrease in transport number. The difference in Donnan exclusion between these two
solvents is due to their vastly different dielectric constants, in addition to their salt solvating
properties.?° PC exhibits better Donnan exclusion due to its ability to dissociate the anion and
cation within the membrane into free ions, creating a higher electrostatic repulsion. In contrast,
TEGDME associates with the cation, creating solvent separated ion pairs and a lower
electrostatic potential within the membrane, enabling more salt to enter the membrane.
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In non-aqueous redox flow batteries with a cationic charge carrier, electrolyte concentrations are
typically in the range of 0.6 to 1 M in PC, TEGDME, diglyme, or dimethyl carbonate.?: 620, 202
This study suggests that the best membrane performance is obtained at moderate electrolyte
concentrations (0.5 to 0.75M), especially for low dielectric constant solvents. In addition,
plasticization of a CEM with an electrolyte solution of low to moderate salt concentration is
demonstrated to improve ionic conductivity while maintaining a transport number above 0.75, a
desirable combination of factors for solid-state Li-ion, Na-ion, and Li-metal batteries.
Furthermore, this study demonstrates the importance of studying membrane performance in
various non-aqueous electrolytes at differing concentrations to obtain optimal membrane
performance for each specific application.

Conclusions

Performance improvements of CEMs for non-aqueous energy storage systems have primarily
been limited to modifications of the polymer structure and plasticization with small molecule
solvents. Here, we presented a method for improving the conductivity of membranes for non-
aqueous energy storage through plasticization with a tailored electrolyte solution. Furthermore,
the facile modification of a commercially available sulfonated penta-block copolymer, Nexar, to
TFSI form significantly improves membrane conductivity over two orders of magnitude.
Membrane conductivity further increases to 7.2 x 10° S/cm and 1.4 x 10* S/cm at 25 °C when
equilibrated in a 0.5 M NaTf TEGDME or PC-based electrolyte, respectively. Importantly, a
high cation transport number (>0.75) was maintained across the concertation range for PC and at
low salt concentrations for TEGDME. This study provides insights into the factors that govern
membrane performance in non-aqueous systems, where optimum membrane performance, a
balance between uptake, conductivity, and cation selectivity; can be achieved at a moderate
electrolyte salt concentration. Moreover, we demonstrate that plasticization of a CEM with an
electrolyte solution is an effective method to improve membrane performance, providing a new
design system for Li and Na-ion batteries. Insights gained from this study provide a strong
foundation for the development of polymer electrolytes for flow batteries, solid-state batteries,
and other non-aqueous energy storage systems.
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CHAPTER V
Synthesis of Anion Exchange Membranes for Aqueous and Non-Aqgueous
Applications
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Abstract

Anion exchange membranes are an important component for a variety of applications such as
electrolyzers, fuel cells, and both aqueous and non-aqueous flow batteries. Vinyl-addition
polynorbornenes provide one of the most suitable polymer backbone structures due to their
excellent chemical and mechanical stability. Anion exchange vinyl-addition polynorbornenes
were successfully synthesized and the effect of the quaternary ammonium pendant length and
incorporation of hydrophobic groups on membrane performance was studied in an aqueous
environment. The membrane with a propyl quaternary ammonium tether (QPN) demonstrated
the best combination of high hydroxide conductivity (109 mS/cm in water at 80 °C) with
moderate water uptake (71%). Conductivity and water uptake decreases with increasing
incorporation of hydrophobic hexyl side chains. The QPN membrane was selected for further
study in a non-aqueous environment for potential application in a non-aqueous flow battery. The
QPN membrane equilibrated in a 0.5 m tetraethylammonium tetrafluoroborate in acetonitrile
solution exhibited an uptake of 48% and conductivity of 3.2 mS/cm. The robust, high-
performance membranes synthesized here demonstrate the potential for use in a variety of
aqueous and non-aqueous applications.

Introduction

To meet the growing demands for global decarbonization, developments in next-generation
energy storage and conversion are necessary. Fuel cells are an attractive technology for small-
scale electricity generation, such as the energy source for heavy duty transportation applications.
Anion exchange membrane fuel cells (AEMFC) are of interest as a cost-effective alternative to
traditional proton exchange membrane fuel cells (PEMFC). The use of an alkaline electrolyte
enables the incorporation of a wider range of stable, low cost materials and components,
including platinum-free catalysts and inexpensive corrosion resistant bipolar plates.?%%-2%5 A
membrane for an AEMFC needs to be mechanically strong, having excellent hydroxide (OH")
conductivity but limited swelling, and be stable for long term operation in an alkaline
environment at temperatures of 80°C or higher.2% Over the last several years, considerable
progress in identifying polymer backbones and tethered cations that offer increased stability for
AEMFC has been made. Despite their mechanical robustness, various studies found out that
polymer backbones consisting of aryl ether linkages degrade quickly under basic conditions.**
207210 Anjon exchange membranes (AEMs) with the best alkaline stability are those consisting of
aliphatic or aromatic backbones.”” &7 211,212

In addition to AEMFCs, AEMs are a key competent in many agueous and non-aqueous flow
batteries. Redox flow batteries (RFBs) are promising technologies for long-duration, large-scale
energy storage applications due to their modular design and ability to decouple energy and
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power. Non-aqueous redox flow batteries (NARFBS) show great potential as next-generation
RFBs due to their flexible material selection and wide operating voltage window. A membrane
for a NARFB must provide high mechanical strength, high ionic conductivity and selectivity,
and excellent chemical and electrochemical stability.?® AEMs are employed for NARFBs when
the anion is utilized as the charge carrier. Commercially available AEMs that were designed for
aqueous applications are often utilized for NARFBs, but these membranes lack the chemical and
mechanical stability in non-aqueous electrolytes,3®: 213

Vinyl-addition polynorbornenes feature a saturated aliphatic backbone that exhibits a high glass
transition temperature and excellent mechanical robustness. Vinyl-addition polynorbornenes also
offer excellent chemical stability and have been studied for use in both PEMFCs and AEMFCs,
but not in non-aqueous systems. The synthesis of PEMs from vinyl-addition norbornenes has
been reported, but the membranes are limited to low IEC values (<1.1 meqg/g) due to solubility
issues, and thus, the performance of these membranes has been poor.?'4?1¢ On the other hand,
due to the ability to quaternize the membrane form of polynorbornene using amine compounds,
such as trimethylamine, AEMs have been synthesized that demonstrate excellent hydroxide
conductivity and alkaline stability. Shelhort et al. investigated the influence of the number of
blocks for poly(trimethylamine butylnorbornene-b-hexylnorbornene) copolymers. The authors
found that a tetrablock copolymer had the highest conductivity (103 mS/cm at 80 °C) but also
the highest water uptake (85%). Furthermore, membranes with high IEC values have been
fabricated as poly(trimethylamine propylnorbornene-b-butylnorbornene) tetrablock copolymers
with the assistance of crosslinking to control water uptake.”” Membranes with an exceptionally
high IEC of 3.4 meq/g demonstrated a conductivity of 167 mS/cm in water at 80 °C with 10
mol% of crosslinking and 53% water uptake. These studies demonstrate the great potential of
vinyl-addition polynorbornenes for use as AEMFC membranes, though these studies only
utilized a block copolymer with a single quaternary ammonium alky| tether length and
hydrophobic norbornene blocks (butyl or hexyl substituted norbornene).”” 217.218

This study aims to elucidate the impact of the quaternary ammonium tether length and the ratio
of hydrophobic norbornene to unsubstituted norbornene on membrane performance for an
AEMFC application. The optimal quaternary ammonium tether length can differ for different
backbone chemistries as the hydration and flexibility of the cation differ between polymer
systems. Thus, the impact of the quaternized ammonium alkyl tether length is unknown for
vinyl-addition polynorbornenes. Furthermore, the optimal ratio of hydrophobic norbornene to
unsubstituted norbornene has not been previously considered for vinyl-addition polynorbornenes
and needs to be elucidated to design membranes with the desired performance for specific
applications. From this study in an aqueous system, the best performing membrane was
investigated for use in a non-aqueous flow battery system. The ionic conductivity and solvent
uptake of the AEM were evaluated in several organic solvents of various polarities. This study
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demonstrates that vinyl-addition polynorbornenes are robust high performance membranes
suitable for a variety of aqueous and non-aqueous applications.

Experimental

Materials

Dichloromethane (DCM) for polymerizations was obtained from a PureSolv solvent purification
system and stored over molecular sieves. Norbornene was made into a 4 M solution in DCM and
stored in the glovebox over molecular sieves. All monomers were purified and stored in the
glovebox over molecular sieves. Tetraethylammonium tetrafluoroborate (TEABF4) was dried at
65 °C under vacuum overnight then stored in the glovebox. The solvents propylene carbonate
(PC) and tetraethylene glycol dimethyl ether (TEGDME) were stored in the glovebox over
molecular sieves. [NiBr2(dme)] was purchased from Strem Chemical. All other reagents and
solvents were purchased from Sigma Aldrich, Acros Organics, Fisher Scientific, or TCI America
and used as received.

Small Molecule Synthesis

Synthesis of nickel catalyst. The catalyst trans-[Ni(CeFs)2(SbPhs)2] was synthesized following a
literature procedure with slight modification.?'® Briefly, n-butyllithium (8.1 ml, 1.6 M solution in
hexane, 12.96 mmol) was added dropwise to a solution of bromopentafluorobenzene (3.2 g,
12.96 mmol) in dry/degassed diethyl ether (60 ml) at -83°C and stirred for 1 hour. Then
[NiBr2(dme)] (2.0g, 6.48 mmol, 40 ml DEE) was cooled to -83°C and the
bromopentafluorobenzene and SbPhs (5.0337 g, 14.26 mmol, 20 ml DEE) solutions were added
sequentially via cannula transfer. The mixture was stirred overnight and slowly warmed to room
temperature. The DEE was removed by rotary evaporation, and the residue was extracted using
chloroform (100 ml). The filtrate was evaporated to ~5 ml before ethanol (40mL) was added to
precipitate the product. The catalyst was collected via vacuum filtration and dried in vacuo to
yield a mustard-yellow powder (4.0 g, 56% yield).

Synthesis of 5-bromomethyl-2-norbornene (BMN). The synthesis of bromomethyl norbornene
was carried out following a literature procedure.??° Allyl bromide (21.0 g, 173.6 mmol),
dicyclopentadiene (11.5 g, 86.8 mmol), and hydroquinone (0.1 g) were added to a 150 ml
pressure vessel and heated at 180 °C for 15 h. The product was purified by sequential
distillations (4 torr, 100 °C) to yield 14.0 g of product (45% yield).

Synthesis of 5-(3-bromopropyl) -2-norbornene (BPN). Dicyclopentadiene (11.09 g, 83.9
mmol), 5-bromopentene (37.5 g, 251.6 mmol), and hydroquinone (0.4g) were added to a 150 ml

82



pressure vessel, then heated at 200 °C for 72 h. The product was purified by sequential
distillations (1.5 torr, 120 °C) to yield 13.1 g of product (36% yield).

Synthesis of 5-(6-bromohexyl)-2-norbornene (BHN). Dicyclopentadiene (13.0 g, 98.1 mmol)
and 8-bromooctene (37.5 g, 196.2 mmol) were added to a 150 ml pressure vessel, then heated at
210 °C for 72 h. The product was purified by distillation under reduced pressure (2.0 torr, 170
°C), then by column chromatography (CombiFlash, ) using 4:1 hexanes/ethyl acetate to yield
11.5 g of product (11% yield).

Synthesis of 5-n-hexyl-2-norbornene (HN). Dicyclopentadiene (15.0 g, 113.5 mmol) and 1-
octene (38.2 g, 340.5 mmol) were added to a 150 ml pressure vessel, then heated at 200 °C for
48 h. The product was purified by sequential distillations (1.85 torr, 110 °C) to yield 14.0 g of
product (32% yield).

Polymer Synthesis

All polymerizations were carried out in an Ar filled glovebox using a similar procedure, with the
ratio of monomers in the feed solution adjusted to obtain the desired polymer composition. The
synthesis of BPN is provided as a representative polymerization. The catalyst trans-
[Ni(CsFs)2(SbPhs)2] (36.8 mg, 0.033 mmol) and 12 ml DCM were added to a dry 100 ml round
bottom flask. A solution of BPN (0.554 g, 2.57 mmol), norbornene (0.699 g, 7.42 mmol), and 3
ml DCM were then injected into the catalyst solution. The reaction mixture was stirred for 15
min, diluted with chloroform, and precipitated into methanol to yield 1.20 g of polymer (95%
yield).

Membranes were cast onto a glass plate from a ~4 wt% chloroform solution using an adjustable
doctor blade, dried, and placed under vacuum to remove any residual solvent. Membranes were
released from the glass plate by immersion in water to obtain free-standing membranes with a
thickness of ~20 um. Membranes were then immersed in a 45 wt% aqueous trimethylamine
solution for 48 h at room temperature. The ionic membranes were then washed with deionized
water (DI) and stored under ambient conditions until use. Polymers in ionic form are denoted as
QXN, where X is the trimethylamine tether length (ie., poly(trimethylamine propylnorbornene-r-
norbornene, QPN). Polymers containing the hydrophobic HN monomer are denoted as HNX,
where X is the molar ratio of HN in the terpolymer (ie., poly(trimethylamine propylnorbornene-
r-hexylnorbornene-r-norbornene, QPN-HN5S). Before any characterizations were performed in
hydroxide form, membranes were hydrated, soaked in an excess of NaOH overnight, and rinsed
with nitrogen purged deionized water to limit carbonate formation.
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Characterizations

Nuclear magnetic resonance (NMR) analysis was performed using a Bruker Avance 111 400 Hz
spectrometer. *H NMR spectra for the brominated polymers were collected in chloroform-d.
Molecular weights of polynorbornene were determined using a Malvern Viscotek 350B size
exclusion chromatography (SEC) with trichlorobenzene as the eluant at 150 °C against
polystyrene standards.

The storage moduli of the membranes were determined by dynamic mechanical analysis (DMA)
at an operating frequency of 1 Hz and an amplitude of 10 um using a TA Instruments DMAS850.
For dry measurements, samples in "OH form were heated from 16 to 130 °C at a rate of 3 °C/min
under nitrogen. The storage moduli of the membranes were also measured in CI” form at 80%
relative humidity at a heating rate of 2 °C from 25 to 80 °C. For tensile measurements, the
membranes in "OH form were elongated at a rate of 10 mm/min under ambient conditions until
break using an Instron 3343 universal tensile meter. Reported tensile properties are an average of
at least 3 samples.

The ion exchange capacity (IEC) of the ionic membranes were determined using acid-base
titration. A piece of membrane in "OH form was placed in 24 ml of 0.01 N HCI for 24 h. The
HCI solution was then decanted, and the membrane rinsed with deionized water to extract all the
HCI from the membrane. The solution was then titrated to a pH 7 using a standardized 0.005 N
NaOH solution and phenolphthalein indicator. The membrane in CI" from was dried under
vacuum at 60 °C for 24 h to obtain the dry mass of the membrane. The IEC was calculated using
the following equation:

VuciC -V C
IEC — HCI~HCl MNaOH NaOH (8)
d

where V is the volume of HCI and NaOH, C is the concentration of HCI and NaOH utilized, and
mq is the dry mass of the membrane.

The water uptake (WU) of the membranes was carried out in “OH form using the following
equation:
My —Mg

where my is the mass of the wet membrane and mgq is the mass of the dry membrane. The mass of
the wet membrane was recorded, the membrane was converted to CI from by soakinginal M
NaCl solution for several hours, rinsed with DI water, and dried under vacuum at 60 °C for 24 h.
The swelling ratio of the membranes was determined in "OH form using a piece of membrane
with dry dimensions of ~1x3 cm. The length of the membrane was recorded wet and after drying
under vacuum at 60 °C for 24 h. The swelling ratio was determined using

SR(%) = % (10)

where Ly is the wet length and Lgq is the dry length of the membranes.
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The hydration number (1) of the membranes was determined using

1= 1000 X WU (11)
IEC X18

where IEC and WU are calculated as above, and 18 is the molecular mass of water.

The in plane conductivity of the membranes was determined by electrochemical impedance
spectroscopy using a Biologic VVSP potentiostat and a 2-probe conductivity cell. The wet
membrane (~1.5 x 3.0 x 0.004 cm) in "OH form, was quickly loaded into the conductivity cell
and placed in a Nalgene bottle containing nitrogen purged DI water. The impedance was
measured from 25 — 80 °C over a frequency range of 10° - 100 Hz using a 10 mV AC signal. The
resistance of all samples was determined from the high frequency intercept of the real axis, with

the conductivity determined using:
L

o= = (12)
RWt
where L is the length between electrodes (1.65 cm), R the resistance, W the membrane width,

and t the membrane thickness.

For non-aqueous characterizations, the QPN membrane was exchanged to BF4 form by soaking
in a 0.5 M aqueous LiBF4 solution for 24 hours with the solution changed 3 times. The
membrane was washed well with deionized water, dried at 65 °C under vacuum overnight, and
transferred into an argon filled glovebox. Pieces of the membrane were soaked in the various
electrolyte solutions for 3 days before measurements. Electrolyte uptake was determined using
Equation 9. Through plane conductivity measurements were performed by electrochemical
impedance spectroscopy. Samples were sealed between two stainless-steel blocking electrodes,
and the impedance measured at 25 °C using a frequency range of 1 MHz - 1 Hzand a6 mV AC
signal. The resistance was recorded from the high frequency intercept of the real axis. The

conductivity was calculated using:
t

o= — (13)

RA
where A is the membrane area.

Results and Discussion

Polymer Synthesis

Vinyl-addition polynorbornenes are an excellent choice for use in a variety of electrochemical
applications. Due to the cyclic, fully aliphatic backbone structure, vinyl-addition
polynorbornenes have excellent chemical, electrochemical, and thermal stability. Three types of
brominated monomers were synthesized for this work, with alkyl tether lengths of 1, 3, and 6
carbon atoms (Figure 31). In addition, a hydrophobic monomer was synthesized with an n-hexyl
sidechain. All the monomers were synthesized by a high-temperature Diels-Alder reaction
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Figure 31. Schematic of monomers synthesized and norbornene.
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between the corresponding vinyl compound and the in-situ formation of cyclopentadiene. The
monomers were purified by subsequent distillations, except for the BHN monomer. A mixture of
the BHN monomer and unreacted dicyclopentadiene were distilled from the vinyl compound and
higher-order norbornene derivatives, then separated by column chromatography. The catalyst
selected for the polymerizations demonstrates superior functional group tolerance and the ability
to yield high molecular weight polymers. The catalyst, trans-[Ni(CsFs)2(SbPh3)2], was
synthesized in-house following a published procedure.?® The copolymerization of a
functionalized norbornene with norbornene can produce copolymers with very high molecular
weights, to such a degree that they become insoluble in common organic solvents. To fabricate
membranes with excellent mechanical robustness, polymers with molecular weights of >100
kg/mol are desirable. Thus, the molecular weight (M) of the various compositions was
controlled by utilizing a fixed catalyst to monomer ratio of 1:300, varying the reaction solution
concentration, and the reaction time (Table 8). M, of all polymers is above the target value of
100 kg/mol, as determined against polystyrene standards. Polymers were synthesized as random
copolymers, with a quaternized trimethylammonium (Br’) ion exchange capacity of ~1.8 meg/g,
and excellent yields of > 95%. Copolymers were synthesized by utilizing norbornene (NB) and
an alkyl bromide norbornene, BMN, BPN, or BHN to make polymers PBMN, PBPN, and PBHN
(Figure 32a). The terpolymers were synthesized using NB, BPN, and HN. The molar ratio of HN
was increased from 5 — 30 mol% to determine the impact of increasing hydrophobicity on
membrane properties (Figure 32b) to make polymers PBPN-HN5, PBPN-HN15, and PBPN-
HN30. Representative NMR spectra of monomers and polymers are in the appendix (Figures 38-
45).

A heterogeneous reaction method was utilized for the fabrication of the AEMs reported here.
Free-standing membranes were obtained by casting polynorbornene polymers from a ~4 wt%
chloroform solution onto a glass plate. After drying to remove any residual solvent, membranes
were removed from the glass plate and immersed in a 45 wt% aqueous trimethylamine solution
for 48 h. The ionic membranes with a Br~ counter-ion were then washed with deionized water
(DI) and stored under ambient conditions until use. Conversion to ionic form was confirmed by
acid-base titration due to insolubility of the ionic polymers in common NMR solvents. All
membranes, except for QMN, had a titrated IEC of 1.6-1.7 meq/g. The titrated IEC is slightly
lower than expected from theoretical IEC values likely due to incomplete exchange of the Br-
counter-ion to “OH form. When select samples were heated at 80 °C in 1 M NaOH for further
testing, their “"OH conductivity increased by ~8%. In addition, a previous report of a
polynorbornene-based AEM utilized an elevated temperature to exchange their membranes to -
OH form. Minimal conversion was achieved for the QMN polymer despite extending the
reaction time, increasing the temperature (1 week at 80°C), and the addition of a polar aprotic
solvent to the aqueous TMA solution. The poor conversion is likely due to steric hindrance and
tight packing of the polymer chains.
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Table 8. Synthetic data for brominated polynorbornenes used for the fabrication of AEMs.

. Feed Polymer Molecular . .
Reaction . . . Dispersity
Sample e 0 Composition Composition Weight, ()
NB:BxN:HNB? | NB:BxN:HNB® | Mx¢ (g/mol)

PBMN 3 74:26:0 72:28:0 n/a n/a
PBPN 0.25 74:26:0 76:24:0 3,961,000 2.83
PBHN 4 72:28:0 71:29:0 838,000 2.46
PBP-HN5 3 71:24:5 60:26:14 483,000 2.94
PBP-HN15 3 60:25:15 53:26:21 169,000 2.56
PBP-HN30 3 42:28:30 25:33:42 229,000 2.24

aMolar ratio of monomers, x refers to alkyl bromide chain length. "Molar ratio determined by *H
NMR spectroscopy. Theortical IEC determined from *H NMR. YDetermined by SEC against
polystyrene standards with trichlorobenzene as the eluent.
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_N+ n
/ \'OH
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Figure 32. Synthesis scheme of norbornene anion exchange membranes. (a) Copolymers where
the alkyl chain length was varied, n= 1,3 and 6 to yield quaternized polymers QMN, QPN and
QHN. (b) Terpolymers where the molar ratio of z ( hexyl norbornene) was varied to yield
quaternized polymers QP-HN5, QP-HN15, and QP-HN30. (¢) Image of PBPN membrane.
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Mechanical Properties

The mechanical properties of the membranes were evaluated by DMA and tensile measurements.
The storage moduli (E”) and loss moduli (E”) were probed under dry conditions (in "“OH from)
and at 80% relative humidity (in CI- form). The storage modulus of the QPN and QHN
membranes remains at ~1 GPa over a wide temperature range (Figure 33a). As expected, no
indication of a thermal transition occurs within the temperature range measured (15-130 °C), as
the Tg of polynorbornene is ~300 °C. The storage modulus of the QHN membrane is slightly
lower than the QPN membrane, likely due to a decrease in rigidity of the backbone with the long
alky! tether. A similar decrease in E was observed for a poly(arylene ether sulfone ketone) with
an increase in alkyl chain tether length.??* At 80% RH, E’ is reduced to 0.52 and 0.72 GPa at 30
°C and continues to decrease to 0.35 and 0.48 GPa at 80 °C for the QHN and QPN membranes,
respectively (Figure 33b). This slight decrease in E” with increased temperature is presumably
due to increased water uptake by the membranes at a higher temperature. The high temperature
mechanical stability of these membranes demonstrates potential applications in high temperature
fuel cells operating at 80-120 °C. Stress-strain curves of the membranes were obtained in a dry
and wet state in "OH form. The QPN and QHN membranes demonstrate an excellent maximum
tensile stress of >25 MPa when dry, with a reasonable elongation (Figure 34). Having excellent
mechanical properties in a dry state allows for easy fabrication of the membrane electrode
assembly and incorporation into roll-to-roll manufacturing. In the wet state, the membranes
become more flexible due to the plasticizing effect of water, with a maximum tensile stress of 10
and 15 MPa and elongation of 60 and 45% for the QHN and QPN membranes, respectively.
Even with this decrease of mechanical properties in a wet state, the membranes exhibit high
robustness for use in an operating fuel cell. Furthermore, the high mechanical strength combined
with reasonable elasticity enables thin (<15 pum) membranes to be fabricated. A thin membrane
is of great importance to reduce the area specific resistance of the membrane and improve water
transport across the fuel cell.???

Aqueous Performance

The performance of these membranes was first evaluated in an aqueous environment for use in
an alkaline fuel cell. Previous studies with vinyl-addition norbornene-based AEMs utilized a
block copolymer with a single quaternary ammonium alky| tether length and hydrophobic
norbornene blocks (butyl or hexyl substituted norbornene).”” 217- 218 The optimal tether length of
the quaternary ammonium groups can differ for different backbone chemistries as the hydration
and flexibility of the cation differs between polymer systems. Thus, the impact of the quaternized
ammonium alkyl tether length is unknown for this system. Furthermore, the optimal ratio of
hydrophobic norbornene to unsubstituted norbornene has not been previously considered for
vinyl-addition norbornenes and needs to be elucidated to design membranes with the desired
performance for specific applications.
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Water uptake and swelling ratio of these membranes were measured in water at room
temperature. The sample with the longer tether, QHN, exhibits a higher water uptake than the
QPN sample (Figure 35a). Often, a change in water uptake can be attributed to changes in
polymer morphology due to phase separation between the hydrophilic ionic domains and the
hydrophobic domains. No phase separation is observed for these membranes in their dry state
(Figure 36). The differences in water uptake between the QPN and QHN samples may be in part
due to the significantly higher My of the QPN sample (3961 kDa) compared to the QHN
membrane (838 kDa). An increase in My, increases chain engagement, reducing the mobility of
the polymer chains and their ability to swell. Furthermore, a decrease in water uptake with higher
molecular weight occurred in a similar polymer system.?'® In addition, the length of the tether is
shown to affect water uptake in AEMs. In a study by Mahmoud et al., room temperature water
uptake increased significantly when the tether length was greater than 3 carbon atoms.??® The
addition of hydrophobic groups decreases water uptake from 71% to 63% for the QPN and QP-
HNS samples, respectively (Figure 35a). A further reduction in water uptake is observed for the
QP-HN15 sample, though continued addition of hydrophobic groups exhibited little change in
water uptake.

The swelling ratio is related to the stiffness of the polymer backbone and the amount of water
uptake. These samples demonstrate a reasonable swelling ratio with the highest swelling ratio
occurring for QHN at 28% and the lowest for QP-HN30 at 16% (Figure 35a). For membranes,
light crosslinking can be employed if the water uptake and swelling ratio are too large for the
desired application. Lamda (A) is a measure of the number of water molecules per quaternary
ammonium group. As expected, A follows the same trend as water uptake for the membranes,
with the highest occurring with the QHN ((A = 29) and the lowest the QP-HN30 sample (A = 18).
The membrane demonstrating the highest hydroxide conductivity is QPN, having a propyl tether
length copolymerized with norbornene. The conductivity of QPN membrane reaches almost 110
mS/cm at 80 °C in water (Figure 35b). In comparison, a tetrablock copolymer membrane with
the same IEC exhibits a conductivity of ~100 mS/cm with a water uptake of 85%.2" The QHN
membrane shows a lower conductivity but higher water uptake than the QPN membrane. This is
counter to the trend observed where conductivity generally increases with water uptake. Thus, it
appears that the 3 carbon tether length is optimal for this system. In addition, Mahmoud et al.
found that a 3 carbon tether exhibited the lowest water uptake and highest conductivity in water
at 60 °C for a fluorinated ethylene-benzene copolymer.??® The conductivity of the samples
incorporating the hydrophobic HN norbornene exhibit a decrease in hydroxide conductivity that
is directly related to a reduction in water uptake.
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Non-Aqueous Performance

The best performing membrane from the aqueous study, QPN, was selected for further study as a
candidate for non-aqueous systems. The membrane was exchanged to BF4™ counter-ion form in
an aqueous solution before being dried and transferred to the glovebox for the non-aqueous
study. The selected solvents were propylene carbonate (PC), acetonitrile (MeCN), and
tetraethylene glycol dimethyl ether (TEGDME) and represent a range of dielectric constants. The
salt was tetraethylammonium tetrafluoroborate (TEABF4), which is commonly used in non-
aqueous flow battery studies utilizing an anion exchange membrane.® 4% 72 Pjeces of membrane
were immersed in the various electrolyte solutions for at least 24h to ensure complete
equilibration of the membrane.

Membrane uptake in the neat solvents varies significantly, following the trend of solvent
dielectric constant (Figure 37). In the high dielectric constant solvent PC, membrane uptake
reaches 4500%, while the uptake decreases to <100% in the low dielectric solvent, TEGDME. It
should be noted that the membranes soaked in PC maintained a solid form, though soft, and were
able to be carefully handled. This finding attests to the superior mechanical properties of vinyl-
addition polynorbornenes. The higher uptake in PC can be partially attributed to the relatively
high IEC of these membranes (1.8 meg/g) compared to previous studies utilizing AEM
membranes in PC (<1.3 meq/g).** % 7 Furthermore, membrane IEC is shown to have more of an
impact on membrane uptake in a high dielectric solvent than a low dielectric solvent.>® Even so,
membrane IEC does not account for the substantial uptake of PC by the membrane and warrants
further investigation. As seen in Figure 37, membrane uptake decreases with increasing
electrolyte salt concentration for both PC and MeCN. A similar trend was observed in the
previous chapter for the cation exchange membrane in PC. In addition, a decrease in membrane
uptake with an increase in salt concentration is commonly observed in aqueous solutions.>* 17
1% Membrane uptake measurements were not performed as a function of electrolyte
concentration in TEGDME due to the insolubility of the salt in TEGDME. From uptake
measurements, it was determined that MeCN is the most suitable solvent for this polymer system
and thus selected for conductivity measurements.

The room temperature ionic conductivity of the QPN membrane with the BF4 counter-ion was
measured in MeCN and a 0.5 m concentration of the TEABF4 salt in MeCN. The single-ion
conductivity of these membranes reaches 1.05 = 0.17 mS/cm, while the conductivity is 3.2 +
0.11 mS/cm in 0.5 m TEABF4 in MeCN. The conductivity of the membrane only moderately
increased with the addition of an electrolyte solution, suggesting that a limited amount of salt
was absorbed into the membrane. These conductivity values are similar to reported values for the
quaternized trimethylammonium functionalized AEM, Neosepta AHA, ina 0.1 M TEABF4 in
MeCN electrolyte (0.53 - 5.27 mS/cm).*% 4% 78 Neosepta AHA is a thick reinforced membrane
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Figure 37. QPN membrane uptake as a function of electrolyte salt concentation in various

solvents. PC=propylene carbonate, MeCN=acetonitrile, TEGDME-=tetraethylene glycol dimethyl

ether. Error bars are the standard deviation of at least 3 samples.
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(220 um) consisting of a crosslinked styrene-divinylbenzene backbone with an IEC of 1.39 meq
/g. While the ionic conductivity of Neosepta AHA is competitive with that of the QPN
membrane, the thickness of the membrane leads to high ASR values (4.1 to 41 Q cm?), making it
unsuitable for use in high power NARFBs. The QPN membrane can be fabricated as thin as 20
um without a support layer, providing ASR values as low as 0.62 Q cm?.

Conclusions

A series of vinyl-addition polynorbornene AEMs were synthesized as random copolymers
containing various quaternary ammonium pendant lengths and ratios of hydrophobic moieties.
The membranes are mechanically robust with a tensile strength >25 MPa and storage modulus in
the GPa range. For an AEMFC application, the membranes demonstrate excellent hydroxide
conductivity (109 mS/cm in water at 80 °C) with moderate water uptake (71%). The propyl
pendant length provides higher conductivity with lower water uptake than the hexyl pendant
length. The incorporation of 5 mol% of a hydrophobic monomer significantly decreases water
uptake and hydroxide conductivity. The continued addition of the hydrophobic monomer to 30
mol% exhibits only a small change in water uptake and hydroxide conductivity. In addition to
demonstrating excellent performance, these results provide a method to selectively control water
uptake without the use of crosslinking for AEMFC applications. Furthermore, the potential
application of these membranes for a non-aqueous flow battery was demonstrated. In an
acetonitrile-based electrolyte solution, the membranes exhibit an ionic conductivity of 3.2
mS/cm at 20 °C with an uptake of 49%. This study demonstrates the versatility of vinyl-addition
polynorbornenes for a variety of aqueous and non-aqueous electrochemical applications.
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Figure 38. 'H NMR spectra of 5-bromomethyl-2-norbornene in CDCls.
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Figure 39. *H NMR spectra of 5-bromopropyl-2-norbornene in CDCls.
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Figure 40. *H NMR spectra of 5-bromohexyl-2-norbornene in CDCls.
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Figure 41. *H NMR spectra of 5-hexyl-2-norbornene in CDCls.
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Figure 42. *H NMR spectra of bromomethylnorbornene-norbornene copolymer (BMN) in
CDCla.
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Figure 43. 'H NMR spectra of bromopropylInorbornene-norbornene copolymer (BPN) in CDCls
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Figure 44. 'H NMR spectra of bromohexylInorbornene-norbornene copolymer (BHN) in CDCls
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Figure 45. Representative *H NMR spectra of bromopropylInorbornene-hexylnorbornene-
norbornene terpolymer (BP-HN) in CDCls.
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CONCLUSION

To further advance LDES technologies, high performance membranes and a greater
understanding of membrane properties in non-aqueous electrolytes is needed. In this dissertation,
several new polymeric materials were synthesized, and a systematic evaluation of membrane
properties were undertaken to unravel the structure property relationships in a non-aqueous
environment. A crosslinked poly(ethylene oxide), (PEO) membrane was fabricated to improve
upon the mechanical properties of linear PEO and to reduce PEO crystallization. The plasticized
crosslinked membranes demonstrate almost an order of magnitude increase in conductivity at 20
°C compared to linear PEO (2 x 10* vs. 4.5 x 10 S/cm), just slightly lower than that of a
TEGDME-based liquid electrolyte (1 x10° S/cm). Furthermore, the membranes are
mechanically robust and stable over a wide temperature range (-20 to 180 °C), while linear PEO
becomes a viscous liquid once above the crystalline melting point of 60 °C. The membranes are
sufficiently robust to resist short-circuit by sodium dendrites over the course of 180 hours when
cycled in a Na metal symmetric cell, and have a Na* transference number of 0.58 as dry
membranes and 0.31 as plasticized membranes at 40°C. To determine the influence of a Lewis
basic functional group on membrane transport properties, a crosslinked
PEO/poly(ethyleneimine), (PEI) membrane was synthesized. The membranes were synthesized
via a single-step procedure utilizing branched PEI and epoxide terminated PEO with varying
amine NH to epoxide ratios. The amine functional group in the PEI-PEQ crosslinked matrix
provides Lewis basic and hydrogen bonding characteristics that facilitates the dissolution of
lithium salt to a greater extent than the crosslinked PEO matrix. In addition, this Lewis basic
group enables improved conductivity (1.8x10™ S/cm at 30 °C) and cation transport number
(0.76), values significantly higher than dry polymer electrolytes utilizing linear PEO (1.5 x 107
S/cm at 30 °C and 0.2-0.5). Furthermore, the highly conductive membranes demonstrate
reasonable cycling in a lithium metal full cell under harsh conditions (75 °C).

Then the performance on a cation exchange membrane was evaluated in various electrolyte
solutions. The facile modification of a commercially available sulfonated penta-block
copolymer, Nexar, to TFSI form significantly improves membrane conductivity, over two orders
of magnitude. Membrane conductivity further increases to 7.2 x 10° S/cm and 1.4 x 10* S/cm at
25 °C when equilibrated in a 0.5 M NaTf TEGDME or PC-based electrolyte, respectively.
Importantly, a high cation transport number (>0.75) was maintained across the concertation
range for PC and at low salt concentrations for TEGDME. This study provides insights into the
factors that govern membrane properties in non-aqueous electrolytes for improved device
performance. Moreover, it is demonstrated that plasticization of a CEM with an electrolyte
solution is an effective method to improve membrane performance, providing a new design
system for Li and Na-ion batteries. Lastly, we have demonstrated the synthesis of a vinyl-
addition polynorbornene anion exchange membrane. The membranes are mechanically robust,
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with a tensile modulus of over 25 MPa and a GPa range storage modulus, demonstrating
potential use in high temperature electrochemical applications. Furthermore, the membrane with
a 3 carbon quaternary ammonium tether length demonstrates excellent aqueous performance,
reaching a hydroxide conductivity of 109 mS/cm at 80 °C in water, with reasonable water uptake
(71%). In the non-aqueous electrolyte solution of 0.5 m TEABF4 in MeCN, the same membrane
exhibits a conductivity of 3.2 mS/cm and an uptake of 49%.

The performance of polymer electrolytes for both solid-state and redox flow batteries still
requires significant improvement before the wide-spread adoption of these technologies is
realized. For salt-in-polymer electrolytes, the addition of inorganic fillers to the crosslinked
network provides a route to significantly improve the mechanical properties of the membranes.
Furthermore, the addition of a conductive ceramic particles may be a route to improve cation
transport of the membranes, similar to the effect of a tethered anion within the membrane. The
concept of adding a salt to a single-ion conducting membrane has the potential to significantly
impact the solid-state battery field. Thus, this concept warrants further investigation, including
device performance in Li and Na-based batteries.

For non-aqueous flow batteries, systematic studies of polymer-electrolyte interactions and its
influence on ion transport and crossover is needed to improve membrane performance. Within
this, the impact of different tethered anions and cations needs to be investigated to determine the
role of the tethered ion on ionic conductivity and crossover in various electrolyte solutions. For
example, does a delocalized negative charge on the anion improve the cation transport in
addition to conductivity in non-aqueous electrolytes? Does a delocalized charge have an impact
of redox species permeability? Furthermore, the impact of polymer architecture, polarity, and
IEC on membrane conductivity and device performance needs to be further investigated to
provide design parameters for future membrane development. This dissertation provides insight
into ion-transport through polymeric membranes in non-aqueous solutions that may aid in the
design of high performance membranes for a variety of electrochemical applications and
provides an avenue for the significant advancement of Li-ion and non-aqueous flow batteries.
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