EXPLORING CONDUCTIVE, SELECTIVE AND STABLE POLYMERIC

MEMBRANES FOR REDOX FLOW BATTERIES

by

Hao Wang

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in Chemical
Engineering

Fall 2019

© 2019 Hao Wang
All Rights Reserved



EXPLORING CONDUCTIVE, SELECTIVE AND STABLE POLYMERIC

Approved:

Approved:

Approved:

MEMBRANES FOR REDOX FLOW BATTERIES

by

Hao Wang

Eric M. Furst, Ph.D.
Chair of the Department of Chemical and Biomolecular Engineering

Levi T. Thompson, Ph.D.
Dean of the College of Engineering

Douglas Doren, Ph.D.
Interim Vice Provost for Graduate and Professional Education and Dean
of the Graduate College



Signed:

Signed:

Signed:

Signed:

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Yushan Yan, Ph.D.
Professor in charge of dissertation

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Thomas H. Epps, III, Ph.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Arthi Jayaraman, Ph.D.
Member of dissertation committee

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Erin Setzler, Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

At the beginning, | would like to express my deepest gratitude to my advisor,
Dr. Yushan Yan. He is always a great model for me. His passion for science, his earnest
for work, and his kindness to students deeply influenced me in the past five years and
will positively impact me in the future. | first met Dr. Yan when | was in China, which
is long before | joined the University of Delaware. This encounter was about Six years
ago, but I still remember his presentation of chemically stable phosphonium cations for
anion exchange membranes, his vision of future fuel cell vehicles, the whole picture of
renewable energy sources and redox flow batteries for energy storage. Those were super
cool to me as a young student in the bachelor stage. | am lucky to eventually become
his student and work on these impactful phosphonium cations and redox flow batteries.
Without his support and help, this dissertation would not be possible. Not only did Dr.
Yan funded me, he also provided excellent guidance on my research. One thing, in
particular, was that he carefully reviewed my experimental plan and walked me through
the whole experiment when | was trying to operate a dangers Grignard reaction for the
first time. He is also an open-minded advisor and always hopes the best for his student.
He firmly supported me to pursue a successful career and a meaningful life.

I would also like to thank my group members for their company in my study and
useful discussions on the research. In particular, Dr. Junhua Wang guided me through
my early synthesis experiments; Dr. Yun Zhao shared his experience of reinforced
membrane casting with me; Dr. Ke Gong and Dr. Bingzi Zhang conducted wonderful

researches of double-membrane cerium redox flow battery and phosphonium cations



respectively for me to future investigate; Dr. Keda Hu and Dr. Lan Wang participated
in the discussion of polymer degradation mechanism; and Dr. Brain Setzler provided
meaningful insights on electrochemistry. Besides them, | would also like to thank Dr.
Shuang Gu, Dr. Xuan Yang, Jared Nash, Dr. Marco Dunwell, Xiaoya Ma, Dr. Jie Zheng,
Dr. Qianrong Fang, Dr. Mariah Woodroof, Dr. Santiago Rojas-Carbonell, Lin Shi, Dr.
Reza Abbasi, Saisai Lin, Dr. Teng Wang, Dr. Hui Duan, Dr. Wenjuan Shi, Dr. Junwu
Xiao, Dr. Robert Kaspar, Dr. Mingchuan Luo, Dr. Yan Wang, Dr. Zhongbin Zhuang,
Dr. Jarrid Wittkopf, Dr. Stephen Giles, Dr. Andrew Tibbits, Dr. Hongxia Guo, Jon
Wilson, Stephanie Matz, Catherine Weiss, Nick Oliveira for their support and hard work
on research.

| would also like to thank Dr. Thomas H. Epps, IlI, Dr. Arthi Jayaraman, and
Dr. Erin Setzler for being my dissertation committee members and providing me with
useful feedback on my research.

At last, | would like to thank my family members. Their dedication and selfless
supports are always there to comfort me, and their encouragement is always the greatest

power for me to make progress.



TABLE OF CONTENTS

LIST OF TABLES ..ottt bbb xii

LIST OF FIGURES .......ociiiiieeie ettt sttt ettt Xiv

ABSTRACT et bbb bbbttt bbbt XX
Chapter

1 INTRODUCTION......ocotititcieiee ettt sreane e 1

1.1 Renewable Energy and Redox Flow Batteries............cccoovvvveviveveiiiesnenns 1

1.1.1 Renewable ENErgy ........cccoiiiiiiieiiiieiese e 1

1.1.2 ENErgy STOrAQE ....cociviiiiiieiiiie sttt 2

1.1.3 RedoX FIOW BatteriesS ........cccverieiierierie e s 4

1.1.4 Aqgueous Redox FIow Batteries..........ccccevveieiieieeiesiese e 6

1.1.5 Vanadium Redox FIOW Batteries.........c.ccuvvervriniverersienesie s 8

1.1.6  Zinc Cerium Double Membrane Redox Flow Batteries................ 9

1.2 lon-Exchange Membranes..........ccoooiiiieiiieiiiineeee e 11

1.2.1 lon-Exchange Membranes for Redox Flow Batteries ................. 11

1.2.2 Chemical Stability of lon-Exchange Membranes........................ 12

1.2.3 Conductivity of lon-Exchange Membranes..............ccccceevveivennnns 13

1.2.4 Selectivity of lon-Exchange Membranes ...........cccoceveiininennne 15

1.2.5 Cation-Exchange Membranes for Redox Flow Batteries............ 16

1.2.6 Anion-Exchange Membranes for Redox Flow Batteries............. 19

1.3 Research Aim and ODJECHIVES ........ccccvvieiieieiic e 22

1.4 Outline of the DiSSErtation..........cccocvevveierieeresie e 23

2  INVESTIGATION OF POLYMER BACKBONE DEGRADATION IN

CERIUM ELECTROLYTES ..ottt 26

2.1 INEFOAUCTION ..t 26

2.2 Materials and Methods ...........cccveiiiiieii i 28

2.2.1  MaterialS ...ccuveiiiiiee s 28

2.2.2 Experimental Methods..........ccooeiiiiiiiiiiiiee e 28

Vi



2.2.2.1 Synthesis of Hexafluoropropylidene
Polybenzimidazole (FsPBI) ........cccooevviieiinneiiene 28
2.2.2.2 Membrane Fabrication............c.ccoovvvnininienene s 28
2.2.2.3 Polymer Backbone Oxidative Stability Test in
Cerium(IV) Solution..........ccceevieieiieseee e 29
2.2.2.4 NMR Spectroscopy Characterization.............cc.ccoceeee. 29
2.3 ReSUItS and DISCUSSION .....c.eiviiiiriiiiieiieieiesie ettt 29

2.3.1 Polymer Backbone Degradation in Cerium (1) and HCIO4

SOIULION. ..t 29
2.3.2 Poly(p-phenylene oxide) Degradation Mechanism..................... 32
2.3.3 Polysulfone Degradation Mechanism.............cccccveveiivenearieseenn. 36
A O Tod [1E5] o] o SO URSRR 39
INVESTIGATION AND DESIGN OF OXIDATIVELY STABLE
MEMBRANES FOR CERIUM REDOX FLOW BATTERIES..................... 40
3.1 INFOAUCTION ...t be e 40
3.2 Materials and Methods ...........cocveieiiieriie e 42
321 MALEIIAIS ..o 42
3,22 SYNINESIS ...ttt 43
3.2.2.1 Synthesis of Hexafluoropropylidene
Polybenzimidazole (FePBI) .........cccooviiiiiiiiiiiiins 43
3.2.2.2 Synthesis of lodobutanol Tris(2,4,6-
trimethylphenyl)phosphonium (IBTTMePP).............. 43
3.2.2.3 Synthesis of Butanol Tris(2,4,6-

3224

3.2.25

trimethylphenyl)phosphonium Functionalized
Hexafluoropropylidene Polybenzimidazole
(TTMEPP-PBI) ..o 43
Synthesis of (4-(chloromethyl)benzyl)tris(2,4,6-
trimethoxyphenyl)phosphonium Chloride
(CBTTMPPICI) oo 44
Synthesis of Tris(2,4,6-

trimethoxyphenyl)phosphonium Functionalized
Hexafluoropropylidene Polybenzimidazole (TTMPP-

vii



3.2.3.1 Polymer Backbone Screening Test in Cerium(1V)

EleCtrolyte. ..o 45
3.2.3.2 Membrane Fabrication...........ccccoeceevieiiieiie e 45
3.2.3.3 Reinforced Membrane Fabrication.............c.cccccvevneenne. 45
3.2.3.4 lon Exchange Capacity (IEC) of Membranes .............. 46
3.2.3.5 Water Uptake (WU) and Swelling Ratio (SR) of

MEMDBIANES .....vviiiie et 46

3.2.3.6  Anion (OH and ClOy4") Conductivity Measurement ... 47
3.2.3.7 Oxidative Stability Test in Cerium (IVV) Aqueous
SOIULION. ... 47

3.3 ReESUIS and DiSCUSSION ..ottt e e eeae e 47

3.3.1 Polymer Backbone Stability in Cerium (IV) and HCIO4

SOIULION. ..t 47
3.3.2  Tris(2,4,6-trimethylphenyl)phosphonium Functionalized
Polybenzimidazole (TTMePP-PBI) Membrane ............cccceevee.. 48
3.3.3 Tris(2,4,6-trimethoxyphenyl)phosphonium Functionalized
Polybenzimidazole (TTMPP-PBI) Membrane..........c.cccccevevnenee. 52
3.3.4 Characterization of Phosphonium Functionalized
Polybenzimidazole Membranes...........ccccoeveiieviiccceese e 58
3.3.5 Membrane Chemical Stability in Cerium (1V) Electrolyte ......... 60
34 CONCIUSION ...ttt bbb are s 66

HIGHLY CONDUCTIVE AND STABLE PHOSPHONIUM
POLYBENZIMIDAZOLE MEMBRANES FOR VANADIUM REDOX

FLOW BATTERIES ...t 68
4.1 INTFOAUCTION .ot aneas 69
4.2 Materials and Methods .........c.ooveiieieiieiece e 70
421 MAEIIAIS ..o 70
4.2.2  SYNTNESIS.....iiiiiiiiese e 71
4.2.2.1 Synthesis of Hexafluoropropylidene

Polybenzimidazole (FPBI) .........cccooeiiiiiiiiiiiiiis 71

4.2.2.2 Synthesis of (4-(chloromethyl)benzyl)tris(2,4,6-
trimethoxyphenyl)phosphonium Chloride.................... 71

4.2.2.3 Synthesis of Tris(2,4,6-
trimethoxyphenyl)phosphonium Functionalized
Polybenzimidazole ...........cccooeiiiiii i, 71

4.2.3 Experimental Methods...........ccooeiiiniiiiiiincee s 71

viii



4.2.3.1 Membrane Fabrication..........ccccvvveeeeeieeeeeeee e 71

4.2.3.2 Composite Membrane Fabrication ..............cc.ccocvvenene. 71
4.2.3.3 lon-Exchange Capacity (IEC) of Membranes............... 72
4.2.3.4 Water Uptake (WU) and Swelling Ratio (SR) of
MEMDIANES .....oviiiiiiiiieee e 72
4.2.3.5 Acid Doping Level (ADL) of Membranes................... 72
4.2.3.6 Area Specific Resistance of Membranes...................... 73
4.2.3.7 Vanadium Permeability ............ccooeveiiniiniiiiiee 73
4.2.3.8 Vanadium Redox Flow Battery Performance............... 74
4.3 ReSUItS and DISCUSSION ......ccvivieiiitiie ettt 75
4.3.1 Polymer Synthesis and Reinforced Membrane Casting.............. 75
4.3.2 Membrane Acid Doping Behavior, Area Specific Resistance
and Vanadium Permeability ............ccccooeviiiiiic i 77
4.3.3 Vanadium Redox Flow Battery (VRFB) Single Cell Test.......... 84
A4 CONCIUSTON .ttt bbb beare s 88

STUDY OF HIGHLY CONDUCTIVE METHYLATED
POLY(BENZIMIDAZOLIUM) MEMBRANES FOR VANADIUM

REDOX FLOW BATTERIES .......ociii it 90
5.1 INFOGUCTION ..ottt 90
5.2 Materials and Methods ...........ccccveieiiieiiiiiiie e 92
521 MAEIAlS ....oeiieiieeece e 92
5.2.2  SYNNESIS ..ot 92
5.2.2.1 Synthesis of Hexafluoropropylidene

Polybenzimidazole (FPBI) .........cccooeiiiiiiiiiiiiiis 92

5.2.2.2 Synthesis of Methylated Hexafluoropropylidene
Polybenzimidazole (DMFePBI).........cccooviiiiiiiinins 93
5.2.3 Experimental Methods..........ccccoovveiiiiiiieiccc e 93
5.2.3.1 Membrane Fabrication and Acid Doping...........c......... 93
5.2.3.2 Area Specific Resistance (ASR) of Membranes .......... 94
5.2.3.3 Mechanical Properties of Membranes.............c.ccoceee.e. 94
5.2.3.4 Viscosity Measurements of Polymer Solutions............ 94
5.2.3.5 Characterization of Chemical Structures...................... 94
5.2.3.6 Sulfuric Acid Doping Level (ADL) of Membranes...... 94
5.2.3.7 VRFB Single Cell TeSt......ccccoiiiiiiiiiieeece e 95
5.2.3.8 Ex-situ Degradation TesSt..........cccceevverieiieesieiiee e, 95



5.3 ReSUIS and DiSCUSSION ......oeceeeeeeeeee et ee e ee e 96

5.3.1 Preparation and Characterization of FePBI and DMFsPBI

MEMDIANES ..ot 96
5.3.2 Vanadium Redox Flow Battery (VRFB) Single Cell Test........ 102
5.3.3 Degradation of DMFsPBI Membrane .........ccccoovverenineiinnnnn 106
5.4 CONCIUSION ...ttt 114
6 CONCLUSIONS AND FUTURE WORK.......cccoiiiiiiiniiiieiee e 115
6.1 CONCIUSIONS ..ottt 115
6.2 FULUIE WOTK. ..ot e 118
6.2.1 Poly(2,5-benzimidazole) for Vanadium Redox Flow Batteries 118
6.2.1.1 Chemical Stability Issue of Polybenzimidazoles ....... 118
6.2.1.2 Acid Doping Level of Polybenzimidazoles with
Different Chemical Structures..........ccccoeeevervivnennnn. 119
6.2.1.3 Implementation of Poly(2,5-benzimidazole) for
Vanadium Redox Flow Batteries...........ccccocevvnvrnnnne. 120
6.2.2 Investigation of the ePTFE reinforcement on ion-exchange
MEMDIaNe PrOPEITIES .......civeeiveiieieerie et se e 120
6.2.2.1 Mechanical Properties of lon-Exchange Membranes
with Reinforcement ............cccooovviiiciineienc e 120
6.2.2.2 Water Uptake, lon Exchange Capacity and lon
Conductivity of lon-Exchange Membranes with
ReINTOrCemMEeNt .......c.ooeeiree e 121
6.2.2.3 Tris(2,4,6-trimethoxyphenyl)phosphonium
Functionalized Polybenzimidazole Membrane with
Different Levels of ePTFE Reinforcement................. 121
REFERENGCES ..ottt sttt sne e nnenneans 123
Appendix
A ABBREVIATIONS AND NOTATIONS ..ottt 147
A.1 Abbreviations and NOAtIONS .........c.cccveieieere i 147
B  BROMINATION OF METHYL-TRIS(2,4,6-

TRIMETHYLPHENYL)PHOSPHONIUM .....ccccooiiiiiiiiiiiec e 149



B.1 Bromination of Methyl-tris(2,4,6-trimethylphenyl)phosphonium ........ 149
C  SUPPLEMENTARY TABLES......cco oo 154

C.1 Literature sources for FIQUIe 4.4 ........cccooveieiieieeie e 154

Xi



Table 1.1:

Table 1.2:

Table 1.3:

Table 3.1:

Table 3.2:

Table 3.3:

Table 4.1:

Table 4.2:

LIST OF TABLES

Commonly reported redox pairs in RFBs. The standard redox potential
and typical electrolyte of each redox pair are also summarized. (This
table is inspired by a published work of Dr. Ke Gong.l"?) ..........ccoeo..... 7

lonic mobilities of selected cations and anions at infinite dilution in
WAALEE AL 298 K. oottt ettt e et ettt e e e e et et e bt e reeseeeeneranaas 14

Selected list of reported cations for AEMs, some of these cation
functionalized membranes were not implemented in RFB applications.
(This table is inspired by a published work of Dr. Bingzi Zhang.['%¢) ... 21

Degree of substitution (DS), theoretical ion exchange capacity (IECY),
titration measured ion exchange capacity (IEC™), tensile strength, and
elongation at break of pure FePBI membrane, TTMePP and TTMPP
functionalized polybenzimidazole membranes. Error bars are standard
errors of the measurements (N = 3)....cccccciiie i 60

WU, OH" conductivity, and CIlO4 conductivity of pure FePBI
membrane, TTMePP and TTMPP functionalized polybenzimidazole
membranes. Error bars are standard errors of the measurements (n = 3).

Accelerated membrane stability test of prepared TTMPP-PBI-3/PTFE
membrane, FsPBI membrane, Nafion 212, FAB-PK-130, and FAS-30
at 60 T in 0.5 M cerium (IV) and 1.3 M HCIO4. .....cccovevviireiiiiiee, 62

Degree of substitution (DS), theoretical ion exchange capacity (IECY),
titration measured ion exchange capacity (IEC™), WU, tensile strength,
and elongation at break of TTMPP-PBI membranes. Error bars are
standard errors of the measurements (n = 3). (For reading convenience,
partial data from Table 3.1 and Table 3.2 is re-used to construct this
TADIE.) e 77

ADL, acid weight percentage (Wa), water weight percentage (Ww), and
water acid mole ratio (W/A) of FePBI and TTMPP-PBI-3/PTFE
membranes in 1 M and 3 M sulfuric acid solution. Error bars are
standard errors of the measurements (N = 3). ...ccoovvviriiienenesc e 79

Xii



Table 5.1:

Table 5.2:

Table 6.1.

Table B1:

Table C1:

ADL of DMFe¢PBI (HSO4 form in acid) and FsPBI in 3 M sulfuric acid.
Error bars are standard errors of the measurements (N = 3). .....ccccceeuee 101

Properties of DMF¢PBI and FsPBI membranes before and after VRFB
cycling test. Error bars are standard errors of the measurements (n = 3).
............................................................................................................... 109

Tensile strength and elongation at break of TTMPP-PBI membrane and
TTMPP-PBI membrane with ePTFE reinforcement. Error bars are
standard errors of the measurements (n = 3). (For reading convenience,
partial data from Table 3.1 is re-used to construct this table.) .............. 121

Partial list of investigated bromination conditions. ...........c.ccceceevvernenne. 151

Literature sources for Figure 4.4. Area specific resistance (ASR) are
measured in different electrolytes, and the cell configurations are
different for different Hterature. ..........ccocooevineniininieicse s 154

Xiii



Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 1.5:

Figure 2.1:

LIST OF FIGURES

2016 world power generation by source (Percentage of 24,973 TWh).
Hydro sources (16.3 %) and non-hydro renewable sources (8 %)
contributed 24.3 % in 2016 world power generation (Data source: 2018
key world energy statistics®l).............ccccooeeriiiiccceeeeee e 2

Structure of a typical vanadium redox flow battery (VRFB), the most
marketed RFB system. The negative electrolyte is comprised of V?* and
V3 in sulfuric acid, the positive electrolyte is comprised of VO?* and
VO;" in sulfuric acid. The middle IEM can be a proton exchange
membrane (PEM) or an anion (SO42/HSOs) exchange membrane
(AEM). PEM is the most popular ChoiCe. ..........cocvviiiiiiiciie e 5

Schematic of Zn-Ce double-membrane RFB.I%! The negative
electrolyte is comprised of Zn(OH)+>/Zn in NaOH solution; The
middle electrolyte is a NaClO4 solution; The positive electrolyte is
comprised of Ce**/Ce®* in HCIO. solution. A CEM separates the
negative electrolyte and middle electrolyte, while an AEM separates the
middle electrolyte and positive electrolyte............ccooeviiiieiiicnininee, 10

Chemical structure of Nafion series membranes. The membrane is
composed of a perfluorinated polymer backbone and sulfonate
FUNCLIONAL GrOUPS. ...vveveeie e 17

Chemical structure of meta-polybenzimidazole(m-PBI). PBIs have
electron pairs on the nitrogen of the benzimidazole group and can act
as electron donators to form hydrogen bonds with protons or polyprotic
ACTUS. 1.ttt ettt r e e 19

Chemical structures of prepared polymer membranes: PS, PPO, PSF,

and FePBI. While PS, PPO, and PSF were commercial polymers, FePBI
was synthesized in our 1ab. ... 30

Xiv



Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 3.1:

Figure 3.2:

Remaining weight of four polymeric membranes during oxidative
stability test in 0.5 M cerium (IV) and 1.3 M HCIO4 solution at 60 <C.
Membranes were thoroughly washed and dried in a vacuum oven before
weight measurements were taken. For each polymer, three membrane
samples were measured, and the standard error of remaining weight is
shown through the error Dars. ... 31

HSQC spectroscopy of pristine PPO before chemical stability test in the
cerium electrolyte, CDClI3 as the solvent, TMS as the internal standard.

HSQC spectroscopy of decomposed PPO after chemical stability test in
the cerium electrolyte, CDCIs as the solvent, TMS as the internal
] = LT o 1SR 34

Stacked *H-NMR spectroscopy of (top) pristine PPO and (bottom)
decomposed PPO polymeric membranes. .........cccocveveerenenieernseesieanens 35

Proposed degradation mechanism of PPO polymeric membranes in
cerium (IV) and HCIO4 eleCtrolyte. .......ccoovvveiiiieiiee e 36

HSQC spectroscopy of pristine PSF before chemical stability test in the
cerium electrolyte, CDClIs as the solvent, TMS as the internal standard.

HSQC spectroscopy of decomposed PSF after chemical stability test in
the cerium electrolyte, CDCIs as the solvent, TMS as the internal
] = LT - o ST 38

Proposed degradation mechanism of PSF polymeric membranes in the
cerium (IV) and HCIO4 eleCtrolyte. .......ccooovvveiiieieee e 39

Model reactions between TTMePP and iodohexane, quaternization of
TTMePP with alkyl iodide could only be achieved by adding copper as
decomposition inhibitor and using high temperature to overcome the
steric hindrance Of TTIMEPP........ccv i 49

Synthesis of IBTTMePP* from TTMePP and diiodobutane. The mole
ratio of TTMePP/1,4-diiodobutane was 1/29 to avoid couple linkage.
Cu was added as an inhibitor to prevent alkyl iodide decomposition. .... 50

XV



Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

Figure 3.10:

Figure 3.11:

Figure 3.12:

'H NMR spectroscopy and 3P NMR spectroscopy of synthesized
IBTTMePP" after purification. DMSO-d6 was used as the solvent.
There is only one peak in 3P NMR spectroscopy indicating that the
purified IBTTMePP" was obtained. ..........cccoeoererrinniinneesee e 50

Synthetic route for TTMePP-PBI polymer. IBTTMePP* and F¢PBI
were synthesized before final linkage. The synthetic details are reported
in Section 3.2.2.1, Section 3.2.2.2, and Section 3.2.2.3. ........cccccvevurennnnn. 51

Picture of prepared TTMePP-PBI membrane. ..........c.ccocooevniiinnnnenn, 52

Synthetic route for TTMPP-PBI polymer. TTMPP can be quaternized
by a linker molecule. The synthetic details are reported in Section
3.2.2.1, Section 3.2.2.4, and Section 3.2.2.5. ......cccceviiiiinien 54

'H NMR spectroscopy and 3P NMR spectroscopy of purified
CBTTMPP*CI,, DMSO-d6 as the solvent. There is only one peak in *!P
NMR spectroscopy indicating that the purified CBTTMPP*CI- was
OBTAINEU. ... e 55

'H NMR spectroscopy of purified FsPBI, DMSO-d6 as the solvent. ..... 56

H NMR spectroscopy of purified TTMPP-200-FsPBI, DMSO-d6 as
tNE SOIVENL. ... 57

Prepared TTMPP-PBI-3/PTFE reinforced membrane. ePTFE was used
as reinforceMENt SUPPOIT. ...c..ooveviiiiieieeieie e 58

Optical microscopy images of FAB-PK-130 and TTMPP-PBI-3/PTFE
reinforced membrane before and after accelerated oxidation stability
test in 0.5 M cerium (1V) and 1.3 M HCIO4 at 60 <C for 100 h. (a and
b: FAB-PK-130 before and after; ¢ and d: TTMPP-PBI-3/PTFE
reinforced membrane before and after). ..o 63

SEM images of TTMPP-PBI-3/PTFE membrane cross section and
surface before (a) and after (b) 200 h accelerated chemical stability test
(blue bar indicated the cross section; the ePTFE substrate is not suitable
for freeze fracturing in liquid nitrogen, membrane samples are prepared

XVi



Figure 3.13:

Figure 3.14:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

ClO4 conductivity of TTMPP-PBI-3/PTFE membranes before and
after the accelerated stability test in 0.5 M cerium (IV) and 1.3 M HCIO4
at 60 <C. The conductivity of membrane samples was tested at different
temperatures from 20 <C to 70 T in DI water. Error bars are standard
errors of the measurements (N = 3)....cccccciiieiiicie s 65

Infrared spectra of TTMPP-PBI-3/PTFE membranes before and after
the accelerated stability test in 0.5 M cerium (IV) and 1.3 M HCIO, at
60 <C. No noticeable change was observed. ...........ccccccoeviiiieiie e, 66

(left) a schematic principle of the designed membrane with large
phosphonium TTMPP-sulfuric acid conducting channel; (right) acid
doping and proton conducting mechanism of TTMPP-PBI membranes.

ASR of TTMPP-PBI-3/PTFE (20 pm), FéPBI (20 pm), and Nafion 115
(125 pm) in 1 M and 3 M sulfuric acid solutions respectively. Error bars
are standard errors of the measurements (N = 3). ....ccceevvvevveveiieseenns 80

Concentration versus time at the deficiency side with TTMPP-PBI-
3/PTFE (20 pm), FePBI (20 pm), and Nafion 115 (125 pm) membranes.
Calculated permeabilities for TTMPP-PBI-3/PTFE (20 pm), FsPBI (20
pm), and Nafion 115 (125 pm) were (3.37 £0.28)><10® cm?min?, (3.00
+1.53)<10° cm®min?, and (1.09 #0.13)>10° cm?min, respectively.
Error bars are standard errors of the measurements or calculation results
(LTI ) TR OSSPSR 82

Plots of vanadium (IV) permeance (permeability/thickness) to ASR
based on data obtained in this work and published literature (Details are
shown in Appendix C). The red square is the prepared TTMPP-PBI-
3/PTFE membrane in this work. For data collected in this work (hollow
points), error bars are standard errors of the measurements or
calculation results (n = 3). Some error bars are not visible, because they
LI V] 110 PSSRSO 84

xvii



Figure 4.5:

Figure 5.1:
Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

VRFB single cell performance of TTMPP-PBI-3/PTFE (20 pm), FsPBI
(20 pm), and Nafion 115 (125 pm) membranes at various current
densities (80-200 mA/cm?): (up) coulombic efficiency, (middle)
voltage efficiency, and (down) energy efficiency. Test conditions: 1.5
vanadium and 3 M sulfuric acid electrolyte 15 mL on both sides. 30
mL/min flow rate, 20 C operating temperature, and cut off voltage 1.0
V — 1.7 V. At each current density, data of the last 4 cycles of the same
sample was used, and 95 % confident intervals of t-distributions were
calculated as error bars (n = 4). Some error bars are not visible, because
they are VEry ShOrt. .......cov o 88

Synthetic route of FePBI and DMFsPBI polymer. ... 97
'H NMR spectroscopy of FsPBI polymer, DMSO-d6 as the solvent...... 98

'H NMR spectroscopy of DMFsPBI polymer, DMSO-d6 as the solvent.

ASR of DMF¢PBI (40 pm), FePBI (40 pm), and Nafion 115 (125 pm)
in 3 M sulfuric acid. Error bars are standard errors of the measurements
(N2 ) e et re e are s 101

VRFB single cell performance of DMF¢PBI (two membranes used, first
membrane broke after 120 mA cm test), FePBI (single membrane),
and Nafion 115 (single membrane) membranes at various current
densities (80-200 mA/cm?): (up) coulombic efficiency, (middle)
voltage efficiency, and (down) energy efficiency. Test conditions: 1.5
M vanadium and 3 M sulfuric acid electrolyte 15 mL on both sides. 30
mL/min flow rate, 20 ‘C operating temperature, and cut off voltage 1.0
V — 1.7 V. At each current density, data of the last 4 cycles of the same
sample was used, and 95 % confident intervals of t-distributions were
calculated as error bars (n = 4). Some error bars are not visible, because
they are VEry Short. .......cooo i 106

VRFB single cell performance of DMFsPBI membrane at 120 mA/cm?,
with voltage limit from 1.0 V to 1.7 V, state of charge of the first cycle
from 9 % to 74 %. The DMFsPBI membrane broke after 46 cycles. (a)
coulombic efficiency, voltage efficiency, and energy efficiency; (b)
charge and discharge capacity deCay..........c.ccooervrivrieieneiene e 108

(@) acid doped pristine DMFePBI membrane and (b) DMF¢PBI
membrane after 46-cycle VRFB degradation test, the active area
became fragile. ..o 108

Xviii



Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 6.1:

Figure B1:

Figure B2:

Figure B3:

Figure B4:

FTIR spectra of DMFsPBI membrane before and after 46-cycle in-situ
VRFB degradation teSt. .........ccooiiieiiiiesieseee e 110

'H NMR spectroscopy of DMFsPBI membrane pristine, after 46-cycle
VRFB, and after 500 h degradation test in 1.5 M vanadium (V) at 80

B O OSSOSO ST TP PSP PPTPRURRPRTR 112
Proposed overall degradation of DMFsPBI in VRFB application. ....... 113
Chemical structure comparison between FePB1 and ABPBI. ABPBI has

the highest density of benzimidazole groups. ........ccccooeveiiiincinnnnn. 119

Proposed synthetic strategy of connecting TTMePP to a polymer
backbone through bromination. FsPBI polymer backbone was chosen
as an example here. TTMePP cation must be single brominated to
Prevent CroSSINKING. ...c.ooooiiiiiiie e 150

H NMR spectroscopy of the products of entry 9 at a milligram scale.
The peak at 4.71 ppm is attributed to the brominated methylene
[0 (01U o RSO RPURPTPRPRN 152

31H NMR spectroscopy of the products of entry 9 at a larger gram scale.
The peak at 9.71 ppm indicates multiple bromination TTMePP*......... 153

Mass spectrometry of bromination reaction products. m/z 403 was
attributed to the non-brominated TTMePP*, m/z 481 and 483 were
attributed to the single brominated TTMePP*, while m/z 561 was
attributed the double brominated TTMePP™..........ccccooeveeveviiiieiieecen 153

XiX



ABSTRACT

Redox flow batteries (RFBs) are currently considered as the most appealing
energy storage options for the large-scale grid integration of the intermittent renewable
energy sources such as solar and wind. Favorable features of RFBs include higher cell
voltage, which leads to higher power and energy density and thus lower capital costs,
and redox couples based on the same element, which allows easy crossover remediation.
At present, zinc-cerium double membrane RFBs have the highest reported cell voltage
in aqueous electrolytes, while vanadium RFBs (VRFBs) are the only commercially
demonstrated systems with redox couples based on the same element. The goal of this
thesis research is to explore highly conductive, selective and stable ion-exchange
membranes (IEMs) for RFB systems. For Zn-Ce double membrane RFBs, the focus is
the oxidative resistance, while for VRFBEs, it is the conductivity. The work began with
the examination of four commercial polymers for oxidation resistance, and among the
four aromatic polymers examined, hexafluoroisopropylidene polybenzimidazole
(FePBI) showed the highest oxidative resistance in the cerium electrolyte. FePBI was
then  functionalized to provide anion conductivity  with  tris(2,4,6-
trimethylphenyl)phosphonium (TTMePP™) and tris(2,4,6-
trimethoxylphenyl)phosphonium (TTMPPY). The tris(2,4,6-
trimethoxylphenyl)phosphonium-functionalized polybenzimidazole (TTMPP-PBI)
membrane exhibited a good balance of oxidation resistance and anion conductivity.
Anion-exchange membranes (AEMS) are also excellent proton exchangers in polyprotic

acid electrolytes. The TTMPP-PBI membrane was acid doped, and an excellent acid

XX



doping level was achieved due to the favorable acid-base interaction at the lone-pair
nitrogen and oxygen sites, and cation-anion interaction at the positive cations. The high
acid doping level led to low area specific resistance which was exploited in VRFBs for
better voltage and energy efficiency compared with Nafion 115 and FePBI membranes.
An alternative pathway to functionalize the FsPBI was also explored by using methyl
iodide to produce methylated hexafluoroisopropylidene polybenzimidazolium
(DMF¢PBI) membrane. The DMFsPBI membrane showed higher acid doping level and
higher voltage and energy efficiency than FsPBI and Nafion 115 for VRFBs. However,
the DMF¢PBI membrane was not chemically stable, and the degradation was

investigated for the future design of robust membranes.
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Chapter 1

INTRODUCTION
1.1 Renewable Energy and Redox Flow Batteries

1.1.1 Renewable Energy

With the increasing shortage of fossil fuels, exploring and utilizing renewable
energy has become an urgent direction of research for sustainable development.
Renewable energy is collected from renewable sources, which are naturally replenished
in a human timescale, and include sources such as sunlight, wind, rain, tides, waves, and
geothermal heat.[*-®]

As of 2015, 19.3 % of global energy consumption is contributed by renewable
energy. Among this consumption, 8.9 % is from biomass; 4.3 % is from heat energy,
3.9 % is from hydro-electricity, and 2.2 % is electricity from wind, solar, geothermal,
and biomass. Half of the new electricity capacity installed worldwide was renewable in
2015 worldwide.ll In 2016, 24.3 % of electricity generation is contributed by renewable

energy (Figure 1.1).[]
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Figure 1.1: 2016 world power generation by source (Percentage of 24,973 TWh).
Hydro sources (16.3 %) and non-hydro renewable sources (8 %)
contributed 24.3 % in 2016 world power generation (Data source: 2018
key world energy statisticst®)).

In contrast to other energy sources that are limited to certain countries and areas,
renewable energy resources exist over wide geographical areas.”’! Therefore, significant
energy security, climate change mitigation and economic benefits are achieved by the
rapid development of renewable energy. The percentage of renewable energies are

projected to continue growing in the coming decades.[*%-14

1.1.2 Energy Storage

Solar and wind are two mostly public supported renewable resources indicated
by the international public opinion surveys in 2011.[*21 However, both solar and wind
are intermittent and uncontrolled sources.***%! Sunlight usually peaks at noon and
disappears at night, and wind greatly varies over hours, days and months. This

inconsistency creates a great challenge for electric grid systems, and it is reported that



the electric grids will be destabilized if intermittent energy resources exceed 20 % of
total electric generation without reliable energy storage systems.[6-28]

There are a variety of methods for energy storage,™*! which can be divided into
mechanical storage, such as pumped hydroelectricity storage,?-?* compressed air,1222%l
flywheels,?*2% etc., electrical storage, such as capacitors,?¢?7] supercapacitors,28-2°]
etc., chemical storage, such as biofuels,* hydrogen,®-%2 etc., thermal storage, such as
steam accumulators,3341 liquid air energy storage,®°3% etc., electrochemical storage,
such as redox flow batteries (RFBs),["#?] rechargeable batteries,[*>4¢] etc. and so on. As
of 2012, pumped hydroelectricity storage, which uses the gravitational potential energy
of water by pumping water from lower reservoir to higher reservoir to store energy and
generates electricity from turbine when water flows down, accounts for over 99% of
bulk energy storage capacity worldwide.[*”] The pumped hydroelectricity storage
exhibits decent energy efficiency (70 % to 87 %) and low cost (around $ 100/kWh).18]
However, it is limited by geographical conditions as two water reservoirs at different
altitudes are needed in close proximity. As an alternative to pumped hydroelectricity
storage, electrochemical storage stands out as an excellent energy storage method for
intermittent renewable resources due to its flexible design and reasonable cost.

Electrochemical storage is mostly based on reversible electrochemical reactions.
Rechargeable batteries, which have a lower total cost of use and lower environmental
impact than a non-rechargeable batteries, are commonly used.[*-¢! | ead-acid
batteries,[**-5% nickel-metal hydride batteries,®-°2 and lithium-ion batteriest>° all
belong to this category. These batteries rely on the liquid or solid electrolyte to transport
support ions to balance redox reactions on positive and negative electrodes and are

mostly composed of solid electrodes. Due to repeated solid deposition/dissolution, 658l



rechargeable batteries exhibit limited cycle life and are generally not suitable for grid
energy storage, which requires a services life of more than 10 years.
RFBs on the other hand, are composed of soluble redox pair in the fluid

electrolyte and are much more suitable for grid electricity storage.

1.1.3 Redox Flow Batteries

RFBs are electrochemical energy storage systems which are suitable for grid
storage of intermittent renewable energy resources. The chemical energy is stored in
two redox pairs dissolved in liquids, and the two redox pairs are separated by an ion-
exchange membrane (IEM). Because the redox pairs are dissolved in liquids, RFBs
employ heterogeneous electron transfer rather than solid-state diffusion or intercalation,
which other rechargeable batteries rely on. This allows RFBs to have more reliable
charge and discharge reactions for long cycle life.?*%% As shown in Figure 1.2, the
electrolyte containing electroactive elements flows through the cell component and
reversibly converts chemical energy to electricity, while additional electrolytes are
stored in external tanks. This independent layout of the power unit (reactor cell
component) and energy unit (external tanks) gives us the flexible design for RFB
systems. RFBs also have the advantages of quick response time, no harmful emissions,
and low maintenance required. For aqueous RFB systems, it is also non-flammable.

These technical features make RFBs an appealing choice for large-scale energy storage.



- +

Negative Electrode Positive Electrode

5 e

o ————

Positive
Electrolyte

Pump Pump

Figure 1.2: Structure of a typical vanadium redox flow battery (VRFB), the most
marketed RFB system. The negative electrolyte is comprised of V?* and
V3*in sulfuric acid, the positive electrolyte is comprised of VO?* and VO,*
in sulfuric acid. The middle IEM can be a proton exchange membrane
(PEM) or an anion (SO4?/HSO4") exchange membrane (AEM). PEM is the
most popular choice.

At present, RFBs can be categorized based on the supporting electrolyte. There
are two major types: aqueous RFBs®'%l and nonaqueous RFBs.[¢¢1 Although
nonaqueous RFBs have advantages of larger electrochemical windows and extended
temperature ranges of operation,’®”] they suffer from high internal resistance associated
with organic solvents and generally slower kinetics during cycling compared to aqueous
RFBs.[*1 The investigation of nonaqueous RFBs are still in the very early stage, and the

industrial implementation of nonaqueous RFBs still faces challenges.1 On the other



hand, aqueous RFB technologies are more mature, and some aqueous RFBs are already
commercially successful today, such as zinc-bromine RFBs!®®® and vanadium

RFBs.I"%71 The emphasis of this dissertation is aqueous RFBs.

1.1.4 Aqueous Redox Flow Batteries

Compared to nonaqueous RFBs, aqueous RFBs, in general, have the advantages
of faster kinetics during cycling, much better voltage efficiency due to the lower internal
resistance, and safer operation because the electrolyte is non-flammable.3

As stated before, RFBs feature flexible design due to the independence of the
power units and energy units. Besides the flexible design of RFBs, the large selection
of available redox pairs allows for tunable cell standard voltage, kinetics constant and
electroactive component solubility.

In practice, two redox pairs are chosen to optimize the economy of the RFB,
create adequate large standard cell voltage, and meet the general requirements of similar
pH aqueous electrolytes, facile kinetics, and high solubilities. Table 1.1 summarizes

commonly implemented redox pairs.



Table 1.1:  Commonly reported redox pairs in RFBs. The standard redox potential and
typical electrolyte of each redox pair are also summarized. (This table is
inspired by a published work of Dr. Ke Gong.["?l)

Redox pair Standard redox Typical electrolyte
potential (V)

Zn(OH)4> /zn [73] —1.22 74 NaOH

Cr(edta) /Cr(edta)> [ —0.96 NaAc

Zn?*/Zn [76-80] —0.76 NaBr, ZnCl,, CH3SO3zH

S427/S,> 1Bl —0.45 NaBr, NaOH

Fe?*/Fe [#2] —0.45 HCI

Cr3*/Cr?+ [83-85] -0.41 H2S04, HCI

\/3+/\/2+ [86-88] —0.26 H2S04, HCI

Fe(C204)3> /Fe(C204)3* 1 -0.12 ¥ NaAc

Ti%*/Tis* [83-84] —0.06 HCI

Co®*/Co?* [78] +1.95 CH3SOsH

Ce 0%*/Ce® +1.86 9] HCIO,

Ce**/Ced* [79.91] +1.74 CH3SOsH, H2S04

Mn3*/Mn2+ 2] +1.54 H,SO4

Cr,0727/Cr3* [89] +1.23 HCI

Cr(edta)*/Cr(edta) [°] +1.14 % NaAc

NpO22*/NpOz* ¥4 +1.14 HNO3

CIBr; /Br [77:88] +1.07 * HCI, ZnBr;

Brs/Br~ [76 81, 84,89] +1.05 * NaBr, H2S04

VO, /\VO? [80, 88, 94] +0.99 H2S04, CH3SO3H

Fe3+/|:ez+ [82-83, 87, 94] +0.77 HCl

Fe(CN)s> /Fe(CN)g* [l +0.36 1 NaOH

Cu?*/Cu 4 +0.34 H2S04

Fe(CsH40) /Fe(CeH40)> [ +0.21 %, & NaBr

Fe(edta) /Fe(edta)> [ +0.18 ¥ NaAc

Np**/Np3* [ +0.15 HNO3

Sn**/Sn2* [ +0.15 H2S04

Standard redox potentials are calculated from standard Gibbs free energies or cited
directly from standard redox potential tables I unless otherwise noted. Note that,
when H™ or OH™ are involved, unity was used as its activity unless otherwise noted.
* Calculated from Gibbs free energies in the referencel®®

+ Calculated from formation constant of the complex in the reference!®”!

1 The complex structure was taken at pH = 6 from the reference.[*®l

Among the various redox pairs available for RFB designs, this dissertation will

focus on vanadium RFBs and zinc-cerium double-membrane RFBs.



1.1.5 Vanadium Redox Flow Batteries

As shown in Figure 1.2, VRFBs are rechargeable RFBs that utilize vanadium
ions in four different oxidation states to form both positive and negative reactions. The
electrochemical reactions on the positive and negative electrode are shown below.

Negative electrode: V' + e~ < V?*

Positive electrode: VO,* + 2H* + &~ <> VO?* + H,0

The first successfully demonstrated VRFB, which used vanadium in sulfuric
acid as both electrolytes, was by Maria Skllas-Kazacos at the University of New South
Wales in the 1980s.[*! Since then, VRFBs quickly became the most popular RFB
systems for researches and industrial applications. Several emerging companies have
successfully launched their VRFB systems, such as Primus Power and UniEnergy in the
United States, Rongke Power and Prudent Energy in China, and Cellennium in
Thailand.

VRFBs featured a unique regeneration advantage because both positive
electrolyte and negative electrolyte are vanadium species in sulfuric acid solution. If the
electrolytes are mixed accidentally or gradually crossed over during cycling, VRFBs
can be recharged back to their normal operating state without permanent damages.*°"]
However, the regeneration will cost 50 % more capacity than a normal charging of
VRFBs.

Among the intensive studies of VRFB membranes, catalysts, electrolytes, and
flow field designs, some exciting improvements were achieved recently. Li et al.
boosted the energy capacity of VRFB by 70 % using mixed acid electrolytes.[*4
Besides the enhanced solubility, the sulfate-chloride mixed electrolyte also exhibited a
wider temperature range of -5 <C to 50 <C compared to the traditional sulfuric acid

electrolyte, which is only stable between 10 <C and 40 <C. Therefore, the temperature



control module in VRFB could also be saved. Mench et al. demonstrated a peak power
density of 557 - 767 mW em at a state of charge of 60 % by employing a zero-gap
flow field cell architecture and non-wetproofed carbon paper electrodes in 2012,1102-103]
Perry et al. from United Technologies Research Center achieved a peak power density
of over 1300 mW €m2 with the improved cell design,®”1 compared to the peak power
density of only 150 mW ¢m2 in commercial VRFB systems. These high-power density
achievements can significantly reduce the stack cost of the VRFB systems and facilitate
the widespread adoption of VRFBs. Zhang et al. also reported a new type of sponge-
like porous polybenzimidazole (PBI) membrane with much better performance and

significantly lower cost than traditional Nafion membranes.[%4

1.1.6 Zinc Cerium Double Membrane Redox Flow Batteries

One approach to lower the overall capital cost of the RFB systems is to design
RFBs with two redox pairs that exhibited a higher cell potential. From Table 1.1,
Zn(OH)4>/Zn (-1.22 V) as one of the lowest potential pairs is a great candidate for the
negative side, and Ce,0%*/Ce® (1.86 V) as one of the highest potential pairs is a great
candidate for the positive side. The potential of 3.08 V voltage would be 2.5 times of
the VRFB (1.25 V) and 2.6 times of the chromium-iron RFB (1.18 V).

However, the Zn(OH)4*/Zn requires a basic electrolyte, while Ce,0%"/Ce3*
requires an acidic electrolyte. A special design must be made to put these two redox
pairs into one RFB. Yan et al. demonstrated a double-membrane design to put the
required basic electrolyte and acidic electrolyte together in 2013.1*%] A cation-exchange
membrane (CEM) is used between the NaOH electrolyte and the middle neutral
electrolyte to allow the passage of Na*, and an AEM is used between the HCIO4

electrolyte and the middle neutral electrolyte to allow the passage of ClIO4 during



cycling. The zinc-cerium double membrane RFB is shown in Figure 1.3, and redox
reactions for the positive and negative sides are shown below:

Negative electrode: Zn(OH)4>" + 2™ <> Zn + 40H"

Positive electrode: Ce,0%" + 2e™ + 2H* «» 2Ce** + H.0

This zinc-cerium double membrane RFB exhibited the highest voltage in
aqueous RFB systems. However, the commercial AEMs are not chemically stable in the
oxidative cerium electrolyte. In this work, new polymeric membrane materials with

better stability in the cerium electrolyte were investigated.

Standard Voltage: 3.08 V

- +
CEM AEM
(-1.22V) (+1.86 V)
Zn(OH)Z +2e™ <> Zn+40H~ Ce 0% +26™ +2H" > 2Ce™ +H,0
INa* & 2Na* 2CI0; & 2C10;
NaOH NaClOa HCIO4

Figure 1.3: Schematic of Zn-Ce double-membrane RFB.%! The negative electrolyte
is comprised of Zn(OH)4*/Zn in NaOH solution; The middle electrolyte
is a NaClOys solution; The positive electrolyte is comprised of Ce**/Ce®" in
HCIO4 solution. A CEM separates the negative electrolyte and middle
electrolyte, while an AEM separates the middle electrolyte and positive
electrolyte.
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1.2 lon-Exchange Membranes

1.2.1 lon-Exchange Membranes for Redox Flow Batteries
IEMs are semi-permeable membranes that can transport designed dissolved ions
while blocking other ions and neutral molecules. Based on the functionality, IEMs are
generally grouped into CEMs and AEMs. IEMs are generally made of organic polymers
with charged ionic functional groups. For example, CEMs usually hold fixed anionic
groups with mobile cations, and the conductivity of CEMs is attributed to the cation
transport through the membrane. While AEMs usually hold fixed cationic groups with
mobile anions.
The primary requirements for IEMs in RFB applications are:
1.  Excellent chemically stability in RFB electrolytes
2. High conductivity of designed support ions
3. High selectivity of the supporting ions against the active redox ions
4.  Good mechanical stability during manufacturing and operation
5. Low cost
As there are various designs for RFBs with different types of redox pairs,
different electrolytes, and different operating conditions. The challenges and
requirements of IEMs are different for different RFBs.
For VRFBs, which are the most marketed RFB systems as introduced in Section
1.1.5, the traditional choice of IEMs is the Nafion series, especially Nafion 115.[%
However, the costs of Nafion membranes are as high as 500-700 $ m™, and this cost has
hampered the further implementation of the VRFBs.1*% Another disadvantage of the
current Nafion membranes in VRFB systems is the low selectivity, and this low

selectivity leads to a low coulombic efficiency during RFB operation.[%"]
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For the zinc-cerium double membrane RFB, a CEM between the Zn(OH)4>/Zn
electrolyte and the middle electrolyte and an AEM between the Ce**/Ce3* electrolyte
and the middle electrolyte are required. However, due to the limited chemical stability
of current commercial AEMs, the first proposed zinc-cerium double membrane RFB by
Yan et al.[’%! only operated for 6 cycles before the AEM failed. The Ce**/Ce® redox
pair in HCIO4 electrolyte has a potential of 1.86 V and poses a serious oxidative stability
challenge to the AEM design.

In this dissertation, we will emphasize on the chemical stability, conductivity

and selectivity of IEMs in RFBs.

1.2.2 Chemical Stability of lon-Exchange Membranes

RFBs for grid energy storage require lifetimes of more than 10 years, thus, one
of the biggest challenges for IEMs in RFBs is their chemical stability. Depending on the
design and electrolytes of different RFBs, chemical stability can be referred to as acidic
stability, alkaline stability, or oxidative stability. For example, in VRFBs, the
electrolytes contain vanadium ions in generally 3 M sulfuric acid or high concentration
of mixed acids, the acidic stability is the primary concern. In RFBs using Zn(OH)4>7/Zn
in NaOH solution as the electrolyte, the alkaline stability is the primary concern. While
in RFBs using Ce**/Ce3* in HCIO; solution as the electrolyte, the primary concern is
the oxidative stability of the IEMs in strong oxidant Ce** in CIO4™ aqueous solution.

For polymeric IEMs, a wise choice of organic chemical structures or a scientific
design of new polymer structure are the ways to meet the chemical stability
requirements. To fulfill the ion exchange function, IEMs are usually comprised of
polymer backbones and functional groups (cations for AEMs or anions for CEMS). In

most cases, the functional groups are the vulnerable parts of the polymeric IEMs.[%]
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Because the functional groups are usually charged (positively charged cation for AEMs
or negatively charged anion for CEMS), the functional groups are the hydrophilic part
of the membrane in an aqueous environment and are usually easily attacked by species
(such as OH" in an alkaline environment) in the electrolytes. Due to the investigation of
hydroxide exchange membrane fuel cell (HEMFC) systems, the alkaline stability of
AEM functional groups is well studied. Many cationic functional groups with excellent
alkaline stability were also proposed.['%-11% However, the functional group degradation
related to oxidative stability is generally less investigated.

In terms of polymer backbones, they are traditionally considered to be
chemically stable due to their hydrophobic nature. For example, even exposure to 40 %
NaOH at 80 <C for 300 h, polysulfone (PSF) backbone was still reported to be
chemically stable with no noticeable change in the membrane.™!l However, a recent
study has proven that even though PSF is perfectly stable in a hot and corrosive alkaline
environment, the PSF backbone can become vulnerable to OH" attacks after
functionalized by cations on aromatic rings.'21'4l These cation-triggered backbone
degradation researches revealed new weak points of polymeric IEM chemical structures

and inspired better designs of IEMs for electrochemical devices.

1.2.3 Conductivity of lon-Exchange Membranes

The ionic conductivity of an IEM is proportional to the ionic mobility and ionic
concentration.l*%® As shown in Table 1.2, H* exhibits the highest ionic mobility in
water, thus, for the same piece of CEM, proton usually shows the highest conductivity.

Therefore, PEMs are often used to serve as IEMs for RFBs with acid electrolytes.
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Table 1.2: lonic mobilities of selected cations and anions at infinite dilution in water

at 298 K.
lon Mobility
(10¥m?stvY)

H* 36.23
Li* 4.01

Na* 5.19

K* 7.62
Mg?* 5.50
Ca®* 6.17
NH4* 7.62
OH" 20.64

F 5.74

CI 7.92

Br 8.09

I 7.96
NOs 7.41
ClOs 6.98
S04* 8.29

Besides the intrinsic ionic mobility, another effective strategy to increase the
IEM conductivity is to prepare the IEM with a high ion exchange capacity (IEC, i.e.,
the number of charged functional groups per unit mass of the membrane). However,
there are trade-offs with high IECs. Because the charged functional groups are usually
the vulnerable parts of IEMs, IEMs with higher IEC may be less chemically stable, and
because of the increased water uptake and dimensional swelling, they may be less
mechanically stable. Therefore, a careful decision is always required to pick the IEC of
IEMs to balance the conductivity, mechanical strength, and chemical stability for the
intended application.

The overall conductance of the IEM is proportional to its intrinsic conductivity
but inversely proportional to its thickness. Just like the IEC of an IEM, the thickness of
an IEM also requires mindful design. Thinner membranes generally show better

conductance, but are less selective for the desired ions.[** Lower selectivity leads to a
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higher crossover rate and faster capacity decrease for RFB systems.[*1¢] Besides the
selectivity issue of thinner IEMs, a reasonable thickness of IEM (> 10 pm generally) is
required for mechanical strength and RFB assembling.

Depending on the designs of RFBs and nature of the electrolytes, different
supporting ions transport through IEMs to achieve charge balance. For the VRFB
systems, the electrolytes are vanadium ions in sulfuric acid, and CEMs are commonly
used to allow the transport of protons and to block the vanadium ions from crossover at
the same time.[**8] Due to the high ionic mobility of H*, VRFBs with CEMs generally
exhibit sufficient conductivity. However, the selectivity is generally sacrificed using
CEMs. AEMs are also used in VRFBs to increase vanadium selectivity by Donnan
exclusion (i.e., the intrinsic repulsion of positive charged functional groups in AEMs
and vanadium cations). Although AEMs are functionalized with positively charged
cations, protons could also pass through AEMs in a high concentration of sulfuric
acid.!71 For zinc-cerium RFB systems, AEMs are required to allow the transport of
ClO4 and to block the active cerium ions, and CEMs are also required to allow the

transport of sodium ions and reject the zincate ions.

1.2.4 Selectivity of lon-Exchange Membranes

In aqueous RFB systems, the electrolytes are composed of active redox pairs
and supporting ions. The supporting ions are added to increase the conductivity of the
electrolyte and to transport through IEMs to balance the reactions on both electrodes
during cycling.*161 Using VRFB as an example, V2*/V** are active redox pairs in the
negative electrolyte, and VO?*/VO,* are active redox pairs in the positive electrolyte.

These active redox pairs should be blocked by the IEM to prevent crossover and
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capacity loss. While H*, SO4>, and HSO4 are supporting ions in the electrolyte that can
transport through the IEM to balance the redox reactions on both sides.

Selectivity is used to compare the transport of two species through the
membrane. For RFB membranes, a high permeability of designed supporting ions and
a low permeability of active species are required. lon selectivity of an IEM is primarily
governed by the Donnan exclusion effect.['*®l For CEMs, due to fixed negatively
charged functional groups in the membranes, cations can pass through the membrane,
while anions are rejected. For AEMs, due to the fixed positively charged functional
groups in the membranes, anions can pass through while cations are rejected. The ion
selectivity between ions of the same type of charge is generally governed by the
differences in ionic mobility between the two ions. In VRFB systems, CEMs are
traditionally used to separate positively charged protons and positively charged
vanadium ions based on their ionic mobility.

As we mentioned in the previous section, the selectivity of an IEM is often
counteracting with its conductance. For example, based on the same chemical structure
of the IEM, a thinner membrane exhibits higher conductance, but a thicker membrane

usually exhibits better selectivity.

1.2.5 Cation-Exchange Membranes for Redox Flow Batteries

Based on the types of materials, CEMs could be divided into three groups:
perfluorinated membranes, partially fluorinated membranes, and nonfluorinated
hydrocarbon membranes.**°l

The carbon-fluorine chemical bond is the strongest bond in organic
chemistry,*?  thus perfluorinated membranes usually have great stability.

Perfluorinated CEMs are currently the most commercially applied materials for RFBs,

16



such as the Nafion membranes developed in the late 1960s by Walther Grot of DuPont
Inc,[*?! and are currently products of the Chemours Company. The chemical structure
of Nafion membranes is shown in Figure 1.4. Nafion membranes are comprised of
perfluorinated polymer backbones and sulfonate functional groups. These
perfluorinated CEMs feature excellent chemical stability and great ion conductivity.
However, further development of RFBs with perfluorinated membranes is hampered by
the high cost of perfluorinated membranest*?? (e.g., $500 — $700 per m? for Nafion
series membranes!%4 1161y and low selectivity (e.g., high permeability of vanadium ions

through Nafion series membranes in VRFB16),

F2
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| Z F2
CF,

Figure 1.4: Chemical structure of Nafion series membranes. The membrane is
composed of a perfluorinated polymer backbone and sulfonate functional
groups.

Partially fluorinated materials have also been applied in RFBs.[*?®l For example,
the pre-irradiation technique has been used to graft styrene and maleic anhydride onto
polyvinylidene fluoride membranes for preparing partially fluorinated membranes for
VRFBs.1*?4 The specific area resistance and properties of these grafted membranes can

be controlled by the grafting ratio.l*?1 However, these partially fluorinated membranes
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are generally less stable than perfluorinated membranes in relevant RFB electrolytes,
and low-cost membranes are still unavailable due to the expensive fluorinated
materials. [

Nonfluorinated hydrocarbon polymer backbones are cheaper alternatives to
expensive fluorinated backbones. For example, sulfonated poly(tetramethydiphenyl
ether ether ketone) (SPEEK) was prepared for VRFB applications.!*28! Although some
of these nonfluorinated CEMs exhibits better proton selectivity in VRFB,2%6 their
application in RFBs is still limited by their insufficient chemical stability.[*1°]

Since 2015, PBI membranes have been introduced for RFB applications.[*27-131]
PBI does not contain fixed anions as functional groups for cation transportation, while
it featured benzimidazole groups that act as electron donators and form hydrogen bonds
with acid molecules.'*? Especially in concentrated polyprotic acid solution (i.e.,
sulfuric acid solution in VRFBs and phosphoric acid in high-temperature fuel cells),
PBIs can be doped with a large amount of acid, and these doped polyprotic acids form
effective proton transportation channels in the membrane matrix.!*3¥1 Moreover, the PBI
membranes exhibit excellent chemical stability and demonstrate more than 10,000
cycles of VRFB operation.®l However, due to the relatively low concentration of
sulfuric acid in VRFB electrolytes (i.e., 3 M sulfuric acid), the acid doping level and
proton conductance are not adequate. Sponge-like porous PBI membranes were made

to increase the proton conductance. 4]
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Figure 1.5: Chemical structure of meta-polybenzimidazole(m-PBI). PBIs have
electron pairs on the nitrogen of the benzimidazole group and can act as
electron donators to form hydrogen bonds with protons or polyprotic acids.

1.2.6 Anion-Exchange Membranes for Redox Flow Batteries

AEMs are membranes with fixed cations as functional groups and selectively
allow the transportation of anions through the membrane matrix. Recent research
demonstrated that in concentrated polyprotic acids (e.g., sulfuric acid or phosphoric
acid), besides anion conductive, the AEMs are also good proton exchangers. For
example, J&rissen et al. demonstrated that multiple charged anions can interact with
fixed cations in AEMs and reduce the AEMs’ ability to stop H* leakage.*'”] Their
experiments indicate that the majority of ion transportation through the AEM is proton
transport in 30 % weight of sulfuric acid.[**” Kim et al. demonstrated that due to the
formation of ammonium-biphosphate ion pairs, the ammonium functionalized
membrane exhibited higher acid doping level than PBI membranes in concentrated
phosphoric acid.[*34

In terms of the materials, AEMs are commonly made of nonfluorinated
hydrocarbon polymers. A lot of research has been done towards the cations and polymer

backbones. Chemical structures of selected cations for AEMs are listed Table 1.3, such
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as: (1) quaternary ammoniums (e.g., tetramethyl-ammonium,[*®1% triethyl-methyl-
ammonium,*® 1 4-diazabicyclo[2.2.2]octane based ammonium,[4%-141 1 1-dimethyI-
piperidinium,1142-143] 1,1-dimethyl-pyrrolidinium, 4% 144] 1,1,4-trimethyl-
piperazinium{#4); (2) imidazoliums (e.g., 1,3-dimethyl-imidazolium,[t%8 1451461 1 9 3.
trimethyl-imidazolium,41  benzimidazolium,[*431%° 1 3-dimethyl-4,5-diphenyl-2-
(2,4,6-trimethylphenyl)-imidazolium,% 1,3,4,5-tetramethyl-2-(2,4,6-
trimethylphenyl)-imidazolium®®):  (3)  guanidiniums  (e.g.,  hexamethyl-
guanidinium,51521 pentamethyl-alkyl-guanidinium!%3-2%4): (4) sulfoniums (e.g.,
trimethyl-sulfonium,4% 1581 triphenyl-sulfonium™°¢l); and (5) phosphoniums (e.g.,
methyl-tris(2,4,6-trimethoxylphenyl)phosphonium, 5t 1571581 methyl-tris(2,4,6-
trimethylphenyl)phosphonium!*%l), Quaternary ammoniums are the traditional choice
in AEMs and have been widely used in RFBs, however, they are not chemically stable
in corrosive environments. In 2015, Coates et al. published 1,3-dimethyl-4,5-diphenyl-
2-(2,4,6-trimethylphenyl)-imidazolium and 1,3,4,5-tetramethyl-2-(2,4,6-
trimethylphenyl)-imidazolium cations with exceptional alkaline stability in 5 M KOH
at 80 T for 30 days.'®! In 2016, Yan et al. demonstrated that methyl-tris(2,4,6-
trimethylphenyl)phosphonium exhibited excellent alkaline stability in 1 M KOH at 80
<1110 To the best of our knowledge, the chemical stable phosphonium cations have

not been implemented in RFBs before this work.
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Table 1.3:  Selected list of reported cations for AEMs, some of these cation
functionalized membranes were not implemented in RFB applications.
(This table is inspired by a published work of Dr. Bingzi Zhang.%1)

Cation Chemical structure
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Polymer backbones control the mechanical strength of the IEMs and are
generally hydrophobic and raise less chemical stability concerns than the functional
groups. Common polymer backbones includes polystyrene  (PS),1160-162]
polyethylene, 11631651 pSF [166-1681 holyphenylene, 1691701 pB| 149 171-1721 perflyorinated
backbones, 1”314 poly(vinylbenzyl chloride),”>1771 polyphosphazene,*"8 poly(vinyl
alcohol),[*7%181 poly(ether ketones),[*82181 poly(phenylene oxide),!* and poly(ether
imide).*¥7-181 Dye to the uncharged nature of polymer backbones, they are usually
considered chemically stable in most aqueous electrolytes. However, recent studies
have demonstrated that tethering cations could trigger the degradation of polymer
backbones in aqueous electrolytes.['®®! These studies provided new prospects for

chemically stable polymer backbone design.

1.3 Research Aim and Objectives

The overall research objective was to explore conductive, chemically stable and
selective IEMs for various RFB applications.

The first project of my Ph.D. was to develop oxidative resistant AEMs for the
zinc-cerium double membrane RFB system. Different aromatic polymer backbones
were screened, and their degradation in cerium electrolytes was studied. The most stable
PBI  backbone was functionalized with  chemical stable tris(2,4,6-
trimethylphenyl)phosphonium (TTMePP*). However, the prepared membrane showed
trivial anion conductivity due to the hydrophobic functional group. Another tris(2,4,6-
trimethoxylphenyl)phosphonium  (TTMPP*)  functionalized  polybenzimidazole
membrane was prepared, and the TTMPP-functionalized polybenzimidazole membrane
(TTMPP-PBI) provides decent conductivity with sufficient chemical stability in cerium

electrolytes. Due to the nature of methoxy groups and large phosphonium cation, the

22



TTMPP-PBI membrane was an excellent platform for acid doping in the sulfuric acid
electrolyte and very suitable for VRFBs. The TTMPP-PBI was then tested in a VRFB
system and showed excellent energy efficiency compared with current membranes. To
solve the low acid doping of the pure PBI in sulfuric electrolytes, a methylated
polybenzimidazolium membrane (i.e., DMFsPBI) was developed and first investigated
(to the best of our knowledge) in VRFB systems. The prepared DMFsPBI membrane
showed excellent acid doping level and conductivity, but it was not stable enough in
VRFB electrolytes. The membrane degradation in VRFB electrolytes was also
investigated. Overall, the goal of this dissertation is to demonstrate novel membrane

chemistries and their implementation into actual RFB devices.

1.4 Outline of the Dissertation

To achieve the goal of exploring conductive, chemically stable, and selective
IEMs for various RFB applications, this dissertation is organized into the following
chapters.

In chapter 2, in order to develop an oxidative resistant IEM for the zinc-cerium
double membrane RFB, the selection of the polymer backbone was investigated. Cerium
redox-pair (Ce**/Ce%*) is one of most electronegative redox pair (1.74 vs. SHE) in water,
while the degradation of organic polymers in cerium electrolyte was not well
investigated. Four different commercial polymer backbones (PSF, PS, poly(2,6-
dimethyl-phenylene oxide (PPO)), and hexafluoroisoproylidene polybenzimidazole
(FePBI)) in the cerium electrolyte were examined. FsPBI exhibited the lowest weight
loss and was chosen as the polymer backbone for the membrane. The degradation

mechanisms of the two unstable membranes (PSF and PPO) were also investigated in
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detail using heteronuclear single quantum coherence (HSQC) spectroscopy for a deeper
understanding of the oxidative resistance.

In chapter 3, to prepare an oxidative resistance AEM for the zinc-cerium double
membrane RFB, taking advantage of the developed chemically stable phosphonium
functional groups, the cation groups were linked them to the selected FePBI polymer
backbone. At first, the FePBI was modified with TTMePP, while after great efforts
devoted towards the synthesis, the obtained membrane showed trivial anion
conductivity due to the hydrophobic nature of the TTMePP cation. The TTMPP cation
was then linked to the FePBI, and the obtained membrane showed sufficient anion
conductivity and chemical stability in the cerium electrolyte.

In chapter 4, the prepared TTMPP-PBI membrane from the previous chapter was
further investigated in the vanadium sulfuric acid electrolyte for VRFB application. One
TTMPP featured nine methoxy groups to form hydrogen bonds in concentrated sulfuric
acid solution and one positively charged phosphonium to form phosphonium-bisulfate
pairs for further acid doping. TTMPP-PBI membrane exhibited an acid doping level of
5.1 (mol acids per mol polymer repeat unit) in 3 M sulfuric acid which is much higher
than pure FePBI, which showed an acid doping level of only 1.5 (mol acids per mol
polymer repeat unit) in 3 M sulfuric acid. The specific area resistance of TTMPP-PBI
membrane was even lower than Nafion 115 in 3 M sulfuric acid, and the prepared
TTMPP-PBI membrane achieved the best voltage efficiency and energy efficiency in a
single cell VRFB test compared with Nafion 115 and FePBI membranes.

In chapter 5, PBI membranes were used to form hydrogen bonds with acids and
become proton conductive in polyprotic acid solutions (e.g., sulfuric acid). Inspired by

the previous work of acid doping by forming cation-bisulfate in concentrated sulfuric
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acid solution, the FePBI was modified with methyl iodide to form fixed
benzimidazolium groups. The prepared methylated hexafluoroisoproylidene
polybenzimidazolium (DMFsPBI) membrane achieved higher acid doping level and a
lower area specific resistance in a sulfuric acid electrolyte. However, after methylation,
DMFePBI is not chemically stable in the vanadium electrolyte, and its degradation

mechanism was investigated for the future design of chemically stable membranes.
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Chapter 2

INVESTIGATION OF POLYMER BACKBONE DEGRADATION IN CERIUM
ELECTROLYTES

Polymer backbones are the vital frame of ion-exchange membranes (IEMs) and
control the mechanical strength of IEMs. In this chapter, the oxidative resistance of four
polymer backbones was tested in the cerium (IV) electrolyte. Only
hexafluoropropylidene polybenzimidazole (FsPBI) membranes exhibited no significant
weight loss and thus were chosen for further studies. For those polymers that are not
stable, we attempted to probe the mechanisms of the polymer weight loss in this chapter.

Because of the unprecedented high cell voltage (1.87 V — 3.08 \V/)[105 191-196] nf
cerium redox flow batteries (RFBs), cerium redox-pair (Ce**/Ce®) is extremely
appealing. In order to achieve the highest-voltage (i.e., 3.08 V) of aqueous RFBs, a
chemical stable AEM is required to operate with the oxidative cerium electrolyte. In this
work, the stability of the common AEM backbones was tested. In addition, using
heteronuclear single quantum coherence (HSQC) spectroscopy, their detailed

degradation mechanisms were thoroughly investigated.

2.1 Introduction

RFB is a popular choice of renewable storage due to its reliability and
scalability.3® 118 1971 Dye to the flexible design of RFB electrochemistry, various types
of RFBs have been developed in the past century,®® 1%l for example: Zn-Br RFBs,[1%-
2011 Fe-Cr RFBs,[2022%1 g]|-\y RFBs,[*: % 2061 7n.Ce RFBs,[192 194191 g|l-organic
RFBs, 138 40.207-208] g all-polymer RFBs.[20%-21 Among the numerous redox pairs used
in different RFB systems, cerium redox-pair (Ce**/Ce®") is attractive because it is one

of the most positive redox pair (1.74 vs. SHE) in water. The RFB designed with cerium
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redox pair has unprecedented high cell voltage (1.87 V — 3.08 V).[105 191-192] Hjgh cell
voltage is important to achieve high energy and power densities, which leads to a lower
storage cost of the RFB.[1%]

The RFB with the highest voltage in an aqueous system was published by Yan
etal., and the design requires an anion-exchange membrane (AEM) to work with cerium
solution to prevent the cation crossover and allow the passing of selected anions. %!
However, due to the limited stability of existing AEMs, the RFB could only survive less
than 20 cycles.l’%! Ce** is a well-known oxidant, yet the influence of it on polymer
membranes has not been systematically studied.

In this paper, | demonstrated that not only the hydrophilic AEMs can hardly
survive in cerium (1V) electrolytes. Some membrane backbones which are traditionally
considered to be acid and oxidative resistant can easily decompose in the strong
oxidative and acidic environment of cerium (V) electrolytes. This paper addresses the
issue of membrane backbone stability in cerium electrolytes, and especially, the
degradation mechanisms of poly(2,6-dimethyl-phenylene oxide) (PPO) and polysulfone
(PSF).

1D H nuclear magnetic resonance (NMR) spectroscopy and infrared
spectroscopy have been the choices for elucidating polymer structure both for
synthesized polymers and after degradation tests.[?*2261 However, these methods lack
the information on carbon and hydrogen correlation and are difficult to identify the
specific chemical moieties present. Thus, the detailed degradation mechanism is always
absent in polymer membrane studies. These degradation mechanisms are essential for

designing future robust materials.
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In this paper, HSQC spectroscopy is used to identify the moieties presented after
cerium degradation test.l?27-21%1\We introduced HSQC spectroscopy to study the polymer
stability in RFB electrolytes, and the detailed degradation mechanisms are shown in the

following sections.
2.2 Materials and Methods

2.2.1 Materials

All chemicals were obtained from Sigma-Aldrich and used as received unless
otherwise stated. A rotary evaporator was used to concentrate 0.3 M cerium (IV) and
perchloric acid solution purchased from Alfa Aesar to obtain 0.5 M Cerium(IV) in 1.3

M HCIO4aqueous solution.
2.2.2 Experimental Methods

2.2.2.1 Synthesis of Hexafluoropropylidene Polybenzimidazole (FsPBI)

FsPBI was synthesized using a literature procedure.*33

2.2.2.2 Membrane Fabrication

Polystyrene (PS), PSF, and PPO were used without further purification. F¢PBI
was synthesized as described in Section 2.2.2.1. The polymer was completely dissolved
before casting. The polymer solution was cast on a glass plate and dried in air at 60 <C
for 24 h. After 24 h, the glass plate was immersed in DI water, and the membrane

(thickness between 25 pm to 35 m) was gently peeled from the glass.
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2.2.2.3 Polymer Backbone Oxidative Stability Test in Cerium(IV) Solution

The obtained membranes were tested in 0.5 M Cerium(1V) and 1.3 M HCIO4
solution at 60 <T for dry-weight measurement at 0 h, 250 h, 500 h, 750 h, and 1000 h.
Before each weight measurement, the membranes were immersed in 1 M NaHCOs3
solution for 48 h and then DI water for 24 h at room temperature to wash out residual

salt and acid, and dried in a vacuum oven at 60 <C for 48 h.

2.2.2.4 NMR Spectroscopy Characterization
All NMR spectroscopy measurements were carried out by a Bruker AVIII 600
MHz NMR spectrometer. The solvent for NMR spectroscopy is deuterated chloroform

(CDClz) with tetramethylsilane added as the internal standard.

2.3 Results and Discussion

2.3.1 Polymer Backbone Degradation in Cerium (1) and HCIO4 Solution

Four commercially-available high-performance engineering aromatic polymer
membranes, PS, PSF, PPO, and F¢PBI (chemical structures shown in Figure 2.1) were
prepared with thicknesses between 25 pm to 35 pm. The remaining weights were
measured in 0.5 M Cerium (IV) and 1.3 M HCIO4 solution at 60 <C. The results are

shown in Figure 2.2.
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Figure 2.1: Chemical structures of prepared polymer membranes: PS, PPO, PSF, and
FsPBI. While PS, PPO, and PSF were commercial polymers, FsPBI was
synthesized in our lab.
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Figure 2.2:  Remaining weight of four polymeric membranes during oxidative stability
test in 0.5 M cerium (IV) and 1.3 M HCIO;4 solution at 60 <C. Membranes
were thoroughly washed and dried in a vacuum oven before weight
measurements were taken. For each polymer, three membrane samples
were measured, and the standard error of remaining weight is shown
through the error bars.

As shown in Figure 2.2, FePBI membranes exhibited no noticeable weight loss
during the cerium oxidation test, and PS membranes had less than 10 % weight loss on
average after the oxidation test. However, PPO and PSF membranes presented 41 %
and 23 % weight loss on average respectively after the oxidation test, and they both
changed from strong and transparent to brittle and cloudy. A noticeable common feature

of PPO and PSF is the ether linkage within the polymer structure (Figure 2.1). To our
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best knowledge, the detailed degradation mechanisms of PPO and PSF in cerium (1V)

and perchloric acid electrolyte have not been studied yet.

2.3.2 Poly(p-phenylene oxide) Degradation Mechanism

To investigate the degradation of PPO, *H NMR spectroscopy and HSQC
spectroscopy of PPO before and after the 1000 h degradation in cerium solution. For
comparison, the NMR spectroscopy results are shown in a stacked manner. From the
HSQC spectroscopy in Figure 2.3 and Figure 2.4, clear degradation was observed
through distinct emerging peaks at 4.6 ppm and 5.3 ppm in *H NMR spectroscopy,
which are correlated with peaks at 68 ppm and 70 ppm in **C NMR spectroscopy,
respectively. From the stacked *H NMR spectroscopy in Figure 2.5, the new peak at
10.3 ppm in *H NMR spectroscopy indicated the formation of well-known carboxylic
acid after oxidation.

In Figure 2.4, the new blue peaks can only be -CH> groups due to the opposite
color from the original red peaks (-CHs and -CH) in pristine PPO.[??%1 Based on their *H
and *C chemical shifts, as well as the possible degradation of the PPO structure, the
new peaks were most likely to be methylene ether linkage (-CH2-O-). The methylene
ether linkage was the product of decarboxylation after the oxidation ring opening of
benzene. The oxidative aromatic ring opening and decarboxylation were facilitated by
the positive charge delocalized in the system after protonation in a rich acid
environment.

The overall proposed degradation mechanism is shown in Figure 2.6. The
degradation started from the protonation of the ether bond in a rich acidic environment.
After protonation of the ether bond, a nearby aromatic ring was activated and easily

oxidized by Ce*. Due to the strong electron withdrawing effect of the delocalized
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positive charge, the formed carboxylic acid went through decarboxylation and left a -
CH>-O- with the chemical shift at 5.3 ppm in *H NMR spectroscopy and 70 ppm in $3C
NMR spectroscopy. After the decarboxylation, the product went through a double bond
cleavage due to the oxidation of Ce*. The further oxidation product with ether
methylene carboxylic acid group (-O-CH>-COOH) has the chemical shift at 4.6 ppm in
'H NMR spectroscopy and 68 ppm in 1*C NMR spectroscopy, and the carboxylic acid
is at 10.3 ppm in *H NMR spectroscopy in Figure 2.5.
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Figure 2.3: HSQC spectroscopy of pristine PPO before chemical stability test in the
cerium electrolyte, CDCl3 as the solvent, TMS as the internal standard.
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Figure 2.4: HSQC spectroscopy of decomposed PPO after chemical stability test in
the cerium electrolyte, CDClz as the solvent, TMS as the internal standard.
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Figure 2.5: Stacked H-NMR spectroscopy of (top) pristine PPO and (bottom)
decomposed PPO polymeric membranes.
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Figure 2.6: Proposed degradation mechanism of PPO polymeric membranes in cerium
(IV) and HCIOg4 electrolyte.

2.3.3 Polysulfone Degradation Mechanism

To investigate the degradation of PSF, HSQC spectroscopy of PSF was
performed before and after the 1000 h degradation in cerium solution. From the HSQC
spectroscopy in Figure 2.7 and Figure 2.8, clear degradation was shown by distinct
emerging peaks at 2.7 ppm, 2.8 ppm, 3.0 ppm, and 3.4 ppm in *H NMR spectroscopy,
which are correlated with peaks at 28 ppm, 30 ppm, 24 ppm, and 50 ppm in 3C NMR
spectroscopy, respectively. The color of these peaks indicates they could possibly be -
CH, -CHq>, or -CHa. Based on this information, these peaks most likely correlated with
alkane groups linked to an aromatic ring.

These alkane groups are products from oxidation cleavage near the propylidene
group in PSF backbone. The complexity of the alkane peaks is due to the
decarboxylation after oxidation. The overall degradation mechanism is proposed in

Figure 2.9. The degradation started from the protonation of the ether bond in a rich acid
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environment. After protonation of the ether bond, the propylidene across an aromatic
ring could be activated and oxidized by Ce*". Due to the delocalized positive charge,
the formed carboxylic acid went through decarboxylation. Further oxidation and
decarboxylation also occurred, thus multiple middle products M1, M2, and M3 (noted
in Figure 2.9) were formed. M1, M2, and M3 were further oxidized by Ce*", and the
adjacent aromatic ring was oxidized to benzoquinone, eventually causing the backbone
to cleavage. The formed products had alkane groups with peaks from 2.0 ppm to 3.5

ppm in *H NMR spectroscopy and from 20 ppm to 50 ppm in *C NMR spectroscopy.
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Figure 2.7: HSQC spectroscopy of pristine PSF before chemical stability test in the
cerium electrolyte, CDCl3 as the solvent, TMS as the internal standard.
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Figure 2.8: HSQC spectroscopy of decomposed PSF after chemical stability test in the
cerium electrolyte, CDCl3 as the solvent, TMS as the internal standard.
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Figure 2.9: Proposed degradation mechanism of PSF polymeric membranes in the
cerium (IV) and HCIO4 electrolyte.

2.4 Conclusion

HSQC spectroscopy was used to study the degradation of PPO and PSF in
cerium solution, and the possible degradation mechanisms were illustrated. We
demonstrated that for polymer membranes in cerium solution, aromatic ether structure
should be avoided. The protonation of the ether bond will facilitate a further oxidation
degradation that will eventually cause the backbone cleavage. To develop a chemically
stable IEM for cerium RFB, the FsPBI is the most suitable backbone choice among these

four polymers.
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Chapter 3

INVESTIGATION AND DESIGN OF OXIDATIVELY STABLE MEMBRANES
FOR CERIUM REDOX FLOW BATTERIES

A double membrane zinc-cerium redox flow battery (RFB) with the highest
voltage in the aqueous system was developed by Yan et al.l!%! However, the RFB
requires an anion-exchange membrane (AEM) with high oxidative resistance to work
in the cerium electrolyte. Unfortunately, the commercial AEMs have limited oxidative
stability and insufficient lifetime when working in cerium electrolytes.

As reported in Chapter 2, hexafluoropropylidene polybenzimidazole (Fe¢PBI)
polymer backbone showed the highest oxidation resistance in cerium electrolytes. For
the selection of cationic functional groups, two chemically stable phosphonium cations
were tested, and their functionalized FsPBI membranes were synthesized. The
tris(2,4,6-trimethoxyphenyl)phosphonium functionalized polybenzimidazole (TTMPP-
PBI) membrane exhibited desired anion conductivity and satisfactory oxidation

stability.

3.1 Introduction

One of the hottest topics today is to investigate and utilize renewable energy
sources. These renewable energy sources play an important role to reduce greenhouse
gas emissions and solve fossil-fuel shortage.?22?%1 |n order to make renewable energy
reliable and to overcome the intermittent nature of wind and solar, a large-scale energy

storage system is necessary.[16-18 226]
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RFBs are well suited for energy storage purpose. The advantages of RFBs
include flexible design, excellent scalability, and long cycle life. Aqueous RFB systems
are also safer compared to flammable lithium-ion batteries and more reliable as the
redox pairs are separated in different tanks during non-operation.[8 116, 227-228]

As of today, various types of RFBs have been invented and are developed at
different stages.™™® 2271 A partial list includes: Zn-Br RFBs,[1%-21l Fe-Cr RFBs,[20220%]
all-V RFBs,*1 9. 2061 7n_Ce RFBs, 1192 1941991 g||-organic RFBs,[38 40 207208] gnq g|-
polymer RFBs.[2%°-2111 Among the numerous redox pairs used in different RFB systems,
cerium redox-pair (Ce(4)/Ce(3%)) is one of most positive redox pair (1.74 V vs.
standard hydrogen electrode (SHE)) in water,’%! and its aqueous RFBs have
unprecedented high cell voltage (1.87 V — 3.08 V).[1%% 1921 High cell voltage is crucial
to achieve lower storage cost.[*%]

Although possessing high energy density, compared to the widely used
vanadium RFBs, cerium RFBs are still in the early research and development stage, and
there are many scientific and technical challenges that must be overcome.[16: 1921 The
high standard potential of the Ce(4%)/Ce(3") redox pair (1.74 vs. SHE) poses a crucial
threat to the stability of IEMs and causes decreased the conductivity and reduced
mechanical integrity during operation.!*%! The highest cell voltage (3.08 V) in aqueous
RFB systems was achieved with a double-membrane zinc/cerium RFB by Gu et al. at
2014.[1%1 Unfortunately, this RFB could only operate for 6 complete cycles due to the
failure of the Fumasep® AEM in the cerium electrolyte.[*%]

With limited research in cerium stability, we first screened four kinds of
polymeric backbones in cerium electrolyte and found FePBI exhibited the highest

oxidation stability. FePBI’s high thermo-oxidative stability and ease for further
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processing and modification made it the best choice among the studied polymers for use
in cerium RFB.[1%4 133 For an AEM, the cation may be vulnerable to react with oxidative
species resulting in chemical degradation. To design an AEM with strong oxidative
resistance, we first chose one of the most chemically stable cation, tris(2,4,6-
trimethylphenyl)phosphonium (TTMePP), which was published by Yan et al. in
2016, as the functional group. However, we discovered that the TTMePP cation
functionalized membrane has trivial anion conductivity in the aqueous system due to
the hydrophobic nature of the cation. Another chemically stable phosphonium cation,
tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP), developed earlier by Yan et al.[*°]
was then chosen as the functional group for this work. A series of TTMPP-PBI

membranes were developed, and the oxidative resistance was examined.
3.2 Materials and Methods

3.2.1 Materials

All chemicals were obtained from Sigma-Aldrich and used as received unless
otherwise stated. The 0.5 M Cerium (IV) in 1.3 M HCIO4 aqueous solution was
concentrated by rotary evaporator from 0.3 M cerium (V) and perchloric acid solution
purchased from Alfa Aesar. Anhydrous Cerium (IV) sulfate was purchased from Alfa
Aesar. Fumasep® FAS and FAB membranes were purchased from Fumatech. Nafion
212 membrane was purchased from FuelCellStore. Expanded polytetrafluoroethylene

(ePTFE) was obtained from Xergy Inc.
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3.2.2 Synthesis

3.2.2.1 Synthesis of Hexafluoropropylidene Polybenzimidazole (FsPBI)

FsPBI was synthesized using a literature procedure.33

3.2.2.2 Synthesis of lodobutanol Tris(2,4,6-trimethylphenyl)phosphonium
(IBTTMePP*)

TTMePP (1.0 g) was fully dissolved in 1,4-diiodobutane (10 mL) at room
temperature. Cu powder (1.5 g) was added into the reaction, and the reaction mixture
stirred under a nitrogen purge. The reaction mixture was slowly heated to 150 <C and
stirred for 48 h. During the reaction, the reaction mixture did not turn purple indicating
no formation of iodine. Next, the reaction mixture was poured into 400 mL ethyl ether.
The precipitate was collected and washed with ethyl ether twice. The precipitate was
stirred in 500 mL ethanol covered at 60 <C for 1 day and filtered. The filtrate was
collected, and then ethanol was removed by rotary evaporator. The yellow powder left
was recrystallized by tetrahydrofuran (THF) and ethyl ether at 50 <C. While heating to
50 <C, the proper amount of THF was added to form a saturated solution at 50 <C. The
same volume of ethyl ether was added later at 50 <C. After that, the mixed solution was
allowed to cool over time to give precipitates. The IBOMeTTP* product was yellow

powder, and this procedure attained a 50% yield.

3.2.2.3 Synthesis of Butanol Tris(2,4,6-trimethylphenyl)phosphonium
Functionalized Hexafluoropropylidene Polybenzimidazole (TTMePP-
PBI)

In a three-neck round flask with mechanical stirrer under nitrogen purge, FsPBI
polymer (0.25 g) was fully dissolved in n-methyl-2-pyrrolidone (10 mL). LiH (0.0035

g) was slowly added into the solution, and the reaction mixture stirred at 50 C
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overnight. NMP (20 mL) solution of IBOMeTTP™ (0.50 g) was then added. The reaction
was gently stirred at 80 <C for 2 days. After the reaction, the reaction mixture was

concentrated by solvent evaporation and directly used for membrane casting.

3.2.2.4 Synthesis of (4-(chloromethyl)benzyl)tris(2,4,6-
trimethoxyphenyl)phosphonium Chloride (CBTTMPP*CI")

In a 250 mL three-neck round bottom flask with nitrogen purge, 16.440 g (93.90
mmol) 1,4-bis(chloromethyl)benzene was dissolved in 60.0 mL THF at 60 <C. 10.000
g (18.78 mmol) (2,4,6-trimethoxyphenyl)phosphine was dissolved in 125.0 mL THF
and slowly added into the flask through a dropping funnel over 14 h. White precipitation
began to form after 30 minutes of adding (2,4,6-trimethoxyphenyl)phosphine solution.
After all (2,4,6-trimethoxyphenyl)phosphine solution was added, the reaction mixture
continued to stir for another 10 h. Next, the reaction mixture was filtered, and the white
solid was washed with additional THF to remove remaining 1,4-

bis(chloromethyl)benzene. The product was 12.621 g white powder (95 % vyield).

3.2.2.5 Synthesis of Tris(2,4,6-trimethoxyphenyl)phosphonium Functionalized
Hexafluoropropylidene Polybenzimidazole (TTMPP-PBI)

In a properly dried 250 mL three-neck round bottom flask equipped with a
mechanical overhead stirrer under nitrogen purge, 2.000 g (3.54 mmol) FePBI powder
was vigorously stirred in 80.0 mL anhydrous N-Methyl-2-pyrrolidone (NMP) at 100 <C
for 12 h. The flask was cooled to room temperature after FePBI was completely
dissolved. 0.169 g (21.3 mmol) 95 % LiH was then added to FsPBI solution. The
reaction mixture was then slowly heated to 50 <. When gas was no longer released
from the mixture, and the mixture became extremely viscous. CBTTMPP*CI" (2.504 g

t0 10.019 g, 3.54 mmol to 14.16 mmol) suspension in anhydrous NMP (20.0 mL to 80.0
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mL) was added, and the reaction was slowly heated to 80 <C. The reaction mixture
became less sticky afterward and then stirred at 80 <C for 24 h to 48 h. Next, the mixture
was poured into 1500 mL of THF and filtered. The solid was TTMPP-F¢PBI and
unreacted CBTTMPP*CI". The solid mixture was then washed with 2000 mL of DI
water several times to remove remaining CBTTMPP*CI" until no further weight change

was observed before and after the wash.

3.2.3 Experimental Methods

3.2.3.1 Polymer Backbone Screening Test in Cerium(1V) Electrolyte

The polymer backbone screening procedure is reported in Section 2.2.2.3.

3.2.3.2 Membrane Fabrication

The polymer was completely dissolved in dimethylacetamide (DMAC) to make
a 2.5 w/v% solution. The solution was cast on a glass plate and dried in air at 60 <C for
24 h. After the solvent completely evaporated, the glass plate was immersed in DI water,

and the membrane was gently peeled from the glass.

3.2.3.3 Reinforced Membrane Fabrication

10 mL ethanol was added to a 10 mL 2.5 w/v% solution of TTMPP-PBI-3 in
DMACc. The 20 mL solution was then poured to ethanol infiltrated 10 cm ><10 cm porous
ePTFE membrane in a glass frame. The solution was then heated to 40 <C for 24 h. After
the solvent completely evaporated, the glass frame was immersed in DI water, and the

composite membrane was gently removed from the frame.
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3.2.3.4 lon Exchange Capacity (IEC) of Membranes

The ion exchange capacity (IEC, unit: mmol g) of membranes were determined
by titration. A membrane sample was first immersed in 0.1 mol L* NaCl solution for
48 h at room temperature. Next, the membrane (CI form) was dried in vacuum at 60 <
for 48 h, weighed, then immersed in 30.0 mL 0.1 mol L* NaNOs solution for 48 h at
room temperature. This solution was titrated with 0.05 mol L™* AgNO3s with K2CrO; as

the indicator. IEC was calculated according to the following equation:

IEC = M , (Equation 3.1)

where Vygno, IS the volume of AgNOgs solution, Cagno, is the concentration of
AgNOs solution, and M is the mass of dried membrane in CI- form. For reinforced
membranes, M is the total mass (including the ePTFE material) of the dried membrane

in CI- form.

3.2.3.5 Water Uptake (WU) and Swelling Ratio (SR) of Membranes

WU and SR of membranes were determined by weight difference and linear
expansion ratio, respectively. A membrane sample was immersed in DI water at room
temperature for 24 h. After removing the excess water on the surface of the membrane
with tissue paper, the weight of the wet membrane (W,,.;) and length of the wet

membrane (Lyer) Were measured. Then the wet membrane was dried at 60 <C under

vacuum for 48 h. Weight of the dry membrane (Wg,) and length of the dry membrane

(Lary) were measured afterward. WU and SR were calculated according to the following

equations:
WU (%) = % X 100 (Equation 3.2)
ry
SR (%) = % x 100 (Equation 3.3)
ry
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3.2.3.6 Anion (OH-and ClO4) Conductivity Measurement

Before measuring conductivity, the AEM was anion exchanged to either OH"
form or ClIO4 form by immersing the membrane in exceeded 2 M NaOH or 1 M NaClO4
solution, respectively, for 60 h with the exchange solution changed at 12 h intervals.
The AEM was then washed with DI water 3 times to remove the residual base/salt in
the membrane.

The in-plane conductivity of membrane sample (1 cm in width) was measured
by electrochemical impedance spectroscopy with four-probe method (1 cm distance
between adjacent probes) by Solartron SI 1287. The intercept at axis Zre was recorded
as the impedance. During the measurement, the membrane was fully immersed in DI

water bath with a temperature control unit.

3.2.3.7 Oxidative Stability Test in Cerium (IVV) Aqueous Solution

Accelerated chemical stability tests of membranes were conducted in 0.5 M
cerium (IV) and 1.3 M HCIO4 at 60 <C. Nafion 212, FePBI membrane, FAS-30
(purchased from fumasep®), and FAB-PK-130 (purchased from fumasep®) were also
tested and compared with prepared TTMPP-PBI-3/PTFE membrane.

3.3 Results and Discussion

3.3.1 Polymer Backbone Stability in Cerium (IV) and HCIO4 Solution

As discussed in Chapter 2, polystyrene (PS), poly(2,6-dimethyl-phenylene
oxide) (PPO), polysulfone (PSF), and FsPBI were prepared, and their degradations were
investigated in 0.5 M Cerium (IV) and 1.3 M HCIO4 solution at 60 <C. The remaining

weight results are shown in Figure 2.2. FsPBI polymer showed the best stability.

47



3.3.2 Tris(2,4,6-trimethylphenyl)phosphonium Functionalized
Polybenzimidazole (TTMePP-PBI) Membrane

Direct quaternization through center phosphorus atom was investigated, and we
found that Cu played a critical role in the reaction as it could inhibit the decomposition
of alkyl iodide during the reaction. Once we added an adequate amount of Cu into the
reaction, the reaction mixture did not turn purple anymore, which indicate that 1> did not
form.

Figure 3.1 shows the model reactions we tried between TTMePP and
iodohexane. At 25 <C, because of the high steric hindrance of TTMePP, large alkyl
groups could not link to the central phosphorus. At 150 <C, the quaternization could
occur, but the yield was trivial based on 3P NMR spectroscopy analysis. After further
investigation, we discovered that the major obstacle at high temperature was the
decomposition of alkyl iodide to 1> which could then react with TTMePP to form
complex side products.?2°2301 As Cu inhibits the decomposition of alkyl iodide, the
addition of Cu to the reaction mixture resulted in a 70% crude yield out of this reaction

at 150 <C.
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I No reaction, large steric hinderence
25°C

alkyl iodide decomposed at high
P —— temperature, and form complex products
150 °C with phosphine.
+
Cu as inhibitor
—_—
150 °C p* 70 % yield

Figure 3.1: Model reactions between TTMePP and iodohexane, quaternization of
TTMePP with alkyl iodide could only be achieved by adding copper as
decomposition inhibitor and using high temperature to overcome the steric
hindrance of TTMePP.

Based on the quaternization reaction condition we discovered in this Section,
TTMePP was quaternized by diiodobutane with Cu added as an inhibitor at high
temperature. An excess of diiodobutane was added to avoid double reaction on two ends
of the diiodobutane. The reaction scheme and NMR spectroscopy of the obtained

IBTTMePP™ are shown in Figure 3.2 and Figure 3.3.
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P
| Cu as inhibitor
g + /\/\/ p*

I 150 °C

Figure 3.2: Synthesis of IBTTMePP* from TTMePP and diiodobutane. The mole ratio
of TTMePP/1,4-diiodobutane was 1/29 to avoid couple linkage. Cu was
added as an inhibitor to prevent alkyl iodide decomposition.
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Figure 3.3: 'H NMR spectroscopy and P NMR spectroscopy of synthesized

IBTTMePP" after purification. DMSO-d6 was used as the solvent. There

is only one peak in 3P NMR spectroscopy indicating that the purified
IBTTMePP* was obtained.
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IBTTMePP" was used to functionalize F¢PBI backbone to form the desired
TTMePP-PBI membrane for cerium RFBs. The membrane was cast by solvent
evaporation method. The overall synthesis route for TTMePP-PBI polymer is in Figure
3.4. The prepared TTMePP-PBI membrane is shown in Figure 3.5. However, the
prepared TTMePP-PBI membrane is very hydrophobic and has no anion conductivity.
The characterizations of the prepared TTMePP-PBI membrane are shown in Table 3.1

and Table 3.2.

) o e &ﬁ%}
P

A
HN
HoN NH, CF, O Y
HN Nt HOOCCOOH N CFs
2 2 CFs polyphosphoric acid, 200 °C 7
N n

CF3

Figure 3.4: Synthetic route for TTMePP-PBI polymer. IBTTMePP* and FsPBI were
synthesized before final linkage. The synthetic details are reported in
Section 3.2.2.1, Section 3.2.2.2, and Section 3.2.2.3.
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Figure 3.5: Picture of prepared TTMePP-PBI membrane.

3.3.3 Tris(2,4,6-trimethoxyphenyl)phosphonium Functionalized
Polybenzimidazole (TTMPP-PBI) Membrane

The prepared TTMePP-PBI membrane exhibited a WU of only 3.6 % (weight
based), which is even less than the WU of a pure PBI membrane. This was mainly due
to the hydrophobic TTMePP cation. Although the TTMePP cation has been proven to
be more chemically stable than TTMPP cation by Yan et al.,[**% it is not suitable for

application as an AEM functional group in an agueous system due to its hydrophobicity.
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Besides the chemically stable TTMePP, TTMPP functional group is also an
excellent chemically stable cation. TTMPP cation was proposed by Yan et al.[157 159 231]
before the TTMePP cation. Ramani et al. also proved that its functionalized polymers
showed much better IEC stability than traditional ammonium-functionalized polymers
in oxygen saturated alkaline environment.’?32l TTMPP can be quaternized and linked to
the desired polymer backbone by 1,4-bis(chloromethyl)benzene as a linker molecule.
The synthetic route and NMR spectroscopy of polymer structures are shown in Figure
3.6, Figure 3.7, Figure 3.8, and Figure 3.9. The obtained TTMPP-PBI membranes
showed reasonable WU and anion conductivity. TTMPP-PBI polymers with different
degrees of substitution were also prepared. The mechanical strength of the TTMPP-PBI
membrane was improved by reinforcing it with ePTFE, a common support material for
ion-exchange members.[233-234 The prepared ePTFE reinforced TTMPP-PBI membrane

is shown in Figure 3.10.
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Figure 3.6: Synthetic route for TTMPP-PBI polymer. TTMPP can be quaternized by a
linker molecule. The synthetic details are reported in Section 3.2.2.1,
Section 3.2.2.4, and Section 3.2.2.5.

54



Figure 3.7:
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'H NMR spectroscopy and 3P NMR spectroscopy of purified
CBTTMPP*CI, DMSO-d6 as the solvent. There is only one peak in 3!P
NMR spectroscopy indicating that the purified CBTTMPP*CI- was
obtained.
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Figure 3.8: H NMR spectroscopy of purified FePBI, DMSO-d6 as the solvent.
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Figure 3.9: 'H NMR spectroscopy of purified TTMPP-200-FsPBI, DMSO-d6 as the

solvent.
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Figure 3.10: Prepared TTMPP-PBI-3/PTFE reinforced membrane. ePTFE was used as
reinforcement support.

3.3.4 Characterization of Phosphonium Functionalized Polybenzimidazole
Membranes

The degree of substitution, theoretical IEC, titration measured IEC, WU,
mechanical properties, and OH™ and CIO4 conductivity of prepared TTMePP-PBI

membrane and TTMPP-PBI membrane are shown in Table 3.1 and Table 3.2. Due to
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the hydrophobic nature of TTMePP, the prepared TTMePP-PBI membrane showed
insufficient WU and trivial anion conductivity. The average measured IEC of the
TTMePP-PBI membrane was lower than theoretical IEC due to the hydrophobicity. For
TTMPP-PBI membranes with different degree of substitution, the membranes tended to
become weak and brittle with the increasing substitution of TTMPP cations. A higher
degree of substitution with the large function groups blocked entanglement of the
polymer chains resulting in lower mechanical strength. In order to improve the
mechanical strength of TTMPP-PBI membrane, ePTFE reinforcement technology was
used, and the data of TTMPP-PBI-3/PTFE membrane characterization are also shown
in Table 3.1 and Table 3.2. As expected, the ClOs conductivities of prepared
membranes were much lower than OH™ conductivities, because the ionic mobility of
ClOy is only 34 % of OH" in water.

Due to the good balance of anion conductivity and mechanical strength,
TTMPP-PBI-3/PTFE membrane was chosen for further analysis in the cerium

electrolyte of the RFB.
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Table 3.1: Degree of substitution (DS), theoretical ion exchange capacity (IECY),
titration measured ion exchange capacity (IEC™), tensile strength, and
elongation at break of pure FsPBI membrane, TTMePP and TTMPP
functionalized polybenzimidazole membranes. Error bars are standard
errors of the measurements (n = 3).

Membrane DS IEC! IEC™d Tensile Elongation
(%) (mmolg?') (mmolg?!) strength at break
(MPa) (%)
TTMePP-PBI 90 0.94 0.52+0.02 26.2+1.2 1.7+0.3
TTMPP-PBI-1 70 0.71 0.68 £0.04 7.9x0.7 17.4 £0.9
TTMPP-PBI-2 110 0.89 0.88 £0.02 4.0 x0.6 12.5+0.9
TTMPP-PBI-3 200 1.11 1.13+0.03 -2 -2
TTMPP-PBI- 200 -b 0.97 £0.02 17.3x0.7 171 +1.1
3/IPTFE
FsPBI 0 - ¢ - ¢ 72.0 £3.6 109+1.1

& TTMPP-PBI-3 membrane is too brittle to test mechanical properties.
b: TTMPP-PBI-3/PTFE reinforced membrane has no theoretical IEC.

¢ FéPBI membrane has no IEC and no anion conductivity.

Table 3.2: WU, OH" conductivity, and ClIO4 conductivity of pure FsPBI membrane,
TTMePP and TTMPP functionalized polybenzimidazole membranes.
Error bars are standard errors of the measurements (n = 3).

Membrane Wu OH- conductivity CIlO4 conductivity
(%) (mS cm™) (mS cm?)

TTMePP-PBI 3.6+05 1.0 +0.6 0.3+0.2

TTMPP-PBI-1 18 +2 4.5 +0.2 1.3+0.1

TTMPP-PBI-2 58 +8 5.9 +0.4 1.6 0.2

TTMPP-PBI-3 81 +5 12.0+1.0 3.2+0.1

TTMPP-PBI- 26 +3 9.8 +0.2 2.7+0.1

3/IPTFE

FsPBI 9.2 +0.8 - -

¢ FsPBI membrane has no IEC and no anion conductivities.

3.3.5 Membrane Chemical Stability in Cerium (1V) Electrolyte

One major goal of this work is to develop a cationic membrane that could survive

the super oxidative cerium (IV) and acid environment. 0.5 M cerium (I1V) in 1.3 M
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HCIO4 solution was used to simulate the environment of cerium RFBs. The accelerated
degradation test of membranes is conducted at 60 <C with TTMPP-PBI-3/PTFE, FePBI,
Nafion 212, FAB-PK-130, and FAS-30 membranes. Among these five membranes, the
FAB-PK-130 membrane was PEEK reinforced and claimed to be stable in the acidic
environment. The commercially available FAS-30 and FAB-PK-130 both failed in the
first 100 h. While TTMPP-PBI-3/PTFE membrane had no appreciable morphological
change even after 200 h in 0.5 M cerium (IV) in 1.3 M HCIO4 at 60 <C. The results are
shown in Table 3.3, and the optical images of FAB-PK-130 and TTMPP-PBI-3/PTFE
membranes before and after the accelerated stability test are shown in Figure 3.11. For
our prepared TTMPP-PBI-3/PTFE membrane, SEM images were collected before and
after the accelerated stability test shown in Figure 3.12. No noticeable change was
observed in the SEM images. Freeze fracturing in liquid nitrogen did not work for the
ePTFE reinforced membrane. Instead, the membrane samples were prepared by cut

resulting in imperfections in the cross sections.
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Table 3.3:  Accelerated membrane stability test of prepared TTMPP-PBI-3/PTFE
membrane, FePBI membrane, Nafion 212, FAB-PK-130, and FAS-30 at
60 T in 0.5 M cerium (IV) and 1.3 M HCIOa.

Thickness 25h 100 h 200 h
(M)
TTMPP-PBI- 14 No appearance
3/PTFE change
FePBI 14 No appearance
change
Nafion 212 50 No appearance
change
FAB-PK-130 130 Loss of polymer
FAS-30 30 Broken
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Figure 3.11: Optical microscopy images of FAB-PK-130 and TTMPP-PBI-3/PTFE
reinforced membrane before and after accelerated oxidation stability test
in 0.5 M cerium (1V) and 1.3 M HCIO4 at 60 <C for 100 h. (a and b: FAB-
PK-130 before and after; ¢ and d: TTMPP-PBI-3/PTFE reinforced
membrane before and after).
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Figure 3.12: SEM images of TTMPP-PBI-3/PTFE membrane cross section and surface
before (a) and after (b) 200 h accelerated chemical stability test (blue bar
indicated the cross section; the ePTFE substrate is not suitable for freeze
fracturing in liquid nitrogen, membrane samples are prepared by cut).

TTMPP-PBI-3/PTFE membrane showed superior chemical stability over the
two commercial AEMs during accelerated chemical stability test. The ClO4
conductivity and infrared spectra of TTMPP-PBI-3/PTFE membranes are shown in
Figure 3.13 and Figure 3.14, respectively. The ClO4 conductivity was measured from
20 € to 70 T to encompass the range of cerium RFB operating temperatures. As we
can see from Figure 3.13, the conductivity suffered a 17 % to 19 % loss on average after
the stability test across the range of temperatures. From the infrared spectra in Figure
3.14, no appreciable change was found for TTMPP-PBI-3/PTFE membrane after the
accelerated stability test. Besides conductivity and infrared spectroscopy monitoring,
we also noticed the thickness of the membrane decreased from 14 pm to 12 m after
the accelerated chemical stability test. Although no noticeable changes were observed
from the infrared spectra, the conductivity loss and thickness decrease were likely due

to some chemical degradation of the membrane. In this case, the degradation amount
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was small. The decomposed products were likely dissolved in the cerium electrolyte,

thus no significant change was found in the infrared spectra.
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Figure 3.13: ClO4 conductivity of TTMPP-PBI-3/PTFE membranes before and after
the accelerated stability test in 0.5 M cerium (IV) and 1.3 M HCIO;4 at 60
<C. The conductivity of membrane samples was tested at different
temperatures from 20 <C to 70 < in DI water. Error bars are standard
errors of the measurements (n = 3).
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Figure 3.14: Infrared spectra of TTMPP-PBI-3/PTFE membranes before and after the
accelerated stability test in 0.5 M cerium (IV) and 1.3 M HCIO4 at 60 <TC.
No noticeable change was observed.

3.4 Conclusion

To design an oxidative resistant AEM for double-membrane zinc-cerium RFB
systems, TTMPP-PBI membranes were prepared and demonstrated superior oxidative
resistance over commercial AEMs. To choose the best polymer backbone, PS, PPO,
PSF, and FePBI were tested in the cerium electrolyte, and only the FePBI membrane
showed no significant weight loss after the screening. TTMePP functionalized FePBI
was first designed and synthesized, however, the obtained TTMePP-PBI showed

insufficient anion conductivity due to the hydrophobic nature of TTMePP cation.
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TTMPP was then considered, and its TTMPP-PBI membrane showed excellent

oxidative resistance and satisfied anion conductivity.
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Chapter 4

HIGHLY CONDUCTIVE AND STABLE PHOSPHONIUM
POLYBENZIMIDAZOLE MEMBRANES FOR VANADIUM REDOX FLOW
BATTERIES

The tris(2,4,6-trimethoxyphenyl)phosphonium functionalized
polybenzimidazole (TTMPP-PBI) membrane obtained in Chapter 3 exhibited excellent
oxidative stability in cerium electrolyte and sufficient anion conductivity. We also
envisioned that the cation functionalized membrane is able to dope acid in polyprotic
acid (H2SO4 and H3PO4) environment and become a proton-exchange membrane (PEM)
in polyprotic acids.™ In this chapter, we studied TTMPP-PBI’s potential as a PEM for
vanadium redox flow batteries (VRFBSs).

A high acid doping level (ADL) membrane for VRFB is achieved by using the
Tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) functional group, which has large
size and nine methoxy hydrophilic groups for sulfuric acid doping.
Hexafluoropropylidene polybenzimidazole (FePBI) polymer, which has superior
chemical stability and decent acid doping ability due to the hydrogen bond formation,
is used as the backbone. The prepared membrane exhibited 3.4-fold ADL of FsPBI
membrane, lower area specific resistance (ASR) than Nafion 115 in 3 M sulfuric acid
solution, and only 3.1 % of vanadium permeability of Nafion 115 in the vanadium
electrolyte. The prepared membrane showed excellent coulombic efficiency, voltage

efficiency, and energy efficiency in VRFB single cell test.

68



4.1 Introduction

Renewable energy sources, such as wind and solar, can help mitigate the issues
of air pollution, climate change, and fossil-fuel shortage, but they are intermittent, and
thus their integration to the grid must be managed.??: 2232241 |t has been suggested that
if non-dispatchable renewable energy exceeds 20% of the energy-generation capacity
without energy storage, an electric grid could become destabilized.[??8 2352371 Thys, the
key to the deployment of large scale renewable energy is an energy storage system.él

VRFBs are considered as the most appealing technology for large scale energy
storage.['1® 2381 The power and energy ratings of VRFBs can be independently scaled
due to its decoupled design of the energy storage section (electrolyte tanks) and power
section (cell stacks).['¢ 1181 \VRFB is also safe for large-scale energy storage because
the energy is stored in aqueous electrolytes. The capacity of VRFB can be regenerated
after vanadium permeation or accidentally mixed with no permanent damage.

The key component of VRFB is the ion-exchange membrane (IEM) in the cell
stack which seperates the negative electrolyte of VV2*/ V3* acidic solution from the
positive electrolyte of VO?* / VO,* acidic solution.[*?? Supporting ions must transfer
through the IEM to balance the charges on both sides, while active vanadium species
must be separated to avoid cross-over. The supporting ion resistance and ion selectivity
of the IEM greatly affect the performance of VRFBs. Perfluorosulfonic acid polymers
like Nafion series have been traditionally used as the IEMs for VRFBs.[1%! Although
featuring high proton conductivity and high chemical stability, the high cost and low
ion selectivity of the perfluorosulfonic acid polymers hamper the further
commercialization of VRFBs.[104 1061

Significant effort has been made towards seeking alternative polymer materials

for VRFBs. One of the exciting achievements is introducing porous polybenzimidazole
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(PBI) membranes into the VRFB. Zhang et al.['%! achieved high VRFB performance of
13,000 cycles with PBI. However, due to the insufficient ADL and high ASR of PBI
membranes in VRFB electrolytes, sponge-like membranes had to be used.

TTMPP functional group was proposed by Yan et al.l*> 159 21 |tg
functionalized polymers showed much better ion-exchange capacity (IEC) stability than
traditionally ammonium functionalized polymers in oxygen saturated alkaline
environment in the published work by Ramani et al.[?®2 Besides its oxidative and
alkaline stability, 10232 2391 e envisioned that the TTMPP functionalized polymer will
have a high conductivity in a polyprotic acid environment due to its high ADL. The high
ADL is attributed to the large size and the nine hydrophilic methoxy groups of the
phosphoniums, which are able to form hydrogen bond with acids.

In this work, a combination of chemical stable PBI backbones and high acid
doping phosphonium functional groups was achieved. In order to further increase the
mechanical strength of the final membrane, the expanded polytetrafluoroethylene
(ePTFE) support is also used in the membrane fabrication. The ASR and vanadium
permeability of the TTMPP-PBI reinforced membranes with ePTFE support (TTMPP-
PBI/PTFE) were evaluated. The VRFB single cell test exhibited excellent coulombic
efficiency, voltage efficiency, and energy efficiency compared with commercial Nafion

115 and dense FsPBI membranes.
4.2 Materials and Methods

4.2.1 Materials
All chemicals were obtained from Sigma-Aldrich and used as received unless

otherwise stated. Vanadium (1V) sulfate oxide hydrate was purchased from Alfa Aesar,
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and thermogravimetric analysis (TGA) was used to determine the water content of the
purchased VOSO4 powder before preparing the solution. Nafion 115 was purchased
from FuelCellStore. ePTFE was obtained from Xergy Inc. Carbon electrode felts were
purchased from FuelCellStore. Gaskets were made of FKM rubber purchased from

McMaster-Carr.
4.2.2 Synthesis

4.2.2.1 Synthesis of Hexafluoropropylidene Polybenzimidazole (FsPBI)

FsPBI was synthesized using a literature procedure.*33

4.2.2.2 Synthesis of (4-(chloromethyl)benzyl)tris(2,4,6-
trimethoxyphenyl)phosphonium Chloride

The synthetic procedure is reported in Section 3.2.2.4.
4.2.2.3 Synthesis of Tris(2,4,6-trimethoxyphenyl)phosphonium Functionalized
Polybenzimidazole
The synthetic procedure is reported in Section 3.2.2.5.

4.2.3 Experimental Methods

4.2.3.1 Membrane Fabrication
The procedure of membrane fabrication is the same as the fabrication procedure

reported in Section 3.2.3.2.

4.2.3.2 Composite Membrane Fabrication

The procedure of composite membrane fabrication is reported in Section 3.2.3.3.

71



4.2.3.3 lon-Exchange Capacity (IEC) of Membranes

The procedure of titration of IEC is reported in Section 3.2.3.4.

4.2.3.4 Water Uptake (WU) and Swelling Ratio (SR) of Membranes

The procedure of WU and SR measurements is reported in Section 3.2.3.5.

4.2.3.5 Acid Doping Level (ADL) of Membranes

The ADLs of membranes were determined by acid-base titration through the
following procedure: Sulfuric acid doped membrane samples measuring 1.0 cm %< 6.0
cm were weighed and then titrated with 0.1 M NaOH solution using methyl orange as
indicator. The samples were then washed with water and dried in a vacuum at 100 <C
for 48 h and weighed again. ADL of FsPBI samples was calculated from the following

equation:

ADLpeppr = W : (Equation 4.1)

w

where Vyqon (L) and Cygqon (Mol L) are the volume and the concentration of
NaOH solution; Wy, (g) and M,, (9 mol?) are the dry weight and the molecule weight
of FePBI polymer repeating unit.

For TTMPP-PBI-3/PTFE samples, the TTMPP-200-FsPBI polymer content (r)

and anion acids according to the degree of substitution (DS) are considered:

VNaoH X CNaoH | DS ]
ADLtTMPP-PBI-3/PTFE = —za Wary o T - (Equation 4.2)
X —————

My
where r is 85.8 % in this case (determined from the ratio of measured IEC of
TTMPP-PBI-3/PTFE membrane to measured IEC of TTMPP-PBI-3 membrane), DS is
200 % in this case; M,, (g mol™) is the molecule weight of TTMPP-FePBI-3 polymer

(in SO4% form) repeating unit.
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4.2.3.6 Area Specific Resistance of Membranes

The ASR of membranes in sulfuric acid solution were measured by two-probe
electrochemical impedance spectroscopy (EIS). The detailed procedure was as follows:
1 M H2S04 aqueous solution and 3 M H2SO4 aqueous solution were both used for test
solutions. Membrane sample was first soaked in test solution at room temperature for
24 h. Then the membrane was fixed between two PTFE half-cells containing a 0.500
cm2 (A) hole. Each half cell was filled with the test solution. The resistance with
membrane (r;) and without membrane (r,) were measured at 20 <C via Solartron Sl
1287. The frequency range was 2 MHz to 1000 Hz, and the intercept at x-axis was used

as the impedance. The ASR of the membrane was calculated by the following equation:

ASR = (r; — 1) XA (Equation 4.3)

4.2.3.7 Vanadium Permeability

In a VRFB, the permeability of different vanadium ions, including self-
discharge and capacity decay, has a great influence on battery performance. Diffusion
coefficients of four kinds of vanadium ions were found to be in the order of V#* > VO?*
> VO,* > V3 1% Due to the fact that V>* can be easily oxidized by oxygen in the air,
VO?* is usually detected to characterize the vanadium permeability of the membranes.
In a diffusion cell separated by a membrane, the right cell was filled with 1.5 M VOSO4
(Thermogravimetric analysis (TGA) was used to determine the water content of
purchased VOSO4 powder before preparing the solution) in 3 M H2SO4 (30 mL), while
the left was filled with 1.5 M MgSOs in 3 M H>SO4 (30 mL) to equalize the ionic
strengths and minimize the osmotic pressure effects. Solutions in both half cells were
vigorously stirred to avoid concentration polarization. The effective area of the

membrane was 1.00 cm?2. VO?* has a significant peak at around 750 nm wavelength in
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UV-VIS spectra. Samples of a 1 mL solution from the left cell were collected at regular
time intervals for UV-vis spectrometer detection of vanadium (1) concentration with
1 mL 1.5 M MgSQOg4 in 3 M H2SO4 put back afterward. The vanadium (1) permeability

was calculated according to Fick’s diffusion law using the following equation:

Vp 28 = AZ (G, — 2C5(1) (Equation 4.4)

where Vg and Cy are the solution volume and the vanadium (1V) concentration
in the left reservoir, C, is the vanadium (IV) concentration in the right reservoir, A and
L are the effective area and the thickness of the membrane, P is the permeability of

vanadium (1V).

4.2.3.8 Vanadium Redox Flow Battery Performance

VRFBs were assembled by sandwiching a membrane between two carbon felt
electrodes with an active area of 10 cm?, clamped by two graphite plates with no flow
channels. The target compression rate of carbon felts was 50 %. All components were
fixed between two PTFE blocks. 15 mL 1.5 M V#/V3* in 3 M H2SO4 solution and 15
mL 1.5 M VO*/VO;" in 3 M H,SOs solution were used as negative and positive
electrolytes (Fresh electrolytes were used), respectively. The electrolytes were
cyclically pumped through the corresponding electrodes at 30 mL/min in airtight
pipelines. Electrolyte tanks and the cell were nitrogen pumped before cycling. Charge-
discharge cycling tests were conducted using an Arbin BT-I at constant current density
ranging from 80 to 200 mA cm with 5 cycles at each current density. The cut-off
voltages for discharge and charge were set at 1.0 V and 1.7 V respectively, to avoid the

corrosion of carbon felts and graphite polar plates.
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4.3 Results and Discussion

4.3.1 Polymer Synthesis and Reinforced Membrane Casting

-
\ P+
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Figure 4.1: (left) a schematic principle of the designed membrane with large
phosphonium TTMPP-sulfuric acid conducting channel; (right) acid
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doping and proton conducting mechanism of TTMPP-PBI membranes.

PBI was chosen as the polymer backbone in this work because of its super
thermo-oxidative stability which has been proved in high-temperature fuel cells and
VRFBs.[128 132133 |n particular, FePBI has increased stability and flexibility compared

to traditional m-PBI due to its amorphous structure caused by the hexafluoropropylidene
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group.i*331 FPBI’s high thermo-oxidative stability and ease of further processing and
modification make it the perfect choice for a stable polymer backbone used in VRFB.
FePBI polymers were prepared via a typical aromatic nucleophilic substitution
condensation of 4,4'-(hexafluoroisopropylidene)bis(benzoic acid) and 3,3'-
diaminobenzidine.

TTMPP functionalized polymers show a much higher A value (the number of
water molecules per cationic head-group) than general ammonium functionalized
polymers.*5% 1581 This is attributed by the large size of TTMPP and nine hydrophilic
methoxy groups on the phosphonium. Thus, a high ADL of TTMPP functionalized
polymer is achieved by absorbing a large number of acid molecules through hydrogen
bonds. TTMPP is connected to the chosen FePBI by 1,4-bis(chloromethyl)benzene as a
linker molecule. (4-(chloromethyl)benzyl)tris(2,4,6-trimethoxyphenyl)phosphonium
chloride (CBTTMPP*CI") is synthesized by a typical quaternization reaction.

TTMPP-PBI polymer with a different degree of substitution was then
synthesized by tethering CBTTMPP*CI" to deprotonated FsPBI. To the best of our
knowledge, this is the first work which utilizes phosphonium functionalized polymer
membrane in an aqueous redox flow battery (RFB) system. ePTFE is a common support
material to increase the mechanical strength of ion-exchange members.[233-2341 In order
to improve the mechanical strength and durability of the membrane, ePTFE reinforced
membranes were also prepared.

The synthetic route and NMR spectroscopy proven of synthesis of TTMPP-PBI

is shown in Section 3.3.3.
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Table 4.1: Degree of substitution (DS), theoretical ion exchange capacity (IECY,
titration measured ion exchange capacity (IEC™), WU, tensile strength,
and elongation at break of TTMPP-PBI membranes. Error bars are
standard errors of the measurements (n = 3). (For reading convenience,
partial data from Table 3.1 and Table 3.2 is re-used to construct this table.)

Membrane DS IEC IEC™ WU Tensile Elongati
(%) (mmolg?) (mmolg?) (%) strength  on at
(MPa) break
(%)
TTMPP-PBI-1 70 0.71 0.68£0.04 18%2 79+07 17409
TTMPP-PBI-2 110 0.89 0.88+0.02 58+8 40+06 125409
TTMPP-PBI-3 200 111 1.13+0.03 81+5 -2 -2
TTMPP-PBI- 200 -b 0.97 £0.02 26 +3 17.3+0.7 17.1+11
3/IPTFE
F6PBI 0 -¢ -¢ 9.2+08 720+36 109=+1.1

& TTMPP-PBI-3 membrane is too brittle to test mechanical properties
b: TTMPP-PBI-3/PTFE reinforced membrane has no theoretical IEC
¢ FsPBI membrane has no IEC

4.3.2 Membrane Acid Doping Behavior, Area Specific Resistance and
Vanadium Permeability

It is well known that PBI membranes can absorb acid molecules.[240-2421 The
nitrogen atoms of the benzimidazole units in PBI are protonated by acids, forming up
to two chemically bound acids (referred as ‘bound acids’). In more concentrated acid
solutions, PBI will absorb additional acid molecules (referred as ‘free acids’) by osmosis
and the formation of hydrogen bonds between the acid molecules (especially in
polyprotic acids like phosphoric acid and sulfuric acid). Recently, Kim et al. published
that ammonium functionalized anion-exchange membrane (AEM) could absorb a higher
amount of phosphoric acids than phosphoric acid doped PBI from the sol-gel
method.!*34 For cationic membranes, the cationic head-group will absorb acids (referred
to as ‘anion acids’) to form ion-pair complexes. In a more concentrated acid solution,

due to the affiliation between fixed positive charged cationic head-groups and negative
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charged deprotonated acids, a cationic polymer will usually absorb more ‘free acids’
than traditional PBI.

Unlike traditional ammonia cations, TTMPP is attractive for acid doping
because its large cationic group size which induces enough space for extra ‘free acids’
as well as its nine protruding methoxy groups which are capable of forming hydrogen
bonds with acids, especially in a concentrated acid solution. As listed in Table 4.2, the
average ADL of TTMPP-PBI-3/PTFE membrane was 3.4-fold of the average ADL of

FsPBI membrane in 3 M sulfuric acid solution.

78



Table 4.2:  ADL, acid weight percentage (Wa), water weight percentage (Ww), and
water acid mole ratio (W/A) of FePBI and TTMPP-PBI-3/PTFE

membranes in 1 M and 3 M sulfuric acid solution. Error bars are standard

errors of the measurements (n = 3).

H>SO4 concentration
1M 3M
FsPBI ADL 1.0 +0.2 1.5 +0.2
Wa (Wt%) 12.2 +1.6 17.2 £1.0
Ww (Wt%) 21.3 +0.9 21.2 +£2.1
W/A 9.5 +0.8 6.7 £0.3
TTMPP-PBI- ADL 3.0 +0.3 5105
3/PTFE Wa (Wt%) 6.9 +0.6 14.6 £1.2
Ww (Wt%) 26.9 +1.8 16.4 £2.0
W/A 14.2 0.2 4.9 +£0.3

Nafion 115 was suggested to be the most suitable commercial membrane for
VVRFB applications due to the good balance between low specific area resistance and
low permeability of active vanadium cations.!*%! Therefore, Nafion 115 was used as a
benchmark in this work to compare with the TTMPP-PBI-3/PTFE membrane and the
FsPBI membrane. We first compared the ASR of the three membranes. The result is
shown in Figure 4.2. Because of the high ADL of TTMPP-PBI-3/PTFE membrane, the
average ASR of prepared TTMPP-PBI-3/PTFE membrane was much lower than the
average value of FePBI membrane in both 1 M and 3 M sulfuric acid solutions.
Moreover, in the 3 M sulfuric acid solution, the average values and calculated standard
errors of the TTMPP-PBI-3/PTFE and Nafion 115 indicated that there is no significant

difference between the two samples.
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Figure 4.2: ASR of TTMPP-PBI-3/PTFE (20 pm), FePBI (20 pm), and Nafion 115
(125 pm) in 1 M and 3 M sulfuric acid solutions respectively. Error bars
are standard errors of the measurements (n = 3).

The next important characterization of VRFB membranes is their vanadium
permeability. VRFB contains V2*/ V3* on the negative side and VO?*/ VO_* on the
positive side. The stability of VRFB relies on the low vanadium permeability of the
middle membrane. As mentioned in the experimental section, the permeability of VO,*
was used to characterize the ion selectivity of the membrane. Due to the strongly acidic
environment of the VRFB electrolytes, the FsPBI backbone of TTMPP-PBI-3/PTFE

membrane was also positively charged with the formation of hydrogen bonds between

80



sulfuric acid and nitrogen groups. The repulsion between TTMPP cations along with
the positively charged basic heterocyclic groups and the vanadium ions created a high
selectivity based on the Donnan exclusion. The permeability results of TTMPP-PBI-
3/PTFE, FePBI, and Nafion 115 are shown in Figure 4.3. Calculated average
permeabilities for TTMPP-PBI-3/PTFE (20 pm), FsPBI (20 pm), and Nafion 115 (125
pm) were 3.35x10% cm?min?, 3.00x<10° cm?min?, and 1.07><10° cm?min?,
respectively. In short, the average vanadium (IV) permeability of prepared TTMPP-
PBI-3/PTFE membrane was only 3.1 % of the average value of the commercial Nafion
115 membrane. The relatively low permeability of the TTMPP-PBI-3/PTFE membrane
would lead to a high coulombic efficiency in the VRFB application. Because the
vanadium (V) concentration of the permeability test with FePBI sample was very low,
systematic errors of the UV-VIS measurements likely caused a large relative standard
error. The calculated error bar was 51 % of the average permeability value for FePBI.
Nafion 115 showed a larger absolute standard error in permeability than the others. This
phenomenon was likely due to the random errors in the process of Nafion pretreatment
(i.e., H2O2 and acid treatment) and random errors in the VOSO4 solution preparation
(since there is water content in purchased VOSO4 powder, nonuniform hydration could

introduce extra errors).
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Figure 4.3: Concentration versus time at the deficiency side with TTMPP-PBI-
3/PTFE (20 pm), FePBI (20 pm), and Nafion 115 (125 pm) membranes.
Calculated permeabilities for TTMPP-PBI-3/PTFE (20 pm), FePBI (20
m), and Nafion 115 (125 pm) were (3.37 £0.28)><10® cm?min, (3.00 +
1.53)><10° cm?min’?, and (1.09 +0.13)>10° cm?min™, respectively. Error
bars are standard errors of the measurements or calculation results (n = 3).

The thickness of a membrane is also an important factor for the membrane
performance. Thicker membranes usually have lower overall permeance of active
species but suffer resistance increasement. In this work, although the thickness of
Nafion 115 (125 pm) is 6.25-fold of the values of TTMPP-PBI-3/PTFE (20 pm) and

FsPBI (20 |m) membranes, its overall permeance was still lower than the others. Thus,

82



relative thin TTMPP-PBI-3/PTFE and FsPBI membranes (20 pm) were fabricated to
gain the benefits of low ASR and low material cost.

In order to compare our TTMPP-PBI-3/PTFE membrane with reported
membranes in VRFB, in Figure 4.4, the vanadium permeance (permeability/thickness)
versus the ASR of TTMPP-PBI-3/PTFE was plotted with selected reported membranes
(literature details in Appendix C). TTMPP-PBI-3/PTFE membrane presented lower

vanadium permeance than Nafion series membranes and decent ASR in 3 M H2SOa.
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Figure 4.4: Plots of vanadium (IV) permeance (permeability/thickness) to ASR based
on data obtained in this work and published literature (Details are shown
in Appendix C). The red square is the prepared TTMPP-PBI-3/PTFE
membrane in this work. For data collected in this work (hollow points),
error bars are standard errors of the measurements or calculation results (n
= 3). Some error bars are not visible, because they are very short.

4.3.3 Vanadium Redox Flow Battery (VRFB) Single Cell Test

VRFB single cell performance with TTMPP-PBI-3/PTFE (20 pm), FePBI (20
jm), and Nafion 115 (125 pm) are shown in Figure 4.5. Each membrane was operated
under various current densities (80, 100, 120, 140, 160, 180, and 200 mA cm?) with the
same cut-off voltage (1.0 V — 1.7 V). The experimental details are in the experimental

section.
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The ratio of a cell’s discharge capacity divided by its charge capacity is the
coulombic efficiency. Thus, the coulombic efficiency of the cell is decreased with the
increase of vanadium ion permeability of the membranes. Because of the high vanadium
permeability, the average coulombic efficiency of Nafion 115, which gradually
increased from 96.8 % to 98.0 % with increasing current density from 80 to 200 mA
cm, was the lowest among the three membranes tested. In contrast, the average
coulombic efficiencies of the TTMPP-PBI-3/PTFE and the FsPBI membranes were
much better than Nafion 115. Over the entire range of current densities from 80 to 200
mA cm?, TTMPP-PBI-3/PTFE exhibited an increased average coulombic efficiency
from 98.9 % to 99.5 %, and FsPBI exhibited an increased average coulombic efficiency
from 99.5 % to almost 100.0 %. The excellent coulombic efficiencies of TTMPP-PBI-
3/PTFE and FePBI were attributed to the substantially lower vanadium permeability.

The ratio of the battery’s discharge voltage to its charge voltage is defined as
voltage efficiency. Due to the increased ohmic polarization, the voltage efficiency of
VRFB decreases with increasing the current density from 80 to 200 mA cm2. Over the
entire range of current densities, VRFB with the TTMPP-PBI-3/PTFE membrane
exhibited a slightly higher average voltage efficiency, from 87.7 % to 71.7 %, than
Nafion 115, from 86.3 % to 70.9 %, while the average voltage efficiency of F¢PBI
membrane was from 83.2 % to 64.5 %. Voltage efficiencies of the three tested
membranes were consistent with the ASR of the membranes in 3 M sulfuric acid (Figure
4.2). The exceptionally low ASR of prepared TTMPP-PBI-3/PTFE membrane was
benefited from the high ADL caused by the large hydrophilic phosphonium cation.

The product of coulombic efficiency and voltage efficiency is defined as energy

efficiency. This is an essential indicator of energy loss during the charge-discharge
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process. VRFB with TTMPP-PBI-3/PTFE membrane exhibited the highest average
energy efficiency among the three membranes, from 86.8 % to 71.4 % with current
density increased from 80 to 200 mA cm. For the reference membrane Nafion 115,
due to relatively low coulombic efficiency, the average energy efficiency was 83.6 %
to 69.5 % with current density from 80 to 200 mA cm™. Moreover, because of the low
voltage efficiency of FePBI, it had a lower average energy efficiency (82.7 % to 64.5
%), especially at high current densities.

With the lowest ASR and relatively good vanadium permeability, TTMPP-PBI-
3/PTFE membrane (20 jum) exhibited an outstanding efficiency performance at various

current densities (80, 100, 120, 140, 160, 180, and 200 mA cm™).
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Figure 4.5: VRFB single cell performance of TTMPP-PBI-3/PTFE (20 pm), FePBI
(20 pm), and Nafion 115 (125 jam) membranes at various current densities
(80-200 mA/cm?): (up) coulombic efficiency, (middle) voltage efficiency,
and (down) energy efficiency. Test conditions: 1.5 vanadium and 3 M
sulfuric acid electrolyte 15 mL on both sides. 30 mL/min flow rate, 20 °C
operating temperature, and cut off voltage 1.0 V — 1.7 V. At each current
density, data of the last 4 cycles of the same sample was used, and 95 %
confident intervals of t-distributions were calculated as error bars (n = 4).
Some error bars are not visible, because they are very short.

4.4 Conclusion

A new ePTFE reinforced phosphonium functionalized FsPBI membrane
(TTMPP-PBI-3/PTFE) was prepared. The realization of high ADL, which is resulted
from the combination of large TTMPP with methoxy groups and benzimidazole
structure on the polymer backbone, creates the opportunities to prepare new highly

conductive cationic membranes in polyprotic acid flow battery solutions. In addition to
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the high ADL and low ASR, the prepared TTMPP-PBI-3/PTFE membrane (20 um)
exhibited much lower vanadium permeability than commercial Nafion 115 membrane.
With the good balance of ASR and vanadium permeability, the VRFB single cell with
TTMPP-PBI-3/PTFE membrane showed the highest energy efficiency compared with
Nafion 115 and FePBI.
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Chapter 5

STUDY OF HIGHLY CONDUCTIVE METHYLATED
POLY(BENZIMIDAZOLIUM) MEMBRANES FOR VANADIUM REDOX
FLOW BATTERIES

As reported in Chapter 4, a polybenzimidazole (PBI) membrane functionalized
by phosphonium group exhibited increased proton conductivity in polyprotic acids. In
this chapter, we will investigate another method of modifying PBI to increase its proton
conductivity.

Positively charged methylated poly(benzimidazolium) membranes are studied
for the first time in vanadium redox flow batteries (VRFBs). The membrane shows low
area specific resistance (ASR) and excellent efficiencies, but it degrades severely in
VRFB. The degradation mechanism is examined to provide knowledge for future robust

membrane material designs.

5.1 Introduction

The key to the deployment of large scale renewable energy is an energy storage
system.['® 2431 Currently, the aqueous vanadium redox flow battery (VRFB) technology
is considered as one of the best energy storage systems for renewable energy
integration[?27-2281 due to its flexible design, excellent scalability, and long cycle life.
Aqueous redox flow battery (RFB) systems are also safer compared to flammable
lithium-ion batteries and more stable as the redox pairs are separated in different tanks

during non-operation. 8 227-228]
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At present, the commercialization of VRFBs is hampered by their high cost
(500-700 $ m?2) and low selectivity of the applied perfluorinated membranes (e.g.,
Nafion series).[*51 238 244-245] Therefore, numerous efforts have been devoted to the
investigation of alternative separators with low ASR, high chemical and mechanical
stability, and low cost.[!6: 238 2462481 Among these requirements, ASR plays an
important role as lower ASR can lead to higher voltage efficiency, higher energy
efficiency, and eventually lower levelized cost of the VRFB.

PBI as an alternative membrane material has been reported with high
performance over 13,000 cycles by Zhang et al.l’* However, in order to achieve
sufficiently low ASR, sponge-like membranes had to be fabricated. The sponge
structure weakens the mechanical strength of the membrane. The conductivity of PBI
material in an acid operation environment is ascribed to the ‘bond acid’ (i.e., acid
protonating the nitrogen atoms of benzimidazole units) and the ‘free acid’ (i.e., acid due
to osmosis or hydrogen bond formation between acid molecules).[**21 The conductivity
of PBI in VRFBs is generally low due to the insufficient acid doping level (ADL,
number of acids per polymer repeating unit) in 3-4 M sulfuric acid environment (the
reported ADL is usually lower than 2).'?81 In high-temperature fuel cells, Kim et al.
reported that quaternary ammonium functionalized membranes with a much higher
ADL and phosphoric acid retention than PBIs from the sol-gel process.'3* This
indicated that higher ADL could be achieved with cationic functional groups, such as
cationic benzimidazolium, instead of nucleophilic benzimidazole.

A wealth of literature has been published on positively charged
poly(benzimidazolium),[48249-251 gand its alkaline stability has been widely studied and

improved for hydroxide exchange membrane fuel cell (HEMFC) applications.[?5%-2531
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Despite a recent publication employing crosslinked methylated poly(benzimidazolium)
in a neutral zinc-TEMPO aqueous flow battery by Chen et al.,?>4 the performance and
stability of poly(benzimidazolium) in acidic VRFB has not been investigated. Herein,
we report our efforts to use methylated hexafluoropropylidene polybenzimidazole
(DMF¢PBI) in VRFBs. We demonstrated that DMF¢PBI membranes have higher ADL
and lower ASR than traditional PBI membranes. As a result, DMF¢PBI membranes (40
jam) achieved the highest voltage efficiency (VE) and energy efficiency (EE) compared
to Nafion 115 and FePBI (40 pm), and higher coulombic efficiency (CE) than Nafion
115 in single-cell VRFB tests. However, DMFsPBI membranes degrade severely during
the tests. Detailed characterizations of the DMF¢PBI membranes after the in-situ and
ex-situ degradation tests are performed. Specific degradation products and pathways are

proposed, which may be valuable for the future optimization of the material stability.
5.2 Materials and Methods

5.2.1 Materials

All chemicals were obtained from Sigma-Aldrich and used as received unless
otherwise stated. Vanadium (1V) sulfate oxide hydrate was purchased from Alfa Aesar.
Nafion 115 was purchased from FuelCellStore. Carbon electrode felts were purchased
from FuelCellStore. Gaskets were made of FKM rubber purchased from McMaster-

Carr.
5.2.2 Synthesis

5.2.2.1 Synthesis of Hexafluoropropylidene Polybenzimidazole (FsPBI)

FsPBI was synthesized using a literature procedure.*3
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5.2.2.2 Synthesis of Methylated Hexafluoropropylidene Polybenzimidazole
(DMFsPBI)

Synthesis of DMFsPBI was carried out according to a published procedure with
slight modification.’?®? In a 250 mL round bottom flask equipped with a mechanical
overhead stirrer and nitrogen purge, FsPBI (2.00 g, 3.7 mmol) was vigorously stirred in
dry N-methyl-2-pyrrolidone (NMP) (150 mL) at 80 <C overnight until the solid was
completely dissolved. The solution was cooled to room temperature, and then LiH
(0.176 g, 22.2 mmol) was slowly added. The solution was heated to 50 <C and stirred
for another 15 h. lodomethane (5 mL, 80 mmol) was added drop-wise over 15 min to
the stirred solution and the solution was heated to 80 <C and stirred for 24 h. The light
brown precipitate from the reaction was collected by centrifuge and then re-dissolved
in dimethyl sulfoxide (DMSO) (60 mL). Additional iodomethane (5 mL, 80 mmol) was
dropwise added, and the solution was heated to 80 <C and stirred for 24 h. After cooling,
the polymer was precipitated in acetone, and residual DMSO was removed via Soxhlet

extraction (acetone as extraction solvent) for 48 h.
5.2.3 Experimental Methods

5.2.3.1 Membrane Fabrication and Acid Doping

The polymer was completely dissolved in dimethylacetamide (DMAC) to make
a 2.5 w/v% solution. The solution was cast on a glass plate and dried in air at 80 <C for
24 h. After the solvent was completely evaporated, the glass plate was immersed in DI
water, and the membrane was gently peeled from the glass.

FsPBIl membranes were directly doped in 3 M sulfuric acid for 24 h at 20 <C.

While DMFePBI membranes were firstly anion exchanged in 0.3 M Na>SO4 solution
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for 2 days at 20 <C followed by thoroughly washing in DI water for 2 days at 20 <C
before acid doping in 3 M sulfuric acid for 24 h at 20 <C.

5.2.3.2 Area Specific Resistance (ASR) of Membranes

The ASR measurement is reported in Section 4.2.3.6.

5.2.3.3 Mechanical Properties of Membranes
The mechanical properties of the membranes (size: 30 mm > 6 mm) were
measured using TA instruments Q800 DMA. For each membrane, three samples were

tested, and the average value was reported.

5.2.3.4 Viscosity Measurements of Polymer Solutions
The inherent viscosity was measured on a Cannon ubbelohde viscometer with

membranes dissolved in 96 % sulfuric acid at a concentration of 0.2 g/dL.

5.2.3.5 Characterization of Chemical Structures

Attenuated total reflection-Fourier transformed infrared spectroscopy (ATR-
FTIR) spectra were recorded on Bruker Tensor 27.

'H nuclear magnetic resonance (NMR) spectroscopy were recorded on Bruker

AVI1I1 600 with polymers or membranes dissolved in deuterated dimethyl sulfoxide.

5.2.3.6 Sulfuric Acid Doping Level (ADL) of Membranes

The ADLs of membranes were determined by acid-base titration through the
following procedure: sulfuric acid doped membrane samples measuring 1.0 cm < 6.0
cm were weighted and then titrated with 0.1 M NaOH solution using methyl orange as
indicator. The samples were then washed with water, dried in a vacuum at 100 <C for

48 h and weighed again.
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The ADL measurement of FePBI samples is reported in Section 4.2.3.5 and
Equation 4.1.

For DMFsPBI (SO form) samples, DMFePBI?>*SOs* became
DMPFsPBI?*(HSOx); after acid doping and then changed back to DMFsPBI%*SO4% after
titration. Thus, anion acids according to the methylated benzimidazolium (N) are
considered:

ADLpyreppr = va;+§;v;m1 +1, (Equation 5.1)

Mw
where M,, (g mol?) is the molecule weight of DMFePBI polymer (in SO4% form)
repeating unit, the residual SO4% anion in the cationic polymer after titration is also

counted by adding 1.

5.2.3.7 VRFB Single Cell Test
The VRFB single cell test procedure was the same as the procedure reported in

Section 4.2.3.8.

5.2.3.8 Ex-situ Degradation Test

Ex-situ degradation test of DMF¢PBI membranes was conducted by putting 5
cm x5 cm membrane samples in 50 mL 1.5 M vanadium (V) in sulfuric acid solution
(produced from electro-oxidation of 1.5 M VOSO4 and 3 M H2SO4 solution) at 80 T
for 500 h.
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5.3 Results and Discussion

5.3.1 Preparation and Characterization of FsPBl and DMFsPBI Membranes

FsPBI polymers with hexafluoropropylidene groups were prepared via a typical
aromatic nucleophilic substitution condensation of 4,4'-
(hexafluoroisopropylidene)bis(benzoic acid) and 3,3’-diaminobenzidine (Figure 5.1).
After that, DMFsPBI polymers were prepared by deprotonation of FePBI with NaH, and
then methylation with methyl iodide twice in NMP and DMSO, respectively. The
obtained DMF¢PBI showed 100 % double methylation on benzimidazole groups (Figure
5.1).[2521 The successful synthesis of FePBI and DMF¢PBI were verified by *H NMR
spectroscopy (Figure 5.2 and Figure 5.3).

FsBP1 membranes were directly doped in 3 M sulfuric acid at 20 <C for 24 h
before VRFB single-cell test. DMFsBPI membranes (I" form after synthesis and
membrane casting) were anion exchanged into SO4? before acid doping to remove I-.
In addition to acting as an anion contaminant, 1" could be oxidized to Iz, which resulted

in red-colored membranes.
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Figure 5.1: Synthetic route of FePBI and DMFsPBI polymer.

97



8.33
7.90
7.72
7.59

CF5
3,5
4
1
2
o [sa =1 ¢l
(=] (o)« B]
<« )
8.8 86 84 82 80 78 76 74 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 56 54 52 50 48 46 44 4.2 4

ppm

Figure 5.2: *H NMR spectroscopy of FsPBI polymer, DMSO-d6 as the solvent.
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Figure 5.3: *H NMR spectroscopy of DMFsPBI polymer, DMSO-d6 as the solvent.

It is known that PBI membranes can absorb acid molecules. The nitrogen atoms
of the benzimidazole units in PBI are protonated by acids, forming up to two chemically
bound acids (referred to as ‘bound acids’). In more concentrated acid solutions, PBI will
absorb additional acid molecules (referred to as ‘free acids’) by osmosis and formation
of hydrogen bonds between the acid molecules (especially in multi protic acids like
phosphoric acid and sulfuric acid). Recently, Kim et al. published that ammonium
functionalized anion-exchange membrane (AEM) could absorb a higher amount of
phosphoric acids than phosphoric acid doped neutral PBI from the sol-gel method.[*34

For cationic membranes, the cationic head-group will absorb acids (referred to as ‘anion
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acids’) to form ion-pair complexes. In a more concentrated acid solution, due to the
electrostatic interaction between fixed positive charged cationic head-groups and
negative charged deprotonated acids, a cationic polymer could usually absorb more
acids than traditional PBI.

ADLs of DMFgPBI in 3M sulfuric acid were measured by titration. Besides the
2 units of anion acids (HSO4), 0.9 units of free acids were also observed on average.
While FsPBI with benzimidazole functional group only absorbed 1.5 sulfuric acids per
repeating unit in 3 M sulfuric acid on average (Table 5.1). Figure 5.4 shows the ASR
results of DMF¢PBI, FsPBI, and Nafion 115 membranes in 3 M sulfuric acid solution.
There was no significant difference between the ASR of DMFsPBI membrane (0.24 Q
cm? on average) and the ASR of Nafion 115 (0.25 Q cm? on average) according to
standard errors of the measurements, and it was only about one-third of the traditional
FePBI membrane (0.69 Q cm? on average) of the same thickness. These results indicated
that compared to traditional benzimidazole functional group in FsPBI, the dimethyl
benzimidazolium functional group in DMFePBI leads to an almost doubled ADL and

an exceptionally low ASR.
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Table 5.1: ADL of DMF¢PBI (HSO4 form in acid) and FePBI in 3 M sulfuric acid.
Error bars are standard errors of the measurements (n = 3).

ADL Acid content® Water content® Water per
(Wt%) (Wt%) acid®
DMFsPBI 2.9 +0.2° 25.2 +0.8¢ 21.7 +1.6 4.7 +0.3
(HSOy)
FePBI 15+0.2 17.2 £1.0 21.2 2.1 6.7 £0.3

& The acid content and the water content was calculated from the ADL and the weight
change in ADL measurement.

b: Water per acid is calculated from water content and acid content

. ADL of DMFePBI (HSOy) includes the two HSO4™ anion acids.

d: Acid content of DMFsPBI (HSOx4) includes the weight of HSO4™ anions.

0.8

0.69
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] ]

Area specific resistance (€ cm?)
N
1

0.0 -

DMFPBI-40 FPBI-40 Nafion 115

Membrane

Figure 5.4: ASR of DMFgPBI (40 pm), FePBI (40 pm), and Nafion 115 (125 pm) in
3 M sulfuric acid. Error bars are standard errors of the measurements (n =
3).
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5.3.2 Vanadium Redox Flow Battery (VRFB) Single Cell Test

VRFB single cell performance with DMF¢PBI, FsPBI, and Nafion 115
membranes, operating under various current densities (80, 100, 120, 140, 160, 180, and
200 mA cm?) are shown in Figure 5.5. The thickness of Nafion membranes affects the
performance of VRFBs, and it was recently reported that owing to a good balance
between vanadium ions permeability and membrane resistance, Nafion 115 with a
thickness of 125 pm is the most suitable membrane for VRFB application.[%!
Therefore, Nafion 115 was used as the reference membrane for VRFB performance
testing in this work.

With the lowest ASR, DMFsPBI membrane with a thickness of 40 m exhibited
an outstanding efficiency performance at various current densities (80, 100, 120, 140,
160, 180, and 200 mA cm). CE is defined as the ratio of a cell’s discharge capacity
divided by its charge capacity, and therefore the diffusion of vanadium ions across the
membrane will decrease the CE of the cell. Because of the large vanadium permeability,
the average CE of Nafion 115, which gradually increased from 96.8 % to 98.0 % with
increasing current density from 80 to 200 mA cm, was the lowest among the three
membranes tested. In contrast, the average CE performance of VRFB with DMFsPBI
and FePBI membranes were much better than the one with Nafion 115. Over the entire
range of current densities from 80 to 200 mA cm?, DMF¢PBI exhibited an average CE
increasing from 98.8 % to 99.4 %, and FsPBI exhibited almost 100 % average CE. The
excellent CEs of DMFsPBI and FsPBI VRFB were attributed to the substantially lower
vanadium permeability.

VE is defined as the ratio of battery’s discharge voltage to its charge voltage,
and therefore the VE of VRFB decreases with the increasing of current density from 80

to 200 mA cm?, due to the increased ohmic polarization. Over the entire range of current
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densities, VRFB with DMFePBI membrane exhibited a slightly higher average VE,
from 86.6 % to 72.1 %, than Nafion 115, from 86.3 % to 70.9 %, while the average VEs
of VRFB with FePBI membrane were much lower, from 82.3 % to 62.4 %. These VE
results agreed well with the ASR measurement of the prepared membrane in 3 M
sulfuric acid (Figure 5.5). The exceptionally low ASR of prepared DMFsPBI membrane
benefited from the high ADL caused by the methylated benzimidazolium functional
group.

EE, defined as the product of CE and VE, is a key indicator of energy loss during
the charge-discharge process. VRFB with DMFsPBI membrane combined the excellent
CE and VE, had the highest average EE among the three membranes, from 85.6 % to
71.6 % with current density increased from 80 to 200 mA cm. For the reference
membrane Nafion 115, due to relatively low CE, the average EE was 83.6 % to 69.5 %
with current density from 80 to 200 mA cm™2. Moreover, because of the low VE of
FePBI, it also had a significantly lower average EE (81.4 % to 62.4%), especially at high
current densities.

Although DMF¢PBI membrane showed excellent performance in the VRFB test,
the membrane failed after 120 mA/cm? (i.e., 15 cycles, as the RFB operated 5 cycles at
each current density). A new membrane was then used to continue the rest VRFB tests.
Generally, because higher current density would lead to shorter cycle length at limited
voltage range and then cause less crossover, higher coulombic efficiency should be
observed at higher current density. In Figure 5.5, due to the changing of a new
membrane before 140 mA/cm?, fresh solution and nitrogen purge were also conducted.
Since the charging at 140 mA/cm? was then started from 0 % state of charge (fresh V3*

on the negative side and fresh VO?* on the positive side), the initial cycles of the new
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membrane showed relatively low coulombic efficiency due to the state of charge

adjustment.
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Figure 5.5: VRFB single cell performance of DMF¢PBI (two membranes used, first
membrane broke after 120 mA cm test), FsPBI (single membrane), and
Nafion 115 (single membrane) membranes at various current densities (80-
200 mA/cm?): (up) coulombic efficiency, (middle) voltage efficiency, and
(down) energy efficiency. Test conditions: 1.5 M vanadium and 3 M
sulfuric acid electrolyte 15 mL on both sides. 30 mL/min flow rate, 20 °C
operating temperature, and cut off voltage 1.0 V — 1.7 V. At each current
density, data of the last 4 cycles of the same sample was used, and 95 %
confident intervals of t-distributions were calculated as error bars (n = 4).
Some error bars are not visible, because they are very short.

5.3.3 Degradation of DMFsPBI Membrane

Battery cycling tests were carried to verify the in-situ stability of DMFe¢PBI
membranes. However, the DMFsPBI membrane only survived at 120 mA cm for 46
cycles before they broke. Over the 46 cycles, VE of DMF¢PBI gradually decreased from
80.8 % to 77.4 %. Moreover, the capacity decreased 26.4 % (from 0.53 Ah to 0.39 Ah)
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as shown in Figure 5.6. These results indicated that the DMF¢PBI membrane went
through severe degradation during the test and was not stable during VRFB operation.
We examined the DMF¢PBI membrane after in-situ VRFB test. The membrane
became discolored, and the membrane within the active area was fragile (Figure 5.7).
In order to determine the specific degradation mechanism, the relative molecular weight
(represented by inherent viscosity) and stress-strain curves were examined (Table 5.2).
The average inherent viscosity decreased from 1.24 dL g to 0.13 dL g, while the
active area of the DMF¢PBI membrane was too weak to be cut into strips for strain-
stress tests. These results indicated that the DMFsPBI polymer backbone went through
harsh chain scission. While for FePBI membrane, there was no appreciable change in
inherent viscosity and mechanical property after 100-cycle in-situ VRFB test.
Compared with FsPBI, DMFsPBI has dimethyl benzimidazolium cation instead of
partially protonated benzimidazole in an acid VRFB environment. Therefore, we
suspected that the severe degradation of DMFePBI was caused by the oxidation of

methylated benzimidazolium cation by vanadium (V) during VRFB cycling.

107



(a) (b)

0.6

° o
W4 8 o @ o o O o O o 05 1 DUO

0.4 4

2
03 4 120 mA/cm

120 mA/em®

Efficiency (%)
ES
{
«
¢
¢
(
Capacity (Ah)

0.2 4
60

Coulombic efficiency

Energy efficiency 017

o

O Charge capacity

Voltage efficiency O Discharge capacity
40 T T T T 0.0 T T T T
0 10 20 30 40 0 10 20 30 40
Cycle number Cycle number

Figure 5.6: VRFB single cell performance of DMFsPBI membrane at 120 mA/cm?,
with voltage limit from 1.0 V to 1.7 V, state of charge of the first cycle
from 9 % to 74 %. The DMF¢PBI membrane broke after 46 cycles. (a)
coulombic efficiency, voltage efficiency, and energy efficiency; (b) charge
and discharge capacity decay.

Figure 5.7: (a) acid doped pristine DMFsPBI membrane and (b) DMFsPBI membrane
after 46-cycle VRFB degradation test, the active area became fragile.
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Table 5.2:  Properties of DMF¢PBI and FsPBI membranes before and after VRFB
cycling test. Error bars are standard errors of the measurements (n = 3).

Membrane Inherent Stress at | Elongation at
viscosity break break (%)
(dL g% (MPa)
DMFsPBI | Pristine acid doped | 1.24 +0.07 10.9 +0.8 174 £1.4
After 46 cycles 0.13 £0.02 -4 -2
FsPBI Pristine acid doped | 1.65 £0.09 60.5 £4.8 15015
After 100 cycles 1.65 £0.10 60.5 5.0 15.1+1.4

& DMFePBI membrane active area afterward was too fragile to cut strips for the stress-
strain test.

In order to confirm the degradation of dimethyl benzimidazolium in VRFB and
investigate the degradation products clearly, FTIR spectra of pristine DMFsPBI
membrane doped in 3 M sulfuric acid and degraded DMF¢PBI membrane (small pieces
from the active area) after in-situ VRFB test were examined (Figure 5.8). For the
degraded DMF¢PBI sample after in-situ VRFB degradation test, a significant new peak
was found at 1713 cm™, which was attributed to the strong C=0 stretching of carboxyl

benzene.
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Figure 5.8: FTIR spectra of DMF¢PBI membrane before and after 46-cycle in-situ
VRFB degradation test.

'H NMR spectroscopy was employed to further investigate the degradation
mechanism (Figure 5.9). The active area of the degraded DMFsPBI membrane after in-
situ degradation test was found to be more soluble in dimethyl sulfoxide (DMSO) than

pristine DMFePBI. This increased solubility supported the molecular weight reduction
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from inherent viscosity measurement and proved that there is no crosslinking during the
in-situ VRFB degradation test. After the degradation, small new peaks appeared at
around 3.9 ppm, 7.8 ppm, and 8.1 ppm. Since imidazolium cation is a stronger electron
withdrawing substituent and therefore provides stronger deshielding effect compared to
carboxyl groups, 2! the new small aromatic peaks at the higher field (7.8 ppm and 8.1
ppm) agreed with the formation of carboxyl benzene structures. However, these new
peaks had relatively low intensity and were difficult to assign to the predicted degraded
products.

Ex-situ degradation test of DMF¢PBI membrane in 1.5 M vanadium (V) at 80
<C for 500 h was employed to deteriorate the degradation condition and accelerate the
degradation process. As shown in Figure 5.9, besides the original peaks, appreciable
new peaks appeared at 3.9 ppm, 7.8 ppm, 7.9 ppm, 8.1 ppm, 8.3 ppm, and 8.4 ppm after
ex-situ degradation test. Again, the new aromatic peaks at relatively higher field agreed
with the formation of carboxyl benzene structures. The new set of methyl peaks at
around 3.9 ppm will be assigned to the pl of product P1 in the proposed degradation

scheme (Figure 5.10).
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Figure 5.9: 'H NMR spectroscopy of DMF¢PBI membrane pristine, after 46-cycle
VRFB, and after 500 h degradation test in 1.5 M vanadium (V) at 80 <C.
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Based on the above observations, we proposed the following degradation
mechanism in Figure 5.10. Similar reactions have been proposed in the oxidation study
of PBI polymers in the acid environment.[?6l According to our evidence from FTIR and
'H NMR spectroscopy characterization and published experimental evidence of similar

degradations, this proposed degradation mechanism is the best assumption.
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Figure 5.10: Proposed overall degradation of DMF¢PBI in VRFB application.
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5.4 Conclusion

DMFsPBI membrane was employed for the VRFB. Due to the superior ADL,
attributed to the cationic dimethyl benzimidazolium units, DMFsPBI membrane
presented an impressive battery efficiency over a range of current densities. However,
DMFsPBI membrane failed during in-situ VRFB test within 46 cycles. The degradation
products and pathway of in-situ VRFB test and ex-situ vanadium (V) solution test were
investigated in detail, and the knowledge can be applied to improve future material

design for VRFB applications.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Polymeric ion-exchange membranes (IEMs) are the essential component of the
redox flow battery (RFB) systems. The key requirements for an IEM in RFBs are: (1)
good conductivity to efficiently transport supporting ions; (2) high chemical stability to
resist the corrosive RFB electrolyte for long cycling life; and (3) low permeability of
the active species to prevent crossover and capacity loss of the RFB cell.

Zinc-cerium double-membrane RFB has the highest cell voltage (3.08 V) in
aqueous RFBs. This RFB requires a cation-exchange membrane (CEM) between the
alkaline zinc electrolyte and the middle NaClO4 electrolyte and an anion-exchange
membrane (AEM) between the acidic cerium electrolyte and the middle NaClO4
electrolyte. However, due to the limited chemical stability of commercial AEMs, this
RFB could only demonstrate a few cycles of operation.['%! At the beginning of my
Ph.D., I was focusing on the developing of chemically stable AEM for this zinc-cerium
double membrane RFB.

Unlike the alkaline stability of AEMs in hydroxide-exchange membrane fuel
cells (HEMFCs), the stability of AEMs in the cerium electrolyte is not well studied. The
cerium electrolyte contains super oxidant cerium (IV) and acidic perchloric acid.
Therefore, | focused on the polymeric backbones at the beginning. Weight loss tests of
four different aromatic polymers were conducted, and only hexafluoropropylidene

polybenzimidazole (FsPBI) membrane showed no noticeable weight loss and no
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appearance change. However, poly(2,6-dimethyl-phenylene oxide) (PPO) and
polysulfone (PSF) membranes showed 41 % and 23 % weight loss respectively after the
oxidation stability test. Without any cationic functionalization, these four membranes
are all perfectly stable in an alkaline solution simulating HEMFCs. This phenomenon
indicates that the cerium electrolytes pose more crucial challenges to the chemical
stability of polymeric membranes, and the degradation of these membranes is worth
investigating. Heteronuclear single quantum coherence (HSQC) spectroscopy was
utilized to investigate the hydrogen-carbon correlation of degraded products, and the
most likely degradation mechanisms of PPO and PSF were proposed based on obtained
evidence.

With the chemical resistant FePBI as the polymeric backbone, a relative stable
cation was required for the AEM. Tris(2,4,6-trimethylphenyl)phosphonium (TTMePP)
was first considered due to its reported superior chemical stability.'! The AEM
synthesis with TTMePP as a functional group was not easy due to the high steric
hindrance at the center phosphine. Initial quaternization trials failed due to this steric
hindrance. A bromination strategy at the outside methyl group was proposed, and a
series of bromination reactions were investigated (details in Appendix B). However,
bromination reactions always led to multiple brominated products which could cause
undesired crosslinking. Finally, the connection was successful with a novel
quaternization approach with Cu added as an inhibitor to suppress the alkyl iodide
decomposition. TTMePP functionalized membrane was finally synthesized and cast.
However, the membrane exhibited insufficient conductivity due to the hydrophobic
TTMePP  cation. Another chemically stable cation (i.e., tris(2,4,6-

trimethoxyphenyl)phosphonium (TTMPP)) was then chosen as the new functional
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group. TTMPP cation has less steric hindrance at the center phosphine and can be
directly quaternized by the traditional alky! iodide treatment. The prepared TTMPP-PBI
membrane with expanded polytetrafluoroethylene (ePTFE) reinforcement presented 26
% water uptake (WU), OH" conductivity of 9.8 mS/cm, and CIO4™ conductivity of 2.7
mS/cm at 20 <C. Besides the decent conductivity, the membrane also showed sufficient
chemical stability in oxidative cerium electrolyte.

A further investigation of the TTMPP-PBI membrane revealed the acid doping
ability of this membrane. In a concentrated sulfuric acid solution, TTMPP-PBI could
dope acids in four ways: (1) acid-base doping on the nitrogen of the PBI backbone due
to the hydrogen bond formation between benzimidazoles and acids, (2) acid-base
doping on the oxygen of the TTMPP cation due to the hydrogen bond formation between
methoxyl groups and acids, (3) cation-anion doping due to the bisulfate paired with
TTMPP cation, and (4) free acids forming hydrogen bonds with doped acids. The
measured acid doping level (ADL) of the prepared TTMPP-PBI/PTFE membrane is 3.4
fold of FePBI membrane in 3 M sulfuric acid solution. Vanadium redox flow battery
(VRFB) with this TTMPP-PBI/PTFE membrane was assembled, and this VRFB
showed the highest energy efficiency compared with Nafion 115 and FePBI membrane.

In terms of IEMs for VRFB applications, the state-of-art membrane was the
porous polybenzimidazole (PBI) membrane reported in 2016.% To cope with the
insufficient acid doping and low conductivity of pure PBI membranes, they employed
a sponge-like porous structure. As we studied before, cation-anion acid doping could be
more effective than the acid-base acid doping in polyprotic acids, a positively charged
methylated polybenzimidazolium (DMFsPBI) was synthesized and showed excellent

ADL and area specific resistance (ASR) in 3 M sulfuric acid solution. However, a
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further VRFB operation showed chemical decay of the DMF¢PBI membrane in
vanadium electrolyte. A series of characterizations were taken to investigate this
degradation of positively functionalized PBI, and a degradation mechanism is proposed
based on the experimental evidence. DMF¢PBI was tested in VRFB for the first time,
and this research could be useful guidance for future robust membrane design for VRFB

system.

6.2 Future Work

6.2.1 Poly(2,5-benzimidazole) for Vanadium Redox Flow Batteries

In Chapter 4, the acid doping behavior of FePBI membrane is reported, including
ADL, acid weight percentage of the doped membrane, water weight percentage of the
doped membrane and water to acid mole ratio. In Chapter 5, we also reported that there
were no noticeable changes of stress at break and elongation at break for FePBI
membrane after 100 cycles in VRFB. However, for DMFsPBI membrane, it degraded
severely within 46 cycles of VRFB. The next generation membrane for VRFB requires
a chemically stable structure with good ADL to meet the performance requirements of

VRFB.

6.2.1.1 Chemical Stability Issue of Polybenzimidazoles

As investigated in Chapter 5, although cationic functionalization of PBI could
improve its acid doping conductivity in the sulfuric acid electrolyte, the chemical
stability is compromised (details in Section 5.3.3). For the FsPBl membrane with no
modification, no noticeable changes of polymer solution viscosity, stress at break, and
elongation at break were observed. Besides the experiment results collected in Chapter

5, PBI materials are also proven to be chemically stable in VRFB by Zhang at el for
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over 10,000 cycles of operation.'® The core functional chemical structure of PBI
material is the benzimidazole group which could be doped with sulfuric acid and make
the material proton conductive.[!?8] Therefore, a reasonable approach to a chemically
stable membrane for VRFB based on PBI related material is to keep the original

structure of the benzimidazole.

6.2.1.2 Acid Doping Level of Polybenzimidazoles with Different Chemical
Structures

The acid doping happens on the nitrogen site of the benzimidazole groups in
PBIs, a valid method to improve the conductivity is increasing the density of
benzimidazole groups in the PBI polymer. Compared to the FsPBI used in previous
chapters of this work. poly(2,5-benzimidazole) (ABPBI) only contains the
benzimidazole groups without any other redundant structures and should have the
highest ADL and lowest ASR in a sulfuric acid electrolyte. The chemical structures of

F6PBI and ABPBI are shown in Figure 6.1.

HN
O H Hexafluoroisopropylidene polybenzimidazole
N CFs (F6PBI)
V
N CF3 n

N
</Nj©T Poly(2,5-benzimidazole) (ABPBI)
n
H

Figure 6.1: Chemical structure comparison between FePBI and ABPBI. ABPBI has
the highest density of benzimidazole groups.
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6.2.1.3 Implementation of Poly(2,5-benzimidazole) for Vanadium Redox Flow
Batteries

From Table 5.2, DMFsPBI was much less stable compared with FsPBI, and the
neutral benzimidazole group did not cause noticeable stability issue during VRFB
cycling. Thus, the ABPBI polymer, which is only composed of benzimidazole groups
(as shown in Figure 6.1), should be chemically stable in VRFB.

The synthesis of ABPBI was investigated, and a few batches of the polymer
were synthesized before this dissertation. The synthesized polymer was found to be not
soluble in organic solvents like chloroform, acetone, DMSO, NMP, etc. Thus, NMR

spectroscopy was not available.

6.2.2 Investigation of the ePTFE reinforcement on ion-exchange membrane
properties

Reinforcement is a technology that helps improve the mechanical strength of the
membrane material. For IEMs, besides the mechanical properties, WU, ion-exchange
capacity (IEC), and ion conductivity of the membrane are all affected by the

reinforcement.

6.2.2.1 Mechanical Properties of lon-Exchange Membranes with Reinforcement

As shown in Table 6.1, the TTMPP-PBI-3 polymer membrane synthesized in
Chapter 3 was too brittle to test mechanical properties. After reinforcement with ePTFE,
the membrane showed reasonable strength and was measured to have an average tensile
strength of 17.3 MPa and an average elongation at break of 17.1 %. Besides the 10 jum
ePTFE mesh used in Chapter 3, there are also ePTFE materials commercially available
with other thickness. The amount of polymer solution used to make the reinforced

membrane could also be changed to meet specific requirement of mechanical properties.
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A higher weight ratio of the ePTFE to polymer material would provide better support,

and the reinforced membrane would likely have better mechanical properties.

Table 6.1.  Tensile strength and elongation at break of TTMPP-PBI membrane and
TTMPP-PBI membrane with ePTFE reinforcement. Error bars are
standard errors of the measurements (n = 3). (For reading convenience,
partial data from Table 3.1 is re-used to construct this table.)

Membrane Tensile strength (MPa) Elongation at break
(%)

TTMPP-PBI-3 -2 -8

TTMPP-PBI-3/PTFE 17.3 £0.7 171 +1.1

& TTMPP-PBI-3 membrane is too brittle to test mechanical properties.

6.2.2.2 Water Uptake, lon Exchange Capacity and lon Conductivity of lon-
Exchange Membranes with Reinforcement

In Table 3.1, the average measured IEC of TTMPP-PBI-3/PTFE was about 86 %
of the average value of TTMPP-PBI-3, which indicated that the weight ratio of TTMPP-
PBI polymer to the ePTFE was approximately 6.1 : 1 (i.e., 86 % / 14 %) in the prepared
reinforced membrane. After this reinforcement, the average WU dropped 68 % due to
the hydrophobicity of the ePTFE material (Table 3.2). As discussed in Section 6.2.2.1,
higher weight ratio of ePTFE should help the mechanical properties. However, it would
inevitably harm the WU, IEC and ion conductivity of the membrane material due to the

hydrophobicity nature of the ePTFE.

6.2.2.3 Tris(2,4,6-trimethoxyphenyl)phosphonium Functionalized
Polybenzimidazole Membrane with Different Levels of ePTFE
Reinforcement

By tuning the ratio of the ion exchange polymer to the supporting material,

membranes with different IEC, conductivity, and mechanical property could be
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obtained. A systematic examination of the reinforcement component ratio could
potentially help us achieve better overall membrane properties and battery performance.
Moreover, a detailed investigation of the reinforcement mechanism could provide useful

guidance for the future reinforcement membrane casting.
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Appendix A

ABBREVIATIONS AND NOTATIONS

A.1 Abbreviations and notations
RFB Redox flow battery

VRFB Vanadium redox flow battery

HEMFC  Hydroxide exchange membrane fuel cell

IEM lon exchange membrane
AEM Anion exchange membrane
CEM Cation exchange membrane

'HNMR  Proton nuclear magnetic resonance
3P NMR  Phosphorus nuclear magnetic resonance
HSQC Heteronuclear single quantum coherence

ATR-FTIR Attenuated total reflectance Fourier transform infrared

SEM Scanning electron microscope
MS Mass spectrometry
TGA Thermogravimetric analysis

TTMPP  Tris(2,4,6-trimethoxyphenyl)phosphine
TTMePP  Tris(2,4,6-trimethylphenyl)phosphine
FsPBI Hexafluoroisopropylidene polybenzimidazole

PBI Polybenzimidazole
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PS
PSF
PPO
PTFE
ePTFE
IEC
ADL
ASR
SA
CDCI3
DMSO-d6
TMS
DS
WL
WU
SR

Cv
WE
CE

RE

Polystyrene

Polysulfone
Poly(2,6-dimethyl-phenylene oxide)
Polytetrafluoroethylene
Expanded polytetrafluoroethylene
lon exchange capacity

Acid doping level

Avrea specific resistance

Sulfuric acid

Deuterated chloroform
Deuterated dimethylsulfoxide
Tetramethylsilane

Degree of substitution

Weight loss

Water uptake

Swelling ratio

Cyclic voltammetry

Working electrode

Counter electrode

Reference electrode
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Appendix B

BROMINATION OF METHYL-TRIS(2,4,6-
TRIMETHYLPHENYL)PHOSPHONIUM

B.1 Bromination of Methyl-tris(2,4,6-trimethylphenyl)phosphonium

Due to the high steric hindrance of tris(2,4,6-trimethylphenyl)phosphine
(TTMePP), the direct quaternization of the center phosphorous was problematic at the
beginning. Before the discovery of quaternization with alkyl iodide and Cu added as an
inhibitor (details in section 3.3.2), another bromination strategy was investigated. The
overall synthetic strategy is shown in Figure B1.

Since multiple brominations would cause crosslinking in the future
functionalization step and cause the polymer to be insoluble and impossible to cast
membranes, the key to achieving the linkage at outside methyl group was to obtain

single bromination of the TTMePP cation.
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Figure B1: Proposed synthetic strategy of connecting TTMePP to a polymer backbone
through bromination. FsPBI polymer backbone was chosen as an example
here. TTMePP cation must be single brominated to prevent crosslinking.

Br

A series of reactions were taken to investigate the bromination (illustrated in
Table B1). However, even though | achieved single bromination in a small-scale (mg
scale) model reaction (condition of Entry 9), further amplifications always showed

multiple bromination products.
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Table B1: Partial list of investigated bromination conditions.

Entry TTMePP* NBS? BPO®  TCE® T Time  DB¢
(mmol) (mmol) (mmol) (ml) (©) (hour) (%)

1 1 1 0.05 10 80 24 0

2 1 1 0.05 10 140 24 5

3 1 1 0.05 10 140 48 5

4 1 1 0.1 20 100 20 0

5 1 1.5 0.15 20 100 20 0

6 1 1.5 0.15 20 80 20 0

7 1 2 0.2 12 140 24 25

8 1 3 0.3 10 140 24 30

9 1 3 0.3 3 140 24 33

10 1 5 0.5 12 140 24 40

11 1 5 0.5 10 140 24 50

12 1 5 0.5 3 140 24 100

a. N-Bromosuccinimide (NBS) was used as bromination reagent;
b. Benzoyl peroxide (BPO) was used as radical initiator;

c. Tetrachloroethane (TCE) was used as the solvent;

d. Degree of total bromination.

Figure B3 and Figure B4 show the 3!P NMR spectroscopy and mass
spectrometry of products from amplified bromination reactions. Unfortunately, multiple

bromination products were observed.
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This bromination strategy was abandoned later after the discovery of successful

center quaternization with Cu added as the inhibitor.
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Figure B2: 'H NMR spectroscopy of the products of entry 9 at a milligram scale. The
peak at 4.71 ppm is attributed to the brominated methylene group.
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Figure B3: 3'H NMR spectroscopy of the products of entry 9 at a larger gram scale.
The peak at 9.71 ppm indicates multiple bromination TTMePP*.
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Figure B4: Mass spectrometry of bromination reaction products. m/z 403 was
attributed to the non-brominated TTMePP*, m/z 481 and 483 were
attributed to the single brominated TTMePP*, while m/z 561 was
attributed the double brominated TTMePP™.
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Appendix C
SUPPLEMENTARY TABLES

C.1 Literature sources for Figure 4.4

Table C1: Literature sources for Figure 4.4. Area specific resistance (ASR) are
measured in different electrolytes, and the cell configurations are different
for different literature.

Membrane Area specific ASR test Thickness Vanadium
resistance condition (pm) permeability
(ASR) (2 ¢cm?) (cm®mint)

Nafion 115*  0.26 3S 125 1.09%10°

TTMPP-PBI- 0.24 3S 20 3.37x10®

3/IPTFE*

FEPBI* 0.47 3S 20 3.00x<10°°

SPEEK 4011261 1,22 1.5V &3S 90 3.6x<108

SPEEK 601261 1,23 15V &3S 90 2.12x107

Nafion 115[126]1 (.95 15V&3S 127 7.95%107

N/SI257] 1.6 15V &3S 100 1.928x10

Nafion[2%] 1.14 1V&25S 215 3.69%10°

Nafion/Si/Til%® 1.26 1V&25S 225 4.3x107

]

Nafion 2122591 0.6 15V&2S 50 8.23x1077

SPEEK/TPA/P 1.3 15V&2S 240 4.78%107

pl259]

porous PBI- 0.16 3S 18 7.43x10°

18[104]

porous PBI- 0.54 3S 34 8.41x10°

34[104]

porous PBI- 0.67 3S 68 8.4x10°

68[104]

Nafion 115141 0.95 3S 125 7.01>107

Nafion 115[1281 (.19 3S 127 3.48x107

mPBI1128] 0.46 3S 27 2.86%10°
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BlpPBI12] 0.2 3S 27 3.45%10°8

*: data collected in this work.
S: sulfuric acid, for example, 1 S means 1 M H2SOa..
V: vanadium, for example, 1 V means 1 M vanadium.
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