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ABSTRACT 

     Redox flow batteries (RFBs) have attracted a lot of attention recently as promising 

systems for energy storage from intermittent renewable resources and to allow integration 

with the power grid. Most RFBs are based on metallic active species in aqueous media, 

however there is a growing interest around the use of soluble organic redox couples in non-

aqueous solvents to achieve higher energy density. Organic compounds with high redox 

potentials (catholyte) are available, but new organic compounds with low redox potentials 

(anolyte) that undergo multi-electron reduction at the same redox potential are needed to boost 

the energy density of RFBs. This thesis will outline efforts to develop a new 

bispyridinylidene (BPY)-based anolyte that undergoes a reversible two-electron oxidation 

(-1.69 V vs. ferrocene), and assess its applicability in a RFB. In a dimethylformamide 

(DMF)-based electrolyte, both bridged bispyridinylidene (bBPY) charge states (0/2+) 

exhibited complete compatibility, long lifetime, and excellent solubility (1.18 M, 

corresponding to a high theoretical capacity of 63 Ah L-1 and energy density of 61 Wh L-

1) in DMF. Symmetric cell testing of bBPY achieved capacities of up to 100% of the 

theoretical value and Coulombic efficiencies above 98%, though cell lifetimes with cycling 

were less than those of the individual bBPY redox partners alone in the electrolyte. This 

work was also extended to design the first full cell studies using BPYs as anolytes vs. 

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) catholyte. The cells delivered a cell 

voltage of ~1.9 V. However, in comparing two different BPYs, one featuring a propylene 

bridge between the pyridyl rings (bBPY) and another featuring two N-propyl groups 

(prBPY), it was found that the propylene bridge led to improved stability of the BPY. 

Furthermore, the instability of oxidized TEMPO+ in the supporting electrolyte as well as 
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parasitic side reactions caused by cross-contaminations of active materials through the ion 

exchange membrane are believed to be the main cause for the cell’s rapid capacity loss. 

Further studies will be required to understand the capacity decay over cycling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

ACKNOWLEDGEMENTS  

     I would like to give a sincere thanks to my supervisor, Professor C. Adam Dyker for 

the continuous support of my M.Sc. and PhD studies and without his support, guidance and 

patient teaching, this project would not have been possible. He is always available and 

patient for daily questions and project related discussions. I also acknowledge his valuable 

feedback and suggestions on this thesis and previous work. He is always offering help 

when needed. I will not forget his great help and support for me personally and my family 

when I had to leave Canada during the diplomatic dispute between Canada and my home 

country (Saudi Arabia) in August 2018. Once again, it has been great honor and privilege 

to work with him.  

     Thanks to my committee members, Dr’s John Neville and Gilles Villemure, for giving 

valuable ideas for the improvement of the study. 

My sincere thanks also go to my friends (The Dyker Group). It was my pleasure working 

with such great and smart people.  

     I would like to thank the government of Saudi Arabia, Saudi Arabian Cultural Bureau 

and Umm Al Qura University for offering me scholarships to accomplish my master and 

PhD degrees in Canada and providing me with generous financial support. 

     I am extremely gratefully to my parents, grandparents and siblings for the support and 

encouragement they provided me through my study and my entire life. Very special thanks 

go to my wife, Somaiah, for her love, patience and support during both of my master and 

PhD programs. To my little princess Tala and my handsome two year old son Qais, you 

are the source of my inspiration and energy to achieve greatness.  



v 

 

     Finally, and most importantly, I am ever grateful and thankful to Allah (God) who gave 

me the privilege and blessing to complete my project.



vi 

 

Table of Contents 

ABSTRACT ........................................................................................................................ ii 

ACKNOWLEDGEMENTS ............................................................................................... iv 

Table of Contents ............................................................................................................... vi 

List of Tables ................................................................................................................... viii 

List of Figures .................................................................................................................... ix 

List of Schemes ............................................................................................................... xvii 

List of Symbols, Nomenclature or Abbreviations ......................................................... xviii 

Chapter 1 : Introduction ...................................................................................................... 1 

1.1 The General Concept and Operating Principle of a Typical Redox Flow Battery ... 1 

1.2 Properties and Types of Redox Flow Batteries ......................................................... 6 

1.2.1 Aqueous Redox Flow Batteries ......................................................................... 7 

1.2.2 Non-Aqueous Redox Flow Batteries ............................................................... 10 

1.3 Cell Testing Protocols ............................................................................................. 22 

1.4 Strategies in Improving NAORFBs Performance................................................... 25 

1.5 Thesis Objectives and Statement of Author Contributions ..................................... 29 

1.6 References ............................................................................................................... 31 

Chapter 2 : A Two-Electron Bispyridinylidene Anolyte for Non-Aqueous Organic Redox 

Flow Batteries ................................................................................................................... 36 

2.1 Introduction ............................................................................................................. 37 

2.2 Experimental ........................................................................................................... 41 

2.3 Results and Discussion ........................................................................................... 46 

2.4 Conclusions ............................................................................................................. 55 

2.5 References ............................................................................................................... 57 

2.6 SUPPORTING INFORMATION ........................................................................... 62 



vii 

 

2.6.1 References: ....................................................................................................... 76 

Chapter 3 : Evaluation of Two-electron Bispyridinylidene Anolytes and a TEMPO 

Catholyte for Non-Aqueous Redox Flow Batteries .......................................................... 77 

3.1 Introduction ............................................................................................................. 79 

3.2 Experimental ........................................................................................................... 82 

3.3 Results and discussion ............................................................................................ 88 

3.4 Conclusions ........................................................................................................... 106 

3.5 References ............................................................................................................. 108 

3.6 SUPPORTING INFORMATION ......................................................................... 112 

Chapter 4 : Conclusion and Future Work ....................................................................... 124 

4.1 Conclusion ............................................................................................................ 124 

4.2 Future Work ........................................................................................................ 129 

4.3 References ............................................................................................................. 141 

Curriculum Vitae 



viii 

 

List of Tables  

Table 1.1 Specifications and operation performance of some reported NAORFBs. ....... 26 

Table S3.1 Data of tested cells. ...................................................................................... 120 

Table 4.1 Specifications and operation performance of some reported NAORFBs. Our 

work is shown in the last three rows (in red). ......................................................... 127 

  



ix 

 

List of Figures  

Fig. 1.1 Schematic of a generic RFB. ................................................................................. 2 

Fig. 1.2 Structures of catholyte (in red) and anolyte (in blue) molecules used in 

NAORFBs. They are organized following the order of presentation in this thesis. . 12 

Fig. 1.3 Components of a non-flowing coin cell. (I) cathodic and anodic cases, (II) 

stainless steel spacers, (III) Graphite felts and (IV) anion exchange membrane. .... 30 

Fig. 2.1 (a) 1H NMR spectrum of 0.1 M 22+-2TFSI- in 0.8 M NaBF4 in DMF after 1 and 

123 days, showing no change. Selected CVs on different days (left) and plots of 

anodic (ipa) and cathodic (ipc) peak currents vs time (right) for (b) 0.1 M 2 and (c) 

0.1 M 22+-2TFSI- in 0.8 M NaBF4 in DMF. .............................................................. 49 

Fig. 2.2 (a) 1H NMR spectrum of I2-quenched solution of 0.05 M 2 /0.05 M 22+-2TFSI- 

after 22 h in DMF, showing 22+ and an unknown (labelled “?”). (b) The same I2-

quenched solution with the addition of 12+-2I-. ........................................................ 50 

Fig. 2.3  Plot of capacity and Coulombic efficiency vs. cycle number for (a) a symmetric 

cell with 0.05 M 2 and 0.05 M 22+-2TFSI- as catholyte and anolyte; (b) an 

unbalanced cell using electrochemically formed 0.1 M 2 (double volume) as anolyte 

and 0.1 M 22+-2TFSI- as catholyte. Electrolyte: 0.8 M NaBF4/DMF. Current density: 

0.3 mA cm-2 (0.5C). .................................................................................................. 53 

Fig. S2.1 Cyclic voltammogram of 0.01 M 22+-2TFSI- in 0.8 M NaBF4/DMF (cycle 2-

500) and 0.8 M NaBF4/ DMF (black line) under the scan rate of 50 mV s-1. The 

redox potential was observed at -1.62 V vs. Ag/Ag+ (-1.69 V vs. Fc). .................... 64 



x 

 

Fig. S2.2 (a) Cyclic voltammograms of 0.04 M 22+-2TFSI- in 0.8 M NaBF4/DMF and (b) 

the relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 40, 

62.5, 90, 122.5 and 160 mV s-1. ................................................................................ 65 

Fig. S2.3 A three-electrode electrochemical cell used for calendar life assessments of 2 

and 22+-2TFSI-. ......................................................................................................... 66 

Fig. S2.4 Expanded (top) and full (bottom) 1H NMR spectra of the I2-quenched mixture 

of 0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in DMF. ..................... 67 

Fig. S2.5 Expanded (top) and full (bottom) 1H NMR spectra of I2-quenched mixture of 

0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in DMF in the presence of 

molecular sieves (stored over sieves). At 277 h, the signals for the unknown (“?”) 

and 12+ changed relative position around 6.7 ppm, but the unknown is still the major 

species and 12+ did not increase in intensity. ............................................................ 68 

Fig. S2.6 Expanded (top) and full (bottom) 1H NMR spectra of the I2–quenched mixture 

of 0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in MeCN. Many 

unassigned signals are also present. .......................................................................... 69 

Fig. S2.7 Expanded (top) and full (bottom) 1H NMR spectra of the I2–quenched mixture 

of 0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in MeCN in the presence 

of molecular sieves. Many unassigned signals are also present. .............................. 70 

Fig. S2.8 The charge-discharge curves vs. capacity (top) and plot of capacity and 

Coulombic efficiency vs. time (bottom) of a symmetric cell using 0.200 mL of 0.05 

M 2 and 0.05 M 22+-2TFSI-/0.8 M NaBF4/DMF as anolyte and catholyte (initially 

50% SOC), with an AHA AEM separator. Current density: 0.3 mA cm-2 (0.5C). ... 71 



xi 

 

Fig. S2.9 Post cycling CV analysis of both sides of a symmetric cell using 0.200 mL of 

0.05 M 2 and 0.05 M 22+-2TFSI-/0.8 M NaBF4/DMF as anolyte and catholyte 

(initially 50% SOC), with an AHA AEM separator. Cell was stopped at 90% state of 

charge on the 70th cycle (149 h cycling) at 0.3 mA cm-2 (0.5C). .............................. 72 

Fig. S2.10 The plot of  charge/discharge capacity vs. (a) cycle number and (b) time, of a 

symmetric cell using 0.200 mL of 0.05 M 2 and 0.05 M 22+-2TFSI-/0.8 M 

NaBF4/DMF as anolyte and catholyte (initially 50% SOC), with a polypropylene 

separator (PP) at a current density of 3.0 mA cm-2 (5C) compared to the AHA 

separator (0.3 mA cm-2), both with +/- 0.5 V cut-off voltages. The uncorrected data 

is as-measured. (c) Plot of current (red, right axis) and potential (blue, left axis) vs 

capacity for one galvanostatic cycle plus potential hold at +/- 0.7 V of a cell with a 

PP separator. The stable current of 1.0 mA represents a slight overestimate of the 

background current from diffusion, which was subtracted from measured values to 

give the corrected data. ............................................................................................. 73 

Fig. S2.11 The charge-discharge curves vs. capacity (top) and plot of capacity and 

Coulombic efficiency vs. time (bottom) of a compositionally unbalanced symmetric 

cell using electrochemically formed 0.1 M 2 (0.400 mL) as anode and 0.1 M 22+-

2TFSI-/0.8 M NaBF4/DMF (0.200 mL; initially 0% SOC) as cathode. Current 

density: 0.3 mA cm-2 (0.5C). .................................................................................... 74 

Fig. S2.12 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time 

(b) of a compositionally unbalanced symmetric cell using electrochemically formed 

0.1 M 2 (0.400 mL) as anode and 0.1 M 22+-2TFSI-/0.8 M NaBF4/DMF (0.200 mL; 

initially 0% SOC) as cathode. Current density: 0.3 mA cm-2 (0.5C). Cycling was 



xii 

 

interrupted after 24.5 cycles (94.61 hours) for 67.8 hours and resumed for another 

94.40 hours with a total active cycling time of 189 hours (55 cycles). Note that the 

battery cycling was stopped in the charged state and resumed by initial charging to 

give 35% of theoretical capacity due to self-discharge upon resting (this value is not 

included in the plot). ................................................................................................. 75 

Fig. 3.1 The cyclic voltammogram of 0.08 M TEMPO (3) in 0.8 M NaBF4/ DMF (curve 

I), 0.04 M 12+-2TFSI- in 0.8 M NaBF4/DMF (curve II), 0.04 M 22+-2PF6
- in 0.8 M 

NaBF4/DMF (curve III) and 0.8 M NaBF4/ DMF (dotted line) as a background, all 

run separately at a scan rate of 10 mV s-1. ................................................................ 91 

Fig. 3.2 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 

0.8 M NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA 

cm-2 (1C). .................................................................................................................. 94 

Fig. 3.3 Cyclic voltammograms of the cycled anolyte 1/12+ (a) and catholyte TEMPO 

(3/3+) (b) in 0.8 M NaBF4/DMF at a scan rate of 50 mV s-1. Arrows represent the 

expected couples, while circles represent couples from active material crossover. . 95 

Fig. 3.4 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 

0.8 M NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA 

cm-2 (1C). .................................................................................................................. 99 

Fig. 3.5 (a) 1H NMR spectrum of 0.1 M 2 in 0.8 M NaBF4 in DMF over 56 days (b) 1H 

NMR spectrum of 0.1 M 22+-2PF6
- in 0.8 M NaBF4 in DMF over 195 days. The 



xiii 

 

singlet at 3.19 ppm is from water that diffused into the sample over the course of the 

experiment............................................................................................................... 100 

Fig. 3.6 Expanded 1H NMR spectra (a) and average peak integrations vs time (b) for a 

mixture of 0.1 M 2 and 0.1 M 22+-2PF6
- in DMF after 0, 1, 13, 36, 66, 84 and 132 h.

................................................................................................................................. 103 

Fig. 3.7 Selected CVs on different days (left) and plots of anodic (ipa) and cathodic (ipc) 

peak currents vs time (right) for (a) 0.2 M TEMPO (3) and (b) 0.2 M TEMPO+ (3+-

BF4
-) in 0.8 M NaBF4 in DMF. ............................................................................... 105 

Fig. S3.1 (a) Cyclic voltammograms of 0.1 M 22+-2PF6
- in 0.8 M NaBF4/DMF and (b) 

the relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 40, 

62.5, 90, 122.5 and 160 mV s-1. .............................................................................. 112 

Fig. S3.2 (a) Cyclic voltammograms of 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 

(b) the relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 

40, 62.5, 90, 122.5 and 160 mV s-1. ........................................................................ 112 

Fig. S3.3 The charge-discharge curves vs. capacity for a cell using 0.08 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 0.8 M NaBF4/DMF as catholyte and 

anolyte, respectively. Current density: 0.24 mA cm-2 (1C). Theoretical specific 

capacity is 63.46 mAh g-1 based on molar mass of 12+-2TFSI-. ............................. 113 

Fig. S3.4 Plot of discharge capacity vs. the initial forty cycles (a) and vs. time (53 h) (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 

0.8 M NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA 

cm-2 (1C). The capacity decayed linearly over the initial forty cycles (discharge 



xiv 

 

capacity fade rate of 0.9%/cycle or 16.2%/d) according to linear regression (see 

equations in the figure). .......................................................................................... 114 

Fig. S3.5 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 

0.8 M NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA 

cm-2 (1C). ................................................................................................................ 115 

Fig. S3.6 The charge-discharge curves vs. capacity for a cell using 0.2 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.1 M 12+-2TFSI- in 0.8 M NaBF4/DMF as catholyte and 

anolyte, respectively. Current density: 0.3 mA cm-2 (0.5C). Theoretical specific 

capacity is 63.46 mAh g-1 based on molar mass of 12+-2TFSI-. ............................. 116 

Fig. S3.7 Plot of capacity and Coulombic efficiency vs. cycle number (a), vs. time (b), 

plot of discharge capacity vs. the initial ten cycles (c) and vs. time (31 h) (d) for a 

cell using 0.2 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.1 M 12+-2TFSI- in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.3 mA cm-2 

(0.5C). The capacity decayed linearly over the initial ten cycles (discharge capacity 

fade rate of 1.2%/cycle or 9.1%/d; see linear regression equations in the figure). . 117 

Fig. S3.8 Cyclic voltammograms of the cycled anolyte 1/12+ (a) and catholyte TEMPO 

(3/3+) (b) from the cell presented in Fig. S3.7, after dilution in 0.8 M NaBF4/DMF at 

a scan rate of 50 mV s-1. Arrows represent the expected couples, while circles 

represent couples from active material crossover. .................................................. 118 

Fig. S3.9 The charge-discharge curves vs. capacity for a cell using 0.08 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 0.8 M NaBF4/DMF as catholyte and 



xv 

 

anolyte, respectively. Current density: 0.24 mA cm-2 (1C). Theoretical specific 

capacity is 86.68 mAh g-1 based on molar mass of 22+-2PF6
-. ................................ 118 

Fig. S3.10 Plot of discharge capacity vs. time (32 h) for a cell using 0.08 M TEMPO (3) 

in 0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 0.8 M NaBF4/DMF as catholyte and 

anolyte, respectively. Current density: 0.24 mA cm-2 (1C). The capacity decayed 

exponentially over time (τ =0.93 d). ....................................................................... 119 

Fig. S3.11 1H NMR spectrum of 0.1 M 2 in 0.8 M NaBF4 after 0 (a) and 56 days (b) in 

DMF. Small signals for residual precursor (7+) were detected in the sample. ....... 121 

Fig. S3.12 1H NMR spectrum of 0.1 M 22+-2PF6
- in 0.8 M NaBF4 after 0 (a) and 195 

days (b) in DMF. Note that, due to evaporation of CH2Cl2 during the course of the 

experiment [integrations of CH2Cl2: Day 0: 2.94 (5.54 ppm); Day 195: 2.55 (5.54 

ppm)], DMF carbon-13 satellite peak (7.56 and 8.04 ppm; set to 1.00 H) was used as 

a standard instead. ................................................................................................... 122 

Fig. S3.13 Expanded 1H NMR spectra of the mixture of 0.1 M 2 and 0.1 M 22+-2PF6
- 

after 0, 1, 13, 36, 66, 84 and 132 h in DMF. The 13C satellite signal of DMF (7.56 

ppm) was set to 1.00 H and used as an internal reference. ..................................... 123 

Fig. 4.1 The charge-discharge curves vs. capacity (a) and plot of capacity vs. time (b) for 

a cell using 0.2 M FcN2+ in 0.8 M NaBF4/DMF and 0.1 M of bBPY2+ in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.3 mA cm-2 

(0.5C). Theoretical specific capacity is 63.46 mAh g-1 based on molar mass of 

bBPY2+. Cyclic voltammograms of the cycled anolyte (c) and catholyte (d) after 

dilution in 0.8 M NaBF4/DMF at a scan rate of 50 mV s-1. Arrows represent the 

expected couples. .................................................................................................... 132 



xvi 

 

Fig. 4.2 Cyclic voltammograms on different days for 0.2 M FcN2+ in 0.8 M NaBF4 in 

DMF. ....................................................................................................................... 133 

Fig. 4.3 Schematic diagram of modified CP3+/bNBPY4+ battery showing rejection of 

positively charged species by the AEM. ................................................................. 137 

  



xvii 

 

List of Schemes 

Scheme 1.1 Schematic diagrams of CEM (top) and AEM (bottom). ................................. 4 

Scheme 1.2 Redox reactions of vanadium. ........................................................................ 8 

Scheme 1.3 Redox couples of NMe-Ph and TEMPO. ..................................................... 13 

Scheme 2.1 Preparation of 2 and 22+-2TFSI-. ................................................................... 39 

Scheme 2.2 Proposed46 reaction of 2 and 22+ leading to 12+ and other byproducts. ......... 40 

Scheme 3.1 Preparation of 1, 12+-TFSI-, 2 and 22+-2PF6
-. ................................................ 90 

Scheme 3.2 Initially proposed12 reaction of 1 and 12+ leading to 52+ and other byproducts.

................................................................................................................................. 101 

Scheme 3.3 Proposed reaction of 2 and 22+ leading to 7+ and other byproducts. ........... 103 

Scheme 4.1 Synthesis and redox reaction of 54+-2PF6
-. ................................................. 134 

Scheme 4.2 Proposed synthesis of tetracationic bNBPY4+-4TFSI-. ............................... 136 

  



xviii 

 

List of Symbols, Nomenclature or Abbreviations  

2-MBP 2-Methylbenzophenone  

AB Azobenzene  

AEM Anion exchange membrane  

AORFB Aqueous organic redox flow battery 

AQ Anthraquinone  

ARFBs Aqueous redox flow batteries  

bBPY Bridged bispyridinylidene 

BP Benzophenone 

BPY Bispyridinylidene 

BPYM 2,2′-Bipyrimidine  

BzNSN 2,1,3‐Benzothiadiazole  

CE                       

 

Coulombic efficiency 

CEM Cation exchange membrane  

Cp Theoretical volumetric capacity  

CP Cyclopropenium 

CV                      Cyclic voltammetry 

 
d                          

 

Doublet 

 
D Diffusion coefficients  

DBBB                 2,5-Di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene 

 
DBMMB 2,5-Di-tert-butyl-1-methoxy-4-[2’-methoxyethoxy]benzene  

dd                        

 

Doublet of doublets 

 
DMAP                

 

4-Dimethylaminopyridine 

 
DME 1,2-Dimethoxyethane  

DMeEPT N-ethyl-3,7-dimethylphnothiazine  

DMeOEPT N-ethyl-3,7-methoxyphenothiazine  

DMF                   

 

Dimethylformamide 

 



xix 

 

DOE U.S. Department of Energy  

Ecell                   Cell potential 

EDG Electron-donating groups  

EE Energy efficiency  

EPT N-ethylphenothiazine  

Fc Ferrocene  

FcN (Ferrocenylmethyl)trimethylammonium 

bis(trifluoromethanesulfonyl)imide  
FL 9-Fluorenone  

I Electric current 

ipa                    

 

Anodic peak current 

 
ipc                    

 

Cathodic peak current 

 
J                 

 

Coupling constant 

k0 Electron transfer rate constants  

KHMDS Potassium bis(trimethylsilyl)amide  

LiTFSI           Lithium bis(trifluoromethanesulfonyl)imide 

 
MeCN Acetonitrile  

MV Methyl viologen 

NARFBs Non-aqueous redox flow batteries  

NG                

 

Not given 

 NMe-Ph N-methylphthalimide  

NMR Nuclear magnetic resonance 

OCV Open-circuit voltage  

ORMs Organic redox molecules  

PC                

 

Propylene carbonate 

 
PEG3-PTZ PEGylated phenothiazine  

PP Polypropylene  

prBPY Unbridged bispyridinylidene 

PT Polythiophene 



xx 

 

 

PTZ Phenothiazine  

RFBs            

 

Redox flow batteries 

 
S Active area 

s                   

 

Singlet 

 
SCE Saturated calomel electrode 

SOC State of charge  

t                   Triplet 

 
TEABF4      

 

Tetraethylammonium tetrafluoroborate 

 
TEAPF6 Tetramethylammonium hexafluorophosphate 

TEA-TFSI Tetraethylammonium bis(trifluoromethylsulfonyl) imide  

TEMPO  2,2,6,6-Tetramethyl-1-piperidinyloxy  

THF Tetrahydrofuran  

TMQ 2,3,6-Trimethylquinoxaline  

VE              

 

Voltage efficiency 

 
VRFBs Vanadium redox flow batteries  

𝛿               

 

Chemical shift 

 
  

  

  

  

  

  

  

  



 

1 

 

Chapter 1 : Introduction 

1.1 The General Concept and Operating Principle of a Typical Redox Flow Battery       

     A redox flow battery (RFB) (Fig. 1.1) is an energy storage device wherein the cathode 

and anode active materials are dissolved in the electrolyte (catholyte and anolyte, 

respectively).1–4 These solutions are stored in tanks that are separate from the 

electrodes/current collectors, which allows decoupling of power and energy stored. Unlike 

traditional solid state batteries designed for portable applications (e.g., lithium-ion battery), 

where power (W kg-1) and energy (Wh kg-1) are coupled and determined by the limited 

battery container size, the unique decoupling feature of RFBs is the key of their flexibility 

and scalability.5 During cell operation, stored catholyte and anolyte are simultaneously 

pumped through the cell where chemical energy is converted to electrical energy. The cell 

is equipped with membrane as a separator to separate the two electrodes and prevent the 

catholyte and anolyte from mixing while allowing the supporting ions to diffuse through 

during the charge and discharge process to maintain charge balance. Moreover, power 

capabilities depend on electrode (reactor) area, the reaction kinetics and electrolyte 

conductivity, where the amount of energy stored (Wh L-1) in such system is controlled by 

the concentration of active materials, the number of electrons involved in the cell reaction, 

cell voltage and the size of the tanks. Advantages of RFBs besides the independently scaled 

power and energy are low maintenances, fast response time due to facile electrochemical 

reversibility, and 100% deep discharge and long cycle life (15,000-20,000 cycles for all-

vanadium battery).6 Therefore, redox flow batteries have been widely considered for large 



 

2 

 

scale stationary applications such as load levelling and for integration of intermittent and 

renewable energy sources into the electrical grid.2,7 

 

Fig. 1.1 Schematic of a generic RFB. 

     Membranes used for RFBs are classified into three types, 1) ion exchange membranes, 

2) non-ionic porous membranes and 3) ceramic membranes.8,9 Ion exchange membranes 

include cation exchange membrane (CEM) and anion exchange membrane (AEM). In 

CEMs (e.g. Nafion, perfluorinated membrane), the anionic charges embedded in the 

membrane structure allow cations to cross the membrane from one side of the cell to the 

other during operation, while repelling anions (Scheme 1.1). In the case of AEMs (e.g. 

AHA, crosslinked polystyrene membrane), cations are rejected due to the embedded 

cationic charges. Ion exchange membranes offer good mechanical properties, high ionic 

selectivity, and reduced porosity, but they typically have reduced ionic conductivity 

compared to non-ionic porous membranes, and limits cycling (charging/discharging) rate 
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capabilities. AEMs generally suffer from very low ionic conductivity compared to CEMs. 

Non-ionic porous membranes with different thickness and pore size (e.g. Daramic, 

microporous polypropylene membranes) achieved selectivity based on size of ion and 

active materials. Since these membranes have no embedded charges in their structure and 

they therefore lack ion selectivity, the rate of active materials, crossover through the 

membrane depends on the pore size of the membrane and size of the active material. Where 

the pore size is large like in Daramic and other separators that are commonly used in Li-

ion batteries, the molecules crossover is possible and mixed electrolyte solutions (1:1 

solutions of catholyte material and anolyte material on each side of the cell) are usually 

utilized to account for crossover. To enhance selectivity in porous membranes which is 

achieved by size effect, smaller pore size like in Celgard 2325 membrane (28 nm) pairing 

with redox-active polymers were used.10 Thinner porous membranes tend to have higher 

ionic conductivity but the rate of crossover is high (see detailed discussion in section 

1.1.2).9 because of the trade-off between pore size and thickness, careful choice of porous 

membranes is needed to balance ionic conductivity and crossover. Ceramic membranes 

[e.g. lithium ion conductive ceramics, Li1+x+3zAlxTi2-xSi3zP3-zO12 (LATP)] which is widely 

used in lithium batteries and have been applied for some RFBs, but its very low ionic 

conductivity, high cost and fragile structure limited their use in the field.  
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Scheme 1.1 Schematic diagrams of CEM (top) and AEM (bottom). 

     The performance of RFBs is described by a series of parameters such as: 

1) Cell potential (a potential difference between a high redox potential of the catholyte and 

a low redox potential of the anolyte). In an electrochemical cell, the cathode is the electrode 

where reduction occur, where the anode is the electrode where oxidation occur. The 

standard cell potential can be determined from the from equation (1):2 

E°cell = E°cathode - E°anode                                                                                                                                                             (1) 

2) The theoretical capacity, the total amount of charge that can be delivered by the active 

materials in a battery, defined in ampere-hour (Ah). The theoretical gravimetric capacity 
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of the individual active material (Ah g-1) is determined from the number of electrons 

involved in the reaction and the molecular weight by the following equation: 

Theoretical Gravimetric Capacity =  
F×1 A ×𝑛

3600
s

h
×MW

=  
𝑛 ×26.8 Ah/mol

MW
 (

Ah

g
)                         (2) 

Where, F is Faraday’s constant (96485 C/mol), n is the number of electrons transferred 

per formula unit of the active material and MW is the molecular weight of active material 

(g/mol).  

3) The volumetric capacity, defined as the amount of charge (Ah) stored per unit volume 

(L). Volumetric capacity is typically more important for RFBs than gravimetric capacity, 

since the devices are typically stationary and the active materials are dissolved in the 

electrolyte. It is calculated using equation (2):11  

Theoretical Volumetric Capacity (𝐶𝑝) =
𝑛𝐶F

3600
= 𝑛𝐶 × 26.8

Ah

mol
 (

Ah

L
)                           (3) 

Where, C is the concentration of a redox-active material for an individual electrolyte 

(catholyte or anolyte) in mol/L. 

4) Energy density which is the amount of energy per unit volume, Wh L-1 and is given by 

the following equation:11  

Energy Density =
𝐶𝑝V

µv
 (

Wh

L
)                                                                                             (4) 

Where, Cp is the smaller capacity of the catholyte or anolyte from eq 2, V is the voltage 

of the cell (the potential difference between the cathode and anode active materials) and  

µv is 1+ 
𝐶𝑝

𝐶𝑃′
 , where Cp’ is the larger capacity of the catholyte or anolyte. 

5) Current density describes the amount of electric current flowing per unit area. 

Current Density =
𝐼

𝑆
 (

A

m2)                                                                                                (5) 
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Where, I is electric current (A) and S is the active area of the electrode in m2 (the area of 

the electrode contacting the cell separator).  

6) Power density is the amount of power per unit area, W m-2 which is given in the 

following equation:12  

Power Density =
𝐼V

𝑆
(

W

m2)                                                                                                  (6) 

7) Voltage efficiency (VE) is the ratio of the average discharge voltage (Vdischarge) to the 

average charge voltage (Vcharge). 

VE =
Vdiscarge

Vcharge
× 100%                                                                                                     (7) 

8) Coulombic efficiency (CE) is the ratio of the average discharge capacity (Qdischarge) to 

the average charge capacity (Qcharge).  

CE =
Qdischarge

Qcharge
× 100%                                                                                                   (8) 

9) Energy efficiency (EE) is the ratio of the average discharge energy (Edischarge) to the 

average charge energy (Echarge).  

EE =
Edischarge

Echarge
× 100%    or  

CE×VE

100
                                                                                (9) 

1.2 Properties and Types of Redox Flow Batteries 

     Here we will highlight the ideal properties of RFBs.6,11 1) High energy density- the ideal 

redox active species used for RFB application should be able to provide multi-electron 

transfer per molecule, high cell potential and high solubility in the electrolyte, according 

to equation (4). 2) High operating power density can be achieved via high cell potential, 

fast reaction kinetics [large diffusion coefficients (D) and electron transfer rate constants 

(k0)], high membrane and electrolyte solution conductivity. 3) High efficiency (VE, CE 
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and EE) and cycling lifetime which mainly depends on the electrochemical stability of both 

redox states of active materials, the elimination of crossover of active species through 

membrane, ionic conductivity of electrolyte and electrolyte leakage. For those reasons, the 

efficiencies of RFBs are generally less than 100% and CE of >99.99% is required for 

practical battery applications. 4) Low cost of RFBs is an important factor for 

commercialization. Cheap and abundantly available active materials, cheap separators, 

simple battery design and long lifetime can significantly reduce the system’s capital cost. 

Furthermore, 5) safety by using non-flammable and non-toxic electrolyte and active 

materials. 

     RFBs can be classified broadly into two categories based on the solvent employed in 

the electrolyte: aqueous redox flow batteries (ARFBs) and non-aqueous redox flow 

batteries (NARFBs). In this thesis, advantages, limitations, and challenges of some 

common battery systems of both categories will be addressed.     

1.2.1 Aqueous Redox Flow Batteries 

     Numerous ARFBs have been proposed and investigated, such as all-vanadium,2,4 

iron/chromium,13 vanadium/bromine,14 bromine/polysulfide,15 zinc/cerium16 and  

zinc/bromine.17 Among these systems all-vanadium redox flow batteries (VRFBs) have 

been the most extensively studied and have been commercially demonstrated. In VRFB 

four different oxidation states of vanadium ions are utilized as anolyte (V2+/V3+) and 

catholyte (V5+/V4+) in sulfuric acid solution. During the discharging process, V2+ ions 

release electrons and are oxidized at the negative electrode, while VO2
+ ions accept 

electrons and are reduced to VO2+ at the positive electrode (Scheme 1.2). H+ ions diffuse 

through the membrane from the anolyte side to the catholyte side to balance the charge. 
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During the charging process, the electrochemical reactions are reversed. Having vanadium 

ions as the only active species helps eliminate problems associated with cross-

contamination caused by diffusion of active ions through the membrane, which is a 

common issue in RFBs where two different active materials are used as catholyte and 

anolyte. There are currently tens of VRFB installations in the world,2,6 and the largest (200 

MW, 800 MWh) is under development in China, Dalian. Its main purpose is load leveling 

(peak shaving) where the system stores electrical energy during low demand and releases 

the stored energy during high demand. It was expected that the battery will shave 8% of 

Dalian’s peak.2  

 

 

Scheme 1.2 Redox reactions of vanadium. 

 

     Despite the high power density of VRFBs (up to 600 mW cm-2) due to the high 

conductivity of water, and their long cycle life (15,000-20,000 cycles vs. 1000-10,000 

cycles for a lithium ion battery),4,6,18 their market penetration is restricted. This is primarily 

because of the low energy density (20-30 Wh L-1), which is mainly due to its limited cell 

voltage (1.26 V)7 that is imposed by the narrow potential window of water (1.23 V).19 

Another deterrent is the high cost of vanadium and the separator (capital cost up to $800 
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kW h-1),10,20 which is above the capital cost target set by the U.S. Department of Energy 

(DOE) for economically viable RFB systems of $150 kW h-1 by 2023.21  

     Recently, organic redox molecules have attracted increasing interest for RFBs because 

of low cost of the raw materials and their tunability through selective functionalization to 

improve solubility, redox potential and stability.10,22 Investigations of organic redox 

molecules in aqueous redox flow batteries (AORFBs) have been demonstrated.10,12,23 

AORFBs can be classified into three groups, acidic, neutral and alkaline ORFBs. Organic 

electroactive materials such as quinones, viologens, ferrocene derivatives and heterocyclic 

nitroxide radicals are extensively studied for ARFBs. These systems achieved cyclability 

over 1000 cycles with a capacity fade rate between 0.1-10% per day and this capacity fade 

is mostly due to limited stability of active materials and crossover.24,25 Aziz categorized 

capacity fade rate into four categories; high (>1%/day), moderate (0.1-1%/day), low (0.02-

0.1%/day) and extremely low (≤0.02%/day).23 Most reported organic and organometallic 

active materials showed high or moderate capacity fade which is not usable for RFBs that 

are expected to last for decades. Aziz also demonstrated a neutral pH aqueous organic-

organometallic RFB with one of the lowest capacity fade rate reported for RFBs in general 

(0.0011%/cycle and 0.033%/day for 500 cycles at 50 mA cm-2).26 This battery which 

utilized ammonium-functionalized ferrocene-based catholyte and ammonium-

functionalized viologen-based anolyte provided a cell potential of 0.75 V and a CE greater 

than 99.9%.  Functionalization with charged ammonium groups noticeably helped 

maintaining stability and minimizing crossover of active materials which is reflected in 

improved cell performance.24,26 But, limitations of low cell potentials of ARFBs (~1.5-1.8 

V) is a challenge for achieving higher energy densities.23  
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1.2.2 Non-Aqueous Redox Flow Batteries 

     Hydrogen and oxygen evolution taking place at the negative and positive electrodes, 

respectively, because of water electrolysis, can negatively affect the battery efficiency by 

consuming some of the input and output current during charging and discharging, 

respectively.7,27 Therefore, cell potentials of ARFBs are limited to eliminate or mitigate 

such side reactions. Furthermore, gas evolution at the electrodes reduces their surface area 

due to accumulation of hydrogen and oxygen bubbles on the electrodes and therefore 

lowers power density of aqueous systems. By contrast, organic solvents allow for higher 

cell potential due to their intrinsic wider electrochemical stability window (e.g. ~6 V for 

acetonitrile).19 In 1988, Matsuda et al. reported the first non-aqueous redox flow battery 

(NARFB) utilizing ruthenium complexes (tris(2,2'- bipyridine)ruthenium(II) 

tetrafluoroborate, [Ru(bpy)3] (BF4)2 in  acetonitrile (MeCN) with an open-circuit voltage 

(OCV) of 2.60 V.28,29 In general, such metal coordination complexes suffer from limited 

solubility (<1 M) as well as high cost due to their complicated synthesis.12,29,30 This makes 

them non-viable, as it is estimated that with the higher electrolyte costs, NARFBs with 

active material concentrations of 4-5 M are needed to compete with ARFBs to obtain cost-

effective energy storge.31  

     Recently, increasing numbers of non-aqueous organic redox flow batteries (NAORFBs) 

have been investigated. Although such systems offer the potential for reduced 

environmental load, low cost and increased energy density through both higher 

concentration of active materials and higher cell voltages, the full advantages of these 

systems have not yet been put into practice.10,32 The common catholyte and anolyte 

materials used for NAORFBs highlighted in this thesis are shown in Fig. 1.2. A number of 
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organic catholyte active materials with high redox potentials (up to 1.4 V vs. Fc/Fc+) were 

investigated in NAORFBs such as  heterocyclic nitroxide radicals [e.g., 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO)],33 dialkoxybenzenes [e.g., 2,5-di-tert-butyl-1,4-

bis(2-methoxyethoxy)benzene (DBBB)],34 cyclopropenium (CP+),35 phenothiazine 

(PTZ)36 and metallocenes [e.g., (ferrocenylmethyl)trimethylammonium 

bis(trifluoromethanesulfonyl)imide (FcN+)].37 While several organic materials featuring 

low redox potentials have been studied for application as anolytes in NAORFBs including 

N-alkylphthalimide [e.g., N-methylphthalimide (NMe-Ph)33 and N-

(trimethylammonio)butylphthalimide (NBu-N-Ph+)]35, quinoxaline [e.g., 2,3,6-

trimethylquinoxaline (TMQ)]34, polythiophene (PT)38, 9-fluorenone (FL)39, 2,1,3‐

benzothiadiazole (BzNSN)40 and benzophenone derivatives [e.g., benzophenone (BP)41 

and 2-methylbenzophenone (2-MBP)42], only a few organic anolytes that undergo multi-

electron redox processes have been described. These multi-electron systems include 

anthraquinone (AQ)36
, methyl viologen (MV2+)37, azobenzene (AB),43 bridged 

bispyridinylidene (bBPY2+),44 and 2,2′-bipyrimidine (BPYM).45  

     The energy levels of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) influence the redox potentials of organic active 

materials. The high energy HOMO in anolytes lower their redox potentials allowing for 

easy loss of electrons (oxidation) and the low energy of the LUMO increases the redox 

potential of catholytes making them good electron acceptors (reduction). Structural 

functionalization can tune the energy of the HOMO and LUMO,11 for example, 

incorporating electron-donating groups (EDG) or removing electron-withdrawing groups 

(EWG) lowers the redox potential. Conversely, incorporating electron-withdrawing groups 
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or removing electron-withdrawing groups increase the redox potential. In addition, 

stabilization of the oxidized active species by resonance lowers its energy and facilitate the 

oxidation prosses (examples are given in suction 1.2.2.4).  

 

Fig. 1.2 Structures of catholyte (in red) and anolyte (in blue) molecules used in NAORFBs. 

They are organized following the order of presentation in this thesis. 
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1.2.2.1 Non-Aqueous Redox Flow Batteries Employ Organic Electroactive 

Molecules That Feature Single-Electron Transfer 

     TEMPO radical is one of the most used catholyte active materials due to its commercial 

availability and high stability and solubility (6.1 M in MeCN).41 The high stability of the 

radical is attributed to the steric restriction by the four methyl groups as well as 

the delocalization of the unpaired electron over the N-O bond.22 Li et al. demonstrated the 

first all-organic NARFB in late 2011,33 where 0.1 M TEMPO catholyte was coupled with 

0.1 M N-methylphthalimide (NMe-Ph) as an anolyte in the supporting electrolyte of 1 M 

sodium perchlorate (NaClO4)/acetonitrile (MeCN). The evaluated cell potential obtained 

by the system was 1.6 V, based on the potentials of the following half-cell reactions as 

shown in Scheme 1.3. 

 

 

 

Scheme 1.3 Redox couples of NMe-Ph and TEMPO. 

     During charging, oxidation of TEMPO radical takes place at the positive electrode 

forming oxoammonium cation TEMPO+, while reduction of NMe-Ph to the anion radical 

NMe-Ph- takes place at the negative electrode. The same reaction occurs in reverse during 
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discharging process. In a non-flowing system, the cell demonstrated a 90% CE for 20 

cycles at a low current density of 0.35 mA/cm2. The calculated diffusion coefficients 

(kinetics of electrode reactions) for TEMPO and NMe-Ph in the supporting electrolyte 

were in the range of 0.7-1.1 × 10-5
 

cm2・s-1 which is higher than that of VRFBs [1.16×10-

6 cm2・s-1 for V(II)/V(III) and 2.25×10-6 cm2・s-1 for V(IV)/V(V)]. There were no post-

cycling tests conducted on the electrolyte, such as NMR or CV analysis to identify the 

causes behind the poor battery performance and limited cycle life. The theoretical energy 

density at the tested concentrations was also very low (2.1 Wh L-1). 

     Increasing energy density can be achieved by maximizing cell potentials (pairing a 

higher redox potential catholyte with a lower redox potential anolyte) and increasing the 

concentrations of active materials. For example, Wei et al. reported a hybrid lithium 

metal/2 M TEMPO RFB in 2.3 M LiPF6/mixture carbonate solvents as supporting 

electrolyte.46 This led to an expanded cell voltage of 3.5 V and therefore delivering a high 

energy density of 126 Wh L-1. However, eliminating metals such as lithium is needed to 

design cost-effective and safety risk-free RFBs. In 2017, Xing et al. 

reported benzophenone (BP) as an anolyte active material for NAORFBs with high 

solubility (4.3 M in MeCN) and low redox potential (-2.16 V Ag/Ag+ in 0.1 M 

TEAPF6/MeCN).41 They examined BP (0.003 M in 0.5 M TEAPF6/MeCN) in a RFB  by 

pairing with TEMPO as a catholyte (0.003 M in 0.5 M TEAPF6/MeCN). With a theoretical 

cell voltage of 2.41 V, the BP/TEMPO flow cell exhibits average CE, VE and EE of 81%, 

53% and 42%, respectively, over only seven cycles at a current density of 0.5 mA cm-2. 

The low EE was attributed to the low electric conductivity of the ion-exchange membrane 

and electrolyte, as well as crossover of active materials. Structure modification of BP by 
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introducing a methyl group resulted 2-methylbenzophenone (2-MBP) as a liquid organic 

anolyte that is miscible in common organic solvents (maximum solubility of 5.6 M in 

MeCN) with a redox potential of -2.26 V vs. Ag/Ag+).42 Furthermore, the reduction 

potential of 2-MBP is 0.1 V more negative than BP anolyte. The catholyte 2,5-di-tert-butyl-

1-methoxy-4-[2′-methoxyethoxy]benzene (DBMMB) which is also liquid at room 

temperature and miscible with organic solvents, was selected to pair with 2-MBP anolyte. 

A theoretical cell potential of 2.97 V achieved based on the redox potentials of both redox 

materials resulted in the highest calculated energy density among NAORFBs of 223 Wh 

L-1. The electrochemical performance of a flow cell employing 0.1 M 2-MBP and 0.1 M 

DBMMB in 0.5 M TEAPF6/MeCN was investigated at a current density of 7.5 mA cm-2. 

The flow cell maintained an average CE of 95%, VE of 73%, and EE of 70% throughout 

the 50 cycles. In comparison to the previous system, the cell performance was noticeably 

improved even at an increased current density and concentrations. This is (especially for 

VE and EE) probably due to the high ionic conductivity  of the non-selective porous 

Daramic separator used in this system compared to the anion-exchange membrane used in 

the other system.47,48  

     In 2015, DBMMB as the catholyte was paired with 9-fluorenone (FL) as the anolyte 

and the cell operated at slightly higher current density (15 mA cm-2) .39 Since current 

density depends on the ionic conductivities of the electrolytes, conductivities of various 

supporting electrolytes were tested. Tetraethylammonium bis(trifluoromethylsulfonyl) 

imide (TEA-TFSI)/MeCN electrolyte was chosen based on its considerably higher 

conductivity among studied electrolytes in this work. CV behavior of FL and DBMMB in 

tetraethylammonium bis(trifluoromethylsulfonyl) imide (TEA-TFSI)/MeCN showed 
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redox potentials at -1.64 and 0.73 V vs. Ag/Ag+, respectively, resulting in a cell voltage of 

2.37 V. The charge-discharge characteristics were investigated in a flow cell configuration 

using a microporous separator (Daramic, a median pore size of 0.15 mm and a porosity of 

57%). The cell was cycled using 0.5 M FL/0.5 M DBMMB/1 M TEA-TFSI/DME at 15 

mA cm-2. Charge-discharge performance of the battery showed Coulombic, voltage and 

energy efficiencies of 78%, 79% and 61%, respectively and lost 80% of its initial value 

over 100 cycles. It is worth mentioning that the major problem associated with this battery 

system is the capacity fading over cycling due to chemical instability resulting from the 

high reactivity of the charged radical species, especially FL- radical anion in supporting 

electrolytes. However, TEA-TFSI/1,2-dimethoxyethane (DME) supporting electrolyte 

showed better capacity retention of 90% over 50 cycles, which was the highest among all 

tested supporting electrolytes. Coulombic, voltage and energy efficiencies for the 

FL/DBMMB flow battery (0.1 M FL/0.1 M DBMMB/1 M TEA-TFSI/DME at 10 mA cm-

2) were ~95, ~86 and ~82, respectively, with a cell potential of ~2.3 V.  

     The anolyte material (FL) was then replaced with NMe-Ph.47 NMe-Ph and DBMMB 

displayed reversable redox potentials at -1.79 V and 0.51 V, vs. Ag/Ag+, respectively in 1 

M LiTFSI/DME with a cell voltage of 2.3 V. A NMe-Ph/DBMMB flow battery was 

evaluated using a series of Daramic (175, 450, and 800 μm thick and median pore size of 

0.15 mm) and Celgard (Celgard-2325, 25 μm thick, 28 nm pore size and Celgard-4560, 

110 μm thick, 64 nm pore size) porous separators with varied thicknesses and pore sizes. 

Higher current density of 50 mA cm-2 was achieved using the Daramic-175 due to its large 

pore size and low thickness which help reduce membrane resistance and increase EE. The 

0.3 M NMe-Ph/DBMMB flow cell was explored in 1 M LiTFSI/DME, giving EE as >60% 
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at 50 mA cm-2. At 35 mA cm-2, the flow cell showed CE of 90%, VE of 77%, and EE of 

69% over 50 cycles with average charge and discharge capacities of 85 and 77% of the 

theoretical capacity. Crossover of active materials is a challenge for this battery. Although 

separators with large pore size reduce membrane resistance and allow high-current 

operation, further optimization of highly selective membranes is needed to eliminate 

crossover and achieve higher material utilizations and cyclability.   

     Duan et al. reported the use of 2,1,3‐benzothiadiazole (BzNSN) as an anolyte 

material in NARFBs and combined with DBMMB catholyte.40 The high solubility (5.7 M 

in acetonitrile) and low redox potential (-1.58 V vs. Ag/Ag+) of BzNSN make it an 

attractive organic anolyte for RFBs. The evaluated cell potential was 2.36 V. The 

BzNSN/DBMMB flow battery was tested at different current densities (up to 60 mA cm-2) 

and different concentrations of reactant electrolytes (0.1 M - 0.5 M) in 1 M LiTFSI/MeCN. 

At higher active materials concentrations (0.5 M), electrolyte viscosity and active material 

crossover increased which negatively impacted the cell efficiency. At 0.5 M 

BzNSN/DBMMB, a thick Daramic separator (800 μm thick, pore size 0.15 μm) and low 

current density (10 mA cm-2) were used to reduce crossover of active materials and cell 

overpotential, respectively, and resulted in a CE of 94%, VE of 77% and EE of 72% with 

material utilization of ∼60% for 50 cycles. The BzNSN/DBMMB flow battery was also 

reported with the use of a thinner Daramic separator (250 μm) and 1 M TEATFSI/MeCN 

supporting electrolyte (OCV of 2.6 V).49 The cell with 0.1 M BzNSN/DBMMB was tested 

at 40 mA cm-2 and yielded a CE of 89%, VE of 88%, EE of 78% with material utilization 

of ∼75% over 100 cycles. The improvement in VE and EE in comparison to the previously 

mentioned battery with a thicker membrane at the same current density (40 mA cm-2, CE 
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of 95%, VE of 73%, EE of 69%, ∼80% utilization over 150 cycles) is due to the reduction 

in cell overpotentials.  

     Recently, Sanford et al. investigated cyclopropenium derivates (CP+) that exhibited the 

highest redox potential reported for organic active materials.35,50 Replacement of strongly 

π-donating nitrogen in compound CP1+ with a weaker π-donating sulfur substituent as 

shown in CP2+ improved the redox potential from 0.86 V vs Fc/Fc+ to 1.33 V vs Fc/Fc+, 

respectively.35 The Sanford group reported the use of CP2+ in NARFBs against a 

phthalimide derivative (NBu-N-Ph+) (-1.85 V vs Fc/Fc+) which has the lowest redox 

potential reported for organic active materials to yield the highest cell potential reported 

for an all-organic NARFB to date. A flow cell utilizing 0.1 M NBu-N-Ph+/0.05 M CP2+ in 

0.5 M TEAPF6/MeCN at a current density of 10 mA/cm2 was tested. The results showed 

that the cell achieved a voltage of 3.2 V with a CE of >83%, EE of >70% and VE of >74% 

over the initial 17 cycles. The capacity was decreased rapidly for the following cycles and 

the cell lost 87% of its capacity over only 30 cycles. The cycled catholyte and anolyte were 

examined by CV and it was concluded that the capacity fade was mainly due to the 

decomposition of the anolyte material.  

1.2.2.2 Non-Aqueous Redox Flow Batteries Employing Organic Electroactive 

Molecules that Feature Two-Electron Transfer 

     NAORFBs employing organic electroactive molecules that feature two-electron 

transfers have been investigated to double the amount of energy stored (energy density). In 

2012, Brushett et al. proposed and investigated the first NAORFB that utilized two-

electron storage organic materials.34 In a coin cell, charge-discharge characteristics were 
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evaluated by using 0.05 M DBBB as a cathode active species (undergoes one electron 

transfer at 4.0 V vs Li/Li+) and  0.05 M 2,3,6-trimethylquinoxaline (TMQ) as an anode 

active species [undergoes two electrons transfer at 2.5 (TMQ2-/TMQ-) and 2.8 V (TMQ-

/TMQ)  vs Li/Li+] in 0.2 M lithium tetrafluoroborate (LiBF4) in propylene carbonate (PC). 

During the initial four cycles the battery displayed a charging plateau between 1.2 and 1.8 

V on the initial cycle and shifted to upper potential over cycling until it reached 1.8-2.4 V 

on the fourth cycle, while two discharging plateaus were revealed around 1.5 V (growing 

to a higher potential over cycling) and 0.6 V (decreasing to a lower potential over cycling). 

After initial cycles, the cell showed charge and discharge plateaus from 1.8-2.4 V and 1.7-

1.3 V, respectively, for 30 cycles at a very low current density (0.06 mA/cm2). This led to 

a cell voltage of about 1.3 V. Although this was the first demonstration of a two-electron 

ORFB system to boost energy density, the poor performance (Coulombic and energy 

efficiencies of ~70 and ~37 %, respectively) and the drop in voltage caused by the 

difference in potential between the first and second electron transfer is not ideal. 

Additionally, no explanation was provided as to why the battery efficiencies were so low; 

however, the author expected improvement in performance using improved cell designs 

like using flowing electrolyte instead of a static system. The calculated energy density 

based on maximum solubilities of active materials was ~16 Wh L-1 which is about three 

times lower than that of all-vanadium system. Therefore, higher cell potential and higher 

active materials solubilities are required to further improve the energy density.  

     Methyl viologen (MV2+) was proposed as anolyte for aqueous flow batteries and can be 

reduced in two steps to MV+ and MV. However, the second electron could not be utilized 

due to the insolubility of MV in aqueous media.51 In contrast, the solubility of MV in 
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organic solvents allow the utilization of the second electron.37 MV2+ with TFSI- counter 

anion exhibits a reversable double-redox activity at -0.79 V and -1.20 V vs. Fc/Fc+ in 1 M 

LiTFSI in MeCN and was coupled with (ferrocenylmethyl)trimethylammonium 

bis(trifluoromethanesulfonyl)imide (FcN+) with TFSI- counter anion (0.27 vs. Fc/Fc+) as a 

catholyte. The MV2+/FcN+ flow cell was tested at 30 mA/cm2 using 0.2 M FcN+ and 0.1 M 

MV2+ as the catholyte and the anolyte, respectively. A cell voltage of ~1.25 V was achieved 

with a capacity retention of 88% and EE of 71% for 100 cycles. The capacity decay was 

attributed to crossover of active materials during cycling and side reactions. A separator 

with a high ion selectivity was suggested to prevent the crossover and improve the battery 

efficiency.  

     Azobenzene (AB) is another organic anolyte that been recently studied for a NARFB 

with the ability to undergo two distinctive one-electron reductions, -1.69 V (AB-/AB) and 

-2.20 V (AB2-/AB-) vs. Ag/Ag+ (poor reversibility was reported for the second redox event 

at -2.20 V).43,52 In an effort to evaluate the potential of this promising molecule, Yu et al.  

applied 1 M AB (1 M LiTFSI in DMF supporting electrolyte) vs. lithium metal in a static 

cell.52 The battery (~1.8 V) demonstrated 86% capacity utilization on the first charge and 

capacity retention of 85% after 100 cycles at 0.2 mA/cm2. The cell was also operated at 

higher concentrations (2 M and 3 M AB) but suffers from precipitation of AB, causing 

capacity fade.  In a flowing cell, 0.1 M AB against 0.15 M Fc catholyte were cycled at 25 

mA cm-2 and showed stable cycling with 86% capacity retention of the initial value after 

450 cycles. It was found that the azo group coordinates with Li+ and this interaction caused 

continuous evolution of voltage profiles during cycling resulting in voltage increase of ~ 

0.8 V. AB was also investigated by Xiao Wang et al. in NARFBs by pairing with 
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PEGylated phenothiazine (PEG3-PTZ).43 The system was evaluated by utilizing a single 

electron and two-electron redox activity. For one-electron utilization, a static cell 

(theoretical cell potential of 2.08 V) was constructed using electrolytes of 100 mM AB and 

100 mM PEG3-PTZ in 0.5 M TBAPF6/MeCN as anolyte and catholyte, respectively. At 

40 mA/cm2, the capacity retention was 93% (capacity fade 0.13 % per cycle) after 50 

cycles. The capacity fade rate per cycle increased about six times between cycle 50 and 80. 

Side products were noticed by CV and 1H NMR testing after cycling, indicating the 

capacity fade was related to decomposition of the anolyte material. A cell was then built at 

a concentration of 100 mM AB and 200 mM PEG3-PTZ for two-electron utilization, and 

the cell testing (theoretical cell potential of 2.59 V) showed two charge plateaus at 2.2 V 

and 3.0 V but only one plateau for discharging indicating the instability of the AB dianion. 

This result agrees with CV data regarding the poor reversibility of the AB2-/AB- redox 

couple. In this experiment, the cycle life and capacity retention were not reported. The 

protonation of the reduced AB species, especially the doubly reduced dianion (AB2-) in the 

presence of extraneous protons, was proposed to be the main reason behind the capacity 

fade. Therefore, stability improvement of AB is required for practical applications.   

     Pairing a catholyte with an anolyte active material in which both feature two-electron 

transfers in nonaqueous electrolytes is important for increasing energy density and 

lowering the cost of RFBs. A two-electron nonaqueous RFB based on anthraquinone (AQ) 

anolyte and phenothiazine (PTZ) catholyte has been demonstrated.36 Redox potentials for 

the stepwise two-electron redox reactions of AQ [-1.33 V (AQ/AQ-) and -1.89 V (AQ-

/AQ2-) vs. Ag/Ag+] and PTZ [0.30 V (PTZ/PTZ+) and 0.91 V (PTZ+/PTZ2+) vs. Ag/Ag+] 

were evaluated by CV in 1 M TEABF4/MeCN with a cell voltage of 1.63 V and 2.80 V. 
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Electrolytes of 0.05 M AQ and 0.05 M PTZ in 1 M TEABF4/MeCN were used in a flow 

cell and cycled at 10 mA cm-2. The cell achieved a CE of 91%, VE of 89% and EE of 81 

over the initial 10 cycles. The AQ/PTZ flow cell cyclability is limited by the instability of 

AQ-2 in the electrolyte which results in capacity fade. Moreover, the limited solubilities of 

the active materials in the selected solvent (<0.5 M in MeCN) hindered achieving high 

energy density.  

     The fact that AQ, PTZ, MV and AB feature two single-electron reduction events causes 

a step down in cell voltage upon discharge when they are used as a two-electron storage 

materials, which makes them less favorable active materials for battery applications. 

Therefore, very recently, efforts have been directed towards developing organic molecules 

that are capable of transferring multiple electrons at the same potential. The bridged 

bispyridinylidene (bBPY) was first reported by Vaid et al.  as a promising anolyte that 

undergoes a single reversible two-electron event at a quite negative redox potential (-1.67 

V vs. Fc/Fc+ in MeCN).44 However, bBPY was only tested in a symmetric flow cell (0 V 

cell) and the battery cycle life was hindered by the reaction between the oxidized bBPY2+ 

and reduced bBPY redox partners in MeCN. It was concluded that this side reaction could 

not be avoided, making bBPY an unsuitable anolyte. Hence molecular engineering of 

bBPY was suggested to prevent such reactions and allow higher stability for RFB 

applications. 

1.3 Cell Testing Protocols  

     A symmetric cell and asymmetric full cell are the two major cell testing configurations 

in RFBs.53 In symmetric cells, same active materials are utilized on both sides of the cell 

with different oxidation states like in VRFBs or applying the same redox couple on both 
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sides of the cell (Ecell = 0 V). The later method has been recently used for RFBs as a 

valuable initial screening method for evaluating the stability of both redox states of the 

targeted active materials. This configuration eliminates the interference of the other counter 

electrode (catholyte or anolyte in asymmetric full cell) when crossover takes place leading 

to irreversible capacity decay. However, it is critical to also investigate the targeted active 

materials at full cell configuration to obtain a full assessment at harsher conditions when 

cross-contamination is a possibility to mimic practical applications. As discussed earlier in 

this chapter, in addition to stability of active materials, crossover is the main factor behind 

capacity loss in NAORFBs due to side reactions. Therefore, membranes with ion 

selectivity or small pore sizes were utilized (see earlier details about membranes under 

suction 1.1). Systems using porous membranes tend to have mixed electrolyte solutions of 

catholyte and anolyte on both sides of the cell to mitigate the effects of crossover. However, 

these systems using only 50% of the total available capacity (cycling between 0%-50% 

SOC). To cycle from 0%-100% SOC, highly selective membranes are required to 

minimized cross-contamination derived by diffusion due to concentration polarization 

across the membrane. Even though charging/discharging at 100% SOC provides 

comprehensive evaluation on capacity decay, it is not common in practical applications 

because membranes that are highly conductive and yet highly selective to inhibit active 

material crossover are not available. 

     Performance of RFBs can be assessed in flow or non-flowing asymmetrical cells. 

Although, in recent years researchers do favor flowing cell tests rather than non-flowing 

tests for redox flow batteries, static cells offer a more controlled method of evaluating the 

performance of an active material eliminating more variables in flowing cells (flow rate, 
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flow field design, cell dimensions/volume, etc) that make it difficult to compare between 

systems. Static cells have been used recently for initial screening of active materials,54–57 

but flowing systems are critical for practical application assessments.  

     To evaluate the stability of the targeted active material in asymmetric full cell, an 

imbalanced cell can be used.58 In this cell, the targeted active material with limited volume 

(working electrolyte) is utilized in one terminal of the cell and the counter electrode with 

excess volume is placed in the other terminal. Having a limited charge in the working 

electrolyte side of the battery allows for its stability assessments. However, in a balanced 

asymmetric full cell, which is similar to the practical application, capacity decay depends 

on the stability of both utilized active materials. 

     In RFBs CV is the most used technique to investigate the stability, electron accessibility 

and electrochemical reversibly of active materials. In addition, CV and NMR are often 

used to probe decays (lifetime) associated with instability and crossover of active materials. 

This analysis can be done before and after cycling or at different SOC. It is very important 

to investigate the stability and solubility of each redox state of active species before 

cycling, although it is not always common practice in RFB studies. For example, 

determining the maximum solubility and stability of each redox sate of active materials in 

the electrolyte before cycling prevents the capacity loss due to precipitation and self-

decomposition, respectively, and can allow for the determination that one individual redox 

state of an active material is responsible for poor RFB performance. CV is also used to 

determine diffusion coefficients (D) and electron transfer rate constants (k0) which describe 

the electrochemical reaction kinetics, with higher diffusion constants and faster electron 

transfer allowing for greater power capabilities (faster charging/discharging) of the cell. 
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1.4 Strategies in Improving NAORFBs Performance 

     Although high solubility of up to ~6 M in pure organic solvents has been recently 

reported for organic active materials,40,42 NAORFBs were generally tested at low 

concentrations (<0.5 M) (Table 1.1). This is due to 1) increased crossover rate at higher 

concentrations of active materials which negatively impacts CE (<95%) of the battery and 

may lead to side reactions which limits cycling lifetime (<100 cycles). A thicker ion 

exchange membrane can be used to slow down crossover, but at a cost of lowering the 

membrane conductivity and increasing internal resistance (decreasing power capabilities). 

Therefore, developing more conductive and selective membranes is critical for NAORFBs. 

2) High viscosity as a result of increased concentrations restricts cells from operating at 

high current density (poor current efficiency, usually <10 mA/cm2). Although decreasing 

concentration of active materials helps improve the cell performance including operation 

at higher current densities, low ionic conductivity of organic solvents is an inherent 

challenge and therefore low current densities were still applied in NAORFBs to avoid cell 

overpotential and enhance EE.  
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 Table 1.1 Specifications and operation performance of some reported NAORFBs.  

System Electrolyte 

Cell 

Voltage 

(V) 

VE (%) 
CE 

(%) 

EE 

(%) 

Capacity*   

(Ah/L-1) 

Energy 

Density* 

(Wh/L-1) 

# of 

Cycles 

 

0.1 M TEMPO/ 

0.1 M NMe-Ph 

(Static)33 

 

1 M 

NaClO4/ 

MeCN 

 

1.6  

82 

(0.35 

mA/cm2) 

 

90 

 

74 

 

2.7 

 

 

2.1 

 

20 

 

0.003 M 

BP/0.003 M 

TEMPO (Flow)41 

0.5 M 

TEAPF6/ 

MeCN 

2.41 

based on 

CV data 

53 

(0.5 

mA/cm2) 

 

81 

 

42 

 

0.08 

 

0.1 

 

7 

 

0.1 M 2-MBP/    

0.1 M DBMMB 

(Flow)42 

0.5 M 

TEAPF6/ 

MeCN 

2.97  

based on 

CV data 

73 

(7.5 

mA/cm2) 

 

95 

 

70 

 

2.7 

 

4.0 

 

50 

 

0.1 M FL/ 

0.1 M DBMMB 

(Flow)39 

1 M TEA-

TFSI/DME 

2.37  

based on 

CV data 

~86 

(0.24 

mA/cm2) 

 

95 

 

82 

 

 

2.7 

 

3.2 

 

50 

 

0.3 M NMePh/ 

DBMMB 

(Flow)47 

1 M 

LiTFSI/ 

DME 

2.3  

based on 

CV data 

77 

(35 

mA/cm2) 

 

90  

 

69 

 

8.0 

 

9.2 

 

50 

 

0.5 M BzNSN 

/DBMMB 

(Flow)40 

1 M 

LiTFSI/ 

MeCN 

2.36  

based on 

CV data 

77 

(10 

mA/cm2) 

 

94 

 

72 

 

13.4 

 

15.8 

 

50 

 

0.1 M NBu-N-

Ph+/0.05 M CP2+ 

(Flow)35 

0.5 M 

TEAPF6/ 

MeCN 

 

3.2 

83 

(10 

mA/cm2) 

 

74 

 

70 

 

1.3 

 

 

2.1 

 

17 

 

0.05 M DBBB/ 

0.05 M TMQ 

(Static)34 

 

0.2 M 

LiBF4/PC 

 

~1.3  

53 

(0.06 

mA/cm2) 

 

70 

 

37 

 

2.7 

 

1.7 

 

30 

 

0.2 M FcN+/ 

0.1 M MV2+ 

(Flow)37  

1 M 

LiTFSI/ 

MeCN 

 

1.25 

NG 

(30 

mA/cm2) 

 

NG 

 

71 

 

10.7 

 

3.4 

 

100 

 

 

0.05 M AQ/PTZ 

(Flow)36  

1 M 

TEABF4/ 

MeCN 

1.63 and 

2.80  

based on 

CV data 

89 

(10 

mA/cm2) 

 

91 

 

81 

 

2.7 

 

 

2.2-3.8 

 

10 

NG: not given. 

*Theoretical capacity and energy density based on concentrations used for cycling. 

     Stability of organic redox molecules (ORMs) is critical for long cycling lifetime. Hence, 

studies have been conducted on improving the stability of ORMs through selecting 
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compatible supporting electrolytes for battery testing and/or structural functionalization. 

For example, the high reactivity of FL- radical anion (reduced active material), resulted in 

side reactions with the supporting electrolyte.39 The chemical stability of the radical anion 

was evaluated by electron spin resonance (ESR) in various supporting electrolytes. It was 

found that the radical fade rate depends on the salts and solvents used. The radical fade was 

faster in MeCN than in DME and the proposed mechanism was that the radical may 

undergo a nucleophilic addition reaction with MeCN at the cyano carbon or deprotonate 

MeCN.11 Moreover, in DME solvent, slower radical fade noticed when TEA+ cations were 

used in the supporting electrolyte rather than Li+, hypothesizing that the bulkier 

TEA+ prevents the radical anion from pinacol coupling to generate a dimer of  FL2
2-.39 This 

shows significant improvements can be made by rational selection of electrolytes (as 

described earlier in FL/DBMMB flow battery), not just changing the active materials.  

However, this system it still not improved to a point of viability for NARFBs. 

     An example of enhancing stability of ORMs by structural modification was shown in a 

study conducted by Odom and coworkers.59 N-ethylphenothiazine (EPT) catholyte 

material undergoes two-electron transfer (first and second oxidation potentials at 0.28 and 

0.93 V vs. Fc/Fc+, respectively). The second oxidation event is less reversible due to the 

instability of its dicationic state. They were able to enhance the reversibility of second 

oxidation event by introducing electron-donating groups (EDG) to EPT catholyte material. 

CV of N-ethyl-3,7-dimethylphnothiazine (DMeEPT) which has methyl groups at 3 and 7 

positions showed increased reversibly of the second redox event compared to EPT. A 

stronger EDG group (methoxy group) was also introduced to EPT to further stabilize the 

highly electron-deficient dictation of EPT. The resulting N-ethyl-3,7-methoxyphenothiazine 
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(DMeOEPT) showed an even more reversible second electron event. Although, the EDG 

groups, especially the methoxy group in the case of DMeOEPT, shifted the redox potential 

of the catholyte slightly towards the negative potential (first and second oxidation 

potentials at 0.07 and 0.63 V vs. Fc/Fc+, respectively, compared to 0.28 and 0.93 V vs. 

Fc/Fc+ for EPT), having access to 2 electrons with high redox reversibility will increase 

the energy density. Cycling performance of the three compounds were evaluated and EPT 

showed stable charging and discharging when only utilizing the first electron transfer while 

DMeOEPT showed the best performance with access to both electron transfers, which is 

consistent with the CV data in terms of stability of the second redox event.  

 

     Solubility and redox potential can also be tailored by substituents. For example, 

alkylation of BP generated MBP in a liquid-form (vide supra) that is miscible with suitable 

organic solvents (solubility increased by 1.3 M in pure MeCN).42 In terms of modification 

of redox potentials, Sanford et al. were able to shift the redox potential of their catholyte 

CP1+ to a more positive potential by simply replacing a stronger π-donating nitrogen 

substituent with a weaker π-donating sulfur substituent (CP2+).35 Thereby, ~0.5 V 

increased in redox potential was achieved, revealing the highest redox potential reported 

for ORMs. However, the stability CP2+ was less than that of CP1+. For example, bulk 

electrolysis cycling experiments were conducted and CP2+ retained 90% original capacity 

after only 156 cycles in comparison to 90% original capacity retention after 682 cycles for 

CP1+. 
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     Developing cost-effective organic active materials to allow multielectron transfer (at a 

single redox potential with high reversibility), maximum cell potential, high solubility and 

stability is critical for practical applications. However, the limited power density of 

NAOFBs (1-10 m W cm-2) due to the low ionic conductivity of organic supporting 

electrolytes as well as the low conductivity of the membranes remains a big challenge for 

their commercialization.18    

1.5 Thesis Objectives and Statement of Author Contributions  

     The promising properties of BPY and its derivatives make them potential anolyte active 

materials for designing a NAORFB system with high energy density, and would further 

benefit from the multi-electron transfer at a single and low redox potential. Only a single 

study addressed the electrochemical properties of BPY in a symmetrical flow cell which 

discouragingly showed a large capacity loss over cycling (vide supra).44 In this thesis 

(Chapter 2), we showed how changing the solvent of the supporting electrolyte from MeCN 

to DMF doubles the solubility (1.2 M which is equal to 2.4 M charge concentration derived 

from the active material concentration multiplied by the 2 electrons involved in the redox 

reaction) and results in incredibly high stability of the oxidised BPY2+ and the reduced 

BPY in the electrolyte, independently, and even as a mixture. This chapter also describes 

non-flowing symmetrical cell tests (Components of the cell shown in Fig. 1.1) showing 

improved electrochemical results (e.g. ~100% of the theoretical capacity was utilized in 

the initial few cycles vs. 60% capacity utilization in the first cycle reported in MeCN).44,57 

In Chapter 3, we focus on applying BPY in non-symmetric, static cells (Fig. 1.1) for the 

first time and pair it with a commercially available and well-studied catholyte material 

(TEMPO) and highlight possible factors behind capacity fading. 
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Fig. 1.3 Components of a non-flowing coin cell. (I) cathodic and anodic cases, (II) 

stainless steel spacers, (III) Graphite felts and (IV) anion exchange membrane. 

 

     My supervisor and I have published two papers in the Journal of the Electrochemical 

Society: 2020, 167, 160548,57 and 2021, 168, 70501.60 In both papers, I am the first author 

and only student author who did all the experiments. These two manuscripts that were 

drafted by me, reviewed, and edited with the supervisor constitute the bulk of this thesis as 

Chapter 2 and Chapter 3, respectively. 
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Chapter 2 : A Two-Electron Bispyridinylidene Anolyte for Non-

Aqueous Organic Redox Flow Batteries 

This chapter is based on the paper “A Two-Electron Bispyridinylidene Anolyte for Non-

Aqueous Organic Redox Flow Batteries” published in the J. Electrochem. Soc., 167, 

160548 (2020). A few grammatical changes differentiate this chapter from the published 

paper.  

Abstract  

     Bispyridinylidenes (BPYs) are promising anolyte materials for organic redox flow 

batteries owing to their low redox potential, reversible two-electron oxidation and low 

molecular weight; however, a recent study suggested that without appropriate substitution, 

these compounds are inherently unsuitable for this application owing to an apparent 

chemical reaction between the neutral and dicationic redox partners. We demonstrated that 

the electrolyte itself is key to their stability. In a dimethylformamide-based electrolyte, both 

BPY charge states (0/2+) exhibit complete compatibility, long lifetime, and excellent 

solubility (1.18 M, corresponding to a high capacity of 63 Ah L-1). In symmetric cell 

testing, capacities of up to 100% of the theoretical value and Coulombic efficiencies above 

98% were achieved, though cell lifetimes with cycling were less than those of the 

individual BPY redox partners alone in the electrolyte. Considering the tuneability of BPY 

properties by structural modification, these results should promote further development of 

this exciting and unique class of materials for energy storage. 
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2.1 Introduction  

     Redox flow batteries (RFBs), with a unique structural design among energy storage 

systems, allow for the amount of energy stored (depending on the concentration of active 

materials and the size of the tanks) to be large and completely decoupled from the power 

capabilities (which depend on the size and configuration of the electrodes). As such, RFBs 

are being considered as large-scale energy storage systems for integrating intermittent 

renewable energy sources into power grids.1,2 Most RFBs are based on metallic active 

species in aqueous media, such as vanadium redox flow batteries.3,4 However, the high cost 

of vanadium has led to a growing interest around the use of more abundant and soluble 

organic redox materials for low cost RFBs, where the structural modification of the organic 

material can theoretically lead to increased solubility or favorable changes in redox 

potential.5,6 Promising aqueous organic RFBs have been demonstrated,5,7–11 but the use of 

water limits the cell voltage by the narrow potential window of water (thermodynamically 

1.23 V).12  The wider potential windows of non-aqueous solvents,13 coupled with the 

desirable features of organic materials, allow for higher cell voltages14–17 and energy 

densities in non-aqueous organic RFBs.18,19  

     There are a number of organic active materials that have been investigated for non-

aqueous RFBs as catholytes (nitroxide radicals,20–24 alkoxybenzenes,19,25–28 

phenothizines29–32 and cyclopropenium ions33) and anolytes (viologens,34 bipyridines,35 

quinoxalines,25,30, anthraquinone,31 benzophenones19,24,36,37 and fluorenones38). Research 

on non-aqueous organic RFBs is still in its infancy and such systems suffer from low 

lifetime, as well as low energy density caused by low active material solubility and/or 

limited redox potentials.   
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     Most reported organic non-aqueous active materials undergo a single electron transfer 

per molecule,6,11,18 which further limits energy density. Although a few organic anolyte 

materials with the ability to undergo two single-electron redox events were tested in non-

aqueous organic RFBs,31,39,40 the potential difference between the two redox processes is 

large (up to 0.6 V) and leads to an unfavorable drop in cell voltage upon discharge. 

Therefore, the development of new anode materials with simultaneous multi-electron 

transfer at low redox potential, having higher solubility and high stability remains a key 

hurdle to achieving high energy density organic RFBs. 

     Bispyridinylidene 2 (Scheme 2.1) is able to undergo a reversible two-electron redox 

process at exceptionally low redox potentials (E1/2 = -1.24 V vs SCE, [-1.69 V vs. 

ferrocene], in DMF).41,42 This compound was first developed by Murphy and co-workers 

as a homogenous, metal-free reducing agent.41,42 Its low redox potential can be attributed 

to the aromatic stabilization gained in forming the oxidized dication 22+, as well as the high 

energy of the highest occupied molecular orbital (HOMO) of 2; the latter of which is 

influenced by strongly π-donating exocyclic groups.43–45 Thus this compound displays 

promising properties for applications as an anolyte material for redox flow batteries. 
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Scheme 2.1 Preparation of 2 and 22+-2TFSI-. 

 

     Indeed, Vaid et al. investigated a symmetric flow cell using a mixture of 2 and 22+-2PF6 

in tetrabutylammonium hexafluorophosphate (NBu4PF6)/ acetonitrile electrolyte.46 The 

cell demonstrated only 60% of the theoretical capacity on the initial cycle and lost an 

additional 20% of the theoretical capacity over the next 19 cycles. The poor performance 

was attributed to a reaction between 2 and 22+-2PF6
- in the same electrolyte solution 

(Scheme 2.2), based on the spectroscopic detection of 12+. This led the authors to conclude 

that this couple was unsuitable as an anolyte without structural modifications to protect the 

6,6′-pyridyl positions. 
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Scheme 2.2 Proposed46 reaction of 2 and 22+ leading to 12+ and other byproducts. 

 

     Our group had also been investigating the properties of 2 and other bispyridinylidenes 

as anolytes,47,48 and our results give a more hopeful outlook for anolytes based on 2/22+. 

Herein we report the investigation of the solubility, stability and electrochemical analysis 

of 2/22+-2TFSI- as an anolyte candidate in 0.8 M NaBF4/ DMF supporting electrolyte. In 

contrast to the conclusion by Vaid et al., we show that not only are 2 and 22+-2TFSI- each 

individually stable in the selected electrolyte, but mixtures of the two are inherently stable. 

Further, cycling studies of a symmetric cell based on the 2/22+ couple show dramatically 

improved performance and longevity, comparable to state-of-the-art non-aqueous anolyte 

systems, without any structural modification. 
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2.2 Experimental  

     Materials - 4-dimethylaminopyridine (DMAP, Aldrich), 1,3-diiodopropane (Aldrich) 

potassium bis(trimethylsilyl)amide (KHMDS, Aldrich, 95%), hexachloroethane (C2Cl6, 

Alfa Aesar, 99%) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Novalyte) were 

purchased and used as received. Dimethylformamide (DMF, Aldrich, anhydrous 99.8%) 

solvent was dried over sieves prior to use and sodium tetrafluoroborate salt (NaBF4, Alfa 

Aesar, 97%) used for preparing the supporting electrolyte was recrystallized from water 

and dried under vacuum at 100 ℃ overnight prior to use. Ferrocene (Alfa Aesar) was 

recrystallized from hexanes prior to use. Pyridinium iodide 12+-2I- was prepared by a 

literature procedure,41 and bispyridinylidene 2 was prepared by a modified literature 

procedure.41 Bipyridinium salts 22+-2Cl- and 22+-2TFSI- were prepared from in-situ 

generated 2. Full experimental details and characterization data are given in the 

Supplementary Information (SI). 

     Nuclear magnetic resonance (NMR) studies - NMR was carried out on an Agilent 400 

MR NMR spectrometer at 25 °C. Deuterated solvents were referenced internally (C6D6: 

1H, δ = 7.16, 13C, δ = 128.06; CDCl3: 
1H, δ = 7.26; 13C, δ = 77.16; CD3CN: 1H, δ = 1.96; 

13C, δ = 1.32 and 118.26). Chemical shifts are reported in parts per million (ppm), and 

multiplicities were abbreviated to: singlet (s), doublet (d), triplet (t), doublet of doublets 

(dd) and multiplet (m). All coupling constants were reported in Hz. Monitoring 0.1 M 22+-

2TFSI- was conducted in a J. Young NMR tube. All 1H NMR in non-deuterated DMF were 

referenced by setting the singlet for DMF to 7.60 ppm. This chemical shift was chosen so 

that the NCH2 multiplet of 22+ was centered at 4.37 ppm, which is the same shift that is 

observed for these protons in CD3CN. In non-deuterated acetonitrile, the 1H NMR samples 
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were referenced by setting the solvent signal to 1.96 ppm. 

     Cyclic voltammetry (CV) - CV was carried out in an inert atmosphere glovebox using a 

potentiostat/galvanostat (BioLogic SP-150) with a cell which consisted of a working 

electrode (platinum disk, 0.07cm2), counter electrode (platinum wire, 5cm) and Ag/Ag+ 

reference electrode (0.01 M AgNO3 in 0.1 M NBu4PF6 in MeCN). Samples were referenced 

to ferrocene. The working electrode was polished using an alumina slurry and a polishing 

disk prior to CV analysis. The counter electrode was exposed to high temperature using a 

propane torch for about 30 seconds prior to CV analysis. 

     Diffusion coefficients - Diffusion coefficients for 2 and 22+-2TFSI- were calculated 

from peak intensities of CV curves using the Randles-Sevcik equation (1) for a reversible 

redox couple.49  

ip = 2.69×105 n3/2AD1/2 C*ν1/2                                                                                             (1)      

Where ip is the peak current in amperes, n is the number of electrons involved in the half-

reaction for the redox couple (2 electrons), C* is the initial concentration of active materials 

in mol L-1 (0.04 M), ν is scan rate in V s-1, A is electrode area in cm2 (0.07 cm2), and D is 

the diffusion coefficient in cm2 s-1. 

     Changes in peak current ip (peak height in milliamperes) were measured as scan rates 

were varied from 10 to 160 mV s-1, and the resulting CV’s are shown in Fig. S2.2a. 

Cathodic peak currents (ipc) and anodic peak currents (ipa) were plotted against the square 

root of different scan rates (ν1/2) to obtain straight lines with slopes proportional to D of 2 

and 22+, respectively (Fig. S2.2b). The values of D calculated from slopes of the straight 

lines are 5.15 × 10-7 cm2 s-1 for 2 (using ipc values) and 4.16 × 10-7 cm2 s-1 for 22+-2TFSI- 

(using ipa values). 
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     Solubility tests - Inside the glovebox, saturated solutions of 2 and 22+-2TFSI- were 

made, separately, in minimal dry DMF. Both solutions were filtered, and 0.400 mL of each 

saturated solution was taken via a micropipette and transferred into a preweighed Schlenk 

flasks. The flasks were placed under vacuum at 90 ℃ for 2 days (outside the glovebox) to 

remove DMF and obtain dry solids. After the drying process, solids were weighed inside 

the glove box (0.1545 g, 0.5432 mmol for 2 and 0.3998 g, 0.4733 mmol for 22+-2TFSI-) to 

determine the original saturated concentration. Solids were also analyzed by 1H NMR in 

CD3CN to ensure that no DMF was present in the residue. 

     Lifetime studies by CV - A special setup for calendar life assessments was designed to 

maintain a fixed distance between the working and the reference electrodes to minimize 

ipa/ipc fluctuations. 20 mL glass vials with a Teflon-lined screw caps were used. Freshly 

prepared 0.1 M 2 in 0.8 M NaBF4 in DMF (3 mL) was placed into one vial and 0.1 M 22+-

2TFSI- in 0.8 M NaBF4 in DMF (3 mL) was placed into a second vial. Periodic CV analysis 

(over >100 days) was carried out by replacing the vial lid with a custom cap (Fig. S2.3), in 

which three holes were made to tightly accommodate the three electrodes (counter, 

working and reference) and hold them in place. A Teflon holder was placed midway along 

the height working and reference electrodes to keep a small and fixed distance in between. 

After each CV test, the sample was recapped with the Teflon-lined screw cap and all three 

electrodes were rinsed with DMF and dabbed dry. The same procedure was used for 

CH3CN as a solvent instead of DMF. 

     Stability tests of 2/22+ mixtures by NMR - Inside the glovebox, two glass vials with 

screw caps were filled with a 1:1 mixture of freshly made solutions of a 0.1 M solution of 

2 in DMF and a 0.1 M solution of 22+-2TFSI- in DMF (5 mL in each vial). One of the 
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solutions was stored under molecular sieves to remove any traces of water. After the 

indicated time (16, 40, 64, and 277 h), 1.00 mL of each mother solution was taken via a 

micropipette and transferred separately into a smaller vial followed immediately by the 

addition of solid iodine (2.2 eq). After stirring, the homogeneous reaction mixtures were 

transferred separately into two J. Young tubes for 1H NMR analysis. After obtaining NMR 

results, the samples were discarded. This process was repeated after 40, 64 and 277 h in 

DMF, and at the same time intervals using MeCN as a solvent. 

     Cell tests involving chemically prepared 2 - Cell assembly and charge-discharge 

experiments were performed under argon atmosphere in a glove box with H2O level ≤0.5 

ppm and O2 ≤1.0 ppm. The electrolyte used was a 1:1 mixture of a 0.1 M solution of 2 in 

0.8 M NaBF4/DMF and a 0.1 M solution of 22+-2TFSI- in 0.8 M NaBF4/DMF (0.05 M of 

each active material). In order to simplify the evaluation of the energy storage 

characteristics of the organic active materials, a non-flowing configuration involving low 

concentrations was chosen for this initial study.50 Thus the active material solutions and 

cell components were housed within two 2032 coin cell halves (MTI, two negative caps 

were used). In each half was placed a stainless-steel spacers (∅=15.5 mm, MTI), and a 

piece of electrically conductive graphite felt (∅=15mm, SGL Group, G334-01, dried under 

vacuum at 100 ℃ overnight prior to use). Each graphite felt (surface area = 1.77 cm2) was 

injected with 0.200 mL of mixed electrolyte solution, so that the cell was initially 

assembled in a 50% state of charge (SOC). A punched-out circular disc of 2.2 cm diameter 

(wider than the 2032 cell casings) of Tokuyama Neosepta AHA (0.20mm thick) anionic 

exchange membrane (AEM, purchased from Electrolytica, USA, stored in 0.5 M aqueous 

NaCl), or a polypropylene film (0.025 mm thick, MTI corp.) was used to separate the two 
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half cells. The AEM was preconditioned by being soaked in the electrolyte (0.8 M 

NaBF4/DMF) in the presence of molecular sieves at least 24 h prior to use. The whole cell 

was held together with a plastic-coated pinch clamp, with the cell oriented vertically, and 

connected to the potentiostat/galvanostat (BioLogic SP-150). The cell was cycled between 

0.5 V and -0.5 V at a current density of 0.3 mA cm-2 (0.5C). The low current was necessary 

because of the relatively low conductivity of the commercial AEM, and the mass-transport 

limitations involved in the non-flowing conditions.51 

     Unbalanced symmetric cell with electrochemically generated 2 - Similar to the above 

procedure, a graphite felt was placed in a half cell and injected with 0.4 mL of 0.1 M 22+-

2TFSI-/0.8 M NaBF4/DMF electrolyte solution and a lithium metal disc (∅=16 mm, 0.6 

thick, MTI) was placed on the other half. An AHA AEM separator was used but with an 

identical-sized polypropylene (PP) separator placed between the lithium and AHA 

membrane. The cell was fully discharged to a cut-off voltage of 0.5 V at 0.3 mA cm-2 (0.5C) 

form compound 2. The cell was carefully disassembled, the PP separator discarded (AHA 

was reused), and the lithium metal was replaced with a graphite felt to which was added 

0.2 mL of 0.1 M 22+-2TFSI-/0.8 M NaBF4/DMF electrolyte solution (0% SOC). In this cell 

the 22+ solution was therefore the limiting electrolyte and used as the basis for capacity 

measurements. The cell was cycled between 0.5 V and -0.5 V at a current density of 0.3 

mA cm-2 (0.5C). 
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2.3 Results and Discussion  

     Preparation, solubility, and stability of active materials -The anolyte material 2 was 

prepared by a slightly modified procedure (Scheme 2.1) to that originally developed by 

Murphy and co-workers.41 Deprotonation of the diiodide salt of bispyridinium diiodide 12+ 

afforded the highly air-sensitive bispyridinylidene 2, which can be isolated (57% yield), or 

oxidized with hexachloroethane to afford dication 22+-2Cl- (97% yield). For solubility, 

stability, and battery tests, the chloride anions of the air stable oxidized form (22+) were 

exchanged for a more electrochemically inert bis(trifluoromethanesulfonyl)imide (TFSI-) 

anion. This anion, which imparts hydrophobicity and high solubility to 22+, was readily 

introduced by metathesis of the dichloride with a slight excess of LiTFSI in water, affording 

22+-2TFSI- (89% yield).   

     Despite the fact that acetonitrile is the most widely used solvent for non-aqueous 

organic RFBs owing to its high ionic conductivity and low viscosity,16,52 it was felt that 

DMF would be a better alternative for BPY 2. Indeed, DMF-based electrolytes are most 

commonly used in assessing the redox potential of the 2/22+ couple and that of related 

compounds,42–44,53 and a related N,N′-dimethyl derivative appears to have poorer 

reversibility in MeCN54 than in DMF.42 In terms of a supporting salt, we chose NaBF4 

which is low cost and has a low molecular weight. The 2/22+ couple was observed at -1.62 

V vs. Ag/Ag+ (-1.69 V vs. Fc) in 0.8 M NaBF4 in DMF, with good reversibility and ipa/ipc 

values approaching unity (1.1) (Fig. S2.1). The diffusion coefficient was determined to be 

~4-5 × 10-7 cm2 s-1 (Fig. S2.2) which is comparable to other organic active materials in 

organic electrolytes (4.25 × 10-7 to 8.38 × 10-6 cm2 s-1 ).15,22,28,32,36,55 

      Solubility tests of compounds 2 and 22+-2TFSI- were individually conducted in DMF 
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and showed maximum concentrations of 1.36 M and 1.18 M, respectively. Though the 

solubility in this solvent with a supporting electrolyte salt could be somewhat lower, the 

limiting solubility of 1.18 M (2.36 M charge concentration) leads to a maximum specific 

capacity of about 63 Ah L-1 based on the two-electron redox process, which is about double 

that reported using acetonitrile.46 It is also higher in charge concentration than most 

reported active materials for non-aqueous organic RFBs;28,29,31,56 though a few anolytes 

with charge concentrations up to 5.7 M have recently been reported.19,36 

The stability of each redox state of the couple in the selected electrolyte (0.8 M NaBF4 

in DMF) was also assessed. Monitoring a 0.1 M solution of 22+-2TFSI- by 1H NMR 

spectroscopy revealed no signs of decomposition over 120 days (Fig. 2.1a), indicating 

indefinite stability of the dication. Unfortunately, 0.1 M samples of 2 in the electrolyte 

showed only broad resonances, as has been observed previously for 2 and other 

BPYs,43,45,57 making NMR unsuitable for lifetime analysis of this compound. We therefore 

turned to cyclic voltammetry (CV), where the anodic and cathodic peak currents are 

linearly dependent on the concentration of the sample according to the Randles-Sevcik 

equation.49,58 This technique is highly sensitive to the experimental setup, with peak current 

fluctuations caused by minor changes to the distance between reference and working 

electrodes.58 Using a modified cell holder to minimize experimental variation (Fig. S2.3), 

periodic cyclic voltammograms of a 0.1 M solution of 2 were acquired over the course of 

more than 130 days, and the measured peak currents were plotted vs time (Fig. 2.1b). We 

note that the CVs of 2 show small signals for impurities (~ 0.2 V vs Ag+/Ag, likely residual 

iodide from its preparation), but the sample shows no significant change over time. Linear 

regression of the peak current data over time gave small negative slopes of -0.79 × 10-3 
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mA/d, corresponding to a loss of approximately 0.08 – 0.09%/d (from ipc and ipa 

respectively, based on the respective intercepts as original values); however, the same 

experiment conducted on 0.1 M 22+-2TFSI- in the electrolyte (Fig. 2.1c), gave similar small 

negative slopes (-0.76 × 10-3 to -1.10 × 10-3 mA/d, corresponding to 0.06 – 0.10%/d). 

Considering no decay of 22+-2TFSI- was observed by NMR spectroscopy over 123 days of 

monitoring, the negative slopes are attributed to the experimental method, and the data 

indicate that the decay rates for both 2 and 22+ are similar and very low. We estimate that 

even a decomposition rate of 0.01% per day over 120 days would easily be detected by 1H 

NMR at these concentrations. 
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Fig. 2.1 (a) 1H NMR spectrum of 0.1 M 22+-2TFSI- in 0.8 M NaBF4 in DMF after 1 and 

123 days, showing no change. Selected CVs on different days (left) and plots of anodic 

(ipa) and cathodic (ipc) peak currents vs time (right) for (b) 0.1 M 2 and (c) 0.1 M 22+-2TFSI- 

in 0.8 M NaBF4 in DMF. 

 

     The preceding CV and NMR analysis indicate the long-term stability of 2 and 22+  when 

stored separately; however, it was recently reported that mixtures of 2 and 22+-2PF6
- (which 

represents a half-charged electrolyte) are unstable in dry MeCN (Scheme 2.2), making the 

2/22+ couple inherently unsuitable for battery applications.46 Accordingly, we investigated 

the stability of the mixed couple in DMF by a method analogous to that of Vaid et al..46 A 

solution of 0.05 M 2 and 0.05 M 22+-2TFSI- in DMF (no added NaBF4) was prepared in a 

glovebox and quenched with I2 after 22 h of storage. The resulting homogeneous solution 

was then directly analyzed by 1H NMR (Fig. 2.2a). A careful examination of the spectrum 



 

50 

 

shows some unidentified, low-intensity signals in addition to the expected peaks for 22+. 

The unassigned peaks at 4.00, 6.71, and 8.09 ppm are very close to the characteristic 

chemical shifts of the dication 12+. Small portions of an authentic sample of bipyridinium 

12+-2I- were therefore added to the mixture and subsequent 1H NMR analysis showed 

additional peaks at 4.09, 6.73 and 8.06 ppm (Fig. 2.2b) whose intensity increased as 

additional 12+-2I- was added. This clearly indicates that the unassigned peaks in the original 

iodine-quenched sample do not belong to compound 12+ and that 2 and 22+ do not react to 

produce 12+ within 22 h in DMF. 

 

Fig. 2.2 (a) 1H NMR spectrum of I2-quenched solution of 0.05 M 2 /0.05 M 22+-2TFSI- 

after 22 h in DMF, showing 22+ and an unknown (labelled “?”). (b) The same I2-quenched 

solution with the addition of 12+-2I-. 

 

     A similar test was carried out to include longer storage times of the 2/22+ mixture. Four 

samples were taken from the solution after 16, 40, 64 and 277 h and quenched with I2 for 

NMR analysis (Fig. S2.4). As for the previous 22 h sample, the small signals for the 

unknown were observed in the sample quenched at 16 h. Signals for this species did not 

increase in intensity over the course of the experiment suggesting it represents a minor 

impurity present in the sample initially. After 40 h of storage, new barely-detectable signals 
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at 4.09, 6.74 and 8.05 ppm were observed, which increased in intensity slightly up to 277 

h mixing time, and which were confirmed to be 12+ by addition of an authentic sample. 

This experiment was repeated in DMF, but this time in the presence of molecular sieves to 

remove any traces of water that could be introduced with sampling over time (Fig. S2.5). 

Although very low-intensity signals related to 12+ (and the unknown) were observed in the 

quenched 16 h sample, possibly caused by trace acidic impurities on the sieves, these 

signals did not increase over time of storage up to 277 h. This suggests that residual water, 

and not 22+, causes the decomposition of 2 to 12+ in DMF. The use of MeCN solvent under 

identical conditions showed different results (Fig. S2.6-S2.7). The peaks associated to 12+ 

(4.17, 6.85 and 8.00 ppm) were clearly noticed in the 16 h sample, and the concentration 

of 12+ increases over time, especially in the solution without sieves. Moreover, many 

unknown peaks were observed in MeCN regardless of the presence of molecular sieves.  

     As a whole, the results reveal the inherent stability of the redox partners when mixed 

together. In DMF unlike in MeCN, 2 converts to 12+ only in the presence of water, and not 

via deprotonation of 22+. Though the MeCN used could contain more residual water than 

DMF,59 the more pronounced formation of 12+ and other byproducts from the 2/22+ mixture 

in MeCN suggests that the solvent itself is deprotonated by 2. In this case, the solvation of 

cationic or dicationic species such as 22+ by MeCN likely contributes to enhancing its 

acidity, which accounts for the slower decomposition of solutions of 2 alone in 

acetonitrile.46 We note that Sanford et al. have previously commented the deprotonation of 

acetonitrile by a different anolyte material, with enhanced rates in the presence of a cationic 

co-solute.60 

     Symmetric cell testing - Having determined that the active materials display excellent 
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stability and inherent compatibility in the DMF electrolyte, subsequent experiments were 

centered on charge/discharge studies of a non-flowing cell. Symmetric test cells were 

fabricated using mixed solutions (1:1) of 0.1 M 2 and 0.1 M 22+-2TFSI- in 0.8 M NaBF4 in 

DMF. The coin-type cell included carbon felt electrodes and a Tokuyama Neosepta AHA 

anion exchange membrane. The cell, initially at 50% state of charge (SOC), was charged 

and discharged to 100% available capacity with a cut-off voltage of 0.5 V and -0.5 V, 

respectively, at a current density of 0.30 mA cm-2 (corresponding to a rate of 0.5C) (Fig. 

S2.8). The resulting capacity and Coulombic efficiency with respect to cycle number are 

plotted in Fig. 2.3a (see Fig. S2.8 for capacity vs time). Over the first cycle, the cell displays 

a charging and discharging capacities of 66.4% and 62.1% of the theoretical value, 

respectively. For the following cycles, the observed capacities were gradually decreased 

over cycling such that after 100 cycles (209.5 h) the charging and discharging capacities 

were 49.0 and 48.4% of the theoretical value (linear regression on all cycles gives a 

discharge capacity fade rate of 0.1%/cycle or 1.1%/d) with an average Coulombic 

efficiency of 98.7% after the first cycle. It is worth noting that much of the cell resistance 

is related to the anion exchange membrane,51 and much higher charge/discharge rates are 

accessible when a polypropylene separator is used [see Fig. S2.10 for data at 5C (3.0 mA 

cm-2)]. Higher current densities would be possible under flow-cell conditions owing to 

improved mass transport.51,61 
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Fig. 2.3  Plot of capacity and Coulombic efficiency vs. cycle number for (a) a symmetric 

cell with 0.05 M 2 and 0.05 M 22+-2TFSI- as catholyte and anolyte; (b) an unbalanced cell 

using electrochemically formed 0.1 M 2 (double volume) as anolyte and 0.1 M 22+-2TFSI- 

as catholyte. Electrolyte: 0.8 M NaBF4/DMF. Current density: 0.3 mA cm-2 (0.5C). 

 

     The low initial capacity was hypothesized to be related to the challenges with isolating 

and storing pure 2, which is highly sensitive to air and moisture. We therefore tested cells 

with compound 2 that was electrochemically synthesized from 22+-2TFSI- and lithium 

metal (see Supporting Information). Unbalanced symmetric cells using electrochemically 

formed 0.1 M 2 (double volume) and a limiting solution of 0.1 M 22+-2TFSI-/0.8 M 

NaBF4/DMF (0% SOC) were tested with an AHA membrane (Fig. 2.3b, Fig. S2.11). The 

first full cycle (4.06 h cycle duration) shows charging and discharging capacities of 104.6% 

and 98.5% of the theoretical value, respectively. Average charging and discharging 

capacities of 100.0% and 99.2% were obtained for the 2nd and 3rd cycles, respectively. The 
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high initial capacities demonstrate the purity of electrochemically formed 2 in comparison 

to the chemically synthesized compound. The cell capacity then decreased gradually with 

a charging and discharging capacity of 90.4% and 89.3% respectively, after 24 cycles 

(91.91 h, discharge capacity fade rate of 0.5%/cycle or 2.9%/d) and an average Coulombic 

efficiency of 98.6%. The cell could be cycled with similar performance for 189 hours (55 

cycles) and still maintained over 70% capacity before cycling was stopped (Fig S2.12). 

The higher fade rates observed in this cell compared to the one involving chemically 

prepared 2 (0.1%/cycle or 1.1%/d) are likely related to the increased concentration of active 

materials (indicated by the higher capacities achieved) which lead to increased rate of any 

parasitic reactions. 

     It is worth noting that the relatively rapid capacity fade upon cycling is inconsistent with 

the long lifetimes suggested by the stability tests. Post-cycling analysis by cyclic 

voltammetry (Fig. S2.9) of both electrolytes of the symmetric cell featuring chemically 

synthesized 2 and the AHA membrane showed no major signs of decomposition, in contrast 

to what was observed in acetonitrile.46 Calendar life of the active materials is typically the 

primary factor in cell capacity fade,5,62 but the low lifetimes observed here seem to 

originate from other factors. This could include the decomposition of active materials at 

the potential limits of the cycling experiments,63,64 or deterioration of the cell components, 

such as the membrane or carbon felt electrodes, over cycling.50,65 
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2.4 Conclusions 

     In conclusion, it has been demonstrated that the use of DMF as electrolyte solvent for 

the 2/22+ couple results in vast improvements over acetonitrile. CV and NMR monitoring 

experiments demonstrated excellent stability of the active materials and high solubility (˃1 

M) in DMF with a maximum specific capacity of 63 Ah L-1. The high specific capacity and 

low redox potential of this anolyte (-1.69 V vs. Fc) make it promising for high energy 

density applications compared to other reported anolytes,15,30,31,38 especially when coupled 

with a high potential catholyte materials.15,19,26,32,66 A symmetric battery that employed 

solutions of 0.1 M 2 and 0.1 M 22+-2TFSI- in 0.8 M NaBF4/DMF was investigated in a coin 

cell setup. Battery testing using electrochemically generated 2 displayed a high capacity 

utilization of about 100% in the first few cycles and a total capacity retention of about 90% 

after 24 cycles with an average Coulombic efficiency of 98.6%, which is among the highest 

Coulombic efficiencies reported for non-aqueous systems.19,36,46 Although the anolyte 

shows excellent calendar life in the electrolyte, charge-discharge tests of symmetric cells 

showed capacity loss that is unacceptable for commercial applications, and further studies 

will be required to understand this decay. Bipyridinylidenes, with readily tunable molecular 

properties,42–45 represent promising two-electron, low redox potential anolyte materials for 

further development. 
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2.6 SUPPORTING INFORMATION 

 

Experimental details and characterization of compounds: 

Bispyridinylidene 2 

     In a Schlenk flask inside the glovebox, KHMDS (3.61 g, 18.10 mmol) was added to a 

solution of 12+-2I- 1 (5.00 g, 9.26 mmol) in benzene (50 mL). The mixture went from white 

to purple immediately. The reaction was stirred for an hour. Precipitated potassium iodide 

was removed by filtration and washed thoroughly with benzene. The solvent was removed 

under vacuum to yield a dark purple, moisture and oxygen-sensitive powder. 

Yield:  1.5 g (57.0%, 6.54 mmol); 1H NMR (300 MHz, Benzene-d6) δ 0.96 (2H, quintet, J 

= 6.3 Hz, CH2), 2.47 (12H, s, 2N(CH3)2), 3.01 (4H, t, J = 6.0 Hz, 2 NCH2), 4.93 (2H, dd, 

J = 9.0, 3.0 Hz, 2 ArH), 5.19 (2H, d, J = 0.0 Hz, 2 ArH), 5.62 (2H, d, J = 9.0 Hz, 2 ArH); 

13C NMR (101 MHz, Benzene-d6) δ 24.1 (CH2), 40.4 (4 CH3), 52.2 (2 CH2), 95.9 (2 CH), 

95.9 (2 CH), 115.6 (2 C), 138.3 (2 CH), 143.3 (2 C). 

 

Bipyridinium dichloride 22+-2Cl- 

     Inside the glovebox, KHMDS (9.59 g, 48.09 mmol) was added to a solution of 12+-2I- 1 

(13.32 g, 24.66 mmol) in tetrahydrofuran (120 mL), in a round-bottom flask. The mixture 

went from white to purple immediately, forming compound 2. The reaction was stirred for 

30 min. Precipitated potassium iodide was removed by filtration and washed thoroughly 

with tetrahydrofuran (theoretical yield of 2: 7.01 g, 24.66 mmol). To the solution of 2 that 

was generated in situ, C2Cl6 (12.85 g, 54.28 mmol) was added and compound 22+-2Cl- 
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immediately precipitated. The reaction mixture was stirred for about 20 min. Outside the 

glovebox, the light brown solid was collected by filtration and washed with diethyl ether.  

Yield:  8.5 g (23.88 mmol, 96.8%); 1H NMR (400 MHz, Dimethyl sulfoxide-d6) δ 2.40 

(2H, m, CH2), 3.29 (6H, s, 2 NCH3), 3.36 (6H, s, 2 NCH3), 3.89 - 3.97 (2H, m, 1H of each 

NCH2), 4.60 - 4.64 (2H, m, 1H of each NCH2), 7.25 (2H, dd, J = 7.6, 3.2 Hz, 2 ArH), 7.52 

(2H, d, J =3.2 Hz, 2 ArH), 8.55 (2H, d, J = 7.6 Hz, 2 ArH) 

 

Bipyridinium dibis(trifluoromethanesulfonyl)imide 22+-2TFSI- 

     A solution of 22+-2Cl- (6.15 g, 17.29 mmol) in a minimal amount of water, and a solution 

of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (10.91 g, 38.00 mmol) in a 

minimal amount of water, were mixed and a dark product precipitated immediately. The 

mixture stirred for 10 min, filtered and the solids washed thoroughly with isopropanol 

followed by ether before being air dried to give a brown powder. Yield:  13.0 g (15.44 

mmol, 89.3%). Recrystallization of product was conducted by bringing a mixture of the 

solid in water to reflux, then adding minimal acetonitrile until all solids dissolved. 

Activated carbon was then added while refluxing and stirred for 30 min before filtration of 

the hot solution. The solution was left to cool down at RT. Light-yellow crystals formed in 

aqueous solution and oil started to accumulate at the bottom of the flask. The aqueous 

solution containing crystals was then separated from oily product and filtered. The 

collected light-yellow crystals were washed thoroughly with isopropanol followed by ether 

and dried under vacuum at 100 ℃ for 12 h (20.8 % product recovery). The recrystallization 

and isolation process was repeated using the oily residue to form additional light-yellow or 

white crystals (24.4 % product recovery) and oily residue. The recrystallization process 
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could be repeated several more times but with diminishing yields. 1H NMR (300 MHz, 

Acetonitrile-d3) δ 2.46 (2H, m, CH2), 3.28 (6H, s, 2 NCH3), 3.31 (6H, s, 2 NCH3), 3.86 - 

3.97 (2H, m, 1H of each NCH2), 4.34 - 4.39 (2H, m, 1H of each NCH2), 6.99 (2H, dd, J = 

7.5, 3.0 Hz, 2 ArH), 7.16 (2H, d, J = 3.0 Hz, 2 ArH), 8.05 (2H, d, J = 7.5 Hz, 2 ArH); 13C 

NMR (101 MHz, Acetonitrile-d3) δ 29.5 (CH2), 40.1 (CH3), 40.1 (2 CH3), 52.7 (2 CH2), 

109.1 (2 CH), 112.4 (2 CH), 120.8 (q, JCF = 320.57 Hz, 2CF3), 144.2 (2 C), 144.2 (2 CH), 

157.8 (2 C). Melting point: 118 ℃. 

 

Supporting figures: 

 

 

 

Fig. S2.1 Cyclic voltammogram of 0.01 M 22+-2TFSI- in 0.8 M NaBF4/DMF (cycle 2-500) 

and 0.8 M NaBF4/ DMF (black line) under the scan rate of 50 mV s-1. The redox potential 

was observed at -1.62 V vs. Ag/Ag+ (-1.69 V vs. Fc). 
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Fig. S2.2 (a) Cyclic voltammograms of 0.04 M 22+-2TFSI- in 0.8 M NaBF4/DMF and (b) 

the relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 40, 62.5, 

90, 122.5 and 160 mV s-1. 
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Fig. S2.3 A three-electrode electrochemical cell used for calendar life assessments of 2 and 

22+-2TFSI-. 

 

 



 

67 

 

 

 

Fig. S2.4 Expanded (top) and full (bottom) 1H NMR spectra of the I2-quenched mixture of 

0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in DMF.  
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Fig. S2.5 Expanded (top) and full (bottom) 1H NMR spectra of I2-quenched mixture of 0.1 

M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in DMF in the presence of molecular 

sieves (stored over sieves). At 277 h, the signals for the unknown (“?”) and 12+ changed 

relative position around 6.7 ppm, but the unknown is still the major species and 12+ did not 

increase in intensity.   
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Fig. S2.6 Expanded (top) and full (bottom) 1H NMR spectra of the I2–quenched mixture 

of 0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in MeCN. Many unassigned 

signals are also present. 
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Fig. S2.7 Expanded (top) and full (bottom) 1H NMR spectra of the I2–quenched mixture 

of 0.1 M 2 and 0.1 M 22+-2TFSI- after 16, 40, 64 and 277 h in MeCN in the presence of 

molecular sieves. Many unassigned signals are also present. 
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Time (hours) 

Fig. S2.8 The charge-discharge curves vs. capacity (top) and plot of capacity and Coulombic 

efficiency vs. time (bottom) of a symmetric cell using 0.200 mL of 0.05 M 2 and 0.05 M 22+-

2TFSI-/0.8 M NaBF4/DMF as anolyte and catholyte (initially 50% SOC), with an AHA AEM 

separator. Current density: 0.3 mA cm-2 (0.5C). 
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Fig. S2.9 Post cycling CV analysis of both sides of a symmetric cell using 0.200 mL of 

0.05 M 2 and 0.05 M 22+-2TFSI-/0.8 M NaBF4/DMF as anolyte and catholyte (initially 

50% SOC), with an AHA AEM separator. Cell was stopped at 90% state of charge on the 

70th cycle (149 h cycling) at 0.3 mA cm-2 (0.5C). 
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Fig. S2.10 The plot of  charge/discharge capacity vs. (a) cycle number and (b) time, of a 

symmetric cell using 0.200 mL of 0.05 M 2 and 0.05 M 22+-2TFSI-/0.8 M NaBF4/DMF as 

anolyte and catholyte (initially 50% SOC), with a polypropylene separator (PP) at a current 

density of 3.0 mA cm-2 (5C) compared to the AHA separator (0.3 mA cm-2), both with +/- 

0.5 V cut-off voltages. The uncorrected data is as-measured. (c) Plot of current (red, right 

axis) and potential (blue, left axis) vs capacity for one galvanostatic cycle plus potential 

hold at +/- 0.7 V of a cell with a PP separator. The stable current of 1.0 mA represents a 

slight overestimate of the background current from diffusion, which was subtracted from 

measured values to give the corrected data. 
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Fig. S2.11 The charge-discharge curves vs. capacity (top) and plot of capacity and 

Coulombic efficiency vs. time (bottom) of a compositionally unbalanced symmetric cell 

using electrochemically formed 0.1 M 2 (0.400 mL) as anode and 0.1 M 22+-2TFSI-/0.8 

M NaBF4/DMF (0.200 mL; initially 0% SOC) as cathode. Current density: 0.3 mA cm-2 

(0.5C). 

Time (hours) 
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Fig. S2.12 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

of a compositionally unbalanced symmetric cell using electrochemically formed 0.1 M 2 

(0.400 mL) as anode and 0.1 M 22+-2TFSI-/0.8 M NaBF4/DMF (0.200 mL; initially 0% 

SOC) as cathode. Current density: 0.3 mA cm-2 (0.5C). Cycling was interrupted after 24.5 

cycles (94.61 hours) for 67.8 hours and resumed for another 94.40 hours with a total active 

cycling time of 189 hours (55 cycles). Note that the battery cycling was stopped in the 

charged state and resumed by initial charging to give 35% of theoretical capacity due to 

self-discharge upon resting (this value is not included in the plot).  
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2.6.1 References: 

1. J. A. Murphy, J. Gamier, S. R. Park, F. Schoenebeck, S.-Z. Zhou, and A. T. Turner, 

Organic Letters, 10, 1227–1230 (2008). 
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Chapter 3 : Evaluation of Two-electron Bispyridinylidene Anolytes and 

a TEMPO Catholyte for Non-Aqueous Redox Flow Batteries   

This chapter is based on the manuscript “Evaluation of Non-Aqueous Redox Flow-type 

Batteries Employing Two-electron Bispyridinylidene Anolytes and a TEMPO Catholyte” 

published in the J. Electrochem. Soc., 168, 70501 (2021). A few grammatical changes 

differentiate this chapter from the published paper. 

Abstract  

     All-organic, non-aqueous cells employing a 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) catholyte and two separate bispyridinylidene derivatives, one featuring a N,N′-

propylene bridge and the other N,N′-di-n-propyl substituted, as anolyte-active materials 

have been investigated under static conditions in 0.8 M sodium tetrafluoroborate (NaBF4)/ 

dimethylformamide (DMF) supporting electrolyte and an anion exchange membrane. 

Longer cycle life was achieved using the bridged bispyridinylidene (52 h/ 39 cycles to 50% 

theoretical discharge capacity, with Ecell of 1.88 V) vs. unbridged derivative (7 h/ 5 cycles 

to 50% theoretical discharge capacity, with Ecell of 1.93 V). Based on stability tests 

conducted by NMR spectroscopy, both redox states (0/2+) for the two bispyridinylidene 

anolytes showed relatively high stability in the electrolyte, individually, which contrasts 

the poor cycling performance of their cells. A number of factors were identified that 

contributed to this including cross contamination through the membrane, the instability of 

TEMPO cation in the electrolyte, and the observation that the unbridged bispyridinylidene 

reacts with the corresponding bipyridinium redox partner over time in DMF. This work 

indicates the importance of having an alkyl bridge between pyridyl rings to support 
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bispyridinylidene stability over cycling, and the need for more stable catholyte alternatives 

to TEMPO in DMF.   

 

Keywords: Organic redox flow battery; Anolyte; Energy storage; Bispyridinylidene; 

TEMPO 
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3.1 Introduction 

     Bispyridinylidenes such as 1 (E1/2 = -1.24 V vs SCE, [-1.69 V vs. ferrocene/ferrocenium 

(Fc/Fc+)], in DMF), which were originally developed by Murphy,1–4 are neutral organic 

molecules that can be used as reducing agents in a variety of transformations.5,6 These 

compounds have been shown to undergo simultaneous two electron transfer at low redox 

potentials for organic molecules,7–10  which makes them promising candidates for high 

energy density anolyte materials for redox flow batteries. 

 

     In fact, the 1/12+ couple has recently been investigated for this purpose by us11 and 

others.12 In 2019, Vaid et al., who studied the couple in an acetonitrile (MeCN)-based 

electrolyte, observed the rapid decay of mixtures of bispyridinylidene 1 and bipyridinium 

12+ by NMR spectroscopy, and concluded that the couple was inherently unstable and 

therefore unsuitable for battery applications, proposing a decay mechanism that involved 

the deprotonation of 12+ by 1.12 In contrast, our study of 1 and 12+ in a DMF-based 

electrolyte showed that they exhibit complete compatibility with each other, as well as long 

independent lifetime (evaluated by CV and NMR spectroscopy) in the electrolyte, and high 

solubility (1.18 M, corresponding to a high capacity of 63 Ah L-1) in DMF.11 Despite these 
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desirable results, tests of a symmetric cell containing 1 and 12+ redox partners showed 

limited calendar life, and suggested other factors cause capacity decay over cycling, such 

as overpotential on cycling and/or parasitic reactions involving active materials and the 

membrane or graphite felts. Thus, further investigations toward understanding the stability 

of the active material are needed to increase the lifetime, before any scale-up of the system 

is to be considered. Moreover, further improvements in solubility will lead to higher energy 

density. It has been demonstrated that the solubility of bispyridinylidenes and bipyridinium 

ions can be increased by simply attaching long alkyl groups to the pyridyl nitrogen as in 2 

and 22+,13 but the stability of these compounds as anolytes for battery applications has not 

been reported. Moreover, previous studies of 1/12+ as anolyte have focused only on 

symmetric cells (Ecell = 0 V), which are valuable for the assessment of new materials but 

are not functional energy storage systems. Coupling such anolytes with a catholyte that has 

high redox potential and high stability in the selected electrolyte will lead to a high cell 

potential and give insight into the performance of these anolyte materials in working energy 

storage devices. 

     Herein we report the first investigation of bispyridinylidenes 1 and 2 as anode active 

species in non-symmetric, static cells to assess their applicability to organic redox flow 

battery systems. Despite the fact that a few active materials with lower redox potential than 

1 and 2 have been studied in RFBs, such as N-methylphthalimide,14
 9-fluorenone15 and 

2,1,3‐benzothiadiazole,16 they undergo only a single-electron reduction at -1.97, -1.84 and 

-1.78 V vs. Fc/Fc+, respectively.17 Active materials such as quinoxaline18, anthraquinone19 

and methyl viologen20 have the ability to undergo two single-electron events (with a 0.3-

0.6 V gap between them), but at more positive potentials (between -0.79 and -1.53 V vs. 
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Fc/Fc+).17 Very recently, a family of  2,2′-bipyrimidine derivatives have been investigated 

as low redox potential anolytes that undergo two-electron reduction to become dianions, 

either with a small gap between the potentials or at a single potential, depending on the 

supporting electrolyte used (between ~ -1.8 and -2.0 V vs. Fc/Fc+).21 The bispyridinylidene 

anolyte active materials studied here are therefore distinctive in their charge states (neutral 

in the charged state and dicationic when discharged) and their ability to undergo a 

reversible two-electron redox event at a low redox potential (-1.69 V for 1 and -1.73 V for 

2 vs. Fc/Fc+). This latter feature promotes higher energy densities associated with 

multielectron systems, but eliminates voltage drop on discharge associated with materials 

featuring two single-electron couples at different potentials. Although a few neutral 

bispyridinylidenes with lower redox potentials than 1 and 2 are known,7–9 we rationalized 

that the facile synthesis of 1 and 2, coupled with their low potential two-electron redox 

process, make them excellent candidates as anolytes in redox flow batteries. The study of 

the 2/22+ system in comparison to 1/12+ will allow for assessing if the use of alkyl chains 

on the pyridyl nitrogen atoms is a suitable strategy for increasing solubility of these 

systems. Our investigations involved a non-flowing battery composed of 1/12+ and 2/22+ 

(separately) as anolytes and a TEMPO (3/3+) based catholyte, the latter of which has a 

desirably high redox potential, is commercially available, and has already been shown to 

be a highly favorable catholyte material for redox flow batteries, with good solubility, fast 

kinetics and good cyclability, albeit in MeCN-based electrolytes.22–24  
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3.2 Experimental 

     Materials - TEMPO (3) (Aldrich, 98%), was sublimed under vacuum prior to use. 4-

Dimethylaminopyridine (6, Aldrich) (Scheme 3.1), 1-bromopropane (Aldrich), potassium 

bis(trimethylsilyl)amide (KHMDS, Aldrich, 95%), hexachloroethane (C2Cl6, Alfa Aesar, 

99%) and lithium hexafluorophosphate (LiPF6, Novalyte) were purchased and used as 

received. Dimethylformamide (DMF, Aldrich, anhydrous 99.8%) solvent was dried over 

molecular sieves prior to use and sodium tetrafluoroborate salt (NaBF4, Alfa Aesar, 97%) 

was recrystallized from water and dried under vacuum at 100 ℃ overnight prior to use. 

Ferrocene (Fc, Alfa Aesar) was recrystallized from hexanes prior to use. Compounds 210 

and TEMPO+ (3+-BF4
-)25 were prepared as reported in the literature. Compounds 7+-Br- 

and 22+-2PF6 were prepared according to modified procedures (Scheme 3.1),10 as outlined 

below.  

 

     Synthesis of N-propyl-4-dimethylaminopyridinium bromide 7+-Br-- A solution of 

DMAP (6) (4.0 g, 32.7 mmol) and 1-bromopropane (6.5 g, 52.4 mmol) in MeCN (20 mL) 

was kept under reflux at 60 ℃ overnight, and then cooled to RT. Diethyl ether (60 mL) 

was added to the reaction mixture to precipitate a white solid. After collection of the crude 

product by filtration (8.0 g, 32.7 mmol), it was recrystallized by dissolution in a minimal 

amount of boiling isopropanol with a few drops of MeCN, followed by subsequent cooling. 

The white crystals were collected by filtration and washed with diethyl ether (3 × 5 mL), 

and dried in the oven (~110 ℃) for at least 1 day. The product (white solid) was then 

transferred into a Schlenk flask and further dried under vacuum at 90 ℃ for about 3 h and 

stored in the glove box (7.2 g, 29.3 mmol, 89.6%). Characterization was as reported.10 
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     Synthesis of N,N-dipropyl-bis-2-(4-dimethylamino)pyridinium hexafluorophosphate 

22+-2PF6
- - Inside the glove box, a mixture containing compound 2 was prepared from 7+-

Br- (7.3 g, 29.9 mmol) and KHMDS (6.8 g, 34.0 mmol) in THF (60 mL) and stirred for an 

hour. To this mixture of 2 was added C2Cl6 (7.8 g, 32.9 mmol) and after stirring for 10 

minutes, the dark brown precipitate was collected by filtration and washed with THF (3 × 

5 mL). Outside the glovebox, the solid of 22+-2Cl- was washed further with diethyl ether (3 

× 5 mL) and air dried. A salt metathesis reaction was then conducted by dissolving all 22+-

2Cl- in a minimal amount of water before the addition of an excess of LiPF6 (5.3 g, 35.1 

mmol, dissolved in a minimal amount of water). The mixture was then stirred for 10 min, 

filtered and washed thoroughly with water, followed by ether and air dried to obtain light 

brown solid (7.5 g, 12.1 mmol, 75.8%). The product was suspended in ~300 mL of 

refluxing water and ~50 mL of MeCN was added dropwise until all solids dissolved. 

Activated carbon was then added (via the condenser) while refluxing and stirring continued 

for 30 minutes before filtration of the hot solution. The filtrate was left to cool to RT and 

golden crystals precipitated. The mixture was filtered and the solid was washed with 

isopropanol followed by ether and dried under vacuum at 90-100 ℃ for about 12 h (63.8% 

product recovery). This recrystallization process was repeated twice more for extra purity 

with 70.0 and 82.7% product recovery, respectively, before electrochemical testing and 

NMR analysis. Characterization was as reported.10 

 

     NMR stability tests of 2 and 22+ separately in the electrolyte - NMR analysis was 

carried out on an Agilent 400 MR NMR spectrometer at 25 °C. Chemical shifts are reported 

in parts per million (ppm), and multiplicities were abbreviated to: singlet (s), doublet (d), 
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triplet (t), doublet of doublets (dd) and multiplet (m). All coupling constants were reported 

in Hz. Monitoring of 0.1 M 2 in 0.8 M NaBF4/DMF was conducted in a J. Young NMR 

tube with benzene (C6H6) as an internal standard, while 0.1 M 22+-2PF6
- in 0.8 M 

NaBF4/DMF was monitored in a standard NMR tube with dichloromethane (CH2Cl2) as an 

internal standard. The NMR tubes were sealed with Parafilm sealing film and stored 

outside the glove box in between runs. All 1H NMR in non-deuterated DMF were 

referenced by setting the singlet for DMF to 7.81 ppm, which was the recorded chemical 

shift when the internal reference (C6H6) was referenced to 7.16 ppm26 (in Fig. 3.5a).  

0.1 M 2 in 0.8 M NaBF4/DMF (see also Fig. S3.11a); 1H NMR (400 MHz, DMF), major Z 

isomer: δ 0.66 (6H, t, J = 7.6 Hz, 2 CH3), 1.30 (4H, m, 2 CH2), 2.38 (12H, s, 2 N(CH3)2), 

4.72 (2H, d, J = 2.0 Hz, 2 ArH), 4.88 (2H, dd, J = 7.2, 2.0 Hz, 2 ArH), 6.08 (2H, d, J = 7.2 

Hz, 2 ArH). Observed signals for the minor E isomer,10: δ 4.62 (2H, d, J = 2.0 Hz, 2 ArH), 

4.97 (2H, dd, J = 7.2, 2.4 Hz, 2 ArH). Small signals for residual precursor 7+ were also 

detected in the sample (see also Fig. S3.11a); δ 4.03 (2H, t, J = 7.2 Hz, NCH2), 6.90 (2H, 

d, J = 7.6 Hz, 2 ArH), 8.13 (2H, d, J = 7.6 Hz, 2 ArH). Initial molar ratio of 2Z : 2E : 7 was 

10.4 : 1.2 : 1.0  

Integrations of the pyridyl CH’s of 2 to a C6H6 (7.16 ppm, standard; set to 6.00 H]:  

Day 0 (Fig. S3.11a): 2.52 (6.08 ppmE/Z), 2.70 (4.88 ppmZ, 4.97 ppmE) and 2.65 (4.72 ppmZ, 

4.62 ppmE);  

Day 56 (Fig. S3.11b): 2.13 (6.08 ppmE/Z), 2.32 (4.88 ppmZ, 4.97 ppmE) and 2.27 (4.72 

ppmZ, 4.62 ppmE).   

Decay rate for 2 (based on average integrations): 0.26%/day 
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0.1 M 22+-2PF6
- in 0.8 M NaBF4/DMF (see also Fig. S3.12a); 1H NMR (400 MHz, DMF) 

δ 0.66 (6H, t, J = 7.6 Hz, CH3), 1.64 (4H, m, CH2), 3.14 (6H, s, CH3NCH3), 3.17 (6H, s, 

CH3NCH3), 3.68-3.75 (2H, m, NCHH), 3.98-4.05 (2H, m, NCHH), 7.10 (2H, dd, J = 7.6, 

2.8 Hz 2 ArH), 7.35 (2H, d, 2.8 Hz, 2 ArH), 8.33 (2H, d, 7.6 Hz, 2 ArH). 

Integrations of the pyridyl CH’s of 22+ to a carbon-13 satellite peak (7.56 ppm) of the DMF 

singlet (standard) [set to 1.00 proton]:  

Day 0 (Fig. S3.12a): 2.85 (8.33 ppm), 2.85 (7.35 ppm) and 2.81 (7.10 ppm);  

Day 195 (Fig. S3.12b): 3.00 (8.33 ppm), 2.92 (7.35 ppm) and 2.87 (7.10 ppm).  

Decay rate for 22+ (based on average integrations): 0.0%/day [numbers actually show 

0.006% growth but this is attributed to experimental error/slow evaporation of DMF]  

 

     NMR stability tests of 2 and 22+ mixtures in DMF - Inside the glovebox, activated dry 

molecular sieves were prewashed twice with dry DMF and dried under vacuum to remove 

any traces of acidic impurities. These were added to freshly prepared solutions of 0.1 M 2 

in DMF (1 mL) and, separately, 0.1 M of 22+-2PF6
- in DMF (1 mL) which were stored in 

two glass vials with Teflon-lined screw caps. After 10 h of storage over the sieves, 0.50 

mL of each mother solution was taken via a micropipette and transferred into a J.Young 

tube and mixed well before 1H NMR analysis. The NMR sample was tested after 0, 1, 13, 

36, 66, 84 and 132 h. The standard used for peak integrations was a carbon-13 satellite 

peak (7.56 ppm) of DMF (Fig. S3.13). 

 

     Cyclic voltammetry - Cyclic voltammetry (CV) was carried out in an inert atmosphere 

glovebox using a potentiostat/galvanostat (BioLogic SP-150) with a cell which consisted 
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of a working electrode (platinum disk, 0.07cm2), counter electrode (platinum wire, 5cm) 

and Ag/Ag+ reference electrode (0.01 M AgNO3 in 0.1 M NBu4PF6 in MeCN). Samples 

were internally referenced to Fc/Fc+ (the values reported vs SCE are derived by adding 

+0.45 V to the values vs Fc/Fc+)27. The working electrode was polished using an alumina 

slurry and a polishing disk prior to CV analysis. The counter electrode was rinsed with 

DMF and cleaned with a Kimwipe between CV runs. 

 

     Diffusion coefficients - A diffusion coefficient for 2, 22+, TEMPO (3) and TEMPO+ 

(3+) (in 0.8 M NaBF4/DMF) was calculated from peak intensities of CV curves using the 

Randles-Sevcik equation (1) for a reversible redox couple.28  

ip = 2.69×105 n3/2AD1/2 C*ν1/2                                                                                             (1)      

Where ip is the peak current in amperes, n is the number of electrons involved in the half-

reaction for the redox couple [2 electrons for 2/22+ and 1 electron for TEMPO (3/3+)], C* 

is the initial concentration of active materials in mol L-1 (0.1 M for 22+ and 0.08 M TEMPO 

(3), ν is scan rate in V s-1, A is electrode area in cm2 (0.07 cm2), and D is the diffusion 

coefficient in cm2 s-1. 

     Changes in peak current ip (peak height in milliamperes) were measured as scan rates 

were varied from 10 to 160 mV s-1, and the resulting CV’s for 2/22+ and 3/3+ are shown in 

Fig. S3.1a and Fig. S3.2a, respectively. Cathodic peak currents (ipc) and anodic peak 

currents (ipa) were plotted against the square root of different scan rates (ν1/2) to obtain a 

straight line with slope proportional to D of 2, 3 and 22+, 3+, respectively (Fig. S3.1b and 

Fig. S3.2b). The values of D calculated form slopes of the straight lines are 5.23 × 10-7 cm2 



 

87 

 

s-1 for 2 (using ipc values), 2.76 × 10-7 cm2 s-1 for 22+ (using ipa values), 1.97 × 10-6 cm2 s-1 

for TEMPO (3) (using ipc values) and 2.74 × 10-6 cm2 s-1 for TEMPO+ (3+) (using ipa values). 

 

     Solubility tests - Inside the glovebox, saturated solutions of 2 and 22+-2PF6
- were made, 

separately, in minimal dry DMF. Both solutions were filtered, and 0.200 mL of each 

saturated solution was taken via a micropipette and transferred into a pre-weighed Schlenk 

flask. The flasks were placed under vacuum at 90 ℃ for 2 days (outside the glovebox) to 

remove DMF and obtain dry solids. After the drying process, solids were weighed inside 

the glove box (0.0411 g, 0.1263 mmol for 2 and 0.1030 g, 0.1666 mmol for 22+-2PF6
-) to 

determine the original saturated concentration (0.63 M and 0.83 M for 2 and 22+-2PF6
-, 

respectively).  

 

     Cell with 1/12+ as an anolyte active material - Cell assembly and charge-discharge 

experiments were performed under argon atmosphere in a glove box with H2O level ≤0.5 

ppm and O2 ≤1.0 ppm. The electrolytes used were a 0.04 M solution of 12+-2TFSI- (TFSI- 

= bis(trifluoromethanesulfonyl)imide) in 0.8 M NaBF4/DMF as anolyte and a 0.08 M 

solution of TEMPO (3) in 0.8 M NaBF4/DMF as catholyte. In order to simplify the 

evaluation of the energy storage characteristics of the organic active materials, a non-

flowing configuration was chosen for this study. Thus, the active material solutions and 

cell components were housed within two 2032-coin cell halves (MTI, two negative caps 

were used). In each half was placed a stainless-steel spacer (∅=15.5 mm, MTI), and a piece 

of electrically conductive graphite felt (∅=15mm, SGL Group, G334-01, dried under 

vacuum at 100 ℃ overnight prior to use). One graphite felt (surface area = 1.77 cm2) was 
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injected with 0.200 mL of catholyte solution and the other with 0.200 mL of anolyte 

solution, so that the cell was initially assembled in a 0% state of charge (SOC). A punched-

out circular disc of 2.2 cm diameter (wider than the 2032 cell casings) of Tokuyama 

Neosepta AHA (0.20mm thick) anionic exchange membrane (AEM, purchased from 

Electrolytica, USA, stored in 0.5 M aqueous NaCl), was used to separate the two half cells. 

The AEM was preconditioned by being soaked in the electrolyte (0.8 M NaBF4/DMF) in 

the presence of molecular sieves at least 24 h prior to use. The whole cell was held together 

with a plastic-coated pinch clamp, with the cell oriented vertically, and connected to the 

potentiostat/galvanostat (BioLogic SP-150). The cell was cycled between 2.3 V and 1.5 V 

at a current density of 0.24 mA cm-2 (1C). A similar cell with more concentrated active 

materials [0.1 M 12+-2TFSI- and 0.2 M TEMPO (3)] was also constructed and cycled 

between 2.4 V and 1.4 V at a current density of 0.3 mA cm-2 (0.5C) (Fig. S3.6). 

 

     Cell with 2/22+ as an anolyte active material - The cell was assembled in the same 

manner as that with 1/12+, except that 0.04 M 22+-2PF6
- in 0.8 M NaBF4/DMF was used as 

an anolyte solution. The cell was cycled between 2.3 V and 1.5 V at a current density of 

0.24 mA cm-2 (1C). 

 

3.3 Results and discussion 

     Preparation, solubility, and reversibility of active materials - Whereas the catholyte 

was based on commercially available TEMPO (3), the bispyridinylidene anolyte active 

materials 1, 12+-2TFSI-, 2 and 22+-2PF6
- were prepared using slightly modified literature 
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procedures (Scheme 3.1).1,10,11 All four compounds (1,12+-2TFSI-,2 and 22+-2PF6
-) are 

derived from 6, and their preparation begins by alkylation with diiodopropane (1 and 12+) 

or 1-bromopropane (2 and 22+). The pyridinium slats (52+-2I-, 7+-Br-) were subsequently 

deprotonated to give the air and moisture sensitive bispyridinylidenes (1, 2). These could 

be isolated or oxidized in situ with hexachloroethane to the corresponding bipyrdinium 

dichoride salts (12+-2Cl-, 22+-2Cl-), which were subsequently subjected to aqueous salt 

metathesis reactions to obtain hydrophobic salts (12+-2TFSI-, 22+-2PF6
-) that precipitate 

directly from water. Bipyrdinium 12+-2TFSI- and 22+-2PF6
- were recrystallized prior to 

testing. The different anions for the two salts were chosen based on ease of isolation, but 

we note that in the electrolyte for electrochemical studies (0.8 M NaBF4/DMF), there is a 

large excess of BF4
- anions such that the small concentration of TFSI- or PF6

- (0.08 M at 

the tested concentrations) is not likely to significantly impact comparisons between the two 

materials. Since the oxidized forms, 12+, 22+
, are easier to isolate and handle due to their air 

stability than the neutral forms 1 and 2, respectively, cells were preferentially constructed 

in the discharged state initially, with either 12+-2TFSI- or 22+-2PF6
- as anolyte active 

material. Based on the molecular weight and the fact that it behaves as a two-electron 

donor, 2 can offer a specific capacity of 163.17 mAh g-1, which is slightly smaller than that 

of 1 (188.47 mAh g-1). 
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Scheme 3.1 Preparation of 1, 12+-TFSI-, 2 and 22+-2PF6
-. 

 

     To evaluate the electrochemical behaviors of 12+ and 22+ and TEMPO (3) as well as the 

expected cell potentials, CV experiments were carried out in 0.8 M NaBF4/DMF 

electrolyte, which was proven to support stability and solubility of 1 and 12+.11 The CV 

experiments were conducted at a scan rate of 10 mV s-1 using 0.08 M of TEMPO (3), 0.04 

M 12+-2TFSI- and 0.04 M 22+-2PF6
- (Fig. 3.1), separately, in 0.8 M NaBF4/ DMF supporting 

electrolytes. The CV of TEMPO (3) (curve I), showed a pair of highly reversible redox 

peaks (ipa/ipc =1.02) centered at 0.23 V vs. Fc/Fc+ internal reference (0.30 V vs Ag/Ag+), 

which is comparable to results achieved in MeCN electrolytes (0.25 V – 0.30 V vs 

Ag/Ag+).22,24 For 12+-2TFSI- (curve II) and 22+-2PF6
- (curve III), pairs of redox peaks 
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centered at -1.69 V (ipa/ipc =0.97) and -1.73 V (ipa/ipc =0.91) vs. Fc/Fc+, respectively, were 

observed with good reversibility.  

     From the dependence of peak intensities on the square-root of the scan rate,28 the 

diffusion coefficient (D) was determined to be ~3-5 × 10-7 cm2 s-1 for 2/22+ (Fig. S3.1, 

determined at 0.1 M 22+-2PF6
-), which was very similar to that reported for 1/12+ (~4-5 × 

10-7 cm2 s-1, 0.8 M NaBF4/DMF),11 and for 2/22+ in 0.1 M tetrabutylammonium 

hexafluorophosphate/DMF electrolyte (~1 × 10-7 cm2 s-1).13 As for TEMPO (3/3+), the D 

value of ~2-3 × 10-6 cm2 s-1 (Fig. S3.2) was smaller than the D value of ~1 × 10-5 cm2 s-1 

determined for TEMPO (3/3+) in 1.0 M NaClO4/MeCN.22 Based on the CV experiments, 

the calculated cell voltage between the redox couples for TEMPO with 1/12+ or 2/22+ was 

1.92 and 1.96 V, respectively.  

 

Fig. 3.1 The cyclic voltammogram of 0.08 M TEMPO (3) in 0.8 M NaBF4/ DMF (curve 

I), 0.04 M 12+-2TFSI- in 0.8 M NaBF4/DMF (curve II), 0.04 M 22+-2PF6
- in 0.8 M 

NaBF4/DMF (curve III) and 0.8 M NaBF4/ DMF (dotted line) as a background, all run 

separately at a scan rate of 10 mV s-1. 
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     Although 22+-2PF6
- displays slightly higher cell potential than 12+-2TFSI- (by 0.04 V) 

vs TEMPO, solubility tests of these anolyte materials indicate higher solubility of 1 and 

12+-2TFSI- in pure DMF (1.36 M and 1.18 M, respectively)11 in comparison to 2 and 22+-

2PF6
- (0.63 M and 0.83 M, respectively). The maximum specific capacities calculated 

based on the limiting solubility for 12+ and 2 are 6311 and 34 Ah L-1, respectively. 

Considering the cell voltages evaluated by CV for both anolytes vs. TEMPO (3/3+), and 

the limiting maximum concentration of each couple, the maximum theoretical energy 

densities are 61 Wh L-1 (employing 1/12+) and 34 Wh L-1 (employing 2/22+) (assuming that 

the solubility of 3 and 3+ are not limiting). The calculated energy density of our system 

employing 1/12+ (61 Wh L-1) is two times that of the all-vanadium RFBs.29 To the best of 

our knowledge, the highest calculated energy density among reported nonaqueous organic 

batters is 223 Wh L-1.30 Note that the use of catholyte materials with even higher redox 

potential than TEMPO (3/3+), such as alkoxybenzenes (up to 0.74 V vs. Fc/Fc+ in 0.5 M 

LiTFSI/propylene carbonate (PC),30,31 phenothiazines (up to 0.29 V and 0.93 V vs. Fc/Fc+ 

in 1 M LiTFSI/PC,32 and cyclopropenium ions (up to 1.40 V vs Fc/Fc+ in 0.5 M 

TBAPF6/MeCN),33,34 would further increase the energy density of the battery; however, 

they are not as readily available, and the derivatives with more positive redox potentials 

are often less stable.32,33 

     Despite the fact that the solubility of di-n-propyl substituted 2 and 22+ in DMF were 

found to be lower than propylene bridged 1 and 12+, the redox couple 2/22+ represents an 

easily accessible model for open chain bispyridinylidene compounds which will allow for 

comparisons with the bridged derivative 1/12+. Moreover, the alkyl chains on the pyridyl 
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nitrogens can be extended to further increase solubility10,13 and lead to higher energy 

density. 

     Cell with 1/12+ as anolyte - Having established the reversibility of the redox potentials 

of the active materials and their expected cell voltages in the electrolyte, a coin cell of a 

totally organic rechargeable battery was fabricated using 0.08 M TEMPO (3) and 0.04 M 

12+-2TFSI- as catholyte and anolyte, respectively, in 0.8 M NaBF4/DMF and separated by 

an anion exchange membrane (AEM). The static cell was charged and discharged to 100% 

available capacity with a cut-off voltage of 2.3 V and 1.5 V, respectively, at a current 

density of 0.24 mA cm-2 (corresponding to a rate of 1C based on the total capacity of the 

anolyte and catholyte) (Fig. S3.3). The initial cycle (1.9 h cycle duration) shows charging 

and discharging capacities of 100% and 88% of the theoretical value, respectively. Over 

the first forty cycles (Fig. 3.2), the cell displays an average cell voltage of 1.88 V, which 

is similar to the potential gap between the two redox couples observed in the CV 

experiments (1.92 V), and an 89% average voltage efficiency. The capacities over the same 

forty cycles gradually decreased, with an average charging and discharging capacity of 

67% and 64% of the theoretical capacity, respectively [96% average Coulombic efficiency, 

and discharge capacity fade rate of 0.9%/cycle or 16.2%/d (Fig. S3.4)]. A sharp decrease 

in charging-discharging capacities occurred after cycle 40 (53 h) before rapid deterioration 

of the battery (<22% theoretical capacity available after 50 cycles).  
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Fig. 3.2 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA cm-2 (1C). 

     In an attempt to probe the cause behind the dramatic decrease in the cell performance 

over cycling, a new cell was tested under the same conditions of that shown in Fig. 3.2, 

with qualitatively similar performance (Fig. S3.5), and CV analysis of the cycled 

electrolytes was undertaken when capacity was about 3% (after 100 cycles, 68 h) (Fig. 3.3). 

For each electrolyte, the expected redox events were observed at the anticipated potentials 

(indicated by arrows); however, as indicated by the circled peaks, the voltammograms also 

showed conclusively that redox active materials from both catholyte and anolyte can cross 

the AEM. In addition, peaks belonging to unknown species were observed around 0.0 and 

-0.7 V, which were especially prevalent from the catholyte side (Fig. 3.3b). This suggests 
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some decomposition of the catholyte material, or decomposition of anolyte material on the 

cathode side after diffusion through the AEM. Considering that cationic 12+ and TEMPO+ 

(3+) are more likely to be rejected by the positively charged membrane, these observations 

suggest that the capacity loss observed over cycling is in part due to the crossover of the 

two neutral species, TEMPO (3) and 1, through the AEM, but also that some decomposition 

of the active materials plays a role. 

 

Fig. 3.3 Cyclic voltammograms of the cycled anolyte 1/12+ (a) and catholyte TEMPO (3/3+) 

(b) in 0.8 M NaBF4/DMF at a scan rate of 50 mV s-1. Arrows represent the expected 

couples, while circles represent couples from active material crossover. 
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     A cell with higher active material concentrations was also tested for comparison (Fig. 

S3.6 and Fig. S3.7). The cell utilized 0.2 M TEMPO (3)/0.8 M NaBF4/DMF and 0.1 M 

12+-2TFSI-/0.8 M NaBF4/DMF as catholyte and anolyte, respectively. It was charged and 

discharged to 100% available capacity with a cut-off voltage of 2.4 V and 1.35 V, 

respectively, at a current density of 0.3 mA cm-2 (0.5C). Over the initial cycle (3.7 h cycle 

duration), the battery was able to charge up to 102% and discharge up to 82% of the 

theoretical capacity. An average charging and discharging capacity of 81% and 75% of the 

theoretical capacity, respectively was obtained for the initial ten cycles (31 h) with an 

average cell voltage of 1.88 V, an average Coulombic efficiency of 93% and an average 

voltage efficiency of 82%. A discharge capacity fade rate of 1.2%/cycle or 9.1%/d was 

observed over the first ten cycles (Fig. S3.7c and d). A sharp capacity decay also occurred 

here, but it started after only 11 cycles (34 h). Post-cycling CV analysis of the electrolytes 

(Fig. S3.8) was qualitatively the same as for the lower concentration cell, showing 

crossover of active materials and some decomposition. 

     We note that both cells were tested at current densities that are much lower than possible 

with aqueous systems (up to 1000 mA cm-2 has been reported for VRFBs35 and 100 mA 

cm-2 has been achieved for aqueous organic RFBs36–38). Non-aqueous redox flow batteries 

in general suffer from limited current densities (rarely up to 60 mA cm-2)16,39 due to the low 

conductivity of solvents and membranes.30,40,41 Current densities are further limited at 

higher concentration of active materials due to the increased solution viscosity.17,23,42 Our 

results show that the cell with more concentrated active materials gave slightly lower 

Coulombic and voltage efficiencies than that with more dilute active materials. The lower 

Coulombic efficiency may be a result of higher crossover rate of neutral active materials 
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through the AEM (vide supra) due to the higher concentration gradients and longer cycle 

duration of the 0.2 M TEMPO (3)/0.1 M 12+-2TFSI- cell.38 The higher viscosity of the more 

concentrated electrolytes also lowers the voltage efficiency of the cell because it slows 

down mass transport and consequently increases internal resistance.39 Although, the 0.2 M 

TEMPO (3)/0.1 M 12+-2TFSI- cell showed a much lower capacity fade/day for the initial 

ten cycles, its capacity decay rate increased rapidly for the following cycles in comparison 

to the battery with the diluted active materials, and both cells reached 50% discharge 

capacity after 46 h and 52 h, respectively. The wider potential limits (to accommodate the 

concentration polarization) used for the battery with more concentrated active materials, 

could also promote decomposition of the active materials. A table of performance 

comparisons between the cells with different active material concentrations is presented in 

the Supporting Information (Table S3.1). 

     Cell with 2/22+ as anolyte - Electrochemical assessment of the other anolyte material 

(2/22+) was important to evaluate its overall performance in comparison to 1/12+. A coin-

type cell was fabricated and then evaluated in the same manner as in the previous cell tests, 

except that 0.04 M 12+-2TFSI- was replaced with 0.04 M 22+-2PF6
- as an alternative anolyte 

vs. 0.08 M TEMPO (3), in 0.8 M NaBF4/DMF (Fig. 3.4 and Fig. S3.9). Charge-discharge 

tests were carried out at a current density of 0.24 mA cm-1 (1C) with a cut-off voltage of 

2.3 V and 1.5 V, respectively (Fig. 3.4). The cell displayed an average voltage of 1.93 V, 

which is slightly lower than the potential gap between the two redox couples from the CV 

data (1.96 V, Fig. 3.1). The first cycle (1.8 h cycle duration) shows charging and 

discharging capacities of 100% and 80% of the theoretical value, respectively. A rapid 

capacity decay was observed over cycling (Fig. 3.4a), and the cell retained only 30% of the 
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theoretical discharge capacity after 17 hours (18 cycles), which is about three times faster 

decay than that of the propylene-bridged (1/12+) cell under the same conditions (58 

hours/47 cycles until 30% of the theoretical discharge capacity). Over 50 cycles (32 h) the 

average charge and discharge capacities were 33% and 30% of the theoretical capacity, 

respectively, with an average Coulombic efficiency of 93% and voltage efficiency of 90%. 

An exponential fitting of the discharge data (R2 =0.972) gave a time constant (τ) of 0.93 d 

(Fig. S3.10). These surprising results raised a question about the stability of 2 and 22+, with 

unlinked N-alkyl groups, in the electrolyte. Therefore, it was important to inspect the 

stability of 2 and 22+ in the electrolyte in a similar way to that reported for 1/12+.11  
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Fig. 3.4 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA cm-2 (1C). 

 

     Stability assessment of 2 and 22+ - Lifetime assessment of 2 and 22+ was carried out 

separately by monitoring solutions of the active species in 0.8 M NaBF4 in DMF by 1H 

NMR spectroscopy (Fig. 3.5). The observed chemical shifts for these compounds in the 

electrolyte are similar to those reported for 2 in C6D6 and 22+ in CD3CN.10 The solution of 

0.1 M 2 shows well defined signals for the expected E and Z isomers of the 

bispyridinylidene (E is the minor isomer, 13%-16% of the mixture).10 The characteristic 

signals showed small decrease in intensity (average loss of 0.26%/day) over the 56 days of 

monitoring (Fig. 3.5a, see also Fig. S3.11), and small unassigned signals were observed in 

the baseline by day 56. This experiment shows some inherent instability for solutions of 2 
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in comparison to similar solutions of 1, where no decomposition could be detected.11 In 

assessing 0.1 M 22+-2PF6
-, no decay was observed over the 195 day monitoring period (Fig. 

3.5b, see also Fig. S3.12). The relatively high stability of 2 and 22+, demonstrated by these 

1H NMR studies, contrasts with the poor cell performance utilizing these compounds. Vaid 

et al..12 have previously proposed that mixtures of 1 and 12+ were unstable to decomposition 

(Scheme 3.2), and despite the fact that we showed this mechanism does not occur for 1/12+ 

in DMF,11 the cell cycling results prompted us to examine a mixture of 2 and 22+ in the 

DMF by NMR to assess its stability over time. 

 

 

Fig. 3.5 (a) 1H NMR spectrum of 0.1 M 2 in 0.8 M NaBF4 in DMF over 56 days (b) 1H 

NMR spectrum of 0.1 M 22+-2PF6
- in 0.8 M NaBF4 in DMF over 195 days. The singlet at 

3.19 ppm is from water that diffused into the sample over the course of the experiment. 
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Scheme 3.2 Initially proposed12 reaction of 1 and 12+ leading to 52+ and other byproducts. 

     A lifetime evaluation experiment was conducted by mixing equal amounts of 0.1 M 2 

and 0.1 M 22+-2PF6
- solutions in DMF (no added NaBF4) and analyzing the mixture directly 

by 1H NMR spectroscopy over time [0, 1, 13, 36, 66, 84 and 132 h (Fig. 3.6a, see also Fig. 

S3.13)]. In the aromatic region of the initial spectrum, three broad peaks assigned to the 

pyridyl CH’s of 22+ were detected at about 8.44, 7.43 and 7.18 ppm, along with two 

doublets at 8.21 and 6.94 ppm which were assigned to 7+ (confirmed by the addition of an 

authentic sample of 7+-PF6
- to the NMR sample) which is a decomposition product. Signals 

for 2 were not clearly observed in the spectra of the 2/22+ mixture, possibly related to rapid 

reversible electron transfer with 22+ and/or rapid E/Z isomerization facilitated by the 

presence of 22+. Over time, signals for 7+ grew in intensity and various low intensity signals 

became visible in the baseline, and the signals for 22+ sharpened. Using a 13C satellite signal 

of DMF (7.56 ppm) as an internal reference, the average peak integrations (Fig. S3.13) for 

the three pyridyls of 22+ as well as those of the two CH’s for 7+, were plotted against time 

(Fig. 3.6b). Since the reaction rate is relatively slow, it is convenient to use linear regression 

to assess rate of change for each species over the course of the experiment. The data clearly 

shows that as the concentration of 22+ decreases over time (regression slope of -0.0045), 
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the concentration of 7+ increases at roughly twice the rate (regression slope of 0.0089), 

indicating that every 1 mole of 22+ produces 2 moles of 7+. Since 22+ itself has proven inert 

in the electrolyte, we propose that 2 reacts with 22+ via double proton transfer such that 2 

is converted to two equivalents of 7+, while the twice-deprotonated 22+ will ultimately form 

other unknown byproducts (Scheme 3.3).  

     The poor stability of the mixture of 2 and 22+ in DMF, in contrast to 1 and 12+, reveals 

the critical role of the propylene bridge between pyridyl rings in maintaining stability and 

extending the lifetime of bispyridinylidene anolytes in DMF electrolyte. We speculate that 

the differing behavior of 1/12+ mixtures from 2/22+ mixtures stems from a minute 

concentration of a 2-pyridinylidene (8), originating from the dissociation of 2 (Scheme 3.3, 

step i), which then acts as the base in the deprotonation of 22+ to form 7+ (step ii). It is 

known that a propylene bridge provides entropic stability to diazafulvalenes and disfavors 

their dissociation into the related monomeric imidazole-2-ylidenes (which are isolable 

carbenes).43–45 Such stabilization is present for bispyridinylidene 1, and disfavors its 

dissociation into carbenes, but is not available for 2, and provides a reasonable explanation 

for the divergent reactivity. Although no 2-bispyridinylidene has ever been detected, they 

have been trapped on metals46,47 and with sulfur,46 H2,
48 and CO2

49 suggesting their 

intermediacy.  
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Fig. 3.6 Expanded 1H NMR spectra (a) and average peak integrations vs time (b) for a 

mixture of 0.1 M 2 and 0.1 M 22+-2PF6
- in DMF after 0, 1, 13, 36, 66, 84 and 132 h. 

 

 

Scheme 3.3 Proposed reaction of 2 and 22+ leading to 7+ and other byproducts. 

 

     We note that the rate of decomposition for 22+ from this experiment (using the y-

intercept as a measure of the initial concentration) is 0.34%/hour or 8.1%/day, which is 

much higher than the fade rate of observed by NMR for solutions of 2 in the electrolyte 

(0.26%/day, Fig. 3.5a). For a cell that is continually submitted to successive 

charge/discharge cycles, this 50:50 mixture of 22+ and 2 represents the average state of 

charge over time, and since 22+ decomposes in equimolar amounts with 2, this could 
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translate to a capacity fade of ~16.2%/day. Though this mechanism could therefore account 

for a substantial part of the capacity fade observed for the 22+-2PF6
-|TEMPO cell (Fig. 3.4), 

the cell decayed at a much faster rate, suggesting that other factors must be involved. 

Moreover, compounds 1 and 12+ are superior to 2 and 22+ in terms of their inherent stability 

as a mixture in DMF, and yet cells employing 12+ vs. TEMPO (3) still had very limited 

lifetimes. Therefore, solutions of TEMPO (3) and TEMPO+ (3+-BF4
-)25 were subjected to 

lifetime assessment by CV analysis (Fig. 3.7). Solutions of 0.2 M TEMPO (3)/0.8 M 

NaBF4/DMF and 0.2 M TEMPO+ (3+-BF4
-))/0.8 M NaBF4/DMF were separately stored 

and periodically analyzed over time by CV. Stability of TEMPO (3) was maintained over 

the course of the experiment (140 d) (Fig. 3.7a), as evidenced by consistent cathodic (ipc) 

and anodic (ipa) peak currents over time, while TEMPO+ (3+) experienced significant and 

rapid decay (Fig. 3.7b). The small negative slopes (-0.50 × 10-3 and -0.60 × 10-3 mA/d) 

calculated from the linear regression of the peak current data for TEMPO (3) vs. time, 

corresponds to current loss of only 0.03 and 0.04%/d (from ipc and ipa respectively). On the 

other hand, rapid current loss was clearly noticed for TEMPO+ (3+) and followed an 

exponential decay, consistent with unimolecular decomposition.50 The τ for the TEMPO+ 

(3+) current decay was 38.46 d, based on exponential regressions from either ipc or ipa data.  
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Fig. 3.7 Selected CVs on different days (left) and plots of anodic (ipa) and cathodic (ipc) 

peak currents vs time (right) for (a) 0.2 M TEMPO (3) and (b) 0.2 M TEMPO+ (3+-BF4
-) 

in 0.8 M NaBF4 in DMF. 

 

     The compatibility of TEMPO (3) and TEMPO+ (3+) with MeCN is well known; 

however, the incompatibility of TEMPO+ (3+) with DMF was surprising. Though the 

nature of the decomposition is not yet understood, this finding indicates that, in addition to 

the crossover of active materials through the AEM, the instability of TEMPO+ (3+) cation 

in DMF is affecting the lifetime of the cell. We note that both cells (with 1 or 2 as anolytes) 

showed capacity decay at a rate much faster than the decay of 3+ itself, and that the CV’s 

of the cycled cells (Fig. 3.3, Fig. S3.8) show the presence of electrochemically active 

species that are not present in the CV of the decomposed 3+ solution (Fig. 3.7), suggesting 

that the decomposed 3+ leads to further chemical reactions that impact the cell performance.  
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3.4 Conclusions 

     We studied two bispyridinylidene-based anolytes for non-symmetric, non-aqueous 

batteries. The high solubility of 1, 12+, 2 and 22+ in DMF as well as their ability to 

simultaneously transfer two electrons per molecule at a very low redox potential (-1.69 V 

and -1.73 V vs. Fc/Fc+, respectively in 0.8 M NaBF4/DMF), make them attractive and 

promising anolyte materials for high energy density battery applications. Charge-discharge 

cycling of 12+-2TFSI-|TEMPO (3) and 22+-2PF6
-|TEMPO (3) cells were conducted and both 

showed limited cycling performance. Although, the cell employing the bridge 

bispyridinylidene 12+ showed improved performance (lost 50% of theoretical capacity after 

52 h/39 cycles) over that employing 22+ (lost 50% of theoretical capacity after 7 h/5 cycles), 

limited cycle life, low operating current density and cross contamination of active materials 

remained a challenge. Solutions of 2 in the DMF electrolyte were found to be less stable 

(fade rate of 0.26%/day by NMR monitoring) than those of 1, 12+ and 22+, which showed 

no decomposition, but the faster capacity fade noticed for the cell employing 2/22+ was 

suggested to be primarily attributed to the deprotonation of 22+ by 2-pyrindinylidene 8 

(from dissociation of 2) to form decomposed products (7+ + other products). The presence 

of 7+ was confirmed by NMR monitoring studies of a mixture 22+ and 2 in DMF. Since the 

deprotonation process did not occur in the mixture of 1 and 12+,11 we concluded that having 

alkyl bridge between the pyridyl rings is critical for stability, via entropically disfavoring 

carbene formation. Moreover, the stability of the TEMPO redox states (3 and 3+) in DMF 

were assessed for the first time and showed good stability for TEMPO (3), but poor stability 

of TEMPO+ (3+) (τ = 38.46 d) which is one of the major factors in poor battery performance 

for both systems. Further work would be required to determine the products and 
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mechanism of TEMPO+ (3+) decomposition in DMF. Future work with bispyridinylidene 

anolytes should focus on bridged systems, and will require a more stable catholyte couple 

in DMF, ideally with a high redox potential.30–33 Improvements should also target 

membranes that limit diffusion of the neutral species to enhance cycle life, and capacity 

retention.   
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3.6 SUPPORTING INFORMATION 

 

Fig. S3.1 (a) Cyclic voltammograms of 0.1 M 22+-2PF6
- in 0.8 M NaBF4/DMF and (b) the 

relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 40, 62.5, 90, 

122.5 and 160 mV s-1. 

 

 

Fig. S3.2 (a) Cyclic voltammograms of 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and (b) 

the relationship between peak current and v1/2, obtained at scan rates of 10, 22.5, 40, 62.5, 

90, 122.5 and 160 mV s-1. 
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Fig. S3.3 The charge-discharge curves vs. capacity for a cell using 0.08 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 0.8 M NaBF4/DMF as catholyte and anolyte, 

respectively. Current density: 0.24 mA cm-2 (1C). Theoretical specific capacity is 63.46 

mAh g-1 based on molar mass of 12+-2TFSI-. 
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Fig. S3.4 Plot of discharge capacity vs. the initial forty cycles (a) and vs. time (53 h) (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA cm-2 (1C). 

The capacity decayed linearly over the initial forty cycles (discharge capacity fade rate of 

0.9%/cycle or 16.2%/d) according to linear regression (see equations in the figure). 
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Fig. S3.5 Plot of capacity and Coulombic efficiency vs. cycle number (a) and vs. time (b) 

for a cell using 0.08 M TEMPO (3) in 0.8 M NaBF4/DMF and 0.04 M 12+-2TFSI- in 0.8 M 

NaBF4/DMF as catholyte and anolyte, respectively. Current density: 0.24 mA cm-2 (1C). 
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Fig. S3.6 The charge-discharge curves vs. capacity for a cell using 0.2 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.1 M 12+-2TFSI- in 0.8 M NaBF4/DMF as catholyte and anolyte, 

respectively. Current density: 0.3 mA cm-2 (0.5C). Theoretical specific capacity is 63.46 

mAh g-1 based on molar mass of 12+-2TFSI-. 

 

 



 

117 

 

 

Fig. S3.7 Plot of capacity and Coulombic efficiency vs. cycle number (a), vs. time (b), plot 

of discharge capacity vs. the initial ten cycles (c) and vs. time (31 h) (d) for a cell using 0.2 

M TEMPO (3) in 0.8 M NaBF4/DMF and 0.1 M 12+-2TFSI- in 0.8 M NaBF4/DMF as 

catholyte and anolyte, respectively. Current density: 0.3 mA cm-2 (0.5C). The capacity 

decayed linearly over the initial ten cycles (discharge capacity fade rate of 1.2%/cycle or 

9.1%/d; see linear regression equations in the figure). 
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Fig. S3.8 Cyclic voltammograms of the cycled anolyte 1/12+ (a) and catholyte TEMPO 

(3/3+) (b) from the cell presented in Fig. S3.7, after dilution in 0.8 M NaBF4/DMF at a scan 

rate of 50 mV s-1. Arrows represent the expected couples, while circles represent couples 

from active material crossover. 

 

 

Fig. S3.9 The charge-discharge curves vs. capacity for a cell using 0.08 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 0.8 M NaBF4/DMF as catholyte and anolyte, 

respectively. Current density: 0.24 mA cm-2 (1C). Theoretical specific capacity is 86.68 

mAh g-1 based on molar mass of 22+-2PF6
-. 
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Fig. S3.10 Plot of discharge capacity vs. time (32 h) for a cell using 0.08 M TEMPO (3) in 

0.8 M NaBF4/DMF and 0.04 M 22+-2PF6
-/in 0.8 M NaBF4/DMF as catholyte and anolyte, 

respectively. Current density: 0.24 mA cm-2 (1C). The capacity decayed exponentially over 

time (τ =0.93 d). 
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Table S3.1 Data of tested cells.  

Battery 

(current 

density/C rate) 

 

Cut-off 

voltage 

(V) 

AVG 

charge 

capacity 

(%) 

AVG 

discharge 

capacities 

(%) 

V 
CE 

(%) 

VE 

(%) 

Capacity 

fade rate 

Time/cycle # 

at 50 % 

discharge 

capacity  

Time/cycle # 

at 30 % 

discharge 

capacity 

0.08 M 

TEMPO 

(3)/0.04 M 12+-

2TFSI- (0.24 

mA cm-2/1C) 

 

 

 

 

2.30-1.50 
83a 79 a 1.88 a 95 a 89 a 

1.5%/cycle 

23.0%/d a 

 

 

51.5 h/cycle 

39 

 

 

58.3 h/cycle 

47 

67 b 64 b 1.88 b 96 b 89 b 
0.9%/cycle 

16.2%/d b 

0.2 M TEMPO 

(3)/0.1 M 12+-

2TFSI- (0.3 mA 

cm-2/0.5C)  

 

2.40-1.35 
81 a 75 a 1.88 a 93 a 82 a 

1.2%/cycle 

9.1%/d a 

 

46.3 h/cycle 

16 

 

57.8 h/cycle 

23 

0.08 M 

TEMPO 

(3)/0.04 M 22+-

2PF6
- (0.24 mA 

cm-2/1C) 

 

 

 

2.30-1.50 
60 a 53 a 1.93 a 89 a 90 a 

Time 

constant (τ)= 

0.57 d a 

 

 

6.9 h/cycle 5 

 

 

17.0 h/cycle 

18 

33 c 30 c 1.93 c 93 c 90 c    τ= 0.93 d c 

V = average cell voltage; VE = average voltage efficiency; CE = average Coulombic 

efficiency 
aBased on the first ten cycles. 
bBased on the first forty cycles.  
cBased on the first fifty cycles. 
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Fig. S3.11 1H NMR spectrum of 0.1 M 2 in 0.8 M NaBF4 after 0 (a) and 56 days (b) in 

DMF. Small signals for residual precursor (7+) were detected in the sample.  

Integrations of the pyridyl CH’s of 2 relative to C6H6 (7.16 ppm, standard; set to 6.00 H]:  

Day 0 (Fig. S3.11a): 2.52 (6.08 ppmE/Z), 2.70 (4.88 ppmZ, 4.97 ppmE) and 2.65 (4.72 ppmZ, 

4.62 ppmE);  

Day 56 (Fig. S3.11b): 2.13 (6.08 ppmE/Z), 2.32 (4.88 ppmZ, 4.97 ppmE) and 2.27 (4.72 

ppmZ, 4.62 ppmE).   

Decay rate for 2 (based on average integrations): 0.26%/day. 
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Fig. S3.12 1H NMR spectrum of 0.1 M 22+-2PF6

- in 0.8 M NaBF4 after 0 (a) and 195 days 

(b) in DMF. Note that, due to evaporation of CH2Cl2 during the course of the experiment 

[integrations of CH2Cl2: Day 0: 2.94 (5.54 ppm); Day 195: 2.55 (5.54 ppm)], DMF carbon-

13 satellite peak (7.56 and 8.04 ppm; set to 1.00 H) was used as a standard instead. 

Integrations of the pyridyl CH’s of 22+:  

Day 0 (Fig. S3.12a): 2.85 (8.33 ppm), 2.85 (7.35 ppm) and 2.81 (7.10 ppm);  

Day 195 (Fig. S3.12b): 3.00 (8.33 ppm), 2.92 (7.35 ppm) and 2.87 (7.10 ppm).  

Decay rate for 22+ (based on average integrations): 0.0%/day [numbers actually show 

0.006% growth but this is attributed to experimental error/slow evaporation of DMF]. 
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Fig. S3.13 Expanded 1H NMR spectra of the mixture of 0.1 M 2 and 0.1 M 22+-2PF6
- 

after 0, 1, 13, 36, 66, 84 and 132 h in DMF. The 13C satellite signal of DMF (7.56 ppm) 

was set to 1.00 H and used as an internal reference. 
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Chapter 4 : Conclusion and Future Work 

4.1 Conclusion 

     Despite the progress on NAORFBs, further efforts are needed to develop organic redox 

materials that enable high energy density and long-term cycling (highly stable active 

materials). In our studies, we demonstrated that bispyridinylidene-based anolytes (BPYs) 

offer several beneficial features for improving RFBs performance. The high solubility (up 

to 1.2 M in DMF) and the simultaneous two-electron donating ability (equivalent to 2.4 M 

electron transfer) of the selected BPY anolytes with high reversibility at a very low redox 

potential (~ -1.7 V vs. Fc/Fc+) boost the specific capacity up to 63 Ah L-1. Additionally, 

the stability of the two selected bispyridinylidenes/bipyridinium pairs were addressed by 

1H NMR and CV. Both redox states of the bridged bispyridinylidene (bBPY0/2+) were 

inherently stable in 0.8 M NaBF4/DMF, separately and as a mixture. A static symmetric 

cell containing 0.05 M of both bBPY charge states (0/2+) as catholyte and anolyte was 

evaluated in 0.8 M NaBF4/DMF at 0.3 mA cm-2 (0.5C). The initial capacities were high 

and approached nearly 100% of the theoretical value, with ~90% capacity retention and 

98.6% average CE after 24 cycles (91.91 h). In contrast, the absence of alkyl bridge 

between pyridyl rings destabilized the bispyridinylidene (prBPY) (fade rate by NMR was 

8.1%/day for prBPY/prBPY2+ mixture, 0.26%/day for prBPY and no decomposition 

detected for prBPY2+) leading to dissociation into carbenes which initiate side reactions. 
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     We also examined the performance of bBPY2+ and the unbridged derivative prBPY2+ 

as anolytes, separately in a full battery with TEMPO as the catholyte. These novel 

TEMPO/BPY2+ systems were proposed, fabricated, and investigated in a coin cell setup 

equipped with an AHA anion exchange membrane. At a current density of 0.24 mA cm-2, 

the 0.08 M TEMPO/0.04 M bBPY2+-2TFSI- system yielded a cell potential of 1.88 V, CE 

of 96%, VE of 89%, EE of 85%, and material utilization of ∼50% after 40 cycles (53 h) 

with a capacity fade rate of 0.9%/cycle or 16.2%/d. When the redox materials 

concentrations increased (0.2 M TEMPO/0.1 M bBPY2+-2TFSI-), the battery showed 

increased overpotential and reduced CE due to increased electrolyte viscosity and redox 

material crossover. On the other hand, using prBPY2+ as an alternative anolyte vs. TEMPO 

exhibited poor electrochemical performance (50% material utilization after only 7 h/5 

cycles) in comparison to the other system with bBPY at similar testing conditions. This 

was attributed to the poor stability of open chain prBPY redox states (0/2+) as a mixture in 

DMF. Although, the role of alkyl bridge between the pyridyl rings for maintaining stability 

of bBPY and enhancing electrochemical cyclability was obvious, catholyte and anolyte 
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interactions after cross-contamination and the instability of the TEMPO cation were also 

involved in limiting the cycle life of both battery systems. Note that TEMPO is a very 

stable in MeCN, but surprisingly was found to decay very quickly in DMF. This would 

affect both cells. 

     To date, TEMPO/bBPY2+ battery system had one of the highest efficiencies reported 

for an all-organic redox flow battery with a moderate cell voltage of 1.9 V (Table 4.1), but 

as with most reported nonaqueous RFBs,1–3 it suffered from short cycling lifetime and 

limited current density. Finally, despite the existence of few organic anolyte redox species 

with slightly lower redox potential [e.g., azobenzene (AB),4 phthalimide (NBu-N-Ph)5 and 

2-methylbenzophenone (2-MBP)6], we strongly believe that bBPY is promising for 

achieving a high energy density RFB system, considering the accessibility and reversibility 

of the two-electron activity at a single and low redox potential as well as good solubilities 

in the organic electrolyte. For example, even though 2-MBP/0.1 M DBMMB battery 

system showed higher cell potential of 2.97 V (Table 4.1), our battery showed higher 

theoretical energy density when tested at the same active material concentrations (5 Wh L-

1 vs. 4 Wh L-1, at 0.1 M active material concentrations).6 However, future studies need to 

optimize the performance of NAORFBs at higher concentration of active materials and 

higher operating current densities while mitigating crossover. Therefore, developments of 

selective and conductive membranes are critical for eliminating crossover and achieving 

faster cycling rate while maintaining high EE.     
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Table 4.1 Specifications and operation performance of some reported NAORFBs. Our 

work is shown in the last three rows (in red). 

System Electrolyte 

Cell 

Voltage 

(V) 

VE (%) 
CE 

(%) 

EE 

(%) 

Capacity*   

(Ah/L-1) 

Energy 

Density* 

(Wh/L-1) 

# of 

Cycles 

 

0.1 M TEMPO/ 

0.1 M NMe-Ph 

(Static)7 

 

1 M 

NaClO4/ 

MeCN 

 

1.6  

82 

(0.35 

mA/cm2) 

 

90 

 

74 

 

2.7 

 

 

2.1 

 

20 

 

0.003 M 

BP/0.003 M 

TEMPO (Flow)8 

0.5 M 

TEAPF6/ 

MeCN 

2.41 

based on 

CV data 

53 

(0.5 

mA/cm2) 

 

81 

 

42 

 

0.08 

 

0.1 

 

7 

 

0.1 M 2-MBP/    

0.1 M DBMMB 

(Flow)6 

0.5 M 

TEAPF6/ 

MeCN 

2.97  

based on 

CV data 

73 

(7.5 

mA/cm2) 

 

95 

 

70 

 

2.7 

 

4.0 

 

50 

 

0.1 M FL/ 

0.1 M DBMMB 

(Flow)9 

1 M TEA-

TFSI/DME 

2.37  

based on 

CV data 

~86 

(0.24 

mA/cm2) 

 

95 

 

82 

 

 

2.7 

 

3.2 

 

50 

 

0.3 M NMePh/ 

DBMMB 

(Flow)10 

1 M 

LiTFSI/ 

DME 

2.3  

based on 

CV data 

77 

(35 

mA/cm2) 

 

90  

 

69 

 

8.0 

 

9.2 

 

50 

 

0.5 M BzNSN 

/DBMMB 

(Flow)11 

1 M 

LiTFSI/ 

MeCN 

2.36  

based on 

CV data 

77 

(10 

mA/cm2) 

 

94 

 

72 

 

13.4 

 

15.8 

 

50 

 

0.1 M NBu-N-

Ph+/0.05 M CP2+ 

(Flow)5 

0.5 M 

TEAPF6/ 

MeCN 

 

3.2 

83 

(10 

mA/cm2) 

 

74 

 

70 

 

1.3 

 

 

2.1 

 

17 

 

0.05 M DBBB/ 

0.05 M TMQ 

(Static)12 

 

0.2 M 

LiBF4/PC 

 

~1.3  

53 

(0.06 

mA/cm2) 

 

70 

 

37 

 

2.7 

 

1.7 

 

30 

 

0.2 M FcN+/ 

0.1 M MV2+ 

(Flow)13  

1 M 

LiTFSI/ 

MeCN 

 

1.25  

NG 

(30 

mA/cm2) 

 

NG 

 

71 

 

10.7 

 

3.4 

 

100 

 

 

0.05 M AQ/PTZ 

(Flow)14  

1 M 

TEABF4/ 

MeCN 

1.63  and 

2.80  

based on 

CV data 

89 

(10 

mA/cm2) 

 

91 

 

81 

 

2.7 

 

 

2.2-3.8 

 

10 

0.08 M TEMPO/ 

0.04 M bBPY2+ 

(Static) 

0.8 M 

NaBF4/ 

DMF 

 

1.88 

89 

(0.24 

mA/cm2) 

 

96  

 

85 

 

2.1 

 

2.0 

 

40 
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0.2 M TEMPO/ 

0.1 M bBPY2+ 

(Static) 

0.8 M 

NaBF4/ 

DMF 

 

1.88 

82 

(0.3 

mA/cm2) 

 

93  

 

76 

 

5.4 

 

5.0 

 

10 

0.08 M TEMPO/ 

0.04 M prBPY2+ 

(Static) 

0.8 M 

NaBF4/ 

DMF 

 

1.93 

               

90 

(0.24 

mA/cm2) 

 

89 

 

80 

 

2.1 

 

2.1 

 

10 

NG: not given. 

*Theoretical capacity and energy density based on concentrations used for cycling.  
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4.2 Future Work 

     It seems that the failure of TEMPO/BPY batteries to keep up the good performance 

observed in the first few cycles is largely a result of  the instability of the active materials 

[TEMPO+ and prBPY redox states (0/2+) as a mixture in DMF] and crossover of the neutral 

species (TEMPO, bBPY and prBPY). Although it is important to understand the 

degradation mechanism of TEMPO+, applying an alternative catholyte material that can 

achieve higher stability and redox potential in the electrolyte is more beneficial for the 

battery system to elevate energy density (by increasing the cell potential) and long cycle 

life. For example, recently reported cyclopropenium derivates such as CP2+ (1.33 V vs 

Fc/Fc+)5 and CP3+ (1.19 V vs Fc/Fc+)15 will lead to a cell potential of about 3.02 and 2.88 

V respectively, when paired with the stable bBPY2+ (1.69 V vs. Fc/Fc+). To date the highest 

cell potential reported for all-organic NARFB was 3.2 V by taking advantage of the high 

redox potential of CP2+ as catholyte.5 The capacity decay of that cell is in part due to S–C 

bond cleavage of radical dication CP22+. However, phenylcyclopropenium derivative CP3+ 

offer higher stability but a slightly lower redox potential.15 Note that stability tests of these 

catholyte materials were conducted in MeCN, and since this solvent is not compatible with 

our BPY anolyte, re-evaluating the stability and solubility of these promising candidate 

catholytes in DMF solvent is a necessity before any full cell testing. Passing the stability 

and solubility tests would allow us to design one of the highest cell potentials for all-

organic NARFB (2.88-3.02 V) with a maximum theoretical energy density of 91-96 Wh L-

1 [assuming that the solubility of bBPY redox states (0/2+) are limiting]. The increase in 

cell potential and theoretical energy density in comparison to TEMPO/bBPY2+ cell is >1 
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V and >30 Wh L-1, respectively. This high energy density is about three times that of the 

all-vanadium RFBs.16  

 

     The other factor for battery degradations is crossover of active species across the AEM. 

This issue is predominantly attributed to the neutral species (TEMPO, bBPY, prBPY), 

since cations (TEMPO+, bBPY2+, prBPY2+), especially dications are less capable of passing 

through the positively charged AEMs. However, by using a flowing system instead of a 

static coin cell type battery, the effect of crossover of the active species will be reduced. 

This is because, unlike the coin cell where 100% of active materials are in the cell and near 

to the AEM, the majority of the active materials in a flowing system are in tanks. The small 

percentage of anolyte/catholyte cross contamination within the cell will take a much longer 

time to affect the battery performance, and therefore, longer life cycle is expected. In 

addition, pumping the electrolyte through the cell will help mass transport from the 

electrolyte to the electrode and further improves EE as well as enabling higher current 

density compared to static systems.17,18  

     To further mitigate crossover and enhance the flow battery performance, structure 

modification of the active materials to incorporate fixed positive charges are necessary. For 

example, ferrocene (Fc) is well known for its stability in organic solvents but suffers from 
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low solubilities [e.g., 0.2 M in ethylene carbonate (EC)/propylene carbonate (PC)/ethyl 

methyl carbonate (EMC)]. Introducing the ammonium group on Fc skeleton increased 

solubility (up to 2 M in EC/PC/EMC) and redox potentials (~3.46 V vs. Li/Li+ for FcN2+ 

and 3.26 V for Fc vs. Li/Li+).13,19 more importantly, having permanent positive charges, 

repel the molecule from diffusing through the AEM making ionic-Fc a promising catholyte 

material to use instead of TEMPO. FcN2+ was synthesized as described in literature.19 

 

     In a coin cell, cycling of FcN2+ against the bBPY2+ achieved ~100% of the theoretical 

capacity on the initial charge and followed by dramatic decrease in capacity during the 

following discharging and charging (Fig. 4.1). The cell lost all its capacity by cycle four. 

CV of cycled anolyte and catholyte displayed signs of decompositions on both cell 

compartments (Fig. 4.2). In the catholyte side, in addition to the expected redox peak for 

FcN2+/FcN22+ at ~0.2 V, unexpected peaks at ~ -0.8 and 0 V were observed. As for the 

anolyte side of cell, the CV showed the expected redox peak of the bBPY/bBPY2+ around 

-1.6 V and an unexpected peak around 0 V. Those unexpected peaks are indicating 

decomposition of active materials. A very small reversible peak at ~0.2 could be related to 

FcN2+ that passed through the membrane from the catholyte side. The fact that the 

concentration of diffused FcN2+ is so low, supports the impact of the embedded positive 

charge on limiting crossover. Stability of the reduced FcN2+ over time were assessed by 

CV in the electrolyte, and great reversibility and stability achieved over the course of the 
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experiment (44 days).  It is confirm possible that the instability of the oxidized FcN22+ was 

responsible for the fast capacity fade rate noticed during cycling and to conform this 

hypothesis, synthesis and stability testing of FcN22+ have to be conducted. The other 

possibility is that the ferrocenium (FcN22+) has a very low solubility in the electrolyte 

which leads to precipitation as reported for the same compound with BF4 and PF6 anions 

but in different electrolyte (carbonate solvents-based electrolyte).19 Similar poor cyclability 

was reported there as well. 

 

Fig. 4.1 The charge-discharge curves vs. capacity (a) and plot of capacity vs. time (b) for 

a cell using 0.2 M FcN2+ in 0.8 M NaBF4/DMF and 0.1 M of bBPY2+ in 0.8 M NaBF4/DMF 

as catholyte and anolyte, respectively. Current density: 0.3 mA cm-2 (0.5C). Theoretical 

specific capacity is 63.46 mAh g-1 based on molar mass of bBPY2+. Cyclic voltammograms 

of the cycled anolyte (c) and catholyte (d) after dilution in 0.8 M NaBF4/DMF at a scan 

rate of 50 mV s-1. Arrows represent the expected couples. 
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Fig. 4.2 Cyclic voltammograms on different days for 0.2 M FcN2+ in 0.8 M NaBF4 in 

DMF. 

 

     The previous test leads into trying to introduce a permanent positive charge on the 

anolyte as well. Research conducted by our group member, Hillary Wheeler (MSc. 2016) 

involved the synthesis and isolation of a novel, cationic, bispyridinylidene based anolyte 

material (52+/54+-2PF6
-) with a permanent positive charge in the form of quaternary amine 

(Scheme 4.1).20 A coin cell type battery was used to characterize the electrochemical 

behavior of 54+-2PF6
- vs. TEMPO in 1 M NaBF4/DMF. The battery displayed charge and 

discharged capacity of about 95% and 30% of theoretical value for the initial cycle, 

respectively. A big drop in charge capacities (35%) was noticed after the initial cycle and 

the remaining cycles maintained a capacity close to 30%. The reasons for this drop was not 

well understood but we now know that the unbridged nature of 52+/54+ and the instability 

of TEMPO+ in DMF are likely contributors. In that study, it was proved that the rate of 

diffusion across the AEM decreased with increasing charge so that tetracationic 

bispyridinum (54+-2PF6
-) had a lower rate of diffusion across the AEM than butyl-

substituted bispyridinylidene (62+-2PF6
-).  
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Scheme 4.1 Synthesis and redox reaction of 54+-2PF6
-. 
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     Inspired by this study, synthesis of a bridged bispyridinylidene bNBPY anolyte with 

permeant positive charge is suggested. Besides the crossover reduction, this targeted 

compound should offer higher stability due to the presence of the alkyl bridge between the 

pyridyl rings. An ammonium salt containing DMAP (7+-TFSI-) which was originally 

synthesized by Yamamoto can be used as a starting material to prepare our suggested and 

novel neutral dicationic bispyridinylidene  (bNBPY2+-2TFSI-) and the oxidized 

tetracationic bipyridinium (bNBPY4+-4TFSI-) (Scheme 4.2) following the same procedure 

as that of bBPY and bBPY2+.21  
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Scheme 4.2 Proposed synthesis of tetracationic bNBPY4+-4TFSI-. 

     By affixing ammonium groups to BPY and using cyclopropenium cation, both reduced 

(CP3+ and bNBPY2+) and oxidized (CP32+ and bNBPY4+) electroactive substances will 

always be charged and should therefore have severely reduced ability to pass through the 

AEM due to the repulsive electrostatic forces (Fig. 4.3). This modification may cause 

solubility issues because of the high charge concentration of the oxidized bNBPY4+; 

however, it is presumed that longer alkyl chain between the amino and ammonium groups 

will allow for good solubility. 
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Fig. 4.3 Schematic diagram of modified CP3+/bNBPY4+ battery showing rejection of 

positively charged species by the AEM. 

 

     Synthesizing bNBPY4+
 anolyte and testing it versus CP3+

 in a coin cell first instead of a 

flow cell will be a good start to test and evaluate the electrochemical properties and 

compare them to the systems reported previously in this thesis under the same conditions. 

It also worth examining the behavior of these redox active materials in a flow type battery 

as suggested earlier. It is anticipated that the modified redox active organic molecules can 

significantly lower the rate of crossover through the AEM, and dramatically improve the 

cycle life of the cells. This work will allow for direct comparison between non-flowing and 

flowing cells under otherwise similar conditions, and may give an indication as to validity 

of using small scale, non-flowing cells to model scaled-up flow cells.  
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     It is expected that bNBPY4+/2+ redox couple will show a very slight shift in redox 

potential towards a positive value (unfavorable shift for anolytes) as a result of 

incorporating the electron withdrawing quaternary ammonium cations to the anolyte 

structure.20 Although the change in redox potential is expected to be minimal since the 

ammonium group is not directly conjugated with the BPY core and since 52+/54+ had a 

redox potential (-1.59 V vs. Ag/Ag+) very similar to that of 6/62+ (-1.60 V vs. Ag/Ag+), 

further improvement in redox potential of the anolyte (more negative value) can be 

achieved through structure functionalizations. For example, group members were able to 

develop BPY based molecules with lower redox potentials (e.g., 9, 10 and 11) by simply 

replacing amino substituents with a stronger π‐donating iminophosphorano 

substituents.22,23 A record redox potential (-2.30 V for 11b compared to 1.69 V vs. Fc/Fc+ 

of our bBPY) was accomplished  when synthesizing a tetra(iminophosphorano)‐substituted 

bispyridinylidene.24 Accordingly, synthesis of compounds 122+ and 124+ or similar 

derivatives, would in theory limit crossover and lower redox potentials. 

 



 

139 

 

 

     Other factors such as degradations of membranes and graphite felts could contribute to 

cell performance failures. Besides the high ionic conductivity (low area resistivity) and 

selectivity of an ideal membrane, its chemical stability in the electrolyte and while cycling 

is important for long life cyclability. For this reason, characterization of the membranes by 

X-ray photoelectron spectroscopy (XPS) and a scanning electron microscopy (SEM) 

before and after cycling could be used to detect any change in chemical composition or 

morphology after cycling, and the same tests could apply to graphite felt electrodes as well. 

For example in graphite felts, SEM can detect any change in surface morphology such as 

the peel-off of active surface layer of fiber or change on the surface area of the fibers during 

cycling which effect the cell performance.25 Changes in surface functionalization can be 

detected by XPS. The amount of carbon, oxygen, nitrogen, fluorine etc. is monitored 

before and after cycling. For instance, increase in oxygen to carbon molar ratio is a sign 

for oxidation of graphite felt fibers during operation (formation of COOH and reduction of 

COH species on the electrode surface).26 Scanning our graphite felts and the membrane 
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before and after cycling could give us a clue of how they contributed, if at all, to the poor 

cyclability observed, especially since the symmetric cell of bBPY/bBPY2+ decayed faster 

than the individual active materials and the mixture of active materials.  
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