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ABSTRACT 
 

Go With the Flow: Diaminoanthraquinones for Use in Symmetric Redox Flow Batteries  
Rebecca Potash, Ph.D. Cornell University 2018 

 
 Redox Flow Batteries (RFBs) have rapidly gained interest as possible electrochemical 

energy storage systems for large-scale storage. RFBs are appealing as they lack phase change 

upon cycling, have modular interchangeable components and decouple power output from 

energy storage capacity. Even with all of these benefits RFBs are just being implemented 

commercially in large-scale installations as there are still some limitations. Current RFBs have 

low voltages (leading to low energy densities compared to traditional batteries), cyclability 

issues and problems with electrolyte crossover the membrane.  

 We propose a new class of RFBs designated as symmetric redox flow batteries 

(SRFBs) where the same parent electrolyte makes up both the anolyte and catholyte. The 

assignment of anolyte and catholyte is simply an electrochemical construct and is independent 

of the solution chemistry. SRFBs are less sensitive to membrane crossover effects. 

Diaminoanthraquinones (DAAQs) have been targeted as excellent SRFB charge storage 

compounds. After fundamental electrochemical screening several DAAQs 1,4-

bis(isopropylamino)anthraquinone commonly known as disperse blue 134 was the most 

successful candidate. With 2 reduction and 2 oxidation states, and 2.7 V between them a 

disperse blue 134 SRFB has a theoretical energy density of 61 Wh/mole as opposed to 17 

Wh/mole for the most widely researched all vanadium RFB.  

 A 0.81 Wh/L disperse blue 134 flow cell with > 80% coulombic efficiency and ~ 40% 

energy efficiency at 100% state of charge was successfully cycled with the identity of each 

electrolyte altered through charging current sign thus proving that not only an SRFB is 

possible but that disperse blue 134 is well paired to this technology.  
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 Introduction Chapter	1.
 

1.1. The Necessity of Electrical Energy Storage Systems 
 
 Man’s ability to harness electricity has led to an unprecedented change in humanity’s 

collective quality of life. The vast majority of revolutionary inventions occurring over the last 

200 years would have been impossible were it not for the machinery, instrumentation and 

computing power electricity provides. As a self-identified night owl, most of the work 

outlined in this thesis was completed under the persistent buzz of PSB’s fluorescent lights. In 

a way we have opened Pandora’s box, trading increased control over/comfort in our 

environment for a chronic dependency on electricity. This has led some to re-imagine 

Maslow’s hierarchy of needs, placing battery life as baser than true physiological needs such 

as air and water as seen in Figure 1-1. 

 

 
Figure 1-1 Maslow’s Hierarchy of Needs ca. 2015 
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Over the 20th century energy needs have scaled as the square of population growth. 

During that time our population may have quadrupled but our primary power consumption has 

increased a staggering 16-fold1. This dependency on electricity has amounted to a worldwide 

energy consumption of 524 quadrillion British thermal units (quads)2 in 2012; 40% being 

electrical energy. To attempt to put such a staggering quantity into perspective it is over 200 

times the amount of energy released by all nuclear weapons detonations from 1945-1996. 

While the US only represents 5% of the world population it was responsible for 95 quads of 

energy consumption. The vast majority of this energy was and still is generated from the 

burning of fossil fuels, such as coal, oil and natural gas, which take millions of years to form, 

and release significant amounts of carbon dioxide upon combustion. CO2 is an infrared 

emitting compound that’s increased atmospheric concentration has been correlated with 

increasing global temperatures. Prior to industrialization, atmospheric CO2 levels averaged 

around 270 ppm3. In 2016 the National Oceanic and Atmospheric Administration (NOAA) 

reported an average of 400 ppm CO2
4

. A combination of atmospheric modeling and 

paleoclimate data has shown that a sustained atmospheric CO2 concentration of 550 ppm 

“could eventually produce global warming comparable in magnitude but opposite in sign to 

the global cooling of the last Ice Age.”3 If we continue on this current trajectory CO2 levels 

will surpass the 550 ppm mark by 21001. 

To slow the (literally) rising tides policies have been enacted at the state, national and 

international levels to shift energy generation from the burning of fuels to so-called green, 

renewable or alternative energy sources5. Of the 97 quads of electricity consumed in the US in 

2015, only 9.7 had been produced by renewable sources6. Renewables can be broken down 

into two categories depending on the characteristics of their output, constant or variable. 

Constant sources, such as geothermal, hydropower, and biofuels produce energy at a relatively 

constant rate and make up most of our current renewables. Variable sources, such as wind and 



Introduction	

 1-3 

solar, exhibit high levels of fluctuations as conditions change throughout the day or even 

minute. While their output is highly variable, these sources are seductive targets as they have 

the greatest potential for growth. In just one hour of solar irradiation Earth absorbs roughly the 

same amount of energy humanity uses in an entire year.7 

In its “Short Term Energy Outlook” the US Energy Information Administration (EIA) 

projects that wind power consumption will increase from 1.82 to 2.26 quads and solar 

consumption from 0.55 to 0.83 quads from 2015 to 2017. With total energy consumption 

predicted to remain relatively constant, these sources combined will go from providing 2.4% 

to 3.2% of the total energy consumed in the US over this period6. 

Though these projections present a bleak future for our planet, there is still hope. The 

National Renewable Energy Laboratory’s “Renewable Electricity (RE) Futures Study” 

(summarized in Figure 1-2) states that with only incremental improvements on currently 

available generation technologies 80% of the total electricity generation in the US could come 

from renewable sources (with nearly 50% from variable wind and photovoltaic (PV) 

generation). Considering factors like local topography, weather and regional energy usage a 

profile was generated for each area taking advantages of these resources. 
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Figure 1-2 NREL RE Futures proposal for national energy portfolio ca. 2050 “Renewable 

generation and capacity by 2050 by region under 80% RE-ITI scenario (low demand RE-ITI 
technology improvement” 
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While only “incremental” improvements to generation technology is required, the 

study points out other major roadblocks to the dream of a country powered by 80% 

renewables. One of these areas is “Increasing the flexibility of the electric system through the 

adoption of some combination of storage technologies, demand-side options, ramping of 

conventional generation, more flexible dispatch of conventional generators, energy 

curtailment, and transmission”8. One can envision a configuration where excess energy, 

generated by PV or wind instillations on days with amenable weather patterns, is siphoned off 

into storage systems to be saved for a rainy day; literally. In its current state, the national 

energy grid could accommodate up to 20% variable resources before much of the energy 

generated would have to be dumped to prevent surges or stored to prevent blackouts9. 

To hit the alternative energy uptake targets set by various environmentally minded 

organizations, we must be ready with new large-scale energy storage technologies so that we 

may simultaneously maintain the stability of a fossil fuel powered grid while reducing our 

carbon footprint. A large storage capacity allows us to decouple energy production from end 

user demand. As of 2013 the US deployed only 24.3 GW of rated power storage (~2.5% of 

total generation), 95% of which was pumped hydro10. While pumped hydro is an important 

piece of the solution, it relies on large terrestrial areas with very specific topography to store 

significant energy. We are now looking to electrical energy storage systems (EESS) as an area 

of prospective growth. 

EESS have been targeted as systems of interest as they provide “pollution-free 

operation, high round-trip efficiency, flexible power and energy characteristics to meet 

different grid functions, long cycle life, and low maintenance”.11 A grid, where energy may be 

stored in times of boom and called upon in times of bust, would benefit from EESS integration 

as they are capable of both responding rapidly while maintaining the proper AC current 

frequency and storing power over longer timescales to serve as contingency reserves.12 
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Of the various EESS methods currently known, redox flow batteries (RFBs) have 

rapidly gained interest as a potential component of our future energy storage portfolio. This 

can be seen in the rapid increase in research publications citing “redox flow batteries” (Figure 

1-3). 

 
Figure 1-3 Number of articles returned by Web of Science on “redox flow battery” 

 

The operating principles, pros, cons and my addition to the field of RFBs will be 

outlined in the subsequent sections of Chapter 1. 
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1.2. Redox Flow Battery 
 

A redox flow battery (historically known as a rechargeable fuel cell) is a unique EESS 

as it stores energy not in solid electrodes but in the disparate redox states of soluble 

electrochemically active ions or small molecules. Laurence Thaller and colleagues at NASA 

developed the first redox flow battery (Figure 1-4) in 1976.13 This initial system was based on 

aqueous solutions of iron and chromium, with iron (Fe+3) making up the solution on the 

cathodic side (catholyte) or positive terminal and chromium (Cr+2) the anolyte or negative 

terminal. 

 
Figure 1-4 Schematic illustration of discharging a Thaller Fe/Cr RFB 

 

In RFBs, the term electrolyte refers to a solution containing a solvent (stable over the 

operating voltage of the cell) that acts as a carrier for both an active material (that is capable of 

maintaining 2 or more stable redox states) and a supporting electrolyte (to maintain charge 

neutrality of the solution upon cycling and mitigate ohmic losses). The anolyte and catholyte 

are stored in separate tanks. When the battery is cycled, a pump draws the electrolytes from 
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the tanks into an electrolyzer cell. In the electrolyzer the electrolytes are flowed through two 

porous electrodes or current collectors separated by some type of membrane, facilitating the 

injection or removal of electrons from the dissolved redox active species. The membrane must 

allow the flux of counter ions (needed to maintain electroneutrality of the solutions) while 

halting the passage of active material. When active material crosses the membrane the cell at 

best loses efficiency and at worst chemically contaminates itself. Once the solution is charged 

or discharged it is again flowed into storage tanks until the next cycle. 

The next major improvement in flow batteries came with the invention of the all 

vanadium flow battery (VFB) by Maria Skyllas-Kazacos in 1985.14,15 This development 

addressed two major issues with the initial RFBs, low operating voltage and short lifetime due 

to membrane crossover. Not only did the all vanadium system attain higher voltage but also 

the fact that both the anolyte and the catholyte operated off the same cation (Equation 1-1) 

lowered the effects of chemical contamination due to membrane crossover. 

 

𝑉𝑂!! +  𝑉!! + 2𝐻!  
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 →
←  𝑐ℎ𝑎𝑟𝑔𝑒

 𝑉𝑂!! + 𝑉!! +  𝐻!𝑂 

Equation 1-1 
 

If the vanadium electrolytes mix, the proper species can be electrochemically 

regenerated as there is no chemical contamination, only mixing of redox states of vanadium. 

As can be seen in Figure 1-3, the VFB is the most highly researched electrolyte system. It has 

been highly optimized and due to 30 years of electrolyte engineering now boasts practical 

energy densities of >25 Wh/l. Test installations have been constructed in the US, Europe and 

Asia in tandem with wind/solar farms or as stand-alone systems. Pacific Northwest National 

Lab (PNNL) an international leader on RFBs has just celebrated the instillation of a 2 

megawatt/8 megawatt-hour battery (the largest containerized VFB) in Everett, WA.16 
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1.3. Benefits and Areas for Improvement in Current RFBs 
 

Current literature cites two main advantages for redox flow batteries over traditional 

EESS, the lack of phase change upon cycling and the decoupling on energy and power output 

of the cell. In traditional RFBs the active species remains solvated while it undergoes a change 

in redox state. This lessens the potential of physical degradation brought about by volume 

expansion upon cycling. As seen in Si and Ge anodes, a change in charge state can lead to 

dramatic changes in the volume of the material and mechanical degradation resulting in rapid 

capacity fade. As RFBs are researched almost exclusively for stationary applications it is 

necessary that they are able to maintain their capacity over many cycles for many years as part 

of large, permanent installations. This constraint supersedes energy density for stationary 

applications and is essential for technology uptake. 

Another advantage to RFBs is their ability to be constructed in a modular design so 

that components may be adapted independently to better suit the demands on the cell whether 

that is the total energy stored in the cell or the power rating. In traditional batteries once a 

stack was assembled it could not be modified. The total energy is set by the size of the 

electrodes, which cannot be made past a certain thickness in addition the specific materials 

employed dictate how fast the cell may be cycled. In RFBs the size of the storage tanks can be 

changed to vary the total energy stored and the setup of the electrolyzer plates and flow 

program can be readily changed to control how fast energy is extracted (power). The ability to 

decouple power and energy density in the flow battery makes it uniquely applicable to both 

power requirements (that require seconds of operation such as energy smoothing) and energy 

requirements (that require hours of discharging such as peak load shifting). This unique trait 

makes RFBs practical for a wide range of grid support applications over various time scales; 

from rapid voltage/frequency modulation, to longer term load shifting to accommodate the 

effects of extended, inclement weather patterns on PV/wind generators. How RFBs compare 
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to other storage technologies for various grid applications can be seen in Table 1-1 and Table 

1-2. Some of the benefits listed (particularly in Table 1-2) are not tied to renewable source 

uptake. 
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Table 1-1 Storage Technologies and Applications17 

 



Introduction	

 1-12 

Table 1-2 Storage Technologies and Applications (cont.)18 
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In addition to the benefits over other storage systems previously outlined, successful 

RFB technologies generally operate at room temperature, have fast electron transfer kinetics, 

favorable exchange currents, high energy efficiency and no cycle life limitations on the 

stability of the redox couple. This makes RFBs a plausible solution to a wide variety of both 

current and anticipated issues with the way we use electricity. 

In the 40 years since their first description, the number of electrolytes has expanded 

widely and is no longer limited to aqueous solutions of transition metal cations. Multiple new 

classes of RFBs including hybrid (requiring a phase transition), slurry (suspended 

nanoparticles of traditional battery electrode materials), inorganic complex and organic small 

molecules/polymers have been reported in the literature. A summary of several electrolyte 

systems most relevant to my work are presented in Table 1-3. 

 

Table 1-3 Comparison of relevant RFB Electrolytes 
System  Class V (theo) [A] Max  Efficiency 
Fe/Cr19 Aq/M+ 1.18 0.3 >92% 
V/V20 Symmetric/aq/M+ 1.26 3.0 >90%CE 

~55%EE 
Fe(phenanthroline)21 Symmetric/aq 0.5 0.7 Not tested 
Rubrene22 Symmetric/org 2.33 “poor” Not tested 
V(acac)23 Symmetric/org 2.2 >0.01 <47%CE 
Cr(bpy) mod*24 Symmetric/org ~2 0.21 M 68% CE 
Quinone/Br2

25 Aq 0.97 ? 95% CE 
(@50%SOC**) 

*modified Cr(bpy) complexes 
** results were reported at 50% state of charge (SOC) of the battery. Completely charging a 
cell often results in reduced efficiency 
 
 

While the field is rapidly expanding, fortunately for this PhD candidate, RFBs are far 

from perfect and there are still issues that must be addressed to increase uptake of this 

technology. While it is less essential for stationary applications, the low energy density in 

RFBs compared to other storage technologies is an issue. As with any type of EESS, the 
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energy density can always be higher and the cost can always be lower. The theoretical energy 

density (ɛ in Wh/l) of a battery can be calculated using Equation 1-2. 

𝜖 =  ∆𝐸!"#!  𝑥 𝐶 𝑥 
𝑛𝐹
3600

 

Equation 1-2 
 

As one can see, there are three variables that may be adjusted to increase ɛ. While 

VFBs now boast impressive concentrations (C) of active species (a staggering 3.0M in test 

solutions but not in VFBs), like most of the widely studied flow battery systems they suffer 

from a limited voltage difference between anolyte and catholyte couples (ΔE0
Avg) and each 

couple is generally only capable of exchanging 1 electron (n=1) per formula unit. Most 

commercial flow batteries are aqueous and therefore limited to voltages below 1.3 V. While 

water is the least expensive solvent, its use precludes high V RFBs. 

Another issue with RFBs is the diffusion of active materials across the membrane or 

separator (crossover), leading to electrolyte contamination, decomposition and/or capacity 

loss. While the VFB mitigates the first concern, when vanadium cations leach across the 

membrane it slowly lowers the capacity of the cell, making it necessary to periodically 

rebalance the cell. 

Many papers that praise the potential of the flow battery state that their 

interdisciplinary nature makes them just plain hard to work on. This is a relatively new 

technology and it requires expertise in many fields of both chemistry and engineering to make 

meaningful breakthroughs. There is no 2023 coin cell equivalent for the flow battery and 

many groups focus on their small area of expertise in the matter without taking a holistic 

approach to the device. While there are many ways in which current RFBs may be improved 

upon, as electrochemists we saw a way to make a large, impactful advancement on electrolyte 

chemistry. 
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When designing this project, we looked at the Abruña group’s established expertise on 

high voltage, high energy density organic compounds for traditional cathode materials. We 

were interested in studying electrolytes consisting of low-cost organic molecules dissolved in 

organic solvents that facilitated higher cell voltages than available in aqueous electrolytes. We 

were further interested in expanding on some of the key advantages of VFB technologies by 

developing a “symmetric” RFB, or SRFB. We defined such systems as a RFBs consisting of a 

single parent molecule that could be both oxidized and reduced to facilitate the positive and 

negative electrode half-reactions, respectively. Such a compound would potentially be able to 

address issues of both low energy density and high membrane crossover. The class of 

compounds I decided to investigate for this novel SRFB were diaminoanthraquinones 

(DAAQs). This dissertation outlines my work (both fundamental and applied) on 

diaminoanthraquinones for use in symmetric redox flow batteries. 
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1.4. Document Outline 
 
The following chapters cover the most successful aspects of my graduate research. 

Chapter 1 outlines the current energy landscape and origins/basic operating principles of 

redox flow batteries  

Chapter 2 covers general treatment of chemicals and electrochemical analytical techniques. 

Descriptions of dimensions and part numbers for the various solution and flow cells are also 

included. 

Chapter 3 covers the electrochemical and analysis of a variety of commercially available and 

locally sourced diaminoanthraquinone compounds to determine which electrolytes should be 

further investigated in full cells 

Chapter 4 outlines the progress of full cell testing, from static glass H-cells to a semi-

functional flow cell. 

Chapter 5 serves to reflect on the work I have accomplished in the past 5 years and provides 

leads to other researchers should they wish to continue this project. 
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 Experimental Methods Chapter	2.
 

This chapter serves as a guidebook for any researchers interested in expanding on my 

doctoral work. The instruments I used, how the chemicals were purified and where prototype 

components were purchased can all be found Chapter 2. 

2.1. Chemical sources and methods of purification 
 

In a redox flow battery (RFB) the electrolyte solution is comprised of 3 main 

components; the solvent, supporting electrolyte and active material. Maintaining a high purity 

of the electrolyte solution is essential in the flow cell prototype as we are working with bulk 

electrolysis of high concentrations at high voltages. Any one of those three experimental 

conditions is conducive to undesirable side reactions; so good system control is essential. 

Minute levels of contamination led to drastically different results. 

2.1.1 Solvents 

 
All solvents were used as received for active material purification, UV-Vis and 

solubility studies. Solvents used in electrochemical experiments were stored over molecular 

sieves activated by heating to 120 °C under vacuum overnight and cooled under argon26. 

Acetonitrile and toluene used in galvanostatic cycling experiments were further purified by 

distillation over calcium hydride and then stored over molecular sieves activated as described 

above. 
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2.1.2 Supporting Electrolytes. 

 
Supporting electrolytes are a key component of the RFB electrolyte formulation. 

Table 2-1 Supporting Electrolytes 
Supporting Electrolyte Distributor 

Product # 
Recrystallization 
solvent 

Tetrabutylammonium perchlorate 
(TBAP) 

TCI  ethyl acetate 

Tetrabutylammonium 
hexaflorophosphate (TBAH) 

 R ethanol 

2.1.3 Active Materials 

 
 The compounds investigated for the electrochemically active component in redox 

flow battery electrolytes are summarized in Table 2-2. Attempts were made to purify all 

compounds but their adhesion to column chromatography stationary phases and difficulty in 

recrystallization made it impossible to purify several of the targets. The vast majority of these 

compounds are commercially available through Sigma Aldrich or other chemical distributors 

focusing on synthetic dyes and/or biological stains. Several unsuccessful attempts were made 

to synthesize other diaminoanthraquinones of interest in house by Dr. Weidong Zhou and 

myself. The Fors group was called in for adult supervision and successfully provided me with 

non-commercially available compounds for electrochemical investigation. 

 

Table 2-2 Active Compounds 
Compound Names  Distributor 

Product # 
Purification Method 

N,N,N’,N’-tetramethyl-p-
phenylenediamine 
 
TMPD 

 

  

1,4-diaminoanthraquinone 
 
1,4-DAAQ 

 

Sigma 
Aldrich 
367834 

Unable to purify 
(attempted 
recrystallization 
ethanol, butanol) 
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Compound Names  Distributor 
Product # 

Purification Method 

 
 
Disperse blue 14 

 

Sigma 
Aldrich 
367648 

 

 
Disperse blue 134 

 

Sigma 
Aldrich 
69152 

Recrystallized from 
ethanol 

 
Oil blue N 

 

Sigma 
Aldrich 
391557 

 

 
Solvent green 3 
 

 

Sigma 
Aldrich 
211982 

Recrystallized from 
toluene 

 
Acid green 25 

 

Sigma 
Aldrich 
214566 

 

1,5-diaminoanthraquinone 
 
1,5-DAAQ 

 

Sigma 
Aldrich 
367842 

Recrystallized from 
methanol ethanol 
mixture 
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Compound Names  Distributor 
Product # 

Purification Method 

 
1,5-
Bis(hexylamino)anthraquinone 

 

Brian 
Peterson 
(Fors 
Group) 

 

 
Disperse blue 1 

 

Sigma 
Aldrich 
215643 

Unable to purify 
(attempted ethanol 
and butanol)  

2.2. Electrochemical Techniques/Instrumentation 
 

The results of experiments based off setups in sections 2.2.1 and 2.2.2 are outlined in 

Chapter 3 and the results of sections 2.3 and 2.4 are outlined in Chapter 4. 

2.2.1 Cyclic Voltammetry 

 
Cyclic voltammetry (CV) was used for initial screening of organic compounds in solution to 

determine the number of redox processes each compound undergoes and the voltage and 

electrochemical reversibility of each transition. CV was run using a standard 3-neck 

electrochemical cell (Figure 2-1) Manufactured by Dave Wise using 1cm diameter medium 

porosity glass frits. All fritted glassware was cleaned with chromerge overnight then fresh 

water was pumped through the frits until pH neutral was achieved and any staining 

disappeared. 
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Figure 2-1 Standard 3 Neck Electrochemistry Cell 

 

The reference electrode was a Ag/Ag+ electrode and the counter electrode a section of 

coiled, flame polished platinum wire. The working electrode was one of two handmade glassy 

carbon electrodes, either 3 mm or 5 mm in diameter. This electrode was polished to a mirror 

finish when made and then re-polished with a slurry of 1000, 300 then 50 nm alumina 

particles and water to ensure a uniform surface before each experiment. Finally, the electrode 

was wiped with a chemwipe soaked in acetone and used immediately. All solutions were 

vigorously bubbled with dry argon gas for 10 minutes or until the open circuit potential 

stabilized. The potentiostat used in these experiments was a Versastat, Epsilon or Princeton 

Applied Research potentiostat/galvanostat 273A. 

2.2.2 Rotating Disk Electrode Voltammetry 

 
Rotating disk electrode voltammetry (RDE) was used to determine diffusion and 

heterogeneous rate constant of compounds of interested as determined by the initial CV 

screening. This was also performed in the 3-neck cell using the Ag/Ag+ reference and 

platinum counter electrodes. Here the working electrode was a 1 mm glassy carbon electrode 

 

 

   

   

    
 



Experimental	Methods	

 2-6 

made by a previous Abruña Group member, but the polishing routine was kept the same. 

Rotation was provided by a Pine MSRX speed control and analytical rotator and a PAR 273 

potentiostat was used. As these experiments took longer to run they were carried out in an 

argon filled glove box. 

2.3. H cell Components 
 

Two separate H cells were constructed for this project. Both were made by Cornell’s 

scientific glassblower Dave Wise and used medium porosity glass frits as separators and 

reticulated vitreous carbon (RVC) electrodes in either 45 or 60 ppi purchased from ERG. 

Electrochemistry was either run under a continuously purging argon environment or in an 

argon filled glovebox. 

A magnetic stir apparatus constructed by Dr. James McKone provided agitation of the 

solutions 

2.4. Flow Cell Components 
 

A tabletop flow cell with about 11 mL solution volume was custom fabricated by 

Chuck Tanzola of TDM. A custom cell was ordered as the commercially available option was 

machined from Plexiglas and designed for use as a hydrogen fuel cell. Chuck worked 

extensively with us to refine the design of his fuel cell stack to fit our flow battery needs. A 

good portion of the fittings and components were provided by Chuck as part of his standard 

flow cell package but several components had to be replaced by us as they were not 

compatible with organic solvents. End plates of the TDM cell were machined from ½” thick 

polyether ether keytone (PEEK) purchased from McMaster Carr (product id: 8504K66). The 

metal current collectors, graphite plate serpentine channels and original Teflon gaskets were 

provided by TDM. The compressible graphite felt electrodes came from the Fuel Cell Store 

(id: 1595002) and PEEK separator with 20 nm pores from Novamem (id: 3055). A flow cell 
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disassembled post cycling (Figure 2-2) shows the graphite felt nestled in the recessed flow 

channels. The Teflon gaskets were placed on either side of the Novamem separator (here 

stained blue from electrolyte). 

 

 
Figure 2-2 Disassembled TDM Flowcell Stack after Disperse Blue 134 Testing 

 

Two different types of tubing were used in the device, a rigid, narrow fluorinated 

tubing (colorless tubing in Figure 2-3) and a flexible 2-Stop Tygon Tubing, with a 2.79 mm 

inner diameter from Cole-Palmer (id: EW-96425-48, black tubing). These tubes were 

connected through soft to rigid wall tubing conical adapters from IDEX (id: P-799). Pumping 

was provided by an Ismatec peristaltic pump. 
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Figure 2-3 TDM Flowcell in Active Configuration 

 

2.5. Software 
 
Electrochemical data was collected and processed using Versastudio or CorrWare. 

Data was plotted using Microsoft Excel. 

Chemical Structures were drawn using ChemDraw. 

Word processing was compiled using Microsoft Word. 
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 Electrochemical Behaviors of Disperse Dyes Chapter	3.
 

This chapter covers the fundamental electrochemical study of various 

diaminoanthraquinones (DAAQ). Also known as disperse dyes as they are commonly used to 

dye synthetic fabrics and require a carrier or dispersing agent when mixed in water. Dr. Sean 

Conte first proposed DAAQs as compounds of interest for charge storage species in 

symmetric RFBs. Prior to my involvement in organic EESS Dr. Weidong Zhou investigated 

these compounds for cathodes in traditional coin cells or as both the anode and cathode in 

symmetric pseudocapacitors. DAAQs containing secondary amine groups showed multiple, 

highly reversible redox processes and theoretical capacities up to 201 mAh/g. It was 

hypothesized that by chemically linking these soluble, electrochemically active units together 

or anchoring them to a polymer backbone, they would become insoluble in common battery 

solvents and successfully function as traditional battery electrodes. While the DAAQ 

monomers showed highly reversible redox processes in solution the resulting polymer films 

did not show as much promise. Dr. Conte, Dr. Zhou and myself decided that it was best to 

embrace these compounds’ natural want to dissolve and investigate them as active material in 

a RFB. 

 When investigating a new disperse dye compound for RFBs there are a series of 

experiments I have determined are best for screening viable candidates, a simplified flow chart 

of these steps can be found in Chapter 5. The results of these experiments on various disperse 

dyes (including the most promising compound 1,4-bis(isopropylamino)anthraquinone 

commonly known as disperse blue 134, solvent blue 36 or unisol blue) are outlined. While 

running a full RFB is exciting and has the potential to yield more impactful results, it is 

important to first establish a solid understanding of the system under well-controlled 

conditions. A full flow cell has many variables therefore, when one must inevitably alter the 
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operating conditions to optimize output, it is important that the basic system is understood so 

all guesses may be educated ones. 

3.1. Cyclic Voltammetry 
 

3.1.1 Cyclic Voltammetry of Aminated Anthraquinones 

 
In my opinion, cyclic voltammetry (CV) properly known as linear potential sweep 

chronoamperometry is the most powerful analytical method in an electrochemist’s arsenal. It 

is a simple, elegant, experiment that yields an incredible amount of qualitative data on both the 

reaction mechanisms and kinetics of redox processes. This experiment has high information 

out to labor in ratio, making CV the gatekeeper for further, more intensive investigations of a 

compound. From CV the theoretical cell potential and chemical reversibility can be estimated, 

determining if the resultant RFB has a potentially high voltage and good cyclability. 

Looking at previous work by Dr. Zhou and others in the Abruña group it was 

anticipated that many DAAQs would be capable of four redox processes, two 1-electron 

oxidations about the Würster’s blue-type moiety and two 1-electron reductions about the 

quinone-type moiety as shows in Figure 3-1. 

 

 
Figure 3-1 Proposed structure of disperse blue 134 after reductive (left) and oxidative (right) 

processes 
 
 

It was already proven that changing the substitution about the anthraquinone backbone 

would shift the E0 of each process. This can be seen in computational work provided by Dr. 
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Kenneth Hernandez in the Abruña group (Figure 3-2) and the work of students under Dr. Aziz 

at Harvard University 27 . It was also anticipated that primary amines would be less 

electrochemically stable than amines with higher degrees of substitution based on previous 

work in the Abruña group on various p-phenylenediamine derivatives. 
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Figure 3-2 Computational estimations of redox potential for various commercially 
available and theoretical di/tertiaryaminoanthraquinones. Optimized with B3LYP/6-311+G** 

using PCM model (ACN) 
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A quick search through various chemical vendors reveals a truly overwhelming 

number of diaminoanthraquinones. Many of these compounds are widely available as they 

already have known applications as dyes for synthetic textile fibers (hence the name), 

biological stains or smoke bomb colorants28. CVs were run on a group of five commercially 

available aminated anthraquinones and one cleverly synthesized by Brian Peterson of the Fors 

group. These are presented both overlapped Figure 3-3 and staggered Figure 3-4 for easier 

trend recognition. All CVs were taken in a standard 3 neck cell, at active material 

concentrations of 1-10 mM, 100 mM TBAP supporting electrolyte at a polished 3 mm glassy 

carbon electrode (setup described fully in 2.2.1). With the exception of BP70, which was 

analyzed in THF, all CVs were taken in dry acetonitrile. 
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Figure 3-3 CV of various 1-10mM disperse dye solutions normalized to peak current of first 
reduction overlapped to better illustrate shifts in redox potentials. All taken at a GC electrode 

with 0.1 M TBAP as supporting electrolyte 
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Figure 3-4 CV of various commercially available and synthesized disperse dyes. Y-axis is 

current normalized to the peak current of the first reduction to account for variations in 
solution concentration. 

1,4-Diaminoanthraquinone 

Disperse Blue 14 

Disperse Blue 134 

Solvent Green 3 

Disperse Blue 1 

1,5-Bis(hexylamino)-9,10-anthraquinone 
(BP70) 
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The most apparent difference between these six CVs is the reversibility therefore 

stability of the oxidized amine. As predicted from previous experimental work on N,N,N’N’-

tetramethylphenylene diamine (TMPD) the primary amines lack electrochemical reversibility. 

It must be stated that the disperse blue 1 was obtained at 30% purity and never successfully 

purified further exasperating the undesirable electrochemical response. However, this 

irreversibility was expected even if the sample was of a higher purity. There was likely 

oxidative coupling during oxidation in both the primary amines (1,4-diaminoanthraquinone 

and disperse blue 1) and 1,5-diamine compounds (1,5-bis(hexylamino)anthraquinone). The 

primary amines formed some type of film (judging by the sharp, symmetric shape of some of 

the peaks) and the 1,5 amine coupled into a soluble product (looking at the diffusive but 

irreversible character of the oxidized peaks). 

For the secondary amines, differences in peak shape are minor and exaggerated by 

concentration changes between the different samples. As these solutions are so densely 

colored even at mM dye concentrations it can be difficult to determine if the solids and 

completely dissolved. This led to unknowingly inconsistent sample concentrations. The 

difference in concentrations also lead to a perceived difference in double layer capacitance, 

however this is an artifact of graph scaling as electrodes, cell and supporting electrolyte 

concentrations were all kept constant. The functionalized 1-4 diaminoanthraquinones (disperse 

blue 14, disperse blue 134 and solvent green 3) all showed two reversible oxidations and two 

reversible reductions over five scans. 

The anthraquinone oxidations are, at least initially, reversible for each compound. 

This is unsurprising as no changes were made directly to the portion of that compound. Still, 

the alteration in amine substitution yields slight shifts in the E0 of each oxidation and stability 

of the overall molecule. 
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From these CVs it was determined that disperse blue 14 and disperse blue 134 (DB 

134) were, by far, the best candidates for further testing. Of these two compounds disperse 

blue 134 was crowned champion as it was theorized that the isopropyl group would inhibit 

crystal packing more than a methyl group, leading to higher solubility. 
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3.1.2 Effects of oxygen on compound stability 

 
The reduction of the quinones shows slight shifts in E0 with change in the molecular 

structure of the dye but, overall, appeared to be a reversible, robust electrochemical process by 

CV. Quinones are some of the most widely researched organic charge storage species showing 

a general consensus on their utility in organic EESS. However, under bulk electrolysis testing 

(Section 3.4) it appeared that the anolyte compartment was prone to irreversible changes in 

color and electrochemistry. Quinone reduction was a well-studied process in not only EESS 

but organic electrochemistry overall, however we were subjecting them to novel 

environments. The redox potentials seen in these experiments were significantly more 

negative than most quinone reductions as they were done in the absence of a proton source, 

inhibiting the formation of the stabilized hydroxyquinone species upon reduction. This 

significant negative shift opened up the possibility for many other interactions. Further 

investigation was required to determine where this theoretically well-behaved process was 

going awry. 

 Anthraquinone has known interactions with oxygen, it has even been investigated as 

an oxygen reduction reaction (ORR) catalyst29,30. To confirm oxygen interactions, a CV of 5 

mM disperse blue 134 solution with 0.1 M TBAP in acetonitrile was first made and repeated 

with the same solution after 20 minutes of vigorous bubbling under argon. 
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Figure 3-5 Scan of 5 mM disperse blue 134 with 0.1 M TBAP in acetonitrile when first made 

 
 

 
Figure 3-6 Scan of 5 mM disperse blue 134 with 0.1 M TBAP in acetonitrile after bubbling 

with argon for 20 minutes 
 
 

In Figure 3-5 the characteristic dissolved oxygen reduction to superoxide can be seen 

at -1.2 V vs. Ag/Ag+. In dry organic solvents this is a reversible process. Dissolved oxygen 

A) 

B) 
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clearly has an effect on the reduced quinone. While the first reduction process is minimally 

affected, the onset of a new wave can be seen around -1.7 V and the second reduction both 

shifts more negative and decreases in current. There is also the rise of a small peak at -0.2 V 

that is only present after the first cycle. The multiple scans do not overlap as well in the 

oxidative region when oxygen is present. 

After the same solution is bubbled for 20 minutes the CV returns to its pristine state 

with four clearly defined, equal waves and overlapping scans in Figure 3-6. The current is 

slightly higher in Figure 3-6 as the solution was bubbled long enough for some solvent to 

evaporate raising the solution concentration. While this experiment conclusively proved any 

oxygen leaks into a disperse blue 134 flow cell would change the internal electrochemistry, it 

did not reveal whether or not the cell would still be able to reversibly function in this altered 

state. The identity of the new species was not determined. 
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3.2. Ultramicroelectrode investigation of high concentration 
electrochemistry 

 
While the CVs presented in the previous sections yielded a significant amount of 

initial data, the use of electrodes with radii in the millimeter range require low concentration 

of active materials (typically <10 mM). This is a far cry from the high concentrations required 

to create a RFB with a commercially competitive volumetric energy density (≥25 Wh/l). To 

investigate how increasing the active material concentration affects electrochemical response, 

ultramicroelectrodes (UMEs) must be used in place of standard electrodes. 

 Here a 12.5 um platinum working, platinum wire counter and silver wire 

quasireference electrode were submerged in a scintillation vial which functioned as a single-

chamber cell. Again, all solutions were vigorously bubbled with argon prior to 

experimentation. Results are plotted in Figure 3-7 (a-d). 

 

 

 
 

Figure 3-7 Cyclic voltammograms at a 12.5 uM platinum UME a) in 3:2 acetonitrile with 0.1 
M TBAP supporting electrolyte as a background and with the additions of b) 1 mM c) 10 mM 

and d) 100 mM disperse blue 134 

A) C) 

B) D) 
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 The first observation to be made from Figure 3-7 is the decrease in the stability 

window of this system with the use of a platinum working electrode. This decrease in working 

range vs. glassy carbon was also seen when using a standard sized (3 mm) platinum electrode 

with this solution lot. Unfortunately, this inhibited investigation of dianion generation. The 

small feature on the background was again oxygen in organic solutions. All concentrations 

investigated showed the three expected processes within this stability window. From UME the 

diffusion constant could be calculated from the limiting current (Equation 3-1).31 

𝑖! = 4𝑛𝐹𝐷!𝐶!∗𝑟 
Equation 3-1 

 
il=limiting current 
n=equivalence of electrons 
F=Faraday’s constant (96485 C/mol) 
C*

O=bulk concentration 
DO=diffusion coefficient 
r=electrode radius (0.00125 cm) 
 
 
 From Equation 3-1 the DO of all species in 1 and 10 mM solutions was determined to 

be   ~1.5x10-7 cm2/sec (Table 3-1). The diffusion coefficient was slightly lower for the 

monocation (1.2x10-7 cm2/sec) and monoanion (1.3 x10-7 cm2/sec) at 100 mM. This is likely 

due to the increase in viscosity of high concentration disperse blue 134 solutions. While the 

viscosity was not measured with a viscometer, an increase is clearly seen by visual inspection. 

The change in diffusion coefficient at 100 mM does not fully account for the decrease in il 

during the second oxidation wave. 
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Figure 3-8 Cyclic voltammograms of various concentrations of disperse blue 134, normalized 
by concentration at a 12.5 uM platinum UME in 3:2 acetonitrile with 0.1 M TBAP supporting 
electrolyte 
 

 When the UME CVs were normalized by concentration Figure 3-8, a relative decrease 

in the current was observed at the highest solution concentration. While the increase in 

viscosity at 100 mM disperse blue 134 led to a decrease in diffusion coefficient, resulting in a 

slight decrease in il for the first oxidation, the second oxidation had an even larger relative 

drop in il. High concentration UME electrochemistry and modeling on nitrobenzene31 by 

White et.al. (capable of two reductions) showed at high redox active material concentrations 

(concentrations approaching that of the supporting electrolyte), flux of the singly charged 

species (generated by a conproportionation reaction) away from the electrode created an 

electrostatic barrier, which inhibited the flow of fresh singly charged species to the electrode 

therefore dropped the limiting current resulting from the generation of the doubly charged 

species. It was likely the same phenomenon that decreased the il for the 100 mM disperse blue 

solution.  
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3.3. Kinetics Studies of Disperse Blue 134 
 

Fast electron transfer between the current collector and the redox active component is 

desirable as it increases the RFBs efficiency. Here two methods to determine the standard 

heterogeneous charge transfer rate constant (k0) are presented and results are discussed. 

3.3.1 Rotating Disk Electrode Voltammetry/Koutecky-Levich Method 

 
Rotating disk electrode voltammetry (RDE) is a hydrodynamic technique that 

decouples mass transport from kinetic effects. Cyclic votammograms of sufficiently slow scan 

rates were taken at a variety of electrode rotation rates, yielding a series of steady state, 

sinusoidal shaped curves. Only the forward sweep of each CV was considered, as is standard 

practice for RDE analysis. 
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Figure 3-9 a) anodic and b) cathodic RDE of 1 mM disperse blue 134 with 0.1 M TBAP in 

acetonitrile at a 1 mm radius glassy carbon electrode taken in a glove box 
 

B) 

A) 
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Once scans were completed over a sufficiently large number of rotation rates (Figure 

3-9 a and b) Levich (Figure 3-10) and Koutecký–Levich (Figure 3-11) analyses were 

performed to determine diffusion coefficients (D0) and heterogeneous charge transfer rate 

constant (k0) respectively. An example of each plot is presented; however, values were 

calculated using a Microsoft Excel program provided by Dr. David Finkelstien. 

For Levich analysis, the limiting current (the current of the plateau minus and 

background current, il) is plotted vs. the square root of rotation rate (ω) yielding a line with a 

slope proportional to Do as seen in Figure 3-8 and Equation 3-2. Typically, this method is used 

to calculate the number of electrons transferred in a process, but as that value was known, it 

was instead used to determine the diffusion coefficient. It was important to evaluate Do at a 

potential on the mass limited plateau. Consider the first oxidation, 0.42 V as the proper 

potential for Levich analysis (Figure 3-10). 

 
 

Figure 3-10 Levich plot of the first oxidation of disperse blue 134 taken at + 0.42 V 
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From this figure a slope is extracted and fitted to Equation 3-2. 

𝑖! = 1.554𝑛𝐹𝐴𝐷!
! !𝜈!! !𝐶!∗ 𝜔 

Equation 3-2 
 
il=limiting current 
n=equivalence of electrons 
F=Faraday’s constant (96485 C/mol) 
A=electrode area (0.0314 cm2) 
Dp=diffusion coefficient 
ν=kinematic viscosity (0.004536 cm2/s for acetonitrile) 
C*

O=bulk concentration 
ω=rotation rate (in Hz) 
 
 

The Do values calculated using Dr. Finkelstein’s program are summarized in Table 

3-1. For the second oxidation and reduction the limiting current from the first charge transfer 

was subtracted out to create a constant baseline. Do was on the order of 10-7 cm2/sec for the 

singly charges species and 10-6 cm2/sec for the doubly charged species, very close to the Do 

from UME analysis in the previous section. To put these numbers into perspective, redox 

species present in VFB are on the order of 10-6 cm2/sec.32,33 Values of Do on the order of 10-6 

are common for many small organic molecules. 

Koutecky-Levich analysis involves finding the y-intercept of a plot of inverse current 

vs. inverse square root of rotation rate. The y-intercept represents the inverse kinetic current 

(Equation 3-3), where rotation is infinitely fast and therefore any distortions in the curve were 

due exclusively to kinetic and not mass transport limitations. From ik, k0 (Equation 3-5) was 

calculated by averaging kf (Equation 3-4) generated at various potentials along the rising 

portion of the curve. 
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1
𝑖
=
1
𝑖!
+

1

0.201𝐹𝐴𝐷!
! !𝜈!! !𝐶!∗ 𝜔

 

Equation 3-3 
 

𝑖! = 𝑛𝐹𝐴𝐶!∗𝑘!(𝐸) 
Equation 3-4 

 
𝑘! = 𝑘!𝑒!!"# 

Equation 3-5 
 
ik= kinetic current 
kf= heterogeneous rate constant 
k0= standard heterogeneous rate constant 
α= transfer coefficient (assumed to be 0.5) 
f= F/RT (39 V-1) 
η= overpotential (E0-Esample) 
 

 
Figure 3-11 Koutecky-Levich plot of the first oxidation of disperse blue 134 taken at 0.26 V 

 
 
Disperse blue 134 was not anticipated to undergo conformational changes or 

rearrangements of the solvation sphere upon reduction or oxidation. This led to very fast 

kinetics and a drastic rise in the slope of waves obtained through RDE. As these sigmoids 

were very steeply sloped the kf calculated for each over potential changes greatly. For 

example, moving from 0.22 to 0.26 V led to a 264% increase in kf value. With such dramatic 

increases, due to insufficiently slow kinetics, it became difficult to determine a properly 
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weighted average for k0. K values obtained for each process are summarized in Table 3-1. All 

values are on the order of 10-2 cm/sec, which was significantly faster than 10-4 cm/sec for both 

the V(V)/V(VI) and V(III)/V(II) as the vanadium species undergo drastic rearrangement of 

their solvation sphere with changes in the oxidation state.32,33 

 

Table 3-1 Results of UME, RDE and Nicholson Analysis 
Redox Couple Method -1è-2 0è-1 0è+1 +1è+2 

DO (!"
!

!"#
) Levich 1.2 x 10-6 4.8 x 10-7 4.7 x 10-7 1.3 x 10-6 

DO (!"
!

!"#
) UME (10 mM) NA 1.5 x 10-7 1.6 x 10-7 1.5 x 10-7 

k0 (
!"
!"#

) Koutchy-Levich 0.03 0.02 0.02 0.02 

k0 (
!"
!"#

) Nicholson 0.26 0.18 0.12 0.12 

 

3.3.2 Scan rate dependence/Nicholson method 

 
Another way to determine k0 was through the Nicholson method34 which relies on the 

difference in peak potential for anodic and cathodic sweeps (ΔEp) as a function of scan rate, 

Figure 3-12 and Figure 3-13. These values are used to calculate k0 through the dimensionless 

kinetic parameter Ψ, defined in Equation 3-7. 
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Figure 3-12 Cyclic voltammograms at different scan rates of 1 mM disperse blue 134 in 

acetonitrile with 0.1 M TBAP taken at a glassy carbon electrode 
 
 

 
Figure 3-13 Variations in change in ΔEp as a function of scan rate 
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Ψ = (−0.6288 + 0.0021 ∆𝐸!𝑛 )/(1 − 0.017 ∆𝐸!𝑛 ) 
Equation 3-6 

 

Ψ = 𝑘![
𝜋𝐷!𝑛𝜈𝐹
𝑅𝑇

]!! ! 
Equation 3-7 

 
Q=[πDonF/(RT)]-1/2 

Equation 3-8 
 

 
Figure 3-14 Ψ vs. Qν-1/2, the slope of which is equal to k0 

 
 

Ψ was plotted vs. Qν-1/2 generating a line with slope equal to the heterogeneous charge 

transfer rate constant. Using Do from ultramicroelectrode and Levich analysis a Q value could 

be calculated for each redox process. The linear region was analyzed at sufficiently fast scan 

rates to yield k0 values typically one order of magnitude faster than those obtained from 

Koutecky-Levich analysis all of which are summarized in Table 3-1. As stated earlier 

selecting which potentials to calculate kf values for Koutecky-Levich analysis was difficult as 

the slope of the wave rose quite quickly. This led to some difficulties figuring out the best 

average of values from which to generate k0 for that method and accounts for the discrepancy 

between k0 values for the Koutecky-Levich and Nicholson methods. 
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3.4. Bulk Electrolysis / Potentiostatic Coulometry 
 

Up to this point, DAAQ’s with secondary amine groups appeared very stable in an 

environment free from impurities like oxygen. It was encouraging, but these experiments all 

held conditions where only a small percentage of the total species population was reduced or 

oxidized. In a functional RFB, the majority of the active species population will undergo a 

redox process. Running various full cells introduces many variables, so I found half-cell, bulk 

electrolysis measurements at various concentrations essential in determining what would 

happen when high concentrations of either reduced or oxidized species were allowed to 

interact. 

Bulk electrolysis involves the transfer of the entire population of a redox active 

compound to a different charged state. Cells require large electrode surface area to volume 

ratios, proper agitation to ensure sufficient supply of non-reacted species at the electrode 

surface and small inter-electrode distances, as high currents are passed and cell resistance 

becomes a significant concern. Experiments are typically run under potentiostatic conditions, 

at voltages where electron transfer is mass transport limited. Potentiostatic is chosen over 

other charging methods to ensure the amount of charge passed (Q) is the result of a target 

reaction. If the potential is not set it is impossible to determine which process is generating 

observed current. With so many redox processes in such close proximity to one another in 

DAAQs, it was important to carefully control potential, to be certain which of the five 

anticipated species is being generated. 

 Initial bulk electrolysis measurements were made on dilute (0.5 mM DB134) solutions 

so that color changes could be readily observed and currents would remain low. 0.1 M TBAP 

in acetonitrile was used as supporting electrolyte. These experiments were run in the same 3-

neck cell as CV experiments (Figure 2-1) but a plug of hand milled 80 pores per inch (ppi) 

reticulated vitreous carbon (RVC) served as the working electrode and the solutions were 
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vigorously stirred with an X shaped magnetic stir bar. For each data point, 

charging/discharging potentials were applied for 650 seconds (with the exception of the 

interrupted 1st oxidation discharge) while the solution was kept under an Ar atmosphere and 

vigorously stirred. 

 

 

 

A) 

B) 
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C) 

D) 

E) 
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Figure 3-15 Bulk electrolysis of 0.5 mL 0.5 mM disperse blue 134 in acetonitrile with 
0.1 M TBAP. Standard 3 neck cell with 80 ppi RVC as a working electrode. 

 
 

For 5 mL of a 0.5 mM solution, the theoretical charge was 0.24 C for a singly charged 

species and 0.48 C for a doubly charged species. Each step showed some excess current, 

outlined in Table 3-2. As can be seen in Figure 3-15a and 3.13e there was a slight overcharge, 

which was not recovered upon discharge. Both the monocation and monoanion appeared to be 

a dark steel blue and once discharged they returned to the brilliant royal cobalt blue of 

disperse blue 134. The doubly charged species did not behave as well as the singly charges 

species. The excess coulombs upon charging were much higher, the columbic efficiency was 

lower and the final discharged product did not return to the characteristic blue color. When 

aliquots of the singly charged species were removed from the cell, they retained the steel blue 

F) 

G) 
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color. When an aliquot of the dication was exposed to air (Figure 3-15c) it turned from light 

green to light blue, showing an interaction with an ambient chemical like oxygen or water. So 

much charge was consumed during generation of the dianion that is was likely that oxygen 

entered the system and was also reduced. As this red color was relatively stable it was most 

likely the color of an already chemically degraded product. There was also a chance that a 

reactive, solvent degradation product from the counter electrode chamber had diffused into the 

working chamber and complicated matters further. 

Table 3-2 Summary of bulk electrolysis in Figure 3-15 
Redox State Excess Charge (%) Columbic Efficiency (%) 

+1 10 73 
+2 39 56 
-1 16 88 
-2 140 NA 

 
 

As can be seen from these data, there are other processes occurring in the bulk 

solution, especially when the dication or dianion are generated. Unfortunately, the system 

requires more rigorous conditions than initially expected based on CV and UME 

measurements alone. This led to the oxygen interaction studies in 3.1.2. The dication’s color 

change upon removal from the test environment showed a clear reaction to oxygen, the 

dianion either already had O2 leak into that test or another interaction was occurring, as it did 

not drastically change color upon removal of an aliquot. 

Bulk electrolysis experiments were repeated under the same conditions but at the 

higher concentration of 1 mM. First the system was charged and discharged to the singly 

oxidized state (three cycles) and the singly reduced state (one cycle) Figure 3-16. After 

cycling between the monocation, monoanion and neutral state a CV was taken of that solution 

to track any chemical changes (Figure 3-18, plotted in blue). The CV showed the expected 

four peaks of a pristine DB134 solution after bulk generation of each singly charged species. 
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As the solution appeared unchanged after n=1 cycling, it was then brought up to its 

monocation (three cycles) and dianion state (three cycles) Figure 3-17. The intention was to 

achieve both doubly charged species but a programming error, unnoticed until defense 

preparations inhibited the full spectrum. This CV showed two irreversible waves at the same 

voltages as both oxidations. Again another end of life CV was performed (also plotted in 

Figure 3-18 in purple). As expected from the previous bulk electrolysis experiment, generation 

of the dianion led to irreversible chemical changes. The first reduction at 1.7 V vs. Ag/Ag+ 

remained reversible however no peaks were seen where the second reduction was expected. 

 

 
Figure 3-16 Bulk electrolysis of 1 mM disperse blue 134 in acetonitrile with 0.1 M TBAP. 

Standard 3-neck cell with 80 ppi RVC working electrode. First 3 cycles charge at 0.45 V and 
discharge at -0.45 V with a cutoff of 600 sec for each step. Final cycle charges at -1.7 V and 

discharged at -0.45V 
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Figure 3-17 Bulk electrolysis of 1 mM disperse blue 134 in acetonitrile with 0.1 M TBAP. 

Standard 3-neck cell with 80 ppi RVC working electrode. First 3 cycles charge at 0.48 V and 
discharge at -0.92 V with a cutoff of 600 sec/step. Second 3 cycles charge at -2.75 V and 

discharge at -0.92 V. 
 

 
Figure 3-18 CV of bulk electrolyzed solution after returned to its’ neutral state after cycles in 

Figure 3-16 “BE to 1st redox” and Figure 3-17 “BE to 2nd redox” 
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This result clearly shows that transfer of a large population of DB134 to its doubly 

charged state leads to irreversible structural change. It is not clear at this time what structure 

would correlate to this CV, but it is certain that this compound undertakes some 

transformation that inhibits its ability to maintain doubly charged states. While a RFB based 

around the mono-cat/anions (n=1) would be an interesting technology it would be able to 

contribute only 38% the energy density of it dianion counterpart. (n=2). 
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3.5. UV-Vis Studies 
 

3.5.1 Maximum Solubility Studies 

 
The volumetric energy density (in Wh/l) along with cycle life is the metric by which 

commercial RFB systems are judged. Volumetric energy density is directly proportional to the 

voltage, concentration and number of electrons transferred, Equation 3-9. In many batteries, 

the goal is to increase the voltage to increase the overall energy density of the battery. Among 

the various DAAQs, the ΔE between oxidations and reduction (which represents the full cell 

voltage and is of more interest than E0) only shifts by several mV (Figure 3-2 and Figure 3-3), 

but solubility varies by several orders of magnitude. 

 
𝐶!!!" =  ∆𝐸 × 𝑀 × 𝑛 × 𝐹 

Equation 3-9 
∆E = E0

cathode – E0
anode (V) 

M = molarity (M/l) 
n = equivalents of electrons 
Faraday’s constant (F) = 26.801 A·h/mol 
 

From this equation we can calculate a theoretical molar capacity, which is later 

multiplied by a working concentration to get the electrolyte volumetric energy density, the 

main metric in the field of RFBs. Looking at the number of electrons transferred and the 

theoretical cell voltage, a VFB would have a Ctheo of 17 Wh/mol. For disperse blue 134, if you 

only charge between the more stable 1st redox couples (n=1 e-) Ctheo = 23 Wh/mol. This is 

increased to 61 Wh/mol when the second oxidation and reduction are reached (n=2 e-). 

Functional VFB cells are pushing electrolyte concentrations of close to 2 M. Overall 

cell capacity can be obtained from Equation 3-10. 

 
1

𝐶!"!#$
=  

1
𝐶!"#$%&'

+  
1

𝐶!"#!!"#$%
 

Equation 3-10 
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This leads to a theoretical full cell capacity of around 30 Wh/L for a VFB of 

ambitious but plausible concentrations. 

While these disperse dyes offer superior V and n, to other electrolyte systems 

currently under investigation, their solubility must also be high to remain competitive. As 

these are dyes, it follows that their maximum concentration should be determinable through 

inspection by UV-Vis spectroscopy assuming Beer’s law applies. Serial dilutions of disperse 

blue 134 were performed yielding solutions with max absorbencies between [0.1,1.0] A.U, 

Figure 3-19. 

 

 
Figure 3-19 UV-Vis spectra of disperse blue 134 in acetonitrile 
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Figure 3-20 Beer-Lambert analysis of disperse blue 134 in acetonitrile 

 
 

𝐴 = 𝑐 × 𝑙 × 𝜀 
Equation 3-11 

 
Through Beer-Lambert law (Equation 3-11) analysis the molar absorbtivity/ extinction 

coefficient (ε) was calculated at in the ultraviolet region at 30,514 M-1cm-1 at 259 nm and in 

the visible region18,535 M-1cm-1 for the major peak at 637 nm and 15,636 M-1cm-1 at the 

secondary peak at 591 nm. A theoretical maximum molar absorbtivity (εcalc) could be 

calculated based exclusively on chromophore size through molecular geometry 35 . For 

polycyclic aromatic hydrocarbons (like these dyes) total chromophore area is equal to the 

summation of the area of all double bonds. Assuming that all light that hits a given cross 

sectional area of a molecule is absorbed to an allowed transition Equation 3-12 is generated. 

 

 

 



Electrochemical	Behaviors	of	Disperse	Dyes	

 3-35 

𝜀!"#! =
1
3

 × 2.62 × 10!" × 𝑎!! !× 𝑛 

Equation 3-12 
 

εcalc = theoretical maximum molar absorbtivity 
ac=c = cross sectional area of carbon-carbon double bond (2.0*10-16 cm-2) 
n= number of double bonds 
 

This yielded an εcalc of 135,720 M-1cm-1, only 7 times greater than the ε637 value. This 

intense color density explains why common lab practices such as recrystallizations and 

making solutions of a set concentration were non-trivial. Once the molar absorptivity was 

known, the maximum concentration was calculated. To find the maximum concentration, 

liquid was decanted from oversaturated solutions and serially diluted. While the high 

theoretical cell voltage was one of the greatest benefits of the DAAQ RFB, it was also a curse 

as a limited number of solvent/supporting electrolyte combinations have a large enough 

stability window to accommodate this compound, but at least it gave us somewhere to start. 

The solvents chosen in Figure 3-21 and Figure 3-22 all exhibit stability windows outside of 

the [-1.5, 1.2] V vs. Ag/Ag+ active region. It was assumed that the molar absorptivity for this 

system was not highly dependent on solvent, so Beer-Lambert law was again invoked, this 

time to back calculate concentrations from absorbances (Table 3-3). 
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Figure 3-21 Absorbance spectra of disperse blue 134 in various electrochemical solvents. Note 
that some of the samples required different dilutions that have been taken into account in this 

plot. In the original scans all peak absorbencies in the visible region fell between [0.1,1.0] 
A.U. 

 
Figure 3-22 Data from the previous figure re-plotted normalized to peak absorbance at 637 nm 

to show minimal effects in peak shape from changes in solvent. 
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Table 3-3 Maximum concentrations of disperse blue 134 at 25oC in various organic solvents 
as determined by UV-Vis spectroscopy 

Solvent Acetonitrile Propylene 
Carbonate 

Dimethyl-
formamide 

Toluene Tetrohydrofuran 

λmax (nm) 638 641 642 646 642 

[DB134] 
(M) 

0.021 0.024 0.135 0.193 0.378 

 

THF was the best solvent for high concentration disperse blue 134. At 0.378 M a 

disperse blue 134 RFB would have a volumetric capacity of 23 Wh/l. THF is an excellent 

solvent, almost too good as it not only dissolves disperse blue 134 but also most 

plastics/rubbers used in gaskets or tubing common to flow cells. A 3:2 acetonitrile/toluene 

mixture was chosen at the main solvent in full cell testing as it reached concentrations of over 

100mM and did not excessively restrict the choice of building materials of a flow cell, the 

construction and testing which is discussed in Chapter 4. 
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 Symmetric Redox Flow Cell Design and Testing Chapter	4.
 

4.1. Theoretical SRFB Chronopotentiometric Cycling 
 

In Chapter 3 I investigated the electrochemical behavior of several DAAQs and 

identified disperse blue 134 as the best SRFB charge storage candidate. While the previous 

chapter covered more fundamental research, this chapter investigates the viability of a 

benchtop scale disperse blue 134 SRFB. It is important for us to explore more than just the 

behavior of these compounds under classic, highly controllable, electrochemical conditions. 

We are in the business of battery testing, and showing a successful full cell would lead to good 

business. 

As RFBs are a niche battery technology it is important to provide the reader with ideal 

theoretical data before experimental results are presented. Dr. (now Professor) McKone 

generated theoretical chronopotentiometry (constant current) cycling data (Figure 4-1) for 

redox compound “A”. We would like to familiarize the reader with the unique response of 

SRFBs. Compound A reduces to A- or oxidizes to A+ at -0.5 V and +0.5 V vs. an arbitrary 

reference, respectively. This profile was compiled by generating a series of rotating disk 

electrode voltamograms at 1000 rpm in the software package DigiSim at different ratios of A-

/A or A+/A while maintaining a constant total concentration 0.1 M. Once these CVs were 

generated, the potential at 5 mA/cm (10% of the mass-transport limited current density at zero 

state of charge), was plotted vs. an arbitrary time axis. 
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Figure 4-1 Simulated charge discharge cycles of a SRFB based around compound A with 1 V 
difference between A0/− and A+/0. Polarity of the cell is switched between the first and second 

cycle. j = 5 mA/cm, [A] = 0.1M Do=7.5 × 10−6 cm2/sec, k= 10−3 cm/sec, and ν=1 mV/sec. 
 
 

A difficult aspect of this project for battery researchers to comprehend is that this cell 

discharges to 0 V. While the fact that the battery holds 0 V at complete discharge sounds odd, 

it represents a very desirable trait of the SRFB, that the electrolyte is the same on each side of 

the separator in the discharged state. This means there is zero driving force for the cell to do 

anything once discharged, including contamination through the membrane and thus the 

discharged form can be stored in a single tank. The cell is exceptionally stable in that form. 

Another unique feature of the SRFB illustrated in Figure 4-1 is the arbitrary nature of 

anolyte and catholyte assignment. The differentiation between these is set by the polarity of 

the cell and can be changed throughout its life. Here the cell starts charging by the application 

of a positive current to the system. The direction of the current is then reversed, leading the 

cell to discharge. Once the cell is completely discharged a positive current may be reapplied, 

returning the cell to its initial charged state, or the negative current may be maintained 
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charging the cell so what was once the anolyte and is now the catholyte and vice versa, as seen 

in Figure 4-1. 

At this point the two benefits of a generic SRFB are that 1) membrane crossover 

would not lead to chemical contamination of the electrolytes and 2) the cell lacks any driving 

force in its discharged state. The ability for the cell polarity to be reversed (identity of anolyte 

and catholyte chamber to be swapped) can also be beneficial to the long-term device 

performance. VFBs must periodically undergo rebalancing cycles as there is an uneven flow 

of water across the membrane. Here we show how rebalancing a SRFB by polarity reversal 

can dampen capacity fade due to single electrolyte degradation (Figure 4-2a) or migration of 

one of the electroactive compounds across the separator (Figure 4-2b). 

 

 
Figure 4-2 Simulated capacity degradation for a conventional RFB vs. a SRFB with the cell 

polarity reversed every 20 cycles if a) 0.1% of the positive electrolyte irreversibly degrades at 
a rate of 0.1% per cycle or b) 20% of the positive electro-active species migrates to the 

negative compartment 
 

 Swapping polarity of the SRFB halves the effect of single charged species degradation 

and halts the effect of uneven diffusion of solutes across the separator or membrane. 
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4.2. Glass Cells 
 

Batteries with stationary electrodes, powered by either single-phase or plating redox 

reactions, were known over 100 years prior to batteries requiring electrolyte convection. This 

allowed for significant optimization of cell geometries in the traditional battery realm. The 

2032 coin cell is the most common test cell for traditional batteries and RFBs, being so new, 

do not have a current analogue. Even with such an accepted, optimized construction as the 

2032 cell, battery researchers frequently see different results when cycling cells made by 

different individuals in the group. It goes without saying that in the “wild west” of flow 

batteries every group makes their best effort at testing full cells based on the dramatically 

variable requirements of the flow cell component they are studying, and some of these results 

may be artifacts of bench top scale, test cell design. 

Most of the RFB papers produced by academic institutions test a full cell in one of 

two ways; by either a compression cell (soaking graphite felt/paper in the electrolyte and 

stacking those sheets together, separated by some membrane, between two metallic current 

collectors in a simple parallel plate cell) or in a glass H cell. The vast majority of RFBs are 

aqueous acidic electrolytes suited for Nafion membranes. The disperse blue 134 SRFB, while 

lacking chemical contamination from membrane crossover would become highly inefficient if 

large numbers of charged species passed through the separator, so it was still important for 

find one well suited for the large counter ions in our electrolyte. I knew that finding a good 

membrane for our application would require extensive searching and testing assuming it was 

commercially available at this time. Therefore, I chose to commence full cell testing of 

disperse blue 134 through glass H cells. This would minimize the number of variables from 

non-target materials (membrane, gasket, etc.). Two iterations of the H cell were constructed; 

their design and results yielded are outlined below. 
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4.2.1 Tall H Cell 

 
Having never seen an H cell in person, I assumed it looked like the letter “H”. Why 

make life complicated? Two H cells, Figure 4-3, were commissioned from Cornell 

University’s scientific glassblower Dave Wise. One contained a medium porosity frit (the 

density commonly used in all electrochemical cells commissioned by the Abruña group) the 

other a fine frit (to serve as a more resistive barrier between the electrolyte chambers). 

 
Figure 4-3 Photograph of “tall” H Cell with stir bars, RVC and platinum electrode connects 
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Figure 4-4 Tall H cells using a fine (left) and medium (right) porosity frit to separate each 

chamber. The left chamber contains only acetonitrile and the right contains a small amount of 
disperse blue 134 to track crossover. The extent of crossover can be seen through transfer of 

the blue color between chambers when a) t=0 hrs b) t=2 hrs and c) when the solutions were at 
different levels. 

 
 

As long as the solution levels were kept constant Figure 4-4 there was not a significant 

flux of disperse blue 134 across either the medium or fine glass frit. As solution resistance was 

anticipated to be high, the medium porosity frit was chosen in an attempt to reduce cell 

resistance and resulting voltage loss. Acetonitrile has a dielectric constant of only 30.7 vs. 

water at 78. A flea stir bar was dropped into each leg of the cell to provide convection then 

each chamber packed with reticulated vitreous carbon (RVC) from ERG in the 60 ppi pore 

range. Connections to the RVC current collectors were made with a fine gauge platinum wire. 

The open top of each H cell had a small tube tightly parafilmed in place provided slight 

positive pressure of argon. While this was not an ideal sealant system, it was the best option 

for the fitting on the opening of this first generation cell. Two data sets are presented from 

cycling studies on disperse blue 134 in the tall H cell assembled as described above. 

Watching the first charging cycle of the first run of the tall H cell commence (Figure 

4-5) was a validating experience. Not only did the general shape of the curve match 

expectations but it also showed two plateaus that aligned closely with those predicted by CV 
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(1.8 and 2.6 V anticipated vs. 2.1 and 2.5 V observed). Unfortunately, the experimental 

capacity (0.61 mAh or 2.2 C) was significantly higher than the theoretical capacity for a 2 

mM, 6 ml disperse blue 134 solution with n=2 (0.32 mAh or 1.2 C). The plateaus were not due 

to the two equivalents of disperse blue charging. Some other, irreversible process occurred 

during the first charge and lead to a non symmetric response when the polarity of the cell was 

flipped around 0.65 hrs. 

 
Figure 4-5 First test of the tall H cell containing 0.002 M disperse blue 134 with 0.2 M TBAP 
in dry acetonitrile with electrodes assembled as seen in Figure 4-3. Total cell volume was 6 
mL. The cell was kept under active Ar environment, vigorously stirred. 2 mA current was 

applied through all charging and discharging cycles. 
 
 

This experiment revealed the following issues: the device had a low voltage efficiency 

and exhibits a non-symmetric charging profile when attempting to switch the polarity of the 

cell. Poor voltage efficiency arose from polarization resistance losses, brought about by 

solution resistance, large electrode separations, and concentration overpotential losses. This 

confirmed that a chemical reaction accompanied the electrochemical cycling of the disperse 
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blue 134 SRFB. While the plateaus in the first charge (0.0 to 0.3 hrs) originally seemed to 

show full charging of the cell to the second redox couple, the fact one plateau was above and 

one was below theoretical potential, the experimental capacity was 1.8x the theoretical value 

and the cell exhibited irreversible color change and non-symmetric charge profiles showed 

there were issues with this first run. Over the course of this first run it was observed that the 

stir bars were not evenly agitating the solution. The stir bars in each leg of the cell interacted 

with one another, often pausing, and the agitation never reached the center arm of the cell. 

The experiment was repeated with a lower charging current, Figure 4-6. A lower 

magnitude current, would give the active material more time to migrate to the RVC surface, 

mitigating parasitic side reactions. While capacity retention, coulombic efficiency, and voltage 

efficiency were consistent across the first three cycles, as seen in Table 4-1, the number of 

plateaus grew with each cycle, indicating that (again) side chemical processes were occurring. 

A change in the chemical composition of the electrolyte is even clearer when the cell polarity 

was reversed. The final cycle should have looked like the negative of the first cycle but it had 

a different plateau structure and many times both the capacity of the previous cycles and the 

theoretical capacity for n=2 (0.14 C). 
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Figure 4-6 Galvanostatic cycling of tall H cell containing 0.00025 M disperse blue 134 with 
0.2 M TBAP in dry acetonitrile with electrodes assembled as seen in Figure 4-3 with a total 

cell volume of 6 mL. The cell was kept under active Ar environment, vigorously stired. 
 
 

Table 4-1 Cycle Summary from Figure 4-6 
Cycle Capacity (C) Average Voltage (V) Columbic 

Efficiency 
(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 0.17 0.10 2.16 1.50 58.8 69.4 40.8 
2 0.16 0.11 2.05 1.30 68.8 63.4 43.6 
3 0.18 0.12 2.07 1.23 66.7 59.4 39.6 
4 0.43 NA -2.15 NA    
*Ctheo = 0.14 C 

 

While battery cycling behavior was observed in the first generation H cell (Figure 4-5 

and Figure 4-6), the main reason for the SRFB design, the ability to switch anolyte and 

catholyte identity at any point in the stack’s life, was not upheld. The tall H cell not only had 

poor flow of electrolyte through the porous electrodes, as stated above, but was also very 

difficult to seal against the ambient atmosphere (especially in the longer tests) and was 

cumbersome to assemble. 
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4.2.2 Short H Cell 

 
So, it was back to the drawing board with the H cell design. An unexpected 

breakthrough came when the Scientific Glassblowers of America posted an image of an H cell 

on their social media page, showing it to be more of a linear construction (Figure 4-7) with a 

frit in the middle and ports on top, than the “H” design previously attempted in section 4.2.1. 

 
Figure 4-7 Photograph of “short” H Cell filed with low concentration (fraction of mM) 

disperse blue 134 
 
 

This new cell allowed for a larger frit, a more open chamber, and better alignment for 

the stir bars, leading to better convection. Instead of flea stir bars, now larger X-bars were 

used. A magnetic stirrer designed and constructed by Prof McKone utilized a pair of variable 

speed spinning magnets rotating in opposite directions so as not to disrupt each other. In 

addition to a lower cell resistance, better electrode placement, and better convection, the cell 

was much easier to seal-off from the ambient environment. Later, at the recommendation of 

Prof Abruña, a tube (not shown in Figure 4-7) was connected between the two chambers to 

equalize pressure between the compartments while sealed under inert atmosphere. 
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After reviewing the issues with the tall H cell (4.2.1) and bulk electrolysis (3.4) it was 

decided that all cycling would be between the neutral and singly charged forms. Accessing 

only the first equivalence of electrons (n=1) only provides 37% the volumetric energy density 

of the full two electron equivalence energy density (n=2) of disperse blue 134. While this is a 

decrease in the total electrical energy storage potential of the cell, the cyclability of the singly 

charged species was so much higher that showing clean cycling data was prioritized over 

maximum energy density at this early stage in experimentation. 

Potentiometric cycling of the short H cell commenced with a very low concentration 

of active material (only 0.2 mM disperse blue 134) Figure 4-8 and a high concentration of 

supporting electrolyte (0.2 M TBAP). The low active material concentration was predicted to 

keep experiment timescales short and the high supporting electrolyte concentrations (in 

addition to the larger frit and smaller inter-electrode spacing of the short H cell) would help 

minimize resistance. The low active material concentration also allowed for color changes to 

be observed in the electrolytes. 
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Figure 4-8 First run of short H cell with 25 mL of 0.2 mM DB 134 with 0.2 M TBAP in 

acetonitrile with vigorous stirring under positive argon pressure. Current was set at 150µA and 
voltage limits [0,2.0] V. 

 
 

Table 4-2 Cycle Summary of Figure 4-8 
Cycle Capacity (C) Average Voltage (V) Columbic 

Efficiency 
(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 0.17* 0.20 1.72 0.70 116* 41 48* 
2 0.21 0.20 1.44 0.65 95 45 43 
3 0.21 0.20 1.41 0.50 95 35 33 
4 0.55 NA 1.87 NA    
* There was a slight delay in recording of this cycle, leading to a lowered measured capacity 
for the first charge. 
 

A set of three cycles was run in this new cell with 25 mL of the 0.2 mM DB 134 with 

0.2 M TBAP in acetonitrile and while vigorous stirring under positive argon pressure. The 

charging current was chosen by running cyclic voltammetry on the same cell configuration, 

however the solution was stationary, without agitation from the stirrers. A sample of this 

method is outlined in Figure 4-11 for the cycles in Figure 4-12 and Figure 4-13. The charging 

current was typically set higher than the ideal charge rate to again, shorten experiment length. 

If the experiments proceeded too slowly the rate at which active material transferred across the 
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glass frit separator might have outrun the rate of generation or even more likely the rubber 

stoppers on top of the cells may have begun to degrade after extended exposure to solvent 

vapors. For the reasons the charging current was set to 150µA for the first run of the short H. 

The combined efforts of a new cell design, n=1 cycling and a lower charge current 

lead to a significant, quantifiable improvement in RFB performance. With the exception of the 

first cycle (due to a delay in recording), the columbic efficiency was 95% as opposed to 60% 

as seen in the original H cell design. The 5% coulombic loss is likely due to electrolyte 

crossover across the glass frit separator. Also, there was not a significant difference between 

the theoretical and experimental capacities (0.24 C vs. 0.21 C). The shape of the galvanostatic 

charge curves were also more consistent from cycle to cycle, versus the previous experiments, 

which included the generation of the less stable dication and dianion. For the last cycle the 

potential limit was increased to 2.5 V in an attempt to investigate the n=2 couple. The 

theoretical capacity was again lower than the experimental capacity (0.48 vs 0.55 C) and the 

anolyte chamber turned the telltale reddish brown of the common degradation product (Figure 

3-15g). 

While the coulombic efficiency significantly increased with this cell design, the 

voltage efficiency slightly decreased. The issues that were previously identified as generating 

voltage losses (low electrolyte concentration and large inter-electrode distance) remained in 

this re-design. The short H cell was still drastically different from the structure of a flow cell, 

however its capacity for clean data output and low number of variables coupled with its 

relative ease of assembly made it the best full cell test bed for this project. Now that the cell 

structure had been improved it was important to run the full cell at higher concentrations (0.1 

M vs 0.2 mM active material). 

Running a full cell with the highest possible electrolyte concentration (and therefore 

highest volumetric energy density) was always the main goal of this project. For practical 
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reasons it was always a balancing act between increasing the concentration of electrolyte 

without too greatly increasing the length of experiments. The longer a system took to charge 

the more time there was for the electrolyte to crossover, for solvent to evaporate, or for 

oxygen to seep in. These were the same issues I attempted to avoid by choosing as high a 

charging current as the cell could manage. Selecting specific cycle programs to optimize cell 

performance is a common practice in not only large scale RFBS but all batteries. Large flow 

cells are frequently cycled over several hours to outrun crossover effects. To shorten 

experiment times, a higher charging current may be applied to a point. When the charging 

current becomes too high, voltage efficiency plummets or worse mass transport in the cell is 

too sluggish to unable to provide fresh active material to the electrode surface. Under 

galvanostatic charging, current is blindly forced into/out of the solution. Under galvanostatic 

charging there is a high risk of parasitic side reactions occurring in significant numbers. If 

electron transfer to/from the solution outruns the mass transport of fresh redox targets the 

current will attack other electrolyte components like the solvent, likely the cause of the 

overcharging and poor cyclability of the tall H cell experiments, Figure 4-5 and Figure 4-6. 

For the 0.1 M disperse blue 134 cell (Figure 4-9 and Figure 4-10) the ideal current 

galvanostatic cycling current would have been <0.5 mA. However, at that rate it would have 

taken 53 hrs to charge this cell to its 1st redox couple, with a single cycle requiring a full 

workweek to run, opening the device up to all of the issues previously stated. To see not only 

how rapidly the cell could be charged, but also how charging current affected cell 

performance, 0.1 M disperse blue 134 with 0.15 M TBAP in 3:1.5 acetonitrile/toluene was 

cycled at 2, 4 and 10 mA. 10 mA was much too fast for this cell, resulting in instantaneous 

program completion and no plottable data, but the 2 mA (Figure 4-9) and 4 mA (Figure 4-10) 

yielded data that was not only inline with hypothesis but also shed light on the logic behind 

how data is frequently reported in the RFB literature. 
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Figure 4-9 Short H cell galvanostatic cycling at 2 mA using 0.1 M disperse blue 134 with 0.15 
M TBAP in 3:1.5 acetonitrile/toluene with a total cell volume of 20 mL. Program limits were 

set to [0.0,3.0] V or 10000 seconds per step. 
 
 

Table 4-3 Cycle Summary of Figure 4-9 
Cycle Capacity (C) Average Voltage (V) Columbic 

Efficiency 
(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 20.00 19.84 1.95 1.09 99.2 56.0 55.6 
2 20.00 19.44 1.90 1.05 97.2 55.3 53.7 
3 20.00 NA 1.88 NA    
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Figure 4-10 Short H cell galvanostatic cycling at 4 mA using 0.1 M disperse blue 134 with 

0.15 M TBAP in 3:1.5 acetonitrile/toluene with a total cell volume of 20 mL. Program limits 
were set to [0.0,3.0] V or 12000 seconds per step 

 
Table 4-4 Cycle Summary of Figure 4-10 

Cycle Capacity (C) Average Voltage (V) Columbic 
Efficiency 

(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 48.00 43.84 2.52 0.72 91.3 28.6 26.0 
2 48.00 42.64 2.50 0.67 88.8 26.8 23.8 
3 48.00 42.36 2.52 0.67 88.3 26.6 23.3 
 

The 2 mA test (Figure 4-9) outperformed the 4 mA test (Figure 4-10) in all metrics. In 

addition to setting the standard cutoff voltages [0.0,3.0] V for the charging program, time 

limits of 10000 sec for the 2 mA test and 12000 sec for the 4 mA test were imposed. Both the 

increase in charging current and decrease in concentration of supporting electrolyte led to the 

observed increases in charging plateau. As the plateaus were anticipated to shift up in voltage 

but the exact magnitude was unknown it was decided that time limits would be placed on each 

cycle instead of trying to pre-estimate proper voltage cutoffs. 

The use of time limits on each cycle actually led to some interesting results on 

coulombic efficiency as a function of state of charge. With a theoretical capacity of 96.5 C, 

only 21% or 50% state of charge was obtained for the 2 and 4 mA tests, respectively. The 
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lower the SOC reached during charging, the higher the efficiency. Looking at bulk 

electrolysis, UME (Chapter 3) and these galvanostatic experiments, coulombic efficiency and 

plateau consistency (dictating chemical stability) seems more dependent on the percentage of 

reacted electrolyte over total electrolyte concentration. In the RFB literature coulombic 

efficiency was often reported at 50% state of charge (SOC) as that value decreased the more 

the cell was charged. This practice is not only common in RFBs (to enhance the appearance of 

the data) but also in traditional EES setups as overcharging in batteries is such a safety hazard. 

While RFBs are advantageous as overcharging is not as chatastrophic a safety concern as in a 

Li based battery, higher SOCs do lessen performance. Voltage efficiency was anticipated to 

greatly decrease with increases in charging current. As anticipated, a doubling in current led to 

a halving of voltage efficiency. To maximize energy efficiency (the product of coulombic and 

voltage efficiencies) the cell must be brought to a low SOC by a slow current and all efforts 

must be made to minimize cell resistance. 

At this point our initial hypothesis that disperse blue 134 would work as a SRFB 

electrolyte was confirmed, but we had not successfully illustrated the full capabilities of this 

novel concept. A single parent electrolyte solution successfully stored charge but the identity 

of the anolyte and catholyte chambers were not yet reversed during a program. I saw the 

confirmation that anolyte and catholyte could be arbitrarily reassigned during cycling as the 

last necessary proof of concept of not just disperse blue 134 but SRFBs in general. Once this 

was achieved future work would center around optimizing it as a commercially viable product. 

To prove the SRFB concept, 50 mM of disperse blue 134 with 100 mM of TBAP in 

3:2 AcN/Tol was run in the short H cell under two programs, one where the cell polarity was 

reversed after the 3rd of six cycles (Figure 4-12) and another where cell polarity was alternated 

with each cycle (Figure 4-13). 
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Prior to the aforementioned cycle program a cyclic voltammogram (Figure 4-11) was 

run in the same two electrode configuration as Figure 4-7. This method was extensively 

discussed in the previous paragraph outlining the effects of charging current on cell response. 

 
 

 
Figure 4-11 2-Electrode cyclic voltammetry of Disperse blue 134 in short H cell prior to the 

experiments in Figure 4-12 and Figure 4-13. 
 
 

From the cyclic voltammogram presented in Figure 4-12 the cell resistance under 

these conditions was determined to be approximately 363 Ω. At 2 mA current this would lead 

to a resistive loss of ~0.7 V which explains the charge voltage shift from 1.7 V to 2.3 V in 

Figure 4-12 and Figure 4-13. This shift was even higher than the cycles in Figure 4-9 as the 

concentration of supporting electrolyte was dropped from 150 mM to 100 mM TBAP. Ideally 

a lower charging current could be utilized, but over the course of 100 hrs it was difficult to 

keep oxygen out of the system while using rubber septa. 
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Figure 4-12 Galvanostatic cycling at 2 mA of 50 mM of disperse blue 134 with 100 mM of 
TBAP in 3:2 AcN/Tol in the short H cell under passive Ar environment. The program was 

cycled in a block program at 2 mA. 
 
 

Table 4-5 Cycle Summary of Figure 4-12 
Cycle Capacity (C) Average Voltage (V) Columbic 

Efficiency 
(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 57.39 46.70 2.32 1.22 81.37 52.60 42.80 
2 55.06 46.74 2.30 1.14 84.88 49.52 42.04 
3 59.50 48.68 2.32 1.01 81.81 47.38 38.77 
4 76.64 53.99 -2.23 -1.07 70.44 47.94 33.77 
5 65.68 52.95 -2.40 -1.07 81.62 44.45 35.84 
6 65.30 52.50 -2.39 -1.08 80.39 45.15 36.29 
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Figure 4-13 Galvanostatic cycling at 2 mA of 50 mM of disperse blue 134 with 100 mM of 
TBAP in 3:2 AcN/Tol in the short H cell under passive Ar environment. The program was 

cycled in an alternating polarity program at 2 mA. 
 
 

Table 4-6 Cycle Summary of Figure 4-13 
Cycle Capacity (C) Average Voltage (V) Columbic 

Efficiency 
(%) 

Voltage 
Efficiency 

(%) 

Energy 
Efficiency 

(%) 
 Charge Discharge Charge Discharge 

1 59.54 47.44 2.33 1.18 79.68 50.68 40.38 
2 68.40 49.11 -2.30 -1.19 71.80 51.89 37.26 
3 63.76 48.58 2.25 1.15 76.19 50.91 38.79 
4 73.66 50.92 -2.34 -1.20 69.13 51.02 35.27 
5 77.09 50.70 2.32 1.15 65.77 49.56 32.60 
6 84.06 51.32 -2.36 -1.07 61.05 45.25 27.62 
 

 



Symmetric	Redox	Flow	Cell	Design	and	Testing	

 4-21 

Information gathered from previous experiments led to a successful demonstration of 

both charge storage and polarity reversal in a disperse blue 134 SRFB. In the trials outlined in 

Table 4-5 and Table 4-6 almost all the active material was reacted. The first cycles were very 

close to the 60 C theoretical capacity of a 25 mL, 50 mM cell with one equivalence of 

electrons transferred. The increase in total percentage of electrolyte reacted led to a decrease 

in coulombic efficiency vs. previous trials. Coulombic efficiency held steady through multiple 

cycles but decreased with each polarity reversal. While coulombic efficiency decreased with 

each polarity reversal, the shape of the curves remained much more constant than previous 

attempts at polarity reversal in the tall H cell. The increased capacity after each polarity 

reversal was localized to the rising portion of each cycle from 0.0 to 2.0 V. Voltage efficiency 

remained constant in the range of 45-52%. Again, the lower voltage efficiency was due to the 

increased charging current. Not only did the experimental capacity align well with theoretical 

value, the curve features also closely matched a predicted plot (Figure 4-14). 

 

 
Figure 4-14 Comparison of a) first cycle of 4.10 with b) theoretical glavanostatic response run 

under the same conditions. 
 
 

From the theoretical cell potentials determined by CV, diffusion and kinetic 

parameters determined by RDE, electrolyte concentrations and internal cell resistance 

calculated by 2-electrode CV (Figure 4-11) Dr. McKone was able to predict the cycling output 

of an SRFB run under the same conditions as those in Figure 4-12. The clear alignment in 

these responses supports the hypothesis that we were observing the charge storage behavior of 
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a clean disperse blue 134 solution and not some other parasitic reaction like those observed in 

the first generation H cell. 

Table 4-7 Comparison of literature RFBs to disperse blue 134 SRFB 
System  Class V 

(theoretical) 
[A] Max  Efficiency 

Fe/Cr36 Aq/M+ 1.18 0.3 >92% 
V/V37 Symmetric/aq/M+ 1.26 3.0 >90%CE 

~55%EE 
Fe(phenanthroline)38 Symmetric/aq 0.5 0.7 Not tested 
Rubrene39 Symmetric/org 2.33 “poor” Not tested 
V(acac)40 Symmetric/org 2.2 >0.01 <47%CE 
Cr(bpy) mod*41 Symmetric/org ~2 0.21 M 68% CE 
Quinone/Br2

42 Aq 0.97 ? 95% CE 
@ 50%SOC** 

Disperse blue 134 Symmetric/org 2.7 0.3 >80% CE 
~40% EE 
@ 100% SOC 

*modified Cr(bpy) complexes 
** results were reported at 50% state of charge (SOC) of the battery. Completely charging a 
cell often results in reduced efficiency 

 

While a SRFB based off disperse blue 134 was successfully illustrated, the system 

was not made commercially competitive. With a discharge voltage of ~1.2 V, one equivalence 

of electrons passed and 0.05 M active material concentration, the cell has a volumetric energy 

density of 0.81 Wh/L vs. commercial VFB systems with ~25 Wh/L. RFBs must conform to 

modular designs and retain performance for many cycles, neither of which is possible with 

these small glass cells. The final portion of this project involved exploratory work on a small 

flow cell in an attempt to make a more relevant model system.  
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4.3. TDM Flow Cell 
 

As stated earlier there is (unfortunately) no universally recognized test cell for RFBs. 

During literature searches, the vast majority of electrolytes with enough promise to be tested 

in flow cells used either Cl- or more frequently H+ to maintain electroneutrality across the 

membrane. Every established RFB uses Nafion, or another proprietary proton exchange 

membrane. While the selection of fully organic electrolyte solutions complicated full cell 

design by limiting material choices, it allowed for significantly higher cell voltages. Aqueous 

RFBs are run <1.3 V or else they risk electrolyzing the water and generating gas in the system. 

Our system was so revolutionary, that it was simultaneously thrilling in its potential and 

intimidating in its newness. 

While researching small-scale commercially available fuel cells for scientific outreach 

demonstrations, Dr. McKone came across a Flex-Stack fuel cell by TDM Fuel Cell Store. The 

Flex-Stack cells seemed like a potential test option for us, however they were designed for 

H2/O2 or methanol/O2 fuel cells with water stable components and an air breathing cathode. 

UV Vis studies in Chapter 3 determined the best solvent would have been THF, but THF 

allows few options for cell materials. The combination of acetonitrile and toluene limited cell 

components, but less so than THF. Even with the less harsh solvents, materials were limited to 

metal, graphite, and PEEK or other high chemical stability flouropolymer. We contacted 

Charles (Chuck) Tanzola of TDM to ask some questions about the cell, simply expecting a 

consultation, and he agreed to construct new end plates from polyether ether keytone (PEEK) 

and to make custom graphite flow channels with recessed pockets to compensate for a section 

of graphite felt (Figure 4-15). Chuck Tanzola was an eager collaborator in the design process 

and while organic solvents were new to him he has extensive expertise in flow systems 

including but not limited to RFBs. In addition to new end plates and a modification to the 

graphite current collectors, new materials had to be selected for gaskets and the membrane. 



Symmetric	Redox	Flow	Cell	Design	and	Testing	

 4-24 

 

 
Figure 4-15 Half of modified TDM Flex-Stack fuel cell showing custom made PEEK end 

plate, custom made recessed graphite serpentine flow channel and carbon felt current 
collectors. Also shown is a Teflon gasket, which lacked compressibility and caused leaking 

issues 
 
 

Initially the cell was assembled using Teflon gaskets. These gaskets were chemically 

stable, but lacked significant compressibility. The best commercially available option we 

found for a separator was a PEEK membrane with 20 nm pores from Novamem. While this 

membrane is both fragile and expensive, it was the best option at the time. All product codes 

for these components can be found in section 2.4 

The first run with the TDM flow cell used 0.1M disperse blue 134 with 0.1 M TBAP 

in 3:2 acetonitrile/toluene. The total closed system volume was ~12 mL. We started with 

intake and exhaust tubing of the cell open to a solution reservoir that was continuously cycled 

while bubbling with argon to purge oxygen from the system as seen in Figure 4-16. 
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Figure 4-16 TDM Flow Cell (left) attached to peristaltic pump (right) during air purging cycle. 

Tubing connects to solution reservoir with argon bubbling (center) 
 
 

After cycling under Ar for ~30 mins, intake and exhaust tubing were joined to create a 

closed system. The solution was run at 5mL/min and charged at 5 mA, resulting in the charge 

profile seen in Figure 4-17. 



Symmetric	Redox	Flow	Cell	Design	and	Testing	

 4-26 

 
Figure 4-17 TDM flow cell 0.1 M DB 134 0.1 M TBAP 3:2 acetonitrile/toluene. 5 mA charge 

current, 5 mL/min pump rate 
 
 

A high charging current was possible as internal resistance as far less than in either 

generation of H cell due to the decreased inter-electrode distance. The charging plateau was ~ 

1.7 V as expected from cyclic voltammograms and (were the experiment not intereupted) the 

TDM flow cell was on track to show superior voltage efficiency. While the start of the cycle 

was promising, the signal became increasingly noisy as gas bubbles appeared in the tubing. As 

the cycle proceeded, both noise in signal and the size of air bubbles increased until 

catastrophic failure in under 1 hr. Whenever gas built up in the electrolyzer plates, voltage 

would spike, hitting the 2V cutoff prematurely. There was clearly a leak in the system, but no 

apparent spill was observed around the setup. When the cell was purged of fluid then 

disassembled, the PEEK membrane was stained blue with active material in the area 

compressed by the Teflon gaskets, Figure 4-18. 
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Figure 4-18 Disassembled TDM flow cell after galvanostatic cycling interrupted by bubble 
formation. The cell was purged with solvent then pressurized air after the cycle ended. The 

blue staining on the membrane sheet (top center) shows the leak likely occurred between the 
two Teflon gaskets. 

 
 

Determining the source of the leak was difficult. Spotting the leak externally was 

difficult as the solvent rapidly evaporated, so no blue liquid was seen dripping anywhere. 

However, the staining of the PEEK separator (Figure 4-18) indicated it was at least one source 

of leakage. Chuck recommended tightening the cell with 25 lbs. of pressure, however that did 

not sufficiently compress the graphite felt. The cell was reassembled using the same Teflon 

gaskets. Each time the cell was reassembled I learned how to put it together more quickly with 

more uniform compression. Figure 4-19, shows a significant improvement in cyclability when 

utilizing the same gaskets but taking more care to tighten the cell in a cyclical, crosswise 

pattern, similar to how one would tighten the bolts on car tire. 
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Figure 4-19 TDM flow cell 0.05 M DB 134 0.1 M TBAP 3:2 acetonitrile/toluene. 2.5 mA 

charge current, 5 mL/min pump rate 
 
 

Leaking onset was significantly delayed in this trial vs. the first trial, but was still 

present. Catastrophic failure was delayed long enough to see that the first 2 cycles had >60% 

voltage efficiency, significantly higher than either H cell (45-50%). After 7 hours ~50% of the 

12 mL cell volume had disappeared. Blue crust was seen between the graphite plates, showing 

it was still leaking from gaskets and tubing attachments. While the modified TDM cell has 

potential to show highly energy efficient disperse blue 134 SRFB, the right combination of 

gaskets, flow/charge program and cell compression is still to be determined. I truly believe the 

implementation of thinner graphite felt pads or deeper electrode pockets in addition to a 

compressible gasket (while Teflon is chemically stable it is much too hard) will make this 

TDM flow cell into a fully functional SRFB capable of generating long term cyclability data 

for the disperse blue 134 or other novel organic electrolyte. 
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 Future Work Chapter	5.
 

5.1. SRFB Electrolyte design 
 

5.1.1 What makes a good SRFB electrolyte? 

 
While there are still many diaminoanthraquinones (DAAQs) that may be investigated, 

this is only one class of many possible SRFB electrolytes. Here I present the 4 main 

characteristics of good SRFB charge storage compound. My successors in this project have 

already made great strides in the design and synthesis of new, interesting active materials. 

 

1. The compound must be able to maintain and reversibly transition between at least 3 

stable redox states. This is the minimum requirement for an SRFB active component as the 

compound must be able to occupy the oxidation states of the charged anolyte, charged 

catholyte and the mutually discharged state. RFBs are intended for long-term stationary 

installations so they must retain cyclability for thousands to hundreds of thousands of cycles. 

All states and the redox transitions between them must be stable so the battery may be stored 

in any state of charge (SOC) for long periods of time depending on source availability/load 

demands. 

All of the compounds I investigated occupied an equal number of reduced and 

oxidized states; therefore the discharged electrolyte was the neutrally charged species. While 

not necessary, it is theoretically possible for a species that occupies stable 0, +1 and +2 states 

to function as an SRFB electrolyte. 

With the assistance of both computational and combinatorial chemistry, one can 

imagine stitching together molecules with different functionalities capable of accepting or 

donating electrons. I feel compounds of interest may be found in the 
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electrochemiluminesce(ECL) literature43,44. ECL compounds generate both electrons and holes 

(reduced and oxidized states) that result in light emission upon recombination. Most well 

know all-organic ECL compounds are large polycyclic aromatic hydrocarbons (PAH) with 

only trace solubility. There are many compounds of interest in this field by either 

functionalizing ECL PAHs with solubilizing groups or investigating ECL active inorganic 

complexes, or just plain old inorganic complexes with redox active ligands.45 Redox active 

complexes are elaborated on in Section 5.2. 

In addition to ECL compounds, compounds that have been investigated for symmetric 

pseudocapacitors (our original inspiration for disperse blue 134) like 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO) may show promise. Polymers and dendrites containing any of these 

redox active centers may also be imagined as either electrolyte solutions or slurries. These are 

desirable as their large size makes them easier to keep in separate electrolyte streams. 

Organic compounds are typically more stable when supporting a net positive charge 

than a net negative charge. Therefore organic cathode materials are much more common. 

Abruña group favorites include modified thiophenes and phenylenediamines. The anode 

materials are mostly based around quinones. 

 

2. Odd number of oxidation states. Based on potential vs. state of charge calculations 

run by Dr. James McKone46 utilizing Matlab, it was clear that compounds with an odd number 

of oxidation states retain higher voltages near complete discharge. The plots in Figure 5-1a 

and Figure 5-1b were generated by calculating the Nernst potential of the cell at different 

concentrations of active species. 
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Figure 5-1 Simulations of cell potential vs. state of charge for a theoretical molecule (A) with 

a simple one-electron transfer mechanism and a) four or b) five redox states. In the case of 
four stable redox states, the initial electrolyte was an equimolar mixture of the A and A+, 

whereas in the case of five stable redox states, the initial electrolyte consisted exclusively of 
active species A. 

 
 

3. A combination of n>1, high solubility and high voltage leading to high theoretical 

energy density. Flow batteries are judged by their cyclability and energy density. Energy 

density (Equation 3-9) is proportional to the number of electrons equivalents exchanged (n), 

the difference in E0 of the anolyte and the catholyte couple and their concentration in the 

electrolyte solution. While the disperse blue 134 system has a higher theoretical molar energy 

density than benchmark vanadium, its lower solubility leads to a lower practical volumetric 

energy density. Organic systems benefit from higher voltages and n values but have a long 

way to go in concentration. 

 

4. Components capable of inexpensive and safe mass production. Ideal solvents are 

inexpensive, non-toxic with low freezing and high boiling points. The solutes must also be 

inexpensive, safe and stable over the wide range of environments the installation may 

experience. Vanadium is a relatively inexpensive metal costing <$0.05/g at time of 

publication. It is currently mined in China, South Africa and Russia, countries with variable 

relationships with the US. To obtain the high concentrations of vanadiumin VFBs, high 
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concentrations of multiple strong acids are used. This low pH renders the electrolyte 

dangerous if it were to break containment. While these issues of scale-up are frequently left to 

the engineers, it is important to keep cost and safety in mind when selecting new electrolytes. 

5.1.2 Recommended Workflow 

 
As RFBs are a relatively new system, especially ones containing organic electrolytes, 

there is still potential to make a large impact in this field. It is both a curse and a blessing that 

so many variables may be changed in flow batteries. They can be continuously re-tweaked and 

optimized, creating a long and winding rabbit hole one must navigate before reaching the light 

at the end. In Figure 5-2 I have outlined the way I would recommend someone researching 

RFBs, with a focus on developing new electrolytes, should proceed. This flow chart is simply 

my opinion of how to proceed with the work, developed after over three years on this project. 

It should be modified if you, the hypothetical researcher, would like to focus more on the 

engineering of flow cells or some other aspect of this project. Of course, there is significant 

work that can be done on the overall stack whether it be optimization of the TDM cell or 

implementation of a brand new device like the membraneless cell4748495051525354.  
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Figure 5-2 My gift to future students. I would advise working through these experiments from 

left to right then top to bottom. Of the light blue sections I feel bulk electrolysis is the only 
step that should be run before the yellow fields, RDE and spectroelectrochemistry are not 

essential to full cell testing. 
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• Cyclic voltammetry- equivalence of electrons (number of waves), theoretical cell 

voltage, wave reversibility 

o 1-10 mM active material, 0.1 M supporting electrolyte in clean dry solvent. 

Bubble solvent with N2 or Ar for 15-20 minutes immediately prior to 

experiment. Stop bubbling while running experiment. Scan rate of 20 mV/sec 

is standard. 

o Run in a 3-neck cell (Figure 2-1) with clean medium porosity frits. As most 

flow cells use carbon based current collectors I recommend a polished 3-5 

mm glassy carbon working electrode in the center chamber. For the reference 

electrode use a Ag/Ag+ electrode for any experiments run in organic solvents 

and a flame polished platinum wire for a counter in all experiments. I 

typically only put active material in the working chamber, as these dyes 

imbed in the reference electrode frit. It was assumed that the counter would 

burn off the excess current through solvent breakdown.  

o Always take a background first (everything the same just leave out active 

material) to ensure solvent purity and that you are inside the stability window 

of the system. 

• UV-Vis/spectroelectrochemistry- maximum concentration, ability to identify each 

charged state by color signature 

o Determine molar absorptivity. 

o Run a serial dilution of the solution decanted from an oversaturated sample 

until it has an absorbance [0.1,1.0] A.U. to derive the maximum 

concentration. 

o Use BASi cell with very low concentration (so A remains < 1.0 A.U.) and 

slow scan rate CV or bulk electrolysis. 
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• Bulk electrolysis- stability of charged states 

o Starting with 1 mM active component and 0.1 M supporting electrolyte run 

experiment in same setup at CV except use a RVC working electrode and 

make sure the solution in the working electrode chamber is vigorously stirred. 

Keep under an inert atmosphere for the length of the experiment. Ensure the 

counter electrode is sufficiently large and inter-electrode spacing is kept to a 

minimum. 

o Repeat with higher concentrations if desired. 

o If any changes appeared in the solution after bulk electrolysis, some type of 

end of life study (like another CV) is advised. 

• Rotating Disk Electrode Voltammetry (RDE)- kinetic and mass-transport data 

o 1 mM active material, 0.1 M supporting electrolyte in clean dry solvent. Run 

in a glove box as bubbling the solvent for so long leads to solvent evaporation 

and change in concentrations throughout the course of the experiment. 

o Use 1-2 mm glassy carbon working electrode, the smaller the better as it will 

allow you to take samples at faster scan rates. If any diffusive behavior is seen 

(deviation from sigmoidal wave) in the 50 rpm scan the scan rate must be 

decrease. 

o Repeat CV at rotation rates ranging from 50 to 2500 rpm. 

• H-cell- best for initial full cell testing 

o Active material concentrations ranging from a fraction of a milimole to a 

tenth of a mole have been tested. The higher the supporting electrolyte 

concentration the better (lower internal resistance). 

o Place flea or better cross stir bars on either side of the cell (Figure 4-7) and 

power them by horizontal stir motors run antiparallel to one another. Each 
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compartment should be filled with as much RVC as possible. It is important 

to make sure RVC bits are connected to each other, don’t bump into the stir 

bars and don’t have a large volume out of solution as the solution would tend 

to wick up it. 

o Once the cell is assembled, fill with solution, bubbled with argon or nitrogen 

and seal. Halt agitation and run a two-electrode CV to determine proper 

charging current. Typically, a current ~5x that of the double layer was an 

acceptable compromise. 

o Commence agitation and run the galvanostatic cycling at the determined 

current. Do not bubble the solution the whole time but be sure an inert 

atmosphere remains over the system. 

• TDM Flow Cell 

o As stated earlier I truly believe the TDM flow cell was well constructed and 

after some more modifications can generate successful data. The 

implementation of thinner graphite felt pads or deeper electrode pockets in 

addition to a more compressible gasket than the provided teflon will make this 

TDM flow cell into a fully functional SRFB capable of generating long term 

cyclability data. The solvents were harsh on the plastics so (unfortunately) the 

tubing and separator seem to be one time use. 

o The flow cell may be better run in a glove box but it requires a high level of 

dexterity to assemble. I was not able to put it together with the glovebox 

gloves on my smaller hands. To purge the flow cell, connect the inlet and 

outlet tubing to a solution reservoir under inert atmosphere (Figure 4-16). I 

added a known quantity of extra solvent that would evaporate during this long 

purge process, leading to the desired test concentration. Once the cell has 
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been cycling with electrolyte from the purged reservoir for ~30 minutes, 

pause the peristaltic pump and connect the two ends of the tube closing the 

system. Then commence cycling while the cell cycles. It is common for the 

electrolyte to take multiple passes through the electrolyzer to fully charge. 

The higher the pumping speed the more internal pressure on the system, so 

keep flow rates low. 
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5.2. Inorganic Complexes for SRFBs 
 

While I focused on organic compounds with multiple redox states for the SRFB, this 

ignored a huge pool of possible candidates from the inorganic realm. Many inorganic 

complexes with redox non-innocent ligands whose frontier orbitals are close in energy to the 

metal exist. Since the start of this project this field has expanded greatly from the first mention 

by Matsumura-Inoue of tris(2,2'-bipyridine)ruthenium(II) tetrafluoroborate55 as possible SRFB 

active components in 1988 to the work of the Sanford group on chromium complexes56 and 

the Thompson group and a few others researching every metal acetylacetonate (acac) complex 

for SRFBs including vanadium 57 , 58 , ruthenium43, chromium 59 , manganese 60  and even 

uranium61. 

While the flag has been planted on acac complexes, just as with the organic 

electrolytes, there is a whole world of compounds to investigate. Initial synthesis and 

characterization was performed on copper (II) diethyldithiocarbamate (Cu(Et2dtc)2). This 

compound was easily synthesized to yield brown crystals. While Cu(Et2dtc)2 showed beautiful 

electrochemistry as far as SRFBs are concerned (Figure 5-3) the solubility was very low. 

Compounds like Cu(Et2dtc)2 are of interest as they are also more positive of oxygen reduction 

(limiting containment requirements), show stable electrochemistry and use less expensive 

metals. 
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Figure 5-3 CV of 2.5 mM copper (II) diethyldithiocarbamate (Cu(Et2dtc)2 with 0.1 M TBAP 

in acetonitrile at a glassy carbon working electrode with 20 mV/sec scan rate. 
 

From initial surveys on inorganic complex electrochemistry, possible complexes of 

interest may include dioxolenes, their imino analogues, dithiolenes and polypyridines45. 
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5.3. Redox Active Liquids for Non-Symmetric RFBs 
 

Aside from an electrolyte that can serve as both the anolyte and catholyte, the thought 

of an electrolyte that requires no solvent was of great interest to me. This was my first idea for 

RFBs but was shelved when the SRFB idea came about. Solvents make up the majority of the 

volume of the electrolyte; they are electrochemically inert but essential to create a fluid state. 

A sample compound that can serve as both the mobile phase and the active material is the 

single greatest way to increase theoretical energy density. One such pairing is benzonitrile (a 

common electrochemical solvent) vs. N,N-diethylphenylenediamine, (DEPD, a viscous brown 

liquid) Figure 5-4. 

 

 
Figure 5-4 CV of 10 mM a) DEPD and b) benzonitrile diluted with acetonitrile at glassy 

carbon electrode and 50 mV/sec scan rate 
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Both these liquids show reversible electrochemistry at low concentrations. While it is 

impossible to completely oxidize/reduce an unadulterated sample of these compounds pure 

DEPD is 6.01 M and benzonitrile is 9.70 M. These are significantly higher concentrations than 

even vanadium in VFBs. While an ideal compound would be able to dissolve enough 

supporting electrolyte that no other solvent would be needed, even if an equivalent ratio of 

some other solvent to reduce viscosity and increase supporting electrolyte maximum 

concentration were required, this would still be a very high concentration cell. In an ideal 

world there would exist a compound that is a liquid at or near 25 C which can dissolve a high 

concentration of supporting electrolyte and hold three or five stable redox states so it may be 

used in a solvent free, SRFB. This dream is unlikely as any compound with enough 

functionality to undergo both oxidations and reductions will be large, with significant 

intermolecular forces and therefore most likely be solid. 

While this setup will again be subject to the issues of membrane crossover leading to 

chemical contamination, as seen in the original mixed metal cation RFBs, I feel this has great 

untapped potential. Major holdups here will be electrochemistry at incredibly high 

concentrations in organic solvents, managing solution resistance and separator design. 
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