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Abstract 

As our world transitions to renewable energy generation, a host of technical challenges remain 

unaddressed to economically integrate these intermittent sources into our electricity grids. 

Aqueous organic redox flow batteries (AORFB) presented a promisingly inexpensive 

electrochemical energy storage solution to this end. However, many challenges remain in 

advancing this nascent technology, particularly pertaining to the interactions between dissolved 

organic species themselves, and interfaces with various electrochemical reactor elements. In this 

thesis, I demonstrate how optical techniques, including absorption spectroscopy and fluorescence 

microscopy, and electrochemical methods can be used to illuminate the intertwining physics of 

AORFBs. Chapter 1 serves as a historical introduction to the AORFB topic. In Chapters 2 and 3, 

I describe how in-line UV-Vis spectrophotometry can be used to actively observe electrolyte 

imbalances and active species interactions; this insight then leads to opportunities for electrolyte 

engineering and enhanced voltage characterization, enabling extended AORFB performance and 

performance predictions respectively. In Chapter 4, I use a suite of electrochemical, physical, 

and chemical characterization techniques to evaluate a variety of woven carbon cloth electrodes, 

which stand as promising dual-length scale reactors for electrochemical systems. In Chapters 5 

and 6, I develop a fluorescence microscopy technique as a direct method for observing the 

reaction-advection-diffusion properties of AORFB electrolytes in porous electrodes. This 

technique is used for both idealized electrode geometries that are coupled with computational 
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multiphysics simulations, and high performance commercial materials. The culmination of this 

thesis will present unique insights into and propose future opportunities for AORFBs that could 

enable this technology to flourish in a renewable grid. 
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Chapter 1: An Introduction to Redox Flow Batteries 

Background on the climate problem 

 In 2019, the Mauna Loa Observatory in Hawaii recorded an atmospheric carbon dioxide 

(CO2) concentration exceeded 410 parts per million (ppm), a 30% increase since the 

measurements began in 1958 [1]. Even the initial measurements at the observatory superseded 

the highest CO2 concentrations determined via ice core sampling dating back 800,000 years [2]. 

Though significant fluctuations have occurred over that time period due to natural cycles, the 

rapid rise of atmospheric CO2 in the past century has been directly attributed to anthropogenic 

emissions from burning carbon-based fuels, beginning predominantly with the 19th century 

Industrial Revolution. Carbon dioxide is of particular importance because it is the majority non-

condensable atmospheric contributor to absorption of infrared radiation, coined a greenhouse 

gas. Unlike nitrogen (N2), oxygen (O2) and argon (Ar), which collectively constitute the vast 

majority of Earth’s atmosphere, the electromagnetic absorbance property of greenhouse gases 

entraps thermal radiation cumulatively increasing the average temperature of our planet. Though 

far from the most potent among greenhouse gases per molecule, the high and rapidly growing 

concentration of atmospheric CO2 is of particular concern for the future of Earth’s climate. 

Without immediate, dramatic alterations to global energy consumption patterns, CO2 emissions 

will continue to rise precipitously, bringing with it average surface temperatures on Earth. 

Adoption of renewables 

 The Industrial Revolution was driven in large part by the internal combustion engine, 

which enabled chemical potential energy in the form of covalent bonds to be released as thermal 

energy for the purpose of controllably generating mechanical motion. This technology has been 

the backbone of our modern transportation and energy generation economy. Today carbon-based 
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fuels, such as coal, petroleum, and natural gas, propel our economy, and in doing so, release over 

35 gigatonnes of CO2 into the atmosphere every year. Nuclear fission is the majority non-CO2 

emitting energy generation technology, but brings along a host of other public, political, 

technical, and environmental challenges. Alternatives are needed to address the CO2 challenge. 

 Renewable energy generation provides a possible alternative to carbon-based energy 

generation, termed renewable because of their inherent character of being non-depletive. Solar 

and wind energy sources provide the bulk of readily accessible, plentiful renewable generation. 

Though the cost of both technologies has decreased sharply over the past few decades, one of the 

inherent challenges of renewable energy sources is their intermittency. On the electricity grid, 

insufficient or excessive supply to meet demand promises to be a major barrier to large-scale 

adoption of renewable technologies. 

Need for electrochemical energy storage 

 Electrical energy storage technologies hold promise as the long-term solution to enable 

massive penetration of renewable electricity generation. Around the world, pumped hydroelectric 

constitutes the largest storage capacity through retaining the gravitational potential energy of 

water in large elevated reservoirs. Though recent work has suggested that substantial pumped 

hydroelectric resources remain untapped [3], the technology is both geographically and resource 

constrained, requiring substantial natural elevation and a massive, accessible water resource. A 

wide variety of alternative storage solutions exist including compressed air energy storage, 

mechanical flywheels, and capacitors, but the general consensus is that the most amenable 

energy storage technologies to address the substantial intermittency of renewable energy 

generation is electrochemical energy storage [4]. 
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 Owing to the abundance of reactive elements to combine, a wide variety of 

electrochemical systems exist. Alessandro Volta (1745-1827) is credited with inventing the first 

solid electrode electrochemical cell in 1800, initiating the battery era. Several solid electrode 

battery chemistries are being proposed and developed for grid-based energy storage, but the 

prevailing candidate is lithium-ion (Li-ion), which leverages the difference in chemical potential 

between Li ions intercalated into graphite vs. a complex metal oxide. The cost of Li-ion batteries 

has decreased rapidly over the past decade, largely driven by the electric automotive industry. It 

is expected that costs will continue to fall, though concerns about a cost plateau, supply of 

critical elements, and safety of these highly flammable systems remain. 

 Significant research and funding has been applied to another electrochemical system over 

the past half century: fuel cells. First patented in 1839 by Sir William Robert Grove (1811-1896), 

fuel cells use the half-cell reactions of gaseous hydrogen and oxygen respectively to generate 

electricity, and emit water as a byproduct. The fuel cell counterpart, an electrolyzer, uses 

electricity to split water into oxygen and hydrogen. Once heralded as the machines of promised 

hydrogen economy, fuel cells and electrolyzers have struggled to make inroads into major energy 

systems. This stems largely from the low energy efficiency of these systems due to the sluggish 

kinetics of the O2 and H2 reactions, and the high cost of systems using precious metal catalysis to 

mitigate the sluggish kinetics. Storage of these reactant gases, particularly hydrogen, remains a 

technical challenge as well. 

 Though several iterations of a hybrid battery-fuel cell had been invented, A. M. Posner is 

credited with the first patent for a “redox fuel cell” in 1955 [5], using dissolved iron (Fe2+/Fe3+) 

and tin (Sn2+/Sn4+) ions, as opposed to a solid electrode, as the charge-storing species. In the 

1970’s, NASA developed the concept for iron, chromium (Cr2+/Cr3+), and titanium (Ti3+/TiO2+) 
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rebranding the technology as a redox (reduction-oxidation) flow battery (RFB) to distinguish the 

liquid electrolyte from gaseous fuel cell fuels. In the 1980’s, University of New South Wales 

professor, Maria Skyllas-Kazacos conducted pioneering work on an all-vanadium (V2+/V3+, 

VO2+/VO2
+) RFB. Though hamstrung by the high and volatile commodity price of vanadium, 

this flow battery chemistry remains the most widely studied and widely commercialized to date, 

and sets the benchmark for commercially viable RFB technologies. 

 

Figure 1.1. Schematic of an assembled RFB cell fed from electrolyte reservoirs by fluid pumps. 
The primary stack components are pictured, including a porous carbon electrode, an ion-selective 
membrane separator, and a fluid flow plate that doubles as a current collector.  

 Figure 1.1 details the major components of the RFB hardware, highlighting the porous 

carbon electrode, the ion-selective membrane, and the current collector/flow plate. Electrolytes 
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with a low redox potential (negolyte) and high redox potential (posolyte) are stored 

independently in reservoirs external to the battery cell stack. Some of the literature refers to these 

as anolytes and catholytes respectively, but here we select negolytes and posolytes so that the 

referenced electrolyte is unambiguously independent of the direction of electron flow (charging 

and discharging). These electrolytes are pumped into the cell stack where the liquid is distributed 

through a flow field, typically patterned in conductive, sealed graphite plates. Commercial RFBs 

will consist of several bipolar plate flow fields to increase the voltage of the cell stack. Each flow 

field introduces the active electrolyte solution into a porous electrode, often a graphitic carbon 

that has been pyrolyzed from a polymer precursor. These porous carbon electrodes can be 

manufactured into several styles including papers, felts, and woven cloths. The faradaic redox 

half-cell reactions take place in this porous electrode, which conduct electrons through the 

carbon electrode filaments, into the conductive flow plate, and through a conductive electronic 

current collector out to the external circuit. The ionic component of the faradic half-cell reaction 

induces an ionic current through the electrolyte solution within the porous electrode voids, across 

the membrane separator—often an ion-selective polymer—and into the adjacent electrolyte, 

completing the charge balance process. 
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Figure 1.2. (a) Schematic of a 1 MW RFB designed for 1 h, 5 h, and 10 h discharge duration by 
storing 1 MWh, 5 MWh and 10 MWh of electrolyte respectively in external tanks. (b) Schematic 
of solid electrode batteries with comparable energy capacities highlighting the coupled 
relationship between energy and power capacities. 

 Redox flow batteries are potentially more amenable than their solid electrode 

counterparts to enabling renewable energy integration due to the capability of decoupling the 

quantity of energy stored from the power generation capacity. The ratio between the energy 

storage (units of joules, J, or watt-hours Wh) the rated power generation (units of watts, W) 

capacity is called the maximum discharge duration at rated capacity (units of time, h), or more 

simply, the discharge duration. As depicted in Figure 1.2, the discharge duration for a solid 

electrode battery remains largely fixed whereas the RFB discharge duration is a function of the 

quantity of dissolved electrolyte stored in external tanks and can be scaled independently from 
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the stack power output. It can also be inferred that a low-cost active electrolyte would enhance 

the appeal of longer duration storage owing to the smaller increase in capital cost for longer 

discharge durations. The capability of decoupling energy and power capacity enables RFBs to be 

specified for multi-hour charge and discharge, providing services for grid-based renewable 

energy integration such as load leveling and peak shifting. 

Aqueous organic redox flow batteries 

 Despite the promise of RFBs to enable grid-scale renewable energy penetration, the 

major limitation of this technology today is cost, stemming from constrained materials selection, 

various inefficiencies, and aggressive short- and long-term performance requirements. For 

example, vanadium RFBs require large quantities of an expensive element whose price is largely 

dictated by production demand of high-strength steel. Vanadium is typically dissolved alongside 

highly acidic supporting electrolytes, which require an expensive, high-stability proton/cation 

conducting membrane separator that inevitably conducts vanadium cations, decreasing overall 

the energy efficiency of the system. While the shortcomings of other RFB chemistries may 

differ, the challenge of decreasing the lifetime cost of the complete energy storage system 

remains. 

 One potential solution that has been recently developed to address many of the challenges 

of traditional RFBs is the use of carbon-based redox-active aqueous-soluble electrolytes. In 

2014, Harvard professors Michael J. Aziz, Roy G. Gordon, and Alán Aspuru-Guzik pioneered 

the development of aqueous organic redox flow batteries (AORFBs) through a chemistry pairing 

9,10-anthraquinone-2,7-disulfonic acid (H2AQDS /AQDS), and bromine-hydrobromic acid 

(HBr/Br2) [6]. The opportunity to move away from expensive active electrolytes, such as 

vanadium, to potentially inexpensive organic molecules presents one path forward toward widely 
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economical RFBs. Furthermore, the tunability of redox active organic molecules (RAOMs) 

opens space for application-specific molecular design. Numerous other research groups have 

since taken up the mantle to explore the wide chemical space of RAOMs for RFBs including the 

development of low and high potential molecules dissolved in both aqueous and non-aqueous 

electrolytes [7,8]. 

 Having started with an acidic AQDS-HBr AORFB, the Harvard team published an 

alkaline-compatible chemistry pairing 2,6-dihydroxyanthraquinone (DHAQ2-/DHAQ) with 

ferrocyanide (Fe(CN)6
4-/Fe(CN)6

3-) [9]. After developing another alkaline electrolyte, alloxazine 

[10], a neutral pH pair followed: bis((3-trimethylammonio)propyl)- (BTMAP-) viologen 

(BTMAP-Vi-/BTMAP-Vi) and ferrocene (BTMAP-Fc/BTMAP-Fc+) that leveraged its own 

chloride anion (Cl-) salt as the supporting electrolyte [11]. Additional work in engineering 

molecules for enhanced solubility and stability has continued, producing RAOMs such as 4,4’-

((9,10-anthraquinone-2,6-diyl)dioxy)dibutyrate (DBEAQ2-/DBEAQ) [12] and (((9,10-dioxo-

9,10-dihydroanthracene-2,6-diyl)bis(oxy))bis(propane-3,1-diyl))bis(phosphonic-acid) 

(DPPEAQ2-/DPPEAQ) [13], enabling upwards of 1 M electrons and very low temporal and 

cyclic (per cycle) capacity fade rates while dissolved in mildly alkaline (pH 12) and near neutral 

(pH 9) supporting electrolytes respectively. This list is not intended to be exhaustive, but 

exemplary of the progress of AORFB chemistries, and inclusive of many of the materials that 

will be discussed throughout this thesis. 

Thesis overview 

 Significant work remains to transform AORFBs into an economically viable suite of 

technologies to enable massive renewable energy generation capacity, eventually leading toward 

eliminating CO2 emissions from carbon-based fuels. However, deeper insight into the underlying 
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physics occurring within AORFBs is necessary to direct future advancements. This thesis aims to 

do just that, leveraging a variety of optical and electrochemical techniques to deeply probe the 

physical phenomenon enabling and limiting the performance of these batteries. 

Using the AQDS-HBr RFB chemistry, Chapters 2 and 3 describe how in-line UV-Vis 

spectrophotometry can be used to actively observe electrolyte imbalances and active species 

interactions. This insight then leads to opportunities for electrolyte engineering and enhanced 

voltage characterization, enabling extended AORFB performance and performance predictions 

respectively. 

Chapter 4 leverages use of a suite of electrochemical, physical, and chemical 

characterization techniques to evaluate a variety of woven carbon cloth electrodes, which stand 

as promising dual-length scale reactors for electrochemical systems. This electrode architecture 

is additionally interesting due to its compatibility with well-developed textile manufacturing, 

creating opportunities for rapid iteration with new patterns. 

Chapters 5 and 6 describe a fluorescence microscopy technique as a direct method for 

observing the reaction-advection-diffusion properties of AORFB electrolytes within porous 

electrodes. This technique is used for both idealized electrode geometries that are coupled with 

computational multiphysics simulations, and high performance commercial materials. Direct 

observation unveils surprisingly heterogeneous flow profiles within certain electrodes, alluding 

to opportunities for significant improvement. 
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Chapter 2 : Evaluating AORFB Cycle Life with UV-Vis Spectrophotometry 

Authorship 

 The following work has been largely adopted from the publication “Rational Evaluation 

of Cycle Life Improvements of Quinone-Based Aqueous Flow Batteries Guided by In-Line 

Optical Spectrophotometry” written by Dr. David G. Kwabi, Andrew A. Wong, and Professor 

Michael J. Aziz, published in 2018 in the Journal of the Electrochemical Society. The paper was 

co-developed and written by Kwabi and Wong. Kwabi performed most of the electrochemical 

analysis of crossover and capacity fade, and envisioned the electrolyte-balancing scheme. Wong 

performed most of the UV-Vis analysis, coupling state of charge, flow rate, and applied current 

density. The text was co-written and the project advised by Aziz. 

Introduction 

As the costs of many renewable electricity generation technologies continue to decrease 

[14], there is an increasing global interest in potentially inexpensive, safe, and easily deployable 

energy storage solutions such as redox flow batteries (RFBs) [8,15-17]. Aqueous organic and 

organometallic flow batteries have become an exciting area of research due to the high earth 

abundance of their active materials and potentially lower cost than state-of-the-art vanadium-

based systems [6,10,18,19]. During operation the crossover, decomposition, and side reactions of 

redox-active species and solvent will change both the state-of-charge (SOC) and concentration of 

the electrolytes, leading to current inefficiencies and capacity losses [20]. Because of this, active 

monitoring of electrolyte composition is critical to rationally evaluating and improving battery 

performance. While electrochemical techniques such as open-circuit voltage [21] and 

conductivity measurements [22] are useful in this regard, they are also challenging to interpret 
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and sensitive to spurious changes in potential related to impurities, electrode conditioning, and 

atmospheric contamination.   

The aromatic structure of organic molecules such as functionalized quinones not only 

provides an electronic structure for stable and reversible redox reactions, but also creates a 

unique absorption fingerprint detectable by optical spectrophotometry. Thus, optical 

spectrophotometry provides an opportunity to gain direct, real-time insight into flow battery 

performance [23]. Several all-vanadium flow battery studies have used ultraviolet-visible (UV-

Vis) spectrophotometry to monitor the SOC of the V2+/V3+ and VO2+/VO2
+ redox couples [24-

27]. These studies use the absorbance spectra at different SOCs to quantify the well-known 1:1 

equilibrium of complex formation between VO2+ and VO2
+ species [25,26]. This demonstrates 

the unique ability of spectroscopic methods to shed light into speciation during RFB operation. 

Optical spectrophotometry is becoming an actively used technique for characterizing operating 

flow battery systems. 

Aromatic redox-active organic molecules are particularly interesting candidates for 

spectrophotometric analysis due to the sensitivity of their electronic structure to π-conjugation 

[28], functionalization [29], and redox state [30]. For RFBs with these active organic 

electrolytes, optical spectrophotometry is thus a powerful tool for direct, continuous monitoring 

of battery SOC. The report [6] in 2014 of an aqueous RFB with a 9,10-anthraquinone-2,7-

disulfonic acid (H2AQDS/AQDS) negative electrolyte (negolyte) against a bromine (HBr/Br2) 

positive electrolyte (posolyte) triggered a flood of interest in redox-active organics for aqueous 

RFBs. It has recently been shown that both the SOC and the quinhydrone dimer equilibrium 

constant with the reduced and oxidized AQDS species can be quantified using UV-Vis 



 

 13 

spectrophotometry, providing insight into the electrochemical behavior of this electrolyte [31]. 

This will be the subject of Chapter 3. 

Here we report the use of UV-Vis spectrophotometry to monitor real-time performance of 

an AQDS-HBr RFB under different applied potentials, current densities and flow rates. In 

particular, we show how the negolyte SOC window changes with current density and flow rate, 

both of which are strongly correlated with mass transport of AQDS to the electrode. 

Furthermore, this technique sheds light on one of the major challenges remaining toward the 

practical implementation of the AQDS-HBr chemistry: an observed discontinuous and 

accelerating capacity fade during long-term cycling. In this work, we show that the crossover 

rate of bromine from the posolyte is four orders of magnitude faster than that of AQDS from the 

negolyte. Prior work has shown discontinuous capacity fade of an AQDS-HBr cell whose 

capacity is limited by the negolyte (negolyte-limited) and whose AQDS crossover and 

decomposition rates are both slow; it has been hypothesized that discontinuous capacity fade is 

due to bromine crossover from the posolyte to the negolyte, resulting in the posolyte becoming 

capacity-limiting (posolyte-limited) [32]. Optical spectrophotometry illuminates this transition 

and shows the value of in-line monitoring of quinone-based flow batteries. With this insight, we 

develop a passive electrolyte balancing scheme by adding HBr to the negolyte, thus creating a 

[Br-] gradient driving bromide back toward the posolyte [33] and averting rapid capacity fade 

caused by loss of the reduced posolyte species. This strategy constitutes a practical, passive 

method for enabling long-term RFB cycling. 
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Figure 2.1. (a) The optical flow cell full system schematic. (b) Example photograph highlighting 
the cross flow cell plumbed into the negolyte outlet. 

Experimental Methods 

The RFB build (Figure 2.1(a)) follows a similar procedure to previous publications 

[20,34-36]. The negolyte is composed of 0.3 M AQDS (45 mL) and the posolyte contains 0.8 M 

HBr (70 mL), both without supporting electrolytes. This is made possible by the strong 

dissociation of the AQDS sulfonic acid groups as well the HBr electrolyte. All electrochemical 

cycling experiments are performed using a custom-built flow cell with interdigitated flow 

channels (Fuel Cell Tech, Albuquerque, NM). Each half-cell electrode consisted of a 3-sheet 

stack of SGL 39AA porous carbon electrodes with 5 cm2 geometric area baked at 400 °C for at 

least 12 h. The two half-cells are separated by a Nafion 117 (~175 µm thick) membrane soaked 

overnight in de-ionized water. Electrolytes are pumped through with a diaphragm pump (Cole 

Parmer). Variable flow rate experiments are performed with a peristaltic pump (Cole Parmer, 

MasterFlex L/S) using Teflon tubing to avoid the pulsations of the diaphragm pump. An optical 

cross flow cell (micro Flow Cell from Custom Sensors & Technology) with adjustable path 

length is plumbed into the negolyte cell outlet (Figure 2.1(b)). Optical spectrophotometry data 

were collected through this cross flow cell using a deuterium-tungsten light source (Ocean 
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Optics DH-2000-BAL) and UV-Vis spectrometer (Ocean Optics Flame-S-UV-VIS) connected 

by a pair of 25 cm optical fibers (Ocean Optics QP400-025-SR-BX). 

Negolyte spectra at 0% and 100% SOC were established at the ends of a 

chronoamperometric charge-discharge cycle at 1.3 V and 0.3 V respectively. SOC is defined as 

the percentage of active AQDS molecules in the reduced form. Intermediate SOC values were 

determined using linear interpolation between the spectra at 0% and 100% SOC, following the 

normalization procedure described in previous work [31]. Absorption non-linearities [37] at high 

concentrations are also discussed by Tong et al. [31], and instrument non-linearities are 

considered accounted for in the normalization procedure. To determine the accessible SOC 

window under different operating conditions, the battery is cycled by constant currents of 0.10, 

0.15, 0.20 and 0.25 A/cm2 all at a 24.4 mL/min flow rate, as well as flow rates of 31.3, 24.4, 

16.8, 8.4, 3.4 mL/min all at 0.20 A/cm2. Each of these variable flow and variable current 

experiments is conducted well within the time for the posolyte to become capacity-limiting. 

To demonstrate the asymmetry in bromine and AQDS crossover rates, the full AQDS-

HBr cell, designed to start with negolyte-limited capacity, is cycled at 0.2 A/cm2 for 79 cycles, 

during which a precipitous capacity fade is observed. Before the 80th cycle, 35 mL of 0.8 M HBr 

is added to the posolyte and the capacity is evaluated for subsequent cycles. 

In the flux-balanced cell experiment, 2 M HBr is added to the negolyte to balance the 

flux of bromine atoms between the posolyte and negolyte through the membrane, while 1 M 

H2SO4 is added to the posolyte to balance the electrolyte ionic strengths. Using the same cell 

hardware as for the asymmetric AQDS-HBr experiment, these new electrolyte solutions are 

pumped through the cell and also cycled at 0.2 A/cm2. 
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Figure 2.2. (a) Galvanostatic charge and discharge at 0.20 A/cm2 showing variation of SOC 
(monitored by UV-Vis spectrophotometry) and accumulated charge over time. (b) UV-Vis 
negolyte absorption spectra from 0% SOC to 100% SOC using an in-line spectrometer cross 
flow cell. 

Results and Discussion 

Initial Characterization 

It has been shown [31] that the UV region (λ < 400 nm) of an AQDS absorbance 

spectrum at any SOC can be constructed as a linear combination of the (oxidized) quinone and 

(reduced) hydroquinone (H2AQDS) spectra. Thus, using negolyte spectra at 0% and 100% SOC 

as representative of AQDS and H2AQDS, respectively, we first correlate real-time negolyte SOC 

to coulombic capacity during galvanostatic charge and discharge steps as shown in Figure 2.2(a). 

SOC values are obtained by finding the linear combination of AQDS and H2AQDS that 

minimized the least-squares error between measured and calculated spectra. As expected, both 

SOC and capacity increase and decrease monotonically with charge and discharge, respectively, 

although a lag between SOC and capacity is also observed. These data support the assumption 

that non-linear absorption behavior is negligible under these conditions. 

The time lag is observed between coulombic capacity and SOC as seen in Figure 2.1(a). 

This can be attributed to two causes: First, whereas the spectroscopy SOC scale is aligned such 
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that it starts at 0% SOC (fully oxidized AQDS) and ends at 100% SOC (fully reduced H2AQDS), 

the coulometry scaling is arbitrary, because the zero point is not necessarily consistent with fully 

oxidized AQDS. Second, there is a temporal delay between charging the electrolyte and 

measuring its SOC at the spectrometer. This is due both to the physical movement of fluid from 

the cell to the spectrometer (about 6 inches), and the fact that there is uneven mixing of 

instantaneously charged/discharged AQDS with the rest of the electrolyte, resulting in the fluid 

that exits the cell always at a higher (on charge) or lower (on discharge) than the fluid flowing in. 

Figure 2.2(b) shows the evolution of the negolyte UV-Vis spectrum from its fully 

oxidized to fully reduced state with an optical path length of ~2 µm. This very short path length 

enables a non-saturated detection of these high optical density electrolytes. AQDS has absorption 

peaks at 256 and 331 nm, whereas H2AQDS has absorption peaks at 270 and 390 nm. In contrast 

to vanadium systems, where the 1:1 VO2+-VO2
+ complex absorbs strongly in the UV and 

obscures absorbance from uncomplexed solution-phase VO2+ and VO2
+ species [25,27], the 1:1 

formation of the quinhydrone complex between AQDS and H2AQDS does not have this same 

issue. This is because the quinhydrone only presents a new absorption peak in the visible rather 

than the UV region [31]. Furthermore, an isosbestic point is observed at 354 nm, which is 

consistent with interconversion between only two species (i.e. AQDS and H2AQDS) during 

charge/discharge, as expected for proton-coupled electron transfer in strongly acidic media 

[6,38,39]. In contrast, it has been shown [40] that electrochemical AQDS reduction in alkaline 

media results in the formation of deprotonated and semiquinoid-type species, resulting in no 

isosbestic points observed in the associated UV-Vis spectra. 
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Figure 2.3. Maximum charge and minimum discharge SOC attained during galvanostatic cycling 
for (a) changing current densities at 24.2 mL/min fluid flow rate, and (b) changing flow rates at 
0.2 A/cm2. Dashed lines in (a) indicate the operating parameters to achieve 80% negolyte 
utilization. 

Effect of Current Density and Flow Rate on Accessible Negolyte SOC Window 

Cycling a RFB potentiostatically enables access to the full negolyte SOC range. 

However, most RFB cycling studies are conducted galvanostatically, which more closely 

simulates operation at specified power density inputs or outputs. Voltage cutoffs are used with 

galvanostatic cycling to prevent undesired side reactions (e.g. water splitting), but due to ohmic 

resistance and mass transport limits, the full SOC range is inaccessible. Figure 2.3(a) shows the 

maximum SOC attained while charging and the minimum SOC attained while discharging at 

different current densities for a fixed fluid flow rate (24.4 mL/min). The accessible SOC range, 

also known as electrolyte utilization, at each current density is 83%, 66%, 48% and 22% for 

0.10, 0.15, 0.20 and 0.25 A/cm2 respectively. The accessible SOC range decreases with 

increasing current density due to the increasing charge and discharge overpotential with current 

density. This technique can be used to extrapolate to a maximum achievable current density for a 

given SOC range at a given fluid flow rate. For example, in this cell configuration, the maximum 
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current density to achieve 80% electrolyte utilization at a flow rate of 24.4 mL/min is 

approximately 109 mA/cm2. 

Figure 2.3(b) demonstrates how the minimum and maximum SOCs for a fixed current 

density change when varying the fluid flow rate. In an operating flow battery, there is an inherent 

trade-off between fluid pumping losses and voltage inefficiencies stemming from mass transport 

losses. Increasing the fluid flow rate decreases the mass transport diffusion layer, but increases 

the pressure drop through the porous electrode. Because the electrolyte utilization increases with 

fluid flow rate, this technique can be used to identify a combination of pumping and mass 

transport parameters that minimizes energy losses for a given RFB system. 

 

Figure 2.4. Scheme showing bromine crossover during AQDS-Br- cell charging leading to (a) 
bromine accumulation in the negolyte when Br- is not present or (b) a counter flux of Br- ions 
from the negolyte to replace lost bromine when sufficient HBr is present in the negolyte. 

Flux-Balanced Cell Scheme 

We now demonstrate that in situ SOC monitoring using UV-Vis spectrophotometry is 

useful in rationally evaluating capacity fade and extending cycle life in the AQDS-Br- RFB. One 

of the major remaining challenges toward the practical implementation of AQDS-Br- chemistry 

is a suddenly accelerated capacity fade during long-term cycling. It has been recently suggested 

that this accelerated capacity fade is due to bromine crossover from the posolyte to the negolyte 
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(see Figure 2.4(a)), resulting in the posolyte becoming capacity-limiting [32]. To more fully 

elucidate this transition, we cycled a negolyte-limited cell with a negolyte of 45 mL of 0.3 M 

AQDS and posolyte of 70 mL of 0.8 M HBr, while monitoring the SOC of the negolyte. Figure 

2.5(a) shows the real-time normalized SOC of the negolyte (blue line) and coulombic charge and 

discharge capacity (black triangles) at the time point corresponding to the end of each half-cycle. 

After ~67 hours of galvanostatic cycling at 0.2 A/cm2, the accessible negolyte capacity window 

narrows from 8-92% to 8-40%, while the capacity fade rate increases from ~0.5%/day to 

~50%/day. The strong correlation between a narrowed accessible SOC range and loss of capacity 

is consistent with a transition of the capacity-limiting side to the posolyte. 

 

Figure 2.5. (a) Normalized negolyte SOC and coulombic capacity as functions of time during 
galvanostatic cycling of a negolyte-limited AQDS-Br- cell at 0.2 A/cm2 with a negolyte of 45 mL 
0.3M AQDS and posolyte of 70 mL 0.8M HBr. The dashed arrow shows where 35 mL of 0.8 M 
HBr was added to the posolyte. (b) Current efficiency as a function of cycle number for 
galvanostatic cycling of negolyte-limited cell. The current efficiency drop around cycle 40 
corresponds to the capacity fade onset, and the additional drop at cycle 80 corresponds to the 
HBr addition to the posolyte. 

To confirm that the posolyte was capacity-limiting, we added 35 mL of 0.8 M HBr 

(arrow at 67 hours in Figure 2.5(a) corresponding to the 80th cycle, resulting in an immediate 

recovery of the capacity back to its original value around 1800 C; this recovery was followed 
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later by another simultaneous drop in both capacity and accessible SOC range. Further evidence 

for this transition in capacity-limiting electrolyte can be inferred from plotting capacity and 

current efficiency as functions of cycle number, as shown in Figure 2.5(b). We attribute the 

transient increase in current efficiency in the first few cycles to a balancing of negolyte and 

posolyte SOCs and membrane equilibration in the electrolyte. The average current efficiency 

during the negolyte-limited cycling regime was 98.5%. This represents an average loss of 1.5% 

equivalent of negolyte capacity from the posolyte per cycle, and implies that after 72 cycles, the 

negolyte and posolyte would have equal capacities, after which a sudden drop in capacity would 

be expected. This transition, which occurs around 40 rather than 72 cycles, can be attributed to 

mass transport limitations caused by the formation of liquid bromine (i.e. uncomplexed to Br-), 

which would be expected to begin after either 26 or 38 cycles, depending on whether or not Br2 

solubility and complexation are taken into account. Full calculations are described later in this 

section. The dramatic decrease in current efficiency from ~98% to 92% likewise supports the 

posolyte becoming capacity-limiting, as molecular bromine is expected to have a higher 

crossover rate than tribromide (vide infra). 

We also demonstrate that balancing the flux of bromine to the negolyte with bromide to 

the posolyte can avoid the accelerated capacity fade observed for the AQDS-Br- RFB. A first 

step toward implementing this flux-balanced cell strategy is to estimate the permeabilities of 

tribromide (!"!!, formed by the complexation of bromine, !"! + !"! →  !"!!) and bromide 

through Nafion. To measure tribromide permeability, we constructed a negolyte-limited cell with 

a negolyte comprising 20 mL of 0.5 M AQDS and 0.5 M H2SO4 and a posolyte comprising 20 

mL of 3 M HBr, separated by a Nafion 212 membrane.  
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Figure 2.6. (a) Br3
- permeability measurement using a cell charged at 1.3 V with a capacity-

limiting negolyte of 20 mL 0.5 M AQDS, 0.5 M H2SO4 and posolyte of 20 mL 3 M HBr. (b) Br- 
permeability measurement using a cell charged at 1.3 V with a capacity-limiting posolyte of 20 
mL 0.25 M HBr and negolyte of 20 mL 0.5 M AQDS, 0.5 M H2SO4, 3 M HBr. 

A thinner style of Nafion separator allows for a higher signal to noise ratio, and therefore 

more precise measure of membrane permeability, assuming the relative crossover rate of each 

bromine species is constant. Upon fully charging the cell at 1.3 V, the negolyte was fully reduced 

and a long-term steady-state current was observed as demonstrated in Figure 2.6(a). This steady-

state current of 45 mA results from the formation of a redox shuttle controlled by the flux of 

tribromide from the posolyte to the negolyte, where it oxidizes H2AQDS to AQDS, which in turn 

is continuously re-reduced to H2AQDS at the carbon electrode (Figure 2.4(b)). This current can 

be rationalized as due to the flux of tribromide from the calculated using the equation below: 

 ! = !"#$ ∆!
! , (2.1) 

where i is the steady-state current, F is Faraday’s constant, P is permeability, A is the geometric 

area of the electrode, ∆c is the difference in concentration between the electrolytes on opposing 

sides of but immediately adjacent to the membrane, n is number of electrons transferred per 

molecule of crossing species, and t is membrane thickness. Assuming the steady-state current of 

45 mA represents tribromide crossover across a 1 M concentration gradient results in a 
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permeability of 4.6 × 10-7 cm2/s. This is within an order of magnitude of Br2 diffusivity through 

cation-exchange membranes measured using a dialysis cell [41]. We estimated bromide 

permeability using a similar method, with a posolyte-limited cell composed of a negolyte with 20 

mL 0.5 M AQDS and 0.5 M H2SO4 and posolyte of 20 mL 0.25 M HBr. Charging the cell at 1.3 

V resulted in a similar redox shuttle, whose rate was controlled by the flux of bromide from the 

negolyte to posolyte, where it was oxidized to bromine. The steady-state current of 165 mA as 

seen in Figure 2.6(b) translates to a bromide permeability of 5.7 × 10-7 cm2/s. 

 

Figure 2.7. Calculated fluxes of Br0 and Br- from posolyte to negolyte and negolyte to posolyte, 
respectively, as a function of negolyte SOC and HBr concentration, assuming a negolyte of 35 
mL 0.3M AQDS and posolyte of 43 mL 0.8M HBr. Different negolyte HBr concentrations are 
indicated in blue, whereas the starting posolyte HBr concentration is shown in red. 
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Given these estimates for bromide and tribromide permeability, we project the 

concentration of bromide in the negolyte required to balance crossover of tribromide with 

bromide flux in the opposite direction, and avoid the previously observed accelerated capacity 

fade (Figure 2.4(b)). The result of this analysis is shown in Figure 2.7 for a capacity-limiting 

negolyte of 0.3 M AQDS with varying concentrations of Br-, and a posolyte of 43 mL of 0.8 M 

HBr. Both tribromide flux from the posolyte to negolyte and bromide flux from the negolyte to 

posolyte increase as functions of negolyte SOC. In the balanced flux case, tribromide and 

bromide fluxes (in terms of bromine atoms crossing) are equal at 50% SOC. This occurs for a 

negolyte with HBr concentration of 0.74 M and is the minimum required negolyte HBr 

concentration for a flux-balanced RFB; a negolyte with higher Br- concentration will thus evolve 

toward a steady-state concentration of 0.74 M during cycling, while one with lower Br- 

concentrations will accumulate bromide over time, possibly leading to accelerated capacity fade 

if the posolyte becomes capacity-limiting. Assuming tribromide and bromide permeabilities 

scale similarly in cation-exchange membranes, this result will hold true for any membrane 

thickness and a negolyte HBr concentration of 0.74 M will be sufficient to balance tribromide 

flux from the posolyte to negolyte with bromide flux from the negolyte to the posolyte. 

Over timescales longer than the 2000-second measurement in Figure 2.6(a), however, 

continuous crossover of tribromide from the posolyte to the negolyte will eventually result in the 

formation of uncomplexed molecular bromine in the posolyte at high SOCs. Tribromide and 

bromide permeabilities through Nafion 212 were measured in situ in a cell with flowing 

electrolytes rather than ex situ, in order to construct a more realistic model for their fluxes across 

the membrane in a full cell. The cell build was similar to that described in the Experimental 

Methods Section and Figure 2.1(a), but with no UV-Vis cross flow cell. Negolyte- and posolyte-
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limited cell compositions were used to probe steady-state tribromide and bromide fluxes, as 

represented by the relevant steady-state currents. The current can be rationalized as due to 

species flux Equation (2.1). Permeabilities obtained using this method were then used to 

calculate Br- and Br flux from the negolyte to posolyte and vice versa, respectively, as a function 

of SOC. Here, the flux was simply calculated as ! ∆!
! , where ∆c varies with SOC based on the 

capacity difference between the negolyte and posolyte. 

 

Figure 2.8. Coulombic capacity as a function of cycle number for galvanostatic cycling of 
negolyte-limited (a) unbalanced cell shown in Figure 2.5 and (b) flux-balanced cell shown in 
Figure 2.9. 

We also estimate the number of cycles required for the experiment depicted in Figure 

2.8(a). The average current efficiency for the first 40 cycles is 98.5%. Assuming this is caused by 

bromine crossover amounting to 1.5% of the negolyte capacity every cycle, we calculate how 

many cycles would be required for the initially negolyte-limited cell described in Figure 2.5 to 

become posolyte-limiting. This would occur when 

1.5%
!"!#$×45!" ×2 × 0.3! ×96,485

!"#$"%&
!"# ×#!"!#$% = 

 0.8! ×70 !" − 0.3! ×2×45!"  × 96,485 !"#$"%&!"#    (2.2) 



 

 26 

where the negolyte consists of 45 mL of 0.3 M AQDS (2 e-/mol) and the posolyte consists of 70 

mL of 0.8 M HBr. Solving for number of cycles yields 72 as the transition point. Assuming that 

the species crossing over is not molecular bromine but a bromine-bromide complex, we use this 

result to estimate the average number of bromide ions that would need to be coupled to each 

neutral bromine atom in order for the cell to switch capacity-limiting sides after 40 cycles. Since 

the calculation above assumes no bromide crossover and results in a transition at 72 cycles, a 

transition at 40 cycles would require (72/40 – 1) ~ 0.8 Br- ions crossing over for every neutral 

bromine atom. This is higher than that for tribromide (0.5, i.e. 1 Br- for every 2 Br atoms) or 

pentabromide (0.25, 1 Br- for every 4 Br atoms). Uncomplexed molecular bromine is therefore 

expected to comprise a significant fraction of species crossing over from the posolyte. 

Because liquid bromine is both more volatile and ~3× more dense than aqueous HBr, it 

may evaporate and/or phase-separate into areas of the cell architecture and plumbing that cannot 

be circulated into the electrode manifold. This will reduce the accessible posolyte capacity and 

cause the posolyte to become capacity-limiting before 72 cycles. To a first approximation, 

undissolved liquid bromine would start to exist at posolyte SOCs greater than 2/3, beyond the 

point where molecular bromine is fully complexed into tribromide, Br2 + Br- à Br3
-:  

 

1.5%
!"!#$×45!" ×2 × 0.3! ×96,485

!"#$"%&
!"# ×#!"!#$% = 

 0.8! ×70!" − 1.5× 45!" ×2 × 0.3! ×96,485 !"#$"%&!"#  (2.3) 
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where the additional factor of 1.5 comes from the inverse of the 2/3 SOC stated above. Solving 

for number of cycles in this case yields 38 cycles as the point where liquid bromine begins to be 

produced in the cell. 

Given, however, that bromine has a small, but non-zero solubility in water (4 mM), and 

an equilibrium constant of complexation, K, with bromide of about 16.85 M-1 [42], we may 

obtain a more thorough estimate by taking both properties into account: 

 ! =  [!"!!]
!"! [!"!]

 (2.4) 

 2 !"! + !"! + 3 !"!! = ! (2.5) 

where T is the total bromine atom concentration of 0.8 M. Solving for [Br-] at the Br2 solubility 

limit of 4 mM yields a Br- concentration of 0.65 M, as the transition point for the accumulation 

of undissolved bromine. Using this assumption, we can rearrange the equation to account for the 

number of cycles required to reach a posolyte Br- concentration of 0.65 M, after which Br2 would 

be insoluble: 

 !.!%
!"!#$  × 45 !" × 2 × 0.3 ! × 96,485

!"#$"%&
!"#  × #!"!#$% = 

 0.8! × 70!" − (0.65! × 70!")  × 96,485 !"#$"%&!"#  (2.6) 

Solving for the number of cycles before passing the Br2 solubility limit yields 26 cycles. Given 

that bromine solubility may vary with pH, we also calculated the number of cycles required for 

the capacity-limiting side transition assuming Br2 solubilities of 2 and 8 mM, which yielded 14 

and 42 cycles respectively. This shows that this approximation is sensitive to the initial 

assumptions about Br2 solubility in aqueous solutions. The 42-cycle estimate (assuming 8 mM 

Br2 solubility) is closer to the experimental result (~40 cycles) than the 26-cycle estimate 
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(assuming 4 mM Br2 solubility); this suggests that Br2 solubility is higher than 4 mM in acidic 

aqueous solutions. 

 A higher permeability would be expected for neutrally charged molecular bromine than 

for negatively charged tribromide ions, as tribromide face coulombic repulsion from negatively 

charged sulfonate groups in the Nafion membrane whereas bromine ions do not. As a 

consequence of the potential contribution of molecular bromine to the flux from posolyte to 

negolyte, our measured tribromide permeability of 4.6 × 10-7 cm2/s and consequent minimum 

required negolyte HBr concentration of 0.74 M represent lower bounds for bromine atom 

permeability and resulting bromide concentration required for crossover balancing, respectively. 

In order to counterbalance the potential additional flux due to molecular bromine, a negolyte 

HBr concentration of 2 M rather than 0.74 M was used in subsequent experiments. 

 

Figure 2.9. Normalized negolyte SOC and coulombic capacity as functions of time during 
galvanostatic cycling of a negolyte-limited AQDS-Br- cell at 0.20 A/cm2. The negolyte 
comprises 38 mL 0.3 M AQDS and 2 M HBr and the posolyte comprises 70 mL 0.8M HBr and 
2.7 M H2SO4. (b) Current efficiency as a function of cycle number for galvanostatic cycling of 
the negolyte-limited cell. We attribute the transient increase in current efficiency in the first few 
cycles to a balancing of negolyte and posolyte SOCs and membrane equilibration in the 
electrolyte. 

Coulombic capacity as a function of time using this flux-balanced cell scheme, including 

negolyte SOC tracked by in situ UV-Vis, is shown in Figure 2.9. The negolyte is composed of 38 
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mL of 0.3 M AQDS and 2 M HBr, and the posolyte is composed of 70 mL of 0.8 M HBr and 2.7 

M H2SO4. For 100 cycles, a steady capacity fade of ~0.01%/cycle is observed. Full cycle data is 

described in Figure 2.8(b), while the current efficiency decays slowly, from 99 to 95% as seen in 

Figure 2.9(b). In situ UV-Vis measurements of the negolyte also show that the SOC range 

accessed stays between 5 and 80% SOC for the entire cycling duration; thus, any capacity fade 

observed is due to either AQDS crossover, leakage, or molecule decomposition [20,32]. The 

absence of an accelerated capacity fade is consistent with the successful operation of the flux-

balanced cell scheme we have described, where bromine crossover is balanced by bromide 

permeation from the negolyte, preventing the posolyte from becoming capacity-limiting. 
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Figure 2.10. Coulombic capacity and current efficiency vs. cycle number during long-term 
galvanostatic cycling of flux-balanced cell at 0.2 A/cm2 between 0.25 and 1.3 V. The negolyte 
was composed of 35 mL 0.3 M AQDS, 2M HBr and the posolyte was 43 mL 0.8 M HBr and 2.7 
M H2SO4. A Nafion N115 membrane was used. Potentiostatic charge-discharge cycles were 
performed after every 30 galvanostatic cycles, and discharges from those cycles are shown in 
black diamonds.   

We performed a long-term test of the flux-balanced cell configuration to demonstrate the 

robustness of this concept. Figure 2.10 shows the performance of a flux-balanced cell cycled 500 

times with a capacity-limiting negolyte. Potentiostatic charge-discharge cycles were interspersed 

after every 30 galvanostatic cycles to assess the true capacity of the cell, i.e. regardless of 

changes in membrane resistance and mass transport. No precipitous drop in either capacity or 

current efficiency is observed, in contrast to the unbalanced case shown in Figure 2.5. There is, 

however, a change in the capacity fade rate from ~0.01%/cycle to ~0.05%/cycle after 200 cycles. 
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As described in previous work, a time-based capacity fade of a 9,10-anthraquinone-2,7-

disulfonic acid negolyte-limited cell is anticipated due to molecular decomposition [32] and 

could constitute a portion of the observed capacity fade. 

 

Figure 2.11. (a) UV-Vis spectra through a 1 cm path length cuvette and (b) cyclic voltammetry 
analysis of cycled and uncycled negolytes from flux-balanced cell. Negolytes were diluted down 
to 60 µM and 1mM respectively. 

 

Figure 2.12. UV-Vis spectra of various solutions through a 1 mm path length cuvette, 
highlighting the minimal influence of high HBr concentration on the AQDS spectra. The red line 
is the absorbance spectrum of 2 M HBr showing its significant absorbance peak below 250 nm. 
The blue line is 500 µM AQDS in deionized water, which varies only slightly from 500 µM 
AQDS in 2 M HBr (black line). The dashed black line is the sum of the 2 M HBr absorbance 
(red) and 500 µM AQDS (blue) showing the minimal solvent effect on the absorbance spectra 
when AQDS is in 2 M HBr. Absorbance optical density > 2 is considered at the signal to noise 
limitation of the detector. 
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Electrolyte Analysis 

In order to ascertain whether the drop in coulombic efficiency for the 500-cycle flux-

balanced cell is due to a change in capacity-limiting electrolyte, we examine total AQDS and Br- 

concentration in the negolyte using a combination of UV-Vis spectrophotometry and cyclic 

voltammetry (CV) after 100 cycles of a similar galvanostatic test (Figure 2.11). Separate UV-Vis 

measurements of neat AQDS solution and AQDS with HBr show that at wavelengths above 

250 nm, the influence of HBr on the AQDS spectrum is negligible (Figure 2.12). Two sets of 

peaks are observed in the CV measurements: the set centered around 0 mV vs Ag/AgCl (0.2 V vs 

SHE) corresponds to the AQDS redox process [6], whereas the higher potential pair represents 

Br2/Br-. Both UV-Vis and CV are in agreement in showing that there is negligible change in total 

AQDS concentration after cycling, as shown by measurements of AQDS concentration in the 

cycled and uncycled negolytes quantified using a calibration curve, and the similarity in CV 

peaks, respectively. A comparison of the Br2/ Br-
 redox peaks, however, clearly shows a 

reduction in peak redox currents, which is consistent with a reduction in negolyte bromide 

concentration after cycling, and thus, net transfer of bromide from the negolyte to the posolyte 

and not vice versa as would be the case for an unbalanced cell where the posolyte had become 

capacity-limiting. 
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Figure 2.13. (a) Images of cycled and uncycled electrolytes (b) Schematic illustrating hypothesis 
that increasing posolyte SOC due to buildup of bromine results in loss of accessible capacity to 
match SOC range of the negolyte. X- and Y-axes are scaled to the initial relative AQDS:HBr 
ratio. 

The accelerated capacity fade observed in Figure 2.8 must therefore be due to some cause 

other than AQDS decomposition or bromine crossover from the posolyte. Side reactions cannot 

account for the observed behavior, as they would result only in a coulombic efficiency loss, 

rather than capacity fade [20]. An examination of the cycled electrolytes after a full 

potentiostatic discharge (Figure 2.13(a)) furnishes a hypothesis. While the cycled negolyte 

retains the same amber color as the uncycled, characteristic of AQDS at 0% SOC, the cycled 

posolyte is red in color, and clearly at a higher SOC than its transparent uncycled counterpart, 

due to the presence of liquid bromine [43]. We therefore hypothesize that during cycling, 

oxidation of bromide (which is in excess of AQDS capacity by a factor of 1.5) at the posolyte is 

balanced by a significant amount of reductive charge from the reduction of AQDS formed from 

O2 oxidation of H2AQDS, hydrogen evolution, or other parasitic reactions. This would result in a 

slow increase in the posolyte SOC over time (Figure 2.13(b)), until the range of accessible 

capacity cannot match the SOC range of the negolyte, leading to capacity fade. We hypothesize 
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that SOC imbalance between the electrolytes is perpetuated by phase-separation of bromine into 

“dead” zones/regions of the cell plumbing that cannot be circulated into the electrode manifold to 

be reduced back to bromide, or volatilization into the gas phase (a progressive reddening of the 

posolyte reservoir head space was observed during cycling). Further investigation both into ways 

of engineering more homogenous dispersion of liquid bromine in flow cells, or preventing side 

reactions caused by O2 in air may go a long way toward more fully enabling balanced and long-

lived AQDS-Br- cells with long lifetimes, or similar RFB technologies with asymmetric 

crossover rates of active electrolyte species. 

Summary 

In this work, we report the use of in-line optical absorption spectrophotometry to actively 

monitor the SOC of an operating AQDS/HBr flow battery; the SOC is used to determine the 

electrolyte utilization dependence on applied potential, current density and flow rate. We 

elucidate the value of this technique further by starting the cell as negolyte capacity-limited, and 

observing steady state charge-discharge behavior of the battery both electrochemically and 

optically. Eventually, bromine crossover from the posolyte causes the system to become posolyte 

capacity-limited, leading to a precipitous decrease in the capacity retention rate (~50%/day). 

Adding more HBr to the posolyte results in a temporary recovery of that capacity and in 

corresponding increases in the maximum negolyte charging SOC and electrolyte utilization; this 

is consistent with the interpretation as a transition of capacity-limiting side. Optical 

spectrophotometry illuminates these transitions and demonstrates the value of in-line monitoring 

of quinone-based flow batteries. With this insight, we demonstrate a practical, passive electrolyte 

balancing method by adding HBr to the negolyte, thus creating a Br- gradient toward the posolyte 

and averting rapid capacity fade caused by loss of bromine from the posolyte. Similar balancing 
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schemes may eliminate the need for electrolyte rebalancing for other RFB chemistries with 

asymmetric electrolyte crossover rates, enabling longer-lasting, high-performance grid-scale 

energy storage systems. 
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Chapter 3 : Illuminating Quinhydrone Formation with Spectrophotometry 

Authorship 

 The following work has been largely adopted from the publication “UV-Vis 

Spectrophotometry of Quinone Flow Battery Electrolyte for in-situ Monitoring and Improved 

Electrochemical Modeling of Potential and Quinhydrone Formation” written by Dr. Liuchuan 

Tong, Dr. Qing Chen, Andrew A. Wong, Dr. Rafa Gómez-Bombarelli, Professor Alán Aspuru-

Guzik, Professor Roy G. Gordon, and Professor Michael J. Aziz, published in 2018 in the Royal 

Society of Chemistry journal Physical Chemistry Chemical Physics. The paper inspiration 

originated with Tong and Chen who performed the full- and half-cell measurements and 

envisioned a dimerization product. Wong performed all of the UV-Vis absorption 

spectrophotometry measurements, developed the quinhydrone dimer quantification analysis and 

wrote a significant portion of the text. Gómez-Bombarelli performed all of the density functional 

theory and quantum chemistry calculations. Collectively, they developed the dimerization effect 

on the half- and full-cell potential. Aspuru-Guzik, Gordon, and Aziz advised the project. 

Introduction 

As described in Chapter 2, organic electrolytes such as quinones can be used in 

electrochemical systems. Quinones are widely involved in many processes involving electron 

transfer, such as ubiquinone in respiratory systems [44] and plastoquinone in photosynthesis 

[45]. Their unique electrochemical properties attract much attention from electrochemists who 

often study quinones as model systems for spontaneous proton-coupled electron transfer 

processes [46]. In addition, because of their high aqueous solubility, fast charge-transfer kinetics 

and the capability of multi-electron transfer in addition to being composed of earth abundant 

elements, quinones have been the subject of increased attention in the field of electrical energy 
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storage. Quinones in their crystalline or polymeric solid forms find use as reactive electrodes 

[47,48], and solvated quinone molecules are employed in aqueous and non-aqueous redox flow 

batteries [6,49-51]. 

Recent works explore low-cost electrolytes containing redox-active quinone molecules for 

aqueous flow batteries. Anthraquinones have been rendered highly soluble in acidic and basic 

solutions through sulfonation [6] and hydroxylation [9] respectively, and the low redox 

potentials of certain anthraquinones yield a considerable cell voltage when paired with a high 

potential redox couple [9]. Quinone-based flow batteries have attracted a great deal of attention 

for their potential to regulate fluctuations in energy demand and the address the intermittency 

challenge of renewable wind and photovoltaic supply through cost-effective grid-scale storage 

[6,9,36]. 

To further improve quinone-based flow battery performance, the behavior of the 

quinone/hydroquinone redox couple must be understood, especially at the high concentration 

required for practical operation. Quinone molecules are known to form quinhydrone complexes 

between the oxidized and the reduced forms [52-54]. This dimer arises from hydrogen bonding, 

charge-transfer between quinone and hydroquinone, and from a combination of dispersion 

interactions between the extended aromatic systems when they coexist in the solution. Such a 

dimer structure was used in the invention of quinhydrone pH electrodes almost a century ago 

[55]. This quinhydrone has its own unique optical absorbance signature due to allowed 

intermolecular electron transfer. The interaction of dissolved monomers results in a change in the 

electrolyte activity, shifting the reduction potential. When the speciation is greatly driven toward 

quinhydrone formation, the cell voltage can significantly deviate from that of an ideal solution, 

in large part due to changes in the unbound monomer species concentrations; this is similar to the 
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behavior of the positive side of the QBFB where the tribromide complex dominates the 

speciation. 

In this work, we use UV-Vis absorption spectrophotometry and density functional theory 

(DFT) calculations to quantify the optical properties of quinone, hydroquinone and quinhydrone. 

Additionally, we explore the underlying quinhydrone formation mechanism, based on which we 

estimate a value for the quinhydrone equilibrium constant. As we saw in Chapter 2, UV-Vis 

spectrophotometry has already been established as a valuable tool for those interested in 

operating commercial flow batteries [24,25]. By considering quinhydrone formation as well as 

complexation in the bromine-based positive electrolyte, full-cell and half-cell voltage 

approximations using the unbound monomer species concentrations applied to the Nernst 

equation are significantly improved, matching experimentally measured values. 

Experimental Methods 

Similar to Chapter 2, this study uses 9,10-anthraquinone-2,7-disulfonic acid 

(H2AQDS/AQDS). For conciseness in the following discussion, quinone (Q), hydroquinone 

(HQ) and quinhydrone (QHQ) will stand for AQDS, H2AQDS, and their quinhydrone dimer 

respectively. 2,7-anthraquinone disulfonic acid (AQDS)) disodium salt (>97.0% HPLC) was 

obtained from TCI chemicals. This sodium salt of AQDS was first dissolved in deionized water 

and then flushed through a column containing Amberlyst® 15(H) ion exchange resin (Alfa 

Aesar) activated with hydrochloric acid to replace the sodium ions with protons. Details of the 

procedure can be found in Huskinson et al. [6]. This ion-exchanged AQDS is used for all of the 

experiments described in this work.  
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Figure 3.1. Cell configuration for (a) quinone-hydrogen flow cell (QHFC) and (b) quinone-
bromine flow battery (QBFB) 

In-line UV-Vis spectrophotometry 

All reported UV-Vis spectrophotometry data in this study are collected in-line during 

electrochemical experiments with a custom-built 5 cm2 quinone-hydrogen flow cell (QHFC), as 

shown schematically in Figure 3.1(a). Hydrogen is used at the charging anode made of platinum-

coated porous carbon paper, separated by a Nafion 212 ion exchange membrane. Hydrogen is 

used specifically to prevent crossover contamination in the quinone electrolyte from other redox 

species. A 100 µm optical path-length flow cell (Ocean Optics FIA-USP-100) is plumbed to the 

outlet of the QHFC. A deuterium-tungsten light source (Ocean Optics DH-2000-BAL) is 

connected to the optical flow cell using 25 cm optical fibers (Ocean Optics QP400-025-SR-BX) 

with a mirroring optical fiber and UV-Vis spectrophotometer (Ocean Optics Flame-S-UV-VIS). 

This setup is used for all absorption measurements. 20 mL of 200 mM AQDS in 1M H2SO4 

electrolyte is pumped through the QHFC at 60 mL/min with a peristaltic pump (Cole Parmer 

MasterFlex L/S). Given an open-circuit voltage (OCV) of 0.213 V, chronoamperometry at -0.1 V 

is used to fully reduce the flowing quinone in the carbon electrode while the UV-Vis absorption 

spectra are being recorded every 5 seconds. The quinone is then re-oxidized by 
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chronoamperometry at 0.5 V, generating hydrogen cathodically at the hydrogen electrode. 10 mL 

of quinone electrolyte is then removed and replaced by 10 mL of 1M H2SO4; a portion of the 

removed electrolyte is saved to accurately quantify the concentration in each experiment. The 

electrochemical procedure and subsequent dilution are repeated to obtain spectra at various 

concentrations. The starting quinone concentration, taken at 0% state of charge (SOC), for each 

experiment is defined as [Q]0. 

 The chronoamperometry charge-discharge data are normalized by coulometry from 0% to 

100% SOC to identify spectra in 10% SOC increments. SOC is defined by the fraction of total 

hydroquinone molecule concentration ([HQ] + [QHQ]) and the starting quinone concentration 

(i.e. ([HQ] + [QHQ])/[Q]0). The 0% and 100% SOC absorbance spectra for each starting 

concentration are then normalized by that concentration and the optical flow cell path length to 

give the molar attenuation of the quinone and hydroquinone respectively. As will be shown later, 

the spectra at intermediate SOCs can be determined by a linear system of equations using these 

molar attenuation spectra. 

UV-Vis spectra taken between 0% and 100% SOC at several different concentrations 

demonstrate the appearance, only at intermediate states of charge, of an absorbance peak 

between 500 nm and 800 nm, i.e. at significantly longer wavelengths than the quinone and 

hydroquinone absorption ranges alone. These spectra are fit across this wavelength range to 

obtain a quinhydrone equilibrium constant (KQHQ) and a molar attenuation constant (εQHQ(λ)). 

Theoretical 

The interaction between reduced and oxidized AQDS is modeled using DFT. Initial 

conformations are generated stochastically using frozen monomer geometries and varying the 

relative displacement and orientation of the reduced and oxidized molecules. These starting 
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configurations are pre-optimized using the PM6DH, a computationally-fast semi-empirical 

method with corrections for dispersion and hydrogen bond interactions. The geometries are 

further refined by optimizing the geometries at the DFT B3LYP/6-31G(d) level of theory [56] 

with an additive D3 dispersion interaction correction [57] using Terachem v1.5. Single point 

calculations at the optimized geometries are performed using B3LYP-D3/6-311G(d,p) to 

estimate aggregation energies, and using TD-DFT B3LYP-D3/6-31G(d) and TD-DFT ωB97X-

D/6-31G(d) levels of theory [58] to estimate the absorption spectra of the quinhydrone. Solvent 

effects are included in the DFT calculations using the conductor-like polarizable continuum 

(CPCM) solvation model in water [59,60]. 

In order to capture the role of interaction with the water solvent molecules, calculations 

are also performed on explicitly hydrated complexes via cluster-continuum calculations [61]. 

One water molecule is added per hydrogen-bond donor atom (oxygen atoms), for a total of 16 

water molecules. Solvent molecules are placed randomly near oxygen atoms in the pre-arranged 

quinhydrone system and then relaxed by full geometry optimization. 

Electrochemistry 

Because the negolyte, posolyte (negative and positive electrolyte respectively) and 

overall cell voltages (Eneg, Epos, and Ecell respectively) will change based on the true electrolyte 

species concentrations, we use electrochemical techniques to corroborate the KQHQ value 

measured by UV-Vis spectrophotometry. To extract the Eneg and Epos experimentally, we install a 

reference electrode in the quinone-bromine flow battery (QBFB) to separate the two half-cell 

voltage contributions from the total cell voltage. The cell configuration for this half-cell 

experiment is illustrated in Figure 3.1(b). A Pd-H reference electrode is sandwiched between two 

sheets of Nafion membrane, the location of which is justified by prior research [62]. All 
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potentials are reported here vs. SHE based on an average potential of the Pd-H electrode 

measured before and after the half-cell testing. Under these conditions, the reference electrode 

potential is ~50 mV vs. RHE [35]. A less than 5 mV potential change is usually observed during 

the measurement. 

The build of the quinone-bromide cell follows that in Ref. 25 (Chen et al.). On each side, 

a commercial graphite plate with interdigitated flow channels (Fuel Cell Tech, Albuquerque, 

NM) feeds an electrolyte to a porous carbon electrode at a rate of 100 mL/minute controlled by a 

MasterFlex (Cole Parmer) diaphragm pump. The electrode comprises a stack of 3 sheets of SGL 

10AA (each nominally 400 µm thick) carbon paper, compressed to ~75% of the original 

thickness, defined by Teflon gaskets. The geometric area of the electrodes is 2 cm2. The SGL 

paper is pre-treated by baking at 400 ºC in air for 24 hours. The reference electrode is 

sandwiched between two Nafion 115 membranes, which are soaked in DI-water at room 

temperature for ~24 hours prior to the experiments. The temperature of the cell is approximately 

20 °C. 
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Figure 3.2. The chronoamperometry curve when we reduced 18 mL of a 1 M AQDS electrolyte 
at -0.1 V vs. Pd-H in an AQDS-Bromide cell. 3418 C of charge were used to reduce the AQDS 
out of a theoretical 3473 C, representing over 98% conversion to AQDSH2 (i.e. 98% SOC). 

15 to 20 mL of negolyte is used for the cell. It contains either 1.0 or 0.2 M AQDS, with 

an additional 1.0 M or 2.6 M H2SO4 respectively to maintain 3 M free protons in the electrolyte. 

The posolyte contains 0.5 M Br2 and 3.0 M HBr. The volume ratio is maintained at 1:1.2 

negolyte:posolyte. For each cell, the charge associated to the reduction of AQDS is assessed by 

reducing the negolyte at -0.1 V vs. Pd-H, until the current reaches a steadily low value as 

demonstrated in Figure 3.2, accessing 98% of the theoretical charge accessible for a 1 M total 

quinone solution. With this assessment of the total charge, the quinone is reduced in 10% SOC 

increments between 0% and 100% and the open circuit voltage with respect to the reference 

electrode is measured at each increment. These data are compared to theoretical potentials based 

on the Nernst equation based on the unbound monomer species concentrations both omitting and 

incorporating the effect of species complexation. 
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Figure 3.3. (a) In situ UV-Vis absorbance spectra by state of charge (SOC) for 1.25 mM AQDS 
through a 100 µm optical flow cell. (b) UV molar attenuation spectra for quinone (εQ(λ)) and 
hydroquinone (εHQ(λ)). (c) Quinone SOC calculated by a linear combination of Q and HQ molar 
attenuation vs. SOC measured by coulometry showing a close relationship between the two 
techniques. Data points are averaged from various dilute AQDS concentrations between 1 and 56 
mM. All data are measured using a 100 µm path length flow cell as shown in Figure 3.1(a). The 
average values are reported with error bars representing one standard deviation. Attenuation 
values above 1.6 OD are considered to reach a photon-detection limit for the spectrometer and 
are not used when calculating the average. 

Results and Discussion 

In-line UV-Vis spectrophotometry 

In an operating quinone flow battery, the SOC relates the relative concentrations of Q and 

HQ species and is most often determined by electrochemical methods. in-situ UV-Vis 

spectrophotometry measurements of Q and HQ species at different SOCs can be found in Figure 

3.3(a). Normalizing the absorption optical density (OD) at 0% and 100% SOC by the flow cell 

path length (100 µm) and solution concentration (2.25 mM) provides the active species molar 

attenuation (ε(λ)). Figure 3.3(b) shows the molar attenuation of the quinone εQ(λ) and 

hydroquinone εHQ(λ) in the UV and visible regions. Using the Beer-Lambert law, 

 ! ! =  ! ! ! ∙ ! (3.1) 

where A is the absorbance (-log(transmittance)) of the solution, c is the concentration, and l is the 

optical path length through the solution, the absorbance spectrum for λ < 500 nm at an 

intermediate state of charge can be determined by a linear combination between Q and HQ: 
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 ! ! =  !! ! [!]!! 1− !!" + !"#!!"(!)[!]!! (3.2) 

As will be shown later, the dimerization product of Q and HQ is the only species that absorbs in 

the region λ > 500nm. Figure 3.3(c) shows that the intermediate-SOC solution absorption 

average for various starting solution concentrations can be recreated by a linear combination 

between Q and HQ absorbance between 200-500 nm wavelength using the SOC as the only 

fitting parameter. This method, using [Q]0 as an additional fitting parameter, can be used to 

identify the concentration and the SOC of a quinone flow battery in-operando, providing a non-

electrochemical method for measuring these quantities. 

 

Figure 3.4. Chemical reduction of AQDS disodium salt by hydrogen gas (H2) via a palladium 
(Pd) catalyst. 

 To further validate the construction of the UV-Vis calibration curve, AQDS was 

chemically reduced to AQDSH2 shown schematically in Figure 3.4. Pd/C (10% dispersion, 1.28 

g, 0.1 equivalent) was added to a stirring solution of AQDS disodium salt (5.00 g, 12.1 mmol) in 

deionized water (10 ml) contained in schlenk tube. The schlenk tube was sealed and purged with 

a flow of hydrogen gas for 30 seconds, and then filled with a balloon of hydrogen gas. The 

reaction mixture was placed in an oil bath at 60 oC. After 18 hours, the reaction mixture was 

filtered under nitrogen using standard schlenk techniques. The filtrate was evacuated to dryness 

to afford the reduced form AQDSH2 disodium salt as a brown solid (4.95 g, 11.9 mmol) in 99% 

yield. Full NMR spectra are shown in Figure 3.5. 
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Figure 3.5. NMR of (a) AQDS disodium salt, (b) ion-exchanged AQDS, and (c) H2AQDS 

disodium salt. 1H NMR (500 MHz, DMSO-d6) δ: 8.61 (s, 2H, 2 x ArCH), 8.23 (d, 2H, J = 8.5 

Hz, 2 x ArCH), 7.56 (d, 2H, J = 8.5 Hz, 2 x ArCH). 
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UV-Vis spectroscopy of the chemically reduced AQDSH2 disodium salt corresponds to 

the electrochemically reduced, ion exchanged AQDSH2 described in the text as shown in Figure 

3.6. The sulfonate counter ion is expected to be fully dissociated and non-absorbing in the UV-

Vis region. Because the chemically and electrochemically reduced AQDS have identical UV-Vis 

spectra and the chemically reduced AQDS NMR shows a single-species, we are confident that 

the electrochemically reduced AQDS calibration represents complete conversion to H2AQDS 

(100% SOC). Full UV-Vis spectra of 1.25 mM and 209 mM AQDS explored in depth later in 

this work are shown in Figure 3.7 and Figure 3.8 respectively. 

 

 

Figure 3.6. Absorbance of H2AQDS chemically reduced (sodium salt form) and 
electrochemically reduced (protonated form) to show the same, full conversion to the reduced 
form.	
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Figure 3.7. Full absorbance spectrum of 1.25 M AQDS at intermediate SOCs. The absorption tail 
above 800 nm is expected to be a calibration artifact.	

 

Figure 3.8.	Full absorbance spectrum of 209 M AQDS at intermediate SOCs. The quinhydrone 
dimer absorbs uniquely at wavelengths greater than 550 nm, whereas the quinone absorbs 
strongly in the UV, obscuring the signal in the noise. 
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Quinhydrone 

 It has been known that Q and HQ dimerize to quinhydrone (QHQ), a phenomenon that is 

detectable at sufficiently high concentrations of both parent species. The first step toward 

understanding the impact from quinhydrone formation is quantifying the reaction equilibrium 

constant. The quinhydrone equilibrium can be written as 

 ! + !" !!!" !"! (3.3) 

with equilibrium constant KQHQ defined as 

 !!"! = !!"![!"!]
!![!]!!"[!"]

 (3.4) 

where γ represents the molar activity coefficient of a particular species and the square brackets 

indicate concentrations in moles per liter. We can further define an activity-coefficient corrected 

equilibrium constant K’QHQ as 

 !′!"! = !′!"! !! = [!"!]
[!][!"] (3.5) 

in which !! = !!"! !!!!". 

Instantaneous [Q], [HQ] and [QHQ] in the solution can be connected to [Q]0 via cell SOC 

in the form of 

 [!]! = ! + !" + 2[!"!], (3.6) 

 !"# = !" ![!"!]
! ! !" !![!"!] =

!" ![!"!]
[!]!

. (3.7) 

K’QHQ can therefore be expressed as a function of [Q]0, [QHQ] and SOC 

 !′!"! = [!"!]
! !!!"# !!!!" ! ! ! !"! ![!"!]!. (3.8) 

With known [Q]0 and SOC, K’QHQ 
may be determined from a measurement of [QHQ].  
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Figure 3.9. (a) Visible absorbance spectrum of quinone electrolyte ([Q]0 = 209 mM) at different 
states of charge. At 0% and 100% SOC between 550 nm and 800 nm, the Q and HQ absorbance 
spectra are 0, but the QHQ absorbance persists at intermediate states of charge. (b) Quinhydrone 
molar attenuation (εQHQ(λ)). (c) Concentration profiles of QHQ vs. SOC at [Q]0 = 209 mM. 
Black dots are the measured optical absorbance between 600-610 nm wavelength divided by the 
molar attenuation coefficient and the optical path length. The blue line is the expected 
quinhydrone concentration given KQHQ = 80 M-1. 

Given the distinct light absorption spectra of Q and HQ as described above, it is possible 

to quantify deviations from an ideal spectrum. At intermediate SOCs a broad absorbance band 

between 550 and 800 nm arises, showing no proportionality to either [Q] or [HQ], as shown in 

Figure 3.9(a). This absorbance reaches maximum at 50% SOC or a 1:1 stoichiometry between Q 

and HQ and is symmetric by SOC about this point. This result indicates that the species 

absorbing in this band is correlated to the product of the concentrations of Q and HQ, as would 

be expected for a QHQ complex. 

[QHQ] is then quantified based on the measured spectra at intermediate SOCs for several 

different starting quinone concentrations. For the visible wavelengths over which Q and HQ do 

not absorb (i.e. >550 nm), the absorbance of QHQ can also be given by the Beer-Lambert law 

 !!"! ! = !!"! ! !"! ! (3.9) 

where εQHQ is the QHQ molar attenuation coefficient. Combining Equations (3.8) and (3.9) gives 

 ! !
!!"# 1− !"# = !

!!"!! + ! !
!!"! !
!!"! ! ! − (

!!"! !
!!"! ! !)

!. (3.10) 

 From the experimental setup, [Q]0, SOC and l are known and AQHQ(λ) is measured. 

Allowing K’QHQ and εQHQ(λ) to be independent variables, we fit the data to obtain a wavelength-
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dependent QHQ molar attenuation, as shown in Figure 3.9(b). The result is K’QHQ ~80 M-1, 

which can be modeled across all SOCs and fits well to experimental data as shown in Figure 

3.9(c). Later in this work, this value of the equilibrium constant will be used to better account for 

the negolyte half-cell potential. 

Quantum Chemical Calculations 

 DFT calculations are performed to support the experimentally observed quinhydrone 

absorbance as well as to gain insight into the quinhydrone formation mechanism. B3LYP-D3/6-

31G* geometry optimizations are carried out for over one hundred stochastic quinhydrone 

configurations after pre-optimization with the semiempirical method PM6DH. 

 Water molecules are known to interact strongly with solutes via their large electric dipole 

and also by forming hydrogen bonds with the solute. These direct interaction models are usually 

improved through inclusion of explicit water molecules. However, the strong water-water 

interactions tend to distort the energetics of the system, especially in the case of weakly bonded 

systems like quinhydrone. We compare the results for our two approaches below. 

 The -SO3H moieties in Q and HQ are modeled as the protonated acid despite their high 

acidity (pKa ~ -2), because of the strong ionic interactions between hydronium ions and ionized 

sulfonates. This approach has been shown to produce more exact results when calculating 

molecular properties such as reduction potential of sulfonated quinones [63]. In addition, the 

increased degrees of freedom of the position of the counter-ions, makes the exploration of this 

parameter space computationally expensive. 
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Figure 3.10. (a) Interdependency among absorption energy, energy for molecular conformations 
and orbital overlap for locally optimal configuration. Color scale indicates PBHT overlap. (b) 
Stacked and (c) oblique quinhydrone dimer geometries 

 The modeling results show that quinhydrone dimers converged to two types of 

arrangements — stacked or oblique, as shown in Figure 3.10(b) and (c). In the stacked dimer, the 

major axes of the two anthraquinone rings are aligned and the sulphonic acid groups point in 

opposite directions. In the oblique one, the axes of the two anthraquinone rings form an angle of 

25-45 degrees and the sulfonic acid groups point in the same direction and are interlocked. The 

distances between the centers of mass of AQDS (Q) and H2AQDS (HQ) in the stacked and 

oblique anhydrous configurations are 3.35 Å and 3.63 Å respectively, which is around twice the 

van der Waals’ radius for carbon (1.7 Å). Both anhydrous configurations show significant 

hydrogen bonding between quinone and hydroquinone, despite the large distance between groups 

and the unfavorable orientation. There are also appreciable interactions between sulfonic groups 

and the quinone hydroxyls. In the explicitly-solvated molecules these hydrogen bonds within the 
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dimer tend to be disrupted, but the relative orientations and the stacking distances do not change 

significantly. 

 UV-Vis spectra are predicted for all the configurations. The long-range corrected 

ωB97X-D functional is applied, as it includes a correction to the DFT exchange in order to better 

describe charge-transfer states. Figure 3.10(a) shows the correlation between absorption energy, 

relative energy of the configuration, and the degree of charge transfer, estimated as the PBHT 

overlap [64]. This parameter gives an estimate of the overlap between the starting and final 

orbitals of an optical transition; a value of 1 means maximum overlap, and 0 corresponds to null 

overlap (large degree of charge transfer). As shown in this Figure 3.10, charge-transfer 

excitations from reduced to oxidized are lower energy and show little orbital overlap (dark 

points), whereas localized excitations in the monomers (high overlap, bright points) tend to occur 

at much higher energies, in the UV region of the spectrum. 

Table 3.1. Predicted and measured optical properties, predicted absorption energies (EAbs) and 
oscillator strength (f). 

 ω-B97XD/6-31G(d) 
Experimental 

Solvent Implicit Explicit 
EAbs (eV) 2.27 1.81 2.11 

f 0.05 0.05 0.002 
 

 Table 3.1 compares the prediction for the absorption maximum and the oscillator strength 

of the quinhydrone optical transition. The experimental oscillator strength is obtained by 

deconvolving the quinhydrone absorption spectrum to a sum of Gaussians and fitting the charge-

transfer absorption peak. The predicted absorption energies (EAbs) are in good agreement with 

experiments, particularly in implicit solvent (+0.16 and -0.30 eV deviation for implicit and 

explicit solvent, respectively). The low oscillator strength (f) and PBHT overlap (Figure 3.10(a)) 
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confirm the large charge-transfer character of the optical transition between the reduced 

hydroquinone HOMO and the oxidized quinone LUMO. 

 There are important cost and accuracy tradeoffs in addressing the ionization of sulfonic 

groups in quinone-hydroquinone interaction. While it would seem more accurate to model 

sulfonic groups as ions, this is not the case in practicality: the accumulation of explicit charges is 

the system results in higher inaccuracies than modeling the protonated sites. 

Whereas some or all of the sulfonic groups are ionized in solution, it is unclear how many, as 

their pKa is likely affected by the quinhydrone environment. In any case, ionized species do not 

exist as isolated ions, but as electrostatically bound ion pairs, particularly at the high ionic 

strengths at which the experiments were conducted. In this work, molecular configurations with 

ionized sulfonates balanced with hydronium ions were observed to converge, after long 

trajectories, to undissociated sulfonic groups. 

In the anhydrous quinhydrone models we observe direct hydrogen bonding among 

sulfonic groups in quinone and hydroquinone, which are unphysical but they are not a 

consequence of the ionization degree. In the simulations where we added explicit water 

molecules, no interaction was observed between sulfonic groups and the opposite monomer in 

the quinhydrone dimer, only with the surrounding water shell. As a matter of fact, modeling 

ionized groups only results in increased spurious hydrogen bonding between hydroquinone and 

sulfonate, which the fully-solvated models confirm to be unrealistic. 

The distributions of pi-stacking distances and relative angles within the ensemble of 

hydrated and non-hydrated hydroquinones are very similar, and less than the variance within 

each of the classes. Figure 3.11 shows the lack of direct hydrogen bonding within any groups in 
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quinone or hydroquinone in the hydrated quinhydrone pair, and the large degree of hydrogen 

binding in the solvated sulfonic groups by explicit solvent molecules. 

 

Figure 3.11. Diagram of one of the DFT QHQ orientations with dimerized AQDS and H2AQDS 
surrounded by explicit water molecules showing the absence of direct hydrogen bonding with the 
hydroxy and ketone groups, but significant hydrogen bonding in the solvated sulfonic acid end 
groups. 

Quinone Electrochemistry 

 The quinhydrone complexation can be used to improve the predictive capability of the 

analytical half- and full-cell potential. Quinone speciation affects its redox potential, which is 

also the negative terminal potential in the quinone-bromine flow battery (QBFB), through the 

Nernst equation as 

 !!"# = !!! + !"
!" ln

!!!!!
!

!!"
= !!!

! + !"
!" ln (

[!][!!"#! ]!
[!"] ) (3.11) 

 !!!
! = !!! + !"

!" ln
!!!!!

!

!!"
 (3.12) 

 where EQ
0 is the standard potential (0.213 V vs. SHE) and EQ

0’ is the formal potential of the 

Q/HQ redox couple, !! and γi are the activities and molar activity coefficients respectively of 

each species and are functions of the species concentrations (e.g. [Q]). R is the universal gas 

constant, T is the temperature (300 K), n is the electron transfer number (two), F is Faraday’s 
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constant (96485 C/mol), and [H+
neg] is the free proton concentration in the negolyte, which is 

maintained at 3 M by protons from the quinone species and additional sulfuric acid. The formal 

potential, defined by the measured negative half-cell potential when [Q] = [HQ], is 0.219 ± 0.016 

V and is closely approximated by the quinone standard potential. This results in 

!! = !!"! !!!!" ~1, leading to the approximation K’QHQ = KQHQ. [Q] and [HQ] can be 

numerically derived from Equations (3.6), (3,7), and (3.8) with KQHQ = 80 M-1 from the analysis 

of the UV-Vis spectrophotometry measurements. The concentration vs. SOC of each of these 

three species at [Q]0 = 0.2 M is shown in Figure 3.12(a).  

 

Figure 3.12. (a) Q, HQ and QHQ concentrations with 0.2 M [Q]0 vs. SOC. (b) Half-cell voltage 
vs. SOC. Black dots are experimental data measured in the AQDS-Bromide cell, Figure 3.1(b), 
orange and blue lines are the calculated values of Eneg with and without considering QHQ 
formation with KQHQ = 80 M-1, respectively. 

The measured Eneg vs. SOC at [Q]0 = 0.2 M is plotted as black dots in Figure 3.12(b). 

Calculated Eneg values based on Equation (3.11) are plotted as solid lines. The blue curve in 

Figure 3.12(b) assumes no quinhydrone formation and shows a steep voltage ascent or descent 

close to 0% and 100% SOC but little voltage variation in the remaining SOC region. This 

contrasts sharply with the measured result. The orange line instead uses the [Q] and [HQ] values 

shown in Figure 3.12(a) applied to Equation (3.11). The greatly improved agreement between the 



 

 58 

measured Eneg, the orange line indicates that the Q/HQ redox potential is significantly influenced 

by the formation of QHQ. 

 

Figure 3.13. (a) Q, HQ and QHQ concentrations with 1.0 M [Q]0 vs. SOC. (b) Half-cell voltage 
vs. SOC. Black dots are experimental data measured in the AQDS-Bromide cell, Figure 3.1(b), 
orange and blue lines are the calculated Eneg with and without considering QHQ formation with 
KQHQ = 80 M-1, respectively. The green line and arrows show how incorporating changes to the 
Q and HQ coefficients can improve the approximation of the negative half-cell potential as 
discussed in the text. 

High Concentration Quinone Activity 

To increase energy- and power-density, practical flow batteries incorporate active 

electrolytes closer to their solubility limits, e.g. 1.0 M AQDS (2.0 M electrons). Figure 3.13(a) 

shows the calculated QHQ dimer aggregation between 0% and 100% SOC at [Q]0 =1.0 M again 

with KQHQ = 80 M-1. Figure 3.13(b) shows the measured Eneg vs. SOC for this solution compared 

to the calculated potential from Equation (3.11) with (orange line) and without (blue line) 

accounting for the QHQ formation. It is evident that at this concentration, including QHQ 

overcorrects the negative electrode potential. This is because the activity of concentrated 

electrolyte solutions can often be influenced by higher order molecular interactions. This 

additional deviation from the unbound monomer species concentration-corrected ideal solution 

behavior leads to small but appreciable changes in electrochemical potential; because of this the 
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activity coefficients, γ, again become important. For example, whereas the orange line in Figure 

3.13(b) shows the calculated Eneg vs. SOC assuming that γ’ is invariant, the green line in Figure 

3.13(b) shows the calculated Eneg vs. SOC with the arbitrary assumption that γ’ varies 

exponentially from ¼ to 4 as the SOC varies from 0% to 100%. As shown in the next section, 

solutions to the full-cell open circuit potential incorporating the QHQ formation only, with γ’ 

invariant, are sufficient for significantly improving the accuracy of the calculation. 

 

Figure 3.14. (a) experimental setup for measuring quinone activity via the open circuit potential. 
‘X mM’ indicates a starting concentration that is subsequently diluted to measure the OCP as a 
function of the ratio between [AQDS] and [H2QDS] as shown in (b). It is evident that at high Q 
concentrations, the voltage increase ceases indicating a change in quinone activity. 

We observe a change in the activity at high-concentrations. In a non-flow cell as illustrated in 

Figure 3.14, quinone activity as a function of concentration is measured via the open circuit 

potential (OCP) between two graphite rods placed respectively in a reference solution (10 mM Q 

+ 10 mM HQ in 1 M H2SO4) and a working solution (X mM Q + 10 mM HQ in 1 M H2SO4) 

separated by a Nafion 212 membrane. The starting quinone concentration (e.g. X = 1 M) is 

diluted by removing an aliquot of the working solution and replacing it with an equal volume of 

10 mM HQ in 1 M H2SO4. Relative activity coefficients correspond to the change in OCP based 

on deviations from ideal solution behavior. 
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Figure 3.14(b) shows the measured OCP of the X mM Q + 10 mM HQ working electrolyte 

against 10 mM Q + 10 mM HQ reference electrolyte plotted on a log-linear scale where X begins 

at 1 M (100 [AQDS]/[H2AQDS]) and is sequentially diluted to 100 mM (10 [AQDS]/[H2AQDS]). 

The slope between 10 and 70  [AQDS]/[H2AQDS] correlates to the expected potential based on 

the Nernst equation with the unbound monomer species concentrations (Equation (3.11)) of 

RT/nF; the slight deviation is attributed to a small change in QHQ concentration based on the 

equilibrium (Equation (3.5)) and the temporal effect of water crossover changing the liquid 

volume. In contrast, it is evident that this ideal solution behavior, even corrected for the unbound 

monomer species concentrations, is not maintained above 70 [AQDS]/[H2AQDS], corresponding 

to [AQDS] > 700 mM. As is demonstrated in Figure 3.14(b) the OCP plateau above 700 mM 

AQDS is indicative of a decrease in the activity coefficient. An example of how this could affect 

the negative half-cell voltage, Eneg, can be found as the green line in Figure 3.13(b) in the main 

text. The precise origins and quantification of this concentrated solution behavior will be 

discussed in future work. 

Bromine Electrochemistry 

The above results show that the consideration of the quinhydrone equilibrium indeed 

improves the voltage prediction of the negative side of the QBFB. To develop a complete voltage 

prediction for the QBFB, we need to further include the equilibrium between bromine and 

bromide in the posolyte. The formation of tribromide and pentabromide ions has been thoroughly 

investigated in previous work [65]. Assuming complete dissociation of the anions from protons 

due to the low pKa of HBr, the equilibria can be written as 

 !"! + !"!
!!"!! !"!! ,!!"!! =

[!!!!]
[!"!][!"!]

 (3.13) 
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 !"! + 2!"!
!!"!! !"!! ,!!"!! =

[!"!!]
[!"!]![!"!]

 (3.14) 

Similar to the quinhydrone equilibrium Equation (3.5), we use K to represent the activity-

coefficient corrected equilibrium constant. The bromine/bromide redox potential, which is the 

positive terminal voltage of the QBFB, can be calculated based on the Nernst equation 

 !!"# = !!"!
! + !"

!" ln 
!"!
!"! !  (3.15) 

In the following analysis, we again start with the dilute solution assumption. Therefore, 

!!"!!  and !!"!!  are taken directly from dilute solution measurements to be 16.7 and 40 

respectively. The formal potential, !!"!
! , defined by the measured positive half-cell potential 

when [Br2] = [Br-], is found to be 1.06 ± 0.014 V and is closely approximated by the Br2/Br- 

standard potential of 1.08 V vs. SHE. In Figure 3.15(a) we plot the concentration of each 

bromide species vs. SOC in a solution with starting nominal concentrations of Br2 and Br- of 0.5 

and 3 M. [Br-] decreases sharply with the cell SOC, which is still defined by Equation (3.7) given 

a 1:1.2 negolyte to posolyte volume ratio. [Br3
-] rises and then peaks at around 80% SOC, after 

which [Br2] increases noticeably. 

  



 

 62 

 

 

Figure 3.15. QBFB full cell. (a) Posolyte speciation with [HBr]0 = 3 M and [Br2]0 = 0.5 M by 
SOC; (b) the same posolyte against a 1.0 M [Q]0 negolyte full-cell OCV vs. SOC. Black dots are 
experimental data. The blue line represents the OCV by the Nernst equation without any species 
complexation. The orange incorporates tri- and pentabromide complexation only, and green 
incorporates tri- and pentabromide complexation in addition to quinhydrone dimer formation. It 
is clear that both posolyte and negolyte complexation are critical for accurate predictions of the 
full-cell OCV. 

In addition to the difference between Eneg and Epos, a junction potential Ejunc (or often 

called Donnan potential) across the ion selective Nafion membrane needs to be considered in the 

full-cell OCV calculation. Because protons are the dominating charge carriers, this potential can 

be estimated as 

 !!"#$ = !"
! ln (

[!!"#! ]
[!!"#! ]) (3.16) 

The largest value of which is 10 mV for 1 M quinone at 100% SOC. The overall cell 

voltage therefore is 

 !!"## = !!"# − !!"# + !!"#$ (3.17)  

Ecell measured in a full-cell test is plotted as black dots in Figure 3.15(b) together with 

values calculated from (2.17). The blue line represents the full-cell potential without accounting 

for complexation, the orange line includes the bromide complexation only, and the green line 
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incorporates both bromide and quinone complexation. Similar to our earlier results in the case of 

half-cell potential, the measured full-cell voltage deviates from the prediction of the Nernst 

equation based on the unbound monomer species concentration, whereas considering the 

chemical equilibria of the two electrolytes significantly improves the accuracy of the analytical 

solution. 

 The general pattern of the effect that complexation has on voltages is redistributing sharp 

voltage changes at low and high SOC toward intermediate SOCs, resulting in more uniform 

voltage change over the whole SOC range. This effect occurs because all complexation species 

incorporate the discharged and charged species, thereby limiting their relative concentration 

changes at low and high SOCs. This phenomenon also persists for other flow battery chemistries, 

e.g. in the posolyte of vanadium RFBs [66]. The vanadium complex is found to significantly 

affect the electrolyte composition measurements via UV-Vis spectrophotometry, but we are 

aware of no discussion about its impact on cell voltage. This may be because the low value of the 

equilibrium constant does not cause the voltage to deviate noticeably from theoretical values 

based on the unbound monomer electrolyte composition [25]. However, it is likely that stronger 

association could occur with other flow battery chemistries, or even in vanadium systems with a 

different anionic species. 

Summary 

In this work, we show how quinone (Q) and hydroquinone (HQ) absolute and relative 

species concentration can be determined by UV-Vis spectrophotometry assuming a linear 

combination of molar attenuation based on the Beer-Lambert law. The formation of a third 

species, quinhydrone (QHQ), from the dimerization of Q and HQ, is directly observed by UV-

Vis spectrophotometry; the QHQ molar attenuation coefficient is measured and equilibrium 
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constant calculated to be KQHQ ~80 M-1. At high concentrations, quinone activity measurably 

decreases, which we tentatively interpret as a result of higher order molecular interactions. Using 

this value of the equilibrium constant and concentration-dependent change in redox activity 

based on predictions of the Nernst equation assuming an unbound monomer species 

concentrations and ideal solution behavior, a more accurate redox potential model is made for 

this electrolyte as is demonstrated by the half-cell and full-cell redox potential measurements of a 

quinone-bromine flow battery (QBFB). 

This work enables the monitoring of quinone-based flow battery SOC in-operando with 

UV-Vis spectrophotometry, and provides a framework for interpreting voltage behavior that 

deviates from predictions assuming ideal solution behavior in electrolytes prone to species 

complexation. A deeper understanding of species complexation in flow batteries not only 

provides insights for electrolyte optical or electrochemical behavior, but also opens the 

opportunity to further evaluate physical phenomena relevant to flow battery operation. 

Ultimately this insight can unveil pathways to improve flow battery electrolyte and hardware 

engineering to address the increasing demand for large-scale energy storage. 
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Chapter 4 : Method for Comparing Porous Carbon Cloth Electrodes 

Authorship 

 The following work has been independently conducted by Wong while advised by Aziz. 

Some of the material has been adapted from Gerhardt et al. as it pertains to the contribution by 

Wong. This work has reciprocally inspired the research of Andrew Meersand, whom the author 

thanks for his thoughtful contributions. 

Introduction 

Porous carbon materials consisting of felts, papers, and cloths have been widely used as 

electrodes in redox flow batteries (RFBs) and fuel cells. While porous electrodes composed of 

metals such as copper (Cu) and nickel (Ni) [67], and metal oxides such as tin oxide (SnO2) and 

cobalt oxide (Co3O4) [68] have been used for these applications, electrically conductive porous 

carbon electrodes can be inexpensive alternatives that exhibit high surface area, allow for fine 

feature size, are resistive to corrosion, have high oxygen and hydrogen evolution reaction (OER 

and HER respectively) overpotentials, and can be compressed without brittle failure. Several 

different processing methods exist to produce porous carbon electrodes with varying degrees of 

complexity. Figure 4.1 shows the schematic for producing the SGL Group gas diffusion layer 

(GDL) SIGRACET® 39 BC published by Jayakumar et al. [69]. Fabrication of SIGRACET® 39 

AA—a hydrophilic GDL often used for aqueous redox flow batteries [12]—omits the PTFE Dip 

and microporous layer (MPL) Coating steps. 
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Figure 4.1. Schematic of the fabrication process of SIGRACET® 39 BC (SGL Group) from 
Jayakumar et al. [69]. Fabrication of carbon cloth electrodes like begins along the same process, 
but is formed into bundles and later woven rather than proceeding through the paper making 
step. This process would allow a circumnavigation of the bonding, impregnation, and additives 
steps. 

Woven carbon cloth electrodes (CCE) have recently been explored as porous electrodes 

for battery applications due to their dual length scale features [70]; in RFBs, this opens 

opportunities for potentially lower mass transport overpotentials. Often CCEs consist of a woven 

assembly of fiber bundles, allowing for advection-dominated mass transport between the bundle 

weaves, and diffusion-dominated mass transport within the bundles themselves. CCEs do not 

require binder additives to hold their shape, facilitate anisotropic (directional) fluid flow, and can 

increase the stacking density of carbon fibers allowing for higher per-volume surface area. These 

materials can be manufactured using modern textile weaving machines, enabling precise control 

over the warp and weft spacing, thread count, and thickness, and allow for custom patterns. 
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Building on this last point, the ability to adjust the weave pattern on the fly opens unique 

opportunities for rapid iteration and flexible batch sizes, supporting the pursuit of an optimal 

electrode structure. 

In order to establish the potential of using woven CCEs for electrochemical applications, 

it is important to create a framework for evaluating these materials for a given application. In this 

work we explore the physical and electrochemical properties of six commercial woven CCEs 

used for an aqueous organic redox flow battery (AORFB). Through dissecting their permeability, 

structure, conductivity, and surface, we create a voltage efficiency map under a range of 

operating conditions and identify the components most significantly limiting the full cell 

performance. The procedure should be amenable to other porous electrode materials, and 

provides insights into design optimizations for woven CCEs. 

Experimental Methods 

 Six carbon cloth electrodes were used for this study: Clean Fuel Cell Energy, LCC 

Carbon Cloth B-1 Designation A (CFCE), Elat® Hydrophilic Plain Cloth (Elat), Engineered 

Fibers Technology, LCC SpectraCarb™ 2225 Type 900 (Spectracarb), Toray Group Zoltek™ 

PX35 Plain Weave (Zoltek), AvCarb® 1186HCBA (HCBA), AvCarb® 1698NHCBA (NHCBA), 

pictured in Figure 4.2. Several of the CCEs were largely hydrophobic as received; the electrodes 

were treated in an oxygen plasma chamber (Technics 220) at 10 SCCM/min O2 flow, 75 mW for 

5 minutes. Prior research has demonstrated that carbon treatment by oxygen plasma increases the 

surface density of polar carbon-oxygen groups without changing the Brunauer-Emmett-Teller 

(BET) surface area [71]. BET surface area was measured before and after oxygen plasma 

treatment (Micromeritics 3Flex). Surface functionalization was measured by X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific K-Alpha+) also before and after treatment. 



 

 68 

 

Figure 4.2. Photograph of the six carbon cloth electrodes used in this study: (a) CFCE), (b) Elat, 
(c) Spectracarb, (d) Zoltek, (e) HCBA, (f) NHCBA. Each is cut to 5 cm2 for use in a symmetric 
and full cell configuration. 

Micrographs of each electrode are collected with a scanning electron microscope (SEM, 

Zeiss Ultra Plus). Electrode thickness was measured by a dial thickness gage by placing a 2.5 cm 

diameter sample under a glass cover slide with a total force of 0.5 N (1 kPa pressure). The 

subsequent calculations of engineering strain use these measured thickness values. 

 Electrode stress-strain characteristics are measured with an Instron® 3369 and are 

corrected with a stress-strain profile measured without a sample present. The resulting stress is 

converted to pressure by dividing by the 5.1-cm2 electrode area. This is important because the 

maximum compression on the electrode is ultimately limited by the engineering of the fully 



 

 69 

assembled cell, and is constrained by a maximum pressure. The full and symmetric cells in this 

work both use 9 in2 graphite flow plates compressed between aluminum end plates using six 

3/8”-24 bolts tightened to 90 inch-lbs. torque. Using those inputs, an engineering approximation 

suggests the pressure applied per bolt is 1200 lbs. (~5300 N), resulting in a total pressure of 

5.5x106 Pa over the full area when assembled. This provides an upper limit on the compressive 

pressure, and therefore engineering strain, experienced by the CCEs. 

Electrode electrical conductivity and fluid permeability are measured as a function of 

engineering strain using a custom designed cell pictured Figure 4.3, and also described in 

previous work [72]. This cell uses PTFE shims to achieve a desired compressed thickness and 

can be used to measure in-plane and through-plane fluid permeability, and through-plane 

electrical conductivity sequentially. Circular electrodes, pretreated by oxygen plasma and cut to 

one-inch diameter were stacked between the two mirroring copper plates consisting of a 0.25-

inch diameter center hole and a one-inch inner diameter circular trench. PTFE gaskets between 

the copper plates were used to define the compressed thickness, and the setup is compressed by 

several squeeze action C-clamps. We assume no elastic or plastic deformation of the PTFE 

spacers. Deionized water (~1 cP at 20°C) was circulated by a gear pump and directed through the 

cell via a series of external valves. Fluid flow rates and pressures were measured at the cell inlet, 

with the exit emptying into an open-air reservoir. For the through-plane measurements, water 

passed through the electrode via the opposing center holes. For the in-plane measurements, water 

entered through one center hole, flowed radially through the electrode stack, and excited through 

the circular trenches surrounding the sample. These measurements are used as a first pass for 

identifying an ideal value of the compressed thickness of the electrode. 
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Figure 4.3. Photograph of the custom made combined permeability and resistivity cell, made 
from machined copper. A 1-inch diameter electrode is centered on the flow cell, and the PTFE 
spacer acts as a shim of defined thickness around the electrode. Through-plane permeability 
measurements are performed with flow from one center hole, through the compressed electrode, 
and out through opposing center hole. In-plane permeability measurements are performed with 
flow from one center hole, radially out through the electrode, and finally exiting through the 
circular trench. External valves control the flow direction. 

 Mass transport was first characterized by using a symmetric cell configuration with a 

common reservoir of potassium ferri/ferrocyanide (0.1 M K4Fe(CN)6, 0.01 M K3Fe(CN)6, 1.0 M 

KCl, 0.01 M KOH). A potentiostat (Gamry 3000 and Reference 30k booster) was used for 

electrochemical characterization, included electrochemical impedance spectroscopy (EIS), linear 
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sweep voltammetry (CV), and chronoamperometry (CA), to measure the cell polarization. A 

flow-through flow plate (Figure 4.4(a)) was used to capture the mass transport limited regime; 

each experiment is run at flow rates ranging from 20-100 mL/min. Full cell characterization was 

performed with 4,4’-((9,10-anthraquinone-2,6-diyl)dioxy)dibutyrate (DBEAQ2-/DBEAQ) 

negolyte (0.4-0.5 M K2DBEAQ in 0.01 M KOH) against 0.5 M Fe(CN)6
4+ and 0.05M Fe(CN)6

3+ 

in 0.01 M KOH (all pH 12). This chemistry has been previously reported as having record-

setting capacity retention rate [12], but could benefit from an increase in power density. For 

these full cell measurements, we use a Fumatech E620K cation conducting membrane to match 

the conditions of the previous report. A custom interdigitated flow field (IDFF) geometry (Figure 

4.4(b)) was previously reported to be an optimal geometry for a similar electrolyte composition 

[72], and is used for the full cell measurements. 
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Figure 4.4. Drawings of (a) an flow through flow field and (b) an evenly-spaced interdigitated 
flow field (IDFF) with 0.8 mm channel and landing widths, with corresponding photograph (c). 
Flow through flow fields are used for the symmetric cell experiments, and the IDFF is used for 
the full cell experiments. 

Results and Discussion 

 Table 1 shows the electrode thickness measured by a dial thickness gauge. These 

thickness measurements are used for all subsequent engineering strain calculations. The 

electrodes exhibit a wide range of thicknesses compared to one another, and are all significantly 

greater than most carbon paper electrodes (e.g. SGL 39AA is 280 µm). This difference may 

provide future opportunities for manufacturing optimization of uncompressed electrode 
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thickness. However, the actual procedure of optimization of an electrode is beyond the scope of 

this work. 

Table 4.1. CCE physical characteristics. Electrode thickness measured by a dial thickness gauge. 
Filament diameter measured from SEM micrographs. Weave periodicity measured from both 
SEM micrographs and photographs. 

Electrode CFCE Elat Spectracarb Zoltek HCBA NHCBA 

Thickness (µm) 560 470 670 520 1650 1250 

Variation (µm) ±25 ±15 ±15 ±25 ±40 ±50 

Filament diameter (µm) 8 8 10 8 9 9 

Variation (µm) ±1 ±1 ±2 ±2 ±1 ±1 

Weave periodicity (cm-1) 20 20 18 17 4 n/a 

 

 A pressure-engineering strain relationship was measured through the Instron setup in 

compression mode (Figure 4.5). The trend shows an exponentially increasing compressive 

pressure (stress, !) as a function of engineering strain, which deviates from a simple linear 

relationship expected from Hooke’s Law (! = !") for many solids, where ! is the Young’s 

Elastic Modulus and ! is the true strain. Both one and two electrode layers were measured to 

identify trends in interlayer overlap. All single and double layer experiments exhibit a tightly 

correlated relationship except for Zoltek, which shows a small 10% difference in engineering 

strain at low compressive pressures. Because the weaves disrupt the planarity of the CCEs, it is 

possible to have stacked electrodes exhibit slightly shifted stress-strain behavior if the weaves 

deviate in alignment. 

As described in the Introduction, the pressure applied to the flow field plate is 5.5x106 Pa, 

which provides an upper bound for the maximum practical pressure with this particular cell 

configuration. If the electrode were expected to experience a stress greater than this maximum 
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pressure, more force would be applied to the electrode as opposed to the surrounding gasket, 

resulting in fluid leakage. For most of the electrodes 5.5x106 Pa allows for a maximum of 50-

70% engineering strain, a value that will later become a factor for accessing an optimum 

electrode compressed thickness. 

 

Figure 4.5. Compressive pressure as a function of engineering strain measured by an Instron. The 
general trend shows an exponential compressive pressure (stress) and engineering strain 
relationship for all electrodes tested. The pressure estimated for the assembled cell stack is 
5.5x106 Pa, creating an upper limit to practical compressive pressure.  

To capture the underlying electrode surface topography and morphology, samples were 

observed with an SEM (Figure 4.6). These micrographs are used to determine the carbon wire 

filament diameter and weave periodicity also reported in Table 1. All samples exhibited nearly 

symmetric periodicity in both the warp and weft directions, except for NHCBA whose 
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underlying structure was difficult to ascertain (see Figure 4.2). Note that periodicity is measured 

while the electrodes are uncompressed, whereas unconstrained compression may cause the 

weaves to splay, decreasing the actual periodicity. Future architectures could employ asymmetric 

periodicity for tailored performance, largely by achieving a preferential fluid flow direction. Also 

observed in the SEM micrographs, CFCE, Elat, and Zoltek electrodes exhibit a single fiber 

bundle in each weave, which all can lay topologically flat. Spectracarb in contrast has three-braid 

fiber bundles, which are woven together. The two AvCarb electrodes also have three-braid fiber 

bundles, but each of the braids is twisted, creating a complex multi-length scale structure. 

Though the fiber diameters are relatively similar, these bundle braids have a significantly larger 

diameter, leading to a smaller weave periodicity. Full details on the weave architecture may need 

to incorporate a deeper understanding of the CCE manufacturing process. 

 



 

 76 

 

Figure 4.6. SEM micrographs of six carbon cloth electrodes. (a), (c), (e), (g), (i), and (k) depict a 
representative single fiber to observe the surface morphology (scale bar 1 µm). All fibers show 
minimal surface roughness or pitting at this length scale, and have similar diameters. (b), (d), (f), 
(h), (j), and (l) depict a representative bundle and weave to observe the mesoscopic morphology 
of these CCEs (scale bar 100 µm). HCBA (j) has significantly lower weave periodicities (see 
Figure 4.2), which exceed the maximum length scale of the SEM, and NHCBA (l) has a complex 
weave pattern. 

BET and XPS were used to characterize the electrode surface area and elemental 

composition respectively, both as received and after oxygen plasma treatment. As can be seen in 

Figure 4.7, the BET surface area does not change appreciably after oxygen plasma treatment, a 
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result consistent with those previously reported [71]. Slight differences in total adsorbed 

molecules (typically < 10%) are attributed to sample variation rather than pretreatment, as 

determined by several repeated runs. Interestingly, all samples except for Spectracarb exhibit 

nearly linear absorption as a function of partial pressure and nearly identical quantities of total 

adsorbed molecules, indicative of smooth filament surfaces and comparable surface to mass 

ratios. This suggests that the filaments are fully dense without nanoscale surface roughness. The 

Spectracarb in contrast shows very large molecule absorption at low partial pressures, suggesting 

these filaments have substantial nanoscale surface features that enhance the microporous surface 

area. Future work using transmission electron microscopy (TEM) may provide clarity for 

underlying structure of these electrodes. Some reports suggest that high active surface area is an 

advantage for electrochemical systems due to a reduction in charge transfer resistance [73]; 

however, as will be seen shortly, this particular electrode exhibits physical and electrical 

properties that lead to poor performance. 
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Figure 4.7. BET measurements of adsorbed N2 atoms on the electrode surface as a function of 
partial pressure. For all experiments surface area of the oxygen plasma treated electrodes (red) 
does not change significantly from the as-received (black) samples. Slight deviations between 
the pre- and post-treatment are attributed to sample-to-sample variation. The high adsorption of 
the Spectracarb (c) electrode at low partial pressures is indicative of high nano-scale porosity, far 
below the feature sizes observable in Figure 4.6. 
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Figure 4.8. XPS full spectrum scans of each electrode both pre- (black) and post- (red) treatment 
with detectable elements labeled. All spectra show a decrease in the carbon peak (C) and 
increase in the oxygen peak (O) after treatment. Several trace elements are observed, most below 
2 at.%, except for the Si peak in the Zoltek (d) spectra which is ~13 at.%. 

 Full spectrum XPS results can be found in Figure 4.8. All samples exhibit strong carbon 

and oxygen peaks, with the surface oxygen peak increasing after the oxygen plasma treatment. 

Several additional peaks including sulfur (S) and nitrogen (N) and silicon (Si) are noted when 

applicable. With the exception of the ~13 at.% Si peak in the Zoltek samples, all other additional 

peaks are < 2 at.%. This study will not explore the effect of these trace element additives, but we 

report these findings should they become relevant for future studies. Other studies, for example, 

have found the addition of boron (B) to carbon enhances the catalytic activity of RFB electrodes. 

Figure 4.9 shows a high-resolution scan of the oxygen peak centered around a 532.5 eV binding 

energy. This result clearly indicates an increase in oxygen surface content after oxygen plasma 

treatment, except for the Zoltek CCE; it is possible that the high oxygen content in the as-
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received Zoltek sample represents a fully saturated surface functionalization, though additional 

tests should be conducted to confirm this. 

  

 

Figure 4.9. XPS high-resolution scans of the oxygen peak. Oxygen surface content increases 
substantially after oxygen plasma treatment in all samples except for Zoltek; it is evident that this 
electrode has a high oxygen content as received. 

Figure 4.10 details the high-resolution XPS spectra for the carbon peak. Figure 4.10(g) 

shows the fully deconvoluted spectrum for the Spectracarb electrode after oxygen plasma, 

highlighting the C-C/C-H, O-C-O, O-C=O, and π-π bonds. The vertical blue dashed lines in all 

of the remaining sub figures mark the spectra peaks of this deconvolution. The results support 

the findings observed from Figure 4.8 and Figure 4.9, demonstrating a post-treatment increase in 

carbon-oxygen bonds, resulting in a hydrophilic electrode surface. 
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Figure 4.10. XPS high-resolution of the carbon peak. (g) Deconvolution of the Spectracarb (c) 
post-treatment spectra, identifying the location of the C-C/C-H, C-O=O, C-O-C, and π-π peaks. 
The dotted blue lines in each sub figure mark the locations of these peaks. All post-treatment 
scans exhibit a relative increase in carbon-oxygen bonds. The post-treatment Spectracarb (c) 
spectrum has by far the greatest shift toward carbon-oxygen bonds, likely due to the high surface 
area (measured by BET in Figure 4.7) accessible to the oxygen plasma. 
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Figure 4.11. Hydraulic (Darcy) permeability as a function of engineering strain. All electrodes 
have very similar permeabilities, except for Spectracarb (red), which has a significantly lower in-
plane and through-plane permeability, particularly at high strains. 

The custom cell depicted in Figure 4.3 was used to measure in-plane and through-plane 

permeability of each electrode as a function of engineering strain as shown in Figure 4.11, 

following a similar procedure to Feser et al. [74]. Through-plane permeability (!!" [m2]) was 

calculated by Darcy’s Law 

 !!" = !! ! !
! !!  (4.1) 

where ! is the volumetric fluid flow rate, !  is the dynamic viscosity of water, !  is the 

compressed stack thickness defined by the PTFE gasket, ! is the cross-sectional flow area, and 
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∆!  is the inlet-outlet pressure difference. Following the work of Feser et al., a radial 

permeability solution linearized in pressure can be written as 

 !!" = !! ! !" (!! !!")
!! ! !!  (4.2) 

where !! and !!" are the exit (0.5 in) and inlet (0.125 in) radii respectively of the permeability 

apparatus [74]. Inlet flow rate varied between 0 and 200 mL/min, and all measured pressures 

below 30 psig were recorded. 

 The permeability values in Figure 4.11 can each be approximated by a unique 

exponential function (R2 > 0.95) detailed Table 2. These approximations are used for the 

subsequent permeability calculations as a function of engineering strain for each electrode. 

Table 4.2. Equations for the exponential fits to the permeability data in Figure 4.11. Here x is the 
engineering strain (%) the result is the in-plane and through-plane permeabilities (m2) for each 
electrode. 

Electrode 
x = eng. strain (%) 

CFCE Elat Spectracarb 

1-electrode KTP (m2)  (5.1E-11)e-3.0E-2x (3.1E-11)e-2.3E-2x (1.7E-11)e-4.9E-2x 

KIP (m2) (3.0E-10)e-5.9E-2x (1.9E-10)e-4.9E-2x (9.7E-11)e-6.3E-2x 

 Zoltek HCBA NHCBA 

1-electrode KTP (m2)  (4.8E-11)e-3.3E-2x (1.4E-10)e-3.4E-2x (1.0E-10)e-3.4E-2x 

KIP (m2) (1.9E-10)e-5.1E-2x (1.8E-10)e-5.3E-2x (1.6E-10)e-4.6E-2x 

 

 The same cell was used to measure through-plane electrical resistance as a function of 

engineering strain (Figure 4.12). Though the electrode resistance can be approximated in a 

similar fashion to the permeability, we chose instead to interpolate the measured results, 

allowing for discontinuous behavior that arises when the electrode is irreversibly compressed. 

Whereas fluid permeability in a Darcy regime is strongly a function of void fraction and 
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therefore of compressed thickness, the electrical conductivity of woven carbon cloth electrodes 

has multiple contributing factors including contact resistance, percolation density, and 

irreversible deformation. Exploration of these parameters is beyond the scope of this work, but 

may become relevant for future studies, particularly as higher compressive forces are applied to 

the electrodes. 

 

Figure 4.12. (a) Electrode area specific resistance (ASR) with respect to engineering strain on a 
log-linear graph. Electrode ASR is a strong function of engineering strain and can change several 
orders of magnitude under mild compression. Spectracarb (red) exhibits characteristically high 
ASR whereas HCBA and NHCBA have low ASRs across a wide range of engineering strains. 
The data from (a) is converted from ASR to resistivity in (b), incorporating the electrode 
thickness to given an intrinsic property measurement. This result could guide engineering 
electrode thicknesses. Note that some of the strains achieved here are impractical for an 
assembled cell. 

 Following a similar procedure to Gerhardt et al. [72], we combine the area specific 

resistance measured from electrode ohmic and calculated from the measured permeability. Area 

specific resistance due to pumping losses through a porous material is a function of the flow field 

geometry employed. Adapted from Gerhardt et al. the pressure drop, ∆!, is given as 

 ∆! = !! ! (!!!!!)!!
! ! !(!)  (4.3) 

where !!  is the flow field channel width, !! is the flow field landing width, and !(!) is the 

measured permeability as a function of compressed thickness (or relatedly, engineering strain). 
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Also from Gerhardt et al. the voltage efficiency loss from pumping only, ∆!"!"#!, can be 

calculated as  

 ∆!"!"#! = −! ! !!
! ! !!"

 (4.4) 

where ! is the current density, !!"  is the full cell open circuit voltage, and ! is a pump efficiency 

scaling factor, 

 ! = !
!!"#!

!!
!  (4.5) 

Here, ψpump is the fluid pump efficiency, µ is the reference viscosity, and µ’ is an electrolyte 

viscosity, allowing for variable changes in viscosity [72]. Equation (4.4) can be rearranged and 

both sides divided by ! to give the ASR contribution from pumping, !"#!"#!, 

 − !!"!"#!!!"
! = ! ! !!! !! = !"#!"#!. (4.6) 

Note that we can combine Equations (4.3) and (4.6) and isolate the flow rate, area, and current 

density terms, 

 !"#!"#! = !! 
!! !! !

! ! (!!!!!)!!
! !(!) . (4.7) 

We can therefore define a new term called the utilization, !, which is a ratio of the electronic 

current density to the maximum available current given an area-specific volumetric flow rate 

! ! of an electrolyte fluid, 

 ! = ! !
! ! ! ! (4.8) 

where ! is the concentration of active species in the electrolyte, ! is Faraday’s constant (96485 

C/mol), and ! is the number of electrons per molecule of reactant. Gerhardt et al. show that there 

exists a broad optimal flow field geometry for a similar redox flow battery configuration [72]; 

therefore we used the dimensions for the “Equal” flow field configuration in that reference with 

!! =  !! = 0.8 !! to capture that optimum geometry. It should be noted that this geometry 
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might not necessarily be ideal for these specific CCEs, particularly given the variation in 

morphology. Co-optimization of flow fields and electrodes is beyond the scope of this paper, but 

may be an interesting avenue of research in the future. 

 

Figure 4.13. Combinations of ohmic and hydraulic losses as a function of engineering strain and 
electrolyte utilization for (a) CFCE, (b) Elat, (c) Spectracarb, (d) Zoltek, (e) HCBA, and (f) 
NHCBA electrodes. Red dots indicate the optimum engineering strain at every value of 
utilization to minimize losses. (g) and (h) show the ohmic losses and hydraulic losses 
respectively, highlighting the operating conditions most impacted by each. 

Figure 4.13 depicts the combined pumping losses, !"#!"#!, and ohmic resistive losses, 

!"#!!!"#, for a range of engineering strains and utilizations. These figures assume a 0.1 M 

concentration of K4Fe(CN)6 (! = 1), 1 cp viscosity, and ! = 1.67 (~60% pump efficiency). 

These values are strongly dependent on active electrolyte concentration as will be explored later. 

The red dots mark the minimum ASR at every increment of utilization. It is evident at this stage 
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that the Spectracarb performs significantly worse than the other electrodes. Interestingly, all 

electrodes show the lowest resistive losses at intermediate (3-5%) utilizations around 50% strain. 

Because of this last observation, we assemble symmetric cells with 40-60% strain on the 

CCEs to measure the mass transport overvoltage of the cell as the electrolyte is consumed. Flow 

through flow fields in this experiment allowed for complete consumption of electrolytes at 

reasonably low potentials. Experiments with CFCE, Elat, and Zoltek use two layers of electrodes 

per side to minimize the pressure drop across the cell and prevent it from leaking at high flow 

rates; because of the high electrical resistance of the Spectracarb electrode, only one layer was 

used, and even that exhibited poor performance. Figure 4.14 shows the symmetric cell 

polarization, measured by averaging a chronoamperometry (CA) scan with a common 

K3Fe(CN)6/K4Fe(CN)6 electrolyte. Large error bars are attributed to measurement variations 

from the peristaltic pump pulsations. At low flow rates, the onset of a mass transport limiting 

current is evident, with ohmic resistive losses dominating with higher volumetric flow rates due 

to the lower electrolyte utilization. 
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Figure 4.14. Symmetric cell polarization for each electrode using a 5 cm2 flow-through flow field 
at varying volumetric flow rates, measured by steady state chronoamperometry (CA). The low 
permeability of the Spectracarb (c) electrode caused a higher pressure drop and corresponding 
leakage for experiments at higher flow rates. Error bars give the standard deviation of the CA 
data, caused by pulsations in the peristaltic pump. 
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Figure 4.15. EIS spectra for each electrode at various volumetric flow rates. (a) CFCE), (b) Elat, 
(c) Spectracarb, (d) Zoltek, (e) HCBA, and (f) NHCBA graphs have all been scaled to the same 
axis and the high frequency resistance has been subtracted for direct comparison; the inset in (c) 
shows the full EIS spectrum for Spectracarb. The high frequency resistance has been subtracted 
from EIS spectra in (a)-(f). 
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Figure 4.16. (a) and (b) show the EIS spectra for the CFCE and NHCBA electrodes respectively 
both at 20 mL/min flow. EIS spectrum (black) and a best-fit (red) for the equivalent circuit (c); 
RS is the high frequency (electronic, ionic and membrane) resistance, RCT is the charge transfer 
resistance, WP is the semiporous Warburg impedance, and C is the double layer capacitance. RS 
and RCT for each EIS spectrum are tabulated in Table 4.3. 

Electrochemical impedance spectroscopy (EIS) (Figure 4.15) was used to deconvolute 

the ohmic and charge transfer resistances within the cell. The theory behind the deconvolution is 

both sophisticated and debated in the electrochemical community. However, here a simplified 

equivalent circuit (Figure 4.15(i)) of a Randles cell model is used, where RS is the high 

frequency (electronic, ionic and membrane) resistance, RCT is the charge transfer resistance, WP 

is the semi-porous (open boundary finite-length) Warburg impedance, and C is the double layer 

capacitance [75]. Figure 4.16(a) and (b) give examples of the fit for the equivalent circuit in (c) 

to representative EIS spectra. Figure 4.15(a-f) have had the RS subtracted to adequately compare 

the RCT, qualitatively seen by width of the first semicircle. Though mass transport contributions 
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are not calculated from EIS, the effect can be seen by the size of the second semicircle. At 

increasing flow rates, mass transport polarization decreases due to adequate supply of electrolyte 

to the electrode surface, resulting in a smaller second semicircle. At low flow rates, the 

polarization resistance increases, due to reactive species depletion on the electrode surface, 

characterized by a larger semicircle. Robust explanation of interpreting EIS can be found in other 

work [75]. 

Table 4.3 gives the measured values taken at the final scan in each set of experiments, 

converted from RS and RCT to their area-specific quantity, ASRS and ASRCT, respectively. Note 

that the RS, and therefore ASRS, includes the membrane (Nafion 212) resistance in addition to 

the convoluted electronic and ionic resistance of the electrode and the electrolyte respectively. 
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Table 4.3. High-frequency (electronic, ionic and membrane: ASRS) and charge transfer (ASRCT) 
area-specific resistances of each electrode determined from an equivalent circuit fit to symmetric 
cell EIS spectra (Figure 4.15). The resistances from the 20 mL/h measurement are used for the 
MATLAB simulation because they represent the most well equilibrated condition for the 
electrode. 

Flow Rate ASR Electrode 
 (mL/min) (Ω cm2) CFCE Elat Spectracarb Zoltek HCBA NHCBA 
20 ASRS  0.98 0.90 1.29 0.78 0.80 0.95 

 ASRCT 0.10 0.14 0.30 0.10 0.12 0.15 

 Combined  1.08 1.04 1.59 0.88 0.92 1.10 

40 ASRS  1.09 0.98 1.37 0.80 0.82 0.97 

 ASRCT 0.12 0.14 0.43 0.10 0.14 0.18 

 Combined  1.21 1.12 1.80 0.90 0.96 1.15 

60 ASRS  1.09 1.00 1.38 0.81 0.82 0.98 

 ASRCT 0.12 0.16 0.46 0.11 0.12 0.16 

 Combined  1.21 1.16 1.84 0.92 0.94 1.14 

80 ASRS  1.11 1.02 - 0.83 0.82 1.04 

 ASRCT 0.13 0.16 - 0.11 0.12 0.20 

 Combined  1.24 1.18 - 0.94 0.94 1.24 

100 ASRS  1.14 1.05 - 0.84 0.82 1.06 

 ASRCT 0.14 0.17 - 0.12 0.10 0.19 

 Combined  1.28 1.22 - 0.96 0.92 1.25 
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Figure 4.17. IR-corrected overvoltage as a function of utilization. These figures take the data 
from the symmetric cell polarization experiments in Figure 4.14 and subtract the high-frequency 
and charge transfer resistances recorded in Table 4.3. Current density is then normalized 
according to Equation (4.8) to obtain a utilization. Asymmetries between the positive and 
negative utilizations are attributed to differences in pumping velocities between each side of the 
cell. The black line represents a best fit for data using Equation (4.12). αE and αMT are reported in 
the figure legends. 
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 To evaluate mass transport losses, the ohmic and kinetic overpotentials are subtracted 

from the symmetric cell polarization. The current density is also normalized by the volumetric 

flow rate, resulting in a mass transport overpotential as a function of electrolyte utilization 

(Figure 4.17). The asymmetry and scatter in some of the figures is due to slight differences in the 

volumetric flow rate, non-adjustable because the same pump head controls both inlets. 

Surprisingly, all of the electrodes with the exception of the Spectracarb have very similar mass 

transport overpotential trend with the limiting utilization approaching 70-90%. 

 As described in Chapter 3, the thermodynamic overpotential of an electrochemical cell 

due to a variation in concentration of an oxidized and reduced species is given by the Nernst 

equation 

 ! = !!! + !"
!" ln 

!
!  (4.9) 

where !!!is the formal potential of the redox couple, R is the universal gas constant, and [R] and 

[O] are the concentrations of the reduced and oxidized species respectively. In the K3Fe(CN)6-

limited half reaction, the concentration of the oxidized species decreases, and the concentration 

of the reduced species increases by Δc, determined by the faradaic current. This leads to a 

surface potential of 

 ! = !!! + !"
!" ln 

! !∆!
! !∆!  (4.10) 

we assume the mass transport overpotential will take on a similar form based on the change in 

the surface concentration. We therefore define a mass transport overpotential as 

 !!" = !! !"
!" ln

!!!∗
!!!∗  (4.11) 

where αE is a fitting parameter to the magnitude of the overpotential potential. U* is a mass 

transport limited utilization, akin to a limiting current density, and is defined as U* = αMTU 

where αMT is the limiting utilization. We can therefore write 
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 !!" = !! !"
!" ln

!!"!!
!!"!!

 (4.12) 

with αE and αMT as fitting parameters. The black lines in Figure 4.17 trace Equation (4.12) with 

the fitting parameters for each graph. The values are given in each legend. In all cases, αE = 1.5 

and αMT is the mass transport limiting utilization. Other reports have developed a more formal 

treatment of the mass transport overpotential incorporating both a Nernst and a Butler-Volmer 

overpotential contribution [76]. 

 Though the mass transport overpotential is low at small utilizations, this term can be 

significant for a low concentration electrolyte, or while operating near extreme states of charge 

(SOC). Therefore, Figure 4.13 can be modified for a specific operating condition, including 

electrolyte utilization-induced mass transport. To align with the following experiments, we use a 

volumetric flow rate of 100 mL/min and an electrode area of 5 cm2, enabling a conversion from 

utilization to applied current density. The ASR is then multiplied by the current density to give 

an overvoltage; here we assume a full cell potential of 1.05 V, based on reports for the DBEAQ- 

K4Fe(CN)6 cell [12]. A single-electron electrolyte concentration of 0.5 M and a 60% pump 

efficiency are used. 
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Figure 4.18. Calculated combined ohmic, mass transfer, and pumping overvoltages as a function 
of engineering strain and applied current density for (a) CFCE), (b) Elat, (c) Spectracarb, (d) 
Zoltek, (e) HCBA, and (f) NHCBA electrodes. Assumed here is a one-electron electrolyte at 
0.5 M concentration, pumped at 100 mL/min in an IDFF described in Figure 4.4. Pumping 
efficiency is 60%, full cell voltage is 1.05 V, and no membrane resistance is included. Figures 
show up to 10% utilization to show a range of typical operating conditions. Full maps of 100% 
utilization will be explored later in this chapter. The ideal compression calculated under these 
conditions traced by the red dots in each figure, though for all but Spectracarb, a fairly broad 
maximum occurs as a function of compression. 
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Figure 4.19. Global maximum operating voltage for (a) CFCE), (b) Elat, (c) Spectracarb, (d) 
Zoltek, (e) HCBA, and (f) NHCBA electrodes. The same parameters assumed in Figure 4.18 are 
assumed here. Note the different voltage scales and current densities used for each figure. Due to 
the low ohmic resistance of the HCBA and NHCBA electrodes, the global maximum could not 
be resolved. 
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The results of this calculation are shown in Figure 4.18, with the red dots similarly 

marking the point of lowest overvoltage (highest cell voltage) for a given current density. Here, 

overvoltage is a function of current density, giving a saddle point for a global maximum 

operating voltage with corresponding engineering strain and current density as can be seen in 

Figure 4.19. It should be noted this result combines the electrode ohmic, hydraulic, and mass 

transport overvoltages, but does not include charge transfer which is essentially a constant value 

at all practical current densities, and membrane resistance which is known to be a principal 

contributor to ohmic resistance. These effects will be explored below. All of the code to generate 

these maps is located in Appendix A. 

To understand the sensitivity to some of the assumed parameters, Figure 4.20 details the 

effects of pump efficiency, concentration (a proxy for SOC), and membrane resistance. All 

figures show 0%-100% utilization. Figure 4.20(a) represents the base case of 0.5 M K4Fe(CN)6 

with a 60% pump efficiency, and no membrane resistance. Figure 4.20(b) and (c) use a 0.1M and 

0.01M K4Fe(CN)6 concentration respectively, depicting how mass transport effects begin to 

dominate at lower current densities due to the higher electrolyte utilization. The ideal value of 

the engineering strain also decreases, due to the higher impact of pumping losses. Figure 4.20(d) 

uses the same parameters as (a) except for a 100% pump efficiency. Under these high 

concentration operating conditions, pumping has a negligible effect on the optimum efficiency. 

In contrast though, the addition of membrane resistance has a profound impact on the 

overvoltage as seen in Figure 4.20(e), which is identical to (b) except for the addition of a 0.5 

ohm-cm2 resistance. Though this effect has no impact on the optimum electrode thickness, 

membrane resistance significantly lowers the voltage efficiency, and therefore overall energy 

efficiency of the RFB. 
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Figure 4.20. Calculated combined ohmic, charge transfer, mass transfer, and pumping 
overvoltages as a function of engineering strain and applied current density testing parameter 
sensitivity. All figures are stretched to 100% utilization. (a) Base-case using a CFCE electrode, 
0.5 M one-electron electrolyte, 60% pump efficiency (S = 1.67), 100 mL/min flow rate, no 
membrane resistance. (b) shows the base case with 0.1 M electrolyte concentration (note the 
different axis scale) and (c) shows a 0.01 M electrolyte concentration, highlighting the effect of 
the mass transport overpotential. Pumping overvoltage losses affect the top left of the plot, at 
high compressions and low current densities. (d) is the base case but assuming a two electron 
reduction process (n = 2). (e) is the same conditions as depicted in (b) with a 0.1 M electrolyte 
concentration, except including a 0.5 ohm-cm2 membrane resistance. It is evident that even a low 
membrane resistance has a profound impact on the overvoltage, but does not change the 
optimum strain (red dot) as this property is independent of electrode thickness. (f) is the same 
0.01 M electrolyte condition as (c) case but with a 100% pumping efficiency (S = 1), indicating 
that at only at low concentrations, low current densities, and high compressions are pumping 
losses impactful. 
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Figure 4.21. Full cell power density and voltage polarization curves respectively for the CFCE 
(a) and (b), the Elat (c) and (d), and the Zoltek (e) and (f) electrodes. Each electrode is 
compressed between 50 and 60% engineering strain, and the electrolyte is 6 mL 0.5 M DBEAQ 
vs 15 mL 0.5 M K4Fe(CN)6 + 0.05 M K3Fe(CN)6, all in 0.01 M KOH electrolyte. Flow rate is 
100 mL/min. The peak power densities of 0.40, 0.40 and 0.39 W/cm2 at 100% SOC represent a 
65% incrase from published data [12]. 
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Because only the posolyte was tested for the mass transport and kinetic overpotential 

contributions at different utilizations, we make several assumptions for the negolyte. First, we 

assume that for an organic quinone, n = 2, effectively doubling the electrolyte capacity. Second, 

we assume the mass transport and reaction kinetics are approximately the same. Prior studies 

have demonstrated excellent kinetics on carbon surfaces for both the K4Fe(CN)6 and DBEAQ 

electrolytes [12]. On the other hand, variations in the diffusion rates of the electrolytes may 

impact the mass transport overpotential. Because this dominates at high utilization, we assume 

this has a negligible effect on the full cell performance. 

Often, RFBs operate around 100 mA/cm2, which happens to coincide with the optimum 

efficiency for both the posolyte and negolytes. Typically this maximum occurred between 50% 

to 60% electrode compression. Using the results from Figure 4.18 and the assumptions stated 

above, full cells were assembled with CFCE, Elat, and Zoltek electrodes to compare their 

performance. Figure 4.21 shows the full cell polarization and power density curves for several of 

the electrodes. The record peak power density of 0.4 W/cm2 at 100% SOC, a 65% increase from 

published results for this chemistry [12] is achieved in large part due to a low full cell ASR. We 

do note that the posolyte concentration is higher and the volume smaller than the published 

result, which can contribute to both a lower resistance and lower mass transport resistance. The 

comparison between the electrolytes is detailed in Table 4.4. 
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Table 4.4. Comparison of electrolyte volumes and compositions between this work and 
experiments published by Kwabi et al.  

Electrolyte This Work Kwabi et al. 
Negolyte 6 mL 

0.5 M DBEAQ 

0.01 M KOH 

5 mL 

0.5 M DBEAQ 

0.01 M KOH 

Posolyte 15 mL 

0.5 M K4Fe(CN)6 

0.05 M K3Fe(CN)6 

0.01 M KOH 

38 mL 

0.3 M K4Fe(CN)6 

0.1 M K3Fe(CN)6 

0.01 M KOH 

 

The high linearity of the 50-100% SOC i-V curves in Figure 4.21(d), (e), and (f) indicate 

mass transport effects are not impacting cell performance under these conditions. Figure 4.22 

highlights these effects, showing zoomed in i-V polarization (a) and power-current density (b) 

plots for the CFCE electrode. Full cell DC-ASR is 0.83 ohm-cm2 allowing for greater than 90% 

one-way voltage efficiency—approximated by the black arrows in Figure 4.22(a) at 50% SOC—

achievable above 100 mA/cm2 and greater than 100 mW/cm2. Figure 4.22(c) and (d) convert the 

current density in (a) and (b) into utilization. Cyan arrows in Figure 4.22(c) are used as guides to 

indicate the onset of mass transport overvoltage above 30% utilization. Figure 4.22(d) shows a 

maximum achievable power density for a given utilization with this electrolyte composition. 



 

 103 

 

Figure 4.22. Results from CFCE full cell polarization. (a) Zoomed in view of i-V polarization 
curve depicted in Figure 4.21 (d). Slope of the curves indicates a DC-ASR of 0.83 ohm-cm2 at 
50% SOC. 93% one-way voltage efficiency at 50% SOC (0.975 V) is attainable at 100 mA/cm2. 
(b) Zoomed in view of the power density-current density curve in Figure 4.21 (d). A 100 
mA/cm2 current density translate to a 100 mW/cm2 power density. (c) and (d) are the 
polarization and power density curves from (a) and (b) respectively adjusted to utilization using a 
discharge concentration of 0.5 M x SOC. The cyan arrows are used to guide the eye to indicate 
that mass transport overvoltages become prevalent >30% utilization, consistent with the prior 
results. 

Conclusion 

The method presented here provides a framework for robustly comparing the physical 

properties and electrochemical performance of porous electrodes, specifically for redox flow 

battery applications. Using oxygen plasma treatment, carbon cloth electrode surfaces can be 
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made hydrophilic without changing the total surface area. We develop a tool for measuring in-

plane and through-plane liquid permeability, and through plane electrical conductivity and show 

how these data can be incorporated into a model for electrode resistive losses. Among the loss 

components in a RFB electrode—ohmic resistance, charge transfer, mass transport, and 

pumping—the principal contributor is the ohmic resistance for the flow field and electrode 

thicknesses examined here. Pumping losses factor in only under extreme electrode strains and as 

a parasitic loss at low utilizations. In contrast, mass transport losses factor in primarily at 

extreme states of charge or high utilizations. 

Because of the low pumping losses, the results of this model indicate that compressing 

CCEs with up to 80% engineering strain can minimize losses, which are largely dominated by 

electrode electronic resistance. However, due to the very high pressures required to reach this 

strain, 50-60% engineering strain is a practical and reasonable alternative. Future work should 

aim to increase the electrical conductivity and reduce the thickness of woven carbon cloth 

electrodes, such that the ohmic losses approach the pumping losses for practical engineering 

strains. 

 Electrochemical tests using a symmetric cell configuration help deconvolute charge 

transfer and mass transfer resistances; the former is a small but non-negligible factor in overall 

polarization losses, whereas the latter is of principal concern at low concentrations (extreme 

SOCs) and high utilization. The insights from these findings lead to the construction of a full cell 

redox flow battery with low ASR (0.83 ohm-cm2) and record high peak power density (0.4 

W/cm2) for this RFB chemistry. This work demonstrates that carbon cloth electrodes are 

promising materials to use in aqueous organic redox flow batteries, and further research should 

be conducted to more fully assess their optimal design parameters. 
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Chapter 5 : Fluorescence Microscopy on Idealized Electrode Arrays 

Authorship 

 The following work has been independently conducted by Wong while advised by 

Professors Chris Rycroft, Shmuel Rubinstein, and Michael Aziz. 

Introduction 

Electrochemical systems such as electrolyzers, desalinators, and flow batteries are 

receiving renewed attention as our world seeks solutions for fuel production, clean water, and 

energy storage [77,78]. Many of these systems employ high surface area porous electrodes to 

facilitate fluid transport and increase reaction rates. Substantial work has been dedicated to the 

macroscopic reaction-flow properties of porous electrodes [79,80] as well as the microscopic 

aspects such as surface functionalization and nanostructured porosity [81-83]. However, little 

work has addressed the mesoscopic features such as inter-pore reaction-flow profiles, unsteady 

fluid flow, and local concentration mapping. 

Heat exchangers are well-studied systems that have similar design requirements to 

electrochemical systems with porous electrodes, namely, facile fluid transport and high 

volumetric exchange rates, thermal and faradaic respectively [84,85]. Computational studies of 

heat exchangers have explored the two dimensional spacing, orientation, and shape of heat 

exchange fins, analogous to electrode wires in porous electrodes [86]. Unsteady flow and 

shadowing effects impact the overall performance of heat exchangers and are particularly 

affected by the physical arrangement of the fins [87]. It is assumed that these attributes persist 

for electrochemical flow systems though with modified reaction and boundary conditions. 
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Typical aqueous organic redox flow battery (AORFB) architectures employ porous 

carbon electrodes with fiber diameters on the order of 10 µm and porosities around 70-90% 

depending on the compression and configuration. Linear flow rates, u, approximated as 

volumetric flow rates, !, divided by the electrode cross sectional area, A, can vary widely but 

can typically range around 300-600 cm/min (5-10 cm/s). This leads to Reynolds numbers around 

 !" =  !"#! ~ (!"
!!!"
!"! )(!"!"! )(!"!!!")

(!"!!!"∙!) = 1 (5.1) 

within the laminar flow regime. Here ρ is the electrolyte density, l is the characteristic length 

scale of the system, assumed here to be the fiber diameter, and µ is the electrolyte dynamic 

viscosity. Even accounting for the electrode pore diameter length scales of ~100 µm (Re ~ 10 

upper limit), the reaction-flow profile within these porous electrodes should reflect a laminar 

steady flow, yet substantiation of this claim is limited. Many studies, however, detail flow 

around idealized shapes such as cylinders, probing regions of both laminar steady flow [88] and 

steady transitional flow [89-91]. 

Furthermore for electrochemical systems, a method for real time, direct imaging of this 

mesoscopic reaction-flow phenomenon is lacking. Work on hydrophobic fuel cell electrodes has 

explored these structures with X-ray computed tomography (X-ray CT), neutron imaging, and 

nuclear magnetic resonance (NMR) [92], but lack sufficient temporal resolution (<1 second) or 

spatial resolution (<10 µm) to measure fluid-borne reaction, advection and diffusion. 

In this work, we use fluorescence microscopy to image the reaction-flow profile of water-

soluble redox active molecules on an idealized electrode wire array with high temporal and 

spatial resolution. 9,10-anthraquinone-2,7-disulfonic acid (AQDS) is a known redox flow battery 

(RFB) electrolyte and the reduced form (H2AQDS) has a fluorescence signature and can be used 

as a direct measure of local state of charge (SOC), defined as the ratio of H2AQDS to the total 
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quinone (AQDS + H2AQDS) concentration. The direct measurements are correlated to 2D and 

3D multiphysics computer simulations, establishing an accurate electrochemical model and 

highlighting the effect of unsteady flow and electrode shadowing. 

 

Figure 5.1. Schematic of a three-electrode configuration with an Ag reference electrode, an 
idealized gold wire array working electrode, and a high surface area carbon cloth counter 
electrode. (a) Top view (x-y plane), and (b) cross sectional view (x-z plane). Working electrode 
is connected through the bottom of the apparatus. 
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Figure 5.2. Photograph of the three-electrode configuration described schematically in Figure 
5.1. Left to right in the main image, fluid inlet, silver reference, working electrode array, carbon 
cloth counter, and fluid outlet. The inset shows a zoomed in view of a 9-wire electrode array 
with 200 µm gold wires. Scale bar is 10 mm in the main figure and 1 mm in the inset. 

Experimental Methods 

Optics and Electrochemistry 

A custom made three-electrode cell is fabricated from UV-transparent acrylic as shown in 

Figure 5.1. A 200 µm diameter Ag/AgCl wire serves as the reference electrode while a 200 µm 

gold wire in contact with a 1 cm2 carbon felt (Zoltek) serves as a high surface area counter 

electrode. The working electrode is located between the reference and the counter and is made up 

of one or more 200 µm gold wires, arranged in an array. These electrodes are threaded through 

the bottom of a laser-milled acrylic such that the wires stand vertically in the cell and 



 

 109 

perpendicular to the flow of the electrolyte solution. The top and bottom acrylic windows are 

separated by a 1.5 mm thick Viton gasket and fastened with C-clamps. The working electrode 

wires span the gap between the acrylic windows and are visualized on-axis. Figure 5.2 is a 

photograph of this cell configuration with the inset showing a close up view of a 9-wire working 

electrode array through the UV-transparent acrylic top plate. 

 

Figure 5.3. Schematic of a full cell configuration with a wire working electrode separated from 
the H2 oxidation catalyst-coated carbon counter electrode by a Nafion 212 ion exchange 
membrane. (a) Top view and (b) cross sectional view for high Reynolds number flow 
experiments (200 µm gold wire connected through the top of the apparatus. (c) Top view and (d) 
cross sectional view of a spanning wire experiment (50 µm silver wire connected through the 
side of the apparatus. 
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For experiments imaging reaction-flow perpendicular to the wire axis (50 µm silver wire) 

and for high Reynolds number flow (200 µm gold wire), a full cell configuration is used as 

shown in Figure 5.3. The wire array configuration was not used in this full cell setup due to the 

difficulties of reliably aligning the working electrode x, y, and z locations, and the optical 

shadowing caused by the external wires. Humidified hydrogen gas, flowed through a platinum-

coated electrode (Reformate anode, Alfa Aesar), is used as a proton and electron source for the 

full cell anode. 

 The electrolyte is made up of 10 mM AQDS (ion exchanged from TCI America 

anthraquinone-2,7-disulfonic acid disodium salt) in 1 M H2SO4. For the three-electrode cell 

experiments, the electrolyte is partially reduced to H2AQDS (10% SOC) in a reaction with 

hydrogen gas prior to being introduced into the cell. This enables a reduction of AQDS at the 

working electrode and a corresponding oxidation of H2AQDS at the counter electrode with no 

net change in the electrolyte composition. 

A Gamry potentiostat (Reference 3000) is used for all electrochemical measurements. For 

the majority of the experiments, the electrolyte is introduced to the cell using a syringe pump 

(Cole Parmer, 30 mL); the exceptions are the high Reynolds number experiments in which the 

electrolyte is circulated by a gear pump (Cole Parmer) to achieve a sufficient velocity to observe 

unsteady flow. The reactions on the working electrode in all cases are imaged by fluorescence 

microscopy (AxioZoom V.16, Filter Set 02, Plan Neofluar 1x objective) with a 50 frame per 

second capture rate and magnifications as indicated in each figure. Image processing and 

analysis is done through ImageJ (Fiji) and MATLAB (2017a) using custom code. The image 

processing for all non-transient experiments involves averaging a ~5 second frame stack (~100 



 

 111 

images) and subtracting a background image (identical flow conditions with no electrochemistry) 

similarly averaged. 

Table 5.1. Physical parameters used in COMSOL Multiphysics® simulation of the three-
electrode configuration. 1Values reported by Huskinson et al. [6]. 2Found from literature values. 
The remainder are physical parameters for this set of experiments. 

Parameter Value Description 

Uvolume
 0 to 100 mL/h Volumetric flow rate 

Umean 0 to 1.9 mm/s Mean inflow velocity 

DAQDS
1

 3.8x10-6 cm2/s Diffusion of AQDS 

C0 10 mM Total molar concentration 

l 50 mm Length of the apparatus (x) 

w 10 mm Width of the apparatus (y) 

d 1.5 mm Depth of the apparatus (z) 

Ecell +0.1 to -0.3 V Cell voltage 

i0
1

 139 A/m2 Exchange current density 

αAQDS
1

 0.474 Reaction coefficient (AQDS) 

αH2AQDs
1

 0.526 Reaction coefficient (H2AQDS) 

ρ 1 g/cm3 Electrolyte density 

µ1 1 cP Electrolyte dynamic viscosity 

z1 -2 Charges on the molecule 

σl
2 23.7 S/m Electrolyte conductivity 
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Computation 

Coupled computational fluid dynamics (CFD) and electrochemical multiphysics models 

are run through COMSOL Multiphysics® (5.2a) using Laminar Flow, Transport of Diluted 

Species and Secondary Current Distribution physics modules with geometric and physical 

parameters matching the experimental setup. The physical parameters used in the computational 

model are indicated in Table 5.1. 

 2D COMSOL simulations use a fine triangular mesh with a series of quadrilateral 

boundary layers with a 10 nm first layer width as seen in Figure 5.4. 2D simulations assumed a 

slip boundary condition on the top and bottom walls, with fluid inlet and outlet on the left and 

right respectively. A slip condition is used to approximate the real fluid flow because the y-

spacing is significantly longer than the z-spacing, 10 mm and 1.5 mm. With a no-slip condition 

on the top and bottom boundaries in 2D, the fluid flow takes on a Poiseuille profile in the x-y 

plane. Rather in the real system, flow in x-y more closely resembled plug flow, while taking on 

Poiseuille characteristics in x-z. Even so, because of the electrode-electrolyte interaction, the slip 

2D simulation is a close approximation. 3D simulations use a tetrahedral mesh with a similarly 

stacked boundary layer. 

 The computation is divided into two steps, making the assumption that the 

electrochemical reaction and species transport has negligible effect on the fluid properties, e.g. 

electrolyte viscosity does not change during a reduction reaction and electro-osmotic flow is 

screened by the high supporting electrolyte concentration. First the fluid equations are solved, 

assuming a time independent, incompressible viscous steady flow, described by the equations 

 ! ! ∗ ! ! = ! ⋅ −!" + ! !" + !" ! + ! (5.2) 

 !" ⋅ ! = 0 (5.3) 
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Here u, the local velocity, and p the pressure are the dependent variables. ρ is the electrolyte 

density. The inlet velocity is defined by Umean which is itself calculated form Uvolume/wd. In the 

2D case, the walls are given a slip assumption, described by the equations 

 

Figure 5.4. COMSOL Multiphysics mesh of the wire array electrochemical cell. (a) Full view 
indicating fluid inlet, outlet and slip boundary conditions (10 mm scale bar). (b) Magnification 
on the working electrode, here showing a 9-wire array (200 µm scale bar). The number 
convention displayed will be used throughout this work. (c) Magnification on a single electrode 
wire (50-µm scale bar). (d) Magnification showing a series of quadrilateral boundary layers 
down to a 10 nm width radially from the wire center (2-µm scale bar). 

 ! ⋅ ! = 0 (5.4) 

 −!" + !(∇! + (∇!)! ! = −!!!, !! ≤ !! (5.5) 
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The reference pressure, p0, is zero. After the electrolyte flow profile is computed, the electrolyte 

reaction and transport is solved in tandem. The dilute solution electrolyte transport is described 

by the steady state advection-diffusion-migration equation 

 ∇ ∙ −!!∇!! − !!!!,!!!!∆! + ! ∙ ∇!! = !! (5.6) 

where ci is the local concentration of species i, V is the electric potential of the solution, and is an 

expression for the electrolyte flux. The dilute species transport equations are tied to the 

secondary current distribution equations by the relationship 

 −! ∙ !! = !!,!!  (5.7) 

The secondary current distribution assumes no charge accumulation at the electrode interface. 

 ∇ ∙ !! = !! , !! = −!!∇!! (5.8) 

 ∇ ∙ !! = !!, !! = −!!∇!! ( 5.9) 

Here the subscript s denotes the solid and l denote the liquid, where ϕi is the potential of 

component i, and Qi is a charge accumulation. 

All of the simulations apply a solid potential, ϕS, to the working electrode and hold that 

with respect to a ϕ0 at the counter at the outlet of the setup. This is different from the three-

electrode experimental configuration where the potential of the working is fixed with respect to 

the Ag reference electrode, but the current is collected at the carbon cloth counter electrode. 

Therefore, the simulation working potential ϕS is adjusted according to the open circuit voltage 

(OCV) of the experimental cell. 

The working electrode reaction is defined by a concentration dependent Butler-Volmer 

equation described later in the text. The counter electrode reaction is located at the channel outlet 

and is described by a linearized Butler-Volmer equation 

 !!"#$! = !! (!!!!!)!
!" ! (5.10) 
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where η is the overpotential. These equations are extended into the z-direction for the 3D 

simulations. 

 

Figure 5.5. Normalized fluorescence intensity of AQDS as a function of SOC. Measurements are 
taken at even intervals while circulating 10 mM AQDS through a full cell configuration. Initial 
charging is performed galvanostatically, followed by a potentiostatic hold after 0.9 SOC. Solid 
line is the average measured intensity at each SOC; dashed line indicates ideal 1:1 relationship 
between SOC and intensity. 

Results and Discussion 

Many organic molecules are known to have fluorescent properties. In our case, the 

reduced form of AQDS, H2AQDS, exhibits a detectable fluorescence signature, the intensity of 

which can be measured as a function of concentration the species concentration for these low (10 

mM) quinone concentrations. Using a full cell configuration, we measure the background-



 

 116 

subtracted fluorescence intensity as a function of SOC to establish their relationship. Figure 5.5 

is a measurement of the solution fluorescence of AQDS as a function of SOC, showing the 

linearity between the two. Error bars represent the standard deviation measured from multiple 

locations within the fluorescence images. The solution fluorescence appears to saturate at the 

very highest SOC. These measurements were taken by galvanostatically charging the electrolyte 

in a circulating full cell configuration, and finished potentiostatically while accessing the last 

0.10 of the SOC. A normalized proportionality relationship between fluorescence and SOC is 

assumed through the remainder of this work. 

In concentrated solutions, the strong absorption of these molecules causes significant 

optical attenuation of both the excitation and emission wavelengths; this effect is dependent on 

the experimental depth (z) probed. A full description and discussion of the optical absorption of 

AQDS can be found in Tong et al. [31]. Within the relatively dilute concentration range accessed 

in these experiments, the fluorescence intensity from a unit volume of solution is proportional to 

the local concentration, given by the relationship 

 ! !,! ∝ !! !,! − !! !,!  (5.11) 

where Φm is the measured fluorescence intensity during active electrochemical reduction, and Φb 

is the background fluorescence intensity. This relationship can be spatially resolved as a function 

of x and y with resolution based on the numerical aperture of the microscope objective (NA = 

0.25). The proportionality coefficient is a ratio between the number of photons collected from a 

volume and a known quinone concentration. This constant is determined by the steady-state 

downstream fluorescence intensity of H2AQDS at a fixed electronic current and fluid flow rate, 

i.e. a constant H2AQDS flux. The concentration at a particular electrochemical reduction rate is 

diluted by a higher volumetric flow rate. 
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Figure 5.6. Fluorescence microscopy images of fluorescence during AQDS reduction to 
H2AQDS on a spanning 50 µm silver wire working electrode in a full cell configuration (Figure 
5.3(c) and (d). (a) Reaction and diffusion without advection (0 mL/h flow). (b) Reaction-
advection-diffusion at 10 mL/h volumetric flow rate (~0.18 mm/s linear velocity). All scale bars 
are 100 µm. 
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Flow ⊥ Imaging ⊥ Electrode  

To gain an initial sense of the reaction-advection-diffusion profile of flow past a single 

wire electrode, a 50 µm silver wire working electrode is suspended in solution along the y-axis of 

a full cell configuration, perpendicular to the mean fluid velocity axis (x) and perpendicular to 

the imaging axis (z) as depicted in Figure 5.3(c) and (d). Figure 5.6 shows the time-based 

sequence of the AQDS reaction-advection-diffusion profile at flow rate of 0 and 10 mL/hr (0 and 

0.18 mm/s) in this configuration. The advection limits the upstream diffusion of AQDS and 

promotes the downstream spread of the reacted species. These results from the no-flow 

experiment can be used to approximate a diffusion coefficient, D, for the H2AQDS molecule 

using the relationship ! = !!/2!, where x is the length from the wire to the fluorescence edge 

and t is the time lapsed from the start of the electrochemical reduction. Here we measure the 

diffusion of H2AQDS to be ~8x10-6 cm2/s, which is close to the 3.8x10-6 cm2/s diffusion 

coefficient of AQDS measured electrochemically by Huskinson et al. [6]. 

Flow ⊥ Imaging ∥ Electrode 

In a three-electrode cell (Figure 5.1), a single wire and a 9-wire array are arranged such 

that the electrode wires remain perpendicular to the mean flow direction (x), yet are imaged on-

axis such that their orientation is parallel to the microscope objectives (z). This enables the direct 

visualization of the multiphysics rendering in Figure 5.4. Figure 5.7 shows the visualization 

results of the reaction-advection-diffusion profile from a single vertically aligned electrode in 

steady state at different flow rates and applied voltages. The OCV of the working vs the Ag wire 

reference is measured at +100 mV ± 30 mV for these experiments, which is about 100 mV lower 

than that of an AQDS electrolyte in 1 M H2SO4 vs. a standard Ag/AgCl reference electrode. All 

of the potentials are written as the absolute potentials with respect to the Ag reference electrode  
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Figure 5.7. Fluorescence from H2AQDS during a cathodic reaction on a single, 200 µm Au wire 
working electrode visualized on axis at indicated volumetric flow rate and absolute applied 
voltages with respect to a +100 mV OCV Ag reference electrode. This follows the three-cell 
configuration in Figure 5.1. At 100 mV, some electrochemical reduction occurs, increasing in 
intensity at higher applied potentials. At higher volumetric flow rates, the H2AQDS has less time 
to diffuse in the y-direction, creating a narrower fluorescence band. Scale bar is 1 mm and 
common to all images. 
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As can be seen from these images in Figure 5.7, at higher flow rates the H2AQDS 

concentration in the wake of the electrode narrows, indicative of an increasingly advection-

dominated flow regime. The decrease in fluorescence intensity under these conditions shows that 

the local concentration decreases due to a smaller volumetric electrolyte reaction rate. 

 

Figure 5.8. Single wire (200 µm Au) working electrode electrochemical measurements of current 
as a function of flow rate and applied potential in a three-electrode cell configuration (Figure 
5.1). (a) Current as a function of flow rate for each applied potential translates to (b) plotting 
flow rate to the 1/3rd power, highlighting the linearity indicative of a mass transport effect. (c) 
Current as a function of applied potential for each flow rate, highlighting the ~100 mV reaction 
onset and increase in current with the increase in volumetric flow rate. 

The electrochemical measurements associated with the single wire working electrode 

configuration in Figure 5.6 are detailed in Figure 5.8. The measured current dependence on flow 

rate, u, at each applied potential is described in Figure 5.8(a) showing an increase in current at 
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increasing flow rates. Current can also be plotted as a function of applied potential for each flow 

rate as described in Figure 5.8(c), which highlights the current onset followed by mass transport 

effects at higher applied potentials. Figure 5.8(b) shows the relationship between current and the 

flow rate to the 1/3rd power inspired by the following discussion. 

In the textbook, “Physiochemical Hydrodynamics” [93], V. G. Levich outlines an 

extensive analysis of hydrodynamic (viscous) (δ0) and diffusion (δ) boundary layers for 

advective diffusion in liquids. In this work, he develops the relationship 

 ! ≈ !!/!!!/! !
!!

 (5.12) 

where D is the diffusion coefficient, ν is the kinematic viscosity of the fluid, x is the distance 

from the leading edge of a given surface and U0 is the free stream velocity, proportional to the 

linear velocity approximated in this work. The diffusion boundary layer is inversely proportional 

to the square root of the free stream velocity. In a related work, Compton, Laborda, and Ward 

[94] use this relationship and develop an equation for the steady state current, Iss, for a flat 

electrode in a channel: 

 !!! = −0.925!"#!!
!
!!

!
!( !
!!!)

!/! (5.13) 

where F is Faraday’s constant (96485 C/mol), c is the solution concentration, w, xe, h, and d are 

physical parameters of the flat electrode setup and Q0 is the volumetric flow rate of the 

experiment. Q0 is proportional to the free stream velocity in Equation (5.12) and the linear flow 

rate in our experiments. Because we are using a different geometry, the relationship 

 !!! ∝ !!!/! ∝ !!!/! (5.14) 

will be used for the subsequent analysis. Due to the cylindrical geometry of the electrodes in this 

work in contrast to the flat electrodes used by Levich, it is expected that the characteristics of the 

diffusion boundary layer will change, particularly at high flow rates and current densities. The 
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formal method for developing the proportionality coefficient, often by experimentally 

determining the diffusion rate, involves running the experiment at a limiting current at high 

volumetric flow rates. Due to the physical constraints on our system, particularly with respect to 

low volumetric flow and low overpotentials, approximations such as those in Figure 5.8(b) will 

be used. 

In a real electrode, multiple wires interact with one another crossing, or even looping in 

three dimensions. A 9-wire vertical array is an idealized approximation of these real systems and 

one step toward validating the impact each wire has on its neighbor in terms of fluid flow and 

electrochemical shadowing. This experiment uses wire spacing (200 µm wire diameter, ~450 µm 

center-to-center distance) and flow velocities (0.37 cm/s upper limit) that approximate the 

porosity (~85%), and Reynolds number (Re ~ 0.75) of real conditions experienced within a RFB 

porous electrode as described in the introduction. 

 

Figure 5.9. Schematic of image processing and PIV for measuring fluid flow characteristics 
around and through a complex electrode geometry. Stacks of images or frames in a video (a) are 
generated when observing complex fluid flow. A strobe fluorescence image (b) can be formed 
from selecting the maximum pixel intensity from all frames at that pixel location, resulting in a 
traceable streamline. To generate a PIV map (c), individual images in a stack taken at discrete 
time intervals are compared to the preceding and proceeding images to determine a vector field 
that describes the translation and rotation of points between each image. The vector fields 
between each pair of images can be averaged to generate a single map. 
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Particle image velocimetry (PIV) is one method for measuring the fluid flow 

characteristics of a complicated experimental setup. In a three-electrode cell, we use 1 µm 

fluorescent tracer particles to image the flow profile around and within the 9-wire electrode 

array. Shown schematically in Figure 5.9, PIV takes individual frames in an image stack and 

compares them to the frame immediately prior and after. Between the two time points, tracer 

particles have translated a few pixels. The MATLAB PIV software used here, PIVlab, uses a 

64x64-pixel grid (1 pixel ~ 1 µm for these images) and compares the translation and rotation of 

the tracer particles at 32x32-pixel sub-intervals. This process is repeated for each of the 100+ 

images in each stack and the final result averaged to give a PIV map of the local velocity vector. 

Figure 5.9(c) shows the end result of that process, including streamlines overlaid on top in 

yellow. Figure 5.9(b) is a composite image using strobe fluorescence image processing. Each 

pixel in an image is given a coordinate, and the strobe fluorescence image identifies the 

maximum pixel intensity (larges gray scale value) at that location from every image in the stack. 

The result is akin to mapping the fluid streamlines using real tracer particles. The same image 

could, in theory, be created from a long-exposure image during fluid flow, but this is impractical 

given that the CCD would oversaturate quickly. 
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Figure 5.10. Comparison of CFD and PIV velocity magnitudes for (a) a region just upstream of 
the wire array and (b) on a 9-wire array. The elongated region of low flow in the lee of the wire 
array in the CFD simulation is due largely to the inability to account for the constraint of the 
third (z) direction. Flow direction is left to right, scale bars are all 1 mm. 

Figure 5.10 shows the computed and measured fluid velocities for an area upstream of 

and directly on the electrode array indicating good agreement between the experimental setup 

and the CFD portion of the multiphysics simulation. All experimental measurements are focused 

on the mid plane (0.75 mm depth) in the z-direction. The experimental velocities of fluorescent 

tracer particles are measured using PIV. The upstream flow velocity measurements (Figure 

5.10(a)) are sufficiently far downstream of the counter electrode that the flow profile has is not 

affected. The discrepancy between the CFD and PIV data, particularly the undervaluing of the 
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CFD, is largely due to the inability for the 2D CFD simulation to fully capture the impact of the 

no-slip conditions in the third (z) direction. Nonetheless, 2D simulations are still valuable for 

developing a model for these idealized systems. 

 

Figure 5.11. Fluorescence imaging of a 9-wire array in a three-electrode cell as a function of 
applied voltage and volumetric flow rate. Similar to the 1-wire case depicted in Figure 5.7, the 
onset of the cathodic reaction takes off around 100 mV. At lower volumetric flow rates, the 
H2AQDS has more time to diffuse, creating a broadened reduction profile that shadows the 
remaining downstream wires. Sale bar is 1 mm and is common to all images. 
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Figure 5.12. 9-wire (200 µm Au) working electrode electrochemical measurements of current as 
a function of flow rate and applied potential in a three-electrode cell configuration (Figure 5.1). 
(a) Current as a function of flow rate at each applied potential. The same is plotted in (b) using 
flow rate to the 1/3rd power; slight deviations from linearity may be attributed to the product of 
shadowing and mass transport limiting effects. (c) Current as a function of applied potential for 
each flow rate, highlighting the reaction onset and increase in current above 100 mV with the 
increase in volumetric flow rate. 

Figure 5.11 shows the same experiment as the single wire experiment in Figure 5.6 

except for a 9-wire working electrode array aligned parallel to the imaging axis (z). Similar 

features can be observed such as the narrowing of the H2AQDS concentration lines at increasing 

flow rates. The electrochemical measurements for this experiment are given in Figure 5.12. 

Increasing voltages lead to higher measured currents. Figure 5.12(c) at applied potentials above 

100 mV, which matches the observation from the fluorescence imaging. In contrast to the 1-wire 



 

 127 

case, the current is no longer proportional to flow rates to the 1/3rd power (Figure 5.12(b)) for 

high volumetric flow rates. This deviation may be attributed to a combination of a shadowing 

effect. 

Electrode Shadowing 

Unique to this 9-wire idealized array is the independent manipulation of each wire within 

the electrode, enabling the testing of individual or groups of these wires. For the following 

discussion, ‘simultaneous’ will refer to a combination of wires being electrically connected and 

experiencing a common potential in the same experiment. In contrast, ‘sequential’ will refer to 

individual wires that were measured in independent experiments and the calculated sum of either 

their individual currents or fluorescence images will be presented. 

 

Figure 5.13. Three-wire groupings following the numbering convention described in Figure 5.4 
simultaneously measured in a 9-wire working electrode configuration, all measured at 40 mL/h 
volumetric flow rate. Even though the downstream wires are electrochemically inactive, it is 
evident that the reaction at upstream wires changes the apparent concentration of electrolyte 
exposed to the downstream wires. Scale bar is 1 mm. 
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Figure 5.14. Fluorescence of individual wires measured sequentially, combined digitally and 
compared to the same experiment with identical volumetric flow rate (40 mL/h) and applied 
voltage (400 mV) but measured simultaneously. (a) Fluorescence reaction-flow profile of 
individual wires 1, 2, and 3. The frame under ‘sequential measurements’ is a digital sum of the 
three prior images, showing it is qualitatively similar to the comparable simultaneous 
measurement. (b) The same for wires 4, 5, and 6. (c) Sequential fluorescence measurements of 
wires 1, 4, and 7. In the sequential measurement, the image is saturated, which indicates a 
utilization > 1 would be expected if this were physically possible. The inequality between the 
sequential and simultaneous measurements in (c) highlights the shadowing effect subsequent 
wires. Grey scale on all figures has been adjusted to the maximum pixel intensity value (627 of 
255) found in the sequential measurement in (c). Scale bars are all 1 mm for comparable images. 

Figure 5.13 depicts the reaction-flow fluorescence profile groupings of three wires 

measured simultaneously in a 9-wire array, and the shadowing effect on downstream wires in the 

electrode. Shadowing is defined as the change in electrolyte concentration of a downstream 

portion of the working electrode due to prior electrochemical reactions of the electrolyte from 
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upstream portions of the electrode. This conveys that the electrolyte concentration on 

downstream wires is different from the bulk concentration. At very high volumetric flow rates or 

low current densities (utilization), this effect can be minimized, but is generally unaccounted for 

in most RFB literature. 

Figure 5.14(a) and (b), in which the wires addressed are in different rows (y-positions 

differing by ~450 µm) and therefore don’t shadow each other, show how the sequential operation 

of these wires can be conducted to match the sum of the wires in concert and the close 

correlation of the fluorescence intensities from each of these cases. However, Figure 5.14(c), in 

which the wires addressed are all in the top row, indicates the impact of electrode shadowing. 

The electrolyte concentrations at wires 4 and 7 in the simultaneous measurement are different 

(increased H2AQDS concentration and decreased AQDS concentration) from the concentrations 

in the sequential measurements. According to the concentration-dependent Butler-Volmer 

relationship between overpotential potential, η, and current density, i, a decrease in reacting 

species concentration will necessarily lower the current by the relationship 

 ! = !! !!
!!∗

exp !!!"
!" − !!

!!∗
exp !!!!"

!"  (5.15) 

where cO and cR are the oxidized and reduced species concentration respectively at an interface, 

whereas cO
* and cR

* are the bulk oxidized and reduced species concentrations respectively. 

Additionally, i0, is the exchange current density, αa and αc are the anodic and cathodic charge 

transfer coefficients respectively, R is the universal gas constant, and T is the temperature in 

Kelvin. This concentration-dependent Butler-Volmer equation serves as the basis for the 

computational electrochemical boundary layer reaction on the working electrode described later. 
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Figure 5.15. i-V curves for sequential vs simultaneous electrochemical reaction involving the 9-
wire array. All experiments use 40 mL/h volumetric flow and 400 mV applied potential. (a) 
Individual wires measured sequentially. (b) Groups of three wires displayed physically in Figure 
5.14(a) and (b) measured sequentially and simultaneously, highlighting the observation that the 
electrochemical reduction between the two measurements are nearly identical. (c) Full 9-wire 
electrode array measured sequentially and simultaneously. The decrease in the measured current 
for the simultaneous measurement (red) compared to the sum of sequential measurements (black) 
across all applied potentials is attributed to the effect of electrode shadowing. 

The electrochemical measurements for the experiment described in Figure 5.14(a) and (b) 

are shown in Figure 5.15(b), showing tight agreement between the sequential and simultaneous 

measurements for groups of wires that do not create a shadowing effect. Figure 5.15(a) shows 

each electrode the 9-wire array measured sequentially with the characteristic increasing current 

as a function of applied potential. The scatter in these data is assumed to be a real effect of 

imperfections, both physical and electronic, in each wire. The simultaneous experiment for wires 
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1, 4, and 7 was not conducted due to a leak that developed in the system. Instead, Figure 5.15(a) 

shows the full 9-wire array measured sequentially and simultaneously—the lower current in the 

simultaneous measurement is attributed to the effect of electrode shadowing, decreasing the 

reactant concentration, cO, exposed to downstream wires, thereby lowering the overall current 

density, i. 

Computational Analysis 

A 2D and 3D COMSOL model is used to simulate these experiments, matching the 

physical geometry of the system setup. As described previously, the 2D model uses a slip 

boundary layer on the top and bottom walls of the flow cell to approximate the plug flow 

characteristics expected in the x-y plane. The 3D simulation uses non-slip boundary conditions. 

Figure 5.16 shows the comparison between the reaction-flow profile of an experimental 9-wire 

array, and two simulated profiles, one in two-dimensions, the other in three-dimensions. Both 

computational simulations capture the qualitative effects of the reaction flow, particularly the 

reaction rate, compared by proxy as the fluorescence intensity, and the flow direction. It is 

apparent though that not all of the physics that is occurring in the experiment is fully captured in 

the simulations. Particularly, the concentration diffusion effects in the simulated results blur the 

sharp delineation between the fluorescent and non-fluorescent electrolyte in the experiment. 

Second, the fluorescence intensity of the trailing reduced electrolyte is maintained in the 

experiment, whereas it decays in the simulation; observing the fluorescence stream in the wake 

of wire 1 at 400 mV applied current highlights this observation. In the experiment, the trailing 

edge from wire 1 can be seen to follow the curvature of the electrode array before gradually 

merging with the electrolytes from wires 4 and 7, and eventually flowing out of the image. In the 

simulated results, the trailing fluorescence from wire 1 dissipates as it approaches wire 4. 
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Figure 5.16. Comparison of H2AQDS fluorescence reaction-flow profile using (a) experimental 
measurements, (b) 2D COMSOL simulation and (c) 3D COMSOL simulation averaged through 
the simulated depth (z). All experiments assume 100 mL/h volumetric flow rates. In all cases, 
gray scale values are normalized between 0% and 100% SOC. Scale bars are 1 mm. 

There are at least four possible physical phenomena that could be driving the discrepancy 

between the experimental and simulated results, including a change in viscosity, a change in 

diffusivity, 3D effects and optical attenuation. The first, viscosity, is an unlikely candidate. 

While the solubilities of dissolved molecules and viscosities of the complete electrolyte can 

change as functions of SOC, the relatively dilute (10 mM) concentration of two highly soluble 

quinones (AQDS and H2AQDS) in a strongly acidic supporting electrolyte suggests this is 
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unlikely the case. Typical values of AQDS viscosity are assumed to be ~1 cP at low 

concentrations [6]. 

Second, the diffusion rate of H2AQDS—observed in the experiment—could be lower 

than that of AQDS used for the simulation. However, from the reaction diffusion experiment 

described in Figure 5.6, the apparent diffusion of H2AQDS measured from the fluorescence 

images with 10 mM total quinone concentration is within the same order of magnitude as that of 

AQDS obtained from literature values using a rotating disk electrode polarization at 1 µM 

electrolyte [6]. This would result in a greater diffusion of electrolyte, even more rapidly 

decreasing the fluorescence intensity in the wake of a given reduction reaction. 
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Figure 5.17. (a) 9-wire array fluorescence profile at 40 mL/h, 400 mV applied potential. Scale 
bar is 1 mm. (b) An identical 3D simulation showing colorized H2AQDS concentration in cross 
section with the electrode wires. 3D simulation of colorized H2AQDS concentration at (c) the 
bottom-plane and (d) the mid-plane (with respect to the z-axis). Because the mid-plane 
experiences higher linear flow rates, there is less time for reactant diffusion within the electrode 
array. 

The 3D effects of reaction-diffusion-advection flow are accounted for in the 3D 

simulation. Figure 5.17 highlights these effects, showing the cross-sectional planes of colorized 

reactant concentration. Though the reactant concentration appears to be relatively uniform along 
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the z-axis in the x-z and y-z planes as depicted in Figure 5.17(b), the profiles in (c) at the bottom-

plane and in (d) at the mid-plane of the cell show that the concentration profile does change as a 

function of depth, largely to the changes in the local stream velocity at different depths within 

the cell. All of the experiments (e.g. Figure 5.17(a)) are assumed to be an integration of 

fluorescence through the complete depth of the cell. Because of this, the images in Figure 5.16(c) 

are a normalized sum of multiple slices in the 3D simulation. Even though this is a more robust 

approximation of the experimental results compared to the 2D results, discrepancies between the 

simulated and experimental results persist. 

A fourth physical factor possibly attributing to differences between the experimental and 

computational results is the effect of optical attenuation. As discussed in Chapter 3, the 

equilibrium coefficient for the quinhydrone (QHQ) formation is calculated to be KQHQ = 80 M-1. 

From a total quinone concentration of 10 mM in this experiment, the maximum product between 

oxidized and reduced quinone is when each is at 5 mM. This leads to a maximum QHQ 

concentration of 

	 !"! = !!"! ! !" = 80M!! ∙ 0.005M ∙ 0.005M = 0.002M = 2 mM	 (5.16) 

With a high optical attenuation of ~600 M-1cm-1 in the region of fluorescence emission of the 

H2AQDS, this leads to a maximum optical absorption of 1.2/cm or 0.12/mm. Through an 

observed depth of 1.5 mm, the maximum optical absorption from the QHQ represents an upper 

bound of ~33% reduction in fluorescence intensity. This could be a significant effect when trying 

to quantify concentrations of quinones in space. Though the linear fluorescence quantification 

described in Figure 5.5 indicates the quinhydrone formation is likely a significantly smaller 

contributor to fluorescence attenuation, the dimerization kinetics at the boundary between 

reduced H2AQDS and oxidized AQDS may play a role in tightly defining the trailing 

fluorescence tail. This may provide an interesting opportunity to begin to more deeply probe 
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electrolyte interactions in future studies. Further work in tying together the experimental 

measurements and computational simulations will be needed, particularly for electrode 

geometries of increasing complexities. 

 

Figure 5.18. Single wire reaction flow profiles in a full cell configuration (Figure 5.3(a) and (b)) 
showing the separation of the viscous boundary layer in the wake of the electrode at high Re. 
Flow separation occurs around Re~12 (c). Images (d), (e), and (f) are enhanced in contrast to 
give images (g), (h), and (i) respectively. Red lines indicate the angle of flow separation from the 
center of the wire, and yellow arrows indicate the location on the wire surface. Flow is left to 
right, and scale bar is 200 µm. 
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High Reynolds Number Flow 

Though we make the assumption that real RFBs electrodes operate in a laminar steady 

flow regime and observe this is the case by conducting comparable experiments at comparable 

Reynolds numbers, it remains an open question when and how the electrodes experience 

unsteady flow conditions. To discover this, we construct a full cell configuration using a single 

wire as diagrammed in Figure 5.3(a) and (b). We measure the active reduction of AQDS by the 

fluorescence of H2AQDS at high flow rates as shown in Figure 5.18, increasing the flow rate to 

attain a range of Re from about 3 to 30. Around Re ~ 12, we see the first evidence of eddies 

forming along the lee side of the electrode. This is in the same range to similar reports of laminar 

flow around groups of cylinders [91]. The viscous boundary layer delamination, highlighted by 

the split fluorescence symmetrically aligned around the electrode circumference, are marked by 

yellow arrows. These resemble many experiments of the high Re flow around a cylinder [90]. 

The red lines give an approximate angle for this delamination, steadily increasing with increasing 

Re. By the same argument made before, though higher flow rates lead to higher measured 

currents, the utilization of the electrolyte decreases, decreasing the signal to noise ratio. Though 

saturated, Figure 5.18(g), (h), and (i) are oversaturated versions of (d), (e), and (f) respectively, 

but highlight the region of eddy formation (g) and later the development of more complicated 

unsteady flow. Computational analysis simulating comparable unsteady conditions could be 

effective tools for unveiling the benefits and shortcomings of operating RFBs in higher Reynolds 

number flow. Similar to the example of heat exchangers [86], these simulations may eventually 

be used to provide an optimized geometry to maximize AORFB performance. 
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Conclusion 

In this work, we have developed a new method for directly assessing the reaction-

diffusion-advection properties of aqueous organic redox flow battery electrolytes, leveraging the 

fluorescence signature of H2AQDS. Using an idealized electrode and small electrode array, we 

quantify the diffusion coefficient of H2AQDS on a spanning wire electrode without flow and 

quantitatively verify the fluid flow velocity. We then reorient the experiment in a three-electrode 

idealized array using 1-wire and 9-wires to directly observe quinone reduction, advection, and 

diffusion as we vary flow rate and applied current. Relating the measured current to the cube root 

of the volumetric flow rate, Q0
1/3, we show a similar scaling relationship to one defined by 

Compton-Laborda-Ward, though note that a new proportionality coefficient should be developed 

for cylindrical electrode geometry. 

In a 9-wire array, individual electrode wires are measured sequentially and 

simultaneously to probe the impact of electrode shadowing, resulting in a decrease in current due 

to a concentration overpotential. The experiments are coupled to a 2D and 3D simulation of fluid 

flow and electrochemical reaction, showing a qualitatively accurate, but quantitatively imprecise 

reaction flow profile. We explore four possible physical contributors to this imprecision, 

including species-dependent viscosity and diffusion coefficient, 3D flow effects, and optical 

attenuation, concluding that more work is needed to bring the experiment and simulation into 

alignment. Regardless, this provides a foundation for correlating experimental results with 

computational simulations, leading to a usable electrochemical model for complicated electrode 

geometries. Finally, we explore the effect of high Reynolds number flow, directly observing the 

formation of vortex eddies and the delamination of the viscous boundary layer at Re ≥ 12. The 

fluorescence microcopy technique can be used to validate a wide range of experimental 
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conditions and provide a unique glimpse into the operation and future engineering of aqueous 

organic redox flow batteries. 
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Chapter 6 : Fluorescence Microscopy to Evaluate Carbon Electrodes 

Authorship 

 The following work borrows from and builds upon the publication, “Direct visualization 

of electrochemical reactions and comparison of commercial carbon papers in operando by 

fluorescence microscopy using a quinone-based flow cell” written by Andrew Wong, Professor 

Michael Aziz, and Professor Shmuel Rubinstein, published in 2017 in ECS Transactions. Wong 

developed and performed all of the experiments. Rubinstein and Aziz advised this project. 

Introduction 

As the costs of renewable yet intermittent energy generation continue to fall, 

electrochemical systems, such as flow batteries, have gained attention for potential deployment 

as grid-scale energy storage units. Significant work has been and continues to be done to 

improve the performance and, ultimately, decrease the costs for flow batteries: adopting 

inexpensive, earth abundant aqueous-soluble active materials, developing highly-selective, high-

conductivity inexpensive ion exchange membrane (IEMs) or separators, and modifying 

commercial electrodes for high conductivity, high surface, and catalytic properties [8,95-97]. 

However, the improvements to each of these components often lack a deeper understanding of 

their overlap, namely the fluid flow and electrochemical reaction distribution of active species 

within porous electrodes. In situ techniques, such as fluorescence microscopy, can be used to 

illuminate these micro-scale phenomena and shed light on opportunities to improve 

electrochemical flow system performance [92]. 

In much of the aqueous flow battery research to date, commercial carbon materials in the 

form of felts, cloths and papers, have been the preferred electrodes due to their high electronic 

conductivity, high surface area, chemical and mechanical stability, and inhibition of water 
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electrolysis. There exist a number of schemes for thermal [98], chemical [99] and 

electrochemical pretreatments, and modifications such as laser perforation [100], carbon 

nanotube decoration [101] and catalyst growth [102] to enhance the electrode surface area [103], 

catalytic properties [104], and wettability [105]. However, all of these electrode preparation and 

enhancement procedures start with carbon electrodes produced by relatively few vendors, and 

most analyses and cell designs assume these electrodes behave as ideal homogeneous, isotropic, 

biphasic porous materials. Some significant research has been done to measure and model the 

properties of these porous electrodes ex situ [106,107] that indicates that a homogeneous model 

is unlikely to be completely accurate. However, direct in situ measurements on the scale of the 

electrode fibers and pores has been lacking in the field. 

As we have seen, aqueous soluble organic molecules, such as quinones, have been 

increasingly studied because of their potential use as abundant, inexpensive active electrolytes 

for flow batteries [6,9,20,108]. Beneficially, redox-active quinones can also have distinct 

fluorescence signatures between their oxidized and reduced states [109]; this enables direct, in 

situ, electrochemical reaction-fluid flow mapping of the active electrolytes by light-based 

techniques such as fluorescence microscopy. In contrast to other in situ techniques used to 

characterize flow batteries [110,111], fluorescence microscopy enables fast (<100 ms), high 

resolution (<10 µm) imaging over large areas enabling a detailed understanding of the 

electrolyte-electrode interaction. 

In this work, we use fluorescence microscopy to illuminate the reaction-flow properties 

of a quinone flow cell in operando using several different carbon papers as the porous electrode. 

The results suggest that carbon electrodes can be surprisingly heterogeneous on scales relevant to 

flow cell operation; this heterogeneity can lead to a non-uniform fluid flow distribution and a 
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diminished utilization of the full electrode surface area. Several electrospun electrodes 

specifically tailored to have an anisotropic arrangement are also analyzed, highlighting the 

potential of customized electrode architectures. This insight provides an opportunity for 

exploring improved electrode architectures and engineering high-performance porous electrodes 

for electrochemical flow systems. 

 

Figure 6.1. (a) Schematic and materials for the quinone-hydrogen flow cell (QHFC) used 
throughout this work. The posolyte reservoir starts at 100% AQDS for all experiments. (b) 
Photograph of assembled QHFC with a UV-transparent viewing window to enable bright field 
and fluorescence microscopy. 

Experimental Methods 

A homemade quinone-hydrogen flow cell (QHFC) is used for all fluorescence 

microscopy experiments. A schematic for this setup and a photograph of the assembled cell are 

depicted in Figure 6.1. The negative terminal is plumbed with a pressurized, humidified 

hydrogen source regulated to an inlet pressure of 5 psi. Hydrogen is oxidized at the 5 cm2 

negative electrode (Pt-C reformate anode from Alfa Aesar) compressed against a stainless steel 

current collector with a grooved serpentine flow field to enable excess liquid removal. The 

positive terminal is plumbed with 10 mM AQDS in 1 M H2SO4. In contrast to the other chapters 

in this thesis, here the AQDS electrolyte is called the posolyte due to its positive potential 

compared to the H2(g) oxidation to H+. AQDS is reduced to H2AQDS in a 5 cm2 porous carbon 
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electrode compressed against a gold wire current collector. A Nafion 212 cation exchange 

membrane (CEM) is used to separate the two half-cell reactions. An interdigitated flow field is 

milled out of 3/16” UV-transparent acrylic (clear U.V.T. acrylic, EMCO Industrial Plastics) and 

assembled on top of the positive terminal to enable direct visualization with microscopy. Figure 

6.2 depicts a schematic and a bright field micrograph of the IDFF on top of the positive 

electrode. Fluid is transported through the flow field channels and across the land such that all of 

the electrolyte must flow through the electrode for some distance between inlet and outlet. 

 

Figure 6.2. (a) Schematic of the 2 cm2 interdigitated flow field (IDFF), highlighting the fluid 
flow path from the high pressure inlet, through the carbon electrode underneath the land, and out 
the low pressure outlet. Three regions of interest are marked, corresponding to experiments later 
in the text. (b) Bright field image of the IDFF on top of a porous carbon electrode. A gold wire 
current collector connects the electrode to an external circuit. 

Four different commercial carbon papers are used for the positive electrode: Sigracet 

10AA, 34AA and 39AA (SGL Carbon), and Toray 060. The Sigracet carbon papers are 

pretreated by baking at 400 °C in air for 24 hours, and the Toray 060 is pretreated by chemical 

etching in 1:3 (v:v) mixture of concentrated nitric and sulfuric acids for 5 hours at 50 °C 

following the procedure described by Chen et al.18 Table 6.1 gives the physical properties of 
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each porous carbon paper electrode according to the vendor data sheets.  Two layers of Toray 

060 are used in the experiments to match the thickness of the SGL papers. 

 

Table 6.1. Comparison of porous carbon paper electrode physical properties. *Asterisk indicates own measurement 

Physical Property SGL 10AA SGL 34AA SGL 39AA Toray 060 

Thickness (µm) 390 280 280 190 

Porosity (%) 82 75 89 78 

Through-Plane ASR (mΩ cm2) <16 <14 <5 80 

Fiber Diameter (µm)* 10 8 8 10 

 

The commercial carbon papers are assembled into the QHFC positive terminal with PTFE 

spacers. 8 mil (200 µm) spacers use for SGL 34AA and 39AA to compress each electrode to 

29% engineering strain, and 11 mil (280 µm) spacers are used for SGL 10AA and 2-layer Toray 

060 to compress the electrodes to 28% and 26% engineering strain respectively against the UV-

transparent acrylic flow plate. Though there are several different flow field designs for 

electrochemical flow systems [112,113], IDFF (Figure 6.2) was selected in order to image the 

total fluid flow through lands of the electrode because it is difficult to image through the 

channels. This configuration prevents fluid from bypassing the electrode as happens in flow-by 

designs. As will be demonstrated in this work, the flow field design and the electrode 

morphology will influence the fluid-flow and electrochemical reactions expected to affect the 

ultimate device performance. 

 Electrolyte linear flow rates, U0, assume the volumetric flow rate, Q0, is passing 

uniformly from the channel into the electrode along a channel-land perimeter, P, measured in 

this 2 cm2 IDFF to be ~68 mm. The resulting cross sectional area is given as Pt, where t is the 
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gasket thickness, and therefore is the compressed thickness of the electrode. Therefore, the linear 

flow rate can be approximated as 

 !! ≈ !!
!" 1− (!!!)

(!!!)
!!

 (6.1) 

where ϕ is the porosity (void fraction) of the uncompressed electrode giving (1− !) as the solid 

fraction, and ε is the engineering compressive strain on the electrode, leading to (1− !) as the 

normalized compressed thickness. Therefore, (!!!)(!!!)  is the compressed solid fraction, and 

1− (!!!)
(!!!)  is therefore the compressed void fraction. The compressed void fractions (porosities) 

for these experiments are 0.75 for SGL 10AA, 0.65 for SGL 34 AA, 0.85 for SGL 39AA, and 

0.70 for 2xToray 060. All porosity values are calculated assuming literature values of porosity 

and thickness in Table 6.1 for uncompressed electrodes and a zero solid fraction change when 

compressed to the thickness of the gasket. The smaller the compressed void fraction, the greater 

the linear flow rate due to the same volumetric flow constrained to a smaller cross-sectional area. 

Because of the assumption that the engineering strain cannot compress the solid material, the 

relationship is constrained to conditions where ! + ! < 1. 

Three electrospun carbon electrodes, fabricated by Dr. Matthew Kok by procedures 

described in other work [114], are also analyzed. These electrodes have tailored anisotropies that 

allow for a direction of preferential fluid flow [115,116]. These are given experimental labels 

Kok (1.3), Kok (2.1), and Kok (3.1) along with the fabrication date. The first number is a 

qualitative descriptor of anisotropy with 1 representing largely isotropic and 3 representing 

anisotropic. In the experiments presented here, all Kok electrodes are aligned such that the fibers 

are oriented perpendicular to the IDFF channels. Future work could explore the impact of fiber 

alignment with respect to the flow field has on RFB mass transport. 
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All of the electrochemistry is performed with a Gamry Reference 3000 Potentiostat and 

the posolyte is circulated using either a peristaltic pump (Cole Parmer, MasterFlex) or a syringe 

pump. The open circuit potential is approximately +250 mV and the reduction of AQDS to 

H2AQDS is a spontaneous process. Electrochemical conditions for each experiment are 

described in the main text. All electrical current measurements are given as an absolute value, 

with a greater current indicating a more rapid reduction of AQDS. The full assembly is imaged 

by fluorescence microscopy (Axio Zoom V.16, Filter Set 02, Plan Neofluar 1x objective) with a 

50 fps capture rate. 

 

Figure 6.3. Fluorescence image processing procedure. Prior to performing an experimental 
series, a dark (0% SOC) baseline series is measured while holding the potential at +600 mV, 
oxidizing any remaining H2AQDS to AQDS. A bright (100% SOC) baseline is also taken after 
holding a non-flowing electrolyte at 0 mV for 60 seconds or when the reducing current reaches a 
steady state. Image frames from experiments at the same location as the baselines can be 
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normalized between 0% and 100% SOC by subtracting the dark baseline, and dividing by the 
difference between the bright and dark baselines, creating a normalized image stack with grey 
scale between 0 and 1. These are then translated from grey scale to a color map. 

 The image processing procedure for all of these experiments is outlined in Figure 6.3. All 

colorized images have been normalized using this procedure and use the “Jet” color scheme. 

Blue indicates oxidized AQDS (0% SOC) and red indicates reduced H2AQDS (100% SOC). 

Results and Discussion 

Commercial Carbon Electrodes - Scanning Electron Microscopy 

 Figure 6.4 shows SEM micrographs of SGL10AA, SGL 39AA and Toray 060 all at the same 

magnification. Generally, carbon filaments are 7-10 µm in diameter with pore diameters on the 

order of 50-100 µm. From the SEM images, it is clear that the filament morphology and overlaps 

differ between carbon papers, in particular with the SGL 10AA containing looping filaments 

whereas the SGL 39AA and Toray 060 have long, straight filaments—these filaments often span 

many centimeters in length. SGL 34AA, which is not imaged, has similar morphology to SGL 

39AA. While bulk properties such as porosity are averaged over the whole electrode area, it is 

clear from the SEM images that physical phenomena on the micron scale will be influenced by 

local properties. For electrochemical systems such as flow batteries, the electrode thickness and 

interdigitated inlet-outlet spacing are on this length scale. 
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Figure 6.4. SEM micrographs of three of the porous carbon paper electrodes: (a) SGL 10AA, (b) 
SGL 39AA and (c) Toray 060. SGL 34AA has a similar morphology to SGL 39AA due to a 
common fabrication procedure, but an SEM image was not available. All scale bars are 100 µm. 
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Figure 6.5. Time-based advection profile of four difference commercial carbon electrodes across 
the middle land. 10 mM AQDS electrolyte is fully reduced (red) within the cell at t = 0. Fully 
oxidized electrolyte (blue) is then forced through the cell with a syringe pump at 100 mL/h 
(~2.4–3.1 mm/s linear flow rates). As seen in (d) and (h), SGL 10AA, and SGL 34 AA display 
strong channeling features, and SGL 39AA (l) has large stagnation regions creating a highly 
heterogeneous flow profile. Toray 060 (p) has more homogeneous profile. Blue circular features 
in the SGL 34AA images are artifacts from trapped bubbles. Scale bars are 1 mm. 

Fluorescence Microscopy 

Figure 6.5 shows the evolution of fluid flow as a fully reduced H2AQDS (red) electrolyte 

is forced from the landing by the inflow of fully oxidized AQDS (blue) electrolyte in each 

electrode over the course of a few seconds. All fluid flow starts at the inlet channel (left) and 
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traverses underneath the land through electrode to the outlet channel (right). These fluorescence 

microscopy images reveal that fluid flow is not uniform throughout the electrodes and is not 

uniform across different electrode styles despite similarities in their physical properties. The flow 

progression for the three SGL electrodes in time suggests these papers are surprisingly 

heterogeneous in their mass transport properties. The persistent red areas in these images suggest 

regions of stagnant flow where reduced H2AQDS is not being replenished by the advection of 

oxidized AQDS. These regions are considered diffusion dominated rather than mass transport 

dominated. 

 While the SGL 10AA, SGL 39AA, and Toray 060 images in Figure 6.5 show excellent 

uniformity in electrolyte coverage, the blue circular features in the SGL 34 AA electrode images 

(e-h) are artifacts of trapped bubbles. Bubbles trapped within the electrode had noticeable impact 

on the electrolyte flow path, and were present in most samples tested throughout this work. The 

experiments featured here were largely selected due to the absence of trapped bubbles. We did 

not explore the effect of trapped bubbles on overall electrochemical performance, but note that it 

will be important for future work to better understand this phenomenon, particularly for studies 

of mass transport in porous electrodes. 
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Figure 6.6. (b-e) compares four commercial carbon electrodes to a mean field theory result (c) 
during a steady state reduction of AQDS to H2AQDS at 60 mA (30 mA/cm2) with 200 mL/h 
volumetric flow rate (~5–6 mm/s electrolyte linear flow rate) all across the middle land. The 
electrolyte utilization is 0.55. In comparison, the SGL electrodes each show strongly 
heterogeneous behavior, and substantial deviation from the mean field approximation. Circular 
red features are bubble artifacts. Scale bars are 1 mm. 

Though SGL 39AA and SGL 34 AA share similar morphologies, their respective 

advection profiles displays a distinctively different behavior, exemplified by contrasting Figure 

6.6(c) and (d). Here the electrodes are compared during a steady state fluid flow and 

electrochemical reduction at a constant current, and contrasted to a mean field approximation. 

The mean field theory (MFT) assumes 1D flow at a fixed volumetric flow rate and current 

density, representing a utilization as described in Chapter 5. In this approximation, the electrolyte 

reaction is proportional to the residence time within the electrode, and mass transport limits are 

not considered. The land alone is pictured intentionally to give comparison to the experimental 

measurements, though the MFT extends to the centerlines of both the inlet and outlet channels. 
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Figure 6.7. Colorized fluorescence images of the middle landing with a constant voltage (0 mV) 
hold while pumping with a peristaltic pump paused at an arbitrary point to show reduced vs. 
oxidized distribution in space. The dramatic heterogeneities stand in sharp contrast to a 
representative mean field theory approximation. In (e), a to-scale point representing a typical 
pore size is featured. For comparison, the mean pore diameter reported for SGL 39AA is ~42-44 
um uncompressed. All scale bars are 1 mm. 

The contrast between the MFT and the experimental results serves to reinforce the 

hypothesis that spatial variations in fluid flow and electrochemical reactions are important 

considerations in the operation and performance of RFBs. To show the contrast more sharply, the 

images in Figure 6.7 are obtained during the electrochemical reduction of AQDS at 0 mV while 

the electrolyte is fed via a peristaltic pump. The pulsating flow of the peristaltic pump gives high 

variability in the temporal volumetric flow rate, so the precise linear velocity at this time point 

cannot be obtained. However the striking heterogeneities across all electrode styles is evident. 

The MFT approximation in Figure 6.7(a) is a representative case, and shows nearly complete 

electrolyte utilization. Somewhat surprisingly, contrasting SGL 39AA and Toray 060, which, 

from Figure 6.4 have similar morphologies, it is evident that the advection of fluid is 

dramatically different between the two as seen in Figure 6.7. The differences in these properties 
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could be due to a number of factors including surface wettability and through-plane electrode 

morphology that is not captured by these 2D imaging techniques. 

In Figure 6.7(e), a to-scale point is pictured, representing a typical 50 x 50 µm2 pore size 

obtained from SEM micrographs. Though the pore size can range substantially, with features up 

to 100 µm in diameter, the heterogeneities depicted are on length scales an order of magnitude 

larger. Furthermore, these heterogeneous features are on the length scale of the land width, here 

~ 2 mm. Each frame has been cropped to include the entire land while excluding the channels. 

Because the pore size is over an order of magnitude smaller than the typical land width, and the 

flows are within a steady regime, MFT approximations assume Darcy flow though the electrode. 

These results challenge those assumptions and show that more complete reaction-flow models 

are needed to more accurately capture the physics within a RFB. 
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Figure 6.8. Fluorescence microscope images of an inlet channel end at the “IDFF corner” 
location distributing oxidized AQDS into SGL 10AA carbon paper over time. Fluid flow is 100 
mL/h (2.7 mm/s across the land) and the potential is held at OCV. The dark regions are areas of 
more rapid electrolyte fluid flow and suggest pathways of lower pressure drops. Scale bar is 1 
mm. 

IDFF Cornering Effects 

Given that these commercial porous carbon electrodes clearly have surprisingly 

heterogeneous properties, it raises the question of how the flow field geometry distributing fluid 

to the electrode might impact the performance of the electrochemical system. Another 

assumption incorporated in a MFT model is the uniformity of flow from the IDFF high-pressure 
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inlet to the low-pressure outlet. Flow fields designed with high aspect ratios favoring long 

parallel channels better approximate this assumption. However, the cornering effect of 

electrolyte flowing from the end of an inlet finger to a U-shaped outlet is not well understood, 

nor well studied. 

Figure 6.8 shows the flow map of the inlet finger of the IDFF over an SGL 10AA carbon 

paper. Identical to the experiment depicted in Figure 6.5, fully reduced H2AQDS electrolyte is 

displaced by oxidized AQDS. Distinct dark blue channels extending vertically and horizontally 

from the digit end show regions that are more rapidly refreshed by advection of oxidized AQDS. 

This is somewhat unsurprising given that the shortest paths between inlet and outlet are at these 

angles. It is interesting to note that while the inlet channel has a dark region of oxidized AQDS 

on its border, the channeling effect along that region appears to be determined by the electrode 

properties. This result suggests that although it is important to design flow fields for optimized 

fluid distribution, the reactant utilization might be strongly dependent on the electrode geometry 

and morphology — suggesting that this, too, can be optimized. 

Though less clear and not explored in depth in this work, Figure 6.8(d) indicates that 

fluid flow within the channel can also be mapped, at least qualitatively, and shed light on the co-

laminar flow interaction within the channel. Because the acrylic IDFF used here is created using 

a CNC end mill, the surface allows diffuse transmittance of light, allowing approximate 

measurements but obscuring details. Developing a process to smooth the channel groves may 

open opportunities to directly observe the electrolyte entering into the electrode and monitor the 

effects of electrode protruding into the channel. 
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Figure 6.9. Fluorescence microscope images of the IDFF on top of SGL 10AA carbon paper. (a) 
Fully reduced H2AQDS brightens the electrode area under the land. (b) and (c) Oxidized AQDS 
is introduced at 100 mL/h, displacing the reduced electrolyte. Heterogeneous flow distribution 
remains evident at this scale. (d) Fully oxidized AQDS has completely refreshed the electrode. 
Outlet channels remain red due to the lingering reduced H2AQDS. All scale bars are 1mm. 

Fluorescence Microscopy on Full IDFF 

Figure 6.9 captures the full 2 cm2 IDFF over an SGL 10AA carbon paper. This shows 

that fluorescence microscopy can be used as a valuable in situ technique with the capability of 

spanning multiple length scales from the microstructure to the macrostructure. Figure 6.9(a) and 

(d) show the electrode with fully reduced H2AQDS, and fully oxidized AQDS respectively. In 
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Figure 6.9(d) the channels are brighter from previously reduced H2AQDS. Figure 6.9(b) and (c) 

show the transition period as AQDS is pumped into the cell, replacing H2AQDS. Even at this 

scale, the flow heterogeneity between the inlet and outlet channels is clearly visible and 

stagnation effects near the ends of the channels are evident. 

 

Figure 6.10. Steady state reaction-flow maps of AQDS reduction to H2AQDS across (a) the full 
IDFF and (b) within an IDFF corner. Average currents are reported in each figure. These images 
have been averaged over a stack of 150 images, yielding excellent resolution. In particular, a 
significant number of bubble-induced artifacts can be observed in both images. Scale bars are 
both 1 mm. 

While Figure 6.8 and Figure 6.9 show the transience of the flow profile within the 

electrode and flow field, performing an electrochemical at a constant electrolyte flow rate allows 

for steady state measurements of the reaction-flow profile. A series of frames during such a 

steady state measurement can be averaged, reducing the signal to noise ratio, and give a finely 

detailed reaction-flow map. Figure 6.10 show detailed steady state profiles of AQDS advection 

and reduction within an SGL 10AA electrode. In Figure 6.10(a) the regularity of the cornering 



 

 159 

effects becomes more pronounced as seen by the deep red regions of reduced H2AQDS at the 

end of the outlet finger. High-resolution images such as these can enable deep probing of 

electrolyte advection-diffusion-flow profiles within a variety of porous electrodes. 

 

Figure 6.11. (a) Steady state fluorescence maps of 10 mM AQDS through SGL 10AA along a 
middle land, varying the electrolyte volumetric flow rate and applied current. The last figure in 
each row, indicated by a red boarder, is measured potentiostatically at 0 mV rather than 
galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state 
condition for each image. (c) IR-Corrected voltage (subtracted product of current and high 
frequency resistance) as functions of utilization assuming 10 mM, 2-electron reduction AQDS 
solution. Points greater than Utilization = 1 suggest that the electrolyte concentration is likely 
closer to 12 mM. 
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Reaction-Flow Mapping 

After it has been fully assembled, the primary two variables of a redox flow that remain 

adjustable are the volumetric flow rate and applied current. The latter can be a function of 

operating voltage or power. This analysis will ignore the temperature effects on RFB 

performance. Combining fluorescence microscopy with steady state electrical current and fluid 

flow rate enables a full map of the accessible operating conditions for redox active electrolytes 

within a given electrode. 

 Figure 6.11 displays the reaction-flow profile of SGL 10AA across a range of flow rates 

and applied currents. Comparing the final frame in each column, characteristics can be identified 

as indicative of mass transport-limiting effects including the onset of a highly reduced diffusion-

dominated regions. Inset (b) shows the I-V polarization data corresponding to each figure. At 

high flow rates, the onset of the mass transport overpotential, characterized by the sharp decrease 

in voltage over a small range of currents, extends to larger currents. By subtracting out the high 

frequency (convoluted electrode, electrolyte and membrane ohmic resistance) and normalizing 

the current by the flow rate for each set of experiments, a polarization curve of IR-corrected 

voltage and utilization is created as shown in Figure 6.11(c). Because the mass transport 

overpotential in a complex electrode contains within it a diffusion rate, the longer residence 

times allowed by the experiments at smaller volumetric flow rates are able to reach a higher 

electrolyte utilization. We note that because the utilization is normalized assuming a 10 mM 

electrolyte concentration, the ability to access the electrolyte with a utilization > 1 is likely due to 

the true electrolyte concentration being ~12 mM.  
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Figure 6.12. Mean field theory 1D model for reaction-flow across a middle land. Each row 
terminates when the applied current would exceed 100% utilization assuming a 10 mM, 2-
electron reduction electrolyte. Unlike the experimental maps, this figure does not include a 
potentiostatic hold. 

To compare the experimental fluorescence-flow-current profiles, the MFT is applied to a 

simulated electrode assuming the same range of flow rates and applied currents as the 

experiments. Figure 6.12 details those idealized reaction-flow maps ending each row by 

displaying the maximum reactant utilization profile before the theoretical utilization exceeds 1.0. 

The 200-mL/h flow rate row is truncated for space constraints. The MFT used here assumes no 

mass transport overpotential and no limiting current. 
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Figure 6.13. (a) Steady state fluorescence maps of 10 mM AQDS through SGL 34AA along a 
middle land, varying the electrolyte volumetric flow rate and applied current. The last figure in 
each row, indicated by a red boarder, is measured potentiostatically at 0 mV rather than 
galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state 
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a 
function of utilization assuming 10 mM, 2-electron reduction AQDS solution. 
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Figure 6.14. (a) Steady state fluorescence maps of 10 mM AQDS through SGL 39AA along a 
middle land, varying the electrolyte volumetric flow rate and applied current. The last figure in 
each row, indicated by a red boarder, is measured potentiostatically at 0 mV rather than 
galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state 
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a 
function of utilization assuming 10 mM, 2-electron reduction AQDS solution. Points greater than 
Utilization = 1 suggest that the electrolyte concentration is likely closer to 12 mM. 
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Figure 6.15. (a) Steady state fluorescence maps of 10 mM AQDS through 2x Toray 060 along a 
middle land, varying the electrolyte volumetric flow rate and applied current. The last figure in 
each row, indicated by a red boarder, is measured potentiostatically at 0 mV rather than 
galvanostatically. (b) Voltage vs current polarization plot corresponding to the steady state 
condition for each image. (c) IR-Corrected voltage (subtracted high frequency resistance) as a 
function of utilization assuming 10 mM, 2-electron reduction AQDS solution. Points greater than 
Utilization = 1 suggest that the electrolyte concentration is likely closer to 12 mM. 

 Figure 6.13, Figure 6.14, and Figure 6.15 display the fluorescence maps for SGL 34AA, 

SGL 39AA, and 2x Toray 060 experiments respectively. Though SGL 34AA has similar ohmic 

resistance to the other electrodes as seen by the initial slope in the high-flow results displayed in 

Figure 6.13(b), the electrode has a very early onset mass transport overpotential. This is most 

clearly seen in Figure 6.13(c) where the utilization at high flow rates only just exceeds 0.55. The 

absence of a highly-reduced region in the fluorescence maps at higher flow rates and current 
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densities also appears to correlate to high mass transport overpotentials. For example, the 2x 

Toray 060 featured in Figure 6.15 is able to access very high electronic currents and therefore 

utilizations. The prominent transition from fully oxidized (blue) to fully reduced (red) at the end 

of each row in the fluorescence images indicates exceptionally high electrolyte utilizations. This 

is also reflected in Figure 6.15(c) where nominally the same utilization is accessed across the 

range of flow rates. Here again we note the ability to access a utilization > 1 is likely due to an 

~12 mM electrolyte concentration (as opposed to the expected 10 mM). While this difference in 

concentration will impact the normalization leading to the utilization, the fluorescence 

normalization procedure is concentration agnostic, baring significant optical attenuation of the 

electrolyte. See Chapter 5 for a discussion on the impact of the extinction coefficient of the 

AQDS electrolyte. 

 From these maps, we can strengthen the hypothesis (though not confirm) that a greater 

homogeneity in the electrolyte fluid flow profile within a redox flow battery has the potential to 

improve the full cell performance. We observe from the fluorescence maps that the 2x Toray 060 

most closely resembles the MFT map in Figure 6.12. The Toray 060 experiment closely mirrors 

the maximum attainable current densities across the range of flow rates probed here when 

compared to the MFT approximations before exceeding a utilization of 1. Given the similarities 

in the morphology detailed by SEM in Figure 6.4, it is not clear if and how particular structural 

features of the electrode lead to enhanced mass transport properties. 
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Figure 6.16. SEM micrographs of (a) Kok (1.3), (b) Kok (2.1), and (c) Kok (3.1) electrospun 
electrodes at different magnifications, exhibiting different anisotropies. Kok (1.3) has very little 
directionality, in contrast to Kok (2.1) and (3.1) which have an increasing degree of orientation. 
Note that the fiber diameter of these carbon electrodes is between 0.5 and 4 µm, multiple times 
smaller than the commercial carbon electrodes (typically 7-10 µm). 

Electrospun Anisotropic Electrodes 

In order to explore the impact of electrode structure on electrolyte flow and RFB 

performance, we additionally explore the properties of three carbon electrodes developed by Dr. 

Matthew Kok. The electrodes have been tailored to have varying degrees of fiber orientation. 

These electrodes are first electrospun from a solution of polyacrylonitrile (PAN), a well know 

precursor to many carbon electrodes [117]. Higher anisotropy is achieved by depositing the PAN 

on a rotating drum at increasing rotation speeds. The electrospun PAN sheet is then carbonized 

to form a conductive porous carbon structure. Figure 6.16 show the SEM micrographs of these 

three electrodes at increasing magnifications, highlighting their anisotropy. 
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Figure 6.17. (a) Steady state fluorescence maps of 10 mM AQDS through the most isotropic 
electrospun electrode, Kok (1.3) along a middle land, varying the electrolyte volumetric flow rate 
and applied current. The last figure in each row, indicated by a red boarder, is measured 
potentiostatically at 0 mV rather than galvanostatically and is always less then the current 
labeled. (b) Voltage vs current polarization plot corresponding to the steady state condition for 
each image. 

 The first digit describing the Kok electrodes qualitatively indicates their degree of fiber 

alignment. Kok (1.3) is largely isotropic in-plane whereas Kok (3.1) is highly oriented as shown 

in Figure 6.16. The fluorescence mapping of the former is detailed in Figure 6.17. For the Kok 

electrodes, we note that a finer range of applied currents is used compared to the fluorescence 

maps of the commercial electrodes and the MFT. We also note that due to the fine feature size of 

the Kok electrodes, the fluorescence maps represent only a small depth of field through the 
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electrode. Nonetheless, detailed fluorescence maps are informative about the electrolyte reaction-

flow. 

 

Figure 6.18. (a) Steady state fluorescence maps of 10 mM AQDS through the electrospun 
electrode with intermediate anisotropy, Kok (2.1) along a middle land, varying the electrolyte 
volumetric flow rate and applied current. The last figure in each row, indicated by a red boarder, 
is measured potentiostatically at 0 mV rather than galvanostatically. (b) Voltage vs current 
polarization plot corresponding to the steady state condition for each image. 

 The features in the fluorescence maps for the Kok (1.3) and Kok (2.1) electrodes in 

Figure 6.17 and Figure 6.18 respectively are strikingly similar, despite the increase in anisotropy 

of the latter, oriented perpendicular to the interdigitated channels. At very low flow rates (e.g. 25 

mL/h), nearly uniform fluorescence maps are obtained. At higher flow rates, excellent 
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minimization of the mass transport overpotential is attained, indicated by the high linearity of the 

I-V curve (e.g. at 200 mL/h). However, the steep slopes of these curves indicate high ohmic and 

charge transfer overpotentials. While the fluorescence maps of the Kok (1.3) electrode most 

closely matched the MFT approximation, the predominant limitation of these electrodes is the 

electronic (ohmic) resistance. As described in Chapter 4, the electronic conductivity is the single 

greatest contributor to electrode overpotentials under typical RFB operating conditions. 

 

Figure 6.19. (a) Steady state fluorescence maps of 10 mM AQDS through the most anisotropic 
electrospun electrode, Kok (3.1) along a middle land, varying the electrolyte volumetric flow rate 
and applied current. The last figure in each row, indicated by a red boarder, is measured 
potentiostatically at 0 mV rather than galvanostatically. (b) Voltage vs current polarization plot 
corresponding to the steady state condition for each image. 
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Figure 6.19 depicts the fluorescence mapping of Kok (3.1), the most anisotropic of the 

electrospun electrodes. Here the ohmic resistance as seen in inset (b) is even higher than the 

previous two Kok electrodes and greatly contributes to the high overpotentials at relatively small 

currents. Furthermore, the fluorescence maps, particularly in the low, 25 mL/h, flow rate row 

suggests the aligned fibers have non-homogenous features on a significantly large length scale. 

Due to the volumetric shrinkage during the PAN drying and carbonization steps of the electrode 

fabrication, highly aligned fibers undergo anisotropic strains, leading to warping of the final 

carbon paper. This feature is only observable by an in situ technique such as fluorescence 

microscopy.   

Conclusion 

In this Chapter, we explore the use of direct visualization of AQDS reaction-flow within 

commercial and designed carbon electrodes using fluorescence microscopy. This technique 

enables new insights due to its high temporal (< 1 ms) and spatial (< 10 µm) resolutions. 

Fluorescence microscopy performed while physically displacing reduced H2AQDS with oxidized 

AQDS on four commercial carbon papers unveils a significant electrolyte channeling effect, 

creating high flow mass transport dominated regions and low flow diffusion dominated regions.   

Furthermore, fluid flow profiles and electrochemical reactions within porous electrodes are 

surprisingly heterogeneous on the length scales of tens of microns to millimeters. This 

heterogeneity is correlated to a diminished performance of assembled cell, and may persist for 

operating electrochemical systems such as flow batteries. 

A second observation is that commercial carbon papers, even from the same vendor, have 

starkly different flow-reaction properties at the pore scale. This indicates a convoluted 

relationship between bulk properties such as porosity, permeability, and conductivity and micro-
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scale properties such as surface area and catalyst coverage. There is a greater need for 

understanding the structure-function properties relationships of porous carbon electrodes within 

electrochemical systems. Through connecting fluorescence maps with electrochemical 

polarization, this work shows how using fluorescence microscopy in operando opens the 

possibility of evaluating engineered high-performance porous electrodes. We evaluate tailored 

electrospun electrodes with varying anisotropy. Though these electrodes exhibit high ohmic 

resistance, the excellent mitigation of mass transport overpotential provides insight into 

designing optimized porous carbon electrodes for RFBs. In tandem with tailored flow fields, 

membranes, and reactants, this work could push the envelope for high power density 

electrochemical system. 
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Chapter 7 : Appendices 

Appendix A: MATLAB Code from Chapter 4 

%Andrew Wong - CompressionConductivityPermeability is a tool 
used to evaluate and then 
%optimize the compression of a RFB electrode to minimize 
overpotential 
%losses due to electrical resistivity and resistance to fluid 
flow. It 
%takes in data from manual measurements of resistance vs 
compression and 
%permeability vs compression and uses parameters from Gerhardt 
et al. to 
%apprximate the voltage efficiency (VE) losses. 
  
clear; 
close all; 
clc; 
  
%parameters for user to adjust 
concentration = 0.5/1000; %mol/mL, concentration 
Q_dot = 100/5; %mL/min/cm^2, area-specific volumetric flow rate 
S = 1.67; %unitless, pump factor 
W_c = 0.08; %cm, channel width 
W_l = 0.08; %cm, land width 
mu = 1e-5; %kg/cm/s, kinematic viscosity of water 
F = 96485; %C/mol, Faraday's constant 
R = 8.314; %J/M/K, universal gas constant 
T = 300; %K, temperature 
n = 1; %number of electrons per molecule 
ASR_membrane = 0; %0.5; %ohm*cm^2, membrane resistance 
Voc = 1.05; %V, open circuit voltage 
utilization = linspace(0.001,1,1000);  %sets up utilization 
percentage 
  
electrode_name = 'CFCE'; %sets electrode style 
no_electrodes = 1; %number of electrodes 
N = no_electrodes; 
  
x_range = 0.01:.001:3; %arbitrary maximum range of x-
displacement 
  
%permeability (m^2), from Permeability Cell Carbon Cloth 2018-
08.xlsx 
if strcmp(electrode_name,'CFCE') 
    in_plane = 9e-13*exp(10.472*x_range/N); %in-plane 
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permeability 
    through_plane = 3e-12*exp(5.375*x_range/N); %through-plane 
permeability 
    thickness = 0.56*no_electrodes; %mm, electrode thickness 
    ASRct = 0.10; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 1; 
elseif strcmp(electrode_name,'Elat') 
    in_plane = 1e-12*exp(10.381*x_range/N); 
    through_plane = 3e-12*exp(4.875*x_range/N); 
    thickness = 0.47*no_electrodes; %mm, electrode thickness 
    ASRct = 0.14; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 2; 
elseif strcmp(electrode_name,'Spectracarb') 
    in_plane = 9e-14*exp(10.671*x_range/N); 
    through_plane = 1e-13*exp(7.133*x_range/N); 
    thickness = 0.67*no_electrodes; %mm, electrode thickness 
    ASRct = 0.30; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 3; 
elseif strcmp(electrode_name,'Zoltek') 
    in_plane = 1e-12*exp(9.702*x_range/N); 
    through_plane = 2e-12*exp(6.317*x_range/N); 
    thickness = 0.52*no_electrodes; %mm, electrode thickness 
    ASRct = 0.10; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 4; 
elseif strcmp(electrode_name,'HCBA') 
    in_plane = 6e-13*exp(3.5165*x_range/N); 
    through_plane = 5e-12*exp(2.032*x_range/N); 
    thickness = 1.650*no_electrodes; %mm, electrode thickness 
    ASRct = 0.12; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 5; 
elseif strcmp(electrode_name,'NHCBA') 
    in_plane = 2e-12*exp(3.660*x_range/N); 
    through_plane = 4e-12*exp(2.707*x_range/N); 
    thickness = 1.250*no_electrodes; %mm, electrode thickness 
    ASRct = 0.15; %ohm*cm^2, charge transfer area-specific 
resistance 
    i = 6; 
else 
    disp('incorrect cloth type'); 
end 
  
permeability = (in_plane*N + through_plane/N)/2; %m^2, average 
of in-plane and through-plane permeability 
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%N is the number of electrodes doubling in-plane permeability 
and halving 
%through-plane permeability 
  
%electrical conductivity 
if N == 1 
    data = csvread('Cloth Electrode ASR vs Compression - all 6 
styles.csv',3,0); 
elseif N == 2 
    data = csvread('Cloth Electrode ASR vs Compression - all 6 
styles x2.csv',3,0); 
end 
electrode_ASR_displacement = data(:,(2*i-1)); 
electrode_ASR = data(:,(2*i)); 
electrode_ASR = electrode_ASR(electrode_ASR_displacement>0); 
%removes padded zeros 
electrode_ASR_displacement = 
electrode_ASR_displacement(electrode_ASR_displacement>0); 
  
electrode_ASR_displacement(end+1) = 0; %sets a zero length 
electrode_ASR(end+1) = electrode_ASR(end); %assumes ASR 
flatlines 
  
permeability = 
(100^2)*permeability(x_range<max(electrode_ASR_displacement)); 
%cm^2 adjusts permeability accoringly 
x_range = x_range(x_range<max(electrode_ASR_displacement)); 
%adjusts x_range accordingly 
  
eng_strain = 100*(1-x_range/thickness); % percent, engineering 
strain 
  
%this section interpolates the electrode ASR 
electrode_ASR_interp = 
interp1(electrode_ASR_displacement,electrode_ASR,x_range,'pchip'
); %ohm*cm^2, interpolation function 
  
figure(1) 
yyaxis right; 
%semilogy(x_range,permeability); 
semilogy(eng_strain,permeability); 
ylabel('Permeability cm^2') 
  
yyaxis left; 
%semilogy(electrode_ASR_displacement,electrode_ASR,'o'); 
%electrode conductivity 
semilogy(100*(1-
electrode_ASR_displacement/thickness),electrode_ASR,'o'); 
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%electrode conductivity 
hold all 
%semilogy(x_range,electrode_ASR_interp,'.') 
semilogy(eng_strain,electrode_ASR_interp,'.') 
  
%title(strcat(electrode_name,' electrode ASR')) 
%xlabel('Compression (mm)') 
xlabel('Engineering Strain (%)') 
ylabel('Area Specific Resistance ohm*cm^2') 
set(gca, 'fontsize',32) 
  
%This section is for Mass Transport losses from equations of 
utilization 
% a_E is a scaling fitting parameter for each electrode and it 
was measured to 
% be the same for each electrode 
a_E = 1.5; %voltage adjusting fitting parameter 
  
if strcmp(electrode_name,'CFCE') 
    a_MT = 0.82; %limiting utilization 
    %Vmt2 = 2.22E-4*exp(8.59*utilization); %old  
     
elseif strcmp(electrode_name,'Elat') 
    a_MT = 0.70; %limiting utilization 
    %Vmt = 4.80E-4*exp(8.81*utilization); old 
     
elseif strcmp(electrode_name,'Spectracarb') 
    a_MT = 0.15; %limiting utilization 
    %Vmt = 5.10E-4*exp(46.4*utilization); old 
     
elseif strcmp(electrode_name,'Zoltek') 
    a_MT = 0.72; %limiting utilization 
    %Vmt = 1.69E-4*exp(10.1*utilization); old 
     
elseif strcmp(electrode_name,'HCBA') 
    a_MT = 0.75; %limiting utilization 
    % Vmt = 4.25E-4*exp(8.03*utilization); old 
     
elseif strcmp(electrode_name,'NHCBA') 
    a_MT = 0.70; %limiting utilization 
    %Vmt = 6.45E-4*exp(7.17*utilization); 
     
else 
    disp('incorrect cloth type'); 
end 
Vmt = a_E*((R*T)/(n*F))*log((a_MT+utilization)./(a_MT-
utilization)); % equation for mass transport overvoltage as a 
function of utilization 
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for i = 1:length(Vmt) 
    if isreal(Vmt(i)) 
        if Vmt(i) == Inf 
            Vmt(i) = Voc; 
        end 
    else 
        %Vmt(i) = max(real(Vmt)); 
        Vmt(i) = Voc; 
    end 
end 
  
%this section does all of the computing 
L_E = x_range/10; %cm 
K = permeability; %cm^2 
  
resistive_loss = electrode_ASR_interp'; %ohm*cm^2, resistive 
loss from electrode 
pumping_loss = 
((2*S/(concentration^2*F^2*n^2))*((W_c+W_l)*W_l*mu./(K'.*L_E')))
*(1./utilization.^2)/1e4; %ohm*cm^2, pumping loss 
membrane_loss = ASR_membrane*ones(size(resistive_loss)); 
total_loss = (resistive_loss + pumping_loss + membrane_loss); 
%ohm*cm^2 
  
%plots ASR vs utilization 
figure('Renderer', 'painters', 'Position', [10 10 800 600]) % 
sets figure dimensions 
%imagesc(utilization*100,x_range,log(abs(total_loss))); 
% imagesc(utilization*100,eng_strain,log(abs(total_loss))); 
imagesc(utilization*100,eng_strain,(abs(total_loss))); 
hold all 
xlabel('Utilization (%)') 
  
%title(strcat(electrode_name,' - Resistive losses due to 
pressure drop and electrical resistance')); 
%ylabel('Compression (mm)') 
ylabel('Engineering Strain (%)') 
  
c = colorbar; 
%c.Label.String = 'Pressure & Resistive loss, log(ohm*cm^2)'; 
c.Label.String = 'Pressure & Resistive loss, (ohm*cm^2)'; 
axis 'xy'; 
%ylim([0 120]); % sets limits on compression axis 
%caxis([-3,10]); % sets limits on resistive losses 
caxis([0,10]); % sets limits on resistive losses 
  
colormap(parula); 
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set(gca, 'fontsize',32) 
  
%finds minimum at each utilization 
for i = 1:length(utilization) 
    min_loss(i) = min(total_loss(:,i)); 
    x_min(i) = x_range(total_loss(:,i) == min_loss(i)); 
end 
  
%plot(utilization*100,x_min,'r.') 
plot(utilization*100,100*(1-x_min/thickness),'r.') 
  
%% Resistance to overvoltage 
  
current_density = utilization*Q_dot*concentration*F*n/60; 
  
overvoltage = (total_loss+ASRct).*current_density + Vmt; 
%includes mass transport and charge transfer overvoltages 
  
%plots voltage vs engineering strain and current density 
figure('Renderer', 'painters', 'Position', [10 10 800 600]) % 
sets figure dimensions 
imagesc(current_density,eng_strain,Voc-overvoltage); 
hold all 
  
%title(strcat(electrode_name,' - Voltage due to pressure drop, 
electrical resistance, and mass transport')); 
xlabel('Current Density (A/cm^2)') 
ylabel('Engineering Strain (%)') 
  
c = colorbar; 
c.Label.String = 'Voltage (V)'; 
axis 'xy'; 
%ylim([0 99]); % sets limits on compression axis 
caxis([0,1.05]); % sets limits on the voltage  
colormap(parula); 
  
%finds minimum overvoltage at each current density 
for i = 1:length(current_density) 
    min_overvoltage(i) = min(overvoltage(:,i)); 
    eng_strain_min(i) = eng_strain(overvoltage(:,i) == 
min_overvoltage(i)); 
end 
  
plot(current_density,eng_strain_min,'r.') 
  
%brings down figure so that utilization axis is not cropped 
set(gca, 'fontsize',32) 
scale = 0.12; 



 

 178 

pos = get(gca, 'Position'); 
pos(2) = pos(2); 
pos(3) = (1-scale/2)*pos(3); 
pos(4) = (1-scale)*pos(4); 
set(gca, 'Position', pos) 
  
%adds a utilization axis on top 
ax1 = gca; 
ax1_pos = ax1.Position; 
ax2 = axes('Position',ax1_pos,... 
    'XAxisLocation','top',... 
    'Color','none'); 
xlim([100*min(utilization),100*max(utilization)]); 
flowrate = num2str(Q_dot); 
%xlabel(strcat('Utilization (%) at 10 mL/min')); 
xlabel(strcat('Utilization (%) at-',flowrate,' mL/min/cm^2')); 
ylim([min(eng_strain),max(eng_strain)]); 
%ylim([0 99]); 
  
set(gca,'YTickLabel',[]); 
set(gca, 'fontsize',32) 
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Appendix B: Table of Electrode ASR vs Displacement from Chapter 4 

Table 7.1. Data from “Cloth Electrode ASR vs Compression - all 6 styles.csv” (part 1) 

Compressed 
Thickness 

Area Specific 
Resistance 

Displace
ment 

Area Specific 
Resistance 

Displace
ment 

Area Specific 
Resistance 

mm ohm cm^2 mm ohm cm^2 mm ohm cm^2 

 
CFCE x1 

 
Elat x1 

 
Spectracarb x1 

0.42039 6.86578 0.36763 15.40875 0.46085 21.58542 
0.38236 2.48283 0.32739 4.86331 0.42677 13.63023 
0.34364 0.983 0.29168 1.82716 0.39707 9.88065 
0.30626 0.43982 0.25713 0.73015 0.36814 6.78471 
0.27048 0.21991 0.2228 0.41853 0.34408 5.06193 
0.23596 0.1363 0.19002 0.32074 0.32267 4.06373 
0.20444 0.09881 0.16219 0.29161 0.30707 3.33915 
0.17782 0.07144 0.14133 0.28021 0.29189 2.83752 
0.15702 0.06536 0.12565 0.2646 0.28148 2.12307 
0.1425 0.05878 0.1169 0.25386 0.24912 2.0876 

0.13241 0.05472 0.10737 0.25234 
  0.12405 0.05168 0.09911 0.23562 
  0.0992 0.0456 
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Table 7.2. Data from “Cloth Electrode ASR vs Compression - all 6 styles.csv” (part 2) 

Displacement 

Area 
Specific 
Resistance Displacement 

Area 
Specific 
Resistance Displacement Area Specific Resistance 

mm ohm cm^2 mm ohm cm^2 mm ohm cm^2 
 

 
Zoltek x1 

 
HCBA x1 

 
NHCBA x1 

 0.46759 11.98346 2.032 11.76165089 1.524 3.459858604 
 0.42987 4.0384 1.905 7.553708025 1.397 1.932582726 
 0.3904 1.5049 1.778 3.705232081 1.27 1.049178485 
 0.35121 0.72458 1.651 1.695880237 1.143 0.580684348 
 0.31146 0.44944 1.524 0.805101182 1.0668 0.394502859 
 0.27258 0.33493 1.397 0.488975194 0.9906 0.28350159 
 0.23775 0.27615 1.27 0.286121792 0.9144 0.202688755 
 0.20946 0.22649 1.143 0.170541176 0.8382 0.148625677 
 0.1848 0.20673 1.0668 0.131932038 0.762 0.112016585 
 0.16565 0.19508 0.9906 0.092255996 0.6858 0.082724525 
 0.15083 0.18849 0.9144 0.070672994 0.6096 0.064286611 
 0.13893 0.18495 0.8382 0.053742573 0.5334 0.055272206 
 0.13153 0.18241 0.762 0.042926361 0.4572 0.034659656 
 

  
0.6858 0.037135891 0.381 0.026795683 

 
  

0.6096 0.033340174 0.3048 0.022993245 
 

  
0.5334 0.032266702 0.2286 0.019458349 

 
  

0.4572 0.030876565 0.1524 0.015900662 
 

  
0.381 0.03063893 0.0762 0.014249316 
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Table 7.3. Data from “Cloth Electrode ASR vs Compression - all 6 styles x2.csv” (part 1) 

Displacem
ent 

Area Specific 
Resistance 

Displacem
ent 

Area Specific 
Resistance 

Displacem
ent 

Area Specific 
Resistance 

mm ohm cm^2 mm ohm cm^2 mm ohm cm^2 

 
CFCE x2 

 
Elat x2 

 
Spectracarb x2 

0.86162 13.73157 0.79084 14.91725 1.03826 230.5485 
0.82193 7.63597 0.75489 13.01206 0.99537 87.1524 
0.77833 4.07894 0.71894 9.28274 0.95328 64.3509 
0.73497 2.32069 0.67348 5.49263 0.91154 48.92188 
0.69029 1.28195 0.63195 2.90339 0.87087 77.42376 
0.64688 0.78539 0.59002 1.59611 0.83163 30.68068 
0.60432 0.52697 0.54801 0.983 0.79392 25.22353 
0.56228 0.37749 0.50736 0.68405 0.757 21.03312 
0.52067 0.29135 0.46615 0.57004 0.72162 17.97265 
0.48014 0.23866 0.42601 0.47934 0.68786 15.46955 
0.44076 0.20217 0.38698 0.41803 0.65648 13.21474 
0.40361 0.17887 0.35029 0.37496 0.62833 11.27408 
0.36828 0.16417 0.31692 0.35266 0.60312 9.70837 
0.33765 0.15353 0.28869 0.35114 0.58296 8.25414 
0.31167 0.14644 0.26592 0.34658 0.56702 8.89765 

0.29 0.14137 0.24816 0.33848 0.54905 7.52956 
0.27212 0.13884 0.23312 0.32783 

  0.25732 0.13732 0.22401 0.32834 
  0.24905 0.1363 0.19911 0.31719 
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Table 7.4. Data from “Cloth Electrode ASR vs Compression - all 6 styles x2.csv” (part 2) 

Displacem
ent 

Area Specific 
Resistance 

Displacem
ent 

Area Specific 
Resistance 

Displacem
ent 

Area Specific 
Resistance 

mm ohm cm^2 mm ohm cm^2 mm ohm cm^2 

 
Zoltek x2 

 
HCBA x2 

 
NHCBA x2 

0.81909 7.6309 4.064 55.971184 4.064 314.8051564 
0.77642 4.54003 3.81 26.57792049 3.81 99.13960909 
0.73314 2.67538 3.556 12.27943946 3.556 84.94118511 
0.68857 1.5353 3.302 5.554732391 3.302 32.79171991 
0.64492 1.0134 3.048 2.34351795 3.048 16.1056181 
0.6022 0.69418 2.794 1.140635971 2.794 6.594647708 

0.55975 0.50163 2.54 0.621607162 2.54 2.465788869 
0.51912 0.38965 2.286 0.340012072 2.286 1.616745966 
0.47877 0.3177 2.159 0.264524159 2.159 0.926040891 
0.44051 0.26956 2.032 0.20817645 2.032 0.697497155 
0.40387 0.2341 1.905 0.168373077 1.905 0.482718193 
0.3687 0.2118 1.778 0.124516433 1.778 0.358098873 

0.33827 0.19913 1.651 0.101022286 1.651 0.257338545 
0.31318 0.19052 1.524 0.072846114 1.524 0.19676804 
0.29199 0.18444 1.397 0.06747832 1.397 0.151312359 
0.27453 0.1814 1.27 0.064545011 1.27 0.130385535 
0.26005 0.17988 1.143 0.061249249 1.143 0.104845484 
0.24906 0.17887 

  
1.016 0.089004916 

    
0.889 0.078431654 

    
0.762 0.076594126 

    
0.635 0.061304381 

    
0.508 0.056266753 
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Appendix C: Extra Plots of Electrode Performance 

 

Figure 7.1. Positive half cell voltage profiles as a function of SOC. Assumes base-case using a 
CFCE electrode, 0.5 M one-electron electrolyte, 60% pump efficiency (S = 1.67), 100 mL/min 
flow rate, no membrane resistance. 
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