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Abstract 

Redox flow batteries (RFBs) are a promising technology for grid energy storage. However, 

cost reductions are required prior to widespread adoption. Advances in the design and engineering 

of the electrochemical stack may enable cost reductions for multiple redox chemistries. Porous 

electrodes are a prime target for improvement of system power to lower cost per kilowatt-hour, as 

they are responsible for multiple critical functions in the flow cell including providing surfaces for 

electrochemical reactions, distributing liquid electrolytes, and conducting electrons and heat. 

However, there is limited knowledge on how to systematically design and implement these 

materials in emerging RFB applications, leading to the repurposing of available materials that are 

not tailored for this system, i.e. porous carbon papers or felts. For optimal RFB performance, it is 

necessary to pretreat carbons prior to use to improve electrode wetting and enhance redox kinetics, 

yet the impact of thermal pretreatment on electrode properties and the correlation between these 

properties are not well defined, thus the subsequent influence on performance is nebulous. Gaining 

a deeper understanding of electrode properties and their influence on performance will enable 

targeted improvements to electrode platforms, allowing system-specific performance gains. 

Further, identifying essential electrode properties will guide the development of alternative 

electrocatalytic material that may enable new systems in which carbon is unstable or is not 

catalytically active. 

In this thesis, I will discuss the impact of electrode treatments on RFB performance, combining 

experimental and computational approaches. First, I investigate the interrelated effects of thermal 

pretreatment on electrode properties and correlate the changes in these properties with 

performance. Surface functionalization, wetting, and surface area are identified as the key 

properties that influence electrode performance. Next, I specifically investigate the impact of 
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surface area on electrode performance. I show that, while thermal treatment adds a significant 

amount of physical surface area to the electrode, electrochemical species are unable to access a 

large fraction of this surface area. Further, I use a convection-reaction model to show that even 

when all surface area is accessible, there is a limit to the surface area that will improve electrode 

performance. This limit to “useful” surface area is dictated by rate of reaction and transport within 

the electrode. Finally, I investigate the viability of nickel metal electrodeposition on carbon 

electrodes to enhance the performance of a novel polysulfide-permanganate flow battery. I show 

that nickel-deposited carbon electrodes outperform commercially available metal materials, 

including foams and weaves. The overarching goal of this thesis work is to develop a deeper 

understanding of the influence that electrode properties have on performance. By continuing to 

characterize the fundamental kinetic and transport properties within complex porous materials 

under forced convection, the community will be prepared to design novel material sets well-suited 

for use in RFBs and other challenging electrochemical environments. 

Thesis Supervisor: Fikile R. Brushett 

Title: Cecil and Ida Green Career Development Chair, Associate Professor of Chemical Engineering 
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I. Introduction  

Stationary energy storage technologies have the potential to facilitate the transition to a 

sustainable and reliable energy economy with high fractions of low-carbon variable energy 

resources.1 Redox flow batteries (RFBs) are an attractive option as the flexible and scalable system 

architecture offers a pathway to low-cost, long-duration energy storage;2–6 however, current RFBs 

are considered too expensive for widespread adoption.7 Advances in the design and engineering 

of the electrochemical stack may enable cost reductions for multiple redox chemistries. Electrodes 

are a principal component of the individual flow cells of which the stack is comprised and are thus 

a target for further development, as they are responsible for several critical functions in the battery 

including distributing reactants, providing catalytic sites for reactions, and conducting electrons 

and heat.8 Current generation flow battery electrodes are carbon papers, typically composed of 

polyacrylonitrile (PAN)-based carbon fibers which are woven together or are held together with 

an epoxy-like binder.9 These carbon fiber electrodes are designed for use as the fibrous backing of 

gas diffusion layers in polymer electrolyte fuel cells and must provide several critical functions in 

that system, including distribution of gas reactants, removal of liquid water product, provision of 

mechanical integrity to cushion membrane volume changes, and conduction of electrons and heat. 

While functional for use in RFB systems, they are not designed to meet all RFB requirements (e.g., 

uniform liquid electrolyte distribution, wetting to electrolyte, high surface area for electrochemical 

reactions).10 Thus, electrodes are typically modified prior to use in RFBs to improve performance.  

1. Thermal pretreatment to improve electrode performance 

In 1992, Skyllas-Kazacos and coworkers published one of the first reports on electrode 

pretreatment for VRFBs.11 Specifically, they investigated the impact of thermally oxidizing 

graphite felt electrodes at different temperatures (200, 300, 400, and 500 °C) for a set time of 30 

hours and found that the electrode resistance is minimized at 400 °C, which also corresponded to 

the best cell performance. In subsequent years, thermal pretreatment strategies have been widely 

adopted and extended to other carbonaceous electrodes, including papers, and while all reported 

pretreatments lead to performance improvements, thermal oxidation is known to alter multiple 

electrode properties, and there is still ambiguity as to which of these properties is responsible for 

the observed enhancements.11–18 The authors of these studies have attributed improved electrode 

performance to either increased activity due to surface functionalization by oxygen or other 

groups11–17 or due to greater graphitic edge site population.15,18 Higher electroactive surface area12–
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14,17 and improved wettability18 have also been cited. Moreover, it remains unclear whether one 

effect dominates, or a combination of properties is responsible for the augmented performance. 

This lack of understanding is limiting progress in flow battery research; indeed, if key properties 

could be identified and modified in a deliberate fashion, electrode performance could be 

dramatically enhanced. However, developing a thorough understanding is challenging as many 

properties are interrelated (e.g., electrochemically active surface area and wetting), and each 

property has a different dependence on pretreatment temperature. This range of outcomes may be 

a result of experimental design factors that complicate analysis, including the manufacturer-

specific properties of electrodes (i.e., differences in binder content, graphitization temperatures, 

etc.) and the choice of redox electrolytes (i.e., redox couple, supporting salt, solvent). Thus, there 

is a need for systematic studies of different material sets to develop a more complete understanding 

of how the structural properties of electrodes impact their electrochemical performance in a given 

redox electrolyte. 

2. Metal electrodes for novel redox flow battery chemistries 

Carbon electrodes are the standard for RFB systems due to their low cost, high electrical 

conductivity, and high chemical and mechanical stability8; however, these electrodes exhibit low 

kinetic activity in many electrolyte systems, most notably the state-of-the-art vanadium redox flow 

battery.9 Electrode treatment methods (including thermal treatment) can successfully activate 

carbon electrodes and overcome these disadvantages, yet these methods are difficult to scale, 

require batch processing, and often involve energy-intensive heating.19 Although the mechanical, 

thermal, and electrochemical stability of oxidized carbon materials is not well understood, it is 

vital to the success of long-term battery operation.8 

Metal electrocatalysts are one possible alternative to carbon. Metals have been incorporated 

into electrode platforms via a variety of fabrication methods, including electrodeposition, 

electrospinning, and impregnation/drying.19 Electrodeposition is advantageous over other 

fabrication methods, as the thickness, mass, and surface structure of the metal catalyst may be 

controlled via deposition parameters, including deposition time, current, and electrolyte 

composition.20 Further, the electrodeposition process is easily scalable and does not require any 

post-treatment steps, making it ideal for large-scale electrode production.21 Metal electrocatalysts 

have the potential to significantly improve standard electrode  performance—for example, 

electrodes utilizing precious metal catalysts have been shown to be augment the vanadium redox 
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reaction.22 In fact, the majority of papers published which investigate the use of metal electrodes 

in RFBs focus on vanadium systems.19 However, metal catalysts have been shown to augment 

other redox reactions of interest, including polysulfide;23 hence metal electrodeposition may be 

used as a tool to augment performance of these novel redox electrolytes, particularly for kinetically 

limited redox couples, increasing their commercial viability. 

3. Outline of thesis document 

The contents of Chapter I serve to provide a summary of current generation electrodes, 

including pretreatment techniques and the need to further understand the impact that thermal 

treatment has on electrode properties. I also discuss metal as an alternative electrode material and 

describe potential avenues for synthesis of next-generation metal electrodes. In Chapter II I 

present an overview of the effect that thermal pretreatment has on electrode properties and study 

the resulting influence on electrode performance. First, I thoroughly characterize surface 

functionalization, wetting, and surface area of carbon paper electrodes via ex-situ characterization 

techniques. Then, I analyze how each of these properties impacts in-situ electrode performance via 

full flow cell testing. In Chapter III I dive deeper into the relationship between physiochemical 

electrode properties and attempt to isolate the impact of surface area on electrode performance. I 

show that, while thermal treatment adds a significant amount of physical surface area to the 

electrode, electrochemical species are unable to access a large fraction of this surface area. In 

Chapter IV I describe the development of a convection-reaction model that I use to further 

elucidate the impact of surface area on electrode overpotential, assuming all of the surface area is 

accessible. I illustrate that regardless of accessibility, increasing surface area is not an effective 

method of improving RFB performance, and argue that the focus of future electrode improvements 

should be catalysis and mass transport. In Chapter V, I broaden the electrode material set under 

investigation to include metals, and describe an metal electrode synthesis process which involves 

depositing nickel metal on a carbon scaffold. I also show performance of these nickel-deposited 

electrodes in a polysulfide-permanganate redox flow battery, a new technology under investigation 

in the Brushett research group. In Chapter VI, I conclude by providing some perspective on why 

understanding the physical mechanisms at play within the electrode is necessary for upgrading, 

designing, and synthesizing next-generation RFB electrodes. I also discuss how the research 

thrusts in this doctoral work might be continued in the future, not just for RFBs but for any 

electrochemical system that utilizes porous electrodes.  
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II. Understanding the Effect of Thermal Pretreatment on Electrode 

Properties and Flow Cell Performance 

Thermal oxidation of carbon electrodes is a common approach to improving flow battery 

performance. Here, we investigate the various property changes that occur as a result of thermal 

pretreatment, and the corresponding effects of pretreatment on flow cell performance. Specifically, 

we characterize the properties of Sigracet 29AA (SGL 29AA) carbon paper electrodes, under 

varying pretreatment temperatures (400, 425, 450, 475, and 500 °C) for 30 hours. We evaluate 

changes in the physical, chemical, and electrochemical properties of the electrodes using a suite 

microscopy, spectroscopy, and electrochemical characterization techniques. We find that as 

pretreatment temperature increases, some properties that we would expect to correspond to 

performance improvements (i.e., oxygen content, hydrophilicity) increase as pretreatment 

temperature increases, while other properties (i.e., mass/surface area) decrease with increasing 

pretreatment temperature. We subsequently explore the impact that these trade-offs have on 

electrode performance by testing each pretreated electrode in a vanadium redox flow battery 

(VRFB). We find that initially, increasing pretreatment temperature improves electrode 

performance—electrodes treated at 475 °C were found to be optimal with an increase in maximum 

power density of 26% over electrodes treated at 400 °C. However, electrodes treated at 500 °C 

were found to have worse performance than pristine electrodes. This shows that electrode 

performance is optimized when properties are balanced, and there is not necessarily one property 

that is more important than the others. Ultimately, this work aims to provide a guide for changes 

in electrode properties that may occur as a result of thermal treatment, and to understand the impact 

that these properties have on electrode performance. 

1. Background 

Developing electrochemical reactors with increased power output, reduced size, and high 

roundtrip efficiency represents a promising pathway for lowering RFB system costs. VRFBs, and 

indeed most RFB systems, utilize porous carbon electrodes based on three-dimensional fiber beds, 

most commonly polyacrylonitrile (PAN)-based graphite felts (> 5 mm) or carbon papers (~200 

μm).9 While, historically, graphite felts have been the preferred electrode material, emerging 

engineering advances in both the peer-reviewed literature24,25 and industry26 have shown the 

combination of thin carbon paper electrodes and structured flow fields dramatically increases 
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VRFB power output. However, charge-transfer overpotentials, due to slow vanadium redox 

reaction rates on carbon electrodes, remain a key performance limitation.27 Current-generation 

carbon electrodes are typically modified prior to use in RFBs to improve performance. In 1992, 

Skyllas-Kazacos and coworkers published one of the first reports on electrode pretreatment for 

VRFBs.11 Specifically, they investigated the impact of thermally oxidizing graphite felt electrodes 

at different temperatures (200, 300, 400, and 500 °C) for a set time of 30 h and found that electrode 

resistance is minimized at 400 °C, which also corresponded to the best cell performance. In 

subsequent years, thermal pretreatment strategies have been widely adopted and extended to other 

carbonaceous electrodes, including papers, and while all reported pretreatments lead to 

performance improvements, thermal oxidation is known to alter multiple electrode properties and 

there is still ambiguity as to which of these properties is responsible for the observed 

enhancements.11–18 Authors have attributed improved electrode performance to either increased 

activity due to surface functionalization by oxygen or other groups.11–17 or due to greater graphitic 

edge site population.15,18 Higher electroactive surface area12–14,17 and improved wettability18 have 

also been cited. Moreover, it remains unclear whether one effect dominates or a combination of 

properties is responsible for performance enhancements. This lack of understanding is limiting 

progress in vanadium flow battery research; indeed, if key properties could be identified and 

modified in a deliberate fashion, electrode performance could be dramatically enhanced. However, 

developing a thorough understanding is challenging as many properties are interrelated (e.g., 

electrochemically active surface area and wetting), and each property has a different dependence 

of pretreatment temperature. 

Here, we systematically study the impact of thermal oxidation on SGL 29AA carbon paper 

electrodes leveraging an array of electrochemical, spectroscopic, and microscopic methods, 

culminating with full cell testing, to identify temperature-dependent trends of performance-

controlling electrode properties. By correlating ex-situ characterization with in-situ flow cell 

testing, we are able to identify how various chemical and physical properties of electrodes, 

including hydrophilicity, electrochemical surface area, and surface chemistry, contribute to overall 

performance and how these properties vary with pretreatment temperature. We identify the optimal 

pretreatment for SGL 29AA carbon paper electrodes is 475 °C, and treating electrodes at this 

temperature results in an increase in maximum power density of 26% over the commonly 

implemented base case of electrodes treated at 400 °C. This enhancement is achieved by a balance 
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of critical properties described above, rather than an improvement of all. This work represents the 

first step towards developing deterministic methods for modifying electrode microstructure and 

surface chemistry to augment performance and durability. The fundamental relationships we have 

identified, which were previously unknown to date due to the lack of systematic investigations in 

flow battery electrode literature, will play a central role in designing advanced electrode for next 

generation flow batteries.  

2. Experimental methods 

2.1. Thermal oxidation of the carbon paper electrodes 

Sigracet SGL 29AA electrodes (Fuel Cell Store, College Station, Texas, USA) were oxidized 

under air in a Barnstead Thermolyne Type 47900 box furnace at either 400, 425, 450, 475, or 500 

°C for 30 h. During the pretreatment, the electrodes were placed on aluminum foil to prevent 

contamination, and care was taken to ensure individual electrodes did not overlap. Post-treatment, 

the electrodes were immediately removed from the oven and allowed to cool at room temperature 

on the lab bench, and stored in plastic containers under air. Care was taken to avoid damaging the 

electrodes during handling, particularly the electrodes treated at 500 °C which were very fragile. 

2.2. Characterization of electrode properties 

Prior to cell testing, the electrodes were characterized with microscopic, tomographic, 

spectroscopic, and analytical techniques. Electrode microstructure and morphology was 

characterized by scanning electron microscopy (SEM) / energy-dispersive X-ray analysis (EDX).  

SEM/EDX measurements were performed using a ZEISS MERLIN HR-SEM (Jena, Germany) 

with an electron energy of 3 keV, an aperture of 30 μm, and a gun-to-sample distance of ca. 5 mm. 

The samples were adhered to the stage with double-sided conductive carbon tape (Ted Pella Inc.). 

The results were analyzed using SmartPI software (Zeiss, Jena, Germany).  

The mass lost during thermal oxidation was determined at each temperature, by weighing the 

electrodes before and after treatment, and the average areal density was calculated by dividing by 

the geometric area (2.55 cm2). The electrodes were weighed using a XS205 Mettler Toledo balance 

(0.1 mg uncertainty) in an enclosed scale in an argon atmosphere glovebox (PureLab HE 

Glovebox, Inert Technology, Amesbury, MA) with < 5 ppm water and < 10 ppm oxygen to ensure 

dryness. 
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Raman spectroscopy measurements and subsequent data fitting were performed using a 

Renishaw Invia Reflex Micro Raman with WiRE (Wotton-under-Edge, Gloucestershire, UK). 

First order Raman spectra were recorded from wavenumbers of 650 to 3140 cm-1 and peaks were 

fit at wavenumber of 1332 and 1582 cm-1 to evaluate the intensity of the diamond (D) and graphite 

(G) bands, respectively, the ratio of which was used to evaluate the level of disorder.28 

X-ray photoelectron spectroscopy (XPS) spectra were collected with a Thermo Scientific K-

Alpha Plus XPS system (Thermo Fisher Scientific, East Grinstead, UK) and peak fitting was 

performed using the Avantage program. All samples were analyzed using a microfocused, 

monochromatized Al Kα X-ray source of 400 μm spot size, and a dual-beam flood source provided 

charge compensation. A 2× 220 L s-1 Pfeiffer HIPACE 300 turbopump vacuum was employed for 

both the entry and analysis chambers. Survey scans from 200-800 eV were collected along with 

C1s (275-295 eV) and O1s (512-552 eV) narrow scans. The survey scan and narrow scans were 

repeated 5× per sample and 10× per sample, respectively, and then averaged to generate the 

presented spectra. Two samples were analyzed per pretreatment temperature and two different 

spots on each sample were scanned. 

Electrode capacitance was used as an approximate measure of electrochemically active surface 

area and was determined by performing cyclic voltammetry (CV) on a single electrolyte flow cell 

configuration containing pretreated electrodes and using a blank electrolyte of 2.6 M polysulfideic 

acid (H2SO4, 95.0-98.0 w/w %, Sigma Aldrich) flowing at 10 mL min-1. Specifically, in this 

configuration, the electrolyte stream first passed through the positive half-cell and the directly 

looped through the negative half-cell.29  A Nafion 117 membrane (183 μm nominal thickness, Fuel 

Cell Store) was used as a separator and was conditioned by soaking in the 2.6 M H2SO4 solution 

at ambient temperature > 24 h prior to use. Further details on flow cell assembly and operation can 

be found in the proceeding section. The capacitance was calculated from the slope of the linear 

relationship between capacitive current (A) and scan rate (V s-1). Scan rates used were 5, 10, 20, 

50, 100, and 200 mV s-1 and the cell voltage window was -0.3 to 0.3 V. To ensure ohmic losses 

did not convolute data analysis, iRΩ-corrections were performed using the high frequency intercept 

of Nyquist plots derived from electrochemical impedance spectroscopy (EIS) measurements.30 To 

isolate the electrode capacitance, the capacitance of a flow cell without electrodes was subtracted 

from the calculated capacitance of cells with each set of pretreated electrodes. Each capacitance 

measurement was repeated once. 
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Static contact angle measurements were performed with a Ramé-Hart Contact Angle 

Goniometer (Ramé-Hart Instrument Co., Succasunna, NJ). Specifically, a 2 μL water droplet was 

placed on the electrode surface and the apparent contact angle was determined through image 

analysis (ImageJ software). Contact angle was measured immediately after the droplet was placed 

on the electrode surface to ensure evaporation did not skew the results. When spontaneous 

imbibition occurred, videos of water droplet were also recorded at 30 fps using an Aven 26700-

300 Digital Microscope (Aven Tools, Ann Arbor, MI) directly above the sample and captured 

images were processed post-test, using an ImageJ algorithm, to extract the rate of droplet 

spreading. Each measurement was repeated once. 

2.3. Evaluation of electrode performance via flow cell testing 

Electrochemical testing was performed in a 2.55 cm2 zero-gap flow cell architecture with an 

interdigitated flow field at room temperature.24,25 Tokai G347B resin-impregnated graphite plates 

of 3.18 mm thickness (Tokai Carbon Co., Tokyo, Japan) milled with an interdigitated pattern 

served as current collectors and flow fields, while polypropylene flow diffusers served as backing 

plates. Polytetrafluoroethylene (PTFE) gaskets (of thicknesses sized for each electrode) 

compressed electrodes by 20% and prevented electrolyte leaking. Two layers of carbon paper (1.5 

cm × 1.7 cm) were used for each electrode, positive and negative. The electrodes were cut using a 

Silhouette Cameo tape cutter (Silhouette America Inc., Lindon, UT) to ensure dimensional 

uniformity. Pristine electrodes have a 190 μm thickness, and in the absence of compression 

thermally pretreated electrodes had thicknesses of 165-190 μm, measured using a dial thickness 

gauge (Mitutoyo, 500-195-30). As mentioned in section 2.1, electrodes pretreated at 500 °C were 

particularly fragile. A Nafion 212 membrane (50.8 μm nominal thickness, Fuel Cell Store), was 

utilized as a separator and was conditioned by soaking in 2.6 M H2SO4 solution at ambient 

temperature prior to use for > 24 h. During this pretreatment the membrane swelled to its wetted 

state; membrane thickness did not appreciably change, indicating that almost all swelling occurred 

in the in-plane direction. For all tests, electrolyte was pumped through the cell at a rate of 10 mL 

min-1 using a peristaltic pump (Masterflex L/S series model) and Norprene tubing (Masterflex L/S 

14). All battery testing, with the exception of EIS measurements, was performed using an Arbin 

battery tester (FBTS-8). EIS was performed using a VMP3 Bio-Logic potentiostat (Bio-Logic 

USA, Knoxville, TN). 
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Prior to cell cycling, VRFB electrolyte solutions were prepared via electrolysis. The starting 

electrolyte in both tanks (10 mL in each) was 1.06 M VOSO4 (VO2+), from vanadium (IV) sulfate 

oxide hydrate (99.9% metals basis, Alfa Aesar), in 2.6 M H2SO4. Based on this electrolyte 

composition, the theoretical capacity of the cell is 284 mAh, and assuming a nominal cell voltage 

of 1.4 V, the energy density is 14.9 Wh L-1. Quantitative comparison of cell performance with 

previous literature is difficult given variations in electrolyte composition and flow rate as well as 

cell configuration. In general, our results for cell efficiency and capacity align with those reported 

for other high performance laboratory cells with similar material sets and operating 

conditions.12,13,17 

 Each electrolyte tank was actively purged with nitrogen to prevent chemical oxidation of the 

redox couples via exposure to oxygen. A potentiostatic precharge step was used wherein the cell 

was held at a potential of 1.9 V until the current dropped below 10 mA (ca. 3.9 mA cm-2). During 

this step, the positive electrolyte was oxidized from VO2+ (V(IV)) to VO2
+ (V(V)) and the negative 

electrolyte was reduced from VO2+ (V(IV)) to V3+ (V(III)) with a typical conversion efficiency of 

100%. Subsequently, the VO2
+ solution was replaced with a fresh 10 mL of 1.06 M VOSO4 / 2.6 

M H2SO4 solution and the cell was galvanostatically charged, at 100 mA cm-2, until a cell potential 

again reached 1.9 V. At this point cell capacity was equal to the theoretical capacity of 284 mAh, 

indicating that all VO2+ was oxidized to VO2
+ at the positive electrode and all V3+ was reduced to 

V2+ at the negative electrode, corresponding to 100% state of charge (SOC). The cell was then 

galvanostatically discharged, at 100 mA cm-2, to 50% SOC for subsequent electrochemical testing. 

Next EIS was performed at open circuit potential and 50% SOC to identify the kinetic, ohmic, 

and mass transport contributions to the total DC resistance of the flow cell. Frequencies from 1 

MHz to 10 mHz were applied at 6 points per decade and an average of 5 measures per frequency 

were recorded. The sinus amplitude is 10 mV. Upon completion of EIS, discharge polarization 

curves were obtained by discharging the cell for 30 s at current densities varying from 25 to 500 

mA cm-2 in increments of 25 mA cm-2. Data was recorded every second, and data points from the 

last 10 s at each current density were used to quantify the degree of polarization to ensure the 

system was at steady state. After each discharge the cell was returned to 50% SOC by charging at 

100 mA cm-2 for a set time that ensured coulombic balance. 

A rate study was conducted by varying current densities from 50 to 200 mA cm-2 in increments 

of 50 mA cm-2. The flow cells were cycled 5× at each current density, with the same current density 
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implemented for both charge and discharge. The long-term cycling stability of the flow cells was 

evaluated via galvanostatic cycling at 100 mA cm-2 for 40 cycles (ca. 1-2 days depending accessed 

capacity). In both cases, cut-off cell voltages were set at 1.7 V for charge to avoid the parasitic 

oxygen evolution reaction and 0.9 V for discharge. Coulombic efficiency of the cell is calculated 

as the ratio of discharge time to charge time. Voltage efficiency is calculated by dividing the 

average discharge voltage by the average charge voltage, and energy efficiency is calculated as the 

average discharge energy divided by the average charge energy. All flow cell experiments were 

repeated once. 

3. Results and discussion 

3.1. Ex-situ materials characterization 

Ex-situ electrochemical, microscopic, and spectroscopic techniques were used to characterize 

the physicochemical properties of pretreated electrodes. The physical properties were assessed 

using SEM and XTM to qualitatively and quantitatively evaluate the microstructure, areal density 

to quantify mass loss, and capacitance to estimate electrochemically active surface area. The 

chemical properties were analyzed using Raman spectroscopy to determine nature of edge sites, 

XPS to determine surface chemical composition, and EDX to map the elemental distribution of 

the surfaces. In addition, the wetting properties were determined by a combination of static and 

dynamic measurements. When analyzed together, the effect of pretreatment on changes in physical 

and chemical properties, as well as the relationships between these properties, can be determined 

3.1.1. Electrode morphology and microstructure 

Thermal pretreatment is expected to induce significant changes to the surface morphology and 

electrode microstructure due to oxidation of the constituent components (e.g., carbon fibers and 

binder). To this end, we quantify the temperature-dependence of electrode morphology, areal 

density, surface chemistry, and electrochemically active surface area. As shown in Figure II-1, 

SEM was utilized to qualitatively visualize the major structural changes occurring in the electrodes 

at two different magnifications, 250× to observe electrode pore structure and binder content and 

5000× to observe individual fibers. Micrographs of the pristine electrode show the bed of carbon 

fibers held together by the binder. As pretreatment temperature increases, the binder content 

decreases due to oxidative decomposition to carbon dioxide and other volatile products. This 
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binder loss becomes clearly observable at 450 °C and, at 500 °C, the binder is almost completely 

removed leading to a very fragile electrode that is easily damaged by physical contact. 

 

Figure II-1 SEM micrographs of SGL 29AA carbon paper electrodes pretreated at different temperatures. 

The 250× magnification shows overall electrode structure (inset bar length = 2 μm), while the 5000× 

magnification shows morphology of individual fibers (inset bar length = 60 μm).  At 500 °C, the sample 

holder is visible beneath the fiber bed due, in part, to the absence of the binder. 

To quantify binder removal during thermal pretreatment, we calculated the average areal 

density for each electrode (Figure II-2). We measured an areal density of 3.5 ± 0.1 mg cm-2 for 

the pristine SGL 29AA electrodes, which is somewhat lower than the vendor reported value of 4.0 

mg cm-2.10 We ascribe this difference to batch-to-batch product variability and, as the same 

electrode sheet was used for all experiments, we anticipate that the trends are representative. While 

the areal density of pristine electrodes and those pretreated at 400 and 425 °C are similar, the 

density significantly decreases for electrodes pretreated at 450, 475, and 500 °C, in agreement with 

our observations of reduced binder content throughout the electrode structure via SEM. 

Additionally, as shown with SEM and XTM, the diameter of the carbon fibers is reduced during 

thermal treatment, so the loss in areal density is a result of both binder and fiber decomposition. 
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Figure II-2 Average areal density of SGL 29AA carbon paper electrodes pre-treated at six different 

temperatures. The areal density shown is an average of six different samples pretreated at each 

temperature. 

Beyond changes to the electrode structure, thermal pretreatment impacts the electrochemically 

active surface area (ECSA) by exposing more active sites for redox reactions through removal of 

inert components in the binder and/or an increase in site accessibility due to increased 

hydrophilicity (see Section 3.1.4 below). Here, we used capacitance measurements to estimate 

ECSA (Figure II-3). The specific capacitance of SGL 29AA is unknown, so ECSA values for 

each electrode were estimated based on the measured capacitance, the areal density (see Figure 

II-2), and the specific capacitance of glassy carbon, 23 μF cm-2, as reported by Sun et al.31 As 

graphitic SGL 29AA and glassy carbon have different structure and surface functionalization, in 

all likelihood, they have different specific capacities, but we expect the observed trends to be 

representative. Moreover, we find good agreement with the results of Sun et al. who report an 

ECSA of 1.0 m2 g-1 for pristine SGL 10AA carbon paper and 49.8 m2 g-1 for enhanced surface area 

carbon paper, which was previously commercially available.31 Here, we calculated an ECSA of 

0.2 m2 g-1 for pristine SGL 29AA carbon paper and 48.8 m2 g-1 for electrodes treated at 400 °C. 

Electrodes pretreated at 400 °C have the highest ECSA, two orders of magnitude greater than that 

of the pristine electrodes. As the areal density of pristine electrodes is the same as electrodes 

pretreated at 400 °C (see Figure II-2), it is reasonable to assume that the electrode morphologies 
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are also similar and, therefore, the increase in ECSA can be attributed to a change in surface 

chemistry and related wetting properties. The capacitance of carbon electrodes has been shown to 

increase as a function of electrode wettability32,33, which is typically due to the presence of oxygen 

functional groups on the electrode surface.11 The capacitance of carbon electrodes is also known 

to improve with an increased number of graphitic edge sites.32 Although electrodes pretreated at 

different temperatures likely have different specific capacities, we do not expect them to vary 

greatly as the Raman spectra indicates the ratio of graphitic edge sites to basal carbon is similar 

(within 10%) for all pretreated electrodes (see Figure II-4, vide infra). Similar content of graphitic 

edge sites indicates comparable capacitance, as graphitic edge sites dominate contribution to 

capacitance per Rabbow et al. who found that basal plane carbon has a specific capacitance of 4.7 

μF cm-2, and that the specific capacitance of graphitic edge sites is 132 μF cm-2.34 As such the 

increased presence of graphitic edge sites on heat-treated electrodes compared to pristine samples 

increases capacitance of these electrodes. While we find that number of edge sites increases with 

increasing pretreatment temperature and the specific capacitance of graphitic edge sites is two 

orders of magnitude greater than that of basal sites, electrode capacitance decreases as pretreatment 

temperature increases. This is a result of decreased binder content at higher temperatures. 

Specifically, as pretreatment temperature increases, the binder is oxidized and the total electrode 

surface area is decreased, leading to lower ECSA and hence reduced capacitance. 
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Figure II-3 a) Electrode capacitance estimated from cyclic voltammetry measurements within a flow cell 

with a blank electrolyte of 2.6 M H2SO4. Measurements were repeated once for each pretreatment 

temperature. The numerical values within each bar represent increase in capacitance as compared to the 

pristine electrodes. b) ECSA estimated from measured capacitance using the respective electrode areal 

densities and the specific capacitance of a glassy carbon surface. 

3.1.2. Analysis of Surface Chemistry 

Thermal pretreatment also affects the bonding structure of electrode surfaces which, in turn, 

impacts electrochemical behavior. Raman spectroscopy was used to evaluate the disorder of the 
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graphitic carbon electrodes, and to quantify the presence of graphitic edge sites (Figure II-4). In 

addition to having higher specific capacitance, as discussed above, graphitic edge sites have been 

reported to catalyze vanadium redox reactions at both the positive and negative electrode35–40, thus 

electrodes with higher ID/IG ratios are expected to lead to better VRFB performance due to a 

decrease in charge-transfer overpotential. An additional consideration is that edge sites have a 

higher probability of incorporating surface oxygen functional groups which are believed to 

catalyze vanadium redox reactions.37 Figure II-4(a) shows the Raman spectrum of a pristine SGL 

29AA electrode with the D band and G band peak fitting.28 The D band is ascribed to the presence 

of a disordered graphitic edge lattice, while the G band is assigned to the ordered graphitic 

domains.15,41 ID corresponds to the intensity of the D band, while IG corresponds to intensity of the 

G band. Figure II-4(b) shows the calculated ID/IG ratio of electrodes at each pretreatment 

temperature which provides a measure of the defects at the surface of the carbon fibers.36,42 As 

compared to the pristine samples, all pretreated electrodes show an increased level of disorder with 

a maximum at ca. 425 °C. Due to the heterogeneity of the material, which is composed of carbon 

fibers and binder, the information obtained from peak intensity is related to the presence and 

molecular structure of these constituents. As shown by the areal density measurements (Figure 

II-2), the electrode mass does not significantly decrease at T < 450 °C. In this range, the increase 

in oxygen content (Figure II-5) explains the increase in molecular disorder. At higher 

temperatures (T > 450 °C), notable decomposition, preferentially of the binder, occurs and the 

weight fraction of carbon fibers dominates over that of the binder. Consequently, the average 

molecular disorder of the surfaces decreases, despite the increase in oxygen functionalities, as the 

sp2 hybridization of the carbon fibers is more ordered than the amorphous binder particulates. 
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Figure II-4 (a) Raman spectra of pristine SGL 29AA electrodes. Peak fitting of the D and G bands is shown. 

(b) ID/IG ratio of electrodes pre-treated at different temperatures. Spectra were recorded at three locations 

on two different samples for each pretreatment temperature. 

The nature of surface bonding can be further understood by determining the chemical changes 

to the electrode surface through the formation of oxygen functional groups which have been 

reported to catalyze vanadium redox reactions15,36,37,43 as well as to increase the hydrophilic 

character of carbon surfaces.11,14,38 We utilized XPS to quantify the concentration of oxygen 

functional groups on electrode surfaces as well as EDX to evaluate oxygen content on a single 

fiber. XPS analysis in Figure II-5(a) shows a growth of the O1s peak at 585 eV with pretreatment 

temperature, indicating increased presence of surface oxygen functional groups. The O1s peak is 

barely discernable in pristine electrodes, but becomes more prominent in the thermally oxidized 

electrodes, particularly those pretreated at 475 and 500 °C, indicating that thermal pretreatment 

causes carbon oxidation and the addition of surface oxygen groups, in agreement with prior 

reports.11,12,15 As seen in Figure II-5(b), the overall trend observed is increasing pretreatment 

temperature results in an increased O/C atomic composition ratio. We find that O-C bonds are the 

predominant functional group present on the electrode surface and that the presence of these bonds 

increases with thermal pretreatment temperature compared to pristine electrodes; in agreement 

with prior reports.11,16,17,36,38 We also observe that pretreatment leads to the addition of carboxyl 

and carbonyl bonds, but there is no clear trend with pretreatment temperature.  
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Figure II-5 (a) XPS survey scans of SGL 29AA carbon papers. C1s and O1s peaks are labeled. (b) O/C 

atomic composition ratio calculated from survey scans. Measurements were performed on two samples 

pretreated at each temperature at two locations on each electrode. 

To compare local oxygen concentration on the surface of the binder and fibers of the SGL 

29AA electrodes, EDX was used to measure the O/C ratio of electrodes treated at 400 °C. As seen 

in Figure II-6, oxygen content is more abundant on the binder than the fiber itself which can be 

explained by the differences in the chemical composition of the precursors used to generate each 

material. The precursor for the SGL 29AA carbon fibers is PAN, whereas the binder is derived 

from a proprietary carbonized resin.10 This result highlights an interesting discrepancy: namely, 

the oxygen content of the binder is greater than that of the fiber, but electrodes pretreated at 500 

°C have the least amount of binder as determined by areal density and SEM measurements 

(Section II.3.1.1) yet they have the highest oxygen content, as determined by XPS (Figure II-5). 

This indicates that the oxidation of carbon fiber surfaces via pretreatment results in a greater 

number of surface oxygen functional groups than are initially present on the surface of both the 

binder and the fibers. 
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Figure II-6 EDX elemental mapping of a carbon fiber surface treated at 400 °C. (a) SEM micrograph of 

the fiber partially coated with the binder. The area probed via EDX is highlighted in red. b) Measured O/C 

ratio with position. 

3.1.3. Electrode wetting 

Pristine carbon fibers display near neutral wetting character with contact angles around 80-90º 

44,45. As wetting affects electrolyte transport and electrode utilization (accessibility to active 

sites),33 increasing hydrophilicity is an important step to improving performance. To investigate 

the relationship between pretreatment temperature and electrode wetting, ex-situ wetting properties 

of water on the external surface of the carbon paper electrodes were studied using a goniometer to 

measure the static contact angle (Figure II-7(a)). As the surfaces are textured and heterogeneous, 

apparent contact angles, which can differ from intrinsic contact angles, are defined between water 

and the electrodes. If the paper spontaneously imbibed the water, the radius of the imbibed droplet 

was measured as a function of time to determine spreading rate (Figure II-7(b)), as this provides 

an indirect means to assess the intrinsic contact angle. Through this analysis the hydrophilicity of 

each pretreated electrode can be compared. 
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Figure II-7 (a) Static contact angle of 2 μL water droplet on carbon electrode surface. Contact angle of 

three separate water droplets, each on a different electrode, were measured. (b) Dynamic wetting of 

spontaneously imbibed water droplets. 

Water droplets deposited on pristine papers and papers pretreated at 400 °C stayed on the 

surface. Droplets on pristine papers show hydrophobic behavior as the measured apparent contact 

angle was 140.0 ± 0.1°. Droplets on 400 °C electrodes show a hydrophilic apparent contact angle 

of 72 ± 15°, but water did not spontaneously imbibe. Electrodes pretreated at temperatures greater 

than 400 °C spontaneously imbibe water, thus, to obtain a semi-quantitative comparison, we 

measured the spreading dynamics, which increase with increasing pretreatment temperature 

indicating enhanced hydrophilicity (Figure II-7(b)). This trend can be explained as: (1) the 

intrinsic contact angle decreases as a function of the pretreatment temperature and consequent 

oxygen content increase, and (2) the binder removal at elevated temperatures reduces the 

possibility of retaining trapped air pockets within the electrode (i.e., the Cassie-Baxter effect). In 

a flow cell, faster wetting dynamics correspond to more complete electrode wetting; yet all 

electrodes pretreated at 425 °C and above are likely to wet fully during flow battery operation. 

Pristine papers and those pretreated at 400 °C may not wet completely in a flow cell, leading to 

decreased electrode utilization and hence decreased cell performance. Incomplete wetting, due to 

insufficiently low contact angle and surface roughness, could result in coexistence of gas and liquid 

within the electrode, leading to capillary forces that cause preferential liquid channeling.44,46,47  
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3.2. Cell performance 

In the preceding sections, ex-situ techniques were used to characterize the pretreatment-

induced changes in electrode morphology, microstructure, and surface chemistry. In the following 

section we utilize in-situ flow cell testing to assess the impact of these electrode properties on RFB 

performance, including cell resistance, power output, and cycling stability. Cell resistance and 

power output were assessed with a combination of EIS and polarization techniques. Cycling 

performance was evaluated at a range of current densities from 50-200 mA cm-2, and cycling 

stability was assessed with constant current cycling at 100 mA cm-2. 

3.2.1. Cell polarization and electrochemical impedance spectroscopy 

Polarization and EIS were used to evaluate the resistive contributions of each electrode, which, 

in turn, were used to evaluate cell performance. Figure II-8 shows the iRΩ-corrected discharge 

polarization and the actual power density curves (inclusive of ohmic losses) obtained at 50% SOC 

for flow cells as function of electrode pretreatment temperature. As discharge resistance should be 

minimized at 100% SOC and maximized at 0% SOC, 50% SOC was selected as it represents an 

average discharge resistance. The best cell performance is achieved with electrodes pretreated at 

475 °C, a 26% improvement as compared to the base case (400 °C pretreatment), followed closely 

by electrodes pretreated at 450 °C. Cells with electrodes pretreated at 400 and 425 °C show similar 

performance which is lower than the 450 °C and 475 °C. Interestingly, cells with electrodes 

pretreated at 500 °C display the poorest performance, even lower than the pristine electrodes. 

These results are consistent with those of Sun et al., as in that study the authors increased 

temperature in 100 °C increments observing a minimum resistance at 400 °C and a maximum 

resistance at 500 °C.11 Thus, based on our ex-situ characterization data, peak electrode 

performance appears to be achieved through a balance of properties. 

Through analysis of polarization and EIS measurements, we can begin to deconvolute 

contributions of charge and mass transfer resistance. At low current densities, the overpotential is 

dominated by charge transfer resistance, and, in this region, the slope of the polarization curve can 

be correlated to the kinetics of the vanadium redox reactions (Figure II-8(a)). Electrodes 

pretreated at 400-475 °C show enhanced kinetic performance, as their slopes are shallow in the 

low current density region.  Thus, observation is in agreement with prior literature which reports 

thermal pretreatment results in reduced cell overpotential.12,15 Polarization of electrodes pretreated 

at 500 °C, however, has a steeper slope, indicating greater kinetic resistance. The interplay between 
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kinetic, ohmic, and mass transport resistance can be further characterized with EIS measurements 

(Figure II-9). The ohmic losses were determined with the high frequency intercept of the Nyquist 

plot and are found to be near identical for each cell, 0.25 ± 0.04 Ω-cm2, in agreement with prior 

VRFB reports using similar flow cell configurations and membranes.25,48,49 The Nafion membrane 

represents the greatest contribution to ohmic resistance. Tang et al. report a conductivity of 0.052 

S cm-1 for Nafion 212 in a 1 M VO2+ / 5 M H2SO4.
50 Assuming this value for our cells, the 

membrane resistance was estimated as 0.1 Ω-cm2, ca. 40% of total ohmic resistance. The 

remaining ohmic losses are attributed to resistive losses within the other cell components (e.g., 

porous electrodes, graphite flow fields, etc.) and electrical leads connected to the cell, as well as 

contact resistances between different internal and external components. No clear trend in ohmic 

resistance is observed as a function of pretreatment temperature. 

To focus on kinetic and transport contributions, the ohmic resistance was subtracted in the iRΩ-

corrected Nyquist plots derived from EIS at open circuit conditions and 50% SOC are shown in 

Figure II-9. The first (higher frequency) loop of the Nyquist curve corresponds to charge-transfer 

(kinetic) resistance, while the second (lower frequency) corresponds to mass transfer resistance.51 

The charge-transfer arc is much larger for the pristine electrode than any of the heat treated 

electrodes, which is expected as pristine electrodes have both the lowest ECSA and surface oxygen 

content. The combined kinetic and mass transfer resistances among pretreated electrodes are 

greatest for electrodes treated at 400 and 500 °C, while electrodes treated at 425, 450, and 475 °C 

show decreased total resistance. The kinetic resistance of electrodes pretreated at 425 to 475 °C 

are very similar, despite the reduction in ECSA as pretreatment temperature increases. This result 

can be explained as a balance between decreasing ECSA and increasing surface oxygen content, 

resulting in roughly equivalent charge-transfer overpotentials which is also supported by the 

polarization results. The increased charge-transfer resistance at 500 °C, despite the increased 

oxygen content, is a result of the greatly reduced surface area. 
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Figure II-8 Polarization data of flow cells at 50% SOC with carbon paper electrodes pretreated at different 

temperatures. (a) iRΩ-corrected voltage vs. current density (b) Actual (no iRΩ correction) power density 

plotted as a function of current density. Data shown is an average of two experiments per pretreatment 

temperature. 

 

Figure II-9 iRΩ-corrected Nyquist plots of EIS data. The inset plot shows results from heat-treated 

electrodes only. Experiments were repeated once, and the spectra shown are representative of the two 

separate data sets. 

The reduced charge transfer resistance of the thermally-oxidized electrodes indicates faster 

vanadium reaction rates, but the source of these improvements may be the enhanced ECSA, an 

increase in surface-bound oxygen functional groups, or the presence of edge sites.36 These effects 

are interrelated as, for example, more graphitic edge sites correspond to higher ECSA and more 
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surface oxygen.  Prior studies have suggested that surface oxygen content plays a role in vanadium 

redox reactions15,37,39,52–56, while others argue that the kinetic enhancement is due to the increased 

ECSA alone and the addition of oxygen functional groups are a side effect of the pretreatment that 

has little influence on reaction rate.12,57 To determine the respective roles of ECSA and surface 

oxygen content on vanadium reaction rates, we estimated vanadium redox reaction rate on each 

electrode by fitting the low current density (< 50 mA cm-2) region of the polarization curves to the 

Butler-Volmer equation and extracting an exchange current density. For these calculations, the 

error propagation considers all measured variables (e.g. ECSA, current density, voltage).  

Exchange current density of pristine SGL 29AA electrodes was calculated as 4.3 × 10-4 A cm-2 

based on a geometric area. This result is the same order of magnitude as Zhong et al. who report 

an exchange current density of 2.47 × 10-4 A cm-2 for the VO2
+/VO2+ redox couple on pristine 

graphite felt electrodes,58 and Aaron et al. who report 1.49 × 10-4 A cm-2 for the V3+/V2+ redox 

couple on pristine SGL 10AA electrodes,59 each normalized by geometric area. It should be noted 

that the exchange current density calculated in this work contains information of both redox events 

as it is calculated assuming full cell voltage. The ECSA of an electrode provides a more accurate 

representation of current density but is more difficult to measure. The exchange current density 

(based on geometric surface area) of pretreated electrodes is a function of both ECSA and surface 

oxygen functional groups and follows a similar trend to the polarization and EIS data, with a 

maximum at 450 °C (Figure II-10(a)). Electrodes pretreated at moderate temperatures (425-475 

°C) show the highest exchange current density, and therefore the best kinetic performance. 

Increased ECSA appears partially responsible for improved kinetics as the exchange current 

density shows a positive correlation with ECSA for electrodes treated at 500, 475, and 450 °C; 

however, electrodes treated at 400 and 425 °C have higher ECSA but reduced values for exchange 

current density. Thus, the estimated ECSA alone cannot explain the observed trends. The 

correlation between exchange current density (based on geometric surface area) and estimated 

ECSA (Figure II-10(b)) reveals an optimum around 23 m2 g-1, but the oxygen content is 

convoluted.  

To obtain a more fundamental kinetic parameter, we converted the exchange currents estimated 

from Butler-Volmer to rate constants by dividing by the number of electrons transferred (here, n 

= 1), the Faraday constant (96485 C/mol e-), the bulk concentration (0.53 M), and the estimated 

ECSA. Estimated rate constants were found in the range of 0.2 – 1.8 × 10-9 m s-1; these results are 
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comparable to the V4+/V5+ rate constant on graphite electrodes of 3.0 × 10-9 m s-1 reported by 

Weber.60 These estimated rate constants, kinetic parameters independent of ECSA, show a positive 

correlation with increasing O/C ratio (Figure II-10(c)). XPS data shows that oxygen functional 

groups also increase with increasing pretreatment temperature (see Figure II-5); overall, these 

results suggest that vanadium redox reaction rates on carbon paper electrodes improve with 

increasing surface oxygen functional content. However, increasing surface oxygen content via 

thermal treatment results in reduced ECSA, thus a trade-off exists between these two properties 

and electrodes treated at 450 °C show the best performance despite not having the maximum ECSA 

or surface oxygen content. 
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Figure II-10 Estimates of kinetic parameters derived from a Butler-Volmer model estimating charge-

transfer overpotential fitted to polarization data. (a) Exchange current density plotted as a function of 

pretreatment temperature. (b) Exchange current density plotted as a function of ECSA. (c) Estimated rate 

constant plotted as a function of relative oxygen content of the electrode. 
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The lower frequency features of the Nyquist plot provide insight into mass transport within the 

porous electrode structure. The mass transfer resistance depends on the electrode microstructure 

(e.g., pore size, geometry, connectivity) and the fluid characteristics (e.g., flow rate, electrolyte 

viscosity): electrodes with pores of similar size will have comparable velocity profiles, resulting 

in similar momentum boundary layer thicknesses.61 The mass transfer arc of the pristine electrode 

is approximately equal to that of 400 °C, indicating that these electrodes have similar mass transfer 

resistance and therefore equivalent morphologies (binder content) and electrolyte distribution. The 

mass transfer resistance of electrodes pretreated at 425-500 °C are near identical. In general, we 

find that electrodes that show spontaneous imbibition of water, those pretreated at 425-500 °C, 

have the lowest mass transfer resistances (electrodes treated at 475 °C have the lowest mass 

transfer resistance of 0.038 Ω-cm2, while electrodes treated at 500 °C have the highest of this group 

of 0.053 Ω cm2 likely due to loss of structural integrity). Resistance to wetting could lead to 

preferential paths for liquid flow within electrodes: such mass transport limitations have been 

observed via imaging62 and exploited in the engineering of fuel cell GDLs.63,64 Wetting resistance 

causes high capillary pressure65 and preferential, tortuous pathways are defined as a consequence. 

Overcoming these barriers leads to increased resistance. 

3.2.2. Flow cell cycling performance 

To evaluate flow cell performance, we cycled cells utilizing each electrode at current densities 

varying from 50-200 mA cm-2. Efficiencies and charge/discharge curves for a cell with electrodes 

pretreated at 475 °C are shown (Figure II-11(a), (b)). The performance stability suggests that the 

impact of the pretreatment is persistent, at least in the short term. Figure 12c shows the accessed 

capacity for cells with different heat-treated electrodes over a range of each current densities 

(Figure II-11(c)) Similar to the polarization curves shown before, electrodes at 400 and 500 °C 

show the lowest performance, while electrodes treated at 475 °C show the best performance.  We 

note that the differences in accessible charge capacity are minimal at low current densities (i.e., 50 

mA cm-2), but become more pronounced at, at higher current densities (i.e., 150 mA cm-2) as 

differences in charge transfer and mass transport overpotentials become more relevant. Pezeshki 

et al. found that as surface oxygen content increased, discharge capacity increased.12 Our results 

agree with this prior report until electrodes pretreated at 500 °C which perform poorly, despite the 

highest O/C ratio. This is due to low surface area (charge-transfer resistance) and loss of structure 

(mass transfer resistance) which together lead to high cell resistance (see Section 3.2.1). These 
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results show heat pretreatment below 500 °C can improve performance, particularly at high current 

densities. It should be noted that pristine electrodes have not been included, as the extremely high 

overpotentials of these electrodes made cycling at moderate current densities difficult.  

 

Figure II-11 Performance of VRFB cells with for SGL 29AA electrodes at different current densities. (a) 

Voltage vs. capacity curves at each current density for electrodes pretreated at 475 °C. Data shown is from 

the fifth of five cycles at each current density. (b) Efficiencies of each cycle for electrodes pretreated at 475 

°C (labeled current densities in mA cm-2). (c) Average charge capacity at each current density for each set 

of electrodes. Two different cells were cycled with electrodes pretreated at each temperature. The pristine 

electrode is not included due to limitations in cycling caused by extremely high overpotentials.  

Flow cells were cycled at a constant current density of 100 mA cm-2 for 40 cycles (ca. 1-2 

days) to assess the stability of the pretreated electrodes. The goal of this test was to compare 

efficiency and stability of the electrodes over several cycles. More extensive stability testing has 

been performed elsewhere66 and is not the focus of this work. The average cycling efficiencies, 

including coulombic, voltage, and energy efficiencies, are shown in Table II-1. The efficiencies 

remain consistent throughout cycling: we achieve average coulombic efficiencies ranging from 

98.2-99.4% and voltage efficiencies ranging from 64.9-84.1%, which are similar those reported 

elsewhere.48,67,68 Voltage efficiency increases as pretreatment temperature is increased from 400 

to 475 °C. At 500 °C, the voltage efficiency drops. These results agree with the increased 

overpotential losses of electrodes pretreated at this temperature as measured via polarization (see 

Figure II-8(a)).  While all pretreated electrodes are found to be reasonably stable, all experienced 

some level of capacity fade, and this loss of charge capacity is most likely due to active species 

crossover through the semi-permeable Nafion membrane.9,48,67,69,70 However, cell degradation 

such as the removal of surface oxygen active sites from the negative electrode, or negative 

electrolyte oxidation by oxygen in air, may contribute to capacity fade.9,36,53,71–74 Quantifying the 
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extent of electrode degradation and its role in capacity fade is beyond the scope of the current work 

and will be the subject of future studies.  

Quantitative comparison of cell performance with previous literature is difficult given 

variations in electrolyte compositions and flow rate, as well as cell configuration. In general, our 

results for cell efficiency and capacity align with those reported for other high performance 

cells.12,13,17 

Table II-1 – Constant coulombic cycling efficiencies for each pretreated electrode. Cycling experiments 

were repeated once per each pretreatment temperature. 

Pretreatment 

Temperature (°C) 

Efficiency (%) 

Coulombic Energy Voltage 

400 98.31 ± 1.02 66.31 ± 1.53 67.47 ± 0.70 

425 99.37 ± 0.31 77.41 ± 1.46 78.00 ± 1.23 

450 98.96 ± 0.63 80.13 ± 2.33 81.07 ± 3.00 

475 98.16 ± 0.50 77.49 ± 5.12 78.84 ± 4.74 

500 99.41 ± 1.66 64.13 ± 7.62 64.94 ± 8.39 

4. Conclusion 

Thermal oxidation offers a means to improve the performance of porous carbon electrodes in 

VRFBs but its impact on the physical and chemical properties of the electrodes are complex and 

nuanced. To better understand the temperature-dependent trends of performance-controlling 

electrode properties, we systematically studied the impact of thermal oxidation on SGL 29AA 

carbon paper electrodes leveraging an array of electrochemical, spectroscopic, and microscopic 

techniques, culminating with full cell testing. Through this approach, we identified several key 

electrode properties, including hydrophilicity, electrochemical surface area, and surface chemistry, 

which significantly impact on the cell performance but display opposing trends. Electrochemical 

surface area decreases as pretreatment temperature increases due to partial combustion of the 

electrode binder and fibers.  Wetting dynamics are improved and surface oxygen content is higher 

at higher pretreatment temperatures. The best overall performance is achieved by thermally 

pretreating electrodes at 475 °C. These electrodes show an increase in maximum power density of 

26% over the base case of electrodes treated at 400 °C. This enhancement is achieved by a balance 

of critical properties described above, rather than a maximization of all. In particular, we have 
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shown that oxygen content increases the overall rate constant and therefore contributes to a 

reduction in charge-transfer overpotential. Based on our findings, it is suggested that an optimal 

electrode should feature high ECSA and oxygen content to reduce charge-transfer resistance, 

facilitate spontaneous wetting to minimize mass transport resistance, and maintain a mechanically 

robust structure. The findings presented herein can be used to inform the design of advanced 

electrodes. These learnings do not only impact the redox flow battery community, but are also 

relevant for any electrochemical technologies employing porous carbonaceous substrates, 

including fuel cells, metal-air batteries, and electrolyzers. More generally, the results described 

here highlight the complex effects bulk pretreatments have on electrode materials and motivates 

the development of targeted methods, based on the structure-property relationships outlined here 

and elsewhere  11–18, to tune specific electrode characteristics, which may enable transformative 

performance improvements in RFBs and other electrochemical technologies.  
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III. Investigating Accessible Surface Area and the Impact of Surface Area 

on Redox Flow Battery Performance 

Investigating Accessible Surface Area and the Impact of Surface Area on Redox Flow Battery 

Performance 

Thermal oxidation of carbon electrodes is a common approach to improving flow battery 

performance. Here, we investigate how thermal pretreatment increases electrode surface area and 

the effect this added surface area has on electrode performance. Specifically, we rigorously analyze 

the surface area of Freudenberg H23 carbon paper electrodes, a binder-free model material, by 

systematically varying pretreatment temperature (400, 450, and 500 °C) and time (0 to 24 h) and 

evaluating changes in the physical, chemical, and electrochemical properties of the electrodes. We 

compare physical surface area, measured by a combination of gas adsorption techniques, to surface 

area measured via electrochemical double layer capacitance. We find good agreement between the 

two at shorter treatment times (0-3 h); however, at longer treatment times (6-24 h), the surface area 

measured electrochemically is an underestimate of the physical surface area. Further, we use gas 

adsorption to measure a pore size distribution and find that the majority of pores are in the 

micropore range (< 2 nm), and ca. 60% of the added surface area are in the sub-nanometer (< 1 

nm) pore size range. We postulate that the solvated radii and imperfect wetting of electrochemical 

species may hinder active species transport into these recessed regions, explaining the discrepancy 

between electrochemical and physical surface area. These results are supported with in situ flow 

cell testing, where single-electrolyte polarization measurements show little improvement with 

increasing surface area. Ultimately, this work aims to inform the design of electrodes that offer 

maximal accessible surface area to redox species. 

1. Background 

As discussed in Chapter II, thermal oxidation in air augments electrode performance by 

enhancing electrochemical activity and wetting via surface functionalization11–17 and by increasing 

available surface area via improved wettability and increased physical surface area.12–14,17 

However, these effects are difficult to decouple and, as such, it is often unclear to what extent each 

is responsible for performance improvements. Indeed, conflicting conclusions have emerged 

across the literature: improved electrode performance in RFBs has been attributed to increased 
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surface area,12 increased oxygen functional groups75,76, or a combination of both.77–80 This range 

of outcomes may be a result of experimental design factors that complicate analysis, including the 

manufacturer-specific properties of electrodes (i.e., differences in binder content, graphitization 

temperatures, etc.) and the choice of redox electrolytes (i.e., redox couple, supporting salt, solvent). 

Thus, there is a need for systematic studies of different material sets to develop a more complete 

understanding of how the structural properties of electrodes impact their electrochemical 

performance in a given redox electrolyte. 

Surface area is an important parameter for RFB electrodes, as increased surface area enhances 

volumetric redox reaction rates.81 Accordingly, a number of sophisticated surface modification 

approaches have been described in the literature, including the introduction of nanocracks,82 

nanorods,83 and nanowalls,84 which enlarge the electrode surface area, measured by gas adsorption, 

by several orders of magnitude. However, the performance of flow cells with these materials is 

similar to that of flow cells with more conventional heat-treated materials, evincing a mismatch 

between surface area increases and performance improvements. This may be due to a disparity 

between physical surface area (specific surface area, SSA, m2 g-1) and electrochemically active 

surface area (ECSA, m2 g-1), defined as the surface area available to electrochemical species.85,86 

Taken together, these results suggest that not all the porosity—and therefore not all physical 

electrode surface area—is accessible to electrochemical species, and, in this work, we set out to 

explore this hypothesis. 

To further study the nature of surface area generated via thermal pretreatment and to assess its 

role in electrochemical reactions, we investigated how thermal oxidation alters both SSA and 

ECSA, as well as other key electrode properties (e.g., functionalization, pore size distribution, and 

wettability). In order to separate these convoluting effects on cell performance, we selected a 

nonaqueous electrolyte ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO•)/2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl (TEMPO+) in acetonitrile), which should thus be insensitive to 

surface functional groups and wetting effects, allowing study of the impact of surface area alone 

on electrode polarization performance. Freudenberg H23 was selected as a model binder-free 

electrode material to avoid the influence of extraneous and often poorly-understood binder 

materials and to enable focus on the effect of thermal pretreatment on the carbon fibers themselves. 

Surface area of the electrodes was compared with ECSA, estimated via electrochemical double-

layer capacitance measurements, and by SSA, quantified based on krypton (Kr) and argon (Ar) 
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adsorption. Porosity on the fiber surface in the micropore (pores < 2 nm per IUPAC classification) 

and mesopore (pores between 2 and 50 nm) was measured with multiple probe molecules (Kr, Ar, 

carbon dioxide (CO2) and hydrogen (H2)) and using different models (BET, 2D-NLDFT). The 

macropore range (pores > 50 nm) was further measured by Mercury Intrusion Porosimetry (MIP). 

Surface functionalization and electrode wetting were assessed by X-ray photoelectron 

spectroscopy (XPS) and external contact angle measurements, respectively. Subsequently, 

pretreated electrodes were tested in a single-electrolyte flow cells with the TEMPO•/TEMPO+ 

redox couple to deconvolute effects of surface area and oxygen functionality. 

Our analyses indicate that both ECSA and SSA of the electrodes are maximized at moderate 

pretreatment temperatures and times beyond which surface area reduces. Further, we find that 

thermally treated electrodes with increased surface area show improved performance over the 

baseline, but there are diminishing returns in surface-area-derived performance gains. We 

rationalized this observation with a simple convection-reaction model, which predicts a maximum 

current that may be achieved with increases in surface area (Chapter IV). These results indicate 

that surface area has an effect on electrode performance, but only up to a certain threshold, beyond 

which increasing surface area does not improve performance. Overall, we find that the mass 

transfer and redox reaction rates themselves have a greater effect on electrode performance than 

surface area. While the quantitative values revealed by this study (surface area, oxygen content, 

etc.) are specific to Freudenberg H23, we posit that the property-performance trends and trade-offs 

are anticipated to extend across carbonaceous electrode materials, although the pretreatment 

temperatures and times at which they occur will differ.27 

2. Experimental methods 

2.1. Thermal oxidation of Freudenberg H23 electrodes 

Freudenberg H23 electrodes (Fuel Cell Store, College Station, Texas, USA) were oxidized 

under air in a Barnstead Thermolyne Type 47900 box furnace at either 400, 450, or 500 °C for 

varying times (0.5, 3, 6, 12, and 24 h for 400 and 450 °C, and 0.5, 1, 3, 4, and 5 h for 500 °C). 

Electrodes treated for more than 5 h at 500 °C lost a significant percentage of their mass and were 

too fragile to test. During the pretreatment, the electrodes were placed on aluminum foil to prevent 

contamination, and care was taken to ensure individual electrodes did not overlap. The electrodes 

were placed in the oven at room temperature, and temperature was ramped to the set-point at 20 

°C min-1. The oven temperature was then held at the set-point for the specified time. After thermal 
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pretreatment, the electrodes were allowed to cool to room temperature in the oven and were 

subsequently stored in sealed plastic containers under air. 

2.2. Characterization of electrode properties 

2.2.1. Electrode weight, functionalization, and wetting 

Prior to cell testing, the electrodes were characterized with microscopic, spectroscopic, and 

analytical techniques. The mass lost during thermal oxidation was determined by weighing the 

electrodes before and after pretreatment, and the average areal density was calculated by dividing 

by the geometric area (2.24 cm2, 1.4 cm × 1.6 cm). A Silhouette Cameo tape cutter (Silhouette 

America Inc., Lindon, UT) was used to ensure dimensional uniformity between samples. The 

electrodes (n = 6 per treatment condition) were weighed using a XS205 Mettler Toledo balance (± 

0.1 mg uncertainty). To compare wettability of treated electrodes, apparent external contact angles 

were measured with a ramé-hart Contact Angle Goniometer (ramé-hart Instrument Co., 

Succasunna, NJ). Measurements were taken in ambient air, where the temperature and relative 

humidity remained between 20-24 °C and 10-40%, respectively. Specifically, a 2-μL solvent 

droplet (either deionized (DI) water (18.2 MΩ, Milli-Q) or acetonitrile (99.9%, Extra Dry, ACROS 

Organic)) was placed on the porous electrode surface and an image of the solid-liquid-gas contact 

angle of the droplet on the surface was captured immediately to avoid significant solvent 

evaporation. The contact angle was estimated manually using ImageJ software. It should be noted 

that this measurement technique is qualitative and intended to comparatively evaluate wetting of 

different samples. 

XPS spectra were collected with a Thermo Scientific K-Alpha Plus XPS system (Thermo 

Fisher Scientific, East Grinstead, UK) and peak fitting was performed using the Thermo Avantage 

software (version 5.9904, Thermo Scientific). All samples were analyzed using a microfocused, 

monochromatized Al Kα X-ray source of 400 μm spot size, and a dual-beam flood source provided 

charge compensation. A 2× 220 L s-1 Pfeiffer HIPACE 300 turbopump vacuum was employed for 

both the entry and analysis chambers. Survey scans from 200-800 eV were collected along with 

C1s (275-295 eV) and O1s (512-552 eV) narrow scans. The survey scan and the narrow scan were 

repeated 5× and 10×, respectively, per sample, and then averaged for the collected spectra. Two 

samples were analyzed for each pretreatment condition (temperature and time) and three different 

locations on each sample were scanned. 
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2.2.2. Characterization of surface area via capacitance 

Electrode capacitance was used as an approximate measure of ECSA and was determined by 

performing cyclic voltammetry (CV) on a single electrolyte flow cell configuration (2-electrode 

setup) containing one heat-treated electrode per side and using a blank electrolyte of either 1 M 

polysulfideic acid (H2SO4, 95.0-98.0 w/w %, Sigma Aldrich) in deionized (DI) water (18.2 MΩ, 

Milli-Q) or 1 M tetraethylammonium tetrafluoroborate (TEABF4, 99.45% purity, Gotion Inc., 

Fremont, CA) in acetonitrile (99.9% extra-dry, ACROS Organics) with a fixed pump flow rate of 

7 mL min-1 (Masterflex L/S series), resulting in a superficial velocity of ~5 cm s-1.87 In this 

configuration, the electrolyte stream first passes through the positive half-cell and then 

immediately through the negative half-cell.29 A Daramic 175 separator (175 μm nominal thickness, 

Daramic LLC, Charlotte, NC) was used as-received as a separator. A flow-through flow field 

configuration was used for capacitance measurements. All capacitance measurements were 

performed using a VMP3 BioLogic potentiostat (BioLogic USA, Knoxville, TN), and each test 

was repeated once. Further details on flow cell assembly and operation can be found in the 

following section (Section 2.3). The capacitance was calculated from the relationship in Equation 

1: 

𝑖 = 𝐶
𝑑𝑉

𝑑𝑡
 (1) 

where i is the current density (A m-2) determined by averaging the magnitudes of the positive 

current from the positive voltage sweep and negative current from the negative voltage sweep at a 

chosen cell voltage of 0 V, C is the areal specific capacitance (F m-2), and dV/dt is the scan rate (V 

s-1). The capacitance is calculated from a linear fit of the scan rate dependent capacitive current, 

and ECSA (m2 g-1) is calculated by normalizing the capacitance with the estimated specific 

capacitance of glassy carbon Cs,gc(aqueous) ≈ 0.23 F m-2 in 0.5 M H2SO4 / water (aqueous 

electrolyte)88 and Cs,gc(nonaqueous) ≈ 0.18 F m-2 in 0.25 M TEABF4 / acetonitrile (nonaqueous 

electrolyte)89 and by the average electrode mass. Using the specific capacitance value of glassy 

carbon requires the assumption that the specific capacitance of the carbon fiber surface is similar, 

and that the specific capacitance is constant across thermally treated electrodes; however, it is 

likely that oxygen functional groups, as well as the micropores themselves, will influence the 

specific capacitance of the electrode material.90 Hence the calculated ECSA values should not be 

interpreted at quantitatively absolute; however, this estimate is a useful way to compare accessible 

surface area of electrodes. Scan rates used were 5, 10, 20, 50, 100, and 200 mV s-1 and the cell 
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voltage range was from -0.3 to 0.3 V. To ensure that ohmic losses did not convolute data analysis, 

iRΩ-corrections were applied by using the Biologic ZIR method at 85% compensation (with the 

remaining 15% compensated manually post-experiment).30 To isolate the electrode capacitance, 

the capacitance of a flow cell without electrodes was subtracted from the calculated capacitance 

of cells with each set of pretreated electrodes. Each capacitance measurement was repeated once. 

To verify the accuracy of measuring capacitance with CV, we calculated the capacitance from 

electrochemical impedance spectroscopy (EIS) of the same cell set up with pristine electrodes and 

electrodes treated at 450 °C for 12 h, fitting a RC circuit. The resulting capacitances calculated 

from EIS and CV were in good agreement, with the pristine and pretreated electrodes showing 

differences of 4% and 6%, respectively. 

2.2.3. Characterization of surface area and pore size distribution via gas adsorption 

Gas adsorption measurements were performed on electrode samples treated at 450 °C to 

measure SSA and pore size distribution (PSD). A Micromeritics 3Flex surface characterization 

analyzer (Micromeritics Instrument Corp, Norcross, GA) was used for all measurements. Prior to 

measurement, the samples were activated under secondary vacuum at 110 °C for 12 h. Activation 

at 300 °C for 12 h was also performed for comparison and led to similar results, indicating that the 

outgassing procedure was efficient at both temperatures. Kr adsorption isotherms measured at 77 

K (SBET-Kr) and Ar adsorption isotherms measured at 87 K (SBET-Ar) were collected and 

interpreted using multi-point Brunauer-Emmett-Teller (BET) analysis for surface area 

determination91 over the range 0.06–0.20 relative pressure (P/P0) and with Kr and Ar cross-

sectional areas of 0.210 and 0.143 nm2, respectively. Due to limitations in the amount of sample 

that could be loaded into the instrument as compared to the minimum amount of sample needed to 

obtain reliable data, Ar adsorption isotherms (msample ~ 1 g) were measured for samples presenting 

surface areas > 10 m2 g-1, whereas Kr adsorption isotherms (msample ~ 60 mg) were measured for 

all samples. 

The SSA and PSDs were estimated from the analysis of Ar adsorption isotherms using the 2D-

Non-Local Density Functional Theory model for carbon slit-shaped pores with heterogeneous 

surfaces (2D-NLDFT-HS), which has been successfully applied to various carbonaceous 

materials.92 Detailed descriptions of the DFT approach can be found elsewhere.93–95 In brief, 

theoretical isotherms were generated using the NLDFT method, where the fundamental parameters 

characterizing the gas-gas and gas-solid interactions of the adsorption system were used, for 



49 

 

individual pores of a given adsorbent-adsorbate system. The PSD was then calculated by fitting a 

combination of the theoretical isotherms to the experimental data. To ensure that potential 

diffusional limitations of Ar at 87 K did not influence our results, CO2 adsorption measurements 

at 273 K were also performed. The PSDs from the combined Ar and CO2 isotherms were calculated 

by simultaneously fitting both isotherms with their corresponding 2D-NLDFT models, following 

the dual-fit method developed by Jagiello et al.96 Finally, H2 adsorption isotherms were measured 

at 77 K and the PSDs from the combined Ar and H2 isotherms were calculated using the same 

method. 

2.3. Evaluation of electrode performance via flow cell testing 

Electrochemical testing was performed in a 2.55 cm2 zero-gap flow cell architecture in a single 

electrolyte configuration with an interdigitated flow field at room temperature.24,25 Tokai G347B 

resin-impregnated graphite plates of 3.18 mm thickness (Tokai Carbon Co., Tokyo, Japan) milled 

with an interdigitated pattern served as current collectors and flow fields, while polypropylene 

flow diffusers (Adaptive Engineering, Waltham, MA) served as backing plates. The electrode 

compression was controlled with polytetrafluoroethylene (PTFE) gaskets (McMaster Carr) 

compressed to ca. 80% of the measured thickness. Pristine electrodes have a nominal thickness of 

210 μm97, but we found the actual thickness of both pristine and thermally treated electrodes in the 

absence of compression varied between 190-225 μm, as measured by a dial thickness gauge 

(Mitutoyo, 500-195-30, ±15 μm uncertainty). Two layers of carbon paper (1.4 cm × 1.6 cm) 

prepared with a tape cutter were used for each half-cell, positive and negative. A Daramic 175 

separator was used as received. For all tests, the volumetric flow rate was set to ~15 mL min-1 

(corresponding to superficial linear velocity of ~2 cm s-1)87 using a fixed speed drive peristaltic 

pump (Masterflex L/S series, 60 rpm) and Norprene tubing (Masterflex L/S 14). 

Electrolytes at 50% state of charge (SOC) and 0.1 M were prepared by dissolving 0.05 M of 

the reduced species (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO•) (TEMPO radical, 98%, 

Sigma Aldrich) and 0.05 M of the oxidized species (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl 

(TEMPO+) in 1 M TEABF4 and acetonitrile solution. TEMPO• was chemically oxidized to 

TEMPO-BF4 using NOBF4 (98%, Alfa Aesar) as described in previous work.98 The nonaqueous 

solution was prepared in an Ar-atmosphere glovebox (both water and oxygen content < 1 ppm, 

Inertcorp, Amesbury, MA). 10 mL of electrolyte was used for each test and a single electrolyte 

configuration was employed. All tests were performed using a VMP3 Bio-Logic potentiostat (Bio-
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Logic USA, Knoxville, TN), and each test was repeated once. Charge polarization curves were 

obtained by applying a positive current to the working electrode for 60 s at potentials varying from 

0 to 600 mV in increments of 25 mV. Data were recorded every second, and current values from 

the last 20 s at each set potential were averaged to quantify the degree of polarization and ensure 

the system was at steady state. 

3. Results and discussion 

3.1. Impact of thermal oxidation of Freudenberg H23 electrodes 

Ex situ microscopic, spectroscopic, and electrochemical techniques were used to characterize the 

physical, chemical, and electrochemical properties of pretreated electrodes. When analyzed 

together, the effect of pretreatment on the trends and interrelationships of performance-relevant 

properties—including hydrophilicity, surface functional groups, pore size distribution, and surface 

area—can be determined 

3.1.1. Analysis of electrode structure and surface properties 

SEM images were collected to qualitatively evaluate the impact of thermal pretreatment of 

electrode microstructure. At moderate (5000×) magnification, there are no noticeable differences 

between the pristine and thermally treated electrodes. However, at higher (500,000×) 

magnification, pores of nanometric dimensions can be seen on the fiber surfaces of electrodes 

treated at 450 °C for 12 h, whereas the fiber surfaces of the pristine electrodes appear smoother 

(Figure III-1). 
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Figure III-1 Top-down SEM images of Freudenberg H23 electrodes, (a), (b) pristine and (c), (d) treated 

for 12 h at 450 °C. Micrographs in the first row (a), (c) were captured at 5000× magnification, while 

micrographs in the second row (b), (d) were captured at 500,000× magnification. While the carbon fibers 

of the pristine electrode appear smooth, the fibers of the treated electrode have nanoscale pores or 

indentations on the surface. 

To gain further insight into the effect of thermal pretreatment on electrode fibers, the areal 

densities of pristine and treated materials were evaluated. Pristine electrodes have an average areal 

density (electrode mass normalized by geometric area) of 8.2 ± 0.4 mg cm-2, slightly lower than 

the value of 9.5 mg cm-2 reported by the manufacturer.97 Electrodes treated at 400 °C have similar 

areal densities as pristine electrodes, in the range of 8.0 to 8.3 mg cm-2, independent of pretreatment 

time. At higher temperatures, the electrodes maintain constant areal density up to a certain 

pretreatment time. For electrodes treated at 450 °C, the areal density varies between 7.8 and 8.3 

mg cm-2 for pretreatment times of 0.5 to 12 h but drops to 6.3 ± 0.5 mg cm-2 at 24 h. Similarly, 

electrodes treated at 500 °C from 0.5 to 4 h have areal densities in the range of 7.9 to 8.3 mg cm-

2, while electrodes treated for 5 h have an area density of 7.3 ± 0.7 mg cm-2. Longer pretreatment 

times at this temperature result in electrodes too fragile to use. This time- and temperature-

dependent decrease in density suggests that the electrode surface can be oxidized to a certain extent 
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before structural degradation occurs. A plot of the areal density as a function of time and 

temperature is shown in Figure III-2. 

 

Figure III-2 Areal density as a function of treatment time for each pretreatment temperature. 

XPS analysis was used to estimate oxygen functional groups present on the carbon fiber 

surfaces within the pristine and treated electrodes. The results show that more oxygen functional 

groups are added at higher temperatures and that for each temperature, surface coverage of oxygen 

functional groups increases with pretreatment time (Figure III-3). However, the relative increase 

in oxygen functional groups diminishes at longer times, seemingly approaching a plateau that is 

not necessarily reached due to the onset of sample degradation. There are no observed trends in 

specific oxygen-containing groups (i.e., carbonyl, carboxyl, hydroxyl) as a function of 

pretreatment temperature or time. 

Electrode wettability may affect measured ECSA: poor wettability will mean that some useable 

surface area is not in contact with the electrolyte. To assess the wettability of thermally treated 

samples external contact angle measurements were performed in triplicate with droplets of 

deionized (DI) water and acetonitrile. As expected based on prior investigations of porous carbon 

materials,99,100 the pristine materials are hydrophobic with an apparent external contact angle of 

117 ± 4° for DI water. In contrast, all thermally treated electrodes immediately imbibe the water 

droplet upon contact, even at the shortest pretreatment time of 0.5 h, indicating that the addition 
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of oxygen functional groups on the fiber surfaces induces wetting.101 All pristine and treated 

electrodes immediately imbibe the acetonitrile droplets evincing good wettability of the 

nonaqueous solvent.89  

 

 

Figure III-3 Relative amount of surface oxygen functional groups compared to surface carbon functional 

groups as measured by XPS. The O/C ratio increases with pretreatment time but amount of oxygen added 

appears to reduce as pretreatment time increases. For each data point, three different locations on two 

independent samples were analyzed (n = 6). 

3.1.2. Analysis of electrode surface area and pore size distribution 

To quantify the electrode surface area, we utilized a combination of analytical and 

electrochemical techniques. To study materials with a broad surface area range and capture 

variability in SSA as a function of pretreatment time, electrodes treated at 450 °C were selected 

for study with either Kr or Ar gas adsorption. Kr adsorption is well-suited for samples with low 

specific surface area (< 1 m2 g–1) or low absolute area (i.e., small amount of sample), as the 

saturation vapor pressure of Kr (2.4 mm Hg at 77 K) is several orders of magnitude lower than the 

saturation pressure of Ar (760 mm Hg at 87 K). In the volumetric method used here, lower 

saturation pressure leads to larger pressure changes for similar relative pressure steps, which are 

easier to detect. This enables more accurate measurements of low surface area samples for which 
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small amounts of gas are adsorbed.102 However, for samples with larger surface area, it is 

preferable to use other adsorbates (e.g., N2, Ar) due to a lack of information about the Kr cross-

sectional area in confined environments.34 In contrast to N2, which presents a significant 

quadrupole moment, Ar is considered more reliable due to its minimal specific interactions with 

surface polar group.104 For this reason, we used Ar in the SSA measurement for larger surface area 

samples (> 6 h pretreatment time). The difference in estimated SSA between Kr- and Ar-based 

BET measurements is relatively small (~12%) and both show identical trends. Specifically, an 

increase in SSA from 0 to 12 h followed by a decrease from 12 to 24 h. Pristine electrodes and all 

electrodes pretreated at 450 °C were evaluated with Kr-based BET, and samples treated for 6, 12, 

and 24 h at 450 °C (SSA > 10 m2 g-1) were also evaluated with Ar-based BET. For comparison 

with ECSA and discussion of results, we used the BET values measured with Kr for pristine, 0.5, 

and 3 h and Ar for 6, 12, and 24 h to ensure the greatest accuracy. We find that as pretreatment 

time increases, electrode SSA initially increases, reaching a maximum of 44 ± 1 m2 g-1 at 12 h 

(compared to 0.7 ± 0 m2 g-1 for pristine). Further extending pretreatment time to 24 h results in a 

SSA of 40 ± 3 m2 g-1. This, along with the electrode areal density measurements, which are 

constant for 0 to 12 h of pretreatment but decrease at 24 h (Figure III-2), indicates that as the 

electrode surface is oxidized, there is a maximum surface area that may be achieved, beyond which 

structural decomposition results in a loss of surface area. 

To evaluate the ECSA of the electrodes and understand its relationship to the physical surface 

area, we compared the ECSA with SSA from gas adsorption. We measured electrochemical 

capacitance in two different electrolyte compositions: aqueous 1 M H2SO4 (Figure III-4(a)) and 

nonaqueous 1 M TEABF4 in acetonitrile (Figure III-4(b)). Both systems show similar trends: 

ECSA for electrodes treated at 400 °C monotonically increases as a function of pretreatment time, 

whereas electrodes treated at 450 and 500 °C increase to maxima at moderate times (12 and 4 h, 

respectively) before decreasing at longer times. The gas adsorption results show that SSA follows 

a trend identical to that of ECSA, with an initial increase in SSA followed by a decrease after 12 

h of pretreatment for electrodes treated at 450° C (Figure III-4(c)). 

Although the trends for all three approaches are consistent, there are differences in the 

magnitude of the measured surface area. Specifically, the ECSA measured in the nonaqueous 

TEABF4 system is markedly lower than that measured in aqueous H2SO4. We hypothesize that 

this difference is due to the size of the constituent components within the electrochemical double 
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layer: as molecular size increases, measured capacitance (and thus ECSA) decreases, as fewer 

molecules can pack into the outer Helmholtz plane and/or access the smaller surface features.105 

The solvated diameter of the dissolved charged species can be estimated by summing the diameter 

of the molecule or atom and the diameter of the average number of solvent molecules that are 

affected by the electric field induced by the charged species.106 In the aqueous electrolyte, solvated 

H+ has an effective diameter of 0.80 nm (H+∙2.6H2O) estimated from standard partial molar 

volumes of hydrochloric acid,106 while the effective diameter of solvated SO4
2- is estimated to be 

0.46 nm (SO4
2-∙0.72H2O) via molecular dynamics simulations.107 In the nonaqueous electrolyte, 

solvated TEA+ has an effective diameter of 1.3 nm (TEA+∙7ACN) and the BF4
- effective diameter 

is 1.1 nm (BF4
-∙9ACN), both estimated from molecular dynamics simulations,108 and larger than 

the aqueous ions. As shown in Figure III-4(c), for electrodes treated at longer times (> 3 h), ECSA 

measured with either electrolyte is less than the physical surface area measured with gas 

adsorption, indicating an appreciable fraction of the surface area is inaccessible. However, there is 

good agreement between physical surface area and ECSA at shorter treatment times (< 3 h), 

suggesting that ECSA measurements provide a reasonable representation of the total surface area 

provided it is fully accessible to the electrolyte. 
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Figure III-4 Specific surface area of thermally treated electrodes as a function of pretreatment time. (a) 

ECSA measured with electrode capacitance in 1 M H2SO4 solution. (b) ECSA measured with electrode 

capacitance in 1 M TEABF4 solution. ECSA increases as function of pretreatment temperature but reaches 

a maximum at 450 and 500 °C in aqueous and nonaqueous systems. (c) Comparison of ECSA in both 

systems with specific surface area measured with Kr-BET and Ar-BET. In all cases, each measurement was 

repeated once (n = 2). Surface area as a function of pretreatment time display similar trends, but ECSA 

underpredicts the physical surface area of the electrode. 
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To further characterize the porosity generated by thermal oxidation, we calculated the PSDs 

from the analysis of adsorption isotherms of Ar using 2D-NLDFT model for carbon slit-shaped 

pores. At 77 K, diffusion of N2 into carbon ultramicropores (< 7 Å) is very slow,109 which may 

cause under-equilibration of measured adsorption isotherms and distort the resulting PSD. In order 

to avoid potential diffusion limitations, we performed adsorption measurements with fast-diffusing 

CO2 and H2 adsorbates and coupled these isotherms with the Ar-adsorption isotherm.110 It has been 

shown that CO2 molecules can access ultramicropores in a reasonable time at 273 K due to 

relatively high temperature and pressures.111,112 We elected to use H2 for two reasons: (i) H2 

diffuses well in ultramicropores as it is supercritical at 77 K, and its relatively small kinetic 

diameter (2.9 Å) allows smaller pores to be probed in comparison to other adsorbates (kinetic 

diameters of Ar and CO2 are 3.4 and 3.3 Å, respectively), and (ii) as compared to CO2, which has 

a strong quadrupole moment that influences its adsorption on polar surface groups, H2 has a 

minimal quadrupole moment, therefore enabling more accurate characterization of samples where 

polar groups are present on the surface.110,113 The resulting unified PSDs are more robust, as they 

are consistent with both adsorption isotherms. Taken together, the comparison between the unified 

PSDs using Ar/CO2 and Ar/H2 gives information on the presence of polar surface oxygen 

functional groups on the surface of the thermally treated samples. 

The calculated PSDs are shown in Figure III-5(a). For the pristine Freudenberg H23 electrode, 

we do not observe any porosity in the microporous range (< 2 nm). However, for electrodes treated 

at 450 °C for 12 and 24 h, we observe peaks in the PSD at 0.42 nm and 1.5 nm, indicating that 

some microporosity has either been generated or exposed by pretreatment. Note that the PSD does 

not present sharp peaks but rather is continuous over the micropore size range, which is typical of 

disordered porous networks and likely entails the presence of bottlenecks that will hinder diffusion 

of the electrochemical species and impact accessibility.114 We find the PSD peak locations are 

consistent for Ar, Ar/CO2, and Ar/H2 mixtures, but the intensity of the peak at 0.42 nm is lower 

for Ar. This indicates some diffusional limitations for Ar in the sub-nanometer pores at 87 K and 

highlights the importance of using faster-diffusing gases for the accurate determination of PSDs. 

The PSDs derived from Ar/CO2 and Ar/H2 methods are very similar, indicating that the polar 

oxygen surface functional groups added via thermal treatment have no effect on the adsorption of 

CO2, which may indicate that, in contrast to the external surface area, the internal surfaces of the 

micropores are not fully oxidized during treatment. This result is complementary to XPS and 
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contact angle measurements, which provide information on the external surface properties of the 

sample, while adsorption allows for the bulk characterization of the internal surface. Moreover, 

this phenomenon has been documented in a previous study of double layer capacitance in activated 

carbon surfaces, where the surface of internal pores formed during activation was found to be 

composed primarily of basal plane carbon, with few surface oxygen functional groups present.90 

However, we note that the sensitivity of the PSD for samples with low concentration of functional 

groups is unclear at present; thus, further investigations are needed to verify this assumption. 

By plotting the differential surface area as a function of pore size using the 2D-NLDFT method 

(Figure III-5(b)), we find that the majority of added surface area is in the microporous range (≤ 2 

nm diameter). We also performed MIP on the electrodes, to confirm that additional surface area is 

not generated in the meso- or macroporous range, and show that the differential uptake is negligible 

above a 10 nm pore diameter (Section S3). However, it remains unclear how much of the added 

surface area is accessible to electrochemical species, as much exists in recessed pores smaller than 

their estimated solvated diameter. By plotting the differential surface area as a function of pore 

size and comparing the SSA to the ECSA, we can estimate the pore size at which fully-solvated 

electrochemical species are blocked from entering the internal surface area generated via thermal 

treatment. We propose to use this accessible pore size as a general indicator correlating the textural 

properties of the sample (e.g., pore size, pore surface chemistry, and topology of the porous 

network) with the properties controlling the accessibility of the electrochemical species for given 

conditions (e.g., wettability, voltage window, concentration, and partial or complete ion 

desolvation). By comparing the ECSA results with differential SSA as a function of pore size, we 

find that the smallest accessible pores in each sample increase slightly with increasing pretreatment 

time: in 1 M H2SO4, pores below 0.65 nm in size are not accessed in the 6 h sample, pores below 

0.72 nm in size are not accessed in the 12 h sample, and pores below 0.85 nm in size are not 

accessed in the 24 h sample. These values show good agreement with the estimated solvation 

diameter of H+ (0.80 nm).106 Collectively, these results suggest that pores smaller than the 

solvation diameter of electrochemical species are not accessible, and this exclusion is the most 

likely cause of the discrepancy in physical surface area and ECSA at longer pretreatment times. 

Further, the slight increase in the lower bound of the accessible pore diameter seems to indicate 

that the textural properties evolve with the pretreatment time, gradually decreasing the access of 

the electrochemical species to the porous network. Similarly, in 1 M TEABF4, we find that pores 
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below 1.83 nm (6 h), 1.85 nm (12 h), and 1.9 nm (24 h) are not accessed, which again shows an 

increasing trend with pretreatment time, and is similar to the literature estimate of solvated TEA+ 

diameter (1.3 nm). We note that comparing the solvated ion diameters and pore sizes implicitly 

assumes that ion desolvation is thermodynamically unfavorable and that wetting of pores the same 

size or larger than the solvated ions is thermodynamically favorable.115 

We caution against the treatment of these PSDs as exact limiting values. There is uncertainty 

in both measurement techniques: Ar gas adsorption to estimate SSA (±1 m2 g-1 for 12 h and ±3 m2 

g-1 for 24 h) and capacitance measurements to estimate ECSA (±1.5 m2 g-1 for 6 h and ±3 m2 g-1 

for both 12 and 24 h). Additionally, as previously state, the specific capacitance of the carbon fiber 

surface is assumed to be similar to that of glassy carbon, which is another potential source of error. 

We also note that the actual solvation diameter is likely to be somewhat different than the literature 

estimates due to the higher ion concentrations, the effects of electric field at the electrode-

electrolyte interface, and the impact of confinement on the solvation structure itself.116 In 

particular, the deviation from dilute solution behavior, as might be expected in practical technology 

embodiments, will result in a divergence from unity for both the osmotic coefficient of the solvent 

and the activity coefficient of the electrolyte.117 Further, the small differences between limiting 

pore diameters for 6, 12, and 24 h, may be explained by variances in pore geometry of the samples. 

Specifically, because of the extremely small pore sizes, bottlenecks may form in the 

electrochemical environment that are not present in the gas adsorption environment, and, as such, 

contribute to variation in the ECSA measurements of electrodes at different pretreatment 

temperatures which have distinct pore geometries. In sum, these results are a general indicator for 

accessible pore diameter at given conditions and evince the importance of coupling ECSA and 

physical surface area measurements to evaluate the total surface area as well as the surface area 

accessible to electrochemical species in solution. 
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Figure III-5 (a) Pore size distribution of thermally treated samples at 450 °C from Ar (black), Ar/CO2 

(red), and Ar/H2 (blue). (b) Differential surface area as function of pore diameter measured with Ar/H2. (a) 

and (b) show that majority of generated surface area for thermally treated samples is in the micropore 

range (< 2 nm). 

3.2. Analysis of electrode performance in flow cells 

To explore the impact of electrode surface area on flow cell performance, we designed a system 

to separate the effect of added surface area from the convoluting effects of wetting or surface 

oxygen functional groups. Specifically, we selected TEMPO•/TEMPO+ in 1 M TEABF4 / 

acetonitrile as redox electrolyte, as, due to its fast kinetics,118 we do not anticipate sensitivity to 

surface groups; further, as a nonaqueous system, it is not sensitive to wetting. Because higher 

surface area should, in general, provide more reaction sites per given electrode volume, the system 

is expected to be sensitive to surface area. 

Figure III-6 shows the measured iRΩ-corrected polarization curve in the kinetically limited 

region (low current density, estimated as 0-60 mA cm-2 based on curvature of the polarization 

curve) in a single electrolyte flow cell as a function of electrode pretreatment time at different 

current densities. While the overpotential of the cell decreases with thermal pretreatment as 

compared to the pristine polarization curve, all thermally treated electrodes have comparatively 

similar polarization behavior (Figure III-6(a)). Constant overpotential in the kinetically limited 

region across electrodes with different surface areas suggests that the pretreated electrodes either 

contain sufficient surface area such that the number of reaction sites is not a limitation, or that the 
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surface area added is inaccessible (vide supra, Section III.3.1.2Ex-situ materials 

characterizationII.3.1). The plots of cell overpotential vs. nonaqueous ECSA, shown in Figure 

III-6(b), further support the hypothesis that surface area does not play a significant role in 

performance, as we do not observe a clear correlation between overpotential and ECSA. 

Specifically, we see an initial decrease in overpotential with relatively small increases in surface 

area (from 0.1 to 1 m2 g-1), beyond which overpotential levels off despite further increase in surface 

area. This trend is confirmed with the results of the convection-reaction model in Chapter IV 

(vide infra). Further, while overpotential decreases with increased electrode surface area, the 

observed changes are smaller than expected based on the order of magnitude change in ECSA (2-

3 orders of magnitude increase in ECSA from pristine to electrodes treated at 450 °C for 12 h). 

For this experimental data it is unclear whether the surface area is inaccessible, or whether the 

surface area is accessible but mass transport limitations hinder its use. This question is considered 

through convection-reaction modeling in the following chapter. 

 

Figure III-6 iRΩ-corrected polarization in kinetically-limited region (0-60 mA cm-2) of single-electrolyte 

TEMPO•/TEMPO+ flow cell at 50% SOC as a function of electrode treatment time at 450 °C. (a) Cell 

overpotential of treated electrodes overlay, while pristine electrodes have slightly higher overpotential. (b) 

Cell overpotential of the TEMPO•/TEMPO+ electrolyte (up to 50 mA cm-2 current density) changes only 

slightly as a function of ECSA (n=2). 
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4. Conclusions  

Thermal oxidation is a common pretreatment for commercial carbon fiber materials used in 

RFBs, as it enhances electrode performance by improving electrochemical activity via surface 

functionalization and increasing electroactive surface area via enhanced wettability and increased 

physical surface area. However, the effects these properties have on flow cell performance are 

difficult to decouple, and it is often unclear to what extent each property is responsible for 

performance improvements. In this work, we studied the impact of electrode surface area on RFB 

performance. We characterized the physical electrode surface area using gas adsorption and 

compare the SSA to ECSA, demonstrating that thermal pretreatment increases both SSA and 

ECSA; however, as pretreatment time increases, the ECSA becomes an increasingly smaller 

fraction of the SSA. We find that a significant fraction of porosity added via thermal pretreatment 

is in the micropore (≤ 2 nm) range, and postulate that the solvation diameter of electrochemical 

species in solution inhibits access to these small pores and thus a sizeable fraction of the SSA. By 

testing the performance of thermally treated electrodes with a model redox couple in a single 

electrolyte flow cell configuration, we find that increases in surface area positively impact kinetic 

performance of the electrodes, but this effect is much smaller than would be expected for the 

observed increase in ECSA. Taken together, these results demonstrate that future electrode design 

should carefully consider the nature of added surface area to ensure that it is accessible to 

electrochemical species in solution; further mass transfer losses within electrodes are as important 

to consider as kinetic losses, especially with the facile redox reactions used in emerging RFB 

systems. Finally, these results suggest moderate improvements to electrode surface area (exact 

magnitude specific to system characteristics such as electrode and active species) are sufficient to 

overcome surface area limitations in electrode performance, and that catalysis (i.e. increasing 

heterogeneous rate constant) and mass transport should be the focus of electrode engineering and 

design. 
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IV. Convection-Reaction Model for Redox Flow Battery Electrodes 

In the previous chapter, we showed that increases in electrode surface area can positively 

impact electrode performance via decreasing overpotential. However, this effect is much smaller 

than would be expected for the observed increase in ECSA—while we achieved a two order of 

magnitude increase in ECSA via electrode modification, overpotential decreased only tens of 

millivolts. Moreover, once a moderate increase in surface area was achieved over the base case, 

overpotential ceased to decrease with further increases in ECSA. Here, we seek to expound this 

behavior by modeling electrode overpotential as a function of ECSA. Specifically, we develop a 

convection-reaction model of the one-dimensional concentration profile within an electrode. We 

use this concentration profile to estimate corresponding electrode overpotential as a function of 

surface area. With this model, we validate the observed experimental trends: overpotential initially 

decreases exponentially as ECSA increases; however, there is a maximum useable surface area 

beyond which decreases in overpotential are greatly diminished. The value of this maximum 

useable surface area changes as standard rate constant and interstitial velocity are varied; 

specifically, as standard rate constant (i.e., reaction rate) increases, maximum useable surface area 

decreases, as fewer reactions sites are necessary to deplete the bulk concentration. As interstitial 

velocity (i.e., rate of reactant mass transport) increases, maximum useful surface area increases, as 

the bulk concentration is replenished throughout the electrode area and more surface area may be 

utilized. Overall, these results show that the extent to which surface area improves electrode 

performance is highly dependent on other system properties, and that kinetic improvements via 

catalysis and enhanced mass transport should be the main focus of electrode engineering efforts. 

1. Background 

To study the nature of surface area generated via thermal pretreatment and to assess its 

importance in electrochemical reactions, in Chapter III we compared the physical electrode area 

(SSA) with electrochemically accessible surface area (ECSA) and probed the trend between ECSA 

and electrode performance. Our analyses indicate that both ECSA and SSA of the electrodes are 

maximized at moderate pretreatment temperatures and times, and that further treatment results in 

reduced surface area of the electrode. Electrodes with increased surface area show improved 

performance over the baseline, but as surface area increases further there are diminishing returns 

in performance gains. Here we seek to rationalize this observation with a one-dimensional 
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convection-reaction model, which is used to analyze the trade-offs between mass transport and 

effective use of catalyst sites in a porous architecture.  

In order to calculate electrode overpotential, we utilized a classical approach in chemical 

engineering by deriving an effectiveness factor to compare the observed reaction rate to the 

theoretical reaction rate that would be achieved if the entire electrode area was exposed to the bulk 

electrolyte concentration. The characteristic transport lengthscale used is the volume of the slab 

divided by its surface area, which was shown as a valid approximation for predicting the 

effectiveness factor of various shapes in the seminal work of Aris.119 We assume that electrolyte 

transport is dominated by convection—as typical superficial velocities do not exceed 100 cm s-1, 

and assuming superficial and interstitial velocities are equivalent, Péclet number (Pe) varies from 

102-108, indicating mass transport from diffusion should be negligible.87 We assume a diffusivity 

of 10-9 m2 s-1, which is standard for the electrochemical species in which we are interested: 

previous work experimentally found the diffusivity of TEMPO• and TEMPO+ to be 1.46±0.14 × 

10−9 and 1.33 ±0.08 × 10−9 m2 s−1,  respectively.86 Additionally, we assume that boundary layer 

affects are negligible; in order to justify this assumption, we limit the heterogeneous standard rate 

constants studied to ≤10-6 m s-1 such that the Damköhler number (Da), or ratio of kinetic rate to 

diffusion rate, is much less than 1. With convection dominated transport and in the absence of 

boundary layer effects, the effectiveness factor is dependent on the ratio of Da number to Pe—a 

dimensionless parameter that describes the balance between kinetic and mass transport resistances 

in the electrode slab. In regimes where this dimensionless value is large, overall reaction rate is 

limited by mass transport limitations and bulk concentration is depleted quickly upon entering the 

electrode slab, whereas at small values, the overall reaction rate is limited by the reaction rate 

which is controlled by the rate constant and available surface area.  

Here, we used the effectiveness factor to study electrode utilization as a function of electrode 

overpotential. We assessed effectiveness factors as a function of applied potential using Butler–

Volmer kinetics, and assumed one-dimensional transport through a slab that represents the 

electrode. We used this model to study electrode overpotential as a function of surface area, and 

varied mass transport efficiency and kinetic rate constant to determine the interdependency of these 

relationships. With these results, we outlined design principles for electrocatalyst sizing based on 

desired utilization. While conditions and parameters used in this work are based on an aqueous 

electrolyte at room temperature in a porous carbon paper electrode, we anticipate that the 
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mathematical framework is generalizable and applicable to porous electrocatalysts across a range 

of conditions. 

2. Model formulation 

A model was formulated to quantify the effect of surface area on performance. We modeled 

the electrode as a slab with an internal surface area (ECSA) that is geometry agnostic—in other 

words, the ECSA of the electrode is not represented by fibers, pore walls, etc., but is rather the 

amount of intrinsic surface area within the slab, all of which is assumed accessible to active 

species. We assume one-dimensional transport in the x-direction within the slab is not affected by 

the electric field (i.e., excess supporting electrolyte) and is dominated by convection rather than 

diffusion. This assumption is derived from the scaling of the electrode-scale Péclet number (Pe) 

the convective mass transport rate compared to the diffusive mass transport rate (Equation IV-1). 

𝑃𝑒 =
𝑢𝐿

𝐷
 (IV-1) 

Here u is superficial velocity within the electrode (m s-1), L is the length of the flow path (m), 

and D is the diffusivity of the reactant (m2 s-1). In the range of conditions that are typical for the 

RFB system under investigation (Table IV-1), Pe is large (Pe >> 1). Additionally, this treatment 

assumes the boundary layer effect along the reaction surface is negligible, which is derived from 

the electrode-scale Damköhler number (Da) scaling, the ratio of reaction rate to diffusion rate 

(Equation IV-2).  

𝐷𝑎 =
𝑙2

𝐷
𝑘 (IV-2) 

Here, l is the representative microscopic length scale (m) and k is the homogeneous first-order 

rate constant (s-1). Da is small in the range of conditions investigated (Da << 1). The physical 

quantities used in the scaling analysis and the justification of their use and/or derivation are shown 

in Table IV-1. 
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Table IV-1 – Order of magnitude approximations of the physical quantities used in the scaling analysis of 

transport within the electrode system, as well as resulting scaling of Pe and Da. A justification is provided 

for each property. 

Property Order of 

magnitude 

Justification 

Superficial 

velocity u (m s-1) 

10-4 – 101 Range of velocities typically used in flow cell experiments; 

calculated from pump volumetric flow rate and the 

dimensions of the flow field and electrode.87 

Length of flow 

path L (m) 

10-4 The flow path is assumed to be the slab volume divided by 

surface area. Electrode dimensions are 0.017 m × 0.015 m × 

0.00021 m. 

Diffusivity of 

reactant D (m2 s-1) 

10-9  Experimentally measured diffusivity for the electrochemical 

species in this work.86 

Microscopic 

length scale l (m) 

10-6 Square root of electrode permeability, derived experimentally 

from the Darcy-Forchheimer equation.86 

Effective 

homogeneous 

rate constant k (s-

1) 

10-5 – 102 Calculated with electrode surface area and heterogeneous 

standard rate constant k0, which was varied from 10-10 to 10-6 

m s-1. Typical standard rate constants of redox molecules used 

in RFB systems vary from 10-10 m s-1 for slow systems (i.e. 

vanadium)99 to 10-3 m s-1 for fast systems (i.e. TEMPO.)120 

However, for standard rate constants above 10-6 m s-1
 the 

scaling of Da does not meet the required criteria of Da << 1, 

thus we limit our study to rate constants of 10-6 m s-1 or less. 

The standard rate constant was normalized by the volumetric 

surface area internal to the slab (calculated with ECSA (varied 

from 0.1 – 100 m2 g-1) multiplied by the density of the 

electrode material (ρ = 2 × 106 g m-3, measured 

experimentally) (Equation IV-4). 

Péclet number Pe 10 – 106 See Equation IV-1 

Damköhler 

number Da 

10-7 – 10-1 See Equation IV-2 
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After applying the scaling analysis to the system, the resulting governing equation and 

boundary condition are shown in Equation IV-3. Note that this representation is qualitatively 

analogous to a flow-through flow field configuration in a flow cell.87 

𝑑𝐶

𝑑𝑥
= −

𝑘

𝑢
𝐶;     𝐶(𝑥 = 0) = 𝐶𝑏𝑢𝑙𝑘 (IV-3) 

Where C is active species concentration (mol m-3), Cbulk is the bulk concentration (0.05 mol m-3), 

x is position within the electrode slab (m), u is interstitial velocity within the slab (varied from 10-

4 – 101 m s-1), k is the effective homogeneous rate constant (s-1), calculated with the heterogeneous 

standard rate constant k0 (varied from 10-10 to 10-6 m s-1) normalized by the volumetric surface area 

internal to the slab (calculated with ECSA (varied from 0.1 – 100 m2 g-1) multiplied by the density 

of the electrode material (ρ = 2 × 106 g m-3, measured experimentally) (Equation IV-4)).  

𝑘 = 𝑘0𝜌 ∙ 𝐸𝐶𝑆𝐴 (IV-4) 

From the governing equation (Equation IV-3), we solved for the dimensionless concentration 

profile Ψ normalized by Cbulk within the slab (Equation IV-5): 

𝛹(𝜈) = 𝑒−
𝑘𝐿

𝑢
 𝜈

 (IV-5) 

where L is the characteristic length of the flow path (slab volume divided by surface area, ~10-4 

m) and ν is the dimensionless position normalized by L. Using the dimensionless concentration 

profile, we calculated an effectiveness factor Η, defined as the rate of reaction within the slab 

normalized by the rate of reaction if the entire internal surface area was exposed to the bulk 

concentration. This rate is calculated by integrating Equation IV-5, the dimensionless 

concentration profile, across the normalized length of the electrode to find the average 

concentration, and normalizing this concentration by the bulk concentration. The resulting 

effectiveness factor Η is shown in Equation IV-6.119  

𝛨 =  
𝑢

𝑘𝐿
 (1 − 𝑒− 

𝑘𝐿

𝑢 ) (IV-6)  

To determine the resulting current as a function of overpotential, we first calculated a reference 

current density using Butler-Volmer kinetics, assuming that the concentration within the electrode 

surface is uniform and equal to the bulk concentration. We adjusted this reference current density 



69 

 

to the expected current density with the calculated effectiveness factor. To account for the 

availability of reaction sites through the electrode slab, we scaled the current density by the ECSA 

normalized by the geometric area (Equation IV-7). 

𝑖 = 𝑖𝑟𝑒𝑓𝐻
𝑚𝐸𝐶𝑆𝐴

𝐴𝑔𝑒𝑜
  = 𝐻

𝑚𝐸𝐶𝑆𝐴

𝐴𝑔𝑒𝑜
𝑖0 (𝑒𝑥𝑝 [

𝛼𝑓𝑛𝐹

𝑅𝑇
𝜂] − 𝑒𝑥𝑝 [

−𝛼𝑟𝑛𝐹

𝑅𝑇
𝜂]) (IV-7) 

Here, i0 is the exchange current density ((A m-2) calculated with the standard rate constant k0 and 

Cbulk), m is the electrode mass (g), Ageo is the geometric area of the electrode (2.55 m2) αf and αr 

are the forward and reverse charge transfer coefficients, respectively (both assumed to be 0.5), n 

is the number of electrons transferred per molecule (1 mol e- mol-1), F is the Faraday constant (C 

mol-1), R is the universal gas constant (J mol-1 K-1), T is absolute temperature (assumed to be 298 

K), and η is overpotential (varied from 0.1 to 0.8 V). 

3. Results and discussion 

3.1. Concentration profile and effect of dimensionless coefficient 

To determine the character of the concentration profile through the slab, we plot dimensionless 

concentration as a function of position within the slab at fixed standard kinetic rate constant (10-8 

m s-1) and interstitial velocity (10-2 m s-1) (Figure IV-1(a)). We find that the active species 

concentration exponentially decays along the flow path, and that there is greater consumption of 

active species at larger ECSA. To understand the impact of kinetic and transport limitations on 

electrode performance, we plot the calculated effectiveness factor, which is the rate of reaction 

normalized by the rate of reaction if the entirety of the internal surface of the electrode were 

exposed to the bulk concentration, as a function of the dimensionless parameter kL/u, which is the 

ratio of the reaction rate to the rate of convective transport (Figure IV-1(b)). We find that 

increasing standard rate constant decreases the effectiveness factor, as faster active species 

consumption results in diminished concentration through the slab. Similarly, we find that 

increasing interstitial velocity increases the effectiveness factor, as the active species is more 

quickly replenished and thus concentration gradients through the electrode are minimized. In an 

ideal system, as rate constant is increased (either through increases in ECSA or standard rate 

constant), the rate of active species transport would be augmented to balance the increased rate of 

consumption. 
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Figure IV-1 (a) Dimensionless concentration profile over the length of the electrode. Standard rate 

constant was set to 10-8 m s-1, interstitial velocity was set to 10-2 m s-1, and ECSA was varied from 10 to 100 

m2 g-1. (b) Effectiveness factor as a function of dimensionless parameter kL/u. Effectiveness factor 

diminishes quickly as this parameter increases, reflecting the concentration gradients that form due to fast 

kinetics and/or diminished interstitial velocity.  

3.2. Effect of surface area on electrode performance 

Using the presented mathematical framework, we studied how electrode overpotential changes 

as a function of surface area. This treatment assumes all the surface area is accessible to 

electrochemical species in solution and that this internal surface area is geometry agnostic (no 

specific microstructure). We also vary kinetic performance (via standard rate constant) and mass 

transport (via interstitial velocity) to explore the impact of surface area in different regimes (Figure 

IV-2). Figure IV-2(a) illustrates overpotential as a function of ECSA: initially, as ECSA 

increases, the overpotential decreases significantly. However, as ECSA increases further, there is 

little to no change in the electrode overpotential. This suggests an upper limit to the useable surface 

area, beyond which further increases in surface area do not improve performance. Thus, in order 

to further improve performance beyond this point, enhancements in mass transport and reaction 

rates are necessary. Figure IV-2(b) illustrates how changing mass transfer rate (with the interstitial 

velocity) and reaction rate (with the heterogeneous standard kinetic rate constant) alter the value 

of maximum useable surface area. The standard rate constant was varied from 10-10 to 10-6 m s-1 

(10-8 to 10-4 cm s-1), intended to represent a reasonable range of standard rate constants for typical 

RFB active species121—however, for rate constants beyond 10-6 m s-1 the model is no longer valid, 

as this would result in Damköhler number (ratio of kinetic rate to diffusion) scaling of about 1 (Da 
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~ 1); in this regime, transport limitations in the boundary layers becomes significant, which would 

require a multi-length scale model beyond the scope of this work.122 However, we expect that the 

observed trend of decreasing maximum useable surface area with increasing rate constant to 

continue, indicating that faster reactions require less surface area for similar performance. To 

investigate impact of mass transport, the interstitial velocity within the slab was varied from 10-4 

to 101 m s-1 (10-2 to 102 cm s-1), intended to roughly span the transport properties reported in redox 

flow cells.87 We find that the maximum useable surface area decreases as the interstitial velocity 

decreases, indicating that mass transfer losses inhibit the accessible amount of surface area that 

can be utilized. As this model neglects to account for differences in electrode topology, these 

results represent an optimistic scenario where all surface area is accessible; however, we find that 

even at these conditions there is a limit of useable surface area, and increasing surface area beyond 

this point will result in only curtailed performance improvements. This model suggests that once 

a reasonable accessible surface area (~10 m2 g-1) has been achieved, the focus of electrode 

engineering and design should shift towards improving kinetics and mass transport properties to 

maximize performance. 

 

 

Figure IV-2 Electrode overpotential at different currents assuming Butler-Volmer kinetics and modeled 

using a slab Thiele modulus to approximate the effect on ECSA. (a) Overpotential vs. ECSA with constant 

standard rate constant of 10-8 m s-1 and interstitial velocity of 10-2 m s-1. Initially, the overpotential 

decreases significantly as ECSA increases, but further increases in ECSA do not significantly affect the 

overpotential, indicating there is a maximum useable surface area. (b) Overpotential as a function of 

surface area at 100 mA cm-2 with varying standard rate constants and interstitial velocities. While k0 is 
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varied, u is fixed at 10-2 m s-1; while u is varied, k0 is held at 10-8 m s-1. The maximum useable surface area 

decreases as rate constant increases and decreases as the velocity decreases. 

4. Conclusions  

Here we have developed a convection-reaction model that can be used to study the impact of 

surface area, catalysis, and mass transport on electrode performance. Active species consumption 

is modeled as exponential decay of concentration through the slab; the rate of this decay is 

governed by the dimensionless parameter kL/u, the rate of kinetics to mass transport. As the 

standard rate constant increases, rate of consumption increases; as interstitial velocity increases, 

bulk concentration is replenished and the decay is lessened. The impact of surface area on 

performance is studied using an effectiveness factor to calculate current density within the slab at 

varying ECSAs. Even when assuming that all surface area is accessible, we find that ECSA 

improves electrode performance only to a certain threshold, beyond which overpotential remains 

constant as a function of ECSA. We postulate that kinetic and mass transfer losses inhibit use of 

additional surface area; in other words, once the concentration within the slab is sufficiently 

depleted, additional surface area cannot be used for reactions and thus does not contribute to 

performance. Thus, in order to optimize electrode performance, once a reasonable accessible 

surface area (based on the results of this work, ~10 m2 g-1) has been achieved, the focus of electrode 

engineering and design should shift towards improving kinetics via catalysis and mass transport 

properties to replenish concentration of active species throughout the electrode. 
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6. Appendix A: List of symbols and abbreviations 

Symbol Description Units 

𝑥 Position within electrode slab m 

𝐶 Active species concentration mol m-3 

𝐶𝑏𝑢𝑙𝑘 Active species bulk concentration mol m-3 

𝑢 Interstitial velocity m s-1 

𝑘 Effective homogeneous rate constant s-1 

𝑘0
 Standard electrochemical rate constant m2 s-1 

𝜌 Density g m-3 

𝐿 Characteristic length scale m 

𝛹 Dimensionless active species concentration -- 

𝜈 Dimensionless position -- 

Η Effectiveness factor -- 

𝐹 Faraday’s constant C mol-1 

𝑖 Current density A m-2 

𝑖𝑟𝑒𝑓 Current density at reference concentration A m-2 

𝑖0 Exchange current density A m-2 

𝑚 Electrode mass g 

𝛼𝑓 Forward charge transfer coefficient -- 

𝛼𝑟 Reverse charge transfer coefficient -- 

𝜂 Electrode overpotential V 

𝑛 Number of electrons transferred mol e- mol-1 

𝑅 Universal gas constant J mol-1 K-1 

𝑇 Absolute temperature K 
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V. Deposition and Plating for Metal and Metal-Decorated Electrode 

Fabrication 

Metal electrodes offer several potential advantages over carbon electrodes, providing various 

possible catalytic functional groups and improving stability in certain systems. In order to pair 

these advantages with the existing assets and our growing understanding of carbon electrodes 

based on the previous chapters, we synthesize metal electrodes via deposition on carbon fiber 

substrates. In particular, nickel catalysts were deposited electrochemically using the wood’s nickel 

strike industrial plating bath. We tested several different types of commercially available carbon 

electrodes as deposition substrates, including AvCarb 1071 cloth, SGL 29AA paper, and Toray 60 

paper. Of the electrodes tested, AvCarb 1071 showed the best performance in a polysulfide 

electrolyte, showing significant reductions in overpotential compared to the baseline nickel foam. 

However, all nickel electrodes did not perform as well as cobalt-decorated electrodes for the 

polysulfide system, indicating that cobalt is a superior catalyst for the polysulfide redox reaction. 

In subsequent testing of nickel deposited electrodes in permanganate electrolyte, we showed that 

nickel-deposited AvCarb 1071 outperforms stainless steel weave electrodes, the previous best 

performing material.  

In addition to successful ex-situ deposition of nickel in a 3-electrode set-up, nickel was 

deposited in-situ in a 2-electrode flow cell. Ex-situ and in-situ nickel-deposited AvCarb 1071 

electrodes show comparable performance. These results can enable in-situ performance recovery 

by periodically re-depositing nickel that may be oxidized by the corrosive permanganate 

electrolyte. The goal of this work is to show the potential for using electrochemical deposition to 

improve electrode catalysis and performance, enabling large system performance gains. 

1. Background 

Metal electrodes have potential to offer improved performance for certain RFB systems, 

particularly for those electrolytes in which carbon is not stable or not catalytically active. Metal 

catalysts have been incorporated into electrodes via a variety of fabrication methods, including 

electrodeposition, electrospinning, and impregnation/drying.19 Electrodeposition is advantageous 

over other fabrication methods, as the thickness and mass of the metal catalyst may be controlled 

via deposition parameters, including deposition time, current, and electrolyte composition.20 

Further, the electrodeposition process is easily scalable and does not require any post-treatment 
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steps, making it ideal for large-scale electrode production.21 Metal electrocatalysts have the 

potential to significantly improve standard electrode  performance—for example, precious metal 

electrodes have been shown to be superior catalysts for the vanadium redox reaction.22 In fact, the 

majority of papers published which investigate the use of metal electrodes in RFBs focus on the 

vanadium RFB.19 Metal catalysts have been shown to augment other redox reactions of interest, 

including polysulfide;23 hence metal electrodeposition may be used as a tool to augment 

performance of these novel electrolytes, making them more viable for commercial adoption. 

Electrodeposition is typically carried out in a 3-electrode set-up, where the deposition substrate 

is the working electrode. While many deposition reactions are potentiostatic, i.e. the deposition 

voltage is held constant, it is convenient to use galvanostatic or constant current operation to avoid 

complications in plating potential due to ohmic resistance or electric field in the plating bath.123 

Galvanostatic operation also enables electrodeposition without the use of a reference electrode, 

which may facilitate in-situ deposition in a 2-electrode systems. 

Here, we investigate the potential for electrochemically deposited nickel electrodes for use in 

a novel polysulfide-permanganate redox flow battery. We tested several different types of carbon 

paper electrodes as deposition substrates, including AvCarb 1071 cloth, SGL 29AA paper, and 

Toray 60 paper. We demonstrated the ability to deposit nickel in a 2-electrode flow cell, finding 

that electrodes deposited in this manner perform equivalently to electrode deposited in a 3-

electrode set-up. We tested the performance and stability of these materials in a polysulfide and 

permanganate electrolytes to determine their efficacy for a polysulfide-permanganate flow battery. 

Polysulfide redox is kinetically slow, while carbon electrodes are not stable in permanganate,124 

thus metal electrodes have great potential to improve the viability of this system. 

2. Experimental methods 

2.1. Nickel deposition 

A 3-electrode set-up was used for deposition of nickel onto the working electrode substrate. 

Nickel foam, nickel foil, or a nickel bar were used as a counter electrode (to replenish depleted 

nickel in the solution) and a Ag/AgCl electrode (BASi, Inc.) was used as a reference electrode. 

The plating solution and all electrodes were immersed in Wood’s Nickel Strike, an industrial 

plating solution, which was made in the lab using nickel(II) chloride (98%, Sigma Aldrich) in 

concentration of 1.8 M and hydrochloric acid (37%, Sigma Aldrich) at a concentration of 3 M 

dissolved in DI water (Milli-Q Millipore, 18.2 MΩ-cm). For the 2.55 cm-2 samples, a reductive 
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current density of 20 mA cm-2 was applied for 2 minutes, followed by a reductive current density 

of 200 mA cm-2 for 4 minutes. For the 25 cm-2 samples, we were unable to apply the equivalent 

current density due to potentiostat limitations; instead, deposition was carried out for a longer time 

such that an equivalent number of coulombs of charge were passed. 

Alternatively, nickel was deposited in a 2-electrode cell, which contained the substrate on the 

positive (working) side and a counter electrode on the negative side. The counter electrode was a 

thermally treated Toray Carbon Paper TGH-H-60 (Fuel Cell Store). Wood’s Nickel Strike was 

used as the electrolyte on the positive (working) side, and 3 M sodium hydroxide in DI water 

(NaOH pellets 98%, Sigma Aldrich) was used on the negative (counter) side. Deposition occurred 

under flow, at 10 mL min-1 in the research-scale flow cell (2.55 cm2 active area) and 100 mL min-

1 in the subscale (25 cm2 active area) cell. Interdigitated flow fields were used in both cells. The 

positive and negative sides of the cell were separated by a Nafion 115 membrane (Fuel Cell Store) 

used as received. 

Substrates used for deposition were various commercially available carbon papers, which were 

either used as received or thermally treated at 400 °C for 30 h prior to deposition. Carbon papers 

tested include AvCarb 1071 HCB, Toray TGH-60-HP, and Sigracet SGL 29AA, all purchased 

from Fuel Cell Store. 

2.2. Electrode characterization 

Prior to cell testing, the electrodes were characterized using microscopic, spectroscopic, and 

analytical techniques. Electrode microstructure and morphology were characterized by scanning 

electron microscopy (SEM) / energy-dispersive X-ray analysis (EDX).  SEM/EDX measurements 

were performed using a FESEM Ultra Plus (Zeiss, Germany) with an electron energy of 5 keV, an 

aperture of 30 μm, and a gun-to-sample distance of ca. 5 mm. The samples were adhered to the 

stage with double-sided conductive carbon tape (Ted Pella Inc.). X-ray Diffraction data was 

gathered on the PANalytical X'Pert PRO X-Ray Powder Diffractometer (Malvern, United 

Kingdom) using copper Kα radiation (λ=1.5418 Å) set to 40 kV and 4 mA. The 2θ range of the 

XRD spectra were 5-100° and the rate was ca. 10° min-1.  XRD spectra were analyzed using High 

Score Plus software (Malvern), and reference spectra for cubic nickel, hexagonal carbon, and 

graphitic carbon were obtained from the International Centre for Diffraction Data (ICDD) 

database. Electrodes were weighed before and after deposition (n=4) to determine the amount of 

nickel deposited.               
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2.3. Evaluation of electrode performance via flow cell testing  

Ni-deposited electrodes were tested in polysulfide and/or permanganate solutions. Sodium 

polysulfide electrolytes (2.1 M Na2Sx/3 M NaOH) were prepared by mixing stoichiometric ratios 

of sodium sulfide (Na2S• 9 H2O, >99.999%, Sigma Aldrich) and elemental polysulfide (sublimed 

polysulfide powder, 98%, Alfa Aesar), along with sodium hydroxide in DI water. Sodium 

permanganate solutions (2.1 M KMnO4/3 M NaOH) were prepared by mixing sodium 

permanganate monohydrate (≥ 97%, Sigma Aldrich), and sodium hydroxide in DI water. All 

samples were prepared in polypropylene centrifuge tubes (VWR). All solutions were degassed 

using humidified nitrogen for one minute per every milliliter before use.  

Two flow cell configurations were used for testing: a research-scale flow cell (2.55 cm2 active 

area) and subscale flow cell (25 cm2 active area), both with zero-gap architecture.24 In the research-

scale cell, Tokai G347B resin-impregnated graphite plates of 3.18 mm thickness (Tokai Carbon 

Co., Tokyo, Japan) milled with an interdigitated pattern served as current collectors and flow 

fields, while polypropylene flow diffusers served as backing plates. Electrolyte flow rate was set 

at 10 mL min-1. A peristaltic pump (Masterflex L/S Series, Cole-Parmer) and Norprene tubing (1.6 

mm inner diameter, Cole-Parmer) were used to circulated electrolyte through the flow cell and 

reservoirs. Polytetrafluoroethylene (PTFE) gaskets (of thicknesses sized for each electrode) 

compressed electrodes by 20% and prevented electrolyte leaking. Two layers of carbon paper 

electrodes (1.5 cm × 1.7 cm) were used for each electrode, positive and negative. In the subscale 

cell, resin-impregnated graphite plates of 0.318 cm thickness milled with an interdigitated pattern 

served as flow fields, while copper plates served as current collectors. Electrolyte flow rate was 

set at 100 mL min-1. A diaphragm pump (FF 12 series, KNF Neuberger) and Norprene tubing (3.1 

mm inner diameter, Cole-Parmer) were used to circulated electrolyte through the flow cell and 

reservoirs. Polytetrafluoroethylene (PTFE) gaskets (of thicknesses sized for each electrode) 

compressed electrodes by 20% and prevented electrolyte leaking in both systems. Nafion 115 

membranes soaked in 3 M NaOH for 3+ days were used as separators.  

Galvanostatic polarization was carried out to determine electrode performance for both charge 

and discharge of the cell, both in a symmetric polysulfide configuration and in a full cell. 

Polarization analyses were performed at 50% SOC. In the full cell, the SOC started at 100%, and 

was discharged to 50% SOC at 20 mA cm-2 for 5.25 h. The cell was then subjected to increasing 

magnitudes of current density from 10 mA cm-2 to 120 mA cm-2 in increments of 10 mA cm-2, 
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alternating between positive and negative currents which were each held for 2 minutes (to allow 

the potential to stabilize), followed by another 2-minute constant current holds of equal magnitude 

but opposite sign to return the cell to 50% SOC before the next step.  

3. Results and discussion 

3.1. Structure and efficiency of nickel deposits 

Electrode mass was recorded before and after deposition to determine the amount of nickel 

that was added via deposition, and to compare efficiency of deposition across electrode types 

(Table V-1). On AvCarb 1071 and SGL 29AA, an average deposited mass of ~5 mg cm-2 is 

achieved, compared to a slightly lower deposited mass on the Toray 60 paper. AvCarb 1071 has 

the most variation across samples; this is likely due to the large pores within the sample, which 

may lead to diffusion limitations that prevented uniform deposition within the bulk of the 

electrode.89  

Table V-1 – Average mass of nickel deposited on each electrode type, normalized by the geometric 

electrode area (n=4). 

Electrode Average deposited mass (mg cm-2) 

AvCarb 1071 4.7±2.7  

Toray TGP-H-60 3.4±0.5  

Sigracet SGL 29AA 4.8±0.7  

In order to characterize the nickel deposits, we investigated their structure using SEM (Figure 

V-1). We find that nickel is deposited on the surfaces of each electrode, regardless of binder 

content; in other words, the nickel does not appear to selectively adhere to specific surface sites. 

However, we find that the deposits are somewhat rough, and there is variability in the structure 

across the different electrode types—for example, the deposit on the surface of AvCarb 1071 is 

cracked (Figure V-1(d)) while the deposit on the surface of the Toray appears to contain 

crystalline structures (Figure V-1(e)).  
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Figure V-1 SEM images of metal deposited electrodes – (a), (d) AvCarb 1071, (b), (e) Toray 60, (c), (f) SGL 29AA. 

It is possible that the variation surface features seen in Figure V-1 are due to impurities, such 

as nickel oxide. To determine whether the deposit was primarily nickel or contained impurities, 

we investigated the nature of the deposited nickel using XRD (Figure V-2). XRD results show 

that each nickel deposit contains cubic nickel, and the XRD spectra are relatively consistent across 

electrode types. The lack of background noise and absence of peak shifting indicate that the 

majority of the deposit is cubic nickel, rather than impurities such as nickel oxide. 
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Figure V-2 XRD spectra of nickel-deposited electrodes AvCarb 1071 (yellow), Toray 60 (black), and SGL 

29AA (red). Reference peaks from ICDD are shown for cubic nickel, hexagonal carbon, and graphitic 

carbon. 

3.2. In-situ deposition of nickel in a flow cell 

In addition to ex-situ 3-electrode deposition, we investigated in-situ nickel deposition in a 2-

electrode flow cell set-up. This deposition technique has the potential to reverse the effects of 

electrode degradation over extended cycling, enabling RFB servicing without the need to 

dismantle the system. We successfully deposited nickel on an AvCarb 1071 carbon cloth working 

electrode in a 2.55 cm2 cell (Figure V-3). From Figure V-3(a) one can clearly see striations in the 

deposit, most likely due to contact with the flow field interfering with the deposit. Figure V-3(b) 
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shows that there is some deposition on the flow field itself; however, the photo was taken after 

nickel deposition on 6 different electrode samples using the same flow field, and the deposition 

did not accumulate to the point that it interfered with electrolyte flow.  

The performance of the in-situ deposited electrodes was compared to the 3-electrode deposited 

electrodes (vide supra) in a symmetric polysulfide flow cell (Figure V-3(c)). We find that the 

performance of electrodes synthesized with both deposition methods is similar, illustrating the 

viability of in-situ flow cell deposition. 

 

Figure V-3 (a) AvCarb 1071 electrode after nickel deposition in a flow cell. (b) Flow field used on the 

deposition side of the flow cell. (c) Polarization curves in a 2-electrode symmetric polysulfide flow cell, 

comparing nickel-deposited cloth electrodes synthesized in a flow cell (blue) to 3-electrode synthesized 

nickel-deposited electrodes (yellow) and nickel foam electrodes (green) for reference. 

3.3. Testing deposits on varying commercial carbon papers 

Each type of Ni-deposited electrode was compared in a symmetric polysulfide cell. Polysulfide 

was chosen as the active species as the polysulfide redox reaction is kinetically limiting as 

compared to permanganate, thus improvements in polysulfide catalysis will result in the largest 

system performance gains. We find all nickel-deposited electrodes outperform the baseline of MTI 
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1.6 mm-thick Ni-foam (Figure V-4). We postulate that the soft carbon electrodes allow greater 

compression and enhanced contact between flow field, electrode, and membrane, thereby reducing 

contact resistance that leads to overpotential losses. Further, AvCarb 1071 offers the best 

performance; this is likely due to the enhanced mass transfer facilitated by the bimodal pore-size 

distribution of the carbon cloths compared to other types of carbon papers.89  

 

Figure V-4 Polarization results of a symmetric polysulfide cell for nickel foam (green) and nickel deposited 

carbons: AvCarb 1071 (yellow), Toray 60 (black), and SGL 29AA (red).  

Previous work has shown that cobalt (Co) is a promising catalyst for the polysulfide redox 

reaction.23 In order to compare performance of the nickel-deposit electrodes in polysulfide to the 

state-of-the-art, symmetric polysulfide polarization experiments were performed at room 

temperature in a large (25 cm2) set-up and compared the results to Co-decorated Toray-60 

electrodes with equivalent (5 mg cm-2) loading (synthesized via electroless deposition by Raytheon 

Technologies research center, adapted from Zhou et al.125) (Figure V-5). Flow cell testing was 

performed by Raytheon Technologies. Despite the relative improvement in the performance of the 

nickel-deposited carbon electrodes compared to nickel foam, nickel-deposited electrodes perform 
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significantly worse in comparison to Co-decorated carbon. Compared to nickel, cobalt appears to 

be a superior catalyst for the polysulfide reaction; thus, going forward we chose to focus effort on 

electrode development for the permanganate reaction. 

 

Figure V-5 Polarization of polysulfide symmetric cell with nickel foam (green); nickel-deposited AvCarb 

1071 (yellow), Toray 60 (black), and SGL29AA (red); and Co-decorated Toray 60 electrodes (purple). 

3.4. Performance of nickel-deposited electrodes in permanganate 

In order to test the Ni-deposited electrodes in permanganate, we compared them to stainless-

steel (SS)-weave electrodes, which were the previous best performing material, in a polysulfide-

permanganate flow battery of active area 25 cm2 at a temperature of 50 °C (Figure V-6). We find 

that, compared to the SS-weave electrodes, nickel-deposited electrodes significantly decrease 

system overpotential, due to a reduction in ohmic resistance: 2 Ω cm2 for the flow cell with the 

nickel-deposited electrodes versus 2.5 Ω cm2 for the flow cell with SS-weave electrode. This 

phenomenon is likely due to decreased contact resistance—carbon electrodes are more flexible 

and more easily compressed than metal electrodes, and we anticipate that increased compression 

results in improved contact between electrode, membrane, and flow field.126  
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Figure V-6 – Polarization curve of 25 cm2 S-Mn flow cell with nickel-deposited electrodes (red) and the 

previous standard stainless-steel weave electrodes (blue) on the positive (permanganate) side. 

Overpotential is reduced when using nickel-deposited electrodes as compared to the SS-weave. 

4. Conclusions 

Metal electrodes offer several potential advantages over carbon electrodes, providing various 

possible catalytic functional groups and improved stability in certain systems. In order to pair these 

advantages with the existing assets and our enhanced understanding of carbon electrodes, metal 

electrodes were synthesized via deposition on carbon fiber substrates. In particular, nickel 

electrodes were deposited electrochemically using the Wood’s Ni-Strike industrial plating bath for 

use in a novel polysulfide-permanganate flow battery. Nickel was successfully deposited both ex-

situ in a 3-electrode set-up and in-situ in a 2-electrode flow cell. Ex-situ and in-situ nickel-

deposited AvCarb 1071 electrodes showed comparable performance. These results can enable in-

situ performance recovery by periodically re-depositing nickel that may be oxidized by the 

corrosive permanganate electrolyte. Additionally, nickel-deposited AvCarb 1071 electrodes show 

enhanced performance compared to the previous best-performing positive electrode material. 
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These results illustrate the potential for using electrochemical deposition of catalysts to improve 

electrode catalysis and performance, enabling large system performance gains. 
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VI. Conclusions & Future Work 

The overarching goal of this thesis work was to develop a deeper understanding of the 

influence that electrode properties have on RFB performance. The structure-function relationships 

of electrodes may be used to optimize and predict system performance. I conclude by providing 

some perspective on why understanding the physical mechanisms at play within the electrode is 

necessary for upgrading, designing, and synthesizing next-generation materials.  

The de facto state of electrode research is to begin with a pristine, untreated carbon paper or 

felt, modify it in some way (e.g., thermal treatment, catalyst deposition), and compare the 

performance of the modified material to the pristine material. Inevitably, the treated materials 

outperform the untreated materials. However, due to differences in electrolyte composition, 

membrane selection, and flow-field design—among other system properties—it is nearly 

impossible to compare electrode performance across published studies. In order to circumvent this 

problem, we must develop or identify system agnostic electrode properties that can be used as 

electrode performance indicators.  

In this work, I have shown the potential for using certain fundamental electrode properties as 

predictors of performance. Based on the results of this thesis and other works, we are able to predict 

that improved oxygen functional groups will enhance performance of kinetically limited systems 

(i.e., vanadium), but we are unable to make performance predictions for kinetically facile systems 

(i.e., TEMPO). Thus new, more reliable physical property indicators that are system agnostic must 

be identified or developed to predict performance of RFB electrodes. Additionally, although we 

are able to make certain system-specific estimates that are qualitative in nature and can be used to 

compare material sets, we cannot yet quantitatively predict the electrode overpotential a priori. 

The advancement of models or perhaps even simple mathematical relationships to predict 

electrode overpotential taking electrode and electrolyte properties as inputs will enable targeted 

electrode design and development. 

There has been major growth in recent years in modeling of RFB electrolyte transport in porous 

materials that may serve as a starting point. One shortcoming of these models is the use of total 

surface area in calculations, typically as rendered by tomographic images. As discussed in 

Chapter III of this thesis, the physical surface area is a significant overestimation of the ECSA 

that is actually contributing to reaction catalysis. One facile improvement to these models would 

be to adopt ECSA as the standard surface area for reactions. One could envision other potential 
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improvements to modeling electrode activity, including pairing surface characterization 

techniques, such as EDX or XPS, with electrode modeling, enabling the capture of the kinetic 

contributions of reaction sites added via treatment. 

Although I have primarily discussed modification of commercially available electrodes in this 

thesis, I firmly believe that continued study of the physical and chemical mechanisms of electrode 

catalysis and transport will lead to development of materials that are uniquely tailored for use in 

RFBs. Many commonly used carbon electrodes have been designed for use in polymer electrolyte 

fuel cells, and thus are engineered to have properties that are at cross-purposes for RFB 

performance. By continuing to expand our fundamental understanding of kinetics and transport 

within complex porous media, we will be prepared to design novel porous material classes that are 

suited for use in RFBs and other even more challenging electrochemical environments. 
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