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ABSTRACT

TOWARD THE REALIZATION OF MEMBRANELESS FLOW BATTERIES AND SOLID
OXIDE ELECTROLYZERS AS PRACTICAL FORMS OF GRID-SCALE ENERGY STORAGE

TECHNOLOGIES

By

Korey Cook

Grid-scale energy storage is becoming a crucial component of the energy infrastructure as

energy generation is rapidly evolving and involves intermittent renewable systems. A variety

of thermal, mechanical, electrical, chemical, and electrochemical storage technologies are being

considered. In this thesis, two important electrochemical systems are studied: redox flow batteries

(RFBs) and solid oxide electrolyzer cells (SOECs). The new RFB involves novel linked chemicals

that could enable a symmetric flow battery that utilizes a low-cost microporous separator rather than

an expensive ion-selective membrane. Using new linked compounds addresses several issues with

RFBs, namely capacity fade caused by crossover, as well as maintenance issues (rebalancing), and

their high cost. Additive manufacturing was used to initially manufacture a flow cell which could

demonstrate a linked compound, 4-phenothiazine 5,5-dioxide covalently linked via a propyl chain to

4-acetylpyridinum. The intentionwas to show that it could be cycled in a flow cell using inexpensive

parts and materials. Viscosity, solubility, and other preliminary measurements were taken to aid in

the selection of organic solvents and charge balancing electrolyte. Static, constant current, cyclic

charge-discharge experiments were also performed in a commercial flow cell test fixture for the same

compound. Electrochemical performance and stability were studied using solutions with identical

concentrations of active species in two different organic solvents. The results showed that the

specific linked system being studied could operate in a static cell without a membrane; however, it

suffered from chemical decomposition. A variety of other compounds are possible whichmeans the

chemical stability can be improved. Experiments with flow were conducted to evaluate the impact

that charging voltage, flow rate, and electrolyte recirculation have on electrochemical performance.

A difference in the rate of the charging kinetics was observed. To improve coulombic efficiency, the



charging flow rate was reduced while maintaining a faster discharging flow rate. An ideal charging

voltage was observed. Electrochemical impedance spectroscopy was used to quantify and compare

the internal losses associated with the cell separator and ion-selective membrane. As expected, the

microporous separator displays significantly lower resistivity.

A second important electrochemical system, solid oxide electrolyzers, was studied in this thesis.

High temperature SOECs are an appealing hydrogen gas (�2) producing technology because they

do not require an expensive catalyst; however, they suffer from premature electrode-electrolyte

delamination. A multiphase, axisymmetric, microscale model was developed to identify the

primary delamination mechanism. It was hypothesized that competition between two-phase and

three-phase boundaries strains the lattice structure, leading to delamination. At high operating

voltages, the reactions at the three-phase boundary dominated the two-phase reactions. This

was thought to be driving delamination. The model was validated using experimental data that

measured the overpotential and current density. The material composition of the electrode was

altered by adding an additional thin, highly electronically conductive layer to enhance transport.

This was studied both computationally and experimentally. The results from both experiments and

computations indicated that the lattice oxygen at the surface was more evenly distributed. Using a

bilayer electrode enhanced transport through the two-phase boundaries, reducing lattice structure

expansion at the three-phase boundaries which could prevent delamination.
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CHAPTER 1

GRID-SCALE ENERGY STORAGE TECHNOLOGIES, RESEARCH OBJECTIVES,
AND METHODS

Grid-scale energy storage technology research is becoming more important as the implemen-

tation of renewable energy sources becomes more prominent. Many forms of power generation

such as: wind, solar, and tidal energy can’t be relied on for base generation due to their tendency

to be intermittent. Grid-scale long duration energy storage allows excess energy produced during

operation to be stored. It can then be used when energy generation capacity cannot match de-

mand. Integration of energy storage technology for grid scale implementation has benefits for the

electric-grid that include:

• stabilizing the grid to prevent blackouts during peak demand;

• allowing current generation technologies such as coal or natural gas power plants to operate

more efficiently by reducing fluctuations in production;

• providing consistent pricing;

• taking advantage of low-cost renewable resources;

• allowing emergency preparedness, which is vital when no transmission or generation or is

possible;

• enabling the development of smart-grids;

• and reducing carbon emissions.

Table 1.1 lists energy generation technologies with their associated Levelized Cost of Energy

(LCOE) for various generation technologies(1). A report analyzing the cost of energy generation

and storage technologies is released annually by Lazard Ltd. It is used by utilities and munici-
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palities when planning the construction of power plants. Renewable resources, fossil fuel burning

technologies, and nuclear generation systems were evaluated.

The most inexpensive form of traditional energy generation technology (gas, nuclear, and coal)

is combined cycle natural gas with a LCOE as low as 0.04 $/:,ℎ . These power plants operate by

the principles of the Brayton (combustion turbines) and Rankine cycles (steam turbines). Over the

past decade the LCOE for renewable energy generation technologies sources, including wind and

solar, has dropped dramatically. According to Lazard’s annual report, the unsubsidized LCOE for

new wind and utility scale thin film photovoltaics was a mere 0.03 $/:,ℎ(1).

Table 1.1: 2020 levelized cost of energy for various forms of renewable and nonrenewable
generation technologies.

Levelized Cost of Energy Comparison—Unsubsidized Analysis ($/:,ℎ)
Natural Gas (Peaking) 0.15

Nuclear 0.13
Coal 0.07

Natural Gas (Combined-Cycle) 0.04
Solar Photovoltaics (Thin Film Utility-Scale) 0.03

Wind 0.03

Renewable sources suffer from their tendency to be intermittent and have peak generation

capacity at times when the demand is low. Development of Long Duration Energy Storage (LDES)

enable the widespread adoption of inexpensive renewable energy sources. Analysis suggests that if

muchmore than 20%of theUnited States’ energy is produced by renewable resources, the grid could

become destabilized(2). The rise in efficiency of renewable energy systems (and rapid decrease in

cost), varying fossil fuel prices, as well as environmental concerns, is creating a rise in installation

of renewable energy systems. The electric-grid operates by generating enough energy to fill the

demand at any given time. A key to unlocking the potential of renewable energy systems is low

cost, efficient, easily deployable, grid storage. The Department of Energy (DOE) has promoted the

development of grid storage technology to enable extensive integration of intermittent renewable

energy resources into the national electric-grid(3).

Transitioning away from burning fossil fuels for energy generation is seen as critical to avoid the
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worst effects of climate change. Analysis has shown suggested that achieving net-zero emissions

by 2050 is required to limit global temperature rise to 1.5◦�(4). This is seen as a necessary limit

to avoid the worst impacts of climate change. The Biden administration sees this as the greatest

challenge facing the United States and the world(5). The federal government has set milestones

and encouraged the development of technologies necessary to produce clean energy and build a

more resilient grid. A study published by Princeton University provides granular guidance on

what getting to net-zero really requires and on actions needed to translate pledges to reach net-

zero emissions into tangible progress(6). This will require the installation of many Terawatts of

renewable power sources of over the next 30 years. LDES will be coupled with these generation

resources meaning development of grid-scale energy storage technologies is critical for the coming

transition away from burning fossil fuels.

Various storage technologies exist or are being developed including li-ion batteries, flow batter-

ies, pumped hydro, compressed air, fly-wheels, advanced heat exchangers, and electrolyzers. Each

of these technologies stores energy in one form or another. Electrochemical, chemical, mechanical,

thermal, electrical or thermal energy is stored and then released as usable electrical energy. This

thesis will describe the two technologies which are the focus of this study: Redox Flow Batteries

(RFBs) and Solid Oxide Electrolyzer Cells (SOECs). RFBs operate similarly to a combination of

electrolyzer while charging and a fuel cell while discharging. Contrary to typical battery technolo-

gies where the reactants are part of a solid electrode, the reactants within an RFB are dissolved

into an electrolyte solution which is circulated through an electrochemical cell(7). SOECs operate

as fuel cell in reverse, using electrical energy to produce hydrogen by splitting water molecules

through electrolysis(8). The �2 can be stored and used in fuel cells in a recombination reaction to

release usable electrical energy and form water molecules.
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Figure 1.1: A diagram of an RFB showing the storage reservoirs, membrane, active material in
charged and neutral oxidation states (�, �+, �, �−), charge balancing electrolyte (+, −), current
collectors, porous electrodes, an exploded view of a three-dimensional model (upper right), and
the oxidation and reduction reactions. This RFB is depicted as discharging when flowing from left
to right an charging when flowing right to left.

1.1 Grid-Scale Energy Storage Technologies of Interest

1.1.1 Redox Flow Batteries

RFBs are ideal candidates for low cost, highly scalable, energy storage media in part because

they incur modest long-term maintenance and operational costs. A key feature of RFBs is that

the electrolyte solution, containing electroactive compounds, is stored independently of the power

producing electrochemical cells. One of the greatest advantages of flow batteries is that the power

extraction system is sized independently of its energy storage capacity. This separation of power

production and energy storage allows for easy scale-up operations required for increased electrical

storage or production, e.g. energy storage for electric grids. This characteristic allows the ease of

capacity scale up and opens the possibility for battery repairs without complete disassembly. As

shown in Figure 1.1 the active material is stored separately from the active battery flow cell. By

pumping the liquid through the flow cell, which contains a porous electrode and separation device,
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the active species can be charged and discharged.

1.1.2 Hydrogen Generated using a Solid Oxide Electrolyzer Cell

Figure 1.2: Diagram showing each layer of the SOEC and the species involved which includes the
primary charge carrier oxygen ions ($- ), oxygen vacancies (+ ··), electrons (4′), and electron
holes (ℎ·). 4′ and ℎ· move opposite of one another and are only present in the LSCF and GDC
layers while $- and + ·· are present in each layer. Several types of two and three-phase boundaries
exist including continuous charge transport, electrode/gas, and multi electrode/gas interface.

SOECs are an appealing electrolysis technology because they do not require an expensive

catalyst, such as platinum(9). They operate at high temperatures ranging between 100◦� and

850◦� to increase the rate of the reaction, which leads to greater efficiencies(10). Figure 1.2

depicts an SOEC consisting of a solid-state electrolyte consisting of Yttrium-Stabilized Zirconia

(YSZ), a Mixed Ionic and Electronic Conducting (MIEC) buffer layer of Gadolinium-Doped Ceria

(GDC), and a Lanthanum Strontium Cobalt Ferrite (LSCF) MIEC electrode. The charged species

transport in each layer is shown and the types of boundaries are shown in Figure 1.2. YSZ is a pure

ionic conductor, with oxygen vacancies being the only mobile species; GDC is a mixed oxygen

vacancy (high) and electron (low) conductor, and the transference number depends on the gas

5



composition and temperature; LSCF is also a mixed conductor, but with much higher electron hole

conductivity than that of oxygen vacancy. The dopant is immobile and maintains charge neutrality

together with other active species.

SOECs suffer from premature delamination of the electrode from the electrolyte, but the primary

mechanism responsible for this is not well understood(8; 11; 12; 13). It has been hypothesized that

competition between the two/three-phase boundaries (2PBs and 3PBs) leads to unbalanced lattice

structure expansion which results in delamination.

1.2 Research Objectives, Studies Performed, and Structure of Dissertation

Chapters 1-5 are focused on the development of a unique flow battery that could address several

issues which plague typical RFBs. These include high cost and crossover induced capacity fade

that requires expensive rebalancing. A covalently linked redox couple is studied and is referred

to as PDO-L-AP or �2�2. The novel redox couple allows the use of a microporous separator

which decreases cost and eliminates the need for expensive rebalancing when crossover does

occur. Chapter 6 details a series of studies aimed at understanding, redesigning, and preventing

electrode/electrolyte delamination in SOECs. This is to extend their usable lifespan which improves

their economic viability.

Initial spectroelectrochemical analysis, summarized in A.1, of novel linked-redox couples was

performed at the Michigan State University Bioeconomy Institute("(*��). Once complete, it was

necessary to study the performance of the novel redox chemistry in a flow cell. An inexpensive

flow cell, test station, and experimental method was developed to gauge the practicality of the

proposed redox couple. Additive manufacturing (commonly referred to as 3D printing) techniques

were employed for rapid prototyping of a RFB cell. Readily available parts were acquired to build

a inexpensive test station that was used to demonstrate the linked chemistry in a 3D printed cell.

Chapter 1 summarizes initial experiments and modeling which were carried out to address several

questions:

• Can the novel redox couple be charged and discharged in a flow cell without the use of an

6



ion-selective membrane?

• Can a relatively inexpensive benchtop 3D printer be used for rapid prototyping of flow cells?

• Does the proposed chemistry and the use of a microporous separator impact the cost enough

to make RFBs more economically appealing?

These queries were addressed through computational and experimental methods. Charging and

discharging of the prototype RFB was conducted after a complete test station and experimental

method were developed. Computational fluid dynamics was used to model the flow of solution

within the cell to ensure uniform distribution of active species throughout the reaction chamber and

to assess pressure drop across the flow field. Two potential flow cell geometries were compared.

The use of a simple microporous separator was studied as a means to further reduce cost. To

analyze the financial impact this would have, a techno-economic analysis was performed.

For an experimental redox couple to be commercially viable, experiments that included charging

and discharging for many cycles would be required. Chapter 3 describes stability and electrochemi-

cal performance studies using the novel linked redox couple, a commercial flow battery test fixture,

and a simple microporous separator. These studies were performed to answer questions including:

• Can the proposed redox couple remain stable when cycled over hundreds of cycles?

• How does the solvent effect overall performance?

• When flow is introduced, how can active material conversion be maximized?

• How do charging potential and flow rate effect current, capacity, and coulombic efficiency?

Preliminary viscosity and solubility measurements were conducted to aid in the selection of a

nonaqueous solvent and supporting electrolyte salt these are summarized in the Appendix in Table

A.2 and Table A.1. Static cyclic charge-discharge experiments were performed, with solutions of

identical concentrations of active material and charge balancing electrolyte in two different organic

solvents. Flow studies were performed to investigate operational parameters’ impact on overall
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performance. A two-electron system (Link-2B) was explored explored late in this project, but

testing was limited to repetitive bulk electrolysis and zero-flow RFB runs due to limited material

availability. Still, it was shown that Link-2B exhibited rapid electrode kinetics and excellent stability

in the charged state and will be the focus of future work.

Many factors impact the performance of an RFB. Chapter 4 describes the employment of

electrochemical impedance spectroscopy to evaluate internal losses stemming from the membrane

within the cell. Losses associated with an ion-selective membrane are compared to those from

a simple microporous separator. While performing literature review, running experiments, and

analyzing data, several questions came to mind:

• What impact do individual components of an RFB have on internal losses and overall

performance?

• How can this be measured?

• What methods exist to analyze and understand the data associated with these measurements?

• It was hypothesized that a microporous separator will be less resistive than an ion-selective

membrane. If this is true, how much less?

Categorizing losses that exist within RFBs is discussed. Impedance measurements are taken.

Data analysis using equivalent circuit models is used to compare an ion-selective membrane and

microporous separator, which are the primary focus of this study. Using the procedure and analysis

techniques described, further impedance studies can be performed to continuously improve the

performance.

Chapter 5 summarizes the development of a microscale model to investigate SOECs. The

primary goal was to determine the most significant delamination mechanism that leads to a short-

ened lifespan. To improve performance and the viability SOECs as a grid-scale energy storage

technology, several questions were answered in this chapter:
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• How are charged species transported within the solid-state electrolyte and multilayer elec-

trode?

• Are the reactions that take place purely chemical or electrochemical in nature?

• What will the model domain encompass and how should each interface be treated?

• How can the proposed model be periodically validated to ensure accuracy?

• What can be done to prevent delamination?

• What can be done in future work to further improve the reliability of the model?

Literature review, model theory and development, and incremental experimental validation

methods were used to investigate these questions. Future studies will address generally overlooked,

localized, and possibly crucial transport phenomena. High-fidelity geometries, which can be recon-

structed from 3D images taken using advance synchrotron-based techniques, will be incorporated

into the model to further improve its accuracy. This will aid in properly describing transport

phenomena and physics within an SOEC. Delamination prevention techniques can be developed to

improve the viability of SOECs as a grid-scale energy storage technology.
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CHAPTER 2

DEVELOPMENT OF A MEMBRANELESS ORGANIC REDOX FLOW BATTERY

2.1 Introduction

This chapter summarizes early design and testing of a symmetric RFB that does not require an

ion-selective membrane. The experiments described used a 3D printed flow cell and inexpensive

test station. A brief review of literature review and techno-economic analysis were performed to

investigate the advantages that a membraneless RFB has over its ion-selective counterpart. The

covalently linked redox couples are briefly described. They will be the focus of future studies

when more active material can be synthesized. Computational Fluid Dynamics (CFD) was used to

investigate flow distribution within the reaction chamber and compare two potential cell geometries

by evaluating pressure drop across the cell. Initial cycling experiments using a 3D printed cell

are summarized and the results are presented using a mixed solution containing both ferrocene

and methyl-viologen. This catholyte-anolyte mixture can also operate without an ion-selective

membrane, making it a suitable candidate while developing a testing procedure and system.

Table 2.1: Common RFB chemistry proposed in literature compared with the novel linked redox
couple.

RFB Chemistry Cell Voltage (V) Ion-Selective Membrane
All Vanadium 1.26 Yes

Bromide-Polysulfide 1.355 Yes
Zinc-Cerium 2.04 Yes

Soluble Lead-Acid 1.62 No
Iron-Chromium 1.18 Yes

Liquid Bromine-Hydrogen 1.07 No
� − ! − � (Proposed) >2 No
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2.2 Membraneless Redox Flow Battery Literature Review

RFBs were first developed in the 1980s(14). Several RFB chemistry concepts and system

designs have been proposed to meet the need for low cost, efficient, reliable, easily deployable

grid storage. Table 2.1 lists various RFB anolyte and catholyte compounds proposed in past work

accompanied by their cell voltage(14; 15; 16; 17; 18; 19; 20). These systems all require an ion-

selective membrane, except for the soluble lead-acid chemistry. In the soluble lead-acid RFB, a

membrane is not required because only one active species is present, Pb2+. The electrode reactions

cause the precipitation of soluble species into solid Pb and PbO2 during the charge cycle and

re-dissolution during the discharge cycle. Unfortunately, hydrogen evolution is observed during

the charge cycle at high state-of-charge, which reduced the storage capacity of the system and can

lead to an explosion(14).

The zinc-cerium and soluble lead-acid flow batteries are known as “hybrid” redox flow batteries

because of the depositing of metal at the electrode. To be defined as a hybrid RFB, one or more

of the electroactive components must be deposited as a solid layer. Zinc-cerium RFBs have been

under development since 1990s and have a much higher cell voltage compared to the other systems

in Table 2.1, but no commercially available system is available due to cost constraints.

Initial RFB systems consisting of hybrid iron-chromium species, were hindered by prohibitive

membrane cost and low operational cell voltage(14; 21; 22; 23; 24; 25; 26). Bromide-polysulfide

RFBs are relatively cost effective but include a membrane and can potentially release a highly

toxic bromine vapor. Another RFB chemistry that does not require a membrane is the liquid

bromine-hydrogen system. The compounds are pumped through a channel using laminar flow. The

chemical reactions that take place, combined with the laminar flow, allows the system to operate

without an ion-selective membrane. The drawback of this system is its relatively low cell voltage.

A lower cell voltage leads to a lower power capacity of the system. This would also require a

larger system and more of the chemical compounds to store the same amount of energy as systems

with a higher cell voltage. Organic RFBs have only recently emerged and have enabled systems

to overcome the economic constraints as well as allowing for the development of higher energy
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density chemistry(14).

Figure 2.1: (a)Asymmetric redox flow batteries use an ion-selective membrane to maintain
separation between the anolyte � and catholyte � species.The arrows are shown to represent the
membrane rejecting active species from crossing over.(b) Symmetric redox flow battery using a
stable radical as both the anolyte � and catholyte �. The arrows represent the non-selectivity of a
microporous separator. (c) Symmetric redox flow battery using a mixed solution on both sides of
the cell containing both the � and �. (d) Symmetric redox flow battery using a covalently linked
anolyte-catholyte � − ! − � bipolar molecule.

Typical RFBs operate using an ion-selective membrane to separate the anolyte and catholyte

containing solutions. These are referred to as asymmetric RFBs with an example shown in Figure

2.1(a)(27). An asymmetric flow battery consists of a completely separated anolyte and catholyte

solution separated by an ion-selectivemembrane. This strategy attemptsmaintain a balanced system

by hindering crossover, but crossover still occurs. Ion-selective membranes are also expensive and

periodic rebalancing is required from inevitable crossover.

To address crossover induced capacity fade, bipolar redox-active molecules, in different ox-

idation states, can be used as both the anolyte and catholyte(28). Three strategies exist while
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developing bipolar redox-active molecules including: synthesis of stable radicals which can be

used in both reduction and oxidation reactions, physically mixing electroactive species to form an

equimolar mixture, and covalently mixing electron donating and accepting pairs. Figure 2.1(b)

shows a diagram of a symmetric RFB with a stable radical prone to both positive and negative

reactions used as both the anolyte and catholyte. This allows the use of a microporous separator,

but still suffers from fairly high rates of crossover. Figure 2.1(c) shows a diagram of a symmetric

RFB using a mixed anolyte-catholyte solution on both sides of the cell(27). This method has been

proposed to decrease the cost and also allow for simple remixing to correct for crossover caused

by osmotic pressure differences(29). Covalently linking an anolyte-catholyte redox couple reduces

the impact of crossover. A diagram of this configuration is shown in Figure 2.1(d). The primary

benefits that it has over other symmetric RFBs is that energy density is improved by reducing the

footprint that the individual active species have and iterative molecular improvement is possible.

2.3 Covalently Linked Redox Couple

A covalently linked redox couple is under consideration and can be coupled with an organic

solvent (nonaqueous). The primary advantage of a nonaqueous solvent system over an aqueous

one is the prospect of higher operating voltages. In the absence of fortuitous kinetic effects, the

operating voltage of an aqueous RFB system is functionally capped at a maximum of 1.2 V due

to the electrolysis of water, while nonaqueous systems can achieve voltages well over 2 V with

favorable system conditions(30; 31; 32). Figures 2.2 and 2.3 shows the molecular structure of the

proposed compounds and the results from electrochemical experiments.

One critical challenge in the development of practical nonaqueous RFBs is the prevention of

crossover (cross-contamination of the catholyte and anolyte materials). This is paramount to the

survival and longevity of the system and is usually accomplished by incorporating an ion-selective

membrane such as Nafion. However, such membranes are costly to install and maintain, possess a

limited life span due to contamination, and can negatively impact system efficiency(30; 33; 34).

The RFB materials described herein resolve this issue by covalently linking the catholyte and
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anolyte groups to yield�−!−� systems (whereC is an electron donor, A is an electron acceptor, and

L denotes a linker). This provides three stable oxidation states in the same compound. The oxidized

form�+−!−� serves as the catholyte, while the reduced form�−!−�− functions as the anolyte.

The resultant half reactions produce the identical product (� − ! − �) at each electrode, making

crossover completely irrelevant, which allows simple, inexpensive porous separators to be utilized

rather than ion-exchange membranes. To ensure market viability, redox active materials must

possess robust electrochemical stability, high solubility, and low molecular weight (per electron

transferred). Ideally, these materials should also undergo oxidation/reduction at potentials that will

maximize cell voltage and can be easily manufactured at low cost(32; 35).

Modified carbazoles, phenothiazines, and phenothiazine 5,5-dioxides have been prepared as

electron donating groups. This trifecta has been found to exhibit excellent solubility while simul-

taneously demonstrating high oxidation potentials in nonaqueous solvents. Conversely, extended

viologen systems have been examined as electron accepting anolyte materials that undergo highly

reversible electrochemical reduction at low potentials. Linking of these materials provides an

additional benefit by allowing for the independent optimization of relevant donor and acceptor

properties such as redox properties, solubility, and synthetic route(36; 37; 38).

Compound 1 is an example of a � − ! − � active material that was prepared by attaching

a substituted carbazole unit to 4-acetylpyridine via a propyl linker. This concept has also been

extended to multielectron systems, and several�−!−�−!−� compounds have been prepared. In

these systems, C is a one-electron acceptor (Catholyte) while A is a two-electron donor (Anolyte).

Compound 2 represents one such example that was recently prepared in our laboratory, and is

capable of a net two-electron operation at over 2.3 V. Cyclic voltammetry of compound 1 reveals

two reversible couples at approximately -0.60 V and 1.27 V vs. �2/�2+. The first of these

represents a one-electron reduction of the 4-acetylpyridine moiety, consistent with previously

reported data from Sanford’s group(36; 38). The second couple is a one-electron reduction of

the carbazole moiety(35). Similarly, Figure 2.3 shows two reversible couples for compound 2,

a reduction at approximately -0.89 V and an oxidation at approximately 1.43 Vs. Fc/Fc+. In
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Figure 2.2: Compound 1 (left) is an example of a model � − ! − �, compound 2 (right) is a
prepared � − ! − � − ! − � system using an extended bis-pyridinium acceptor covalently linked
to phenothiazine 5,5-dioxide donor groups.

Figure 2.3: Cyclic voltammograms of compounds 1, in red, and 2, in blue. Both voltammograms
were produced using a 0.2 M )����4 solution of propylene carbonate, a Pt disc working
electrode, a Pt/Ti wire anode, and a Ag wire as a pseudo-reference electrode at a scan rate of 100
and 50 mV/s for 1 and 2 respectively.
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this case, the first couple corresponds to a net two-electron reduction of the phenylene-bridged

bis-pyridinium acceptor, while the second, also a net two-electron process, is attributed to the

superimposed oxidation of both phentahiazine-5.5-dioxide units(35). Due to a lack of funding

and resources electrochemical testing was performed with a symmetric RFB containing a mixed

anolyte-catholyte solution. The linked redox couple will be the focus of future studies.

2.4 Techno-Economic Analysis

To gauge the financial viability of a symmetric RFB, a techno-economic analysis was performed.

Primarily comparing the impact of the membrane or separator on the capital cost. The DOE initially

has set the target cost of RFBs to be under $250/kWh for 2015 and under $150/kWh as a longer-term

objective(14). Darling et al. proposed that the cost of an RFB system, %>, could be calculated

using Equation 2.1(39). Where c033 are additional costs of the system, c1>? are the balance of

plants cost, c0 is the cost per unit area of each cell, A is the area of the membrane, cBHB includes

system costs (pump, plumbing, infrastructure, materials, and other costs), E3 is the discharged

energy (:,ℎ), t3 is the discharge time (h), c<,8 is the cost per unit mass of the electrode, and m8

is the mass of the electrode. Using Equation 2.1, we can derive the cost per kilowatt-hour of the

system using:

%> = 20� + (2033 + �1>?)�3C−1
3
+

∑
8

2<,8 (2.1)

%> = 20� + (2BHB)�3C−1
3
+

∑
8

2<,8<8 (2.2)

�:,ℎ = %>/�3 (2.3)

From Equations 2.2 and 2.3, the total cost (%>) and capital cost (�:,ℎ) of a 1-kW, 5-kWh cell

was estimated based off the cost of current prototypes. With the number of stacks equal to 1000,

estimates for the scaled cost of 1-MW system were obtained. A 1-MW system using microporous

separators was estimated to have a cost $144/kWh. Meanwhile, the cost of a 1-MW system with

an ion-selective membrane was estimated at $155/kWh.
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Table 2.2: Estimated parameters included in the techno-economic analysis, performed to compare
the impact that incorporation of an ion-selective membrane or a microporous separator has on the
capital cost of an RFB.

Symbol Description Value
� Area of electrode (<2) 5
20 Cost of reactor ( $

<2 ) 28/38

2033 Cost of reactor ( $
:,

) 75
(microporous/ion-selective)

21>? Balance of plant costs( $
:,

) 145
2<,8 Cost per unit mass of species i( $

:6
) 50

�3 Energy discharged(:,ℎ) 100
<8 Mass of species i(:6) 144
C3 Discharge time(ℎ) 100

The capital costs were estimated using data available at the time this analysis was performe,

which are summarized in 2.2. Using a microporous separator demonstrates additional cost savings

of over $10/kWh. In calculating this cost, the electrochemical efficiency of the system was assumed

to be 100%. The system of interest was analyzed assuming the cell was manufactured using 3D

printing. This leads to the cell material being the largest single contributor to overall cost. The cost

is expected to drop much further as processes such as injection molding could be used.

The separator between the two chambers is another key component of the RFB cell. One of the

types of separators is a microporous one, which allows for liquids to cross between the two sides

of the cell(2). The microporous separator tends to have a higher rate of chemical crossover, which

in turn decreases the electrochemical efficiency in typical RFBs. As a result, most RFBs use an

ion exchange membrane to separate the two chambers. An ion-selective membrane substantially

increases the initial and long-term cost of the system. A fluorinated ion-selective membrane

costs $1000/m2 with a limited cycle life, while the inexpensive nano-porous separator costs only

$10/m2(39). The proposed chemistry would allow for the membrane in the reaction chamber to be

replaced by a microporous separator, thereby lowering the cost of the cell. A separator is required

to prevent an electrical short in the cell and to mediate electrolyte movement. It is noteworthy that

the simple separator cost for a 1 MW system was only $537 while the ion-selective membrane was
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$53,700 for the same surface area. The area (A) for the separator was calculated using the proposed

energy density (E34=) and power requirement (Power) of the system, using:

� = %>F4A/�3 (2.4)

2.5 Computational Fluid Dynamics Analysis

To guide the design of RFB cells that could be 3D printed, a relatively simple CFD model was

developed to evaluate different geometries. The commercial software ANSYS Fluent 18.2 was used

to determine the pressure drop across two different RFB flow chamber geometries, often referred to

as flow fields. Each geometry featured an inlet manifold, an outlet manifold, and a porous cell. The

only difference between the two geometries was the cross-sectional area (A2) of the cell. The goal

of this study was to determine how the A2 influences the pressure drop and electrolyte distribution

within the flow chamber. Figures 2.4 and 2.5 show the geometries used for computation. The two

dimensional steady-state continuity and navier-stokes equations for incompressible flow shown as

Equations 2.5, 2.6, and 2.7. These were solved to determine the pressure gradient across the cell

geometries of interest. The parameters used include the fluid velocity (DG,H), density (d), dynamic

viscosity (a), body force ( 5G,H), and pressure (?).

mDG

mG
+
mDH

mH
= 0 (2.5)

DG
mDG

mG
+ DH

mDG

mH
= −1

d

m?

mG
+ a

(
m2DG
mG2 +

m2DG
mH2

)
+ 5G (2.6)

DG
mDH

mG
+ DH

mDH

mH
= −1

d

m?

mH
+ a

(
m2DH

mG2 +
m2DH

mH2

)
+ 5H (2.7)

The Reynolds Number throughout the system was below the threshold for turbulent internal

flow (Re < 2300). The working fluid for this study was propylene-carbonate, which was assumed

to be incompressible with constant properties. Since the reaction chamber was required to be
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completely porous, the chamber of both flow fields was modeled as an incompressible carbon felt.

The carbon felt used in physical tests had a permeability of 1.6 x 10−10 m2 and porosity of 90%.

Since effects of viscosity were considered in this study, a “no-slip” condition was applied to the

walls of each flow field, along with the standard roughness model. The inlet velocity was constant,

and the outlet pressure was equal to the reference system pressure. Both studies assumed the same

inlet flow rate and cell length. The cross-sectional area of Geometry 1 was approximately 40%

larger than Geometry 2, so Geometry 1 was expected to have a better flow efficiency.

The geometries were irregular, so a patch-conforming method was used to generate an unstruc-

tured mesh that could better capture the irregularities. A proximity and curvature scheme were

used to allocate more nodes towards the edges and walls because the gradients are expected to be

larger in those regions. Each mesh was generated with desirable quality and skewness factors and

exported into ANSYS Fluent.

Figure 2.4: CAD model of flow cell Geometry 1(a), the geometry of the fluid within the cell(b),
and the resulting pressure contour(c).

Due to the steady and incompressible assumptions for the flow field, the numerical solution was

calculated using the pressure-based Semi Implicit Method for Pressure-Linked Equations (SIM-

PLE) algorithm. Without the pressure correction, the pressure field would not satisfy continuity,
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Figure 2.5: (a)CAD model of the flow within Geometry 2. The same design approach was used
with the exception that it is skinnier and 40% smaller than Geometry 1 shown in Figure 2.4. (b)
The geometry of the fluid within the cell. (c) Pressure contours and streamlines for Geometry 2
showing a slightly larger pressure drop but there still seems to be uniform flow.

producing non-physical results(40). To utilize this algorithm, the velocity and pressure fields are

discretized across a staggered grid, limiting the non-physical solutions that would satisfy continuity

and momentum equations when using a collocated grid for incompressible flow. The conservation

of momentum and pressure correction equations were discretized using a second-order scheme,

and the solution was calculated using double precision. A second order scheme is advantageous

for minimizing truncation error during discretization. The residual convergence criteria were set at

10−3 and a monitor was set up to track the pressure drop, ensuring an adequate flow field solution.

To make sure the accuracy of the results was not dependent on mesh fineness, a mesh refinement

study was first conducted for both flow fields. The results and information of the mesh refinement

study are displayed in Table 2.3.

Based on the results in Table 2.3, the lowest node quantity mesh achieved the desired accuracy

while being independent of mesh fineness. Both simulations were used to generate streamline

paths from the inlet to the outlet. Figures 2.4 and 2.5 show the effects on static pressure along

streamlines.
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Table 2.3: Mesh refinement results comparing flow fields.

Geometry Nodes Pressure Drop (psi)

1
254711 0.02822
387282 0.02815
566392 0.02810

2
265134 0.03312
400987 0.03322
569903 0.03320

Both flow fields were relatively smooth and irrotational, or laminar, matching the flow field

characteristics of a similar study(40). Both geometries were successful in diffusing the electrolyte

evenly through the cell. The largest pressure drop occurs across the cell, and Geometry 1 had 15%

less pressure losses than Geometry 2. The increased flow performance of Geometry 1 coincided

with the expected results that validated previous assumptions. Future designs will use the same

principles to further optimize the flow efficiency.

Since the depth of Geometry 2 was twice that of Geometry 1, Geometry 2 had an increased ion

path length. Electrochemical performance could be impacted by the residence time in the carbon

felt. A higher residence time in the carbon felt coincides with a less efficient reaction(41). To

quantify the electrochemical performance, the average residence time was calculated through each

cell. A discrete number of massless particles were released at the inlet and tracked through the

system until the exiting at the outlet. The Discrete Particle Model (DPM) module in ANSYS Fluent

18.2 was used to generate, track the particles, and calculate the average residence time in the cell.

Particles in Geometry 1 spent 26% more time in the system than Geometry 2, indicating that it

could have worse electrochemical performance. Geometry 1 did however have a lower pressure

drop. Future computational fluid dynamics studies will explore the effects of different cell designs

in which residence time is more of a factor.

2.6 Rapid Prototyping of Experimental Flow Cells

Design considerations for developing an efficient RFB include flow patterns in the reaction

cell, electrode material, separator or membrane selection, pumping mechanics, and the ability to
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manufacture the system. The flow field in the reaction cell should be designed to decrease energy

losses and maximize charge transport.

Figure 2.6: (a)Conventional (b)parallel (c)serpentine and (d)interdigitated flow channel designs
are shown. The fluid moves from the top inlet to the bottom outlet.

Four main flow cell geometries are traditionally used: conventional, parallel, serpentine, and

interdigitated. Figure 2.6 shows examples of these commonly discussed flow fields. Figure2.6(a)

shows the conventional open design which features the electrolyte solution entering the reaction

chamber completely filled with a porous electrode. Because the solution must move through the

porous electrode, the conventional cell design suffers from a high pressure drop(41). Additionally,

active species tend to suffer from uneven distribution across a conventional flow field. Whereas the

conventional flow design forces the solution through the porous electrode for the entire chamber,

the parallel (Figure2.6(b)), serpentine (Figure2.6(c)), and interdigitated (Figure2.6(d)) flow field

designs feature the porous electrode elevated above a system of channels in the chamber. In the

parallel design, the solution moves through multiple parallel channels from one side of the chamber

to the other. As the solution moves, some of it circulates up into the porous electrode. While the

pressure drop in this design is minimal, the parallel design suffers from poor electrolyte circulation

within the chamber.

In the serpentine design the main channel snakes back and forth through the chamber. The

electrolyte can flow through the channels or bypass the channel walls by going through the porous

electrode. One of the main problems with the serpentine design is the large resonance time of the

electrolyte solution in the porous electrode. Solution that bypasses the first wall tends to travel

through the electrode until it reaches the exit, while fluid in the channel tends to remain in the
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channel(41). As a result, the serpentine design also suffers from poor distribution.

Amongst the four designs, the interdigitated system fared the best in single-cell electrochemical

testing. An interdigitated cell consists of dead-ended inlet channels interlocked with dead-ended

outlet channels. For the solution to reach the outlet, it must cross over a channel wall and travel

through the porous electrode. The interdigitated cell has a lower pressure drop than the serpentine

cell and better distributes fresh electrolyte across the membrane(41). However, the interdigitated

cell faces several challenges in multi-cell testing. Different permeabilities within each cell can

cause the flow to be unevenly distributed across a stack of cells(2).

The porous electrode also contributes to the overall efficiency of the cell. In the selection of

a porous electrode, there are four main factors to consider: active surface area, chemical stability,

durability, and electrical conductivity(2). The active surface area of an electrode is inversely related

to the electrode’s permeability and porosity. While a greater surface area is generally favored from

an electrochemical standpoint, this often conflicts with a decrease in permeability, an increase in

the pressure drop, and an increase in pumping energy costs. The interaction of the solid with

the electrolyte also influences the active surface area of an electrode. Electrodes with a poor

wettability can cause air bubbles to form between the solution and the electrode, which would

eliminate portions of the electrode surface area. Additionally, an electrode with a completely

uniform porosity is most preferable, as that eliminates the formation of shunt currents in the cell.

The electrical conductivity of the electrode is also important to consider, as any electrical resistance

can lead to a decrease in the electrical efficiency of the cell. Currently, due to their high surface

area, low cost, and electrical conductivity, carbon graphite felts are the most cost-feasible material

for a porous electrode. In some tests, the carbon graphite felt is chemically treated to increase its

surface conductivity.

The chamber depth of an RFB can also affect its efficiency. Decreasing the chamber depth

decreases the average distance the ions must travel to the membrane. This in turn decreases the

physical and electrochemical resistance of the system. A shorter path length, from inlet to outlet,

also allows for more of the electrolyte solution to react, which increases the efficiency. In addition
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to the physical cell design, the flow rate and concentration also affects the efficiency of the RFB

cell. One area of concern for liquid RFBs is the development of shunt currents, in which the fluid

deviates from its desired path. However, a greater flow rate must also be balanced with minimizing

energy losses from pumping. According to Weber, an average velocity of 3.9 cm/s through the

reaction chamber yields the greatest voltage(2). Tang et al. proposed that a variable flow rate could

increase the efficiency of the RFB(42).

The first prototype cell featured an open space design concept. In this design, the main inlet and

outlet channels were designed with two Y-splits to ensure proper flow distribution. This resulted

in four inlets and outlets of the reaction chamber that have equal flow rates. Testing was conducted

using running water to ensure proper flow distribution through the chamber. Results are shown in

Table 2.4.

Table 2.4: Flow distribution efficiency of two reaction chamber designs that incorporate Y-splits
to evenly distribute solution into the reaction chamber.

Flow Rate Design P5Y Design P4-3
(mL/min) Efficiency (%) Efficiency (%)

10 98 97
7 95 88
5 93 87
3 98 89

With a successful inlet and outlet design, the reaction chamber, plumbing, storage tanks, seals

and other components were determined to design a RFB system that could be inexpensively built

with evenly distributed flow of solution through the cell. It is critical to maintain a completely

inert environment within the entire system. This prevents the RFB compounds from reacting

with oxygen or moisture in the air. A prototype experimental system was fabricated and tested

using water as the solution, to check for leaks. The successful water tests led to an inexpensive

combination of ferrocene and methyl-viologen to be ran through the system as a baseline model.

Once the electrolyte entered the reaction chamber, it traveled through a graphite felt electrode until

it reached the outlet. The main goal of the initial prototype was solely to prove the development

of a 3D-printed cell system prototype was possible and to use it as a starting point for further
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Figure 2.7: A 3D model was developed to successfully fabricate and test an interdigitated flow
field: an exploded view showing an RFB cell and its corresponding components(a), an
interdigitated flow field(b), and the operational prototype cell(c).

system development. The open space prototype (Geometry 1 and 2) had a large chamber depth

which led to inefficiencies (due to the long path for the ions to travel). Additionally, stainless-steel

electrodes were selected to prevent oxidation which resulted in poor conductivity. Any premature

oxidation within the system would negatively influence the chemical reaction within the chamber.

A potentiostat was connected to the graphite felt with the stainless-steel electrodes. Using 3D

printing techniques, other cell architectures and flow field geometries could be studied relatively

quickly. Figure 2.7 shows an example of this technique with a model being fabricated and tested

quickly. The interdigitated flow field geometry will be studied in more detail in future work.
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Figure 2.8: 3D printed cell with its associated components(a) and a fully assembled cell(b).

2.7 Electrochemical Experimental Results

Figure 2.8(a) shows the 3D printed flow disassembled and its internal components with the fully

assembled cell is shown in Figure 2.9(b). Figure 2.8 shows an inexpensive test station prototype.

A potential step is applied to the electrode and the resulting current is measured and recorded

over a period. The method can be applied to both a single or double potential step. Figure 2.10

and Figure 2.11 show the results from a model solution of ferrocene and methyl-viologen being

used to test charging and discharging capabilities, solution movement, and system design. A 1.2

V charging potential was applied while 50 mL of solution was cycled at a flow rate of 1 mL/min.

The resulting current was measured. The initial drop in current over the first 200 seconds can be

attributed to initial conditioning of the felt and membrane. The solution must fully saturate the

internal components before a consistent reaction can occur.
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Figure 2.9: Initial test station with reservoirs, plumbing, a peristaltic pump, and a 3D printed flow
cell.

Figure 2.10: Measured current (mA) during a constant voltage charge-discharge cycle with a 3D
printed cell and microporous separator.
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Figure 2.11: Measured charge (coulombs) during a constant voltage charge-discharge cycle with a
3D printed cell and microporous separator.

2.8 Conclusion

Design and testing of an early RFB that does not require an ion-selective membrane system is

discussed in the above text. The proposed chemistry utilizes two-electron organic compounds that

have the same half reaction products; which leads to increased current density compared to typical

RFBs and the elimination of the expensive ion-selective membrane. The compounds discussed in

this paper also have no known toxicity and are less expensive due to their linked, multi-electron

structure. Several milestones were met including:

• an inexpensive flow cell was designed and manufactured using a benchtop 3D printer;

• an inexpensive test station was built;

• a techno-economic analysis was performed;

• CFD was used to ensure that the design of the flow chamber would provide a uniform

distribution of active species;

• and cycling of a symmetric RFB was demonstrated using a microporous separator rather than

an ion-selective membrane.
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The novel redox couple was successfully cycled in this inexpensive system using a microporous

separator rather than an ion-selective membrane. This acted as a proof of concept and encouraged

future work developing symmetric RFBs as a viable form of grid-scale energy storage.
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CHAPTER 3

DEMONSTRATION OF A LINKED ANOLYTE-CATHOLYTE SYSTEM FOR
NONAQUEOUS ORGANIC REDOX FLOW BATTERIES

3.1 Introduction

Redox flow batteries are plaguedwith permanent capacity fade, associated in part with crossover

of unwanted species. A possible solution consists of using a single molecule, in different redox

states, as both the anolyte and catholyte. The redox couple shown in Figure 3.1 phenothiazine

5,5-dioxide system covalently linked via a propyl chain to 4-acetylpyridinum (called PDO-L-AP for

brevity) displays an open circuit potential of 2.12V and was evaluated for demonstration purposes

through static cycling experiments with a porous separator. Although the linked compound displays

limited durability in the charged state, this study demonstrates the viability of a linked redox couple

using a simple microporous separator rather than an ion-selective membrane. It was known that

Acetylpyridinium anolytes have previously shown irreversible capacity loss when cycled(43).

RFBs are considered as potentially inexpensive, safe, easily deployable energy storage systems.

In an RFB, a solution containing a charge-balancing electrolyte mixed with an electroactive redox

couple is stored in reservoirs until pumps are used to flow the solution through an electrochemical

cell where energy can be released(2; 7; 44; 45; 31). Contrary to secondary rechargeable cells, the

active materials are entirely dissolved in solution and referred to as the anolyte and catholyte. The

anolyte and catholyte solutions flow through porous electrodes in contact with current collectors.

The flow constantly replenishes active species near the electrode surface, resulting in a continuous

reaction. An ion-selective membrane is typically placed between the half-cells to eliminate any

electrical shorts and to prevent crossover of unwanted species. Twoof themost significant challenges

while developing RFBs as a form of long-duration, grid-scale energy storage technology are their

high cost and permanent capacity loss caused by crossover(7; 46; 47; 48; 27). Ion-selective

membranes are crucial components that prevent crossover and act as a medium for the transport
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Figure 3.1: Molecular structure of the covalently linked redox couple PDO-L-AP. It was chosen
for demonstration purposes because of it was inexpensive and had a relatively simple synthesis
procedure.

of charge balancing ions. Membranes, however, are expensive, require routine maintenance, and

do not completely prevent crossover. In a typical RFB, if unwanted species pass through the

membrane, they cannot be recovered or used in future cycles without an expensive step of external

rebalancing or electrolyte purification.

To address issues caused by crossover, the membrane technology or the chemical species can

be modified. Developing novel membranes and separators can reduce the amount of crossover

that occurs, but alterations may negatively affect the performance by increasing internal cell
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resistance(49; 50; 51; 52; 53; 54; 55). Instead, a simple approach to modify the chemical species

was used. It consists of linking the anolyte and catholyte together in a single molecule. This has

been proposed as a means to minimize the threat of crossover-induced capacity fade(2; 27; 56; 28).

In this way, the same compound in different oxidation states is used as both the anolyte and

catholyte(57). This approach has the additional benefit of allowing replacement of the ion-selective

membrane with an inexpensive microporous separator. The improved permeability to ionic flow

likely reduces internal resistance(58).

In this study, PDO-L-AP is employed as a prototype linked molecule that can operate as both

the anolyte and catholyte in an RFB. Although acetylpyridinium anolytes are known to undergo

irreversible capacity loss during cycling, this easily synthesized system was chosen for this proof-

of-concept investigation(43). Equations 3.1 and 3.2 show reversible electrochemical half-reactions

involving the “linked” PDO-L-AP compound used in this study during battery discharge.

Linked Catholyte:%�$+ − ! − �% + 4− <=> %�$ − ! − �% (3.1)

Linked Anolyte:%�$ − ! − �%− <=> %�$ − ! − �% + 4− (3.2)

Note that the half-reactions at each electrode result in the same product labeled PDO-L-AP.

Crossover may still occur, but will only cause a slight decrease in coulombic efficiency rather

than permanent capacity loss, as the next charge cycle will result in a full restoration of capacity.

Attempts at implementing this approach have produced numerous linked catholyte/anolyte active

materials capable of a net one-electron (14−) operation, as well as several doubly linked systems

capable of a net two-electron (24−) operation, wherein an anolyte moiety having a 24− redox couple

is linked to two 14− catholyte moieties(57). A large variety of organic and inorganic compounds

can be specifically tailored for the electrochemical demands of the intended RFB(27; 37; 59; 38;

60; 61; 62; 63; 64; 65; 36). In the current study, a series of electrochemical experiments were

performed to evaluate chemical stability and to explore the effects of crossover-induced capacity

fade of the PDO-L-AP compound. Synthesis of this compound is briefly discussed, followed

by results of electrochemical experiments evaluating performance using both propylene carbonate
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(PC) and acetonitrile (ACN) electrolyte solutions, finally experiments with flow are performed and

results are analyzed.

3.2 Experimental

Previously reported results have shown that various carbazole, phenothiazine, and phenothiazine

5,5-dioxide derivatives can be prepared as electron donating groups which possess high oxidation

potentials, robust electrochemical stability, and suitable solubilities in nonaqueous solvents(36).

Furthermore, pyridinium and extended viologen derivatives have been evaluated as electron ac-

cepting anolyte materials capable of undergoing highly reversible reductions at low potentials.

More specifically, the phenothiazine 5,5-dioxide system covalently linked via a propyl chain to

4-acetylpyridinum has been shown to undergo electrochemically reversible net one-electron reduc-

tion and oxidation reactions(36; 57). Figure 3.2 shows each of the oxidation states of PDO-L-AP

that are produced while cycling the flow battery.

PDO-L-AP was investigated as a demonstrator of the linked approach using electrochemical

techniques including Cyclic Voltammetry (CV), Chronoamperometry (CA), and Cyclic Charge-

Discharge (CCD) experiments. PC was chosen as the solvent in this study for its safety and the

relatively high solubility of the active species involved, while ACNwas considered for its high ionic

conductivity. Tetraethylammonium tetrafluoroborate ()����4) was used as the charge balancing

supporting electrolyte in both cases due to its relatively high solubility in both PC and ACN. These

measurements are summarized in Table A.1. Stability, coulombic efficiency, and other performance

benchmarks were analyzed while repeatedly charging and discharging of the cell using a constant

current.

Cyclic charge-discharge experiments were performed to demonstrate reversibility, stability, and

general performance ofPDO-L-AP in an RFB. Two separate solutionswere prepared containing 100

mM PDO-L-AP and 1.0 M )����4 in both ACN and PC. Figure 3.3(a) shows the experimental

setup within an inert environment provided by a VAC Omnilab glovebox containing high purity

argon. This was necessary to remove contaminants, moisture, and oxygen. Electrochemical
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Figure 3.2: PDO-L-AP in each of its three oxidation states during charging and discharging of the
flow battery. Cyclic voltammetry of PDO-L-AP performed in propylene carbonate/0.2M
)����4 using a Pt disc working electrode, a Pt/Ti wire anode, and an Ag wire as a pseudo
reference electrode, at a scan rate of 100 mV/s.

experiments were controlled using a Gamry 3000 potentiostat in a two-electrode configuration. A

New Era Pump Systems’ NE-4000 2-channel syringe pump and gas tight glass syringes were used

for symmetric cycling. A Scribner RFB test fixture with a 252<2 serpentine flow field was used

with an opened cell shown in Figure 3.3(b). Results from initial viscosity and solubility are shown

in Appendix A.1.1 which aided in the selection solvent and charge balancing electrolyte.

Based on the size of the flow field, concentration of the active species, and estimated volume of

solution contained within the porous graphite felt, a theoretical capacity can be calculated. For the

static experiments performed in both ACN and PC an estimated capacity of roughly 19 milliamp

hours (mAh) was expected. For the additional flow experiments, studying PDO-L-AP in PC, a

larger volume of solution was used so the expected capacity was about 40 mAh. It should be noted

that this would be attained only if 100% of the active material in the cell was converted in a single

charge cycle, which is unlikely in this experiment. In order to ensure a complete fill, a minimal
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Figure 3.3: Flow cell experimental setup showing the dual syringe pumps, potentiostat, gas-tight
glass syringes, and flow cell.

amount of solution was slowly added to remove gas trapped in the cell. Once the solution filled

the cell and protruding plumbing, the tube was capped with the opposing syringe and locked into

place.

Flow studies were performed to investigate how operating parameters alter the average current,

charge capacity, and coulombic efficiency. Charging voltage and flow rate were varied and a single

charge-discharge was performed to study the impact of each operating parameter. The syringe

pumps were programmed to continuously cycle the solution many times back and forth to see if the

conversion of active species could be improved(66; 67; 68). Earlier work saw conversion of less

than 1% of the active material.
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3.3 Results and Discussion

Cycling of PDO-L-AP on each side of the reaction chamber in a symmetric flow cell was

conducted in static and flow conditions. Static experiments were performed to eliminate as many

variables as possible. The results could act as a baseline to compare results from flow experiments.

Flow experiments could be used to not only practically demonstrate the novel redox couple, but

also to direct operational parameters in future experiments.

3.3.1 Static Cycling and Cyclic Voltammetry

Cyclic voltammetry ofPDO-L-AP reveals a reversible one-electron reduction of the 4-acetlypyridnium

moiety at -0.81 V and a reversible one-electron oxidation of the phenothiazine 5,5-dioxide con-

stituent at 1.31 V. This suggests that an RFB with PDO-L-AP as the active species will display

an open circuit cell potential of approximately 2.12 V, shown in Figure 3.2. An overpotential of

0.28 V was applied to overcome internal losses and activation barriers, resulting in a charging

potential of 2.4 V. Initially both solutions were charged using CA. A constant voltage of 2.4 V

was applied for 300 seconds while charging and 0 V while discharging. This was done to observe

initial capacity and to determine a reasonable value for the charging and discharging current. For

the ACN solution, an initial current of 2 A with final current of 93 mA were observed. Much lower

currents were observed when testing the PC solution with an initial current of 87 mA and a final

current of 24 mA. The values for charging and discharging with a constant current were chosen

conservatively based on these results. Charging and discharging was thus conducted for 100 cycles

at 50 mA and 20 mA for another 100 cycles in ACN. For PC, values of 20 mA and 10 mA were

used.

Results from static charge-discharge cycling are shown in Figures 3.4 and 3.5. The ACN

solution showed higher current in the CA experiments and a higher capacity in CCD experiments

when compared to the experiments performed with the PC solution. This can be attributed to ACN

being less viscous and having a higher ionic conductivity. A coulombic efficiency greater than
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Figure 3.4: Cyclic charge-discharge experiments over 200 cycles using a current of 50 mA over
the first 100 cycles, followed by 20 mA from cycle 101 to cycle 201.

Figure 3.5: Cyclic charge-discharge experiments over 200 cycles while using a current of 20 mA
over the first 100 cycles, followed by 10 mA from cycle 101 to cycle 201.

90% was maintained throughout both series of experiments. Poor coulombic efficiencies would be

expected while using a microporous separator. This is because removing the selective membrane

enables active species to crossover more easily due to its increased porosity. This demonstrates

the viability of using a linked chemistry and a microporous separator in flow batteries. For both

solutions, the capacity decayed by around 80% after 200 cycles. A final charge capacity of 1.3 mAh
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was measured for the ACN solution and 1.7 mAh for the PC solution. Although initially at a higher

capacity, the PDO-L-AP in ACN retained less capacity after 100 cycles than that of the PDO-L-AP

in PC. This suggests that capacity fade is more rapid at higher charging currents. The permanent

capacity fade is thought to be attributed to diffusion of charged species out of reaction chamber,

reaction with impurities in the supporting electrolyte, and degradation of the active material itself

(primarily the anolyte portion).

3.3.2 Flow Cycling and Operating Parameter Analysis

Figure 3.6: Results from single recirculated constant 2.4 V charge-discharge cycle with equivalent
flow rates. When the pumps change directions the solution momentarily stalls causing a rapid
decrease in current.

Flow analysis was performed using the syringe pumps to control solution flow and a potentiostat

to apply a constant voltage while measuring current shown in Figure 3.3. Flow rate (mL/min) and

operating voltage (V) were altered independently to gauge their impact on the average current

measured (mA), charge capacity (mAh), and coulombic efficiency (%). The results from an
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Figure 3.7: Single recirculated constant 2.4 V charge-discharge cycle with a charging flow rate (5
mL/min) that is half the value used while discharging (10 mL/min).

experiment with a charging voltage of 2.4 V with equivalent flow is shown in Figure 3.6. To study

the differences in charging and discharging reaction kinetics, the pumping flow rate was set to 5

mL/min while charging and maintained at 10 mL/min while discharging. The results are shown

in Figure 3.7. The charging voltage was increased to 2.45 V and 2.5 V while maintain equivalent

flow rates of 10 mL/min, shown in Figures 3.8 and 3.9. This was to see if the current and capacity

could be increased as the true overpotential was unclear.

Results are summarized in Table 3.1. Since the supply of active material for these experiments

was limited, applying a constant current was seen as a risk when flowing. If there is a slight

deviation in the supply of active species to the electrode surface, sudden jumps in the potential

can occur. When this is measured by the potentiostat, the cycle can be prematurely ended. This

risks the potentiostat measuring the voltage after the active species reach an unstable oxidation

state and decompose. This is because the redox couple is only stable within a certain voltage

range determined using cyclic voltammetry. This value does not include overpotential required to
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Figure 3.8: Single recirculated constant 2.45 V charge-charge cycle with equivalent flow rates.

Figure 3.9: Single recirculated constant 2.5 V charge-discharge cycle with equivalent flow rates.
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overcome activation barriers. This has to be estimated or quantitatively determined using advanced

impedance techniques. The pumps were programmed to constantly recirculate solution regardless

of whether the system was charging or discharging. When the pump switches directions, the

solution momentarily stalls. The graphic in Figure 3.6 highlights rapid decreases in current during

both charging and discharging as the syringe pump switches directions. This can be attributed

to the active species being rapidly exhausted until the resulting flow returns fresh solution to the

electrodes’ surface. A more dynamic control system would be required to respond to instantaneous

fluctuations in current and voltage that are caused by fluid dynamics within the cell.

The results shown in Figure 3.6 indicated that the charging kineticswere slower than discharging,

which resulted in poor coulombic efficiency. To compensate for this imbalance, the charging flow

rate was reduced to 5 mL/min while discharging flow rate was maintained at 10 mL/min. This

improved the coulombic efficiency by 6% and the charging capacity by 2 mAh. The average current

did decrease by 2 mA due to the slower flow rate. The charging potential was increased by 0.5 V,

to 2.45 V. This increased the average current by 3 mA, but decreased the charge capacity by 1 mAh

and the coulombic efficiency by 2%. Although 2.4 V seemed to be the ideal charging voltage, it

was then increased to 2.5 V to further study and strain the stability of the linked redox couple. As

hypothesized, the coulombic efficiency suffered and decreased to 87%. The average current and

charge capacity did however increase slightly.

Table 3.1: Symmetric flow cell cycling results comparing average current, capacity while
charging, and coulombic efficiency while varying charging potential and flow rate.

Charging
Potential

Flow Rate Average
Current

Charging
Capacity

Coulombic
Efficiency

(V) (mL/min) (mA) (mAh) (%)
2.4 10 23 12 88
2.4 C:5/DC:10 21 14 94
2.45 10 24 13 92
2.5 10 25 14 87
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3.4 Conclusions

Permanent crossover-induced capacity fade decreases the operating capacity of typical RFBs.

The phenothiazine 5,5-dioxide system covalently linked via a propyl chain to 4-acetylpyridinum,

named PDO-L-AP, shows promise in demonstrating the use of a covalently linked anolyte-catholyte

redox couple in an RFB. This strategy could be a viable approach to both eliminate the need for an

ion-selective membrane and mitigate the impact of crossover in RFBs. The linked organic redox

couple was observed to:

• demonstrate the viability of a symmetric flow cell with a microporous separator;

• operate at high currents when dissolved in ACN;

• retain more capacity when charging at lower rates;

• maintain high coulombic efficiency throughout the experiments;

Flow was introduced, showing that:

• recirculation of the solution improved the material conversion rate to more than 30% from

less than 1% in previous flow experiments;

• charging and discharging electrochemical kinetics have different reaction rates;

• a variable flow rate could improve coulombic efficiency and charge capacity;

• increasing the charging voltage above 2.4 V resulted in poor coulombic efficiency.
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CHAPTER 4

IDENTIFYING AND QUANTIFYING LOSSES IN A MEMBRANELESS,
NONAQUEOUS, ORGANIC REDOX FLOW BATTERY USING ELECTROCHEMICAL

IMPEDANCE SPECTROSCOPY

4.1 Introduction

When developing an RFB, each component selection and the system design process impacts its

electrochemical performance. Analysis of these impacts, within a nonaqueous organic redox flow

battery, is discussed. Electrochemical impedance spectroscopy is used to determining an exact

overpotential necessary to overcome internal losses within the cell. Specifically comparing the

impact that replacing the ion-selective membrane with a microporous separator has on the losses

within an RFB. Other design considerations associated with redox couple synthesis, solvents,

supporting electrolyte, flow field geometry, reaction chamber design, porous electrode, and current

collectors are reviewed.

Experimental results support the hypothesis that internal resistance decreases in a redox flow

battery when a microporous separator replaces an ion-selective membrane as a medium for ion

transport. When compared, lumped cell resistance decreased by a factor of three. The experimental

procedure, data analysis techniques, and results described could direct future studies. Understanding

how specific components, materials, geometry, and flow phenomena affect performance is critical

to develop an inexpensive yet efficient redox flow battery.

RFBs are under consideration as a deployable, safe, and efficient electrochemical energy storage

device. One of the most significant challenges facing long-duration, grid-scale energy storage

technology is cost(31). Ion-selective membranes are a crucial component because they prevent

crossover and act as a medium for the transport of charge balancing ions; however, they are

expensive, require maintenance, and decrease the efficiency of the system over time. If the threat

of crossover induced capacity fade is mitigated, internal resistance could be reduced by replacing

the ion-selective membrane with a microporous separator. High resistance is prevalent across the
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Figure 4.1: Diagram of an RFB that includes the current collector, porous electrode, membrane
(separator for proposed linked chemistry), pumps, and the tanks. Several types of losses exist
within an RFB and can be associated with different components including ohmic, mass-transfer,
and charge-transfer losses.

interface between the membrane and the porous electrode. Figure 4.1 shows where specific types

of losses, specifically charge-transfer, and mass-transfer, exist within an RFB(69).

Contrary to typical secondary rechargeable cells, the reactants of a flow battery are dissolved

within a solution also containing charge-balancing supporting electrolyte. For example, typical

rechargeable li-ion batteries consist of a solid anode and cathode separated by a liquid solvent

containing supporting electrolyte. RFBs differ because they operate similarly to a combination of

a fuel cell and an electrolyzer(7). The design and size of the cell, electrode, storage reservoirs and

other components must reflect any change in the power or energy capacity. RFBs offer greater

flexibility when designing a system that mitigates internal losses because components related to
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power production can be altered independently of energy capacity components.

Equivalent series resistance in a li-ion cell can be categorized into three segments including

interfacial resistance in the electrode or current collector, ionic resistance in the solution, and

impedance in in the electrode’s structural design. RFBs share these but also include losses from the

supply of electroactive species to the electrode surface, crossover of unwanted species, and ohmic

resistance associated with an increased ionic path length from RFBs’ requiring larger overall cell

size is required to house components(70; 71; 72; 73; 48). Advection, in partnership with diffusion

and migration, is a key transport mechanism in RFBs. Due to this, performance is dependent on

the fluid dynamics within the cell. Altering the flow field geometry and pumping parameters adds

flexibility while developing an RFB that other forms of energy storage do not have.

Permanent capacity fade caused by crossover of electroactive species is a major challenge

facing researchers(73; 74; 46; 75; 76). A solution circulates through a reaction chamber that

enables energy to be stored or released as it flows across a membrane. The membrane mediates

the electrochemical reaction by allowing charge balancing ions to pass through while preventing

oppositely charged species from crossing over. Unless recovered, the presence of unwanted species

causes the capacity to fade over time and chemical decomposition of the redox couples.

This study aims to investigate impedance techniques as amethodwhich could be used to improve

RFBs performance and longevity. This was carried out by performing a literature review of how

RFB components impact losses, discussing how EIS has been used to study RFBs, determining how

to interpret results from EIS studies, and specifically comparing the internal resistance associated

with an ion-selective membrane to that of a microporous separator.

4.2 Redox Flow Battery Components’ Impact on Internal Losses

Design considerations impact ohmic, charge-transfer, and mass-transfer losses within an RFB.

Ohmic resistance (sometimes referred to as surface resistance) is associated with the physical

distance charged species have to travel(77; 78). Charge-transfer limitations are the result of sluggish

kinetics at the electrode(79). Kinetics are directly affected by characteristics of the electroactive
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species, solvent, and supporting electrolyte. Ohmic losses are associated with the current collector,

cell architecture, porous electrode, and membrane. Mass-transfer losses stem from an inadequate

delivery of species to the electrode surface. Flow field design, species concentration, diffusion

coefficients, and electrolyte velocity are characteristics that affect mass-transfer losses.

The linked redox couple that was previously discussed has the potential to increase energy

density and coulombic efficiency, while decreasing system cost and internal resistance. This could

allow RFBs to become a cost-competitive form of grid-scale energy storage. Trade-offs may have

to be made while developing the most cost-effective, yet efficient, system possible. Tables 4.1, 4.2,

and 4.3 categorize losses associated with specific components of an RFB as ohmic, charge-transfer,

mass-transfer losses(80).

Table 4.1: Components associated with ohmic resistance within an RFB.

Ohmic ('>ℎ)
Reaction Chamber
Current Collector

Porous Electrode Surface Area
Membrane

Table 4.2: Components associated with charge-transfer resistance within an RFB.

Charge-Transfer ('�) )
Sluggish Kinetics at the Electrode’s Surface

Redox Couple
Solvent

Supporting Electrolyte

Table 4.3: Components associated with mass-transfer resistance within an RFB.

Mass-Transfer ('") )
Flow Field Geometry

Inadequate delivery of Active Species to the Electrode Surface
Concentration of Ionic Species
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4.2.1 Chemistry Considerations

While developing an RFB, several chemical characteristics must be considered: solubility,

viscosity, energy density, cyclability, stability, and safety. These can be addressed through redox

couple, solvent, or supporting electrolyte selection. Several redox couples have been proposed,

generally containing inorganic materials(81). Examples are shown in Table 2.1. The most widely

accepted is the all-vanadium RFB. Organic redox couples have been proposed and offer advantages

over their inorganic counterparts(74; 30; 32). Organic molecules offer some advantages over their

inorganic counterparts. They can be produced virtually anywhere, tend to be less expensive, and

allow improvement of their molecular structure. Their structure can be changed to alter specific

properties such as stability, solubility, and energy density.

Losses in an RFB, associated with charge and mass-transfer, are affected by the chemical

characteristics of the redox species. To mitigate these losses, development of an organic compound

that promotes fast kinetics at the electrode is crucial. Active species concentration and electrolyte

properties influence the mass-transfer losses(60). Increasing solubility of the active species could

decrease mass-transfer losses by enabling a higher concentration of active species in solution. With

a solubility of 2 M, the proposed chemistry is an ideal RFB redox couple.

Previously reported results have shown that various carbazole, phenothiazine, and phenothiazine

5,5-dioxide derivatives can be prepared as electron donating groups which possess high oxidation

potentials, robust electrochemical stability, and suitable solubilities in nonaqueous solvents(36).

Reciprocally, modified pyridinium and extended viologen systems have been evaluated as electron

accepting anolyte materials capable of undergoing highly reversible reductions at low potentials.

Linkage of these two moieties can occur after satisfactory independent optimization of the redox

properties, solubility, or synthetic procedure of the solitary donor or acceptor species. Imple-

mentation of this synthetic approach has produced � − ! − � active materials capable of a net

one electron operation as well as � − ! − � − ! − � multielectron systems capable of a net two

electron operation(57). In the aforementioned multi-electron system, the donor moieties undergo a

one electron oxidation whereas the acceptor moiety undergoes a two-electron reduction. The RFB
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chemistry proposed at MSU has been developed using nonaqueous solvents that enable voltages

in excess of 3.0 V. The primary advantage of the proposed system is that the donor and acceptor

compounds are linked, producing a symmetric flow battery which mitigates the deleterious effects

of crossover of active material across the membrane, allows for continuous improvement, and the

use of a nonaqueous solvent(82).

Supporting electrolyte are crucial as they maintain a balanced charge. We have studied

Tetraethylammonium tetrafluoroborate ()����4) and Lithium hexafluorophosphate (!8%�6).

Others include that were initially considered include: sodium tetrafluoroborate (#0��4), potassium

tetrafluoroborate ( ��4), potassium hexafluorophosphate ( %�6), sodium perchlorate (#0�;$4),

and potassium trifluoromethanesulfonate ��3 $3(.Viscosity and solubility measurements, sum-

marized in Tables A.2 and A.1, aided in system development.

The supporting electrolyte and redox compounds must be dissolved into a solvent. Choosing

a solvent with high ionic conductivity and low viscosity helps mitigate mass-transfer losses. The

solvent acts as a media for the redox reactions to occur. Using an aqueous solvent in an RFB

prevents the cell voltage from reaching any value higher than 1.2 V(82). Nonaqueous solvents can

reach cell voltages much higher than 2 V. While higher voltages can be achieved, there are several

drawbacks. Nonaqueous solvents are more expensive and more reactive with dissolved components

in the system when compared to an aqueous solvent. Propylene carbonate (PC), acetonitrile (ACN),

ethylene carbonate, acetone, ethylene glycol, sulfuric acid (�2($4) and hydrogen peroxide ( $�)

are examples of nonaqueous solvents used in flow batteries(50; 83; 84; 85). Solvent choice can

affect a range of a characteristics of the system, from material compatibility to the solubility of

the active species. Acetonitrile is commonly used as a solvent for nonaqueous RFBs(86). This is

primarily due to its high ionic conductivity and cell potential window(87).

4.2.2 System Design and Manufacturing Considerations

RFBs are typically composed of several parts including the flow cell, plumbing, current col-

lector, porous electrode, an ion-selective membrane, storage tanks, a battery management system,
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heat exchangers, and pumps. When the active species reaches the end of its usable life, it can be

easily be replaced by draining the tanks without replacing all the components. The anode, cathode,

and electrolyte are sealed within the cell. RFBs enable the reuse of cell components because the

anolyte, catholyte, and supporting electrolyte can be drained from the system and refilled with

fresh solution. This decouples the energy storage from the power producing components. A new

perspective can be used when developing these electrochemical systems. An RFB’s performance

and durability are influenced by engineering decisions related to system components including: the

flow field geometry, reaction chamber, porous electrode, current collector, and membrane.

4.2.2.1 Flow Field Geometry

Electrochemical performance is impacted by alterations to the geometry of the flow cell. Natural

transport mechanisms such as diffusion, advection and capillarity can be enhanced by the flow field

and current collector design(7). The flow rate can be optimized to minimize losses within a flow

cell and stack(88). To maximize the conversion of active species the the cell must be designed

with a flow field that improves mixing of the active species containing solution. This is to maintain

the rate of the reaction by supplying fresh active species to the surface of the electrode as fast

as they can be converted. This can increase the charge capacity by improving the conversion

rate. The ideal cell geometry is not immediately obvious. Figure 2.6 shows several designs

of the flow field that contain ridges and channels that could potentially decrease mass-transfer

losses by enhancing through advective (also referred to as convective) transport(7). Flow field

geometry design considerations can be separated into three categories: sizing, shape, and topology

optimization(89). Understanding the effect of fluid dynamics and electrochemical kinetics on

performance is critical. This configuration is commonly referred to as an interdigitated flow field

geometry(90; 91; 92; 47). Ridges, channels and, other geometric features change the velocity of

the fluid. Fluid velocity is advections’ primary driving force. Ridges, channels, and other flow

impeders force fresh solution into the porous electrode, there-by increasing supply of active species

to the electrode surface.
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Previous studies, which focused on RFB flow field optimization, applied theories related to the

design of thermal-fluid flow systems(89). Flow phenomena was modeled as a forced convection

problem. The concentration of vanadium species was treated as passive scalars governed by forced

advection. Fluid flow of the active species, through the RFB, impacts the electrochemical kinetics.

This is defined through fundamental equations that describe ion and mass transport.

Equation 4.1, the Nernst-Planck equation, describes the mass and ion transport of a species by

relating the flux of ions (#8) to the concentration (28) and potential (q) gradients . The flux of

ions is determined through migration, diffusion, and convection terms. Other parameters include

the charge of the species (I8), Faraday’s constant (�), mobility of the ion (D8), diffusion coefficient

(�8), and the molar average velocity of the fluid (D). The subscript i denotes the species of interest.

Equation 4.2, the Butler-Volmer equation, describes the electrochemical kinetics at the electrodes

by relating the average current density (8) and the surface overpotential ([B). Other parameters

include the exchange current density (8>), universal gas constant ('), temperature ()), and anodic

or cathodic transfer coefficients (U0,2)(7).

#8 = −I8 D8 �28 ∇q − �8∇28 + 28D (4.1)

8 = 8> [4G?((U0[B)/'))) − 4G?((U2[B)/'))] (4.2)

Mass-transfer resistance within the cell can be mitigated by delivering fresh species to the

electrode surface. This will be significantly impacted by the flow field geometry. The impact that

fluid dynamics has on transport is captured by the last term in Equation 4.1 involving the flow

velocity. Replacing the activated species with fresh solution through mixing is crucial to ensure

the highest charge-discharge efficiency and to maximize usage of active species. Turbulent flow

is characterized as a flow that has variances in speed and direction of the fluid. Laminar flow

is characterized as a sheet-like flow with uniform velocity. Turbulent flow is defined as having a

Reynolds number greater than 2900, while laminar flow is defined as having a Reynolds number less

than 2300. The fluid velocity (D), characteristic length (;), density (d), and dynamic viscosity (`'4)

are used to calculate the Reynolds number with the formula: '4 = Dd;/`'4.Turbulent flow will
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ensure mixing and requires a high fluid velocity (E). A higher value of E will increase convective

transport.

Promoting turbulent flowwithin the cell will increase the amount that the solution is mixed. The

length of a path that the fluid is forced through and the velocity, are variables that can be modified

to generate turbulent flow within the cell. Fins, channels, and other turbulent promoting structures

can be added to the flow field in order to replace the active species at the electrode surface through

mixing that occurs with turbulence. This can increase mass-transfer rates through mixing and a

higher electrolyte velocity. The novel chemistry minimizes the issue of crossover but requires a

system design that is unique. The chemical reaction kinetics have not been studied in detail. The

use of fins to distribute flow, determining the geometry of the reaction chamber and flow field, and

material choices will be explored.

4.2.2.2 Reaction Chamber

The flow cell cavity should be entirely filled with solution during operation. Any unused space

can be considered a waste. The inlet and outlet of the chamber should promote even distribution

across the whole flow field. The distribution of solution across the flow cell was discussed

in Chapter 2. To maximize conversion rates, the flow through the cell should be distributed

uniformly to increase active species conversion and contact with the electrode surface area. The

electrochemistry was not considered when the CFD model was developed. Future modeling may

couple fluid dynamics with electrochemical kinetics within an RFB.

The reaction chamber encompasses the porous electrode, flow field, and current collector. To

reduce ohmic losses, the depth of the chamber must be as small as possible. This is because ohmic

resistance increases with path length. A zero-gap architecture can decrease ohmic losses in the

current collector and the porous electrode(60; 2). This means that the current collector, membrane,

and electrodes are in direct contact with one another to reduce ohmic losses. Since the reaction

chamber houses these components, it must be designed with the shortest distance between each

electrode, while still housing the critical components in a way that allows efficient operation.
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To improve the capacity, it is critical to maximize the conversion of active species from one

oxidation state to another through the reaction chamber, in a single pass. Many RFBs recirculate

the anolyte and catholyte through the cell many times in order to increase the overall conversion

rate. Reactant conversion rate is an issue that is present with all types of flowing reactors. If the

electrode near the outlet of the chamber is starved, parasitic reactions can occur. This can cause

parasitic reactions such as gas evolution or electrode corrosion can occur(2). There is not a clear

solution as to how to fix this issue.

4.2.2.3 Porous Electrode

Flow batteries typically include a porous electrode that allows the active species to flow through

it to maximize the conductive surface area, which decreases charge-transfer resistance. A porous

electrode’s internal surface area is referred to as its brunauer-emmet-teller or (BET) surface area(93).

This is measured as a materials’ ability to adsorb gas molecules on its surface. A thicker porous

electrode increases the surface area for the electrochemical reactions to occur; however, ohmic

losses will increase due to an increased ionic path length and a denser structure will increase

hydro-static losses associated with energy required to drive the flow(45). It has been shown that a

higher local velocity in the porous electrode was observed when an electrode with higher porosity

was used(89). This means that number and size of pores will alter the fluid flow and affect the

electrochemical performance. The generation rate of active species, at the electrode surface, directly

correlated to the local fluid velocity. Less porous electrodes restrict the flow of the solution, which

increases the energy required for pumps. This was previously discussed in Chapter 2.

Graphite felt is commonly used in RFBs as a porous electrode. Althoughwidely accepted for use

in flow batteries, there are limitations to be considered. Xing et al. investigated the effects different

solvents have on the graphite electrode in li-ion batteries(94). The use of propylene carbonate

instead of ethylene carbonate caused catastrophic exfoliation of the graphite structure. As literature

has revealed, standalone graphite felt can be improved using various techniques. Electrodematerials

must have high electrical conductivity, good mechanical properties, strong chemical resistance, and
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offer a long lifecycle to prevent maintenance costs. Carbon basedmaterials are optimal because they

do not generally undergo dissolution or permanent oxidation while chemical oxidation is occurring.

Skyllas-Kazacos et al. summarized the various porous electrode designs that have been proposed

for different RFB chemistries(95; 96). The reaction kinetics of the system must be evaluated when

considering an electrode material. For example, carbon felt, with traces of gold and lead, was found

suitable for iron-chromium RFBs. Another method of improving the characteristics of the felt is

to thermally treat the felt or use sulfuric acid as well as heat to improve its chemical properties.

Rather than using graphite felt, carbon fiber has been proposed as an electrode material due to its

high conductivity and strong mechanical properties. Carbon or graphite can be heat bonded onto

conductive plastic sheets to increase the chemical properties and electrical conductivity. Electrode

materials must be resistant to overcharge to prevent degradation. Carbon-based electrodes allow

for current density ranges up to 100 <�/2<2, but with novel composite electrode materials being

developed, higher current densities can be achieved(95).

4.2.2.4 Current Collector

Flow in an RFB is necessary to replace reactants at the electrode surface. The two basic types of

flow configurations can be categorized as either flow-through or flow-by. In a flow-by configuration,

fluid flow is perpendicular to current flow. In a flow-through configuration, current flow is parallel

to fluid flow(7). Determining which configuration is best suited for the RFB comes down to how

each configuration affects the performance of the battery and cost. Studies including, one dating

back to 1979, found through numerical analysis that the flow-by configuration was superior from

an economic and functional standpoint(97). Choosing a current collector material is dependent

upon the material cost and electronic conductivity, meaning the current collector must be highly

conductive yet inexpensive. Inert metals are a common choice as current collectors. An inert

metal, such as a noble metal, is characterized by its resistance to corrosion and oxidation. Metals

such as this are relatively expensive and include silver, platinum, gold, iridium, osmium palladium,

rhodium and ruthenium. For this reason, stainless-steel has also been considered as a conductive
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electrode material due to its inert qualities; however, trace amounts of iron still exist in stainless

steel alloys. Ferrous ions at a concentration of several `</! have been observed to be released

when an electric pulse is applied to a stainless-steel electrode and can lead to oxidation(98).

4.2.2.5 Membrane

There are several types of membranes or separators used in batteries including nonwovens,

supported liquid membranes, polymer electrolyte, solid ion conductors, microporous separators,

and ion-selective membranes(99). Typical RFBs require an ion-selective membrane to separate

the redox active species, act as a transport medium for charge balancing supporting electrolyte,

and prevent a short circuit. If the active species mix, the RFB will self-discharge and permanently

lose charge capacity if not rebalanced. The membrane selectively permits the conduction of charge

balancing ions while also preventing the mixing of the redox couples. There are three mechanisms

involved in active species crossover through the membrane: diffusion driven by the concentration

of active species, migration driven by a potential gradient, and advection driven by a pressure

gradient(100; 101).

An ion-selective membrane acts as a medium for charge balancing ions to travel from one

electrode to the other along a concentration gradient. It is a negatively charged material that

repels anions and allows the migration of cations. An ideal membrane must have pores that are

large enough for cations to pass through, while small enough to prevent the active species from

crossing over. Nafion extrusion cast membranes are a common choice for RFBs, fuel cells, and

electrolysis applications. Their chemical stability and proton selectivity make them ideal separators

for typical RFBs. Zhou et al. found current efficiencies greater than 90% with Nafion 112 and 115

membranes when testing a vanadium RFB(100). It is common to pretreat Nafion membranes to

alter its performance(52; 53). Celgard 2400 has previously been used as a microporous separator

in nonaqueous RFBs(53; 51). Bang et al. found that using a modified electrospun Nafion/PVA

fibrous membrane resulted in a higher coulombic efficiency than a Nafion 212 or Celgard 2400

membrane(51). Using the Celgard 2400 separator decreased the coulombic efficiency due to its
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non-selectivity resulting in an increase in crossover of unwanted species.

A significant difference between an ion-selectivemembrane and a simplemicroporous separator

is its porosity. A microporous separator has a pore size of 5-10 =< while ion-selective membranes’

pores are less than 2 =<(99). By increasing the size of the pore that the cations pass through, the

ohmic resistance within the cell is decreased. In a symmetric RFB, the active species may still

crossover as they do with a typical membrane; however, it will return to its proper state during

normal operation. In a typical RFB, the anolyte and catholyte molecules are different. Once

improperly mixed, they can’t easily be separated and reused.

4.3 Experimental

EIS was used to investigate howmuch influence the separator or ion-selective membrane has on

internal resistance. Several methods have been used to investigate electrochemical phenomena in

RFBs using EIS(102; 80). Experimental procedures and data analysis techniques were compared

to quantify the benefit of using a linked chemistry and a microporous separator rather than an

unlinked chemistry paired with an ion-selective membrane. Losses associated with the transport

of charge balancing ions across the separator medium were evaluated. A Scribner RFB test fixture

was assembled with an electrode area of 5 2<2. A solution was synthesized to act as a medium

for ion transport. )����4 was chosen as a supporting electrolyte and had a concentration of 1

M while the novel molecule had a concentration of 0.1 M. Both species were dissolved in PC. EIS

was run using a Gamry reference 3000 potentiostat. The hypothesis that using a simple separator,

rather than an ion-selective membrane, will greatly reduce internal cell resistance was tested. One

experiment included using an untreated Nafion 117 membrane and a Celgard 2400 microporous

separator. During EIS, an alternating current or potential is applied to an electrochemical cell

while measuring the resistance(69). Gamry offers a basic tutorial on running EIS with their

devices(103; 104; 105). EIS was run in a two-electrode configuration which includes the working

and working sense electrodes attached to the current collector on one side of the cell and the

reference and counter electrodes attached to the other floating ground and counter sense electrodes
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were not used. A porous electrode, manufactured by Sigracell, with a BET surface area of 750 2<2

was used. Electrochemical measurements were performed with a starting frequency of 100 kHz to

a final frequency of 0.01 Hz. A sinusoidal AC voltage of 10 mV rms was applied to the cell.

4.3.1 Results and Discussion

Figures 4.2 and 4.3 show the resulting bode and nyquist plots produced from the experiment

studying the nafion ion-selective membrane. These plots were fit using a theoretical equivalent

model shown in Figure 4.5. Individual components are grouped together to represent phenomena

observed in the physical world. Figure 4.4 shows the results and the experimental parameters. The

lumped cell resistance was the only parameter that was significantly affected when the separator

was altered. It was shown that an ion-selective membrane increased this value by a factor of three.

Figure 4.2: Resulting bode plot fit with a theoretical equivalent circuit model. The dots are the
experiment points measuring impedance at various frequencies and the solid line is the equivalent
circuit model’s fit.
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Figure 4.3: Resulting nyquist plot fit with a theoretical equivalent circuit model. The dots are the
experiment points measuring impedance at various frequencies and the solid line is the equivalent
circuit model’s fit.

Figure 4.4: Experimental parameters and lumped cell resistance comparing an ion-selective
membrane (Nafion 117) and a simple microporous separator (Celgard 2400).

4.3.2 EIS Equivalent Circuit

After performing an EIS scan, the resulting data can be fit to a theoretical model network

of components(80; 102). The next step is to determine how many components are required.
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Figure 4.5: Equivalent circuit developed to evaluate RFBs using EIS.

Generally, simplifying a system by using the least number of components possible is better to

enable development of a realistic comparison. The network should correspond to a relatable and

physically intuitive model. Once a realistic model is developed, the next step is to evaluate the

accuracy by fitting it to experimental data from an EIS scan. The error bar corresponding to each

of the values, calculated during the fitting process, must be smaller than the component’s value.

The third metric that can be assessed is the “goodness of fit” or -2 value(103). This value can

indicate increases in accuracy from specific modifications once the first two metrics are evaluated.

For example, if the value decreases by a factor of 10 or 100, when a component is added or removed

from the model, it is an indication of increased accuracy of the model network’s representation of

the experimental system and resulting data.

Existing literature was used to analyze results from the EIS experiments(102; 80; 103; 78; 106).

An equivalent circuit can be used to fit the resulting nyquist and bode plots to a series of theoretical

components. These components may include a combination of resistors, capacitors, inductors,

and other theoretical components that have been deemed useful for the analysis. Gamry’s analysis
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software, echem analyst, was used to fit a theoreticalmodel to the results. As previously summarized

in Tables 4.1, 4.2, and 4.3, losses can be categorized into three primary types including ohmic

resistance ('>ℎ), charge-transfer resistance ('�) ), and mass-transfer resistance ('") ).

Literature revealed that there are different approaches to circuit modeling. Escalante et al.

proposed a comprehensive model used to evaluate how separators affect the performance of a

VanadiumRFB(102). Mazur el al. proposed a four-point evaluationmethod to study the distribution

of ohmic and faradaic losses within a Vanadium RFB with the goal of the model(80). The proposed

equivalent circuits were used to fit experimental data. The viability and quality of fit were compared.

The equivalent circuit, shown in Figure 4.5, was used to evaluate the results. Each equivalent

circuit component that is used will impact the analysis differently and can be paired to study lumped

cell resistance, inductive behavior in the leads, the reaction at the electrode, and high frequency

behavior(102). An inductor (!) can be added to represent inductive behavior from the formation

of a surface layer, like fouling or a passive layer, or from errors in the measurement. It can also

be used to measure inductive in the leads. A series of resistors can be used to measure lumped

cell resistance ('��), electrode resistance ('� ), and high frequency resistance ('�). A warburg

element (l) accounts for diffusion resistance associated with the electrode reaction(77). Constant-

phase-elements describe the electrochemical double layer capacitance from mass transport limited

diffusion from the electrode reaction (�%�� ) and high frequency behavior (�%��).

4.4 Conclusions

Proper application of the techniques and theories described will allow the development of highly

efficient RFBs, enabling the modernization of the electrical grid and the integration of low-cost

renewable energy sources on a large scale. Literature review has led to a better understanding of

synthesizing redox couples, manufacturing flow cells, and performing electrochemical experiments.

EIS was performed to study the resistance associated with the membrane. The hypothesis that

replacing an ion-selective membrane with a microporous separator would decrease resistance in

the cell was confirmed. Although this was expected, quantifying it helps when developing a
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complex RFB. These results, a validated experimental procedure, and analysis method could be

used to evaluate previously mentioned design considerations quantitatively. For this reason, EIS

has proven to be a valuable tool to:

• demonstrate that internal resistance decreases when a microporous separator replaces an

ion-selective membrane;

• compare components which impact electrochemical performance;

• develop a procedure to analyze individual components of RFBs.

Future work will compare experimental results that employ theories and techniques that were

described in this study. Incorporation of the procedures described can be used to investigate the

effect that each unique design consideration has on internal resistance. RFB performance could be

iteratively studied and improved at a component level.
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CHAPTER 5

INTERRELATIONSHIP BETWEEN EXTENDED TRANSPORT PATHWAYS OF
MIXED CONDUCTING ELECTRODES AND DELAMINATION IN SOLID OXIDE

ELECTROLYZER CELLS

5.1 Introduction

A microscale model was developed to investigate the delamination of the oxygen electrode in

a Solid Oxide Electrolyzer Cell (SOEC). A cell consists of a solid-state electrolyte of Yttrium-

Stabilized Zirconia (YSZ), a Mixed Ionic and Electronic Conducting (MIEC) buffer layer of

Gadolinium-Doped Ceria (GDC), and a Lanthanum Strontium Cobalt Ferrite (LSCF) MIEC elec-

trode. YSZ is a pure ionic conductor, with oxygen vacancies being the only mobile species; GDC is

a mixed oxygen vacancy (high) and electron (low) conductor whose transference number depends

on the gas composition and temperature; LSCF is also a mixed conductor, but with much higher

electron hole conductivity than that of oxygen vacancy. The dopant is immobile and maintains

charge neutrality together with other charged species. It has been hypothesized that competition be-

tween the two-phase boundaries (2PBs) and three-phase boundaries (3PBs) leads to an unbalanced

lattice structure, which causes expansion, and results in delamination. To counter the delamination

mechanism, a thin and highly electronically conductive bilayer of tantalum doped Strontium Cobalt

oxide (SCT) was added. It was found both experimentally and throughmodeling that using a bilayer

electrode enhanced the 2PB oxygen evolution reaction could be enhanced, thereby decreasing the

imbalance and preventing delamination.

Hydrogen (�2) gas generation, storage, and consumption is being considered as a viable

form of long duration, grid-scale energy storage(107; 108; 109; 110; 111). The combination of

efficient electrolyzers and inexpensive renewable energy have great potential for decarbonizing the

electrical grid and transportation. �2 can be produced and used in fuel cells through electrolysis

and electrochemical recombination reactions. Swiss scientist Christian Friedrich introduced the

concept of fuel cells in 1839 as a device capable of combining �2 with oxygen(112; 8). Shortly
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after, English scientist William R. Grove confirmed the technical feasibility of fuel cells as a power

generation technology(113). From there, many fuel cell configurations and materials have been

proposed and implemented as an efficient form of power generation(8; 114; 9; 115). Fuel cell

operation can also be reversed by supplying power to the cell and producing hydrogen and oxygen

through electrolysis reactions. Electrolysis cells, sometimes referred to as water electrolyzers, can

provide energy storage in the form of the gaseous �2 and oxygen they produce. Electrolyzers

can be classified by their operating temperatures and associated components. Low temperature

systems operate below 100◦�, use ion exchange membranes and expensive catalysts, and have

energy efficiencies of about 75%(116).

A primary disadvantage of low temperature electrolysis is that it requires a large amount of

electricity. High temperature electrolyzers are energetically favorable in the sense that electrolysis

of water is increasingly endothermic as the temperature rises(9). Operating at temperatures between

100◦� and 850◦� reduces the electrical power required due to the thermal enhancement of the�2$

splitting process, potentially achieving 100% efficiencies(10). Since the thermal energy required

for the electrolysis reaction can be obtained from waste heat produced within the cell, the electrical

energy demand is reduced which decreases the �2 production price. The price can be decreased

further if the heat required is supplied by an external source such as nuclear power, renewable

energy, or waste heat from another process.

This study focuses on high temperature electrolysis cells, specifically Solid Oxide Electrolysis

Cells. SOECs are an appealing electrolysis technology because of key differences, when compared

to typical low temperature electrolysis cells, including a significant power increase and higher

efficiencies(9). It is well known that SOECs suffer from oxygen electrode-electrolyte interface

delamination during operation, but the physics involved are not fully understood(114). A clearer

understanding of the electrochemical processes involved in porous or composite electrodes is

needed(117). It is crucial to determine the primary delamination mechanism within the composite

electrodes to increase the durability of SOECs, aiding the adoption of �2 as a form of utility-scale

long duration energy storage.
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We describe the primary reaction pathways of interest, namely the 2PBs and 3PBs through

which the oxygen desorption and evolution reactions occur. Treatment of each of these boundaries

has been discussed in the literature(8; 12; 118; 119; 120; 121). Specifically, for the interface

between 2PBs at gas/MIEC electrode interface, there have been debates whether the reaction of

interest is chemical or electrochemical in nature(8; 12; 122). Adler et al. described this as a

purely chemical process governed by the neutral combination of species; however, Huang and

Goodenough described this process as an electrochemical reaction(8; 12). Experimental studies

have indicated that the gas/MIEC electrode interface reaction is a multiple-step process that involves

charged species and could be electrochemically driven(123; 124; 125). Inspired by prior work,

in this model, we treat the overall reaction as a combination of oxygen desorption and oxygen

evolution reactions. The former is a chemical reaction (i.e., it does not consume or generate any

net charge), whereas the latter is an electrochemical reaction driven by surface overpotential. We

hypothesize that competition between the 2PBs and 3PBs results in a species transport imbalance.

This imbalance strains the lattice structure and is thought to be the primary mechanism responsible

for delamination. Microscale model theory, parameter selection, experimental validation, and

results are discussed. The results of the model support our hypothesis, which is that at high

overpotentials the reaction at the 3PB dominates the overall current over the 2PB. The 2PBs’

surface area is several orders of magnitude larger than the 3PBs’, which leads to a large imbalance

of current and delamination of the electrode. Further experimental analysis and numerical results

demonstrate that the 2PB reaction can be enhanced by adding a thin bilayer of Tantalum doped

Strontium Cobalt oxide SCT. This reduces the imbalance and could prevent delamination.

5.2 Microscale Model Theory

Figure 5.1 depicts the idealized model domain and boundary conditions used to describe

transport phenomena within a SOEC. The governing equations for each domain are summarized in

Table 5.1. The boundary conditions for each interface are shown in Table 5.2. To investigate the

delamination mechanism, a microscale model was developed. The numerical model was built in

63



Figure 5.1: An SOEC’s oxygen electrode and electrolyte layers shown with the boundary
conditions and governing equations. These describe the flux � of each of the species in the
electrode and electrolyte layers. The model domain includes a small section of YSZ and GDC
layers a single particle of LSCF particle having Width (,) and length (;) of 20 `<.

Table 5.1: Charge carriers, dependent variables, and governing equations describing the transport
phenomena within each layer shown in Figure 5.1.

Domain Charge
Carriers

Dependent
Variables

Governing
Equations

YSZ V q ∇�E,HBI = 0
�E,HBI =

(
f8∇q
�IE

)
GDC V,e 2E , q ∇�4,632 = 0

�4,632 = −�4,632
(
∇24,632 + /4�') 24,632∇q

)
LSCF V,h 2E , q ∇�E,;B2 5 = 0

�E,;B2 5 = −�E,;B2 5
(
∇2E,;B2 5

)
COMSOL v5.4, using the coefficient form partial differential equation module. Figure 5.2 shows

the geometry and domain of interest. Ion transport proceeds from bottom up, starting from the �2

electrode, through the electrolyte (YSZ) which is only conductive to oxygen ions, through buffer

layer of a MIEC (GDC), and finally through a mostly electronically conductive electrode (LSCF).
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Table 5.2: Boundary conditions used to describe 2PBs and 3PBs within an SOEC consisting of a
solid-state,multilayer electrolyte-electrode structure shown in Figure 5.1.

Interface Boundary Condition

YSZ/Ni-GDC �E,HBI =
8>
�IE

4
(
U=�[B,H6=

')

)
− 4

(
−U2�[B,H6=

')

)
(In YSZ) (2PB) q4@ = 0
YSZ/GDC �E,HBI = �E,632, qHBI = q632

(In YSZ) (2PB)
YSZ/GDC �E,HBI = �E,632, qHBI = q632, �4,632 = 0

(In GDC) (2PB)
GDC/$2(6) �E,632 = :2ℎ4<,632 (2E,632,> − 2E,632)

(2PB) �4,632 = 2:2ℎ4<,632 (24,632,> − 24,632)

GDC/LSCF/$2(6) �4,63?1 =
8>
I4�

4
(
U=�[B,63?1

')

)
− 4

(−U2�[B,63?1
')

)
(3PB) �ℎ,;3?1 =

8>
Iℎ�

4
(
U=�[B,;3?1

')

)
− 4

(−U2�[B,;3?1
')

)
[B,63?1 = +24;; − q632 − �4@ , �4,632 = 0
[B,;3?1 = +24;; − q;B2 5 − �4@ , �ℎ,;B2 5 = 0

GDC/LSCF �E,6; =
8>
�IE

4
(
U=�[B,6;E

')

)
− 4

(−U2�[B,6;E
')

)
(2PB) [B,6;E =

`E,;B2 5 −`E,632
2� − �4@

�4,6; =
8>
�I4

4
(
U=�[B,6;4

')

)
− 4

(−U2�[B,6;4
')

)
[B,6;4 =

`4,632−`ℎ,;B2 5
�

− �4@
LSCF/$2(6) (2PB) �E,;B2 5 = :2ℎ4<,;B2 5 (2E,;B2 5 ,> − 2E,;B2 5 )

LSCF/GDC �E,;B2 5 = �E,6;
(In LSCF) (2PB)

A gas/solid interface reaction occurs at the surface of both the GDC and LSCF layers where oxygen

ions ($′B) may become oxygen gas($2(6)). Electrons move from LSCF to an external circuit. A

cylindrical geometry was chosen to represent the porous electrode with LSCF particles stacking

together to form the solid matrix, following the work of Lu et al.(117). This approach allows us

to qualitatively represent the electrode structure and observe the fundamental transport processes.

Direct simulation of the porous microstructure would require advanced imaging techniques, which
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Figure 5.2: Diagram of idealized model domain which represents the complex electrode structure
with cylindrical geometry.

was not undertaken here. It is believed that the 2D cylinder representation can be a valuable analysis

tool, and direct microstructural simulation remains an interesting avenue for future work.

The transport pathways involve several charged species, including electrons (4′), electron holes

(ℎ·), and oxygen vacancies (+ ··
$
), which are expressed using Kröger-Vink notation(126). The

principal defect-forming could arise either from doping or from reduction/ oxidation reactions at

solid-gas interface. Several categories of boundaries exist within the model including insulation,

2PBs, and 3PBs. Treatment of each of these boundaries and considerations while developing a

multi-phase microscale model are discussed. The structure of the mixed-conducting LSCF sub-

phase was represented as a cylindrical rod. This structure is related to the porosity and surface area.

The rod was assumed to be highly conductive and electrically interconnected. These assumptions

imply that the rod has a uniform electrochemical potential and is representative of the electrode as

a whole(117).

Three types of material interfaces exist in a SOEC including:$2(6)/ MIEC 2PB, $2(6)/ elec-
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Figure 5.3: Diagram of transport pathways and equations and diagram of Helmholtz Model used
to demonstrate the separation of charge at an electrode-electrolyte interface. Note that (B03)
represents adsorption sites on the surface of the electrode.

Table 5.3: Elementary reactions shown in Figure 5.3.

No. Reaction
1 $′B + ℎ· ⇔ 1

2$2(6) + (B03)
2 $-

$
+ ℎ· + (B03) ⇔ $′

03
++ ··

$

3 $
j

$,632
++ ··

$,;B2 5
⇔ $

j

$,;B2 5
++ ··

$,632

4 $
j

$,632
+ ℎ·

;B2 5
⇔ + ··

$,632
+ 1

2$2(6)

Table 5.4: Source term expressions derived to describe oxygen desorption and oxygen evolution
reactions in the SOEC’s multilayer electrodes shown in Figure 5.3.

No. Source Term Expression
1 A1 = [: 5 \2

> − :1%$2\
2
B ]

2 A2 = :8=2,0

[(
(1−\>)2ℎ,;B2 5
(1−\>,0)2ℎ0,;B2 5

)
4G?

(
U2�Δj
')

)
−

(
\>2E,;B2 5
\>,02E0,;B2 5

)
4G?

( (1−U2)�Δj
')

)]
3 A3 = 803

[(
2E,;B2 5
2E0,;B2 5

)
4G?

(
U3�[3
')

)
−

(
2E,632
2E0,632

)
4G?

(
− (1−U3)�[3

')

)]
4 A4 = 804

[(
2ℎ,;B2 5
2ℎ0,;B2 5

)
4G?

(
U4�[4
')

)
−

(
2ℎ,632
2ℎ0,632

)
4G?

(
− (1−U4)�[4

')

)]
trode/ electrolyte 3PB, and electrode/ electrolyte interfaces. Gas/electrode 2PBs are present at the

GDC/ $2(6) and LSCF/ $2(6) interfaces; 3PBs are present at the LSCF/ $2(6)/ GDC interface;

continuous charge transport occurs across the YSZ/ GDC and GDC/ LSCF interfaces. Treatment

of each of these boundaries has been discussed in the literature(8; 12; 118; 119; 120; 121). There
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are two major transport pathways. A representation of this is shown in Figure 5.3. The primary

reactions are listed in Table 5.3 and the source term expressions are shown in Table 5.4. In the 2PB

pathway, lattice oxygen in the GDC phase must first jump to the LSCF phase. Next, lattice oxygen

in LSCF can become an adsorbed oxygen atom on the electrode surface, leaving an electron and an

oxygen vacancy. Lastly, the surface oxygen can desorb from the surface and become a free oxygen

molecule in the gas phase. The first two reactions are electrochemical in nature and are modeled

by Butler-Volmer type expressions; the last reaction is purely chemical, which is dependent on the

LSCF oxygen site coverage and the oxygen partial pressure in the gas phase. In the triple-phase

boundary (3PB) pathway, only one electrochemical reaction occurs, in which lattice oxygen in the

GDC phase can combine with an electron hole from the LSCF phase and produce gaseous oxygen.

The double layer at the electrode (GDC/LSCF)-electrolyte (YSZ) interface was modeled based

on the theory described by the Helmholtz double layer model(127). LSCF is a highly electronically

conductive MIEC electrode. It is assumed that the Fermi level electrochemical potential is uniform

across its entire thickness. As previously described, the charge transport model within this domain

can be reduced to a modified form of Ohm’s law(11). Nernst-Planck theory is still needed to

describe transport across the GDC electrolyte as it does not have a uniform fermi level potential,

with a relatively low electronic conductivity but a very high ionic conductivity.

5.3 Experimental Validation and Model Parameters

According to the Kroger-Vink notation, the principal defect-forming reactions could arise

either from doping or from reduction at a solid/gas interface. Here, as shown in Table 5.2, we

listed boundary conditions that describe the reactions and the dominating charged species in the

materials of interest, including YSZ, GDC and LSCF. The concentration of the charged species

will affect the properties of the associated materials, such as conductivity. In this paper, all the

parameters are from experimental measurements published in the open literature(118; 128; 129;

130; 131). They were adjusted in accordance with experiments performed by our team at the

University of South Carolina and are listed in Figure 5.5. The specific material formulas are: 8%
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.2$3 fully stabilized /A$2 (8YSZ), lanthanum strontium cobalt ferrite (!00.6(A0.4�>0.4�40.6$3

(LSCF)), gadolinium-doped ceria (�41−G�3G$2−X(GDC)), Tantalum doped Strontium Cobalt

Oxide ((A�>0.9)00.1$3−X(SCT)). The electron hole mobility in LSCF is assumed to be the same

as that of electrons in GDC.

Table 5.5: Reaction kinetic parameters included while developing the model from literature,
some were adjusted using experimental data (denoted by ∗).

Material Parameters Single Layer Reference
Interface (Units) /Bilayer
YSZ/GDC Exchange current

density ( �
<2 )

4000 (128)

GDC/LSCF Exchange current
density ( �

<2 )
3600/11000 (128)

GDC/$2(6)
Exchange current
density( �

<2 )
7200/22000 (128)

Reaction rate constant (<>;
<2B

) 0.02 (118; 130)

LSCF/$2(6)

Equilibrium surface
oxygen coverage

0.07 (118; 129)

Reaction rate constant
oxygen absorption∗. (<>;

<2B
)

0.7/2.2 (118; 130; 128)

Reaction rate constant
oxygen desorption∗. (<>;

<2B
)

29/88 (118; 130; 128)

Reaction rate constant
oxygen evolution∗. (<>;

<2B
)

70.01/0.04 (118; 130; 128)

Surface overpotential (+) 1.07 (131)

There are two oxygen electrode designs to be simulated: single layer (with LSCF) and bilayer

(with LSCF/SCT), as shown in Figure 5.4a. The SCT layer is on the order of a few =<, and its

dimension is almost negligible compared to LSCF layer, therefore, we assumed that SCT will only

change the oxygen electrode surface oxygen desorption and evolution reaction kinetics and does not

change the bulk transport of vacancy and holes in the LSCF phase. Oxygen electrode overpotential

vs current density measurement from University of South Carolina for both designs have been used

to validate the parameters for each configuration. By adjusting parameters listed in Table 5.5, the

model predictions (solid lines) agree well with the experimental data (solid symbols), as shown in
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Figure 5.4b. Therefore, we are confident that the model can produce meaningful results for the

analysis.

Figure 5.4: Comparison of oxygen electrode overpotential as a function of current density in both
the single and bilayer configurations.

According to Mebane et al. and Kilner et al. the reactions at the air-exposed surface in

those MIECs are rate limited by the oxygen evolution (oxygen incorporation under SOFC mode)

step, therefore, the reaction rate constant for oxygen desorption is much higher than that of oxygen

evolution, so the former reaches equilibrium(130; 132). The oxygen evolution reaction rate constant

and equilibrium surface oxygen coverage obtained here is around the similar order of magnitude

reported by Gong et al.(118). However, Mebane et al. reported an oxygen incorporation (evolution)

rate several orders of magnitude lower than ours(130). Considering the inconsistency of parameters

in the open literature, we think a direct comparison of absolute values is not meaningful. Our

microscale model excluded the impact brought by the microstructure properties of the material,

such as tortuosity and specific surface area. Similar limitations are shown for the exchange current

density values. For the parameters obtained for single layer design and bilayer design, it is more

meaningful to study its relative comparison.
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5.4 Results

After experimental validation was complete, two SOECMIEC oxygen electrode configurations

(single layer LSCF and bilayer LSCF/SCT electrode) were considered. A parametric study of oper-

ating potential was conducted for both the oxygen desorption and evolution reactions. Electrolysis

occurs at a potential value higher than its equilibrium(1.2 V) to overcome activation barriers and

internal losses. Several key metrics were examined while comparing the reactions at the 2PBs and

3PBs. Transport pathway competition was measured primarily by calculating the ratio of current

through each pathway at increasing voltages. Surface oxygen site coverage was calculated while

varying the reaction rates voltage. The reaction rate was increased incrementally (0.1,1,10) versus

equilibrium. The reference parameters are listed in Table 5.5, which were validated by experimental

data. Variations in the lattice oxygen stoichiometry across the 2PBs and 3PBs were studied. As an

indication of the overall electrochemical performance the current density was calculated over the

operating voltages.

5.4.1 Transport Pathway Competition

Figure 5.5: Operating voltage vs. current ratio with different oxygen desorption (a) and oxygen
evolution (b) reaction kinetics for single LSCF layer configuration.

Figures 5.5 and 5.6 show the current ratio of parametric studies at various voltages. Analyses
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Figure 5.6: Operating voltage vs. current ratio with different oxygen desorption (a) and oxygen
evolution (b) reaction kinetics for LSCF/SCT bilayer layer configuration.

were performed while varying the rate of the oxygen desorption and evolution reactions by 0.1 to 10

folds. The ratio of current through each type of boundary was studied for both the single and bilayer

electrode configurations. The resulting current ratio in the single layer configuration demonstrates

that the reactions at the 3PB dominate the 2PB reaction when operating at high voltages. At lower

voltages, such as 1.2 V, the 2PB contributes to a higher percentage of the overall current. Varying

the reaction rate constants (:34B and :4E>) had different effects on the current ratio. As shown in

Figure 5.5a, the oxygen desorption reaction will not influence the current ratio heavily, but the effect

brought by the evolution reaction was greater. Figure 5.5b shows that the enhanced :4E>, which

was 10 times its equilibrium value, could potentially extend the 2PB transport pathway, which will

dominate the overall current in the whole operating range.

A second layer of SCT, on the scale of a few =<, was added in both the numerical model

and experiments. This layer is highly electronically conductive which decreases the overpotential

necessary to overcome activation barriers. Since its thickness is on the scale of =<, which is

much smaller compared to the size of the LSCF backbone, the SCT layer is assumed to only alter

the electrode surface reaction properties while the bulk transport properties of the material stay

unchanged. Figure 5.6 shows the results with the bilayer design. In the whole operating range, a

higher ratio of current travels through the 2PB compared to its 3PB counterpart. This indicates that

72



with an added layer of SCT, the gas/electrode interface reaction has been greatly enhanced. Figure

5.6a and b show similar results when the reaction rate was modified. As the oxygen desorption

reaction varies, the current ratio was not influenced heavily; whereas the oxygen evolution reaction

rate will significantly affect the current ratio and potentially change the transport pathway.

5.4.2 Surface Oxygen Site Coverage

Figure 5.7: Operating voltage vs. surface coverage with different oxygen desorption (a) and
oxygen evolution (b) reaction kinetics for single LSCF layer configuration.

The lattice oxygen coverage (\) at the surface can be estimated using the Helmholtz model.

Both the single and bilayer configurations, shown in Figures 5.7 and 5.8, had very similar results

while increasing potential and altering the reaction rates. For the desorption reaction, a :34B 10

times smaller than a reference value at high potential yielded the greatest (\). While a :34B equal

to or greater than a reference value did not deviate \ far from equilibrium. The oxygen evolution

reaction rate (:4E>) will not affect the surface coverage much, which is caused by the fact that

oxygen desorption reaction is not the rate limiting step and it is very close to its equilibrium.
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Figure 5.8: Operating voltage vs. surface coverage with different oxygen desorption (a) and
oxygen evolution (b) reaction kinetics for LSCF/SCT bilayer layer configuration.

Figure 5.9: Lattice oxygen stoichiometry profile as a function voltage for both the single and
bilayer configurations.
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Figure 5.10: Operating voltage vs. lattice oxygen stoichiometry with different oxygen desorption
(a) and oxygen evolution (b) reaction kinetics for single LSCF layer configuration.

Figure 5.11: Operating voltage vs. lattice oxygen stoichiometry with different oxygen desorption
(a) and oxygen evolution (b) reaction kinetics for LSCF/SCT bilayer layer configuration.

5.4.3 Lattice Oxygen Stoichiometry Profile

Using an axisymmetric modeling method, shown in Figure 5.9, the lattice oxygen stoichiometry

profile was visualized while varying the operating voltage. The equilibrium is 2.97 under 1073 K

and 0.21 atm for LSCF(133). Both electrode configurations are shown. The concentration deviated

less from equilibrium in the bilayer under the same voltage. Under the electrolysis mode, with

increasing operating voltage, more and more oxygen vacancy will be filled up by lattice oxygen,
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especially at the interface as indicated by the red color. It will cause chemical expansion of the

electrode, also significant degradation of transport properties of the material. We assume that the

material lattice oxygen will not exceed 3 to maintain its ��$3 crystal structure. Figures 5.10 and

5.11 show the operating voltage vs. the lattice oxygen stoichiometry at the gas/electrode interface.

:34B and :4E> were varied between 0.1 and 10 folds. The desorption reaction rate has very limited

impact on the lattice oxygen stoichiometry. However, lattice oxygen reaches equilibrium when the

oxygen evolution reaction rate reaches a critical value and plateaus regardless of a further increase

of operating voltage.

5.4.4 Overall Electrochemical Performance

Figure 5.12: Total current density vs. operating voltage with different oxygen desorption (a)
oxygen evolution (b) reaction kinetics for single LSCF layer configuration.

To gauge overall performance, total current density versus operating voltage was plotted. The

results are shown in Figures 5.12 and 5.13. For both electrode configurations, the current density

is hardly affected by the oxygen desorption reaction :34B (Figures 5.12a and 5.13a). The current

density under the same voltage is higher for the bilayer. The oxygen evolution reactions effect on

the current has also been studied and presented in Figures 5.12b and 5.13b. Enhancement of :4E>

could improve the overall cell performance by elevating the current density. With single layer and

bilayer configuration, 30% to 20% improvement could be achieved by varying :4E>.
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Figure 5.13: Total current density vs. operating voltage with different oxygen desorption (a)
oxygen evolution (b) reaction kinetics for LSCF/SCT bilayer layer configuration.

5.5 Discussion

Figure 5.14: Performance comparison among single SCT layer, LSCF/SCT bilayer, and LSCF
single layer configuration: (a) current ratio vs voltage (b) lattice oxygen stoichiometry vs voltage
(c) voltage-current curve.

The results described in the previous text support the original hypothesis that there is competition

between the 3PBs and 2PBs while the SOEC is operating at higher voltages. As a result, a

nonuniform lattice oxygen stoichiometry profile forms in the MIEC electrode. It can be concluded

that surface oxygen evolution plays a key role in the overall performance. There is a transition

from the 2PB transport pathway to the 3PB transport pathway as operating voltage increases.

A correlation between these pathways was drawn and can be associated with the delamination.
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The addition of the SCT bilayer was shown to enhance the oxygen evolution reaction at the

electrode/$2(6) , 3PB, and electrode/electrolyte interfaces. Therefore, we also explored the addition

of a single layer of SCT as an alternative electrode configuration. The results among all three

scenarios are compared in Figure 5.14. Figure 5.14a shows that the current from the 2PBs has

a higher percentage in a single SCT layer electrode when compared to the other two electrode

designs; in Figure 5.14b, the lattice oxygen stoichiometry of the SCT layer is much lower than

LSCF single layer or LSCF/SCT bilayer, which resulted from different extrinsic doping of SCT and

LSCF; in Figure 5.14c, a higher current density has been demonstrated under the same voltage for

the SCT single layer. Overall, the single SCT layer seems to be a much more promising electrode

configuration in terms of improved current density and lower lattice oxygen stoichiometry, however,

SCT is not as stable as LSCF and it could degrade very quickly during long-term operation according

to experimental observations. In conclusion, the LSCF/SCT bilayer is a better compromise in terms

of performance and durability of the cell.

Figure 5.15: Comparison of lattice oxygen stoichiometry and current density under different
operating voltage for single LSCF layer and LSCF/SCT bilayer design.
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Figure 5.15 shows the comparison of operating voltages’ influence on the current density

and lattice oxygen stoichiometry for a conventional single LSCF layer and the newly proposed

LSCF/SCT bilayer designs. For the bilayer configuration, under the thermoneutral voltage of 1.3

V, the current density has been increased by 50%; whereas lattice oxygen deviation has been

reduced by 13% from equilibrium. Overall, the LSCF/SCT bilayer design could achieve greater

electrochemical performance and lower the risk of delamination.

Although the results from this study are promising, there are still some limitations associated

with the model. The simplified model might underestimate the microstructure effects on the 3PB

and 2PB reaction sites’ current ratio. Further studies may be necessary to expand the model to

represent the results from experimental work more accurately. This could be done using Secondary

Ion Mass Spectrometry (SIMS) to generate a detailed 3D domain. SOEC electrodes are designed

to be porous, mixed conducting, multiphase materials capable of transporting gases to and from

reaction sites on the solid surface. The resulting microstructure is a tortuous network with spatially

varying properties for each individual phase. In many electrochemical models, this microstructure

is homogenized using certain morphological parameters such as porosity, tortuosity, and specific

surface area, to represent the electrode as an idealized geometry (e.g., a line, rectangle, disk,

rectangular prism, or cylinder). While the homogenized approach is straightforward and can offer

improved computational efficiency, it necessarily overlooks some localized, and possibly crucial,

transport phenomena. For example, narrow strut-like passages may act like “choke points” and

significantly limit transport, effectively shutting down entire regions of the electrode network. These

thin sections also concentrate stresses and are likely to experience mechanical failure before thicker

sections. Inhibited transport leads to steeper concentration gradients in these regions, thereby

leading to increased chemical stresses and further compounding the local stress issue. Similarly,

accurate modeling of interfacial delamination relies on the accurate consideration of the interfacial

contact area; homogenized shear approaches likely underestimate the interfacial stresses in key

areas.
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5.6 Conclusions

To summarize, we have built a finite element microscale model to investigate the mechanism

responsible for transport pathway transition and lattice oxygen stoichiometry variation of the oxygen

electrode in SOECs. The key take-home messages from the study are that:

• there are two primary transport pathways within the electrode;

• the reaction at the 3PB dominates the 2PB under high operating voltage and is suspected to

be the cause of delamination;

• adding a conductive layer of SCT enhances the 2PB reaction;

• to better represent the electrode structure, high-fidelity geometries can be reconstructed from

3D images obtained using advanced imaging techniques that will enable visualization the

local phenomena and more accurately predict performance, limitations, and failure modes.
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CHAPTER 6

CONCLUSIONS

This dissertation summarizes work toward the development of two unique forms of grid-

scale energy storage technology. For the RFB, a series of studies were performed that included

initial testing and experimental method development using inexpensive material and fabrication

techniques, extensive static and flowcharge-discharge cycling, and impedance studies. Amicroscale

model was developed to investigate delamination of the electrode from the electrolyte in SOECs.

The key questions posed in the introductory chapter are answered and recommendations for future

work to continuously improve these technologies are included.

6.1 Conclusions Drawn from Flow Battery and Electrolyzer Studies

6.1.1 Redox Flow Battery

Chapters 2,3, and 4, summarized work studying RFBs and demonstrated:

• a benchtop 3D printer’s ability to produce flow cells and an inexpensive test station was built;

• the monetary advantage of operating without an ion-selective membrane;

• a functional symmetric RFB using a microporous separator rather than an ion-selective

membrane;

• PDO-L-AP as an example of a covalently linked redox couple;

• the impact that operational parameters (flow rate, charging voltage, current density, etc.) have

on performance;

• that a variable flow rate can improve coulombic efficiency and charging capacity;

• the potential that EIS has as a tool to improve RFB performance by altering individual

components and quantifying their impact on internal losses;
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• that using a microporous separator decreases internal losses.

6.1.2 Solid Oxide Electrolyzer Cell

Chapter 5 details the development and deployment of a microscale model of a SOEC which:

• investigated the primary mechanism responsible for delamination of the electrode from the

electrolyte;

• tested the hypothesis that an overabundance of lattice oxygen at the 3PBs leads to lattice

structure expansion and eventually delamination;

• treated the primary reactions as a combination as chemical and electrochemical phenomena;

• developed an axisymmetric multi-physics model that was periodically validated with exper-

imental measurements;

• confirmed the hypothesis and found that at high operating voltages the 3PB reactions dominate

the 2PB reactions;

• proposed a delamination preventionmethod enhancing the 2PB reactionwhich reduced lattice

oxygen and current density at 3PBs;

• investigated the use of a bilayer LSCF/SCT electrode both experimentally and computation-

ally.

6.2 Recommendations for Future Work

6.2.1 Novel Linked Redox Couple Performance Improvement and Development of a Stack
Model for Commercial Scale System

Development of covalently linked redox couples is ongoing at "(*��. As discussed in this

dissertation, PDO-L-AP (also referred to as �2�2) proved to be relatively unstable when cycled

over for a long duration and would not be suitable for commercialization. This was expected, but
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Figure 6.1: Open circuit potential of 1 4− and 2 4− novel redox couples developed at MSUBI.

its synthesis and cost made it an appealing candidate to perform initial studies on. New molecules

are being synthesized and initial studies are being carried out. Covalently linking different 4−

donating and accepting species can alter characteristics such as the open circuit potential, stability,

and solubility. Several donor, acceptor, and linking species are shown in Figure 6.1. 1 4− and 2 4−

redox couples, shown in Figure 6.2, are being investigated and considered for further study.

The logical next step is to use the procedures described to improve the stability of the novel redox

couple while simultaneously preparing to scale the RFB to investigate its practicality. A high level

model must be developed to guide the scaling process and to understand full cell stack operation.

Barton and Brushett developed a one-dimmensional RFB stack model(45). Before scaling efforts

begin, a viable linked redox couple must be synthesized and thoroughly investigated in a single

cell. This can be accomplished using the analysis techniques discussed in this dissertation.
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Figure 6.2: Various 4− donating, accepting, and linking species. Different combinations are under
development leading to improvement in performance and practicality.

6.2.2 Incorporation of Thermomechanical Stress Analysis and the Use of Advanced Imaging
Techniques to Generate Complex 3D Electrode Geometries

To improve the model’s accuracy, thermal and mechanical stress components will be integrated

into the existing validated model. These components coupled with electrochemical analyses will

improve the model’s accuracy and guide experimental work. An idealized geometry was used to

represent the electrode’s microstructure. Advanced imaging techniques such as SIMS can be useful

for extracting a model geometry from the actual structure of the porous electrode. Figure 6.3 shows

how the model’s complexity can continuously be increased to study transport with greater detail,
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leading to improvements in performance and durability of the SOEC. These methods will increase

the complexity of the microscale model while simultaneously improving its ability to accurately

represent the phenomena within an SOEC.

Figure 6.3: Detailed images of the microstructure of the electrode can be integrated into the
model domain as complex, high fidelity geometries. This improves the accuracy of the model by
gaining the ability to accurately represent the tortuous electrode structure.
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APPENDIX
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A.1 Initial Stability and Electrochemical Performance Studies

Figure A.1: Image of the molecular structure of Link-2B.

Figure A.2: Monitoring persistence of oxidized Link-2B using optical spectroscopy.

The following experiments were performed before and during the studies described in this

text. The compounds were synthesized and the data was provided by researchers at "(*��.
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Figure A.3: The persistence of the reduced form of Link-2B as a function of time, as measured by
UV-visible spectroscopy. No degradation was observed over 3 days.

The linked anolyte-catholyte materials were first screened using cyclic voltammetry, followed by

repetitive bulk electrolysis. Persistence of the oxidized and reduced forms was evaluated with

optical spectroscopy techniques. Although significant advances in stability were realized during

the course of this project, most experiments were performed with the most available, least expensive

material which was %�$ − ! − �%.

A 24− system (referred to as Link-2B) was also explored late in this project, but testing was

limited to repetitive bulk electrolysis and zero-flow RFB runs due to limited material availability.

Still, it was shown that Link-2B exhibited rapid electrode kinetics and excellent stability in the

charged state. Spectroelectrochemical techniques were used to probe the calendar life of the

charged states. In these tests, the oxidized (or reduced) form of the active material was generated

at a gold honeycomb electrode in an optical cell, and the persistence of this “charged” state was
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monitored by UV-Visible spectroscopy for several days. Although there is a slight degradation of

the oxidized form (approximately 5%) over two days, it was sufficiently stable to allow completion

of this project (as a side note, very recent concepts for new formulations promise even greater

stability). The reduced form of %�$ − ! − �% was moderately persistent (sufficiently so for this

project), while those of Link-2B were quite robust, showing negligible loss of signal over 3 days

shown in Figure A.2 and Figure A.3.

A.1.1 Viscosity and Solubility Studies

Viscosity and solubility measurements, along with electrochemical screening, helped to inform

the choice of solvent/electrolyte. Solubility and viscosity measurements were taken of various

electrolyte salts in two leading solvent candidates, acetonitrile (ACN) and propylene carbonate (PC).

The solubility of the active material was then examined in the presence of the electrolyte salt with

measurement summarized in Table A.1. Based on an evaluation of physical and electrochemical

properties (such as liquid range, viscosity, electrochemical window, solubilities, etc.), as well as

considerations of cost, toxicity, and safety (I.e., flash point), propylene carbonate was chosen as

the solvent for subsequent work. The solubilities of numerous electrolyte salts were measured in

PC, and tetraethylammonium tetrafluoroborate ()����4) was chosen, primarily on the basis of its

high solubility (> 1M at 25 ◦C) and low resistivity. While the cost of )����4 is still a concern

for purposes of commercialization, that should not impact the present technical investigation and

other electrolyte options will be explored separately. Additional viscosity measurements were taken

using a Ubbelohde viscometer at several temperatures within the predicted operating range and are

summarized in Table A.2.

Electrolyte viscosity was measured at four different temperatures in order to understand pump

and fluid transfer characteristics (see Table A.2). As expected, the measured viscosity of the

acetonitrile (ACN) electrolyte was much lower than that of propylene carbonate (PC) electrolyte.

However, the addition of )����4 led to significant viscosity increases in both ACN (0.436 cSt

without salt at 25◦ C) and PC (2.11 cSt without salt at 25◦ C).
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Table A.1: Solubility of various supporting electrolyte and active species in Acetonitrile (ACN)
and Propylene Carbonate (PC). Note that immeasurable values are denoted by –.

Active Species and Concentration (M)
Supporting Electrolyte ACN and PC
)����4 1.79 1.08
#0��4 <0.1 <0.1
 ��4 <0.1 <0.1
 %�6 <0.1 -
#0�;$4 - 1
%�$ − ! − �%+ )����4 0.1, 1 0.1, 1
FC - 0.08
MV - 0.25
FC + )����4 - 0.05, 0.5
MV + )����4 - 0.05, 0.5
��3 $3( <0.1 -

Table A.2: Kinematic viscosity of PC/)����4 and ACN/)����4 electrolytes at various
temperatures (entries in centistokes, cSt). Note that immeasurable values are denoted by –.

Composition Temperature (◦C)
(Solvent/Supporting Species) -25 ± 1.5 0 ± 1.5 25 ± 1.5 40 ± 1.5
PC/0.5 M )����4 4.7 3.58 2.99 2
ACN/0.5 M )����4 - - 0.72 -

One key advantage of the proposed redox couple is its ability to deliver one or more electrons at

the same cell voltage (depending on molecular structure). Both 14− and 24− compounds have been

identified, and the most energetic chemical system to date displays a nominal cell voltage of about

2.4 V in a 24− process, but it is somewhat less robust than other systems. Solubilities greater than

2 M have also been observed, but these vary significantly with the nature of the electrolyte salt and

its concentration. Final versions of the 14− and 24− candidates will likely incorporate solubilizing

groups for further improvement in energy density, but the “base” materials were fully suitable for

this development effort.
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