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Abstract

The development of high-performance organic redox flow batteries (ORFBs) is vital to enable
cost-effective and sustainable energy storage solutions for renewable energy systems. This thesis
focuses on the role of physicochemical properties—solubility, redox potential, and Kkinetic
parameters (electron transfer rate constant k, and diffusion coefficient Dy)—in determining the
performance of ORFBs operating in alkaline media. Particular attention is given to anolytes, or
negative redox-active species, capable of two-electron storage, such as quinones, phenazines, and
other organic molecules with tunable redox properties. The use of two-electron storage
compounds offers the potential to enhance the charge storage capacity per molecule, yet their
design and optimization remain a significant challenge due to limited chemical stability and

solubility.

This thesis investigates how structural modifications influence the solubility and redox potentials
of these compounds and how these changes translate into improved energy density and power
density of the battery. Additionally, while k, and D, are often reported in literature, their
individual impact on battery performance is rarely analyzed. Voltametric simulations are
conducted to assess the effect of these kinetic parameters on battery reversibility and efficiency.
The preliminary findings indicate that variations in D, have minimal effect on performance,

whereas changes in k, significantly influence the reversibility of the redox process.

By combining a comprehensive literature review with computational simulations, this thesis aims
to identify the most influential physicochemical factors for designing next-generation ORFB
anolytes. The results are expected to guide the development of organic molecules with improved

electrochemical performance for large-scale, long-duration energy storage.

Key words: Redox Flow Batteries, Organic Redox Flow Battery (ORFB), Aqueous Organic Redox
Flow Battery (AORFB), Electrochemical Kinetics, Electron Transfer Rate Constant (ko), Diffusion
Coefficient (Do), Multi-Electron Transfer, Cyclic Voltammetry (CV), Convective Mass Transport,
Molecular Engineering
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List of Abbreviations

Term

RFB

ORFB

DFT
VRFB

AORFB

RALs
ROM

AEMs
MCCs
AIRFB

SHE
TEMPO

Power density

Energy density

Rate constant of
electron transfer (ko)

ke

Diffusion coefficient
(Do)

Solubility

Peak-to-peak
separation (AEy)

Peak current ratio
(Ipalpc)

Definition

Redox Flow Battery,
a type of rechargeable battery where energy is stored in liquid electrolytes flowing
through electrochemical cells

Organic Redox Flow Battery, a flow battery that uses organic molecules as redox-
active species

Density functional theory

Vanadium Redox Flow Battery, a flow battery using vanadium ions in different oxidation
states as the redox couples

Aqueous Organic Redox Flow Battery, a flow battery using water-based electrolytes
with

organic redox-active molecules

Redox-active liquids

Redox-Active Organic Molecule, an organic compound capable of reversible electron
transfer

in a battery
Anion exchange membranes
Metal coordination complexes

Aqueous Iron-Based Redox Flow Battery, a flow battery system that utilizes iron redox
couples dissolved in an aqueous electrolyte to enable reversible electron transfer for
energy storage.

Standard hydrogen electrode

2,2,6,6-Tetramethylpiperidine-1-oxyl, a stable free radical commonly used as a redox-
active

organic species in batteries
The amount of power delivered per unit electrode area (mW cm™)

The amount of energy stored per unit volume or mass of electrolyte (Wh L™ or Wh
kg™)
A kinetic parameter representing the intrinsic speed of electron transfer at an electrode

(cm/s)
ks = Rate for forward reaction , ko = Rate for backward reaction

chemical reaction rate constant

A parameter describing how fast a species moves through the electrolyte due to
concentration gradients (cm?/s)

Maximum concentration of a redox-active species that can dissolve in the electrolyte
under given conditions (M)

The difference between the anodic peak potential (Epa) and the cathodic peak potential
(Epc),

used to assess reversibility of a redox system

Ratio of anodic to cathodic peak currents, used as a qualitative and quantitative
measure of

redox reversibility



Randles—Sevcik
equation

Nicholson’s ¥
parameter

Ccv

Relates peak current (ip) to the square root of scan rate (v) for diffusion-controlled
electrochemical processes, used to quantify mass transport and electron transfer

A dimensionless kinetic parameter used in cyclic voltammetry to quantify the degree of
reversibility

of an electron transfer reaction. It relates the peak-to-peak separation (AEp) to the
standard heterogeneous

electron transfer rate constant (k,), the diffusion coefficient (D,), and the scan rate (v).
W increases with faster kinetics and more reversible systems.

Cyclic Voltammetry



1 Introduction

Electrochemical energy storage plays a critical role in modern energy systems, enabling
efficient utilization of renewable energy sources and improving grid stability. Among the
various electrochemical energy storage technologies, redox reactions have long been
recognized as a fundamental mechanism for electron transfer between chemical species, making
them an effective approach for storing electrical energy. The concept of redox-based energy
storage dates back to the late 18th century; however, its relevance has grown significantly in

recent decades due to the increasing demand for large-scale energy storage solutions.

Lithium-ion batteries (LIBs) have emerged as the dominant energy storage technology due to
their high energy density and well-established commercial availability. Despite these
advantages, LIBs face significant challenges when applied to large-scale energy storage,
including concerns over resource availability, cost, safety, and limited cycle life. These

limitations hinder their scalability and economic feasibility for grid-level applications.

In contrast, Redox flow batteries (RFBs) have gained attention as a viable alternative for
stationary energy storage systems. Their unique architecture allows for independent scaling of
power and energy capacity, providing greater flexibility for grid applications. Furthermore,
RFBs offer enhanced safety, extended cycle life, and the potential for lower operational costs
compared to conventional lithium-based systems. This thesis highlights the advantages of
organic compounds in this type of battery system and examines the key findings from
continuing research on the physicochemical characteristics that define the usability and

application of redox flow batteries.

1.1 Overview of Redox Flow Batteries (RFBs)

Redox flow batteries (RFBs) are a class of electrochemical energy storage devices that utilize
redox-active species to store and release electrical energy. Unlike compact lithium-ion batteries,
RFBs operate by continuously circulating electrolyte solution through an electrochemical cell.
[1] RFBs are appropriate for a variety of power needs because of their wide power range of
0.02 to SOMW. RFBs provide special benefits with variable discharge times ranging from 0.01
to 10 hours and impressive lifespans of 5000 to 13,000 cycles. [2]
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Figure 1: Diagram For Redox flow battery

An American Government agency, National Aeronautics and Space Administration (NASA)
first proposed the idea of RFBs in the 1970s, using Fe3"2* and Cr3*?* as redox-active couples
in the cathode and anode sides, respectively. [3] These solutions contain active species that
undergo reversible oxidation and reduction reactions, allowing for repeated charge and
discharge cycles with minimal capacity degradation. For the active species to efficiently
transform chemical energy into electrical energy, they must possess high redox reactivity and
electron transfer rate. To maximize the desired qualities in this scenario, choosing the right

active species is crucial. [4,5]

In Figure 1. we can see a RFB system consists of two electrolyte reservoirs, pumps, an
electrochemical cell, and an ion-exchange membrane that separates the two compartments
while permitting ion transfer to maintain charge neutrality. The electrode surfaces inside the
reaction chamber are where the electrochemical reactions take place, there electrons are either
accepted or donated by the redox-active species. The ability to store active materials in external
tanks rather than within the electrodes enables independent scaling of power (determined by

the cell stack size) and energy capacity (determined by electrolyte volume). This design feature



makes RFBs particularly suitable for grid-scale applications requiring flexible and long-

duration energy storage. [6,7]

Currently, the most widely studied and commercialized RFB system is the vanadium redox
flow battery (VRFB), which employs vanadium ions in different oxidation states as the
electroactive species. [8] While VRFBs offer excellent stability and high reversibility, their
widespread adoption is limited by the high cost, toxicity, and corrosive nature of vanadium-
based electrolytes. These challenges have driven research efforts toward alternative redox
chemistries, particularly organic redox flow batteries (ORFBs), which utilize organic molecules
as electroactive materials. ORFBs have the potential to offer tunable redox properties, higher

solubility, and lower environmental impact compared to their inorganic counterparts. [9]

Despite the numerous advantages of RFBs, several technical challenges remain, including
improving the solubility of redox-active species, enhancing redox potential to increase energy
density, and optimizing kinetic properties such as the rate constant of electron transfer (ko) and
diffusion coefficient (D»). This thesis will focus on analyzing these key physicochemical
properties and their impact on RFB performance, with a particular emphasis on the role of

organic electroactive materials in alkaline aqueous electrolytes.
1.2 Importance of Physicochemical Properties for Battery Performance

The performance of redox flow batteries (RFBs) is directly influenced by the physicochemical
properties of the redox-active materials used in their electrolytes. Key parameters such as
solubility, redox potential, and electron-transfer kinetics play a crucial role in determining the

energy density, power output, and overall efficiency of these systems. [10,11]

Early RFB designs relied on vanadium-based electrolytes due to their relatively high solubility
and favourable redox potential [12]. Organic materials offer tunable electrochemical properties,
but their adoption has been hindered by their typically lower solubilities in aqueous electrolytes,

which limits energy density. [13]

Redox flow batteries (RFBs) suffer from reduced power output and capacity, precipitation and
stability issues, and increased system size and cost because of the low solubility of redox-active
materials in their electrolytes. To enhance solubility and redox performance, researchers have
explored molecular modifications such as functional group substitutions and hydrotropic
additives. Adjusting the functional groups of quinones and viologens has been shown to shift

redox potentials and increase solubility, thereby improving battery capacity. Furthermore,
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hydrotropes have shown promise for raising the concentration of organic redox-active
chemicals in aqueous electrolytes, such as amphiphilic molecules that improve solubility
without creating micelles. These strategies enable the design of high-energy-density RFBs

while maintaining electrochemical stability. [14-16]

Beyond solubility and redox potential, the kinetics of electron transfer, characterized by the
standard rate constant (ko) and the diffusion coefficient (D), significantly impact charge
transfer efficiency and reversibility. [17,18] In flow-assisted RFB systems where diffusion is
largely mitigated by convective transport, performance becomes increasingly dependent on
electron-transfer kinetics. Variations in the standard rate constant can dramatically affect
reaction rates and energy losses due to overpotential, particularly if ko falls below ~107° cm/s,
a threshold identified as critical for maintaining high efficiency in practical applications. [19]
This thesis will further investigate these physicochemical factors through voltametric

simulations to determine their relative contributions to RFB efficiency and scalability.
1.3 Objective of the thesis work

The study aims to:

a) Examine how solubility of redox active material and redox potential affect the energy

density and efficiency of RFBs, with a particular focus on organic redox-active materials.

b) Analyze the advantages of two-electron storage capacity over one-electron systems in

the design of high-performance negative electrolytes (anolytes).

C) Investigate the role of alkaline solvents in enhancing solubility and redox potential,

using molecular structure comparisons of quinones, phenoxazines, and phenazines.

d) Assess the relative impact of (ko) and (Do) on battery performance through voltametric
simulations, clarifying why changes in (ko) significantly influence reversibility while (Do) has

a lesser effect.

By bridging the gap in understanding the relationship between these physicochemical
parameters and RFB efficiency, this research will provide insights into optimizing organic

electrolyte formulations for next-generation flow battery technologies.
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2 Fundamentals of Redox Flow Batteries

Understanding the principles of redox flow batteries (RFBs) is essential for comprehending
how these systems function, how their performance is assessed, and how they might be
enhanced for real-world uses. Designing effective, long-lasting, and high-energy-density RFB
systems requires a thorough understanding of the fundamental concepts, including

electrochemical reactions, cell architecture, electrolyte composition, and ion transport.

The essential components, working principles, and electrochemical mechanisms that control
the functioning of redox flow batteries will all be covered in this chapter. The background
information required to examine performance constraints, material choices, and upcoming

advancements in RFB technology will be provided by this foundation.

2.1 Definition and Working Principle of RFBs

The redox active species in RFBs undergo reversible interconversion between reduced and
oxidized states, all of which were dissolved in liquid form. Prior to being pumped into and out
of the cell's reaction chamber, the solutions are stored in tanks as shown in figure 1. [20] The
two electrolyte streams flow independently through the electrochemical cell, where charge and
discharge reactions occur at the electrode surfaces. Both species are separated by an ion-
selective membrane or separator. This membrane permits the transport of charge-balancing ions
between half-cells while preventing the physical crossover and direct mixing of redox species.
[21] The working principle of an RFB is based on the redox reactions of these active materials.
During charging, electrons are supplied to the negative electrolyte (reduction) and extracted
from the positive electrolyte (oxidation), storing energy chemically. Upon discharge, the
reverse reactions occur, and the stored energy is released as electrical power [22]. This
architecture allows for decoupling of power and energy: The volume and concentration of
electrolyte kept in the tanks govern the energy capacity, whilst the size and quantity of

electrochemical cells influence the power. [23, 24]

Electrolytes in RFBs typically consist of a solvent such as water or an organic medium to
dissolve the electroactive species, a supporting salt to ensure ionic conductivity, and the redox-
active component itself. [25] These components must be carefully selected to ensure favorable

electrochemical properties, long-term stability, and compatibility with system materials. The
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modularity, design flexibility, and safety of RFBs make them particularly well-suited for grid-

scale and long-duration energy storage applications.
2.2 Active Species in RFBs (Anolyte and Catholyte)

The two key electrolyte compartments: the anolyte (negative electrolyte) and the catholyte
(positive electrolyte) contain redox-active species that participate in electron exchange

reactions at the anode and cathode during charging and discharging cycles.

RFB systems can be classified based on the nature of their active materials:
2.2.1 All-Inorganic Systems

All-Inorganic systems rely entirely on inorganic redox-active species, such as transition metals
or halides. A well-known example includes the vanadium redox flow battery (VRFB), which
uses different oxidation states of vanadium ions ( V2*/V3* in the anolyte and VO*/VO:" in the
catholyte). Another example is the Zinc/iodide system, where two electrons are transferred at
both the positive (3I- — Is~ + 2¢) and negative (Zn — Zn*" + 2e") electrodes, enabling the

exchange of four electrons per cycle, thereby enhancing energy density. [26]
2.2.2 All-Organic Systems

All-Organic systems use organic molecules in both the anolyte and catholyte, offering
tunability, sustainability, and potential cost benefits. Quinones and anthraquinone derivatives
are prominent examples due to their high solubility and adjustable redox potentials. For
instance, Methyl viologen (MV) anolyte / 4-HO-TEMPO catholyte with a cell voltage of 1.2—
1.4 V. [27]

2.2.3 Hybrid Organic/lnorganic Systems

Hybrid RFBs utilize one organic and one inorganic redox-active species. This hybrid category
aims to combine the advantages of high redox tunability from organics and stable redox kinetics

from inorganic metals while attempting to overcome their respective limitations.
For example:

Chloranil (QCls) as the organic catholyte and Cd**/Cd° as the inorganic anolyte in a membrane-
free design. [28] Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid) paired with a Pb/Pb*" anode

showed reasonable energy efficiency but had stability issues due to irreversible hydroxylation.
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291 15D3GAQ (an anthraquinone derivative) with Li* as the counter ion in non-aqueous media
q q

is another example of hybrid redox flow batteries. [30]

2.3 Effect of PH of the electrolyte solutions on solubility and stability

There are notable variations in the performance, efficiency, and operating features of alkaline
and acidic organic redox flow batteries (RFBs). While acidic systems can profit from special
electrochemical characteristics, alkaline systems often have greater cell voltages and better
energy densities. By using a mixed HCI and H>SOj4 supporting electrolyte, Li et al. [31]
enhanced the energy density of VRFBs to 40 Wh L™! and vanadium's solubility to 2.5 M.
Differential pH strategies have been employed to increase cell potential. Another example
where the PTA/TironA ARFB operates in an acidic environment (1.0 M H2SO4) and achieves
a cell potential of 0.92 V, which is not in par with most alkaline solvents. [32] For instance, a
battery utilizing bromine catholyte at pH 2 and anthraquinone-2,7-disulfonate anolyte at pH 8
achieved a cell potential of 1.3 V, surpassing typical aqueous limits. [33] In terms of
performance and voltage, alkaline RFBs, those that use zinc-polyiodide, can reach cell voltages
of up to 1.89 V, which is noticeably greater than the 1.6 V seen in acidic arrangements. [34,35]
Despite having a lower voltage, acidic systems can take advantage of particular redox couples
that, in some circumstances, may improve stability and efficiency. [2] In terms of
electrochemical kinetics, the dihydroxyphenazine sulfonate (DHPS) and ferro-/ferricyanide
systems are two examples of alkaline batteries that frequently exhibit superior kinetics because
of their reduced resistance and improved ion transport. [36] However, for acidic systems to
function at their best, especially in bipolar membrane designs, catalyzed reactions may be
necessary. [37] Reports on material properties and stability has shown that, organic molecules
in alkaline RFBs, such as anthraquinones, are engineered for high solubility and capacity,
contributing to their overall efficiency. [38] On the other hand, acidic systems can utilize a
broader range of organic electrolytes, which may offer unique advantages in specific
applications but may encounter limitations in long-term stability and scalability compared to

their alkaline counterparts. [36]

2.4 Emphasis on High PH (Alkaline) solvents

The importance of alkaline media in maximizing solubility in redox flow batteries is

underscored by its role in enhancing ion transport, stability, and overall battery performance.
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Alkaline environments facilitate the solubility of active materials, which is crucial for efficient
energy storage and conversion. This section will explore the key aspects of how alkaline media
contributes to the solubility and performance of redox flow batteries. One of the key advantages
of alkaline media is the ion transport by facilitating the movement of hydroxide ions (OH-),
which are crucial for the performance of Anion exchange membranes (AEMs). The choice of
alkaline solvent, such as sodium hydroxide or potassium hydroxide, can enhance the solubility
of specific ROMs (Redox-Active Organic Molecule), thereby improving energy density and
battery efficiency. [39] AEMs tailored for alkaline conditions demonstrate high ionic
conductivity up to 58.2 mS cm™ resulting in improved energy efficiency and operational
stability. [40,41] Iron-based complexes like Fe(TEA-2S) exhibit high solubility in alkaline
media, reaching up to 1.85 M, which is essential for achieving high charge capacity and
reducing long-term capacity decay. [42] Similarly, organic redox-active molecules such as
anthraquinones benefit from the alkaline environment, which facilitates greater structural
tunability and stability. This increased stability in both inorganic and organic species helps
maintain consistent performance over extended cycling, making alkaline media an attractive
choice for high-efficiency, durable energy storage systems. [43] Performance metrics for
alkaline RFBs reflect these material advantages, with reported coulombic efficiencies reaching
up to 99.93% and energy efficiencies around 83.5%, due to the optimal stability and solubility
of active species. [42][44] However, despite these promising attributes, challenges such as
electrode and membrane corrosion, as well as long-term material degradation, remain
significant hurdles. Addressing these issues is critical for realizing the full potential and

commercial viability of alkaline redox flow battery systems.

2.5 Aqueous and Non-Aqueous Systems

Aqueous redox flow batteries (RFBs) utilize water-based electrolytes, offering a cost-effective,
safe, and environmentally friendly solution for grid-scale energy storage. Among the most
extensively studied aqueous systems is the all-vanadium redox flow battery (VRFB), which
employs vanadium ions in varying oxidation states (V*/V?*' at the negative electrode and
VO*/VO-" at the positive electrode) as the active species. Other notable aqueous RFB systems
include iron-chromium and zinc-bromine batteries, which rely on well-established inorganic

redox couples for their electrochemical functionality. [45]

Despite their advantages, aqueous RFBs are inherently constrained by the narrow

electrochemical stability window of water, typically below 1.5 V. This limitation directly
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impacts the achievable cell voltage and overall energy density, making aqueous systems less
competitive than their non-aqueous counterparts in high-energy applications [46]. Nonetheless,
the simplicity, low material cost, and operational safety of aqueous RFBs have sustained

significant research interest and development.

The performance of aqueous RFBs is influenced by several factors, including the redox
potential and solubility of the active species, membrane conductivity, and overall cell
architecture. For instance, the VRFB can attain energy efficiencies in the range of 80-90%
under optimized operating conditions [45]. To overcome the energy density limitations imposed
by aqueous media, recent research efforts have focused on enhancing the solubility and

chemical stability of redox-active species.

Aqueous electrolytes containing alkaline solute and certain organic redox-active molecules is a
potential approach. Compounds such as anthraquinones and phenazines have demonstrated
favorable characteristics, including tunable redox potentials, high solubility, and enhanced
electrochemical stability. Through molecular engineering, these organic compounds can be
structurally optimized to further improve their capacity, stability, and compatibility with
alkaline environments, thereby enabling aqueous RFBs with higher energy densities and

extended cycle life. [47]

Non-aqueous redox flow batteries (RFBs) represent a promising class of energy storage systems
that leverage organic solvents to overcome the electrochemical limitations of aqueous
counterparts. By utilizing solvents such as acetonitrile, carbonates, or ethers, non-aqueous
RFBs benefit from a significantly wider electrochemical stability window up to 5 V, thereby
enabling higher cell voltages and energy densities. [46] The core chemistry of these systems
typically involves redox-active organic molecules (ROMs) or metal-organic complexes
dissolved in these non-aqueous media, offering a diverse platform for molecular tuning and

performance optimization.

Among the various ROMs explored, tetrathiafulvalene (TTF) derivatives have attracted
considerable attention due to their high solubility, customizable redox potentials, and ability to
support multi-electron transfer reactions[47,48]. In particular, TTF compounds functionalized
with perfluorophenyl groups exhibit elevated oxidation potentials and excellent chemical
stability in non-aqueous environments, making them ideal candidates for high-voltage
applications. This has been demonstrated in systems where TTF-based catholytes, paired with

lithium metal anodes, achieved operational energy densities of up to 96 Wh/L and sustained
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capacity retention of 83.1% over 16.8 days of continuous cycling [48]. Non-aqueous organic
solvents, such as N,N-dimethylformamide (DMF), allow for higher operating potentials beyond
1.23 V, as demonstrated using tris(4-bromophenyl)amine and oxygen in a new redox system.

[49]

Hybrid lithium-organic RFBs have further exemplified the potential of non-aqueous systems.
These batteries have reported cell voltages of approximately 3.5 V and volumetric energy
densities of 50 Wh/L for ferrocene and 126 Wh/L for TEMPO-based electrolytes.[50]
significantly outperforming typical aqueous systems. Additionally, the creation of redox-active
materials with multi-electron transfer capabilities, like imide-based anolytes, has been the focus

of recent research, which increases energy density and extends cycling life. [46]

In addition to advancements in redox chemistry, engineering efforts have targeted
improvements in membrane and separator technologies. The introduction of mechanically
robust crosslinked membranes and nanoporous separators has led to enhanced ionic selectivity,
reduced crossover of active species, and improved operational durability [51,52]. Together,
these innovations underscore the growing maturity and potential of non-aqueous RFBs as high-
performance energy storage solutions suitable for a broad range of applications. Table 1.

Summarizes the differences between aqueous and non-aqueous RFBs.

Table 1. Comparison of Aqueous and Non-Aqueous RFBs

Parameter Aqueous RFBs Non-Aqueous RFBs

Solvent Water-based solvent Organic solvents

Redox Vanadium ions (V2*/V** and VO#**/VO,") — used in Ferrocene and derivatives (e.g.,
Active traditional VRFBs. Ferricyanide/ferrocyanide dimethylferrocene, vinylferrocene)
Species ([Fe(CN)g]* /[Fe(CN)g]*) etc. etc.

Energy Limited by the narrow electrochemical window of water | Higher energy density due to wider
Density (typically < 1.5V) electrochemical window (up to 5 V)

Higher solubility of organic
Solubility Limited by the solubility of inorganic ions in water molecules in organic solvents

Stability and side reactions solvents

Improved stability due to the wider
Susceptible to degradation due to water electrolysis electrochemical window and organic
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Parameter Aqueous RFBs Non-Aqueous RFBs
Lower cost due to the use of water and inorganic Higher cost due to the use of organic
Cost materials solvents and advanced materials
Grid-scale energy storage, renewable energy Grid-scale energy storage, high-
Applications | integration energy-density applications
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3 Key Physicochemical Properties of Organic Redox Active

Materials

The performance of redox flow batteries (RFBs), particularly organic redox flow batteries
(ORFBs), is intricately linked to the physicochemical properties of the redox-active materials
used. Parameters such as solubility, redox potential, the number of electrons transferred, and
reaction kinetics all contribute to the overall energy density, power output, and operational
stability of the system. [53] High energy density allows for greater energy storage, while power
output reflects the system's ability to deliver energy quickly. Operational stability ensures that
these systems can maintain performance over time without significant degradation. While these
properties are often reported independently in the literature, their interdependent effects on
battery performance are less frequently discussed in a systematic way. This chapter aims to
dissect these properties, elucidating how each parameter influences different aspects of RFB
operation, and highlighting the challenges and trade-offs involved in optimizing electroactive

compounds for aqueous alkaline systems.

3.1 Solubility of AORBFs: Impact on Energy and Power Density

Solubility refers to the maximum concentration of the redox-active species (electrolyte
materials) that can be dissolved in the solvent, which is often water or an organic solvent.
Solubility plays a central role in defining the energy density of a redox flow battery. In flow
battery systems, the redox-active species are dissolved in the electrolyte solution; thus, the
concentration of the electroactive molecule directly correlates with how much charge the
electrolyte can store. Higher solubility enables a greater volumetric capacity and greater
concentrations of active species, which in turn enhances the energy density of the battery. For
example, many organic molecules exhibit promising redox behavior but suffer from limited
aqueous solubility, which restricts their practical use. Strategies such as introducing hydrophilic

functional groups or using hydrotropes have been employed to overcome solubility limits.

The 6-quinoxalinecarboxylic acid (QCA) anolyte AORFB demonstrated a cell voltage of 1.28
V and a power density of 199 mW cm~2, showcasing the benefits of high solubility (5.5M). [54]
Enhanced solubility often also leads to improved cycle stability, as seen with the viologen that

retained 92.4% capacity after 200 cycles [55].
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However, improving solubility often affects other parameters such as redox potential or
chemical stability, necessitating a balanced molecular design. In this context, solubility is not
just a material constraint but a critical design consideration in tailoring high-capacity, long-
lasting ORFB systems. Several strategies have been explored to improve solubility, leading to

advancements in battery performance.

3.1.1 Discussion on solubilizing groups in organic compounds

Different solubilizing groups can be used to enhance the solubility of flow battery systems.
Incorporating hydrophilic functional groups, such as sulfonate and carboxylate, into viologen
derivatives has been shown to increase solubility. For instance, a modified viologen achieved a
solubility of 3.0 M, enhancing its energy density and stability. [55] In another study an
innovative approach uses surfactants to encapsulate redox-active materials, significantly
improving their solubility. For example, the solubility of TEMPO was enhanced by an order of
magnitude, leading to a tenfold increase in energy density. [56] The design of molecules with
high polarity and asymmetry can also enhance solubility. The energy density of the carboxylate
functionalized viologen (CBu)>V/(NH)sFe(CN)s AORFB is 9.5 Wh/L, with power densities
reaching up to 85 mW/cm? The high solubility of (CBu)2V, over 2.1 M, contributes
significantly to these performance metrics and demonstrates the importance of molecular

structure in solubility. [57]

Energy density in nonaqueous redox flow batteries is limited by the solubility of redox-active
organic molecules. A study demonstrates that high solubility of cationic oligomers enables
asymmetric RFBs with improved energy density, achieving 22.2 Wh/L without a supporting
electrolyte [58]. The 4-carboxylic-2,2,6,6-tetramethylpiperidin-N-oxyl (4-CO.Na-TEMPO)
exhibits a solubility of 1.5 M, three times higher than 4-OH-TEMPO, enabling an energy
density of 14.7 W h L-' in aqueous organic redox flow batteries using cation-exchange

membranes [59,60]

3.2 Redox Potential: Role in determining battery voltage

The redox potential of electroactive species directly governs the cell voltage of a redox flow

battery. Higher redox potentials correlate with increased voltage output, which is crucial for



20

enhancing the energy density and efficiency of these systems. In an RFB, the overall cell
voltage is defined by the potential difference between the catholyte and the anolyte. For aqueous
systems, this potential window is constrained by the electrolysis of water, typically between 0
V and 1.23 V versus the standard hydrogen electrode (SHE). [61] As such, identifying redox-
active compounds that undergo reversible redox reactions near these limits is essential for
maximizing battery voltage while maintaining aqueous stability. In organic RFBs, molecular
engineering techniques allow for the fine-tuning of redox potentials through structural
modifications, such as the addition or repositioning of electron-donating or electron-
withdrawing functional groups. [62] For anolytes, more negative redox potentials are
particularly desirable, as they shift the cell voltage upward when paired with suitable catholytes.
[63] However, highly negative potentials can introduce issues such as reduced chemical
stability or increased reactivity with water or supporting salts, highlighting the delicate balance

between voltage optimization and long-term durability. [64]

The redox potential significantly influences battery voltage; lower redox potentials, like the
phenazine derivative 2,3-O-DBAP at -0.699 V vs. SHE, contribute to higher average discharge
voltages, enhancing overall performance and stability in aqueous organic redox flow batteries.
[65] An example where higher redox potentials lead to increased voltage output can be shown
in the study, incorporating di-aminocyclopropenium substituents raised the redox potential by
~300 mV, enabling the batteries to achieve voltages up to 2.0 V .[66] Organic compounds with
elevated redox potentials, such as benzoquinone derivatives, can achieve voltages exceeding

3.99 V when optimized with electron-withdrawing substituents. [67]
3.3 Molecular engineering to improve stability and reversibility.

Molecular engineering plays a pivotal role in enhancing the electrochemical performance,
stability, and reversibility of redox-active liquids (RALs) employed in redox flow batteries
(RFBs). Strategic modification of molecular structures can significantly influence key
physicochemical parameters, including redox potential, solubility, stability, and electron-
transfer kinetics, all of which directly impact the overall energy efficiency and cycle life of RFB

systems. [68]

A central goal in RAL design is the maximization of volumetric energy density, which is
directly linked to the solubility of redox-active species. Through the incorporation of
hydrophilic or ionizable substituents, solubility in aqueous and nonaqueous solvents can be

substantially increased, allowing for higher concentrations of active species and thus greater
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stored energy per unit volume. Beyond solubility, redox kinetics are profoundly affected by the
electronic and steric nature of substituent groups. Electron-donating or -withdrawing groups
can tune the redox potential and modulate the rate of electron transfer by altering the electronic
environment around the redox center, thereby influencing the standard heterogeneous rate
constant.[69] Stability and reversibility are equally critical for long-term performance,
particularly in aqueous systems where hydrolysis, radical decomposition, or dimerization can
degrade redox species over extended cycling. For example, targeted functionalization of
molecules such as 4-hydroxy-TEMPO (4-OH-TEMPO) has demonstrated significant
improvements in both chemical stability and electrochemical reversibility. [70] The
introduction of hydrophilic groups not only enhances aqueous solubility but also stabilizes the
oxidized and reduced forms of the molecule against degradation pathways. [71] Another
example of molecular engineering where, An azo-compound tailored with hydrophilic groups:

the solubility was improved from nearly zero to ~2 M in alkaline environment. [72]

Moreover, molecular rigidity and resonance stabilization have been identified as important
structural features that contribute to redox species longevity. Molecules with delocalized charge
distributions or aromatic scaffolds tend to exhibit better reversibility by minimizing structural

reorganization energy during redox cycling. [73]

Density Functional Theory (DFT) is a quantum-mechanical method that computes the
electronic structure of matter by expressing the energy as a functional of the electron density,
as formalized by the Hohenberg—Kohn theorems. [74] In this context, rational molecular design,
guided by Density functional theory (DFT) and other computational methods, can accelerate
the discovery of novel redox-active materials with optimized redox potentials, minimal
overpotentials, and long-term cycling durability. [75] Molecular engineering offers a versatile
and effective approach to improving the key parameters that govern redox flow battery
performance. By tailoring redox-active molecules at the atomic and functional-group level, it
is possible to significantly enhance solubility, stability, and reversibility, thereby enabling the
development of high-efficiency, long-life RFB systems suitable for grid-scale energy storage

applications.

3.4 Number of Electrons transfered: Impact on storage capacity and

reversibility

The number of electron transfers in RFBs can vary depending on the specific chemistry and

materials used. This section explores the electron transfer mechanisms in different types of
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RFBs, highlighting examples from recent research. The number of electrons transferred in
organic redox flow batteries (ORFBs) significantly impacts their storage capacity and
reversibility. [76] This relationship is crucial for optimizing battery performance, particularly

in large-scale energy storage applications.

VRFBs typically involve a single electron transfer per vanadium ion in each half-cell reaction.
The vanadium ions undergo redox reactions between V(II)/V(III) at the negative electrode and

V(IV)/V(V) at the positive electrode, each involving one electron transfer per ion. [77]

One-electron transfer systems, characterized by a single redox couple undergoing a single
electron exchange, offer notable advantages in terms of reaction simplicity, kinetic
performance, and voltaic efficiency. These systems typically involve straightforward redox
mechanisms with minimal intermediates, leading to faster kinetics and reduced complexity. For
instance, in lithium-oxygen batteries, the one-electron transfer results in the formation of
superoxide ions (Li0Oz), while in organic radical batteries, nitroxide radicals (NO") undergo a
one-electron oxidation to form NO*, enabling rapid and reversible redox behavior. [78,79] The
simplicity of these reactions often translates to higher heterogeneous electron transfer rate
constants, as evidenced by the ten-fold increase observed in the NO*/NO" couple compared to
the two-electron NO'/NO™ system [80]. Moreover, the reduced number of reaction steps in one-
electron systems minimizes side reactions and overpotentials, thereby enhancing voltaic
efficiency. This efficiency is particularly apparent in lithium-oxygen batteries, where the one-
electron process achieves superior energy efficiency relative to the two-electron peroxide
pathway (Li20O:), largely due to reduced energy losses and faster kinetics. [78] Materials
employed in these systems, such as nitroxide radicals and gel-polymer electrolytes, are
specifically chosen for their high redox potentials and ability to stabilize reactive intermediates,
further supporting rapid and efficient charge transfer. [78,81] Overall, one-electron transfer
systems, despite their lower theoretical energy density, are highly suitable for high-power

applications requiring fast and efficient cycling.
3.5 Analysis of two-electron storage capacity and its significance

Recent studies have demonstrated that RFB systems utilizing such multi-electron redox species
can achieve high current densities, with some reports reaching nearly 300 mA/cm? at
operational voltages around 0.5 V. [82] These values are promising for practical applications,
indicating not only effective charge transport but also robust redox kinetics and reversibility

under high-demand conditions.
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A study in RFBs have explored two-electron transfer systems to enhance energy density. For
instance, ammonium-functionalized naphthalene diimide (NDI) in aqueous organic RFBs
(AORFBs) can achieve stable two-electron transfers, significantly improving the capacity and
efficiency of the battery. [83] Similarly, nonaqueous organic RFBs using anthraquinone anolyte
and phenothiazine catholyte materials have demonstrated two-electron transfer reactions, which
effectively double the charge storage capacity compared to single-electron systems. [84] Six
reversible redox couples across roughly 2 V are demonstrated in the research, which discusses
metal coordination complexes (MCCs) that facilitate multiple electron transfers. In order to
maximize energy density, two electron transfers must be made at each electrode. Active species
solubilities must be close to 0.7 M for symmetric cells to function well. [85] In the studied
nonaqueous organic redox flow battery, two-electron transfer reactions (2e—) were achieved
using anthraquinone (AQ4) as the anolyte and phenothiazine (PT3) as the catholyte. The battery
demonstrated doubled charge storage capacities indicative of these 2e— processes. However,
the stability of the second redox event was limited, affecting cyclability. The first electron
transfer reactions exhibited significantly better durability, highlighting the challenges in

achieving long-term performance for 2e— products under flow cell conditions. [86]

Similar to energy density , energy storage is directly proportional to the number of electrons
exchanged per molecule during the redox process. Compounds capable of two-electron transfer,
such as gallocyanine, enhance charge storage capacity, allowing for more energy to be stored
per molecule compared to single-electron systems, assuming similar concentrations and cell
voltages. This two-electron transfer mechanism contributes to high reversibility, achieving
nearly 100% Coulombic efficiency over multiple cycles. [87] Increased charge storage capacity
is critical for improving the volumetric and gravimetric energy density of RFBs, especially

when space and weight constraints are significant considerations.

Beyond storage capacity, the number of electrons transferred also influences the
electrochemical reversibility of the redox couple. Two-electron transfers can sometimes
introduce complications such as intermediate species formation or disproportionation reactions,
which may compromise cycling stability. However, when properly designed, organic
compounds with reversible two-electron redox behavior such as certain quinones and

phenazines, can deliver excellent performance metrics. [84, 88]

Two electrons are transferred at the positive electrode (3I- — 13— + 2e—) and two electrons are

transferred at the negative electrode (Zn — Zn2+ + 2e—) in the iodine/iodide system covered in
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the study. [89] As a result, in this system, four electrons are exchanged for every full cycle of

the redox reactions.

Two-electron transfer systems, in contrast to their one-electron counterparts, involve the
transfer of two electrons per redox-active species, either through a concerted two-electron step
or via two successive one-electron transfers. These systems are inherently more complex, often
involving reactive intermediates and requiring precise control over reaction conditions to
maintain reversibility and efficiency. In organic-based redox flow batteries, the use of
structurally engineered di-carbonyl compounds has proven effective in stabilizing the dianion
state, thereby supporting reversible two-electron cycling. [90] Despite their higher theoretical
energy density derived from the increased charge per molecule, two-electron systems often
suffer from slower kinetics. This is due to the additional reaction steps and the energy barriers
associated with the formation and stabilization of intermediate species. For example, during the
two-electron oxygen reduction process, the second electron transfer is typically hindered by
high reorganization energy and slower diffusion kinetics of ions such as Li* [91]. Likewise,
organic compounds designed for two-electron storage must overcome challenges related to the

solubility and stability of their dianionic forms, which can lead to kinetic inefficiencies. [90]

However, recent advances in material and molecular engineering have shown promise in
addressing these limitations. The deployment of AQDS as a redox mediator in zinc-air systems,
for example, has yielded rate constants (ko) as high as 7.2 x 107 cm/s demonstrating that under
optimized conditions, even two-electron reactions can achieve rapid kinetics [92]. Despite these
improvements, two-electron systems often exhibit lower voltaic efficiency compared to simpler
one-electron mechanisms. The disparity in redox potentials between the two electron transfer
steps and the likelihood of side reactions contribute to energy losses and higher overpotentials.
In some organic-based redox flow batteries, this leads to noticeable declines in overall
efficiency.[93] Nonetheless, by carefully tuning the molecular structure and redox potentials of
the active species, researchers have begun to overcome these challenges. For instance, the use
of readily available dicarbonyl compounds with well-defined redox characteristics has shown
encouraging results in stabilizing multiple redox states, thereby enhancing both reversibility

and energy efficiency. [90]

In conclusion, Materials suitable for two-electron transfer must be capable of accommodating

multiple oxidation states while maintaining solubility and structural integrity throughout
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charge-discharge cycles. This requirement has driven the design of sophisticated molecules and

nanostructures.

Table 2. Summary of Key Differences

Aspect One-Electron Systems Two-Electron Systems
Reaction Single redox couple with a single Multiple redox couples with two successive
Mechanism electron transfer step. or concerted electron transfer steps.

Often slower due to multiple steps or
Reaction Generally faster due to the simplicity | intermediates, but can be optimized with
Kinetics of the mechanism. mediators.

Lower voltaic efficiency due to increased
Energy Higher voltaic efficiency due to complexity, but higher theoretical energy
Efficiency minimized side reactions. density.

Materials with well-defined redox
Material couples and fast electron transfer Materials that support multiple redox states
Requirements kinetics. with stability and solubility.

3.6 Kinetics: Rate constant (ko) and Diffusion Coefficient (Do)

The diffusion coefficient (Dy) and standard heterogeneous electron transfer rate constant (ko)
are critical kinetic parameters governing the performance of redox flow batteries. The diffusion
coefficient quantifies how rapidly electroactive species migrate through the electrolyte. A
higher Do enhances mass transport, allowing active species to more readily reach the electrode
surface, thus reducing concentration polarization under high current densities. This leads to
improved electrolyte utilization and contributes to better battery efficiency, particularly in

systems operating at fast charge/discharge rates.[94]

Complementing this, the standard rate constant (ko) reflects the intrinsic speed of electron
transfer at the electrode interface. [95] A high ko value implies rapid redox kinetics, which
supports reversibility and minimizes activation overpotentials during battery cycling. Together,
Do and ko influence the shape of voltammograms and the operational limits of current density

and power output. These parameters are often evaluated experimentally through techniques
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such as linear sweep voltammetry (LSV) at varying rotation speeds, enabling the application of

Koutecky-Levich (K-L) analysis as in eqn (1). [96, 97]

The Combined Current Density Equation:
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Figure 2 : Fig. 5. (a) LSV curves at different rotation speeds and a 10 mVs™" potential scan rate for the
ZnTPPS (1 mM) in an acetate buffer aqueous electrolyte (0.1 M, pH = 4.6), (b-c) Koutecky-Levich (J™
vs. w™"2) plots to extrapolation of the diffusion coefficient and the kinetic current density respectively,
(d) Tafel plot adopted to the standard kinetic rate constant calculation.

Source :

Picture taken from [94]

In figure 2. Jorge et al. [94] shows Well-defined diffusion-limited current plateaus in such

experiments, as observed with compounds like ZnTPPs, validate the estimation of Do, while

fitting of Tafel or Butler-Volmer models aids in determining ko. Although both parameters are

important, emerging evidence from simulation and experimental studies suggests that variations
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in ko exert a more significant impact on battery reversibility and performance than comparable

changes in Do. [94]
3.6.1 Mass Transport and Kinetics in Redox Flow Batteries

The transport of mass within a solution is primarily governed by factors such as the molecular
size and shape, the nature of the supporting electrolyte (particularly its viscosity), and
temperature. The diffusion coefficient (Dy) is commonly assessed using the Levich (Eq. 2) and

Cottrell (Eq. 3) equations:

(Levich Equation):

2 1
i =0620 xnXxXFxAXxXC"%X D3 x w2z x v/ .. (2

In Eq. 2, i denotes the limiting current, which corresponds to the maximum diffusion-controlled
current measured. A is the electrode surface area, while n represents the number of electrons
transferred during the redox reaction. F is the Faraday constant (96,485 C/mol), relating the
amount of electric charge per mole of electrons. Cy refers to the bulk concentration of the
electroactive species, and D is the diffusion coefficient, which quantifies how rapidly the redox
species move through the solution. The angular rotation rate (w) of the electrode determines
the rate at which fresh solution is brought to the surface, influencing mass transport, while
v represents the kinematic viscosity of the electrolyte, affecting the hydrodynamic boundary

layer thickness and consequently the diffusion process.

(Cottrell Equation):

2
nXFXAXCyXDy3

. 3)

1
(mxt)2
Here, t represents time, and the rest of the parameters are consistent with those in Eq. 2.

Overpotentials (also called polarization losses) add to the ideal cell voltage drop, meaning the
actual operating voltage during charge/discharge is lower than the thermodynamic (open-
circuit) voltage. [98] To improve mass transport, the electrolyte flow rate in a redox flow battery
(RFB) system can be increased, which helps reduce mass transport overpotentials. The electron
transfer rate constant (ko) plays a vital role and depends on the structure of redox-active

compounds, electrode type, supporting electrolyte, and temperature.
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(Standard Rate Constant for Slow Kinetics):
ip=nXF X AXCy X kg ...(4)

This equation is applicable when ko < 0.02 cm/s, using linear scan voltammetry (LSV) with a

rotating disk electrode.

For fast kinetics (ko > 0.02 cm/s), a more nuanced analysis is necessary. Nicholson’s method,
using the peak potential difference (AE,) from cyclic voltammetry (CV), provides a more

reliable lower-bound estimate of ko.

(Nicholson’s ¥ Parameter):

0.6288 + 0.0021 X AEp

= 1-0.017 X AEp -0
(Nicholson's Rate Constant Estimation):
1
_ T XDy XxnXFJ2
ko = ¥ X [—RxTxv ] .. (6)

Using Koutecky-Levich and Tafel analyses for fast kinetics might lead to substantial
underestimation of ko. For example, methyl viologen's first redox reaction was estimated at

0.022 cm/s via Koutecky-Levich, but Nicholson's method yielded a value of 0.35 cm/s. [99]



29

4 Electroactive Materials for Flow Batteries

4.1 History of inorganic compounds in Redox Flow Systems

Electroactive materials are the core components of flow batteries, as they determine the
system’s voltage, energy density, and overall performance. This section provides an overview
of the development of both inorganic and organic redox-active compounds that have been used
in flow battery technologies, from early metal-based systems to more recent organic molecular

designs.

In 1949, Kangro patented the first battery version that resembled modern flow batteries. [ 100]
This setup achieved a cell voltage of 1.75 V by using Cr2(SO4)3 as the cathode and anode active
material and 2 m sulfuric acid as the supporting electrolyte [101]. As possible redox-active
materials, TiCls, Ti/Fe, Ti/Cr, Ti/Cl,, and Cr/Fe were also found. An Fe/Cr system that was
recorded by the National Aeronautics and Space Administration (NASA) in the 1970s attracted
a lot of interest. Fe3*/Fe?*//Cr3*/Cr?* dissolved in an acidified electrolyte with an array of solar
cells was used in conjunction with a 1 kW/13 kWh demonstration. [102] Exxon and Gould Inc.

developed the first hybrid-flow batteries in the 1970s and 1980s, respectively. [103]

Rapid capacity deterioration in this redox flow battery (RFB) device was caused by redox-
active species crossing across through the used anion-exchange membrane. [104] In later
studies, mixed electrolytes were used. No commercially feasible membrane was available at that
time, and membranes that were custom-fabricated did not meet the necessary requirements for
resistivity and selectivity. Bradley's 1885 patent application is where the aqueous Zn/Br2 battery
first appeared [105]. Several companies are either developing or currently selling the Fe/Cr, Zn/Br2,
all-vanadium, Fe/Zn, and all-iron flow batteries. A patent was obtained by Skyllas-Kazacos and
Robins in 1986 for the vanadium redox flow battery (VRFB). [106] This device achieves an open
circuit voltage (OCV) of 1.3 V by using the redox coupling VO2*/VO*// V3*/V** [107].

In recent developments within metal-based redox flow batteries, the iodine/iodide system has
shown promising performance due to its efficient electron exchange mechanism. In this system,
two electrons are transferred at the positive electrode via the redox reaction of iodine, while at
the negative electrode, zinc undergoes oxidation. [89] This results in enhancing the theoretical
capacity and energy density of the battery. Such multi-electron transfer mechanisms are

particularly advantageous for developing high-capacity, cost-effective flow battery systems.
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4.2 Transition towards Organic Redox Flow Batteries

In this part we will discuss why research has been notably increasing towards organic redox
flow technology and the facts that inorganic options are lacking. Lithium-based battery systems
remain the most cost-effective and energy-dense option for small-scale applications; however,
their limitations in scalability, cost, and safety pose challenges for grid-level energy storage. In
contrast, redox flow batteries (RFBs) offer a promising alternative, providing advantages in

cost efficiency, safety, and long-term storage capacity. [108]

Vanadium redox flow batteries (VRFBs), first patented in 1986, remain the most widely used
and stable redox flow battery technology due to the unique electrochemical properties of
vanadium. Vanadium-based flow batteries and other IRFBs often use strong acids (e.g., sulfuric
acid). Sulfuric acid, though effective in dissolving active materials like vanadium ions, is highly
corrosive, leading to the degradation of cell components such as membranes, electrodes, and
current collectors over extended operation. It poses risks of leakage, and environmental hazards
as well. Vanadium extraction and disposal pose significant environmental challenges due to
mining and toxic waste generation. Additionally, vanadium itself is a scarce resource with a
highly volatile market price, making VRFBs an expensive option compared to emerging
organic alternatives. The fundamental limitation of VRFBs stems from their reliance on single-
electron transfer per vanadium species, which restricts their energy density. Furthermore,
temperature sensitivity between 10—40°C imposes additional operational constraints,
necessitating complex thermal management systems. Given these limitations, alternative flow
battery chemistries, such as organic redox flow batteries (ORFBs), are being actively explored

to address issues related to cost, sustainability, and electrochemical performance. [109,110]

Organic active materials, can be synthesized from abundant and inexpensive sources,
significantly reducing the overall cost of the battery system. Some organic-based electrolytes
have already demonstrated costs as low as USD$35 (kWh)! (based on half-cell estimations),
compared to the USD$150 (kWh)! target for commercial viability. [111] Unlike inorganic
materials, which have fixed electrochemical properties, organic molecules can be tailored at a
molecular level through synthetic chemistry to improve solubility, redox potential, and reaction
kinetics. This flexibility allows for optimization in terms of energy density, stability, and
voltage window, making them highly adaptable for different applications. ORFBs using non-
aqueous electrolytes have proven to achieve cell voltages beyond 4.5V, significantly higher

than traditional vanadium-based systems (typically around 1.3V). This higher voltage leads to
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improved energy density, bringing ORFBs closer to competing with lithium-ion batteries
(LIBs) in terms of 150 Wh/kg and 210 Wh/L, compared to LIBs at 120 Wh/kg and 270 Wh/L
[112]. Many organic molecules, such as methyl-para-benzoquinone, exhibit high solubility in
organic solvents (e.g., up to 6 mol dm™ in acetonitrile), leading to higher electrolyte energy
density [112]. As explained in section 3.6, organic redox couples can also undergo multi-
electron transfers, which increases the capacity per molecule, further improving battery
performance. ORFBs, particularly those using non-aqueous electrolytes, can operate in less
corrosive environments and eliminate issues related to hydrogen and oxygen evolution, leading
to longer cycle life and safer operation. ORFBs can be designed with biodegradable organic
materials, reducing long-term environmental impact. The development of organic redox
species, such as chlorinated spirobifluorene ammonium salts, has shown potential for high

redox potentials (up to 1.05 V) and excellent cycling stability. [112]

4.3 Challenges of organic compounds in (ORFBs)

There are certain challenges that surface in the development of organic redox flow technology,
research focused on these aspects is highlighted in this section. For example , several intrinsic
limitations of the aqueous electrolyte and organic compounds hinder their practical
implementation. Water's electrochemical stability limits the potential range constrains the
voltage output and energy density of AORFBs. [113] This restricts their practical applications,
alongside issues like chemical lability and membrane fouling. [114] Aqueous organic redox
flow batteries (AORFBs) face several challenges that hinder their widespread implementation
despite the advantages of tunable redox-active materials. One major limitation is the poor
solubility of many organic compounds in aqueous electrolytes, which restricts the achievable
concentration of electroactive species and consequently reduces the battery’s overall energy
capacity. In addition, species crossover—the undesired diffusion of redox-active molecules
across the membrane from one half-cell to the other, leading to efficiency losses and
performance degradation. Another critical issue arises from viscosity variations during different
states of charge (SOC), which can result in non-uniform distribution within the porous electrode
and negatively impact charge transport and reaction kinetics. Furthermore, organic redox
species are prone to side reactions, such as parasitic bromination in acidic environments, which

compromises chemical stability and reduces cycle life. This contributes to the generally short
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lifespan of many organic compounds, posing a barrier for long-term cycling performance.
Economic constraints also play a key role; the viability of AORFBs is closely tied to the
electrolyte’s molecular weight (because the cost of stored energy directly depends on how much
active material purchase to store 1 kWh.), achievable concentration, and the intrinsic stability
of the active materials. Lastly, many organic molecules display incompatibility with commonly
used membranes like Nafion, resulting in poor ion permeability and sluggish charge transfer
across the cell. These combined challenges underline the need for advanced molecular design

and system-level engineering to enhance the practicality of AORFBs. [115]

One other main challenge for the development of all-organic RFBs is to identify a redox pair
for the positive side with sufficiently high stability and redox potential that enables battery cell
potentials above 1 V. [116] Analyzing the current-voltage (I-V) characteristics is an important

approach for overcoming these challenges.
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5 Voltammetric Simulations of RFBs: A Deeper Analysis

5.1 Introduction to voltammetric simulations

Techniques such as cyclic voltammetry are fundamental electroanalytical tools used to
investigate the redox behavior of electroactive species for example to assess the reversibility of
redox reactions, ensuring that the systems can undergo multiple charge-discharge cycles
without significant degradation. [87] these techniques are essential for evaluating the kinetics,
and electrochemical stability of redox-active materials. Simulations based on cyclic
voltammetry allow researchers to predict and analyze how different physicochemical
parameters such as number of electrons, the rate constant of electron transfer (ko) and the

diffusion coefficient (Do) influence the overall performance of an electrochemical system.

A cyclic voltammogram is generated by linearly sweeping the potential of a working electrode
between two voltage limits while recording the resulting current. This creates a characteristic
current—voltage (I-V) curve that provides detailed insight into the redox processes occurring at
the electrode interface. [117] For a reversible redox system, the CV exhibits well-defined
oxidation (anodic) and reduction (cathodic) peaks. One of the key indicators of reversibility is
the peak-to-peak separation (AEp), defined as the difference between the anodic peak potential
(Epa) and the cathodic peak potential (Epc):

AE

p=1FE

pa — Epc .. (7

For a reversible one-electron transfer at 25 °C, the theoretical AE, is approximately 59 mV.
This value increases as the system deviates from ideal behavior, typically due to slower electron
transfer kinetics, coupled chemical reactions, or diffusional limitations, indicating quasi-
reversible or irreversible behavior. The magnitude of AE,, the symmetry of the peaks, and the
peak current ratios (Ipa/Ipc) all serve as qualitative and quantitative measures of the redox

system’s reversibility and electrochemical performance.

In reversible systems, the peak currents are also directly proportional to the square root of the
scan rate (v), consistent with diffusion-controlled processes, as described by the Randles-Sevcik

equation:

. F 1/2
i, = 0.4463 nFAC, (DO;}—T v) . (8)
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where n is the number of electrons transferred, 4 is the electrode area, Do is the diffusion
coefficient, Co is the concentration of the redox species, and v is the scan rate. This relation is

often used to estimate Do experimentally [118,119].

These simulations are particularly useful because they can identify the feature that most
strongly influences battery performance by allowing the independent change of kinetic and
diffusional parameters, which is not always possible through experimentation. It will be
demonstrated that the peak positions, shapes, and separations offer a sophisticated insight into
the conversion of physicochemical characteristics into electrochemical behavior, which in turn
directs the design and selection of superior electrolyte materials for high-performance flow

batteries.

5.2 Simulation methodology

To investigate the electron transfer dynamics at the electrode—electrolyte interface of a three-
electrode electrochemical system, a previously developed time-dependent cyclic voltammetry
(CV) model is used built by Jenna et al. [120] in the COMSOL Multiphysics 6.0 environment.
The model consisted of two “Transport of Diluted Species” physics interfaces: one representing
the diffusion and transformation of the oxidized species and the second describing the electrode
reaction of the reduced species. One interface was used to model the oxidized species on the
electrode surface, incorporating both the electron transfer and a subsequent homogeneous
chemical decomposition reaction in the bulk solution. The other interface simulated the
behavior of the reduced species undergoing redox conversion. A triangular waveform was
employed to simulate a linear potential sweep across time, mimicking typical CV

measurements.
The governing equation for species transport was the transient diffusion-reaction equation:
Oci/at + V- (—DiVCi) = Ri (9)

where c; is the concentration of species 1, D; is the diffusion coefficient, and R; is the reaction

term corresponding to the redox and chemical processes.

To simulate the applied potential, a triangle function was implemented, enabling a linear sweep
in both forward and reverse directions. The redox reaction at the electrode surface involved the
reversible exchange between a species, while the oxidized species could undergo a subsequent

irreversible chemical decomposition in the bulk solution. This degradation pathway introduced
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a third species representing the decomposition products. Importantly, the presence of these
products could influence the electrode kinetics by passivating the electrode surface or reducing

the availability of redox-active species.

The simulation aimed to extract key kinetic and transport parameters, including the standard
heterogeneous electron transfer rate constant ko, diffusion coefficient Dy, and the chemical
reaction rate constant k¢, by calibrating the simulated voltammograms against experimental CV
data. The simulation process included adjusting Do to fit the oxidation peak current, modifying

k. to align with the reduction peak current, and tuning ko to match the peak potential separation.

The charge transfer coefficient o was assumed to be 0.5 for all simulations. The quality of the
fit was assessed based on the agreement between the experimental and simulated values of peak

positions and currents for both forward and reverse scans.

Studies and details of the numerical model are provided in the corresponding Electronic

Supplementary Information of the source study by Jenna Hannonen. [120]
5.3 Impact of key properties on Cyclic voltammogram

The k, rate constant for redox reactions in flow batteries is typically in the range of 10—
10cm/s, while the diffusion coefficient (Do) is approximately (2.0—4.0) x 10-5 cm?s, as

determined through cyclic voltammetry analysis. [121]
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Figure 3: Simulated cyclic voltammogram (CV) generated in COMSOL with ko, = 0.01 cm/s and D, = 1
x 107 cm?s, showing the electrochemical response of a reversible redox couple under standard
conditions.

Figure 3. presents a representative cyclic voltammogram (CV) generated using a COMSOL-
based simulation under controlled conditions, illustrating the fundamental characteristics of a

reversible redox system. The simulation assumes a standard rate constant k, of 0.01 cm/s and a
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diffusion coefficient (Dy) of 1x107%cm?s , which are typical values used to model moderately
fast electron transfer reactions. The graph displays the characteristic duck -shaped curve of a
single-electron redox couple, showing symmetric anodic and cathodic peaks centered around

the formal potential.
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Figure 4: COMSOL-simulated cyclic voltammograms (CVs) obtained with a fixed standard rate constant
(ko = 0.05 cm/s) and varying diffusion coefficients (Do = 1 x 107 — 3 x 107® cm?s), illustrating the
dependence of the CV response on diffusion properties.

In Figure 4. simulated CV plot, the electron transfer kinetics were kept constant with a standard
rate constant k, =0.05 cm/s , while the diffusion coefficient D, was varied sequentially from
1x1076to 3x107% cm?/s. The resulting voltammograms exhibit subtle but noticeable differences.
As the diffusion coefficient increases, the peak currents become slightly higher and the overall
shape of the CV becomes sharper, indicating faster mass transport of the redox species toward
the electrode surface. This is consistent with the Randles-Sevcik equation, where the peak
current is proportional to D,. However, the effect remains relatively modest under these
conditions because the system is under kinetic control due to the low ko, thus limiting the
influence of diffusion alone. This figure demonstrates that while higher diffusion coefficients

improve current response, their impact can be muted if the electron transfer is not sufficiently

fast.
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Figure 5: COMSOL-simulated cyclic voltammograms (CVs) obtained with a fixed standard rate constant
(ko = 0.01 cm/s) and diffusion coefficients varied from 1 x 107 to 1 x 107° cm?s, illustrating the influence
of diffusion rate on CV response.

Figure 5. illustrates the impact of increasing the diffusion coefficient (Dy) by an order of
magnitude from 1x1076 to 1x107° cm?s while keeping the electron transfer rate constant fixed
at k=0.01 cm/s. The resulting voltammograms exhibit a pronounced transformation in shape
and peak current. The curve corresponding to the higher diffusion coefficient shows
significantly increased peak heights and a more symmetric, steeper profile, characteristic of
enhanced mass transport and more efficient redox cycling. In contrast, the curve with the lower
diffusion coefficient is more broadened and flattened, indicating limited transport of redox
species to the electrode surface. This highlights how a higher diffusion coefficient can strongly
boost current response, reduce peak-to-peak separation, and mimic more reversible
electrochemical behavior, even when the kinetics are not extremely fast. This contrast visually
emphasizes the importance of molecular mobility in electrochemical systems, especially in

systems governed by diffusion-limited processes.
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Figure 6: COMSOL-simulated cyclic voltammograms (CVs) at a constant diffusion coefficient (D, = 3 %
107® cm?¥s) and varying standard rate constants (ko = 0.01, 0.05, and 0.1 cm/s), demonstrating the
influence of electron transfer kinetics on the CV profile.

In figure 6. simulated voltammograms at a fixed diffusion coefficient Do =3x107¢ cm?/s for
three different electron transfer rate constants: ky=0.01, 0.05, and 0.1 cm/s. The resulting curves
reveal only marginal differences in current response and peak shape, suggesting that, within
this range, the system behaves close to quasi-reversible or reversible conditions. The peak
currents and peak separations remain nearly identical across the three cases, indicating that
variations in kO beyond a certain threshold produce diminishing returns in terms of improving
electrochemical reversibility. This illustrates that under conditions where mass transport
(diffusion) dominates, modest increases in reaction kinetics do not substantially alter the

voltammetric response. Hence, in diffusion-governed systems, optimizing kinetic parameters
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alone might not yield significant performance gains unless accompanied by improved mass

transport properties.
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Figure 7: COMSOL-simulated cyclic voltammograms comparing single-electron (n = 1) and two-electron
(n = 2) transfer processes, with Dy = 1 x 107 cm?#s and k, = 0.01 cm/s.

The figure 7. compares cyclic voltammograms simulated for a system undergoing a single-
electron transfer (n=1) and a two-electron transfer (n=2), using the same diffusion coefficient
Dy=1x10"% cm?/s and standard rate constant (k¢=0.01 cm/s). The resulting curves exhibit clear
and significant differences. The peak current for the two-electron process is noticeably higher
and the overall shape of the voltammogram becomes sharper and more defined. This reflects
the direct proportionality of peak current to 7, as described by the Randles—Sevéik equation (8).
The increased charge transfer per molecule enhances the current response, an important
electrochemical characteristic of two-electron storage systems is the reduced peak-to-peak
separation observed in their cyclic voltammograms compared to single-electron processes. In a
reversible one-electron transfer, the theoretical peak-to-peak separation (AE; ) is approximately
59 mV at room temperature, assuming Nernstian behavior. In contrast, for a concerted two-
electron transfer, the peak-to-peak separation is theoretically smaller, approximately 29 mV,
due to the transfer of two electrons per redox event occurring at the same redox potential. This
results in closer anodic and cathodic peaks and a sharper, more symmetric voltammetric profile,
indicating more efficient electron utilization per unit potential change. However, in practice,
two-electron processes often proceed via stepwise mechanisms, involving intermediate species.

[122]

While idealized models suggest that concerted two-electron transfers exhibit smaller peak-to-
peak separations (AE, ) due to simultaneous electron transfer at a single potential, real systems
often deviate significantly from this behavior. In practice, two-electron transfers usually

proceed via two sequential steps, each with its own activation barrier and redox potential. This
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stepwise mechanism introduces additional complexity, often resulting in quasi-reversible or
even irreversible behavior, especially when the electron transfer kinetics are not fast. Simulated
voltammograms demonstrate that the peak separation increases when the second electron
transfer is significantly more favorable thermodynamically, leading to two distinct redox
waves. Moreover, homogeneous disproportionation reactions involving the intermediate
species (e.g., 2B — A + C) can further distort the voltammetric profile, broadening the peaks
and complicating analysis. In contrast to the simplistic expectation of reduced peak separation,
the simulations also demonstrate a considerable dependence of AEp on scan rate and kinetic
parameters (kr, ky), showing the sensitivity of two-electron systems to both thermodynamic and

kinetic factors. [122]

5.4 Results and discussion: Which parameter influences performance of

Redox Flow Batteries the most?

The voltammetric simulation figures in COMSOL Multiphysics reveal that among the
physicochemical parameters analyzed (the diffusion coefficient Do and the electron transfer
rate constant ko ), the diffusion coefficient exerts a more visually prominent influence on the
shape of the simulated current—potential curves. Specifically, variations in Do significantly alter
the peak current and the overall morphology of the voltammograms. In contrast, the influence
of ko within the simulated diffusion-dominated system appears comparatively minimal, with
only subtle modifications observed in the voltammetric profiles. However, it is important to
contextualize these findings within the operational characteristics of flow batteries. In a typical
redox flow battery (RFB), the electrolyte is circulated through the electrochemical cell by
means of a pump-driven flow system. This convective transport mechanism substantially
mitigates the role of molecular diffusion by enabling controlled and continuous delivery of
redox-active species to the electrode surfaces. As a result, the relevance of diffusion-controlled
mass transport, which dominates in quiescent (non-flowing) electrochemical systems, becomes

significantly diminished. [123]

Consequently, under realistic flow conditions, the electron transfer kinetics characterized by
the standard rate constant k, emerge as a more critical determinant of cell performance. A
higher k, facilitates faster electron transfer at the electrode—electrolyte interface, thereby
reducing overpotential losses and improving overall energy efficiency. Although it is intuitively

correct that redox-active species with high diffusion coefficients would also contribute
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positively to performance in a pumped system, their effect is somewhat overshadowed by the

convective transport provided by the flow mechanism

In such pump diffusion systems, the standard electron transfer rate constant k, becomes a
primary performance-limiting factor, particularly at higher current densities. A higher k,
accelerates interfacial electron transfer, reduces kinetic overpotentials, and improves
charge/discharge efficiency. This observation aligns with prior studies which emphasize the
central role of kinetics in flow-based systems where convective flow dominates mass transport.
[124] Though high diffusion coefficients still contribute positively by smoothing concentration
gradients and minimizing reactant depletion zones, their influence is secondary to that of
electron transfer kinetics in pump-circulated systems. [125] This distinction also has direct
implications for scalability and operational flexibility. Pump diffusion systems offer a modular
and scalable architecture, ideal for grid-scale energy storage applications. The ability to
dynamically adjust flow rates allows for responsive management of energy demands and fine-
tuning of reaction environments, thereby optimizing performance across a range of operating
conditions. Conversely, diffusion-dependent systems, which rely on passive transport
mechanisms, often suffer from reduced efficiency and limited scalability due to the slower and
less controllable movement of electroactive species. While they may benefit from mechanical
simplicity and potentially lower maintenance requirements, these advantages are often

outweighed by performance constraints in high-demand scenarios. [126]

We can conclude from section 3.6 that number of electrons transferred per redox event shows
pronounced impact on performance. The simulations show that transitioning from a one-
electron to a two-electron redox process introduces substantial changes in the voltammetric
response. In particular, the formation of an intermediate redox species (denoted B), which is
prone to homogeneous disproportionation (2B — A + C), leads to broader, more complex
voltammograms. This reaction pathway introduces additional peaks or shoulder features and
alters peak current ratios and positions, reflecting a non-trivial redistribution of redox species
during the potential sweep. This is due to the presence of intermediate species (e.g., Bin A =
B = C). The presence of such disproportionation reactions complicates the interpretation of the
voltammogram and introduces kinetic and thermodynamic limitations. [122] However, if the
two-electron transfer process can be engineered to proceed reversibly, either by stabilizing
intermediate species or optimizing reaction conditions, it holds the potential to significantly
enhance power density and energy efficiency. In particular, if the second electron transfer is

much more thermodynamically favorable, it can shift the redox waves further apart, producing
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distinct dual-peak patterns. Multi-electron redox couples inherently offer higher charge storage

per mole of active material, making them highly attractive for grid-scale storage applications.
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6 Conclusion and Future Directions

6.1 Summary of findings

This thesis investigated the fundamental physicochemical parameters that govern the
electrochemical performance of aqueous organic redox flow batteries (AORFBs), with a
particular focus on diffusion coefficient (Dy), electron transfer rate constant k,, and multi-
electron redox mechanisms. Through the use of voltammetric simulations performed in
COMSOL Multiphysics, it was possible to systematically isolate and analyze the impact of each

parameter on the cyclic voltammetric behavior of electroactive species.

In static, diffusion-limited simulations, the diffusion coefficient emerged as the most influential
factor shaping the voltammetric response. Increases in Dy led to notable changes in peak current
and overall curve morphology, consistent with the expectations of Fickian diffusion-limited
transport. Conversely, alterations in the electron transfer kinetics k, within this model induced
relatively minor effects, suggesting that under diffusion-dominated conditions, mass transport

is the primary bottleneck to electrochemical performance.

However, this trend undergoes a significant reversal under conditions representative of practical
flow battery operation, where convective mass transport via pump-driven circulation
dominates. In such systems, electrolyte flow is no longer constrained by molecular diffusion,
and species are delivered rapidly to the electrode surface. As a result, the influence of the
diffusion coefficient diminishes, and electron transfer kinetics become the principal
determinant of performance. High k, values lead to faster interfacial electron exchange, reduced
kinetic overpotentials, and improved charge/discharge efficiency—particularly critical at high

current densities typical of grid-scale energy storage applications.

Another major contribution of this work is the exploration of multi-electron redox systems.
Simulations showed that the inclusion of a second electron transfer step introduces substantial
changes in the voltammetric profile, including broader peaks, multiple redox features, and
greater sensitivity to scan rate and kinetic parameters. Unlike single-electron systems, where
peak-to-peak separation (AEp ) is relatively narrow and well-defined, two-electron systems

often display complex, quasi-reversible behavior further altering the voltammogram.

Figures included in this thesis provide visual comparisons between single- and multi-electron

voltammograms under varying kinetic and thermodynamic conditions. These graphical
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analyses help to clearly illustrate the performance-enhancing potential of multi-electron storage

systems when designed with optimized k,, Dy, and redox potential alignment.

The simulation results demonstrated that the magnitude of peak separation and shape
complexity in multi-electron systems is influenced by both the standard potentials (Eo) of the
two redox steps and the kinetic asymmetry between the forward and reverse rate constants.
These insights highlight the importance of balancing redox potential spacing and kinetic rates

to achieve both high energy density and favorable reversibility.

Homogeneous side reactions and intermediate species dynamics play a pivotal role in shaping

the voltammetric behavior of complex redox systems.

These findings collectively underscore the need for an integrated approach to RFB design that
considers molecular properties, reaction kinetics, and system-level engineering to advance the

development of high-performance, scalable energy storage solutions.
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Table 3. Key Physicochemical Parameters in Redox Flow Batteries (RFBs) and Their Impact on
Performance

Parameter Key Insights from This Study

- Higher solubility — higher energy density due to increased
concentration of active materials.

- Improved cycle stability, as better-dissolved species minimize
precipitation and side reactions.

- Possible trade-offs with redox potential or chemical stability
Solubility when modifying molecular structure.

Determines cell voltage and energy density; influences
Redox Potential (E°) efficiency.

Increases theoretical charge storage per molecule; introduces
complex voltammetric features due to intermediate species,
affects Coulombic efficiency.

Two-electron systems show broader peaks, multiple redox
waves, and sensitivity to kinetic asymmetry; require careful
Number of Electrons (n) molecular design to stabilize intermediates

Faster ko, improves charge/discharge rates and power density.

Kinetics: Rate Constant Critical under flow conditions; faster ko enhances
(ko) charge/discharge efficiency, especially at high current densities

Dominates CV response under diffusion-limited conditions; less
influential under convective flow typical of practical RFBs,
dominates mostly in static simulations.

Higher D, reduces concentration polarization, improves
electrode utilization, and enhances performance at high current
Diffusion Coefficient (D) densities.

Alkaline systems exhibit higher cell voltages (up to 1.89 V),
greater solubility, and improved ion transport, leading to higher
energy densities and efficiencies. Acidic systems enable broader
redox couple selection and enhanced stability in certain cases
but often operate at lower voltages (~1.6 V). Optimal pH balance
pH (electrolyte or differential pH strategies can enhance overall cell potential
environment) and performance.

Table 3. summarizes the key aspects of this literature review. In conclusion, this thesis
establishes these aspects that are necessary for the transition from theoretical modeling to

practical flow battery operation:
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6.2 Practical implications for RFB development

The findings of this study have several significant practical implications for the continued
advancement and commercial deployment of Redox Flow Batteries (RFBs) in grid-scale energy
storage applications. Although RFBs have several intrinsic benefits, including long cycle life,
operational flexibility, and decoupled energy and power scaling, ongoing issues with energy
density, cost, system complexity, and material performance have prevented them from being
widely used. This thesis provides key insights into how addressing these challenges at the
electrochemical and system levels can directly inform design strategies for next-generation

RFBs.

One of the central practical challenges in RFB development is the low energy density of current
systems, which directly impacts the footprint, capital cost, and feasibility of large-scale
installations. The results presented herein demonstrate the substantial benefits of incorporating
multi-electron redox-active species, which can significantly enhance the volumetric energy
density of electrolytes by increasing the number of charges stored per molecule. However,
realizing this advantage in practice requires overcoming kinetic and mechanistic limitations,
including the stabilization of intermediate species and the suppression of undesirable
homogeneous reactions such as disproportionation. Thus, the rational molecular design of
redox-active compounds with optimized redox potential spacing, high solubility, fast electron
transfer kinetics k, and electrochemical reversibility—represents a critical research direction

for improving energy density without sacrificing performance or longevity.

In addition to material innovations, system-level engineering improvements are essential.
Optimization of flow fields, stack design, and electrode architecture can greatly enhance mass
transport, current distribution, and electrolyte utilization, ultimately improving power density
and round-trip efficiency. As highlighted in the simulations, diffusion plays a minor role under
flow-assisted conditions, underscoring the importance of fluid dynamics and flow cell
optimization in practical applications. Tailoring flow rates and minimizing pressure losses can
contribute to reduced parasitic energy consumption, lower operational costs, and improved

system scalability.

Another key implication concerns cost reduction, particularly in the context of materials
sourcing and system integration. Employing earth-abundant elements and designing ligands or
supporting electrolytes from inexpensive, readily available feedstocks can help reduce the

capital expenditure associated with electrolyte formulation. Additionally, solid-liquid hybrid
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storage approaches, where redox-active materials are immobilized or suspended—have
emerged as a promising strategy for increasing energy density and reducing costs related to
large tank volumes and fluid handling infrastructure. From a manufacturing perspective,
improving the reproducibility and scalability of redox-active molecule synthesis remains a
major challenge. Robust synthetic routes that can be translated from lab to pilot scale with
minimal purification steps and high yields are essential. Similarly, advances in testing protocols
and diagnostic tools will be critical for accurate characterization of kinetic parameters, long-
term cycling behavior, and degradation mechanisms. These tools can support more informed

material selection and system diagnostics, ultimately improving battery reliability and safety.

Furthermore, the integration of RFBs with renewable energy sources such as wind and solar
power presents a compelling use case due to their ability to provide long-duration energy
storage and smooth fluctuations in power generation. However, this requires improving not
only energy and power density but also the cycle life and efficiency of storage systems under
variable operating conditions. Enhancements in electrolyte stability, membrane durability, and
corrosion resistance of hardware components are essential to reduce maintenance requirements

and extend service life.

Addressing the life-cycle costs and environmental footprint of RFB systems is necessary for
their sustainable deployment. This includes not only reducing upfront capital costs but also
minimizing operational and end-of-life impacts through recyclable components, low-toxicity

formulations, and energy-efficient production methods.

In conclusion, the practical implications of this thesis extend across molecular design, system
architecture, manufacturing, and deployment strategies. By advancing the understanding of
how electrochemical parameters such as k0, Dy, and redox mechanism influence performance,
this work contributes to the foundation upon which next-generation RFBs can be engineered to
meet the demands of cost-effective, efficient, and durable energy storage for renewable

integration and grid stability.

6.3 Recommendations for future research in organic negolytes and RFB

technology

To further advance the development of organic redox flow batteries (ORFBs) and facilitate their
transition from laboratory-scale systems to commercially viable energy storage technologies,

several strategic research directions are recommended. These recommendations span molecular
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design, electrolyte formulation, system architecture, and fundamental electrochemical
understanding—each of which is critical for improving the energy density, power density,

efficiency, and operational longevity of ORFB systems.

First and foremost, the development of robust redox-active molecules and electrolytes remains
a foundational requirement for achieving high-performance ORFBs. Ideal redox-active organic
compounds should exhibit a combination of properties that directly enhance all major
performance metrics: high solubility (to improve volumetric capacity and energy density),
highly positive or negative redox potentials (to expand cell voltage and thereby energy and
power densities), fast electron-transfer kinetics kO (to enable efficient operation under high
current densities), excellent electrochemical and chemical stability (to prolong cycling
lifetime), and low production cost (to enhance commercial viability). Achieving this
multifaceted optimization demands an integrative approach that combines density functional
theory (DFT) screening as introduced in section 3.3, physical organic chemistry, and targeted
molecular engineering to design and validate novel candidates with desirable electrochemical

characteristics.

In addition to redox-active species, future research must focus on the development of highly
conductive, low-viscosity, noncorrosive, nonflammable, and environmentally benign
electrolytes. These properties are critical for ensuring operational safety, lowering system
resistance, and minimizing maintenance requirements in large-scale systems. The synergistic
optimization of redox molecules and supporting electrolytes; taking into account solubility,
compatibility, ion conductivity, and viscosity will be necessary to meet the stringent
requirements of high-performance ORFBs, particularly in nonaqueous and alkaline

environments where stability windows and compatibility can pose significant challenges.

Second, a deeper understanding of the solution chemistry and electrochemical behavior of
redox-active organic molecules is essential. This includes their redox mechanisms, degradation
pathways, and interactions with electrolyte components. Rigorous half-cell testing remains a
powerful method for rapidly assessing the intrinsic stability of redox-active materials, with
post-cycling analyses providing mechanistic insights into capacity fading and degradation.
Complementary to these experimental approaches, DFT calculations and computational
electrochemistry offer predictive tools for elucidating electronic structure, redox potential
trends, solvation effects, and reaction energetics—guiding the rational design of new redox-

active candidates with improved performance.
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A significant limitation for ORFBs, discussed in section 4.1 is that particularly in nonaqueous
setups, is the migration of active materials through the membrane or separator, resulting in
charge imbalance and capacity degradation. Therefore, the development of highly selective,
ion-conductive membranes is an urgent priority. [104] Such membranes must demonstrate
excellent selectivity to ionic species while minimizing the permeation of active redox
molecules, particularly under long-term operation and repeated cycling. Advances in membrane
technology will play a decisive role in enhancing coulombic efficiency, preserving electrolyte

integrity, and enabling the use of more diverse redox chemistries.

Moreover, the design of flow cell architecture and electrode configuration warrants further
investigation. While various cell designs have been proposed, there remains a lack of
systematic, parallel evaluations to determine how electrode geometry, porosity, and catalytic
activity affect key performance metrics such as energy efficiency, power density, and rate
capability. Future research should aim to establish standardized testing protocols and
comparative studies to enable more reliable benchmarking of different flow battery

configurations.

Organic redox materials also offer substantial technological advantages over their inorganic
counterparts. These include an unparalleled molecular design space, tunable physicochemical
properties, and the potential for lower environmental and economic costs due to synthetic
accessibility and sustainability. [127] However, it is important to note that inorganic redox
couples, such as FeCl: or ZnBr2, continue to offer cost-effective, scalable solutions and should

not be overlooked in the broader context of RFB development.

Recent progress in weakly alkaline aqueous ORFBs (AORFBs) suggests promising avenues for
further exploration. These systems benefit from enhanced stability windows and reduced
material degradation but currently lack suitable catholytes to fully exploit their potential. The
development of compatible and reversible catholytes for alkaline media could enable high-

performance AORFBs with improved efficiency and cycling life.

Finally, the integration of RFBs with renewable energy systems, particularly photovoltaic (PV)
technologies, presents a promising opportunity for sustainable energy harvesting and storage.

Notably, certain AORFB and aqueous iron-based RFB (AIRFB) chemistries have already been
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integrated with solar cells, offering a pathway toward direct solar energy storage in a modular

and scalable form.

In conclusion, the future of ORFB technology hinges on interdisciplinary innovation across
organic synthesis, electrochemistry, materials science, and system engineering. Through
targeted research and coordinated development efforts, ORFBs hold the potential to become a
cornerstone of next-generation grid-scale energy storage systems, capable of meeting the

demands of a low-carbon, renewable-powered energy infrastructure.



50

7 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

F. Pan and Q. Wang, “Redox Species of Redox Flow Batteries: A Review,”
Molecules, vol. 20, no. 11, pp. 20499-20517, Nov. 2015, doi:
10.3390/molecules201119711.

M. Mansha et al., “Recent Development of Electrolytes for Aqueous Organic Redox
Flow Batteries (Aorfbs): Current Status, Challenges, and Prospects,” The Chemical
Record, vol. 24, no. 1, Nov. 2023, doi: 10.1002/tcr.202300284.

“Electrically rechargeable REDOX flow cell,” Google Patents. Accessed: Nov. 16,
2025. [Online]. Available: https://patents.google.com/patent/US3996064A/en

M. Chen, R. Chen, I. Zhitomirsky, G. He, and K. Shi, “Redox-active molecules for
aqueous electrolytes of energy storage devices: A review on fundamental aspects,
current progress, and prospects,” Materials Science and Engineering: R: Reports, vol.
161, p. 100865, Dec. 2024, doi: 10.1016/j.mser.2024.100865.

B. Liu, Y. Li, G. Jia, and T. Zhao, “Recent Advances in Redox Flow Batteries
Employing Metal Coordination Complexes as Redox-Active Species,”
Electrochemical Energy Reviews, vol. 7, no. 1, Mar. 2024, doi: 10.1007/s41918-023-
00205-6.

Z. Hou et al., “Towards a high efficiency and low-cost aqueous redox flow battery: A
short review,” Journal of Power Sources, vol. 601, p. 234242, May 2024, doi:
10.1016/j.jpowsour.2024.234242.

X. Ke, J. M. Prahl, J. I. D. Alexander, J. S. Wainright, T. A. Zawodzinski, and R. F.
Savinell, “Rechargeable redox flow batteries: flow fields, stacks and design
considerations,” Chemical Society Reviews, vol. 47, no. 23, pp. 8721-8743, doi:
10.1039/C8CS00072G.

A. Parasuraman, T. M. Lim, C. Menictas, and M. Skyllas-Kazacos, “Review of
material research and development for vanadium redox flow battery applications,”
Electrochimica Acta, vol. 101, pp. 27-40, Jul. 2013, doi:
10.1016/j.electacta.2012.09.067.

W. Lee, G. Park, and Y. Kwon, “Alkaline aqueous organic redox flow batteries of
high energy and power densities using mixed naphthoquinone derivatives,” Chemical

Engineering Journal, vol. 386, p. 123985, Apr. 2020, doi: 10.1016/j.cej.2019.123985.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

51

H. Wang et al., “Redox Flow Batteries: How to Determine Electrochemical Kinetic
Parameters,” ACS Nano, vol. 14, no. 3, pp. 2575-2584, Mar. 2020, doi:
10.1021/acsnano.0c01281.

Y. Ding, C. Zhang, L. Zhang, Y. Zhou, and G. Yu, “Molecular engineering of organic
electroactive materials for redox flow batteries,” Chemical Society Reviews, vol. 47,
no. 1, pp. 69-103, 2018, doi: 10.1039/c7cs00569e.

W. Sharmoukh, “Redox flow batteries as energy storage systems: materials, viability,
and industrial applications,” RSC Advances, vol. 15, no. 13, pp. 10106-10143, 2025,
doi: 10.1039/d5ra00296f.

T. B. Schon, B. T. McAllister, P.-F. Li, and D. S. Seferos, “The rise of organic
electrode materials for energy storage,” Chemical Society Reviews, vol. 45, no. 22, pp.
6345-6404, 2016, doi: 10.1039/c6¢s00173d.

S. Er, C. Suh, M. P. Marshak, and A. Aspuru-Guzik, “Computational design of
molecules for an all-quinone redox flow battery,” Chemical Science, vol. 6, no. 2, pp.
885-893, 2015, doi: 10.1039/c4sc03030c.

S. Hwang et al., “Integration of Functional Groups to Enhance the Solubility and
Stability of Viologen in Aqueous Organic Redox Flow Batteries,” ACS Applied
Materials &amp, Interfaces, vol. 16, no. 22, pp. 28645-28654, May 2024, doi:
10.1021/acsami.4c04528.

Y. Cheng, D. M. Hall, J. Boualavong, R. J. Hickey, S. N. Lvov, and C. A. Gorski,
“Influence of Hydrotropes on the Solubilities and Diffusivities of Redox-Active
Organic Compounds for Aqueous Flow Batteries,” 4ACS Omega, vol. 6, no. 45, pp.
30800-30810, Nov. 2021, doi: 10.1021/acsomega.1c05133.

C. G. Cannon, P. A. A. Klusener, N. P. Brandon, and A. R. J. Kucernak, “Aqueous
Redox Flow Batteries: Small Organic Molecules for the Positive Electrolyte Species,”
ChemSusChem, vol. 16, no. 18, Jul. 2023, doi: 10.1002/cssc.202300303.

K. Sharma, S. Sankarasubramanian, J. Parrondo, and V. Ramani, “Electrochemical
implications of modulating the solvation shell around redox active organic species in
aqueous organic redox flow batteries,” Proceedings of the National Academy of
Sciences, vol. 118, no. 34, Aug. 2021, doi: 10.1073/pnas.2105889118.

A. Z. Weber, M. M. Mench, J. P. Meyers, P. N. Ross, J. T. Gostick, and Q. Liu,
“Redox flow batteries: a review,” Journal of Applied Electrochemistry, vol. 41, no. 10,

pp. 1137-1164, Sep. 2011, doi: 10.1007/s10800-011-0348-2.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

52

R. M. Darling, K. G. Gallagher, J. A. Kowalski, S. Ha, and F. R. Brushett, “Pathways
to low-cost electrochemical energy storage: a comparison of aqueous and nonaqueous
flow batteries,” Energy Environ. Sci., vol. 7, no. 11, pp. 3459-3477, Sep. 2014, doi:
10.1039/c4ee02158d.

C. R. Peltier et al., “Suppressing Crossover in Nonaqueous Redox Flow Batteries with
Polyethylene-Based Anion-Exchange Membranes,” ACS Energy Letters, vol. 7, no.
11, pp. 4118-4128, Oct. 2022, doi: 10.1021/acsenergylett.2c01551.

J. Chai, A. Lashgari, and J. “Jimmy” Jiang, “Electroactive Materials for Next-
Generation Redox Flow Batteries: From Inorganic to Organic,” in ACS Symposium
Series, Washington, DC: American Chemical Society, 2020, pp. 1-47. Accessed: Nov.
16, 2025. [Online]. Available: https://doi.org/10.1021/bk-2020-1364.ch001

P. Arévalo-Cid, P. Dias, A. Mendes, and J. Azevedo, “Redox flow batteries: a new
frontier on energy storage,” Sustainable Energy &amp, Fuels, vol. 5, no. 21, pp.
5366-5419, 2021, doi: 10.1039/d1se00839k.

P. Parmeshwarappa, R. Gundlapalli, and S. Jayanti, “Power and Energy Rating
Considerations in Integration of Flow Battery with Solar PV and Residential Load,”
Batteries, vol. 7, no. 3, p. 62, Sep. 2021, doi: 10.3390/batteries7030062.

R. Chen et al., “A Comparative Review of Electrolytes for Organic-Material-Based
Energy-Storage Devices Employing Solid Electrodes and Redox Fluids,”
ChemSusChem, vol. 13, no. 9, pp. 2205-2219, Mar. 2020, doi:
10.1002/cssc.201903382.

Y. Zou et al., “A four-electron Zn-I12 aqueous battery enabled by reversible [-/12/1+
conversion,” Nature Communications, vol. 12, no. 1, Jan. 2021, doi: 10.1038/s41467-
020-20331-9.

T. Liu, X. Wei, Z. Nie, V. Sprenkle, and W. Wang, “A Total Organic Aqueous Redox
Flow Battery Employing a Low Cost and Sustainable Methyl Viologen Anolyte and 4-
HO-TEMPO Catholyte,” Advanced Energy Materials, vol. 6, no. 3, Dec. 2015, doi:
10.1002/aenm.201501449.

Y. Xu, Y. Wen, J. Cheng, G. Cao, and Y. Yang, “Study on a single flow acid Cd—
chloranil battery,” Electrochemistry Communications, vol. 11, no. 7, pp. 1422—1424,
Jul. 2009, doi: 10.1016/j.elecom.2009.05.021.

M. Quan, D. Sanchez, M. F. Wasylkiw, and D. K. Smith, “Voltammetry of Quinones

in Unbuffered Aqueous Solution: Reassessing the Roles of Proton Transfer and



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

53

Hydrogen Bonding in the Aqueous Electrochemistry of Quinones,” Journal of the
American Chemical Society, vol. 129, no. 42, pp. 12847-12856, Oct. 2007, doi:
10.1021/7a0743083.

W. Wang, W. Xu, L. Cosimbescu, D. Choi, L. Li, and Z. Yang, “Anthraquinone with
tailored structure for a nonaqueous metal—organic redox flow battery,” Chemical
Communications, vol. 48, no. 53, p. 6669, 2012, doi: 10.1039/c2cc32466k.

L. Li et al., “A Stable Vanadium Redox-Flow Battery with High Energy Density for
Large-Scale Energy Storage,” Advanced Energy Materials, vol. 1, no. 3, pp. 394400,
Mar. 2011, doi: 10.1002/aenm.201100008.

A. Permatasari, W. Lee, and Y. Kwon, “Acidic aqueous redox flow battery using 12-
phosphotungstic acid and 2,4,5,6-tetrahydroxybenzene-1,3-disulfonic acid as redox
couple,” International Journal of Energy Research, vol. 46, no. 9, pp. 13013-13022,
Apr. 2022, doi: 10.1002/er.7948.

J. Cao, J. Tian, J. Xu, and Y. Wang, “Organic Flow Batteries: Recent Progress and
Perspectives,” Energy &amp, Fuels, vol. 34, no. 11, pp. 13384-13411, Oct. 2020, doi:
10.1021/acs.energyfuels.0c02855.

Z.Yan et al., “High-Voltage Aqueous Redox Flow Batteries Enabled by Catalyzed
Water Dissociation and Acid—Base Neutralization in Bipolar Membranes,” ACS
Central Science, vol. 7, no. 6, pp. 1028—-1035, May 2021, doi:
10.1021/acscentsci.1c00217.

R. Thamizhselvan, R. Naresh, R. Sekar, M. Ulaganathan, V. G. Pol, and P. Ragupathy,
“Redox flow batteries: Pushing the cell voltage limits for sustainable energy storage,”
Journal of Energy Storage, vol. 61, p. 106622, May 2023, doi:
10.1016/.est.2023.106622.

C. Zeng et al., “Characterization of Electrochemical Behavior for Aqueous Organic
Redox Flow Batteries,” Journal of The Electrochemical Society, vol. 169, no. 12, p.
120527, Dec. 2022, doi: 10.1149/1945-7111/acadad.

Z.Yan et al., “High-Voltage Aqueous Redox Flow Batteries Enabled by Catalyzed
Water Dissociation and Acid—Base Neutralization in Bipolar Membranes,” ACS
Central Science, vol. 7, no. 6, pp. 1028-1035, May 2021, doi:
10.1021/acscentsci.1c00217.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

54

B. Lu, K. Yu, W. Shao, Y. Ji, and F. Zhang, “Organic redox-active molecules for
alkaline aqueous redox flow batteries,” Current Opinion in Green and Sustainable
Chemistry, vol. 47, p. 100905, Jun. 2024, doi: 10.1016/j.cogsc.2024.100905.

A. Tiwari, S. K. Singh, D. Meghnani, R. Mishra, and R. K. Singh, “Vanadium-Based
Redox Flow Batteries,” Advanced Redox Flow Technology, pp. 161-176, Apr. 2024,
doi: 10.1002/9781119904960.ch7.

W. K. Ng, W. Y. Wong, K. S. Loh, M. S. Masdar, N. Shaari, and M. M. Pang, “A
comprehensive overview of polyphenylene oxide-based anion exchange membranes
from the perspective of ionic conductivity and alkaline stability,” Journal of Industrial
and Engineering Chemistry, vol. 138, pp. 49-71, Oct. 2024, doi:
10.1016/j.jiec.2024.04.012.

R. Yang, S. Zhang, and Y. Zhu, “A High Performance, Stable Anion Exchange
Membrane for Alkaline Redox Flow Batteries,” Elsevier BV, 2023. Accessed: Nov.
16, 2025. [Online]. Available: https://doi.org/10.2139/ssrn.4607786

H. Jiang et al., “Highly Stable Alkaline All-Iron Redox Flow Batteries Enabled by
Disulfonated Ligands Chelation,” Advanced Energy Materials, vol. 14, no. 46, Oct.
2024, doi: 10.1002/aenm.202402227.

B. Lu, K. Yu, W. Shao, Y. Ji, and F. Zhang, “Organic redox-active molecules for
alkaline aqueous redox flow batteries,” Current Opinion in Green and Sustainable
Chemistry, vol. 47, p. 100905, Jun. 2024, doi: 10.1016/j.cogsc.2024.100905.

K. Lin et al., “Alkaline Organic Redox Flow Battery,” ECS Meeting Abstracts, vol.
MA2016-01, no. 3, pp. 378-378, Apr. 2016, doi: 10.1149/ma2016-01/3/378.

K. Ramanujam and C. Mirle, “Aqueous Acidic Redox Flow Batteries,” in Advanced
Technologies for Rechargeable Batteries, Boca Raton: CRC Press, 2024, pp. 232-254.
Accessed: Nov. 16, 2025. [Online]. Available:
https://doi.org/10.1201/9781003310167-15

N. Daub, “A Critical Approach to Multi-Electron Materials for High Energy Density
Non-Aqueous Redox Flow Batteries,” ECS Meeting Abstracts, vol. MA2022-01, no.
48, pp. 2030-2030, Jul. 2022, doi: 10.1149/ma2022-01482030mtgabs.

B. Lu, K. Yu, W. Shao, Y. Ji, and F. Zhang, “Organic redox-active molecules for
alkaline aqueous redox flow batteries,” Current Opinion in Green and Sustainable
Chemistry, vol. 47, p. 100905, Jun. 2024, doi: 10.1016/j.cogsc.2024.100905.

J. McGrath, R. Gautam, and J. “Jimmy” Jiang, “High Energy Density Asymmetric

Tetrathiafulvalene Derivative as a Catholyte for Non-Aqueous Redox Flow Batteries,”



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

55

ECS Meeting Abstracts, vol. MA2024-01, no. 53, pp. 2787-2787, Aug. 2024, doi:
10.1149/ma2024-01532787mtgabs.

V. Pasala, C. Ramachandra, S. Sethuraman, and K. Ramanujam, “A High Voltage
Organic Redox Flow Battery with Redox Couples O2/Tetrabutylammonium Complex
and Tris(4-bromophenyl)amine as Redox Active Species,” Journal of The
Electrochemical Society, vol. 165, no. 11, pp. A2696-A2702, 2018, doi:
10.1149/2.0661811jes.

X. Wei et al., “High-Performance Non-Aqueous Redox Flow Batteries at Pnnl,” ECS
Meeting Abstracts, vol. MA2015-01, no. 2, pp. 420—420, Apr. 2015, doi:
10.1149/ma2015-01/2/420.

M. Lehmann et al., “Mechanically Robust Crosslinked Membranes for Non-Aqueous
Redox Flow Batteries,” ECS Meeting Abstracts, vol. MA2019-01, no. 3, pp. 450450,
May 2019, doi: 10.1149/ma2019-01/3/450.

S. on Tung, L. T. Thompson, S. Laramie, R. Zhang, and N. Kotov, “Nanoporous
Aramid Nanofiber Separators for Non-Aqueous Redox Flow Batteries,” ECS Meeting
Abstracts, vol. MA2015-02, no. 3, pp. 244-244, Jul. 2015, doi: 10.1149/ma2015-
02/3/244.

D. G. Kwabi, Y. Ji, and M. J. Aziz, “Electrolyte Lifetime in Aqueous Organic Redox
Flow Batteries: A Critical Review,” Chemical Reviews, vol. 120, no. 14, pp. 6467—
6489, Feb. 2020, doi: 10.1021/acs.chemrev.9b00599.

C. Wang et al., “Highly Water-Soluble 6-Quinoxalinecarboxylic Acid for High-
Voltage Aqueous Organic Redox Flow Batteries,” ACS Applied Energy Materials, vol.
5, n0. 9, pp. 10379-10384, Sep. 2022, doi: 10.1021/acsaem.2c01978.

S. Hwang et al., “Integration of Functional Groups to Enhance the Solubility and
Stability of Viologen in Aqueous Organic Redox Flow Batteries,” ACS Applied
Materials &amp, Interfaces, vol. 16, no. 22, pp. 28645-28654, May 2024, doi:
10.1021/acsami.4c04528.

Y. Kim et al., “Micellar Solubilization for High-Energy-Density Aqueous Organic
Redox Flow Batteries,” Advanced Energy Materials, vol. 13, no. 41, Sep. 2023, doi:
10.1002/aenm.202302128.

W. Wu, A. P. Wang, J. Luo, and T. L. Liu, “A Highly Stable, Capacity Dense
Carboxylate Viologen Anolyte towards Long-Duration Energy Storage,” Angewandte
Chemie International Edition, vol. 62, no. 7, Jan. 2023, doi: 10.1002/anie.202216662.



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

56

R. Walser-Kuntz, Y. Yan, MatthewS. Sigman, and M. S. Sanford, “A Physical
Organic Chemistry Approach to Developing Cyclopropenium-Based Energy Storage
Materials for Redox Flow Batteries,” Accounts of Chemical Research, vol. 56, no. 10,
pp. 1239-1250, Apr. 2023, doi: 10.1021/acs.accounts.3c00095.

B. Liu, C. W. Tang, H. Jiang, G. Jia, and T. Zhao, “Carboxyl-Functionalized TEMPO
Catholyte Enabling High-Cycling-Stability and High-Energy-Density Aqueous
Organic Redox Flow Batteries,” ACS Sustainable Chemistry &amp,; Engineering, vol.
9, no. 18, pp. 6258-6265, Apr. 2021, doi: 10.1021/acssuschemeng.0c08946.

A. Ramar, F.-M. Wang, R. Foeng, and R. Hsing, “Organic redox flow battery: Are
organic redox materials suited to aqueous solvents or organic solvents?,” Journal of
Power Sources, vol. 558, p. 232611, Feb. 2023, doi: 10.1016/j.jpowsour.2022.232611.
D. A. Pakarinen, H. Lundberg, R. Lindstrom, and A. Khataee, ‘“Molecular Design for
Organic Redox Flow Batteries,” ECS Meeting Abstracts, vol. MA2023-02, no. 8, pp.
3377-3377, Dec. 2023, doi: 10.1149/ma2023-0283377mtgabs.

A. Ramar, F.-M. Wang, R. Foeng, and R. Hsing, “Organic redox flow battery: Are
organic redox materials suited to aqueous solvents or organic solvents?,” Journal of
Power Sources, vol. 558, p. 232611, Feb. 2023, doi: 10.1016/j.jpowsour.2022.232611.
C. M. Davis, C. E. Boronski, T. Yang, T. Liu, and Z. Liang, “Molecular Engineering
of Redox Couples for Non-Aqueous Redox Flow Batteries,” Batteries, vol. 9, no. 10,
p. 504, Oct. 2023, doi: 10.3390/batteries9100504.

G. De La Garza, A. Kaur, 1. Shkrob, L. Robertson, S. Odom, and A. McNeil,
“Balancing high energy density and chemical stability in redox flow batteries with
symmetric tetrazines,” American Chemical Society (ACS), Dec. 2021. Accessed: Nov.
16, 2025. [Online]. Available: https://doi.org/10.26434/chemrxiv-2021-tjb1lv

T. Kong et al., “Enabling Long-Life Aqueous Organic Redox Flow Batteries with a
Highly Stable, Low Redox Potential Phenazine Anolyte,” ACS Applied Materials
&amp, Interfaces, vol. 16, no. 1, pp. 752-760, Dec. 2023, doi:
10.1021/acsami.3c15238.

Y. Yan, S. G. Robinson, T. P. Vaid, M. S. Sigman, and M. S. Sanford,
“Simultaneously Enhancing the Redox Potential and Stability of Multi-Redox Organic
Catholytes by Incorporating Cyclopropenium Substituents,” Journal of the American
Chemical Society, vol. 143, no. 33, pp. 13450-13459, Aug. 2021, doi:
10.1021/jacs.1c07237.



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

57

G. Abera Negesse et al., “Uncovering benzoquinone derivatives for redox flow
batteries: DFT insights on reduction potentials and solvent effects,” Bulletin of the
Chemical Society of Ethiopia, vol. 39, no. 2, pp. 381-396, Nov. 2024, doi:
10.4314/bcse.v39i2.15.

F. Zhu, W. Guo, and Y. Fu, “Molecular Engineering of Organic Species for Aqueous
Redox Flow Batteries,” Chemistry — An Asian Journal, vol. 18, no. 2, Dec. 2022, doi:
10.1002/asia.202201098.

R. B. Jethwa et al., “Organic Bulk Liquid Redox Active Materials for Redox Flow
Batteries,” ECS Meeting Abstracts, vol. MA2023-02, no. 4, pp. 534-534, Dec. 2023,
doi: 10.1149/ma2023-024534mtgabs.

L. Hoober-Burkhardt, B. Yang, S. Krishnamoorthy, G. K. S. Prakash, and S. R.
Narayanan, “Properties of Redox Couples for Use in Organic Redox Flow Batteries,”
ECS Meeting Abstracts, vol. MA2015-01, no. 3, pp. 704-704, Apr. 2015, doi:
10.1149/ma2015-01/3/704.

W. Wu, A. P. Wang, J. Luo, and T. L. Liu, “A Highly Stable, Capacity Dense
Carboxylate Viologen Anolyte towards Long-Duration Energy Storage,” Angewandte
Chemie International Edition, vol. 62, no. 7, Jan. 2023, doi: 10.1002/anie.202216662.
X. Zu, L. Zhang, Y. Qian, C. Zhang, and G. Yu, “Molecular Engineering of
Azobenzene-Based Anolytes Towards High-Capacity Aqueous Redox Flow
Batteries,” Angewandte Chemie International Edition, vol. 59, no. 49, pp. 22163—
22170, Sep. 2020, doi: 10.1002/anie.202009279.

Y. Ding, C. Zhang, L. Zhang, Y. Zhou, and G. Yu, “Molecular engineering of organic
electroactive materials for redox flow batteries,” Chemical Society Reviews, vol. 47,
no. 1, pp. 69-103, 2018, doi: 10.1039/c7cs00569e.

P. Hohenberg and W. Kohn, “Inhomogeneous Electron Gas,” Physical Review, vol.
136, no. 3B, pp. B864-B871, Nov. 1964, doi: 10.1103/physrev.136.b864.

Y. Ding, C. Zhang, L. Zhang, Y. Zhou, and G. Yu, “Molecular engineering of organic
electroactive materials for redox flow batteries,” Chemical Society Reviews, vol. 47,
no. 1, pp. 69-103, 2018, doi: 10.1039/c¢7cs00569¢.

H. M. Marques, “Electron transfer in biological systems,” JBIC Journal of Biological
Inorganic Chemistry, vol. 29, no. 7-8, pp. 641-683, Oct. 2024, doi: 10.1007/s00775-
024-02076-8.



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

58

A. Tiwari, S. K. Singh, D. Meghnani, R. Mishra, and R. K. Singh, “Vanadium-Based
Redox Flow Batteries,” Advanced Redox Flow Technology, pp. 161-176, Apr. 2024,
doi: 10.1002/9781119904960.ch7.

C. V. Amanchukwu, H.-H. Chang, M. Gauthier, S. Feng, T. P. Batcho, and P. T.
Hammond, “One-Electron Mechanism in a Gel-Polymer Electrolyte Li—O2 Battery,”
Chemistry of Materials, vol. 28, no. 19, pp. 7167-7177, Sep. 2016, doi:
10.1021/acs.chemmater.6b03718.

K. Zhang, X. Lin, Y. Shi, K. Oyaizu, and Z. Jia, “Two-Electron Redox Chemistry of
Nitroxide Radicals: Fundamental Mechanisms and Applications in Energy Storage,”
ACS Electrochemistry, vol. 1, no. 2, pp. 123137, Jan. 2025, doi:
10.1021/acselectrochem.4c00119.

K. Zhang et al., “Unravelling kinetic and mass transport effects on two-electron
storage in radical polymer batteries,” Journal of Materials Chemistry A, vol. 9, no. 22,
pp. 13071-13079, 2021, doi: 10.1039/d1ta03449a.

H. W. Kim et al., “Binder-free organic cathode based on nitroxide radical polymer-
functionalized carbon nanotubes and gel polymer electrolyte for high-performance
sodium organic polymer batteries,” Journal of Materials Chemistry A, vol. 8, no. 35,
pp. 17980-17986, 2020, doi: 10.1039/d0ta04526h.

L. Hoober-Burkhardt, B. Yang, S. Krishnamoorthy, A. Murali, G. K. S. Prakash, and
S. R. Narayanan, “Organic Redox Flow Batteries for Large-Scale Energy Storage,”
ECS Meeting Abstracts, vol. MA2016-02, no. 1, pp. 35-35, Sep. 2016, doi:
10.1149/ma2016-02/1/35.

V. Singh, S. Ahn, and H. R. Byon, “Ammonium-Functionalized Naphthalene
Diimides as Two-Electron-Transfer Negolyte for Aqueous Redox Flow Batteries,”
Batteries &amp,; Supercaps, vol. 5, no. 12, Oct. 2022, doi: 10.1002/batt.202200281.
J. Huang et al., “A Two-Electron Storage Nonaqueous Organic Redox Flow Battery,”
Advanced Sustainable Systems, vol. 2, no. 3, Feb. 2018, doi: 10.1002/adsu.201700131.
P.J. Cabrera et al., “Complexes Containing Redox Noninnocent Ligands for
Symmetric, Multielectron Transfer Nonaqueous Redox Flow Batteries,” The Journal
of Physical Chemistry C, vol. 119, no. 28, pp. 15882—15889, Jul. 2015, doi:
10.1021/acs.jpcc.5b03582.

J. Huang ef al., “A Two-Electron Storage Nonaqueous Organic Redox Flow Battery,”
Advanced Sustainable Systems, vol. 2, no. 3, Feb. 2018, doi: 10.1002/adsu.201700131.



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

59

E. Martinez-Gonzalez, C. Amador-Bedolla, and V. M. Ugalde-Saldivar, “Reversible
Redox Chemistry in a Phenoxazine-Based Organic Compound: A Two-Electron
Storage Negolyte for Alkaline Flow Batteries,” ACS Applied Energy Materials, vol. 5,
no. 12, pp. 14748-14759, Dec. 2022, doi: 10.1021/acsaem.2c02114.

A. Hollas et al., “A biomimetic high-capacity phenazine-based anolyte for aqueous
organic redox flow batteries,” Nature Energy, vol. 3, no. 6, pp. 508-514, Jun. 2018,
doi: 10.1038/s41560-018-0167-3.

I. A. Rutkowska et al., “(Invited) Charge Propagation in Highly Concentrated
Iodine/Iodide Solutions As Potential Electrolytes for Redox Flow Batteries,” ECS
Meeting Abstracts, vol. MA2022-01, no. 48, pp. 2001-2001, Jul. 2022, doi:
10.1149/ma2022-0148200 1 mtgabs.

A. Kitamura and C. Malapit, “Enabling Two-Electron Redox Systems for Energy-
Dense Organic-Based Flow Batteries,” ECS Meeting Abstracts, vol. MA2024-02, no.
9, pp. 1266—-1266, Nov. 2024, doi: 10.1149/ma2024-0291266mtgabs.

K. Zhang et al., “Unravelling kinetic and mass transport effects on two-electron
storage in radical polymer batteries,” Journal of Materials Chemistry A, vol. 9, no. 22,
pp. 13071-13079, 2021, doi: 10.1039/d1ta03449a.

P. Mazur et al., “Evaluation of Electrochemical Stability of Sulfonated
Anthraquinone-Based Acidic Electrolyte for Redox Flow Battery Application,”
Molecules, vol. 26, no. 9, p. 2484, Apr. 2021, doi: 10.3390/molecules26092484.

B. J. Neyhouse, A. M. Fenton Jr., and F. R. Brushett, “Too Much of a Good Thing?
Assessing Performance Tradeoffs of Two-Electron Compounds for Redox Flow
Batteries,” Journal of The Electrochemical Society, vol. 168, no. 5, p. 050501, Apr.
2021, doi: 10.1149/1945-7111/abeea3.

J. Montero, W. da Silva Freitas, M. Forchetta, P. Galloni, B. Mecheri, and A.
D’Epifanio, “Porphyrin-Based Posolytes: A Novel Approach to Advancing Aqueous
Organic Redox Flow Battery Technology,” Chemical Engineering Journal, vol. 506,
p- 159954, Jan. 2025, doi: 10.1016/j.cej.2025.159954.

I. Lavagnini, R. Antiochia, and F. Magno, “An Extended Method for the Practical
Evaluation of the Standard Rate Constant from Cyclic Voltammetric Data,”
Electroanalysis, vol. 16, no. 6, pp. 505-506, Mar. 2004, doi: 10.1002/elan.200302851.
J. Kim and A. J. Bard, “Application of the Koutecky-Levich Method to the Analysis of
Steady State Voltammograms with Ultramicroelectrodes,” Analytical Chemistry, vol.

88, no. 3, pp. 1742-1747, Jan. 2016, doi: 10.1021/acs.analchem.5b03965.



[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

60

W. da Silva Freitas et al., “Tailoring MOF structure via iron decoration to enhance
ORR in alkaline polymer electrolyte membrane fuel cells,” Chemical Engineering
Journal, vol. 465, p. 142987, Jun. 2023, doi: 10.1016/j.cej.2023.142987.

N. Gurieff et al., “Mass Transport Optimization for Redox Flow Battery Design,”
Applied Sciences, vol. 10, no. 8, p. 2801, Apr. 2020, doi: 10.3390/app10082801.

J. Luo, B. Hu, M. Hu, Y. Zhao, and T. L. Liu, “Status and Prospects of Organic Redox
Flow Batteries toward Sustainable Energy Storage,” ACS Energy Letters, vol. 4, no. 9,
pp. 22202240, Aug. 2019, doi: 10.1021/acsenergylett.9b01332.

W. Kangro, “Method for storing electrical energy,” Google Patents. Accessed: Nov.
16, 2025. [Online]. Available: https://patents.google.com/patent/DE914264C/en

W. Kangro and H. Pieper, “Zur frage der speicherung von elektrischer energie in
fliissigkeiten,” Electrochimica Acta, vol. 7, no. 4, pp. 435-448, Jul. 1962, doi:
10.1016/0013-4686(62)80032-2.

N. H. Hagedorn, “NASA Redox Storage System Development Project,” NASA
Technical Reports Server (NTRS). Accessed: Nov. 16, 2025. [Online]. Available:
https://ntrs.nasa.gov/citations/19850004157

D. Linden and T. Reddy, Handbook of Batteries. McGraw-Hill Professional, 2002.
T. Y. George, E. M. Fell, K. Lee, M. S. Emanuel, and M. J. Aziz, “Influence of
crossover on capacity fade of symmetric redox flow cells,” Energy Advances, vol. 3,
no. 12, pp. 2910-2921, 2024, doi: 10.1039/d4ya00407h.

Daniel J. Eustace, Paul A. Malachesky , “Metal halogen electrochemical cell,”
Google Patents. Accessed: Oct. 30, 2025. [Online]. Available:
https://patents.google.com/patent/US4068046A/en%3E

M. Skyllas-kazacos, M. Rychcik, R. G. Robins, A. G. Fane, and M. A. Green,
“ChemlInform Abstract: New All-Vanadium Redox Flow Cell.,” Chemischer
Informationsdienst, vol. 17, no. 40, Oct. 1986, doi: 10.1002/chin.198640015.

M. Skyllas-Kazacos, M. Rychcik, R. G. Robins, A. G. Fane, and M. A. Green, “New
All-Vanadium Redox Flow Cell,” Journal of The Electrochemical Society, vol. 133,
no. 5, pp. 1057-1058, May 1986, doi: 10.1149/1.2108706.

Y. Huang and J. Li, “Key Challenges for Grid-Scale Lithium-Ion Battery Energy
Storage,” Advanced Energy Materials, vol. 12, no. 48, Nov. 2022, doi:
10.1002/aenm.202202197.



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

61

W. Lee et al., “Mesoporous tungsten oxynitride as electrocatalyst for promoting redox
reactions of vanadium redox couple and performance of vanadium redox flow
battery,” Applied Surface Science, vol. 429, pp. 187195, Jan. 2018, doi:
10.1016/j.apsusc.2017.07.022.

W. Sharmoukh, “Redox flow batteries as energy storage systems: materials, viability,
and industrial applications,” RSC Advances, vol. 15, no. 13, pp. 10106-10143, 2025,
doi: 10.1039/d5ra00296f.

P. Leung ef al., “Recent developments in organic redox flow batteries: A critical
review,” Journal of Power Sources, vol. 360, pp. 243-283, Aug. 2017, doi:
10.1016/j.jpowsour.2017.05.057.

S. Pang, L. Li, Y. Ji, and P. Wang, “A Multielectron and High-Potential
Spirobifluorene-Based Posolyte for Aqueous Redox Flow Batteries,” Angewandte
Chemie, vol. 136, no. 42, Sep. 2024, doi: 10.1002/ange.202410226.

Z. Liu et al., “Voltage issue of aqueous rechargeable metal-ion batteries,” Chemical
Society Reviews, vol. 49, no. 1, pp. 180-232, 2020, doi: 10.1039/c9cs00131j.

M. Gao, M. Salla, Y. Song, and Q. Wang, “High-Power Near-Neutral Aqueous All
Organic Redox Flow Battery Enabled with a Pair of Anionic Redox Species,”
Angewandte Chemie International Edition, vol. 61, no. 41, Sep. 2022, doi:
10.1002/anie.202208223.

Y. Ding, C. Zhang, L. Zhang, Y. Zhou, and G. Yu, “Molecular engineering of organic
electroactive materials for redox flow batteries,” Chemical Society Reviews, vol. 47,
no. 1, pp. 69-103, 2018, doi: 10.1039/c¢7cs00569e.

K. Wedege, E. Drazevi¢, D. Konya, and A. Bentien, “Organic Redox Species in
Aqueous Flow Batteries: Redox Potentials, Chemical Stability and Solubility,”
Scientific Reports, vol. 6, no. 1, Dec. 2016, doi: 10.1038/srep39101.

V. Feynerol et al., “Comparative kinetic analysis of redox flow battery electrolytes:
From micro-fibers to macro-felts,” Electrochimica Acta, vol. 421, p. 140373, Jul.
2022, doi: 10.1016/j.electacta.2022.140373.

J. E. B. Randles, “A cathode ray polarograph. Part II.—The current-voltage curves,”
Trans. Faraday Soc., vol. 44, no. 0, pp. 327-338, 1948, doi: 10.1039/tf9484400327.
A. Sev¢ik, “Oscillographic polarography with periodical triangular voltage,”
Collection of Czechoslovak Chemical Communications, vol. 13, pp. 349-377, 1948,
doi: 10.1135/cccc19480349.



[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

62

J. Hannonen, A. Kiesild, U. Mattinen, P. M. Pihko, and P. Peljo, “Electrochemical
characterization of redox activity and stability of various tris(2,2‘-bipyridine) derived
complexes of iron(Il) in aqueous solutions,” Journal of Electroanalytical Chemistry,
vol. 950, p. 117847, Dec. 2023, doi: 10.1016/j.jelechem.2023.117847.

G. Tang, Z. Yang, and T. Xu, “Two-electron storage electrolytes for aqueous organic
redox flow batteries,” Cell Reports Physical Science, vol. 3, no. 12, p. 101195, Dec.
2022, doi: 10.1016/j.xcrp.2022.101195.

K. Hinkelmann and J. Heinze, “Analysis of ‘two-electron’ transfer processes by cyclic
voltammetry,” Berichte der Bunsengesellschaft fiir physikalische Chemie, vol. 91, no.
3, pp. 243-249, Mar. 1987, doi: 10.1002/bbpc.19870910315.

A. Z. Weber, M. M. Mench, J. P. Meyers, P. N. Ross, J. T. Gostick, and Q. Liu,
“Redox flow batteries: a review,” Journal of Applied Electrochemistry, vol. 41, no. 10,
pp. 1137-1164, Sep. 2011, doi: 10.1007/s10800-011-0348-2.

C. G. Cannon, P. A. A. Klusener, N. P. Brandon, and A. R. J. Kucernak, “Aqueous
Redox Flow Batteries: Small Organic Molecules for the Positive Electrolyte Species,”
ChemSusChem, vol. 16, no. 18, Jul. 2023, doi: 10.1002/cssc.202300303.

Adam MORRIS-COHEN, “Flow batteries having adjustable circulation rate
capabilities and methods associated therewith,” Google Patents. Accessed: Oct. 30,
2025. [Online]. Available: https://patents.google.com/patent/EP3549188B1/en

R. Rungta and C. W. Monroe, “Evaluating Redox Flow Battery Field Designs with the
Vanadium Acetylacetonate Chemistry,” ECS Meeting Abstracts, vol. MA2024-02, no.
9, pp. 1340-1340, Nov. 2024, doi: 10.1149/ma2024-0291340mtgabs.

Y. Ding, C. Zhang, L. Zhang, Y. Zhou, and G. Yu, “Molecular engineering of organic
electroactive materials for redox flow batteries,” Chemical Society Reviews, vol. 47,

no. 1, pp. 69-103, 2018, doi: 10.1039/c7cs00569e.



8 Appendices

Author Declaration on the Use of AI Tools
The use of Al tools in the preparation of this thesis was limited strictly to language
refinement, including sentence restructuring, formatting, and reduction of redundancy. All

conceptual development, analysis, and literature synthesis are solely the work of the author.

63



