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A B S T R A C T

Aqueous organic redox flow batteries (AORFBs) are emerging as promising energy storage systems due to their 
scalability, safety, and environmentally friendly nature. This review provides a comprehensive analysis of the 
recent advances in organic electroactive species for AORFBs, highlighting critical strategies for improving battery 
performance. After an introduction that outlines the relevance of AORFBs in modern energy challenges, the 
paper deepens into the working principles and essential components of these systems. Recent developments in 
organic anolytes and catholytes are discussed, focusing on innovations that enhance redox reversibility, optimize 
redox potential, and increase solubility and stability under aqueous conditions. A comparative analysis is pro
vided, evaluating these organic species regarding energy density, power density, and cycling stability, demon
strating the improved performance achieved in AORFB systems. The review concludes by identifying future 
research directions for designing and engineering next-generation organic electrolytes, emphasizing maximizing 
electrochemical stability and energy storage efficiency to advance the practicality and competitiveness of 
AORFBs.

1. Introduction

Redox flow batteries (RFBs) have emerged as a decisive technology 
for grid-scale energy storage, addressing the increasing demand for 
reliable, high-performance energy management. Their unique design, 
which separates energy storage from power generation, allows scal
ability and flexibility crucial in integrating renewable energy sources, 
such as solar and wind [1–3]. RFBs use redox-active species dissolved in 
electrolytic solutions pumped through electrochemical cells undergoing 
charge and discharge cycles. This design decouples the energy capacity 
from the power output, allowing for increased storage capacity as the 
volume of the electrolytes in the external tanks increases [2,4]. Storage 
capacities range from 1 kW to 500 MW, making RFB suitable for resi
dential and industrial applications [4,5].

Developed since the 1980s, Vanadium redox flow batteries (VRFBs) 
are the most consolidated technology among flow batteries [6], but they 
still face several limitations that hinder their implementation [7]. One 
significant concern is the toxicity and environmental impact of vana
dium and its compounds. Sustainability issues also arise from the limited 
availability of vanadium, potentially leading to supply chain vulnera
bilities [8]. The corrosive nature of the vanadium electrolytes is another 

critical limitation. The acidic environment required for optimal perfor
mance can lead to the degradation of materials used in the battery 
components [9–11], leading to increased maintenance costs and a 
decreased lifetime [12].

Aqueous organic redox flow batteries (AORFBs) that use aqueous- 
based organic electrolytes offer solutions to the drawbacks of VRFBs, 
including enhanced safety, reduced maintenance needs, and the po
tential for environmentally friendly operation [13–18].

Pioneering works investigating the electrochemistry of organic redox 
compounds as active electrolytes highlighted that quinones, TEMPO 
(2,2,6,6-tetramethylpiperidin-1-oxyl), and viologens exhibit favorable 
electrochemical properties for achieving high energy density and effi
ciency. As demonstrated by Huskinson et al. [19], quinones (particularly 
derivatives such as 9,10-anthraquinone-2,7-disulphonic acid) are char
acterized by high water solubility and undergo rapid electron transfer 
reactions crucial for increasing the energy density of battery systems. 
Incorporating TEMPO in AORFBs leverages its unique structure, which 
maintains stability during the redox processes and has enhanced the 
overall performance of the battery systems [2]. Viologens have also 
emerged as promising candidates for use as anolytes in aqueous redox 
flow batteries. Viologens can undergo two-electron transfer reactions, 
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making them suitable for high-capacity energy storage applications, but 
their second redox process is often only partially reversible, and the 
product formed suffers from low solubility and stability. Advancements 
in research may address these challenges, enabling the full exploitation 
of the redox capabilities of this class of molecules. Their water-soluble 
derivatives have been utilized in neutral AORFBs, demonstrating high 
performance and stability [20], particularly when paired with other 
organic compounds like TEMPO [21].

The electrochemistry of quinones, TEMPO, and viologens in RFBs is 
influenced by factors such as pH, concentration of active species, and 
electrode materials. Research indicates that quinones' solubility and 
redox potential can be tuned through chemical modifications, 
enhancing their performance in alkaline solutions [22]. Similarly, the 
redox potential of TEMPO and viologens can be adjusted by function
alization with suitable substituents [20], enabling the design of systems 
with tailored redox potentials and solubilities in water [23,24] that can 
operate efficiently under varying conditions, including functioning 
effectively at neutral pH [25]. Operating at a pH close to neutrality 
minimizes the risk of corrosion and degradation of battery components, 
a common issue in acidic or alkaline systems [26].

As research advances in this field, AORFBs are likely to play a pivotal 
role in the future of energy storage, but there are still several challenges 
to overcome. The primary critical issue is the low solubility of these 
organic active materials, which affects the energy density and perfor
mance of the battery. Additionally, the electrochemical and chemical 
stability of these compounds is generally lower compared to the inor
ganic counterparts, leading to capacity fade and shorter battery life
spans. A second aspect that influences the same battery parameters is the 
crossover of the active species; in many systems, the organic compounds 
can permeate through the membrane, leading to cross-contamination 
observing reduced efficiency and capacity retention. Addressing these 
challenges involves a careful balance of molecular engineering to 
enhance solubility, stability, and membrane compatibility of the new 
organic materials, limiting strategies that involve complex, multi-step 
synthetic processes, which limit scalability and drive-up costs.

Despite the cost of organic materials being technically lower, 
AORFBs are more expensive than VRFBs due to their low energy density 
and limited stability, which limits the lifetime of these devices and in
creases their cost. However, improvements in electroactive species and 
cell design could make AORFBs a more competitive solution for large- 
scale energy storage, as highlighted in reviews published in the litera
ture [27–29]. These reviews provide a comprehensive techno-economic 
analysis of AORFBs, evaluating their cost metrics and associated un
certainties. Through a detailed comparison of capital costs, these studies 
assess the feasibility of AORFBs in meeting ambitious long-term cost 
targets for energy storage applications. The potential for cost reduction 
is also explored, with significant savings anticipated from the mass 
production of organic active materials. The primary benefits include 
decreased electrolyte and power costs, although challenges such as plant 
maintenance remain critical considerations for the widespread adoption 
of these systems.

2. Overview of AORFB: working principle and components

RFBs are classified into aqueous and non-aqueous systems, each 
presenting unique advantages and challenges. Aqueous RFBs, such as 
vanadium and iron‑chromium systems, benefit from high ionic con
ductivity and safety due to their water-based electrolytes, making them 
suitable for large-scale applications [30]. Conversely, non-aqueous RFBs 
utilize organic solvents, which can enhance energy density and opera
tional voltage, but often face issues related to solvent stability and 
environmental impact [31,32].

Among these technologies, AORFBs emerge as a promising solution. 
They combine the safety and efficiency of aqueous systems with the high 
energy density of organic compounds, offering a sustainable alternative 
for energy storage, demonstrating significant potential for grid-scale 

applications, effectively addressing the intermittency of renewable en
ergy sources while minimizing environmental concerns associated with 
traditional non-aqueous systems.

AORFBs operate by utilizing redox-active organic molecules dis
solved in an aqueous electrolyte, which circulate between two elec
trodes. The primary components include electrodes, typically made of 
conductive materials, a membrane separator to prevent cross- 
contamination of the electrolytes, and the electroactive species 
(organic compounds like quinones or viologens) and storage tanks. The 
electroactive species, dissolved in aqueous solutions, are stored in two 
different tanks (anolyte and catholyte) and separately pumped to the 
electrode surface where the redox reaction occurs in the respective half- 
cells. Fig. 1 shows a schematic of an AORFB system.

The redox reactions in AORFBs involve the oxidation of the anolyte 
at the anode and the reduction of the catholyte at the cathode, allowing 
for the storage and release of energy. This system enables the decoupling 
of energy and power, as the volume of the electrolyte determines the 
energy capacity, while the surface area of the electrodes influences the 
power output.

The performance of an AORFB can be evaluated using the following 
parameters:

ENERGY DENSITY: major parameter used to describe battery per
formance. It describes the average energy stored per unit of volume (Wh 
L-1). Its theoretical value can be calculated by Eq. (1): 

E = n C F ΔU (1) 

where n is the number of electrons involved in the process, C (M) is the 
concentration of the redox active material, F is the Faraday constant, ΔU 
(volts) is the potential difference between the anolyte and catholyte 
redox processes. It is easy to figure out how the solubility of the elec
troactive species and their redox potential difference need to be maxi
mized to increase the energy density. In most of the cases, the practical 
energy density is lower compared to the theoretical one and can be 
expressed according to Eq. (2): 

E =

∫
i V(t) dt
3.6 V

(2) 

where i is the current (A), V(t) is the voltage over time, and V is the total 
volume (L).

2.1. Coulombic efficiency (CE)

It indicates how effectively a battery can store and release charge and 
can be calculated by discharge and charge capacity ratio, according to 
Eq. (3): 

CE =
Discharge capacity (Ah)
Charge capacity (Ah)

⋅100 (3) 

Due to irreversible side reactions and crossover, CE generally decreases 
over cycling.

2.2. Voltage efficiency (VE)

It measures how effectively a battery utilizes voltage during its 
charge and discharge cycles and is defined as the ratio of the average 
discharge voltage to the average charge voltage of the battery over a full 
charge-discharge cycle. It can be expressed according to Eq. (4): 

VE =
Average discharge Voltage (V)
Average charge Voltage (V)

⋅100 (4) 

VE is lower than 100 % because of electrochemical, ohmic, and 
concentration overpotential.
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2.3. Energy efficiency

It can be expressed as the product of CE and VE and represents the 
percentage of energy that can be recovered from a battery during 
discharge compared to the energy supplied during charging (when a 
constant charging-discharging current is applied).

2.4. Power density

Power density refers to the amount of power (energy delivery rate) 
the battery can provide per unit of geometric area of the electrodes (W 
cm-2), per volume of the electroactive solution (W L-1), or mass of the 
electroactive species (W kg-1). It is usually reported in W cm-2 or W L-1 

units, and the latter is mainly considered to provide information on how 
much power the system can deliver relative to the size of the electrolyte 
storage tanks, which helps to identify its suitability for specific appli
cations considering space or weight constraints. The higher the power 
density, the higher the energy output relative to the volume and con
centrations of the electroactive solutions, which benefits the system's 
scalability.

2.5. Theoretical capacity

The theoretical capacity of a battery represents the ideal amount of 
charge (often measured in ampere-hour per Liter, Ah L− 1) that could be 
extracted from the battery under perfect conditions without any losses 
or inefficiencies. It can be calculated using the following equation (Eq. 
(5)): 

Theoretical Capacity =
n F C
3600

(5) 

where n is the number of electrons involved in the redox process, F is the 
Faraday constant and C (M) is the concentration of the electroactive 
species.

2.6. Capacity utilization

Battery capacity utilization refers to how effectively a battery's 

available energy storage capacity is used. It measures the actual energy 
output from the battery relative to its theoretical maximum. This mea
sure can be affected by several factors, including charge and discharge 
rates, operating temperature, depth of discharge, and the overall effi
ciency of the battery management system.

2.7. Capacity retention

It is an important parameter used to describe the ability of a battery 
to retain its original capacity over time or after a certain number of 
charge-discharge cycles. It is an indicator of the battery's stability. Ca
pacity retention is generally expressed as a percentage of the initial 
capacity of the battery and can be expressed according to Eq. (6): 

Capacity retentionn◦cycle =
Capacityn◦cycle

Initial Capacity
⋅100 (6) 

It can also be expressed as capacity decay, a percentage of capacity 
loss per cycle or day.

In AORFBs, the performance is significantly influenced by three 
critical components: the electrode, membrane separator, and electro
active species.

The role of the separator (usually as a polymer membrane) is to 
separate the different half-cells, avoiding cross-contamination and 
enabling ion transport to balance the redox process. For this reason, they 
have a crucial role in RFBs. The most common class of membranes uti
lized is ion exchange membranes, specifically cation exchange mem
branes (CEMs), anion exchange membranes (AEMs), and amphoteric ion 
exchange membranes (AIEMs), depending on the type of functional 
charged groups, thus dictating the operational pH of AORFB.

CEMs are typically used in acidic to neutral environments, while 
AEMs are advantageous in alkaline conditions due to the poor conduc
tivity for hydroxide ions of CEMs and stability issues at high pH values 
[33–38]. AIEMs have two types of functional groups, providing cationic 
and anionic features in one single membrane. Cationic groups' presence 
helps prevent the crossover of larger cationic metal species. In contrast, 
the presence of anionic groups generally enhances the ionic conductivity 
of small cations (i.e., H+ and K+), combining the advantages of CEMs 
and AEMs in a single membrane [39].

Nafion membranes are the most representative commercial CEMs 

Fig. 1. Schematic of an AORFB system.
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[40], widely used in vanadium-based inorganic RFBs [41–43] and 
extensively explored in AORFB [19,25,44,45]. Other commercial CEMs 
and AEMs used in AORFBs include Fumasep E-620 K [46], Fumasep 
FAA-3-PE-30 [47], Selemion CSO [48] and Selemion DSV [49] 
membranes.

Polyaromatic membranes have emerged as a promising candidate for 
tailoring the size of the ion transport channels by microphase separation, 
thus minimizing crossover effects [50]. Sulfonated polyether ether ke
tone (SPEEK) membranes have demonstrated good mechanical strength 
and thermal stability, essential for demanding conditions in AORFBs and 
high ionic conductivity [51]. Their tunable properties through sulfo
nation can enhance ionic conductivity while maintaining structural 
integrity [52]. Polybenzimidazole (PBI) exhibits excellent thermo
chemical and mechanical stability at a lower cost than the commercially 
benchmark materials [53,54]. Although PBI is one of the most promising 
low-cost non-fluorinated polymers, developing stable PBI-based mem
branes with fast and selective ion transport channels remains chal
lenging [55,56].

In addition, exploring size-exclusion membranes as alternatives to 
Nafion in AORFB has recently attracted considerable interest. Size- 
exclusion membranes function primarily through size sieving, allow
ing ions or molecules to pass based on their size relative to the mem
brane porosity. Research has shown that size-exclusion membranes, 
such as low-cost commercial dialysis membranes, can effectively replace 
expensive ion-exchange membranes like Nafion, providing a cost- 
effective solution without compromising performance [57–59]. In 
addition to size exclusion, the Donnan effect can also enhance the 
selectivity of membranes. Combining size and charge-based exclusion 
mechanisms can minimize crossover, which is critical for AORFBs 
operation [60,61].

The choice of electrode materials is critical in optimizing the per
formance of AORFBs. Carbon-based materials such as carbon cloth, 
carbon felt, and carbon paper are widely used as electrodes in AORFB 
due to their high electrical conductivity, mechanical stability, and 
compatibility with various electrolytes [62–65]. Functionalization 
strategies for these carbon materials can significantly improve their 
electrochemical properties. Studies have shown that incorporating 
conductive additives or modifying surface chemistry can enhance 
charge transfer rates and increase the stability of the electrodes during 
cycling [66–70]. Developing composite materials that combine carbon 
with other conductive or electrocatalytic materials has also been 
explored to enhance performance further [71,72].

Although the separator membrane and electrodes play a funda
mental role in optimizing the performance of AORFBs, the design of 
organic redox electroactive species is the most influential factor in 
advancing AORFB technology, as these species directly impact the en
ergy density, cycling stability, and overall efficiency of the system.

Another critical factor affecting the RFB performance is temperature. 
Given the practical applications of these devices, their compatibility 
with environmental conditions, particularly temperature, is crucial. 
Temperature significantly impacts key parameters such as the conduc
tivity and viscosity of the solution, the capacity and efficiency, the sta
bility and solubility of electrolyte materials, and the stability of the 
membrane. To ensure the efficiency of these commercially available 
devices, a thermal management system is essential for maintaining 
thermal fluctuations within a safe temperature range tailored to the 
specific characteristics of the device, which results in increased costs and 
maintenance requirements. However, temperature-stability in
vestigations of AORFBs are scarcely conducted, except a few highly 
relevant studies that have explored the thermal stability of certain 
organic electrolytes, particularly from the perspective of their potential 
use in AORFBs operating in regions of the world characterized by 
extreme temperature conditions, including both severe heat [73] and 
intense cold [74,75].

3. Most recent innovations in electroactive organic species for 
enhanced AORFB performance

3.1. Requirements and challenges of organic electrolytes for AORFB 
applications

The design of optimal organic electrolytes necessitates considering 
several critical properties, including solubility, redox potential, stability, 
and reaction kinetics [76].

One of the primary requirements for organic electrolytes in AORFBs 
is high solubility in an aqueous environment to ensure sufficient con
centrations of redox-active species. Designing and using highly soluble 
molecules is a common strategy, and the functionalization of poorly 
soluble organic molecules with polar moieties is a common strategy to 
enhance solubility [77,78].

Another critical requirement is optimizing the redox potential of the 
organic molecules used. The redox potential directly influences the 
battery's energy density and voltage output [79]. Molecular engineering 
approaches are often employed to tailor the redox properties of organic 
compounds, allowing for the design of materials that can operate at 
higher voltages and deliver better performance [80,81]. However, this 
must be balanced with the need for stability and reversibility. Indeed, 
redox couples must undergo highly reversible oxidation and reduction 
reactions with minimal side reactions. Redox reactions must occur with 
fast kinetics and low overpotential to ensure that the redox-active spe
cies can undergo rapid oxidation and reduction at the electrodes. This 
minimizes power loss and improves the overall efficiency of the battery.

Additionally, the redox couple's oxidized and reduced forms must 
exhibit high electrochemical stability over many charge/discharge cy
cles. Instability can lead to degradation of redox-active species, resulting 
in loss of capacity and shortened battery life. Research has shown that 
the structural design of these molecules can significantly impact their 
stability; modifying the molecular structure can enhance resistance to 
degradation [82,83] and the choice of supporting electrolytes and sol
vents can influence the solvation dynamics and stability of the redox- 
active species [44,79,82,84–87].

Furthermore, the interaction between the electrolyte and the mem
brane is crucial, as it must allow for selective ion transport while pre
venting the crossover of redox-active species, which can lead to self- 
discharge and reduced efficiency.

3.2. Overview of the main classes of molecules used as organic electrolytes 
in AORFBs

Quinones are one of the most widely studied classes of organic 
molecules for AORFBs. Anthraquinones, benzoquinones, and naph
thoquinones derivatives have been extensively studied because their 
redox potentials can be fine-tuned by chemical modification [88–97]. 
Despite their promising properties, quinones are prone to degradation 
through side reactions such as nucleophilic attack by water, leading to 
capacity fading over time.

Viologens are widely investigated as anolytes in AORFBs due to their 
high solubility in water and stable redox properties. Modifying their 
molecular structure can easily adjust their redox potential, making them 
versatile for various battery configurations [98–102]. However, viol
ogens can suffer from dimerization, dealkylation, and other side re
actions, which limit their long-term cycling stability [103–105]. 
Reducing crossover through the membrane is also a significant challenge 
[47,105,106].

Nitroxide radicals, such as 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO), are commonly used as catholytes in AORFBs due to their 
fast redox kinetics, stability, and excellent solubility in water, leading to 
high power density in flow battery systems [107,108]. TEMPO and its 
derivatives can degrade via side reactions such as ring-opening or 
polymerization, particularly in the presence of nucleophilic attack by 
water molecules.
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Ferrocene is known for its well-defined and reversible redox chem
istry, making it highly suitable for energy storage applications 
[18,44,73]. Although it undergoes single electron oxidation with fast 
redox kinetics and has a highly stable redox behavior, its solubility in 
aqueous electrolytes tends to be lower than other organic molecules 
such as quinones or viologen.

Aromatic heterocyclic compounds such as phenothiazines, pyr
azines, phenoxazine, pyridoxal, carbazoles, phenazines, naphthalene, 
bipyridine, fluorenones, verdazyles, and alloxazines have also been 
investigated as redox-active materials for AORFBs [78,109–117]. These 
molecules often have good stability and can undergo multi-electron 
transfer reactions, making them attractive for high-energy-density ap
plications. These compounds offer a wide range of tunable properties. 
Depending on their functionalization, they can be used for both anolyte 
and catholyte applications. Still, like other organic molecules, aromatic 
heterocycles can undergo degradation during long-term cycling, 
requiring careful molecular design to improve their robustness and 
solubility.

In this article, we will focus our attention on the most recent in
novations published in the literature regarding the design, molecular 
engineering, and optimization of new TEMPOs and metal-organic 
complexes as catholytes and quinones, viologens and aromatic hetero
cyclic compounds as anolytes for AORFB applications (Fig. 2).

3.2.1. Recent advances in organic catholytes for AORFBs
Among the potential candidates, 2,2,6,6-tetramethylpiperidine-1- 

oxyl (TEMPO), a nitroxide radical, is a promising molecule for 
improving the capacity and efficiency of AORFBs.

TEMPO has excellent chemical and electrochemical properties, such 
as low molecular weight, high redox potential (0.57 V vs SHE), fast redox 
kinetics, and good chemical and electrochemical stability). However, its 
low solubility in aqueous electrolytes (approximately 0.07 M) hinders 
the practical application of TEMPO in AORFBs. Recent breakthroughs, 
such as improving the solubility of TEMPO by using lithium bis(tri
fluoromethanesulfonyl)imide (LiTFSI), have opened up new possibilities 
for the practical use of non-functionalised TEMPO as a catholyte in 
AORFBs. Pedraza et al. proposed a strategy to increase the water solu
bility of TEMPO using LiTFSI as a supporting salt [118]. With this 
approach, the solubility of TEMPO, starting from a value of 4.4 M in 1 M 
LiTFSI, reached 5.6 M in 5.0 M LiTFSI, which is 80 times higher than its 
solubility in water alone. Although this increase in solubility allows for 
higher energy densities in flow batteries, which can significantly 
improve their performance in large-scale energy storage applications. It 
is important to note that excessively high electrolyte concentrations can 
increase the solution viscosity, thereby reducing ionic conductivity to 

levels that may render it impractical for battery applications. Viscosity 
studies conducted by the authors on a 10 mM TEMPO solution in 4 M 
LiTFSI resulted in a dynamic viscosity of 11 mPa s. It would be valuable 
to perform similar studies using electrolyte concentrations that are more 
representative of those used in battery testing. The enhanced solubility 
of TEMPO in aqueous LiTFSI solutions results from a unique interaction 
between the TEMPO molecules and the TFSI anion, reducing the number 
of interactions between TEMPO molecules and promoting their disso
lution in the supporting electrolyte. This approach does not require any 
chemical modification of TEMPO, preserving its electrochemical prop
erties while improving its solubility in aqueous systems.

The electrochemical performance of highly concentrated TEMPO 
catholytes (0.1 to 1 M in 4 M LiTFSI) was tested in symmetric AORFBs, 
demonstrating excellent performance. Using 1 M TEMPO solution led to 
a volumetric capacity of 23.85 Ah L− 1 at 2.5 mA cm-2, corresponding to 
89 % theoretical capacity utilization, 98.3 % coulombic efficiency, and 
long-term cycling stability with a capacity fade of 0.082 % per day. The 
good AORFB performance arising from the reversibility and fast kinetics 
of the redox reactions in TEMPO-based, as confirmed by cyclic vol
tammetry studies, showing a diffusion coefficient of 8.9 × 10− 7 cm2 s-1 

and a kinetic rate constant k0 of 0.018 cm s-1, both favorable for efficient 
charge-discharge cycles in RFB systems. Finally, a neutral pH AORFB 
with 0.5 M TEMPO in 4.0 M LiTFSI and 0.25 M (SPr)2V in 4.0 M LiTFSI 
with a theoretical OCV of 1.08 V was assembled. The capacity achieved 
was 9.47 Ah L-1 at 7.5 mA cm-2 (70.7 % of theoretical), decreased to 9.0 
Ah L-1 at 20 mA cm-2, and a long-term-stability test was also carried out 
cycling at 10 mA cm-2 over 285 cycles. This evidence showed a capacity 
utilization of 69 % and a capacity decay rate of 0.048 %/cycle or 0.60 
%/day with a total capacity retention of 86.4 % (average CE of 99.5 % 
and EE of 82 %).

Along with solubility, redox potential, diffusion coefficient, and 
electron transfer rate constant can be improved by modifying TEMPO 
with appropriate functional groups. Fig. 3 shows the chemical structure 
of different TEMPO derivatives.

Despite recent advantages, the crossover of neutral or single-charged 
TEMPO derivates remains challenging. To overcome this limit, Pan et al. 
proposed a highly soluble crossover-free N-heterocycle-substituted 
TEMPO [108]. By designing highly water-soluble materials with 

Fig. 2. Scheme of the classes of molecules discussed in this article.
Fig. 3. Chemical structure of six TEMPO derivatives. Adapted with permission 
from Ref. [119] with permission from the Royal Society of Chemistry.
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multiple positive charges, the redox pair generates a strong Gibbs- 
Donnan effect that prevents the active molecules from permeating 
through the membrane, thus avoiding cross-contamination between the 
anolyte and catholyte compartments. Starting with oxo-TEMPO, two 
synthesis steps are required to obtain the desired product (TMP- 
TEMPO), an initial coupling via Borch reduction followed by N- 
methylation to create two positive charges on the molecule. The N- 
heterocycle substitution introduces positive charges, which increase the 
water solubility of TEMPO to 2.4 M in deionized water, 2.25 M, and 
2.16 M in 1.0 M and 2.0 M NaCl solution, respectively. Cyclic and linear 
sweep voltammetry was performed in 0.5 M NaCl to investigate the 
electrochemical properties. CV shows that TMP-TEMPO follows a 
diffusion-controlled redox process at 0.98 V (vs SHE) with reversible 
behavior. LSV analysis gave a diffusion coefficient of around 3.85 × 10-6 

cm2 s-1, and the kinetic rate constant obtained was also favorable, with a 
registered value of k0 of 1.65 × 10-2 cm s-1 and observing no crossover 
through the AMVN anion exchange membrane.

In addition to TEMPO-based catholytes, which have gained popu
larity as efficient, metal-free redox-active materials, metal-containing 
organic molecules are also employed as catholytes in AORFBs. These 
metal-containing compounds, often based on coordination complexes or 
organometallic frameworks, offer several advantages. Metal centers can 
enhance redox potential, provide additional stability to the redox-active 
sites, and broaden the electrochemical window. This can lead to 
improved energy density and enhanced cyclability, making them 
attractive candidates for AORFB applications. Iron is the most abundant 
and inexpensive transition metal in nature. Among the Fe complexes, the 
organic ones possess all the critical properties required for AORFB ap
plications, such as the ability to exploit the metal redox process, the 
tunability of its potential and solubility through the adoption of different 
organic ligands, and low crossover permeability due to its large mo
lecular size. To achieve high energy density, high voltage, and high 
electrolyte solubility, Li et al. proposed a rational design of an IronII 

complex catholyte involving a functionalized 2,2′-Bipyridine (Bpy) 
ligand [120]. Bpy is a well-known non-aqueous ligand that increases the 
electrochemical potential of its Fe complex. In this work, two different 
approaches have been used to achieve its high water solubility: ligand 
functionalization with hydrophilic functional groups and a change in 
molecular symmetry. The first strategy was adopted through a carbox
ylic acid Bpy functionalization (Dcbpy), which, due to its electron- 
withdrawing property, additionally increases the Iron oxidation poten
tial to synthesize Na4[FeII(Dcbpy)3].

The second strategy was to break the complex symmetry by adding a 
second ligand (cyanide) to form Na4[FeII(Dcbpy)2(CN)2] and 
Na4[FeII(Dcbpy)(CN)4] (Fig. 4). In addition, using two different ligands 
allows precise tuning of the complex's properties, theoretically enabling 
the desired properties to be obtained. The solubility of all the synthe
sized materials was measured by UV–Vis spectroscopy analysis. The 
values obtained in pure water are shown: 0.26 M, 1.09 M, and 1.02 M for 
Na4[FeII(Dcbpy)3], Na4[FeII(Dcbpy)2(CN)2] and Na4[FeII(Dcbpy)(CN)4], 

respectively. The characterization continued with CV measurements in a 
0.5 M NaCl solution to obtain a redox potential value of 0.26 V, 0.41 V, 
0.65 V and 0.9 V (vs Ag/AgCl) for Na4[FeII(CN)6], Na4[FeII(Dcbpy) 
(CN)4], Na4[FeII(Dcbpy)2(CN)2] and Na4[FeII(Dcbpy)3], respectively. In 
addition, the diffusion coefficients were measured by LSV analysis, 
exhibiting a value of 2.3 × 10–6cm2 s–1 for Na4[FeII(Dcbpy)2(CN)2].

Initial flow battery tests were performed using Na4[FeII(Dcb
py)2(CN)2] as catholyte and 1,1′-bis(3-sulfonatopropyl)-4,4′-bipyr
idinium (SPr-Bpy) as anolyte at a concentration of 0.1 M and a pH of 7.0. 
With a cell voltage of 1.2 V, the device exhibited a capacity of 84.2 % to 
66.7 % of the theoretical one at current densities from 20 to 100 mA cm- 

2, respectively. To assess catholyte stability, a second battery test was 
carried out with an anolyte: catholyte ratio of 2.1:1, in a cut-off voltage 
range of 0.8-1.35 V. The capacity utilization of the catholyte reached 85 
%, and after 6000 cycles, the total capacity retention was 90.5 %, cor
responding to a decay ratio of 0.00158 % per cycle. The energy and 
voltage efficiencies through the cycles remained at around 73.80 ± 0.04 
%, with an average coulombic efficiency of 99.75 ± 0.04 %. When the 
cut-off voltage was set to 1.4 V, the catholyte capacity utilization 
increased to 90.5 %, but during the subsequent 2500 cycles, a capacity 
decay of 0.00283 % per cycle was observed, even though NMR analysis 
showed no catholyte degradation. Further tests using Na4[FeII(Dcbpy) 
(CN)4] as the catholyte showed 81.6 % to 73.8 % capacity utilization at 
40 to 100 mA cm-2 current density, and the cell also showed good 
cyclability, with a capacity degradation rate of 0.03 % per cycle over the 
first 1000 cycles. Finally, high energy density, capacity balanced AORB 
was assembled near the limit concentration 1.02 M of Na4[FeII(Dcb
py)2(CN)2]. Under this condition, with a theoretical capacity of 27.4 Ah 
L-1, the energy density reached the value of 17.5 Wh L-1; at a current 
density of 24 mA cm-2, the cell showed a capacity utilization of 73 % and 
a practical energy density of 12.5 Wh L-1. In the first 250 cycles, a ca
pacity decay rate of 0.1 % per cycle was observed, mainly attributed to 
anolyte crossover and degradation.

A further step could be to harness all the properties and benefits 
described above through a biomimetic approach. Yang et al. proposed a 
bio-inspired multi-coordination sphere containing cyclodextrin, naph
thol green B (NGB), and Fe as catholyte for AORFB application [121]. 
NGB is a commercially available dye consisting of 1-nitroso-2-naphthol- 
6-sulphonic acid sodium Iron salt. It is attractive due to its low cost and 
excellent redox properties, particularly its Fe(III)/Fe(IV) redox couple. 
NGB has demonstrated a redox potential of 0.73 V vs. NHE under neutral 
conditions, providing an alternative to the more expensive and less 
stable materials typically used in redox flow batteries. Unfortunately, 
the CV registered presented a weaker reduction peak compared to the 
oxidation one; however, when hydroxypropyl β-cyclodextrin (HP-β-CD) 
and γ-CD were solubilized (second coordination sphere) in the electro
lyte solution, reversible redox peaks were registered at 0.71 V and 0.77 
V, respectively. This positive effect was not registered when α-CD was 
added, and the CV curves remained almost identical. The main differ
ence between these 3 CDs is the diameter of the inner hydrophobic 

Fig. 4. Structure of the three different Fe complexes.
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region. The hydrophobic cavity dimension of HP-β-CD is compatible 
with that of the NGB. For this reason, a bound stable inclusion complex 
is formed, creating a first coordination sphere formed by ligands, the CD 
cavity as a secondary coordination sphere, and the peripheral functional 
groups of CD as a third coordination sphere (Fig. 5). The NGB enclosed 
in the HP-β-CD undergoes a redox reaction without dissociating from the 
inclusion; the active site on the electrode surface is electrochemically 
oxidized, and the oxidized NGB can continue to bind to the HP-β-CD, 
thus improving the stability of the molecule.

In contrast, α-CD and γ-CD have a too-small or too-large cavity vol
ume, as indicated by 1H NMR analysis showing an upfield chemical shift 
of the naphthalene protons pointing to its insertion into the HP-β-CD 
cavity. EIS measurements showed improved electrochemical kinetics 
when HP-β-CD was added to the solution. Only a slight increase of the 
solution viscosity was recorded, reaching a value of 1.14 mPa s at an HP- 
β-CD concentration of 0.02 M. Despite an NGB solubility of 34 mM, 
adding 0.1 M and 0.3 M HP-β-CD allows an NGB solubility increase to 
0.21 M and 0.25 M, respectively.

The electrochemical properties were investigated by CV analysis of 4 
mM NGB with 8 mM HP-β-CD, revealing a reversible, diffusion- 
controlled redox process. In addition, the diffusion coefficient and 
transfer rate constant of NGB were also evaluated by LSV and showed a 
value of D = 2.80 × 10-7 cm2 s-1, k0 = 1.52 × 10-3 cm s-1. A full battery 
test was performed using 0.01 M NGB, 0.02 M HP-β-CD in 1.0 M NaCl 
solution as the catholyte, and 0.01 M (Spr)2V in 1.0 M NaCl solution as 
the anolyte, achieving a high battery voltage of 1.22 V. A 1.33 to 0.32 
mAh capacity was recorded at current density range of 5.0 to 30 mA cm- 

2.
Similarly, the EE and VE decreased with increasing current density 

from 54 % at 5 mA cm− 2 to 23 % at 30 mA cm− 2, while the CE remained 
above 99 % for all tests. To extend the study to long cycling stability, 
800 cycles were performed at a current density of 10 mA cm− 2 under the 
same conditions. The battery retained 99 % of its initial capacity, cor
responding to a capacity fade rate of 0.0125 % per cycle. The CE was 
also close to 100 %, and a peak power density of 19.4 mW cm− 2 was 
recorded. Post-mortem analysis showed that the low capacity fade was 
due to the crossover of anolyte across the Nafion 212 membrane. A 
higher concentration battery was assembled: 0.1 M NGB with 0.2 M HP- 

β-CD in 1.0 M NaCl solution as catholyte and 0.1 M (Spr)2V in 1.0 M 
NaCl solution as anolyte. In the current density range of 5 to 35 mA 
cm− 2, the device showed a capacity of ~9.4 mAh to ~6.0 mAh and a 
maximum EE of 80 % at 5 mA cm− 2. After 250 cycles at 10 mA cm− 2, the 
capacity remained at 98 % with a capacity decay of 0.008 % per cycle. 
Unfortunately, the 0.2 M NGB/(Spr)2V battery exhibited a low CE, 
probably due to the high viscosity and low conductivity of the high 
concentration of the electrolyte solution.

3.2.2. Recent advances in organic anolytes for AORFB
In recent years, quinones have gained attention as suitable candi

dates for AORFBs due to their redox stability, tunability, and potential to 
replace metal-based systems. Most quinone-based batteries, however, 
have operated in acidic or alkaline conditions, which introduces side 
reactions and limits cycle life [93]. The study published by Yang et al. is 
based on developing a neutral aqueous all-quinone redox flow battery to 
overcome these limitations while optimizing performance and stability 
[88]. In this work, five quinones differing in the number and position of 
the sulfonate groups were studied in neutral aqueous conditions (Fig. 6); 
neutral conditions significantly reduce the corrosiveness of the electro
lyte, minimizing material degradation and prolonging the life of cell 
components such as membranes and electrodes, in addition, side re
actions common in acidic and alkaline systems, such as hydrogen evo
lution and degradation of quinones, are minimized in neutral conditions, 
resulting in improved long-term cycling stability. All species showed 
good electrochemical reversibility, but only 2,7-AQDS (displaying a 
redox process around -0.3 V vs NHE) showed a high solubility of 1.39 M 
in water compared to the other four quinones (less than 70 mM), 
demonstrating that even minor differences in functionalization can have 
a significant impact on the hydration sphere. The supporting salt also 
affects the solubility of the solute. Therefore, several organic and inor
ganic salts have been tested with 2,7-AQDS. It was found that the lower 
the salt's capacity to establish hydrogen bond interaction with water, the 
greater the quinone solubility; for this reason, Na2SO4 was chosen as the 
best-supporting electrolyte among those studied. To optimize the salt 
concentration in terms of the viscosity of the solution, tests were carried 
out with different concentrations, obtaining a dynamic viscosity value 
ranging from 1.12 mPa s in a 0.25 M Na2SO4 solution to 1.45 mPa s in a 
0.75 M Na2SO4 solution. Although the high solubility of 1.39 M 2,7- 
AQDS was achieved, its reduced form has a solubility of 0.25 M in 
0.5 M Na2SO4 solution. Hence, a 0.2 M 2,7-AQDS in 0.5 M Na2SO4 so
lution coupled with 0.2 M HQS in 0.5 M Na2SO4 was used for a cell test. 
At current densities from 40 to 60 mA cm-2, the device showed a capacity 
utilization from 71.0 % to 70.1 % and an energy efficiency from 73.5 % 
to 64.88 %, respectively. Furthermore, a power density of 54.1 mW cm-2 

was recorded at 100 % state of charge (SOC). The long-term cycling test 
was performed at a current density of 60 mA cm-2, displaying a cell 
voltage 0.9 V. Columbic efficiency remained constant at over 96 % for 
all 120 cycles with capacity utilization of 7.5 Ah L-1, and EE and VE 
remained above 56 % and 61 %, respectively.

Benzoquinones (BQs) are considered among the most promising 
candidates due to their fast and reversible redox properties, high specific 
capacity, and environmental compatibility. The introduction of hy
droxyl (-OH) groups to benzoquinones has emerged as a potential 
strategy to improve the stability and performance of these materials, and 
the study by Kim et al. investigates the effect of hydroxyl functionali
zation on the electrochemical behavior, cycling stability, and overall 
performance of BQ derivatives in alkaline RFB systems [122]. The study 
focuses on a series of hydroxylated BQ derivatives, including 2-hydrox
ybenzoquinone (HBQ), 2,5-dihydroxybenzoquinone (DHBQ), and tet
rahydroxybenzoquinone (THBQ) (Fig. 7), comparing their performance 
with bare p-benzoquinone (BQ). The aim is to assess how the number 
and position of the hydroxyl groups affect the electrochemical stability 
and capacity retention of these molecules during extended cycling. 
Electron-donor hydroxyl groups increased the electron density on the 
BQ core, resulting in a negative shift in the redox potential and 

Fig. 5. Representation of NGB 1st, 2nd, and outer coordination sphere. 
Reproduced from Ref. [121] with permission from Elsevier.
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enhancing the resistance of BQs to nucleophilic attacks, a common cause 
of degradation in alkaline environments.

Moreover, hydroxyl groups promote solubility in aqueous solutions, 
particularly in alkaline conditions, further contributing to better battery 
performance. Cyclic voltammetry was used to investigate the electro
chemical behavior of the synthesized hydroxylated benzoquinone, 
indicating how -OH groups in the para position of the redox active center 
ketone groups electrochemically stabilize the molecule and how exces
sive functionalization can induce excessive repulsive force and open up 
different degradation pathways. Another fact worth mentioning is the 
active form of the BQs present in the 1 M KOH: while BQ, HBQ, and 
THBQ were mainly observed in the reduced (enolate) form, DHQB 
retained the oxidized (quinone) form, because of which two different 
catholyte conditions were required for the battery tests.

The DHQB-based battery was assembled with an anolyte concen
tration of 0.5 M in a 1.0 M KOH solution and 0.4 M ferrocyanide (K4Fe 
(CN)6) in 1.0 M KOH as the catholyte. The first charge at a current 
density of 32 mA cm-2 and a voltage cut-off of 0.6 V and 1.7 V showed a 
capacity close to 100 %, reaching 85.7 % by the 10th cycle and about 60 
% by the 50th. To investigate the cause of the capacity fade, post- 

mortem NMR analyses were carried out, and some minor peaks 
appeared in contrast to the pre-cycling spectra; these peaks were 
attributed to different degradation pathways leading to the formation of 
malonate and acetate ions.

Viologens are also recognized for their promising performance as 
anolytes in AORFBs thanks to their favorable redox potentials and sta
bility. However, optimizing viologens for AORFBs requires the consid
eration of several interrelated factors, including solubility, viscosity, 
stability, membrane permeability, and electrochemical performance 
[14,123–126]. Sullivan et al. investigated different combinations of 
viologen functionalization based on a single-step hydrothermal method 
[127]. Traditional methods of viologen synthesis rely on multi-step re
actions in organic solvents, which often result in low yields and require 
purification steps. The new hydrothermal approach eliminates these 
inefficiencies by enabling a high-yield reaction using low-cost chlorine- 
terminated functionalization units (Fig. 8). The electrochemical per
formance of the synthesized viologen derivatives was characterized by 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). All viologens displayed reversible redox behavior with fast elec
tron transfer kinetics, as indicated by their standard rate constants (k0) 
greater than 10-2 cm s− 1. This suggests that the Faradaic resistance in the 
system is minimal, supporting the efficient cycling of the battery. The 
viologens' formal redox potentials (E0) ranged from − 0.320 to − 0.383 V 
vs SHE, demonstrating viologens' chemical stability under cycling con
ditions, particularly their resistance to degradation in neutral and 
alkaline pH environments. Viologens with secondary alcohol groups 
showed improved resistance to nucleophilic attack by hydroxide ions, 
which is critical for maintaining long-term performance in AORFBs.

The secondary objective of the study [127] was to understand the 
relationship between structural modifications and physicochemical and 
electrochemical properties. These properties are crucial for optimizing 
AORFB performance as they directly influence the battery's energy 
density, stability, and efficiency. The study showed that functional 
groups such as secondary alcohol moieties improve the water solubility 
of viologen derivatives, achieving concentrations of up to 2.9 M for 
derivatives with ethanol groups (labeled as EtOH in Fig. 8) while 
increased molecular size and charge (such as ammonium groups) lead to 
higher solution viscosity, which can negatively affect the energy density 
by increasing the internal pressure and the energy cost of pumping in 
flow systems. Therefore, a tradeoff exists between solubility and vis
cosity. A similar trend was observed between the viscosity and 

Fig. 6. Five different quinone derivatives structure.

Fig. 7. Redox processes of four BQ derivatives. Reproduced from Ref. [122] 
with permission from Elsevier.
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permeability relationship obtained from permeability studies on the 
Selemion DSVN anion exchange membrane. For example, EtOH and 
DiOH, which have hydroxyl functional groups, showed the highest 
permeability, 3.25 × 10-10 and 1.25 × 10-10 cm2 s-1, respectively, but a 
lower viscosity, 2.5 and 3.0 mPa s at 1 M concentration, compared to 
Dex in which the positive charges on the quaternary ammonium resulted 
in the lowest permeability recorded (0.1 × 10-10 cm2 s-1) with the 
disadvantage of the highest viscosity, 14.2 mPa s at 1 M concentration. 
In contrast, asymmetric Viologen, such as Dex-DiOH, due to the possi
bility of exploiting the advantages of different functional groups, dis
played the best compromise between permeability (2.76 × 10-11 cm2 s-1) 
and viscosity (3.75 mPa s at 1 M concentration), making it the best 
candidate for the battery test, despite its relatively lower solubility (2.7 
M). A 2.5 M Dex-DiOH-Vi pure water solution was coupled with a 2.5 M 
methyl morpholine amide TEMPO (MMA-TEMPO) pure water solution 
for a battery test configuration, which showed an OCV of 1.09 V at 50 % 
SOC. After 250 cycles (14 days), the device showed a capacity utilization 
of 89.9 % and no apparent capacity decay, demonstrating high stability 
and low permeability as confirmed by post-mortem CV and NMR 
analysis.

Other authors explored the use of [PyrTMAV]Cl4 (Fig. 9a) for AORFB 
applications by exploiting the same strategy of incorporating two- 
electron redox processes [108]. This viologen derivative is structurally 
modified by grafting it with pyrrolidinium and ammonium groups at the 
nitrogen atoms of the bipyridinium core. The asymmetric structure of 
[PyrTMAV]Cl4 plays a critical role in its performance by mitigating 
intramolecular Coulomb repulsion, which can improve its electro
chemical stability during cycling. The grafted groups also enhance sol
ubility, with the compound exhibiting a high solubility of 1.71 M in 
deionized water and 1.68 M/1.61 M in 1.0 M/2.0 M NaCl solution, 
respectively, which is crucial for achieving higher energy storage ca
pacities in flow battery applications. This viologen shows remarkable 
redox reversibility and stability, supporting a two-electron transfer 
process at − 0.34 V and − 0.68 V vs SHE, enhancing energy density 
compared to traditional bipyridinium compounds, which typically rely 
on single-electron transfers. Furthermore, the compound demonstrates 
excellent resistance to crossover through the AMVN anion-exchange 
membrane. This is achieved due to the multi-charged nature of [PyrT
MAV]Cl4, effectively repelling the charged species from crossing the ion 
exchange membrane. This results in the maintenance of high battery 
efficiency over extended cycling periods, making it an attractive 

candidate for large-scale energy storage applications. For the battery 
test, [PyrTMAV]Cl4 was coupled with [TMP-TEMPO]Cl2 described 
before. The battery operated with an open-circuit voltage of approxi
mately 1.65 V, higher than the typical 1.45 V in other viologen systems. 
The AORFB with 0.1 M [PyrTMAV]Cl4 anolyte and 0.2 M [TMP-TEMPO] 
Cl2 catholyte showed a discharge capacity of 24.4 mAh, capacity 
retention of ~100 % after 238 cycles and energy efficiency of ~89 % 
and coulombic efficiency of ~100 %. Over 480 cycles, the battery 
exhibited a capacity degradation rate of 0.04 % per cycle and an energy 
efficiency of around 89 %, and, at SOC 100 %, this AORFB achieved a 
maximum power density of 184 mW cm-2 with a corresponding current 
density of 196 mA cm-2. A high concentration AORFB was also tested at 
20 mA cm-2 including 0.5 M [PyrTMAV]Cl4 anolyte and 1.0 M [TMP- 

Fig. 8. Hydrothermal synthetic symmetric (a) and asymmetric (b) route. Structures of the symmetric (c) and asymmetric (d) viologens obtained. Reproduced 
from Ref. [127].

Fig. 9. Structures of Viologen derivatives.
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TEMPO]Cl2. It gave a capacity of ~133 mAh and a capacity degradation 
of 0.17 % per cycle over 176 cycles (mainly due to a higher degree of 
π-dimerization).

A common approach to improve viologen's electrochemical stability, 
cycling performance, and solubility is incorporating hydrophilic poly 
(ethylene glycol) (PEG) chains into their structure. This reduces the 
likelihood of dimerization of the radical cation (Vi•+), a significant 
cause of capacity fade in viologen-based systems, resulting in improved 
cycling stability. Additionally, the hydrophilic nature of the PEG side 
chains increases the solubility of the viologen in aqueous solutions, 
which is essential for achieving higher concentrations of active material 
in the electrolyte, thus improving the battery's energy density. Several 
PEGylated viologens have been synthesized, resulting in high molar 
mass molecules with the disadvantage of high viscosity solution leading 
to low energy and power density [128,129]. Yao et al. proposed an 
oligomeric ethylene glycol functionalization achievable in a one-step 
synthesis involving 4,4’-bipyridine and bromine functionalized oligo 
ethylene glycol (OEG), obtaining Vi-OEGm with m = 2,3 and 4 (Fig. 9b) 
[130].

The study focused on Vi-OEG2 and Vi-OEG3 since Vi-OEG4 resulted 
in a difficult-to-use compound. As expected, the introduction of OEG 
side chains slightly increased the viscosity of the solution to 1.21 and 
1.20 mPa for 0.1 M Vi-OEG3 and Vi-OEG2, respectively, in a 0.1 M NaBr 
solution and reached a solubility in water of 1.6 M for m = 2 and 1.4 M 
for m = 3. In addition, the diffusion coefficient and the electron transfer 
rate constant were evaluated by Levich plot and Nicholson's method 
showing D = 4.24 × 10− 6 cm2 s− 1, k0 = 1.04 × 10− 2 cm s− 1 for Vi-OEG2 
and D = 3.97 × 10− 6 cm2 s− 1, k0 = 1.04 × 10− 2 cm s− 1 for Vi-OEG3. The 
oligo(ethylene glycol)-substituted viologen derivatives exhibit superior 
electrochemical performance compared to their conventional counter
parts. For instance, the tri(ethylene glycol)-substituted viologen (Vi- 
OEG3) exhibits high redox reversibility and stability in both its first 
(-0.55 V vs. SCE) and second one-electron redox process (-0.95 V vs. 
SCE), with CV curves remaining stable after 100 scan cycles. This two- 
electron storage capability significantly improves over conventional 
viologens, which struggle with insolubility issues in their neutral 
reduced form (MV0). In symmetric cell tests involving only the first 
redox process, Vi-OEG3 outperforms other viologen derivatives, 
demonstrating better capacity retention over 19 days with a capacity 
decay rate of 0.047 % compared to 0.173 % per day for Vi-OEG2. The 
results suggest that the increased length of the OEG side chains directly 
correlates with improved cycling stability, as the bulky side chains 
effectively prevent the dimerization of the radical cation. The studies 
highlight the performance of Vi-OEG3 in a full-flow battery configura
tion, paired with N-(ferrocenylmethyl)-N, N-dimethyl-N-ethyl
ammonium bromide (FcNEBr) posolyte. The battery delivers a cell 
voltage of approximately 0.9 V and, with 0.5 M Vi-OEG3/FeNEBr so
lutions, maintains high-capacity retention even at high current den
sities. At 20 mA cm− 2, the battery achieves a capacity retention of 95 % 
and energy efficiency of 80.35 %. While the efficiency decreases at 
higher current densities, the coulombic efficiency remains above 99.6 
%, indicating minimal side reactions and excellent charge recovery. The 
cycling performance of this flow cell was performed at 30 mA cm− 2 in 
the range potential from 0.4 V to 1.15 V for 138 cycles, delivering a 
stable volumetric capacity of 12 Ah L− 1. Additionally, the permeability 
of Vi-OEG3 through the anion exchange membrane is significantly lower 
than that of traditional viologens such as EV, which helps reduce 
crossover and improves the overall battery efficiency. Although these 
results are promising, battery tests involving two-electron redox pro
cesses resulted in an irreversible capacity loss in full cell cycling, prob
ably due to the low redox potential of the second process favoring side 
reactions, so further work is needed to improve Vi0 stability.

Achieving high energy density necessitates a high charge concen
tration. A common approach is increasing the electroactive species 
concentration; however, this may not represent the most efficient or 
straightforward strategy. For example, the design of a multi-electron 

transfer molecule can overcome this problem and open the way to a 
different approach, as the most commonly used electroactive species use 
one or two electron transfer processes. Huang et al. report a new 
π-conjugated heteroaromatic redox-active material hexaazatrinaph
thalene tricarboxylic acid (HATNTA) (Fig. 10) as a promising anolyte for 
AORFB [131]. The synthesis of this molecule requires a one-step 
condensation of cyclohexane-1,2,3,4,5,6-hexone with o-phenylenedi
amine carboxylic acid derivative (Fig. 10), creating a π-conjugated 
heteroaromatic core and six nitrogen atoms that act as redox-active sites.

After showing a solubility of 0.583 M in a 1.5 M KOH aqueous so
lution and a viscosity of 21 and 30 mPa s for 0.05 M and 0.25 M HATNTA 
solution, respectively, the electrochemical properties of this molecule 
were tested by CV in a 1.5 M KOH solution. They revealed a diffusion- 
controlled reversible three-step, six-electron transfer reaction at 
different redox potentials (-0.69 V, -0.87 V, and -0.94 V vs Ag/AgCl). 
Moreover, LSV measurements via RDE showed a diffusion coefficient D 
= 2.43 × 10− 6 cm2 s− 1 and an electron transfer rate constant k0 = 2.32 
× 10− 3 cm s− 1. To confirm the performance of this molecule, a 0.05 M 
HATNTA-based cell was operated at a low current density (20 mA cm-2); 
the discharge capacity was 7.3 Ah L-1, corresponding to 91.2 % of the 
theoretical capacity of a 0.05 M molecule involved in a six-electron 
reversible redox process. This was also confirmed in the second bat
tery test performed by coupling HATNTA with ferrocyanide, where two 
potential plateaus were observed from 0.5 V to 1.05 V and 1.05 V to 
1.50 V, each contributing 1/3 and 2/3 of the total capacity respectively. 
The long-term cycling test was carried out by coupling a 0.05 M 
HATNTA in 1.5 M KOH solution with 0.05 M K4Fe(CN)6 in 1.3 M KOH 
solution, between 0.2 V and 1.6 V from 20 to 100 mA cm-2 showing a 
discharge capacity of 7.3 to 5.4 Ah L-1 (92.05 % to 66.92 % of the 
theoretical). At the same time, the coulombic efficiency remained con
stant at ~100 % at all current densities. Long-term galvanostatic- 
potentiostatic cycling was performed applying 40 mA cm-2 between 0.2 
V and 1.6 V for 2000 cycles, showing a coulombic efficiency of ~100 %, 
an energy efficiency of ~79 % and a capacity fade of 0.0012 % per cycle 
demonstrating high stability. Finally, a high volumetric capacity flow 
battery was assembled with 0.25 M HATNTA and 0.25 M K4Fe(CN)6 in 
0.5 M KOH. At 100 % SOC, the device exhibited a power density of 238 
mW cm-2 and a high-capacity utilization from 94.19 % to 70.87 % at 
different current densities from 20 to 100 mA cm-2 and a columbic ef
ficiency of ~100 %. After 80 cycles, the cell exhibited a specific capacity 
of 37.2 Ah L-1 with a capacity decay rate of 0.021 % per cycle.

Arylene diimides are a class of organic molecules based on large, 
planar, aromatic structures, most commonly used as pharmaceutical 
intermediates. Their cheap synthesis, with a 90 % yield of their elec
trolyte derivatives, makes them a good candidate for AORFB applica
tion. Although this class of materials has already been used in AORFB 
applications, they still suffer from low stability and poor water solubil
ity. Liu et al. report three different quaternary ammonium arylene dii
mide derivatives that can be obtained in high yield [132]. Specifically, 
these three molecules differ in quaternary ammonium functionalization 
and π-system extension, as shown in Fig. 11.

Among them, NDI exhibited the highest solubility with a value of 1.0 
M in a 2.0 M NaCl solution, followed by TPDI and PDI with a value of 
0.14 M and 0.08 M, respectively, in the same conditions. The electro
chemical properties were investigated by CV, NDI exhibits two one- 
electron redox processes at -0.09 V, NDI2+↔NDI+⋅, and -0.46 V (vs 
NHE), NDI+⋅↔NDI0; PDI presents two redox processes too, at -0.13 V, 
PDI2+↔PDI+⋅, and -0.45 V, PDI+⋅↔PDI0; while TPDI shows one redox 
process at -0.17 V, TPDI6+↔TPDI5+, and one at -0.35 V, 
TPDI5+↔TPDI4+. All peak currents of the redox processes showed a 
linear relationship with the square root of the scan rate, indicating 
reversible and diffusion-controlled behavior. The first redox process, 
studied by LSV analysis, showed a diffusion coefficient (D) of 6.18 ×
10− 6, 1.03 × 10− 6, 9.07 × 10− 6 cm2 s− 1, for NDI, PDI and TPDI, 
respectively, while, for the second process, the D values were 1.10 ×
10− 5, 8.67 × 10− 6 and 1.06 × 10− 4 cm2 s− 1. The electron transfer rate 
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constants were also evaluated and showed the following values: 5.73 ×
10− 3, 3.93 × 10− 4 and 2.42 × 10− 3 cm s− 1for the first redox process and 
2.07 × 10− 2, 1.05 × 10− 3, 7.29 × 10− 3 cm s− 1 for the second one. All 
three materials were used in a battery test to assess their performance in 
the field. A battery based on 0.1 M NDI/FcNCl in 2.0 M NaCl solution 
(ferrocene derivative) was assembled; at 100 % SOC the device had a 
peak power density of 98 mW cm-2 and, after 350 cycles at a current 
density of 40 mA cm-2, a capacity of 4.36 Ah L-1 (81.34 % of the theo
retical) and a capacity retention of 98.44 %, corresponding to a capacity 
decay of 0.0046 % per cycle. The battery was tested at different current 
densities, from 20 to 80 mA cm-2, and showed almost 100 % coulombic 
efficiency; energy and voltage efficiency averaged 61 %. A higher con
centration cell was assembled using a 0.5 M NDI solution; a decrease in 
cycle stability was observed, probably due to an increase in internal 
resistance, but the battery still showed a good capacity utilization of 
22.08 Ah L-1 (82.39 % of the theoretical) and a peak power density of 
100 mW cm-2 at 100 % SOC. The post-cycle test confirmed the cause of 
the capacity degradation, FcNCl crossover to the NDI side. The battery 
constructed with 0.02 M PDI/FcNCl revealed good cycle stability, 
maintaining a capacity retention, at 20 mA cm-2, of 98.1 % over 1500 
cycles, corresponding to a capacity decay of 0.0013 % per cycle with a 
maximum capacity of 0.96 Ah L-1 (89.72 % of theoretical). In addition, 
at lower concentrations, such as 0.01 M, no significant capacity degra
dation was observed over 10,000 cycles. The final tests were carried out 
with TPDI to see if the electrochemical properties of PDI could be 

transferred to a similar, more soluble compound. The 0.1 M TPDI/FcNCl 
battery showed a capacity utilization of 87.17 % and capacity retention 
of 97.22 % over 200 cycles at 20 mA cm-2, corresponding to a capacity 
decay rate of 0.014 % per cycle and decreasing cell concentration up to 
0.05 M led to a capacity retention rate of 95.50 % over 1600 cycles 
(decay of 0.0028 % per cycle), a maximum capacity of 2.33 Ah L-1 

(86.98 % of theoretical), and a power density of 83 mW cm-2. Finally, 
the authors attempted an electrolyte recovery experiment in which the 
post-cycle solution was purified via alumina column chromatography. 
However, compared to NDI and PDI, due to its high polarity, TPDI pu
rification was unsuccessful.

Table 1 summarizes the key physicochemical properties of the 
catholytes discussed in the previous sections, including diffusion co
efficients, solubility, redox potential, and kinetic rate constant in 
aqueous environments. These properties play a crucial role in deter
mining the performance of catholytes in AORFBs, influencing factors 
such as energy density, power output, and long-term cyclability. This 
comparative overview highlights the strengths and limitations of each 
class of molecules, aiding in selecting suitable candidates for specific 
battery applications. In particular, the data in the table show how 
functional groups that can directly interact with the solvent, for 
example, via hydrogen bonding, tend to increase the solubility of the 
molecule and, combined with an asymmetry functionalization of the 
electrolyte, cooperate to increase its solubility, discouraging orientation 
toward a crystal structure that maximizes solute-solute interaction and 

Fig. 10. Synthetic route for HATNTA. Reproduced from Ref. [131] with permission from Elsevier.

Fig. 11. Structure of arylene diimide derivatives: NDI, PDI, and TPDI. Adapted from Ref. [132] published in CCS Chemistry 2023.
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reducing solubility, and this is true for both small and large complex 
molecules; in addition, a supporting electrolyte can help to build up the 
required solubility. Although larger molecules offer greater tunability 
due to a broader range of functionalization possibilities and can achieve 
multi-electron redox processes at the desired redox potential, their 
constant aqueous solubility and kinetic rate remain challenging for 
AORFB application.

Table 2 provides an overview of the performance metrics of AORFBs 
utilizing the redox couples described in Table 1, paired with other redox 
couples. Comparing the performance of AORFBs reported by different 

research groups is inherently challenging due to the variability in 
experimental conditions, including differences in cell design, electrodes, 
membrane separators, electrolyte flow rates, and operational protocols. 
These factors can significantly influence AORFB performance, such as 
energy efficiency, power density, and cycling stability, making direct 
comparisons between studies complex and potentially misleading. To 
address this issue, we have limited our comparison to studies employing 
comparable AORFB configurations and operational parameters wher
ever possible. This approach minimizes variability and allows for a more 
meaningful assessment of the impact of the organic electrolytes on 

Table 1 
Literature comparison of the physicochemical properties of organic electrolytes for application in aqueous organic redox flow batteries.

Electrolyte Solubilitya (M) Redox potential (V vs SHE) Diffusion coefficient (cm2 s-1) Kinetic rate constant (cm s-1) Reference

TEMPO 5.6 in 5.0 M LiTFSI 0.57 8.9 × 10− 7 c1.8 × 10-2 [118]
TMP-TEMPO 2.16 in 

2.0 M NaCl
0.98 4.12 × 10-6 d1.65 × 10-2 [108]

Na4[FeII(Dcbpy)2(CN)2] 1.09 0.65b 2.3 × 10-6 – [120]
NGB/HP-β-CD 0.25 in 0.3 M HP-β-CD 0.70 2.80 × 10-7 c1.52 × 10-3 [121]
2,7-AQDS 1.39 -0.31 (2e-) 1.6 × 10-6 – [88]
DHBQ 2.16 in 

1.0 M KOH
-0.72 (2e-) – – [122]

Dex-DiOH-Vi 2.7 -0.34 3.49 × 10-6 e1.21 × 10-1 [127]
[PyrTMAV]Cl4 1.71 -0.34 

-0.68
3.85× 10-6 

3.89× 10-6

d2.15 × 10-2 

d2.05 × 10-2
[108]

Vi-OEG3 1.4 -0.31 
-0.71

3.97 × 10− 6 d1.04 × 10− 2 [130]

HATNTA 0.583 in 1.5 M KOH -0.69b (2e-) 
-0.87b (2e-) 
-0.94b (2e-)

2.43 × 10− 6 d2.32 × 10− 3 [131]

NDI 1.0 in 
2.0 M NaCl

-0.10 
-0.47

6.18 × 10− 6 1.10 × 10− 5 d5.73 × 10− 3 

d2.07 × 10− 2
[132]

a Maximum solubility in pure water (if not otherwise specified).
b V vs Ag/AgCl
c Calculated by Nicholson's method (CV/LSV)
d Calculated by Koutecký–Levich's method (LSV)
e Calculated by EIS

Table 2 
Comparison of electrochemical performance metrics for AORFBS employing organic electrolytes as catholytes or anolytes.

Catholyte Anolyte Theoretical 
OCV (V)

Theoretical 
capacity (Ah L-1)

Capacity 
utilization

Capacity decay 
per cycle

Cycle Other Ref

TEMPO 0.5 M 
in 4.0 M LiTFSI

(SPr)2 V 0.25 M 
in 4.0 M LiTFSI

1.08 13.4 69 % 0.048 % 285 CE = 99.5 %, 
EE = 82 %

[118]

TMP-TEMPO 
1.0 M 
in 2.0 M NaCl

[PyrTMAV]Cl4 0.5 M 
in 2.0 M NaCl

1.58 26.8 90 % 0.17 % 176 EE ~ 87 % [108]

Na4[FeII(Dcbpy)2(CN)2] 
1.02 M 
in 0.1 M NaOH

SPr-Bpy 1.2 M 
in 1.2 M NaCl and 0.4 
M CH3CO2Na

1.2 27.4 73 % 0.1 % 250 E-Denmax =

17.5 Wh L-1
[120]

NGB 0.1 M/HP-β-CD 0.2 M in 
1.0 M NaCl

(Spr)2V 0.1 M 
in 1.0 M NaCl

1.22 2.68 21 % 0.008 % 250 CE ~ 99 %, 
P-Denmax =

36.7 mW cm-2

[121]

HQS 0.2 M 
in 0.5 M Na2SO4

2,7-AQDS 0.2 M 
in 0.5 M Na2SO4

0.83 10.72 70 % – 120 P-Den = 54.1 
mW cm-2, 
EE = 56 %, 
VE = 61 %

[88]

K4Fe(CN)6 0.4 M 
in 1.0 M KOH

DHBQ 0.5 M 
in 1.0 M KOH

1.21 26.8 60 % 0.8 % 50 – [122]

MMA-TEMPO 2.5 M Dex-DiOH-Vi 2.5 M 1.09 67.0 89.9 % ~0 % 250 – [127]
FeNEBr 0.5 M Vi-OEG3 0.5 M 

in 2.0 M NaCl
0.95 13.4 95 % 0.0001 % 138 EE = 80.35 % 

CE = 99.6 %
[130]

K4Fe(CN)6 0.25 M 
in 0.5 M KOH

HATNTA 0.25 M 
in 0.5 M KOH

1.24 40.2 94.2 % 0.021 % 80 CE ~ 100 %, 
P-Den = 238 
mW cm-2

[131]

FcNCl 0.5 M 
in 2.0 M NaCl

NDI 0.5 M 
in 2.0 M NaCl

1.07 26.8 82.4 % 0.073 % 100 P-Denmax = 100 
mW cm-2

[132]

FcNCl 0.02 M 
in 2.0 M NaCl

PDI 0.02 M 
in 2.0 M NaCl

1.06 1.07 89.72 % 0.0013 % 1500 CE ~ 100 % [132]

FcNCl 0.1 M 
in 2.0 M NaCl

TPDI 0.1 M 
in 2.0 M NaCl

0.96 5.36 87.17 % 0.014 % 200 CE ~ 100 % [132]

P-Denmax = Peak power density; E-Denmax = Peak energy density.
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overall battery performance, providing more precise insights into their 
relative strengths and limitations.

Table 2 shows that theoretical capacities vary greatly depending on 
the electrolyte concentration, the number of redox processes, and the 
number of electrons involved. At present, small molecules such as 
TEMPO and viologen derivatives, which have good solubility, can ach
ieve the highest capacity values in the table, and it is clear how a rational 
design aimed at limiting the crossover of electroactive species has 
managed to obtain low capacity decays per cycle. Although good theo
retical capacity values were also obtained for molecules with an 
extended π system thanks to their multi-redox processes, their low sol
ubility and low cycle stability led to a loss of capacity. Nevertheless, this 
demonstrates a sound proof of concept and allows new classes of mol
ecules and strategies to be implemented in these devices.

4. Conclusions and outlook

This review examines recent advances in aqueous organic redox flow 
batteries (AORFBs), highlighting the potential of redox-active organic 
compounds as high-performance electrolyte materials. Organic mate
rials that rely exclusively on earth-abundant elements can enhance 
sustainability and reduce supply chain vulnerability while enabling 
multi-electron transfer mechanisms without the challenges associated 
with multivalent inorganic ions. Despite this promise, AORFBs are still 
at an early stage of development compared to aqueous inorganic RFBs 
(such as all‑vanadium or Zn/Br systems), and considerable work is 
required to overcome current limitations in voltage, capacity, and 
cycling stability before they become commercially viable.

Expanding the range of redox-active units and electrolyte materials 
in AORFBs is a priority. Many current organic electrolytes are based on a 
narrow set of structures. Still, future research should focus on devel
oping highly stable, redox-reversible submolecular structures to support 
AORFBs with higher operating voltages and enhanced durability, espe
cially for new catholytes. New classes of molecules have been studied 
through new organic synthesis methods and the help of computational 
chemistry without forgetting that multi-step synthesis and complex post- 
processing purification processes hinder the progress toward practical 
use. Moreover, given today's needs, green and safe organic molecules 
without environmental hazards are still indispensable for practical use. 
Additionally, creating oxygen-resistant materials would reduce costs 
and operational complexities by eliminating the need for oxygen isola
tion to prevent irreversible capacity loss.

Enhancing solubility in electrolyte solutions containing supporting 
salts is essential to improve the practical application of these materials. 
Many organic materials dissolve well in pure water, whereas their sol
ubility is reduced when dissolved in inorganic salt solutions. Function
alizing the electroactive molecules with hydrophilic groups, such as 
hydroxyl and ammonium, overcomes this challenge by enhancing 
electrolyte-solvent interactions. This was demonstrated in literature 
studies on quinone derivatives, where the positioning of functional 
groups played a critical role in quinone electrochemistry. The selection 
of appropriate functional groups can also significantly enhance stability. 
For instance, viologen dimerization, a common side reaction responsible 
for capacity decay, can be mitigated by functionalization strategies that 
introduce electrostatic repulsion and steric hindrance, thereby 
improving electrolyte stability. Furthermore, incorporating different 
functional groups within the same molecule enables a more gradual 
modulation of electrolyte properties, as demonstrated by asymmetric 
viologens synthesized via hydrothermal methods, which exhibit inter
mediate properties not achievable with their symmetric counterpart. 
This approach has also been applied to metal complexes using organic 
ligands, where breaking the initial symmetry by introducing a second 
type of ligand allows for the modulation of the redox potential and in
creases the solubility of these complexes. Additionally, using organic 
molecules with an extended π-conjugated system has facilitated multi- 
electron redox processes, thereby increasing the energy density 

without increasing the concentration of the electroactive species. In 
addition, new doors may be opened to other strategies, such as ionic 
liquids (ILs), microemulsions, or, more generally, a self-assembly 
approach, which can increase solubility and stability in the presence 
of supporting electrolytes.

A significant barrier to AORFB efficiency is membrane crossover. 
Current ion-selective membranes must prevent redox species from 
crossing between anolyte and catholyte compartments while allowing 
ion transport to maintain charge balance. Advances in membrane 
technology, such as modifying pore sizes or adding ionic groups, could 
improve power density and cycling stability. A more precise under
standing of the transport behavior of the redox species across mem
branes can guide the design of membranes and new electrolyte materials 
through rational functionalization. Different electrolyte characteristics 
can be tuned to maximize the membrane efficiency, such as molecular 
size, depending on the size of the membrane pores and ionic state, 
increasing hydrodynamic radius and repulsion with the same charged 
ionic groups on the membrane. On the other hand, symmetric AORFBs, 
which use molecules with multiple redox sites in both anolyte and 
catholyte roles, may eliminate crossover problems, thereby advancing 
the suitability of AORFBs for large-scale energy storage.

Research efforts conducted by the academic and industrial commu
nities in AORFBs have led to significant advancements and remarkable 
performance improvements, particularly in increased energy density, 
power density, and cycling stability. However, challenges remain, 
especially in enhancing the long-term stability and scalability of organic 
electroactive materials. Understanding the reaction mechanisms within 
AORFBs is crucial for identifying optimal redox-active molecules, as this 
information can be rationalized and tuned through computational 
chemistry. Additionally, optimizing operational parameters such as flow 
rate, pH, viscosity, and temperature will enhance cell performance, 
reduce operational costs, and deepen our understanding of AORFB 
functioning. Indeed, continued investment in fundamental and applied 
research is essential to overcome existing barriers and accelerate the 
development of AORFB technologies, ensuring their future potential as a 
sustainable energy storage solution.
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