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Abstract: Redox flow batteries (RFBs) have attracted significant attention as a promising electrochemical
energy storage technology, offering various advantages such as grid-scale electricity production with
variable intermittent electricity delivery, enhanced safety compared to metal-ion batteries, decoupled
energy and power density, and simplified manufacturing processes. For this review, we exclusively
focus on organic, non-aqueous redox flow batteries. Specifically, we address the most recent progress
and the major challenges related to the design and synthesis of robust redox-active organic compounds.
An extensive examination of the synthesis and characterization of a wide spectrum of redox-active
molecules, focusing particularly on derivatives of posolytes such as quinone, nitroxyl radicals, dialkoxy-
benzenes, and phenothiazine and negolytes such as viologen and pyridiniums, is provided. We explore
the incorporation of various functional groups as documented in the references, aiming to enhance
the chemical and electrochemical stability, as well as the solubility, of both the neutral and radical
states of redox-active molecules. Additionally, we offer a comprehensive assessment of the cell-cycling
performance exhibited by these redox-active molecules.

Keywords: redox flow batteries; non-aqueous; organic; molecular engineering

1. Introduction

Redox flow batteries (RFBs) represent a highly promising electrochemical energy
storage technology that offers several advantages, including (i) the controllable delivery
of variable intermittent electricity for grid-scale power production; (ii) improved safety
compared to metal-ion batteries; (iii) decoupled energy and power density; and (iv) sim-
plified manufacturing processes [1–5]. A standard RFB configuration contains reservoirs
that store redox-active electrolytes, electrodes, membranes, and flow circulation systems
(Figure 1). The redox species produced by the positive and negative active materials
(posolyte and negolyte) serve to store and release energy. As illustrated in Figure 1, in
the charging process, the posolyte undergoes oxidation, releasing electrons, while the
negolyte undergoes reduction, accepting the electrons. This redox reaction facilitates
energy storage in the form of potential [6]. Conversely, during discharging, the reverse
reaction takes place, releasing the stored energy as electrical energy. In RFB systems, the
energy density can be quantified using the equation U = nCFV

µv
, where U represents energy

density, n is the number of electrons in the redox reaction, C denotes the concentration
of electrolytes, F stands for Faraday’s constant, V is the voltage of the battery, and µv is
the volume factor, which is calculated as µv = 1+ (lower electrolyte concentration/higher
electrolyte concentration) [7,8]. Consequently, increasing the concentration and redox
potential of redox-active species will increase the energy density of the RFBs.
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Figure 1. Schematic of a redox flow battery (A = anolyte; C = catholyte). In the charge process, the
posolyte (catholyte) releases electrons and undergoes oxidation, while the negolyte (anolyte) gains
electrons and experiences reduction. This redox reaction is reversed during the discharge process [9].

Traditional aqueous redox flow batteries (ARFBs) employ water as a solvent to en-
able electrochemical reactions. The most promising of the aqueous RFBs thus far are
vanadium redox flow batteries [10,11]. Nevertheless, the constrained operating voltage
range (<1.3 V) [9,12] and high freezing temperature of water (≥0 ◦C) impose limitations
on achieving higher energy density and broader geographic applicability for RFBs [9].
Particularly, in regions with average winter temperatures ranging between −10 and −40 ◦C
at northern latitudes above 30◦, these constraints become even more pronounced [13].
Unlike ARFB, non-aqueous redox flow batteries (NAORFBs) have wider operating voltages
and temperature ranges, achieved by employing organic solvents in lieu of water. Table 1
summarizes the physical and chemical properties of the most used organic solvents in
NAORFBs [14]. Typically, the freezing point of organic solvents is below −40 ◦C, providing
a wider electrochemical window (>5 V) [15]. This creates more favorable conditions for
operating high-energy-density redox flow cells.

Table 1. Physical and chemical characteristics of organic solvents used in NAORFBs [16,17].

Freezing
Point (◦C)

Boiling
Point (◦C)

Viscosity
(mPa s−1)

Size of Electrochemical
Windows (V)

Acetonitrile (ACN) −44 82 0.34 6.1
Propylene carbonate (PC) −49 242 2.53 6.6

N-methyl-2-pyrrolidone (NMP) −24 204 1.7 5.4
Dichloromethane (DCM) −95 40 0.39 4.9
Tetrahydronfuran (THF) −108 66 0.46 5.5

Redox-active organic molecules are of particular interest for low-cost RFBs because
they are synthesized from the earth’s abundant elements (e.g., carbon, hydrogen, oxy-
gen, etc.) [18–20]. Furthermore, the organic functional groups provide opportunities to
modify physical and electrochemical properties such as solubility, chemical and elec-
trochemical stability, redox potential, ionic conductivity, and reaction kinetics to better
meet high-performance requirements [5,21–24]. Over the last few decades, molecular
frameworks like posolytes, including anthraquinone [25–28], nitroxyl radicals [29–32],
dialkoxybenzenes [33–35], and phenothiazine [9,21,23,36–38], as well as negolytes like
viologen [39–42] have garnered significant attention as potential redox-active materials for
energy storage applications. While their unique properties hold great promise, challenges
including (1) low solubility; (2) poor electrochemical stability of radicals; (3) low redox
potential; and (4) low ionic conductivity still prevent these materials from being used in
commercial applications [3,43]. To address these limitations, recent efforts in molecular
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engineering have focused on the design and synthesis of derivatives based on these core
structures [44]. These modifications aim to enhance the solubility and the chemical and
electrochemical stability of redox-active species, paving the way for the development of
high-energy-density redox flow batteries. By tailoring the molecular structures of these
redox-active materials, researchers strive to achieve significant improvements in their per-
formance, thereby overcoming the barriers that have hindered their practical application in
energy storage systems. These advancements hold the potential to unlock the full capabili-
ties of these molecular cores, making them viable candidates for next-generation RFBs and
other cutting-edge energy storage technologies.

This review primarily focuses on organic active materials within organic solvents.
These organic, non-aqueous flow batteries present a unique set of potentials and challenges
different from those of inorganic and aqueous flow batteries. In particular, we have
provided a comprehensive summary and analysis of the synthesis and characterization of
a diverse range of redox-active organic molecules, with a particular focus on derivatives of
quinones, nitroxyl radicals, dialkoxybenzenes, phenazines, pyridiniums, viologens, and
phenothiazines. We have elucidated the utilization of various functional groups, such
as methyl groups and glycol chains, to enhance chemical and electrochemical stability,
the solubility of neutral and radical salts, and the overall potential performance of these
redox-active species. Moreover, in-depth evaluations of the full cell-cycling performances of
these redox-active posolytes and negolytes are also discussed. By collating and presenting
a comprehensive overview of the synthesis, characterization, and performance of these
redox-active molecules, we aim to contribute to the advancement of redox-active materials
and inspire further innovations in redox flow battery systems.

2. Cathodic Redox-Active Organic Molecules

While other components, such as membranes, can impact electrochemistry, it is im-
portant to note that the chemistries of the catholyte and anolyte are the primary drivers of
cycling performance in RFBs [45,46]. A more negative or positive redox potential enables
a higher-voltage battery coupled with increased solubility, thereby enhancing the battery’s
energy density [47,48]. Both chemical and electrochemical stability are crucial for ensuring
the long-term durability of RFBs. Therefore, it is crucial to optimize electrolytes in terms of
redox potential, solubility, and both chemical and electrochemical stability. Low energy den-
sity is often pointed to as an inhibitor of NAORFBs due to the low solubility of redox-active
molecules, making it a critical aspect to improve [49,50]. For this reason, efforts in areas
such as molecular engineering have been taken to customize the solubility of redox-active
compounds [24,51,52]. Among the redox-active core structures of catholytes, quinones,
nitroxyl radicals, phenothiazine, and dialkoxybenzenes have demonstrated remarkable
success owing to their stable structures. These molecules, upon oxidation, form radicals or
charge species that are stabilized by conjugated rings, resulting in enhanced stability of the
charged molecules. Here, we describe promising catholyte categories and how derivatives
have been developed to further the aforementioned metrics.

2.1. Quinones and Derivatives

The stability of quinone radicals can be attributed to their unique molecular structures
and electronic configurations [53–55]. As Figure 2a shows, quinone radicals possess a conju-
gated π-electron system, creating a resonance stabilization effect. This delocalization of elec-
trons helps distribute charge density, resulting in a more stable radical species. Figure 2b
summarizes a series of reported quinone derivatives for which electron-withdrawing or
-donating functional groups are present on the quinone ring to adjust either solubility or
redox potential. Their redox potential can vary within the range of 2.2 to 4 V, while their
solubility in dimethylacetamide (DMA) can vary by up to 1 M (Table 2).

Quinone derivatives have been studied extensively for battery applications, often as
lithium-ion battery cathode materials [56–58]. Anthraquinone (AQ) was originally reported
for use in aqueous redox flow batteries by Aziz’s group in 2014, with much of the research
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thereafter continuing to focus on aqueous chemistries [25,59,60]. For both aqueous and
non-aqueous RFBs, anthraquinones are touted as the most promising molecules of the
natural organic materials, partially due to their relatively high electrochemical stability and
straightforward, cost-effective synthesis [61]. The redox potential of quinone derivatives
tends to be between 2 and 3 V vs. Li+/Li, and the variations in this redox potential
can be attributed to the aromaticity of the molecular backbone and the influence of the
substituents [62]. For example, 1,4-benzoquinone (BQ) has a redox potential of 2.8 vs.
Li+/Li, while anthraquinone (AQ) has a redox potential of 2.25 V vs. Li+/Li (Table 2).

Most quinone-based compounds have low solubilities (<0.05 M) in polar organic sol-
vents. To improve their solubility, the modification of the quinone core is often necessary [26].
Wang et al. studied a modified anthraquinone, 1,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
anthracene-9,10-dione (15D3GAQ), to which two triethylene glycol monomethyl ether
groups have been added as compared to classic anthraquinone molecules (Figure 2c). These
additions increase solubility, and, although the solubilities of this compound were not
reported by the group, they were able to cycle 0.25 M of 15D2GAQ in a 1.0 M LiPF6/PC
solution as a catholyte against lithium metal (Figure 3a). The capacity faded over time,
which was ascribed to side reactions between carbonate solvents and the anthraquinones.
This fading of capacity has been noted before for similar quinone compounds [26,63].
Pahlevaninezhad et al. developed a high-electrode-potential (4 V vs. Li+/Li), four-electron-
transfer quinone, tetra-aminoanthraquinone (DB-1), with a 111 mAh discharge capacity
and near-100% capacity retention over 50 cycles at a 1 M concentration in dimethyl sulfox-
ide. This demonstrates the use of derivatives to improve capacity retention and solubility
(Figure 3b) [64]. Zheng et al. cycled a fairly standard derivative of quinone, methyl-
p-benzoquinone (MBQ). MBQ appeared to be less stable and have a weaker oxidizing
potential than many of the other derivatives discussed here (Figure 3c,d) [65]. This instabil-
ity was believed to be due to the reduction of MBQ to a variety of forms in equilibrium, so,
during cycling, MBQ is reduced to states from which it cannot be re-oxidized.
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Figure 2. Chemical structures and synthesis of quinone derivatives. (a) Redox reaction of 1,4-benzoquinone
(BQ). (b) Chemical structures of anthraquinone derivatives BQ, NQ, MBQ, NAQ, DB, and PQ. (c) Synthesis
of 15D3GAQ [26,59,61–63].
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Table 2. Electrochemical and physical characteristics of quinone derivatives [26,59,61–63].

Compound Redox Potential
(vs. Li+/Li)

Diffusion Coefficient
(×10−6 cm2s−1)

Solubility (M)
Neutral in DMA

AQ 2.25 4.20 <0.1
NAQ 2.2 4.29 <0.1
NQ 2.6 4.63 >0.1
BQ 2.8 5.00 >0.1
PQ 2.7 4.96 0.3

15D3GAQ 2.5 - >0.25
DB-1 4 - 1
MBQ - 0.034 -

“-” indicates that no data were provided by the references; DMA is an acronym for dimethylacetamide.
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Figure 3. The electrochemical performance of quinone derivatives with lithium metal as the negative
electrode. (a) 0.25 M 15D3GAQ in 1.0 M LiPF6/PC [26](Reprinted with permission, 2012, Royal Society
of Chemistry.) (b) Charge–discharge voltage and current as a function of time with 80 mM of DB-1
(14–15 mL) [64]. (Reprinted with permission, 2012, Royal Society of Chemistry.) (c) Voltage curves
of MBQ-TEMPO RFB during galvanostatic cycling at 4 mA cm−2 [65]. (Reprinted with permission,
2023, Elsevier.) (d) Efficiency, charging capacity, and discharging capacity of MBQ-TEMPO during
galvanostatic cycling [65]. (Reprinted with permission, 2023, Elsevier).

2.2. Phenothiazines and Derivatives

The study of phenothiazines for use in non-aqueous organic redox flow batteries
has been extensively conducted by Odom’s group [9,21–23,36–38,66–68]. They developed
a general synthesis protocol for both neutral (Figure 4) and radical phenothiazine deriva-
tives using anhydrous dichloromethane (DCM), which is mixed with NOBF4 and then
diethyl ether, to form a precipitate. After filtration, the precipitate is dissolved in DCM
and then re-precipitated with diethyl ether. The product is then dried under a vacuum [38].
This relatively simple procedure could be repeated for desired phenothiazine derivatives.
Initially synthesized and employed as an overcharge protection compound in lithium-
ion batteries, N-ethylphenothiazine (EPT) exhibits robust electrochemical stability and
holds promise as a potential catholyte for redox flow batteries. Nonetheless, the solu-
bility of neutral EPT remains limited to 0.1 M in organic solvents, posing a challenge
when considering its use as a catholyte [38]. N-(2-methoxyethyl)phenothiazine (MEPT)
and N-[2-(2-methoxyethoxy)ethyl]phenothiazine (MEEPT) (Figure 4), which have been
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modified with glycol chains, exhibit significantly improved solubility compared to EPT
(Table 3). MEEPT demonstrates stable galvanostatic cycling as the catholyte in symmet-
ric cells (Figure 5a) and when paired with viologen anolyte (Figure 5b) over hundreds
of cycles with minimal capacity decay [36,38]. Both nuclear magnetic resonance (NMR)
and cyclic voltammetry (CV) analyses confirmed the absence of decomposition in the
MEEPT electrolyte following cycling. While MEEPT exhibits promising cycling perfor-
mance, it is important to note its instability in the second redox potential. To enhance the
stability of the second redox potential without compromising solubility, N-ethyl-3,7-bis(2-
(2-methoxyethoxy)ethoxy)phenothiazine (B(MEEO)EPT) was synthesized via introducing
oligoglycol chains (Figure 4) [21]. B(MEEO)EPT exhibits stable galvanostatic cycling with
a redox potential of 0.65 V vs. Cp2 Fe0/+. During cycling, a 27% capacity fade was observed
over 140 cycles, attributed to active species crossover instead of material degradation
(Figure 5d).
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Table 3. Physical and chemical properties of phenothiazine derivatives [9,21,23,36–38].

Compound 1st Redox Potential
(vs. Cp2 Fe0/+)

2nd Redox Potential
(vs. Cp2 Fe0/+)

Diffusion Coefficient
(×10−6 cm2s−1)

Solubility (M)
Neutral

Solubility (M)
Radical Salt

EPT 0.278 0.956 2.3 0.11 0.28
MEEPT 0.311 0.937 1.6 miscible 0.55

DMeOEPT 0.056 0.655 1.8 0.06 0.06
DMeOMEEPT 0.093 0.666 1.6 miscible 0.18
B(MEEO)EPT 0.064 0.654 0.8 miscible 0.63

EPRT-TFSI 0.55 1.12 15.3 1.27 1.27
2-DAC 0.6 1.2 5.4 - 0.09

4-DMPP 0.64 1 5.77 miscible 0.45

“-” indicates that no data were provided by the references.
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Substituted cyclopropeniums have been heavily studied as catholytes for NARFBs,
largely by the Sanford group [69–73]. They noted the straightforward synthesis procedure
while also addressing the issues regarding the compound’s stability, which they hypothe-
sized might be attributed to the presence of the substituted methyl groups. In response,
they replaced the methyl groups with isopropyl substituents, leading to improved stability.
However, they encountered challenges related to low solubility and redox potential and
high crossover rates, prompting the research group to further explore and evaluate various
derivatives. A methyl group was added to the nitrogen atom to enhance the oxidizing
reduction potential [70]. In addition to the physical organic analysis of various derivatives,
they developed a 1,2-bis(diisopropylamino)-3-cycloprpenylium-functionalized benzene
(2-DAC) for a high-potential catholyte (Figure 4). The group significantly increased the
redox potential to 1.2 V (vs Cp2 Fc0/+) by swapping out substituents on the benzene
ring [71]. The electrochemical cycling of 2-DAC exhibited only 3% capacity loss over
50 cycles (Figure 5e), showing the effectiveness of DAC substituents in terms of stability.

While 2-DAC presents a notably stable redox potential in its salt-free electrolyte form,
its limited solubility of 0.1 M in MeCN significantly impacts its viability for use in RFBs.
A promising alternative, ethylpromethazine bis(trifluoromethanesulfonyl)imide (EPRT-
TFSI), introduced by Odom’s group, displays a high redox potential of 1.2 V (vs Cp2 Fc0/+)
along with substantial radical salt solubility of 1.3 M in MeCN and robust electrochemical
stability compared to other reported salt-free posolytes [71]. This compound is relatively
straightforward to synthesize, involving three steps starting from commercially available
promethazine hydrochloride (Figure 4). The process includes deprotonation with aqueous
potassium carbonate, the substitution of an ethyl group at the trialkylated N position, and
finally anion exchange with a TFSI anion. During cycling of EPRT-TFSI against MEEV-
(TFSI)2, a 43% capacity fade over 73 cycles was observed, which was confirmed via CV and
NMR to be due to active species crossover (Figure 5c) [71]. Another derivative of 2-DAC,
2,6-deimethylpiperidine (4-DMPP), was identified as a promising catholyte due to its redox
potential, stability, and high solubility (Table 3). When cycled at 0.3 M, it had a capacity
retention of 92.5% over 300 cycles (Figure 5f).
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  Figure 5. The electrochemical performance of phenothiazines derivatives. (a) Charge and dis-

charge capacities and coulombic efficiency of MEEPT in a symmetric flow cell at 100 mA cm−2 [38].
(Reprinted with permission, 2016, Royal Society of Chemistry.) (b) Charge and discharge capac-
ities and coulombic efficiency of 0.5 M MEEPT/MEEV-TFSI2 premixed redox flow cell cycled at
20 mA cm−2 [36]. (Reprinted with permission, 2021, American Chemical Society.) (c) Charge and
discharge capacities and coulombic efficiency of salt-free 0.25 M EPRT-TFSI and MEEV-(TVSI)2 flow
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cell at 10 mA cm−2 [23]. (Reprinted with permission, 2021, Royal Society of Chemistry.) (d) Constant
current cycling of B(MEEO)EPT in a symmetric flow cell at 25 mA cm−2 [21]. (Reprinted with
permission, 2019, American Chemical Society.) (e) Discharge capacity and coulombic efficiency versus
cycle number for cycling of 2.5 mM 1-DAC in 0.5 M TBAPF6/ACN in a static H-cell [69]. (Reprinted
with permission, 2021, American Chemical Society.) (f) Discharge capacities and coulombic efficiency
of 0.3 M 4-DMPP and 0.6 M Viologen-5 at 60 mA cm−2 [74]. (Reprinted with permission, 2021, John
Wiley & Sons).

2.3. TEMPO and Derivatives

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) is one of the most studied neutral radi-
cals for energy storage due to its excellent electrochemical stability and solubility [4,32,75–78].
The stability of the TEMPO radical can be attributed to the delocalization resulting from
conjugation over the N-O bond, combined with the steric protection provided by its methyl
substituents, which effectively prevents dimerization (Figure 6a) [79,80]. Its use in non-
aqueous flow batteries is still limited thus far, and the most promising work is discussed
here. Li et al. in 2011 reported the use of TEMPO as a catholyte in a non-aqueous redox
flow battery, inducing high efficiencies and stability, thereby inspiring interest in TEMPO
and TEMPO derivatives [31]. They did not specifically report on capacity, but the coulombic
efficiency was relatively high, reaching 90% after 20 cycles. Wang’s group continued this work
to demonstrate a high-performance TEMPO organic redox flow battery [32]. TEMPO was
found to have a high solubility, redox potential, and diffusion coefficient. After 100 cycles,
they found an average capacity retention of 99.8% per cycle, demonstrating the promise of
TEMPO (Figure 7a).
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permission, 2016, Elsevier.) (c) Charge and discharge behavior of Me-TEMPO cycled against Li at
various charge densities [30]. (Reprinted with permission, 2015, John Wiley & Sons).
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A modified TEMPO compound, 4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxyl
(AcNH-TEMPO), was investigated to determine how structural changes could improve
solubility while maintaining high electrochemical performance [29]. Although the
performance metrics did not appear to be significantly improved, AcNH-TEMPO has
an advantage over TEMPO in its simpler and cheaper synthesis (Table 4). The cost
and ease of synthesis is an important metric when considering the scale-up of redox
flow battery electrolytes. The disadvantage of this modified compound is its lowered
capacity retention compared to that in the work carried out by Wang, with a fade of
7.4% after 20 cycles (Figure 7b). Active species decay was ruled out as a performance
degradation mechanism.

Table 4. Physical and chemical characteristics of TEMPO derivatives [29,30,32].

Compound Redox Potential
(vs. Li+/Li)

Diffusion Coefficient
(×10−6 cm2s−1)

Solubility (M)
Neutral

Solubility (M)
Radical Salt

TEMPO 3.5 11 5.2 -
AcNH-TEMPO 3.63 0.43 >0.5 >0.5
MeO-TEMPO 3.6 - 2.5 -

Takechi et al. demonstrated another modified TEMPO compound that formed
an ionic liquid at a similar redox potential and higher solubility than AcNH-TEMPO30.
MeO-TEMPO was able to achieve a high energy density but was not able to reach the
same solubility as unmodified TEMPO (Table 4). Its capacity was, similar to that of
AcNH-TEMPO, lowered compared to unmodified TEMPO, with 16% capacity loss after
20 cycles (Figure 7c). The capacity loss of these modified compounds was likely due to
the instability of the reduced compounds. Therefore, there has not yet been a modified
TEMPO for this use that has out-performed TEMPO. However, the changes provided
by derivatives demonstrate that with the right synthesis, an even-better-performing
catholyte could be developed.

2.4. Dialkoxybenzenes and Derivatives

Dialkoxybenzene catholytes are considered good candidates for RFBs due to their
favorable reversibility and high oxidation potentials (Figure 8 and Table 5) [34,81]. 2,5-Di-
tert-butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB) was originally developed to provide
effective overcharge protection in Li-ion batteries [82–84]. Brushett et al. then took inter-
est in the use of DBBB as a catholyte material in NAORFBs 33. They found that DBBB
had promising metrics for a redox flow battery. When cycled at 0.05 M, DBBB showed
a coulombic efficiency of approximately 70% (Figure 9a). However, the solubility of DBBB
is considered low for nonaqueous redox flow batteries [85].

Table 5. Physical and chemical properties of dialkoxybenzenes derivatives [33–35].

Compound Redox Potential
(vs. Li/Li+)

Diffusion Coefficient
(×10−6 cm2s−1)

Solubility (M)
Neutral

BODMA 4.02 45 0.15
BODEA 4.18 11 0.10

6 (25DDB) 3.92 - 0.6
7 (23DDB) 3.98 - 2

DBBB 3.93 1.46 0.4
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cycle number of 0.05 M DBBB cycled against 0.05 M 2,3,6-trimethylquinoxaline [33]. (Reprinted with
permission, 2012, John Wiley & Sons.) (b) Cycling efficiencies and specific capacities over 100 cycles
for 25DBB [35]. (Reprinted with permission, 2016, Zhang et al.) (c) Cycling efficiencies and specific
capacities for 23DBB [35]. (Reprinted with permission, 2016, Zhang et al.) (d) Capacity and efficiency
against cycle number for BODMA cycled against Li at 5 mA cm−2 [34]. (Reprinted with permission,
2017, John Wiley & Sons).
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Zhang’s group assessed a variety of dialkoxybenzene derivates while in search for
a structure with high capacity that retained good performance otherwise [35]. Among the
11 compounds they examined, 2, referred to as “6” and “7”, exhibited promising outcomes.
These compounds, “6” and “7”, were obtained through the removal of unnecessary steric
groups from DBBB, resulting in improved capacity, electrochemical performance, and
solubility (Figure 8b,c and Table 5). Compound “6”, or 25DDB, displayed minimal capacity
fade at 0.2% per cycle (Figures 8b and 9b). On the other hand, compound “7”, or 23DDB,
exhibited a higher capacity fade of 88% over 100 cycles (Figures 8c and 9c). This divergence
was attributed to irreversible side reactions occurring during the cycling of 23DDB.

The compounds 9,10-bis(2-methoxyethoxy)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethaneno-
anthracene (BODMA) and 9,10-bis(2-methoxyethoxy)-1,2,3,4,5,6,7,8-octahydro-1,4:5,8-diethano-
anthracene (BODEA) exhibited promising electrochemical performance, while 1,4-dimethoxy-
2,3,5,6-tetramethyl-benzene (DMTM) was found to lack electrochemical reversibility [34].
However, the syntheses for these modified dialkoxybenzenes were intricate and lengthy,
involving multiple steps and checkpoints to achieve the desired product (as illustrated in
Figure 8d,e). Consequently, despite the promising results exhibited by these derivatives,
the complexity of their syntheses remains a challenge in the development of modified
dialkoxybenzenes. BODMA, chosen for cycling experiments, displayed an exceptional
mean capacity retention of 99.97% per cycle over 150 cycles (as shown in Figure 9d). This
achievement signifies a notable enhancement in capacity retention when compared to
25DDB and 23DDB.

3. Anodic Redox-Active Organic Molecules

Over the past decade, researchers have been actively working on the development
of novel redox-active negolytes with elevated redox potentials, enhanced solubility, and
robust electrochemical stability. Pyridinium and viologen are two of the most successful
core structures employed in redox-active negolytes. The presence of aromatic rings within
these core structures contributes to charge stabilization and structural robustness [86–88].
The incorporation of various functional groups into the negolyte derivatives offers the
potential to enhance solubility or adjust redox potentials as needed.

3.1. Pyridinium and Derivatives

As depicted in Figure 10a, the pyridinium core structure comprises a positively
charged aromatic ring, featuring a nitrogen atom within the ring to stabilize the pos-
itive charge. Sanford’s group has played a significant role in developing pyridinium
complexes for NAORFB anolytes. They employed a physical organic approach to explore
a range of pyridinium derivatives, aiming to fine-tune redox potentials and enhance stabil-
ity (Figure 10b) [70]. They initiated their exploration with an acyl-pyridinium derivative,
designated as “1”, which exhibited notable solubility (1.5 M) and displayed a redox po-
tential of −1.08 (the first redox potential) and −1.78 V (the second redox potential) vs.
Fc/Fc+ (Table 6); however, the radical was unstable because of an unknown decay pathway.
Through a systematic approach, they identified 17 derivatives, varying in both steric and
electronic properties, along the core structure (Figure 10a) [89]. One such derivative, 17, was
computationally shown to have a promising radical lifetime, attributed to substituents at the
C2 and C6 positions on the pyridine ring. Upon cycling, a 20% capacity fade was observed
for 1, and no loss in capacity was evident for 17 (Figure 11a). Their findings revealed that
the incorporation of electron-donating substituents in compounds 1–16 led to a negative
shift in redox potential, albeit at the expense of stability. Subsequently, by harnessing steric
influences with substituents on the nitrogen atom, they successfully decoupled radical
stability from redox potential. This innovative strategy holds the potential to streamline
the development of advanced catholytes and anolytes for next-generation applications.
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Table 6. Physical and chemical properties of pyridinium derivatives [70,89,90].

Compound 1st Redox Potential
(vs. Fc/Fc+)
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Figure 11. Electrochemical performance of pyridinium derivatives. (a) H-cell cycling of 5 mM of
1 and 17 in symmetric cells [89]. (Reprinted with permission, 2017, American Chemical Society.)
(b) Asymmetric flow-cycling data for Py1/CP, Py1-di/CP-tri, and Py2-di/CP0tri [90]. (Reprinted
with permission, 2020, John Wiley & Sons).

The crossover rate of redox-active molecules significantly impacts the capacity re-
tention of redox flow cells. To mitigate this crossover rate, the oligocation strategy was
employed to synthesize Py1-di from Py1. However, it appears that the carbonyl moiety
initially acts as a proton acceptor, rendering the Py1 molecules electrochemically unstable.
To address this issue, the reactive carbonyl site was replaced with a less-basic pseudo-
oxocarbon malononitrile group. This modification resulted in a substantial increase in
the capacity retention of symmetrical cells, as demonstrated in Figure 11b, where Py2-di
symmetric cells exhibit a capacity retention of over 95% [90].
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3.2. Viologens and Derivatives

Viologen molecules are typically made up of two positively charged nitrogen-containing
aromatic rings linked by a bridge. The two pyridiniums bridged together in the viologen
facilitate a two-electron redox reaction (Figure 12). Viologens are promising as anolytes
due to their inherent two-electron reduction capacity [39]. They have been extensively
studied in aqueous flow batteries due to their high solubility and electrochemical stability
in aqueous solvents [91–93].
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Methyl viologen, in particular, has been frequently used as an anolyte in aqueous
redox flow batteries, but only the first reduction of Me-V is accessible in aqueous so-
lutions [40,92,94]. To increase its solubility in non-aqueous solutions, Hu et al. used
a bis(trifluoromethane)sulfonamide (TFSI) counter ion and demonstrated that it could
be used in a non-aqueous electrolyte to access both redox couples for high energy den-
sity and cell voltage (Table 7) [42]. MVTSI demonstrated 88% capacity retention after
100 cycles (Figure 13a). In an effort to enhance solubility and bolster electrochemical sta-
bility in organic solvents, Odom and colleagues modified the parent viologen compound
by introducing a 2-(2-methoxyethoxy)ethyl group (Figure 12) to yield MEEVTFSI. This
alteration resulted in a slight increase in solubility, reaching approximately 1.1 M in MeCN.
Notably, the utilization of MEEPT and MEEVTFSI2 as a posolyte and a negolyte in the full
cell configuration exhibited remarkable performance, exhibiting negligible MEEVTFSI2
molecular decay even after 100 cycles at a current density of 10 mA cm−2 (Figure 5b) [36].
Chai et al. adopted a similar approach to modify the molecule, incorporating 12 oxyethylene
units (PEG12-V). In comparison to the methylated viologen (Me-V), a PEGylated viologen
exhibited a significant enhancement in solubility up to 0.8 M (Table 7) [39]. Meanwhile, the
PEGylated viologen demonstrated a slightly higher capacity retention of 99.9% per cycle,
whereas the Me-V exhibited a capacity retention of 99.37% per cycle (Figure 13b,c). This
observation also suggests an enhanced electrochemical stability attributed to the presence
of the PEG12 functional group.

Table 7. Physical and chemical properties of viologen derivatives [36,39,42,95].

Compound
1st Redox
Potential

(vs. Ag/Ag+)

2nd Redox
Potential

(vs. Ag/Ag+)

Diffusion
Coefficient

(×10−6 cm2s−1)

Solubility (M)
(MeCN)

PEG12-V −0.74 −1.15 - 0.79
Me-V −0.74 −1.15 6 -

MVTFSI −0.79 −1.20 7.54 0.98
MEEVTFSI −0.79 (vs. Fc+/Fc) −1.26 (vs. Fc+/Fc) 7 1.1

BV −0.65 −1.1 6.2 0.84
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Figure 13. Electrochemical performance of viologen derivatives, with (a) Capacity versus cycle
number of FcNTFSI/MVTFSI with a mixed electrolyte (0.1 M FcNTFSI and 0.1 M MVTFSI) for
100 cycles at 30 mA cm−2 [42]. (Reprinted with permission, 2018, Elsevier.) (b) Discharge capacity
and efficiencies of 240 mM PEG12-PTZ and 100 mM PEG12-V mixed electrolytes [39]. (Reprinted
with permission, 2020, Royal Society of Chemistry.) (c) Discharge capacity and efficiencies of PEG12-
PTZ/PEG12-V (red), C3-PTZ/PEG12-V (violet), PEG12-PTZ/Me-V (green), and C3-PTZ/Me-V
(black) [39]. (Reprinted with permission, 2020, Royal Society of Chemistry).

Mohapatra et al. used a benzylviologen (BV) to produce a high-solubility (0.84 M
in acetonitrile) and high-capacity-retention (99% per cycle) non-aqueous redox flow bat-
tery [95]. They determined that the degradation of the anolyte did not contribute to any
capacity loss. The higher solubility observed was largely attributed to the counter ion,
PF6. This solubility increase demonstrates a known fact, that is, counter ions can be just as
important as functionalizing the active material for solubility [96–98].

4. Conclusions

This comprehensive review has explored a diverse array of organic catholytes (including
the derivatives of quinones, nitroxyl radicals, dialkoxybenzenes, and phenothiazines) and
anolytes (comprising viologens and pyridinium derivatives) in the context of non-aqueous
organic redox flow batteries. While NAORFBs have emerged as a promising area of energy
storage device research, commercialization remains an ambitious goal. The primary challenges
are posed by the high costs of materials, driven by complicated synthesis steps and low yields,
as well as their low energy density, primarily constrained by the limited solubilities of organic
redox molecules and crossover-related issues.

On a positive note, as detailed in this manuscript, several research groups have
dedicated significant efforts to designing and synthesizing low-cost organic redox-active
molecules with simplified synthesis processes. Notably, one of the catholyte products
produced by Dr. Odom’s team has already become available for purchase through Tokyo
Chemical Industry (TCI). Many other research groups are also actively engaged in the
design and synthesis of these innovative molecules.

Through a molecular engineering approach, it has become evident that the strategic
introduction or removal of functional groups, with their electron-withdrawing or donating
properties, holds the key to precisely tailoring the solubility, stability, and redox potential
of these organic materials. In addition to these molecular considerations, the practical
aspects of cost and synthesis duration must not be overlooked. The development of
universally applicable synthesis protocols can significantly streamline the production
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process. Considering these advancements, non-aqueous organic redox flow batteries
stand as a highly promising candidate for the realization of large-scale energy storage
solutions. Their evolution through molecular engineering continues to drive their potential
as a transformative technology in the field of sustainable energy.
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