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ABSTRACT

Redox flow batteries (RFBs) are a promising solution for large-scale and sustainable energy storage. However, aqueous RFBs

(ARFBs) are limited by the narrow electrochemical window of water (1.23 V), making it difficult to achieve high voltage output.

Nonaqueous organic RFBs (NAORFBs), leveraging the wide electrochemical stability window of nonaqueous solvents (3—-5 V) and

the structural tunability of redox-active organic molecules (ROMs), possess the potential to construct high voltage and energy
density RFBs. Nevertheless, issues including poor redox potential matching of ROMs and the imbalance between potential and
stability seriously restrict the improvement of the actual operating voltage and energy density of the batteries. Therefore, the
targeted regulation of redox potentials has become a critical breakthrough for the development of NAORFBs. This review focuses

on the potential tuning mechanisms of organic molecules, with an emphasis on strategies for elevating the redox potential of

cathode materials and lowering those of anode materials. We summarize recent advances in the structural modification of ROMs

and analyze how these strategies influence the redox potential and stability. By centering on molecular design principles for redox
potential control, this work offers mechanistic insights and future directions for the development of high-voltage NAORFBs.

1 | Introduction

In the process of the global transition toward a cleaner and
low-carbon energy structure, renewable energy sources such
as wind, solar, and tidal power have experienced leapfrog growth
in installed capacity [1-3]. According to statistics from the
International Renewable Energy Agency (IRENA), the global
installed capacity for renewable energy power generation
reached 4448 GW in 2024, accounting for over 46% of the total
global installed capacity. This proportion is projected to exceed
55% by 2030 [4-8]. However, the inherent intermittency and
instability of renewable energy sources often lead to issues such
as grid frequency fluctuations and voltage deviations after their

integration into the power grid [9]. This underscores the urgent
demand for large-scale and long-duration energy storage technol-
ogies [10, 11]. Therefore, developing energy storage systems (ESSs)
to store surplus energy when abundant and utilize it to enhance
grid stability when scarce is of paramount importance [12].

Current mainstream energy storage technologies are incompatible
with large-scale renewable energy applications. Lithium-ion bat-
teries rely on scarce lithium/cobalt, with issues like cost volatility,
short cycle life (<3000 cycles), and incompatibility with 10,000-h
long-duration storage [13-22]. On the other hand, pumped hydro
storage is limited by geography and long construction cycles (5-10
years), making flexible deployment hard [23-27].
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Among various large-scale energy storage technologies, redox
flow batteries (RFBs) have emerged as a prominent research
focus due to their unique advantages such as the decoupling
of capacity and power, long cycle life, and strong environmental
adaptability [28, 29]. The concept of flow batteries was first intro-
duced by Thaller at the Jet Propulsion Laboratory (JPL) in 1974,
aiming to achieve reversible conversion between electrical and
chemical energy through the circulation of liquid active materials
[30-32]. Figure 1 demonstrates the schematic diagram of RFB.
The core components of RFBs include the electrochemical stack,
which consists of high-surface-area porous carbon electrodes, ion
exchange membranes, and conductive bipolar plates, along with
an electrolyte storage and circulation system that includes elec-
trolyte storage tanks, peristaltic pumps, and temperature control
modules [33]. The flow battery system utilizes two redox modes
(p-type/n-type) and two electrode roles (catholyte/anolyte) in the
electrochemical cell. p-type materials undergo oxidation (elec-
tron loss) during charge/discharge, while n-type materials
undergo reduction (electron gain). Catholyte refers to the electro-
lyte in contact with the cathode (positive electrolyte), and anolyte
refers to the electrolyte in contact with the anode (negative
electrolyte).

The working principle involves pumping electrolytes with dis-
solved redox-active materials through electrodes [34]. These
active materials undergo reversible oxidation-reduction reac-
tions on the electrode surfaces, while the ion exchange mem-
branes prevent the mixing of electrolytes and maintain charge
balance [35]. This makes RFBs a key technology for mitigating
the intermittency of renewable energy integration and enhancing
grid stability and energy absorption capacity [36].

Technologically, flow batteries have evolved iteratively, advanc-
ing from aqueous systems to nonaqueous inorganic systems and
then to nonaqueous organic systems [37]. Early aqueous flow
batteries, such as vanadium, iron-chromium, and zinc-bromine
systems, achieved significant research and application advance-
ments, offering high safety and long cycle life (>10,000 cycles).
However, they were limited by the decomposition voltage of
water (~1.23V), resulting in energy densities generally below
40 Wh L™ [38]. To overcome the potential window limitation
of aqueous solvents, researchers turned to nonaqueous inorganic
flow batteries. In 1988, Matsuda et al. employed Ru(bpy);>*/** as

Ry _N 7 —
No =

the active material for both the positive and negative electrodes,
marking the first report of a NARFB. Thanks to the well-suited
high and low redox potentials of Ru(bpy);>*/**, the battery
achieved an open-circuit voltage (OCV) of 2.6 V over twice that
of ARFBs [39]. Subsequently, researchers have also developed
a series of NARFBs based on metal complexes, including
Ru(acac)s, V(acac)s, Cr(acac)s, Fe(bpy);**/3*, Ni(bpy)s>*/>*, and
UO,(acac),, significantly improving energy density [40-44].
Precious metal-based complexes, such as those based on ruthe-
nium and rhodium, are extremely costly, with prices reaching
hundreds of US dollars per gram [45]. Moreover, these complexes
are highly toxic and exhibit bioaccumulative properties. As a
result, these systems have remained at the experimental stage
and have not achieved industrial breakthrough [46]. It is pre-
cisely the limitations of traditional systems that have driven
the rise of NAORFBs. These batteries leverage the synergistic
advantages of organic active materials and nonaqueous solvents,
becoming a key solution to the above challenges [47]. Organic
molecules have abundant raw materials and can be derived from
petrochemical by-products or biomass resources. They are not
only low-cost and biodegradable but also possess excellent molec-
ular structural designability. This has increased the energy den-
sity of NAORFBs to 80-120 Wh L%, which is two to three times
that of ARFBs [48].

From the perspective of core performance requirements, high
voltage is the key to overcoming the energy density bottleneck
of NAORFBs. According to the battery energy density calculation
formula

Energy density (Wh L") = 2C¥F @
where n is the number of electrons stored in the redox-active
materials, C is the concentration of redox-active materials in
the electrolyte solution (molL™"), F is the Faraday constant
(96,485 Cmol™), V is the cell voltage (V) indicating the differ-
ence in the redox potential of the cathode and anode, and y,
is the volume factor. Energy density is directly related to the
OCYV; notably, the OCV of NAORFBs adheres to the core rela-
tionship: OCV =E, — E_, where E, denotes the redox potential
of the organic molecule in the cathode and E_ represents the
redox potential of the organic molecule in the anode. Thus,
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FIGURE 1 | Schematic diagram of NAORFBs and potentials of selected redox compounds as demonstrated in NAORFBs.
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the essence of achieving a high cell voltage for NAORFBs lies in
the rational pairing of organic molecules [49]. Although
NAORFBs have made initial progress in high voltage and long
cycling in recent years, there are still some bottlenecks in current
research on the potential regulation of organic molecules. For
instance, the mechanisms are fragmented, the quantitative rela-
tionship between the structure of organic molecules and their
potential has not yet developed a systematic theory, and the reg-
ulatory rules remain unclear. Consequently, regulating the redox
potential of organic molecules emerges as the core prerequisite
for constructing high-voltage NAORFBs.

This review centers on the potential regulation mechanisms of
organic molecules as its main thread, focusing on the goal of
developing high-voltage NAORFBs for a systematic analysis.
We divide this review into three sections; the first section pro-
vides a detailed description of the fundamental theories of
organic molecule potential regulation, establishing a theoretical
framework for potential control. The second and third sections,
combined with experimental data, respectively, introduce the
potential regulation mechanisms of certain high-potential
organic cathodes and low-potential organic anodes. Finally,
the review summarizes current challenges and prospects for
future directions, providing theoretical guidance and technical
insights for advancing high-voltage NAORFBs from fundamental
research toward large-scale application. Figure 1 shows the sche-
matic diagram of NAORFBs and potentials of selected redox
compounds as demonstrated in NAORFBs.

2 | Fundamental Theories of Organic Molecule
Potential Regulation

2.1 | Core Definition and Reference of Organic
Molecule Redox Potentials in Nonaqueous Systems

2.1.1 | The Essence of Redox Potential

Redox potential is fundamentally an energy related to the gain or
loss of electrons by a molecule under given conditions, that is, the
thermodynamic tendency during the oxidation or reduction reac-
tion of the molecule. The value of this potential is determined by
the Gibbs free energy difference between the molecule’s oxidized
(Ox) and reduced (Red) states, which can be calculated as
follows:

AG= — nFE @

where AG is the Gibbs free energy difference before and after the
redox reaction, n is the number of electrons transferred, F is the
Faraday constant, and E represents the corresponding oxidation
or reduction potential.

The above calculation represents the thermodynamic potential
under ideal conditions. However, in practical applications, the
determination of redox potential requires specific conditions,
including solvent, supporting electrolyte, selected reference elec-
trode, and electron transfer resistance. These factors may cause
experimental values of redox potentials to deviate from the the-
oretical thermodynamic values [50].

To more accurately describe the redox potential under practical
conditions, we introduce the concept of the standard electrode
potential (EY). E? refers to the electrode potential measured

under standard conditions (25°C, concentrations of reactants
and products at 1 M, and gas pressure at 1atm). It represents
the thermodynamic tendency of a redox couple under ideal con-
ditions and is commonly used to compare the relative strengths
of different redox pairs [51]. Under nonstandard conditions, the
redox potential adjusts with changes in activity, temperature, and
solvent polarity, which can be quantified using the Nernst equa-
tion:

E=E?—(RT/nF)Inay/ay 3)

where R is the gas constant (8.314 J/mol-K), T is the absolute
temperature (K), a is the activity of reactants and products,
and v is stoichiometric coefficient.

In conclusion, the thermodynamic nature of redox potential is
quantified through Gibbs free energy and the Nernst equation.
These theoretical tools lay the foundation for the potential regu-
lation of high-voltage organic molecules in NAORFBEs.

2.1.2 | Potential Reference in Nonaqueous Systems

Since the absolute value of a single electrode potential holds no
inherent meaning, it is the potential difference between electro-
des that has clear physical significance. Therefore, selecting a sta-
ble reference electrode is essential. Ideally, a reference electrode
should possess excellent chemical and electrochemical stability,
exhibit minimal polarization, or be nonpolarizable, ensuring that
its potential remains unaffected by small current fluctuations. It
should also provide a stable, nondrifting potential and demon-
strate good redox reversibility, with excellent potential reproduc-
ibility [52].

In practice, it is challenging to satisfy all of these requirements
simultaneously, and thus, a suitable reference electrode must be
selected according to different application scenarios. For exam-
ple, in aqueous battery systems, commonly used reference elec-
trodes include the standard hydrogen electrode (SHE) and metal
salt electrodes such as silver/silver chloride (Ag/AgCl) and satu-
rated calomel electrode (SCE). However, nonaqueous electrolytes
are typically based on organic solvents such as propylene carbon-
ate or ethers that lack hydrated hydrogen ions (H;0™), making it
impossible to use SHE or other water-based reference electrodes
(e.g., Ag/AgCl or SCE). These aqueous reference electrodes pres-
ent issues such as high liquid junction potentials, electrolyte con-
tamination, and blockages in molten states [53]. Metal-ion
electrodes such as Li/Li* avoid these problems because they
are based directly on the ion chemistry of the nonaqueous sys-
tem. Moreover, the Li/Li* electrode has better compatibility with
nonaqueous electrolytes, especially those containing lithium
salts (e.g., LiPF4 or LiTFSI). The potential of the reference elec-
trode is defined based on the reversible reaction (Li* + e~ = Li).
Since both the reference electrode and the electrolyte share the
common component (Li*), a thermodynamic equilibrium can be
established, leading to a well-defined potential for the reference
electrode. Therefore, the Li/Li* reference electrode is highly
compatible with nonaqueous systems, ensuring the stability of
the electrolyte [54].

In practical applications, the silver/silver ion reference electrode
(Ag/Ag") is also commonly used, particularly in organic solvent
systems without lithium salts. On the other hand, the ferrocene
electrode (Fc/Fc™) maintains a stable potential that does not
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change with variations in solvent or supporting electrolyte, mak-
ing it highly stable [55]. However, it is not used as a reference
electrode but as an internal reference, directly added to the elec-
trolyte. When the potential of the measured electrolyte does not
overlap with that of ferrocene, excellent results can be achieved.

2.2 | Core Principles of Structure-Regulated
Potential in Organic Molecules

The potential of organic molecules is closely related to the gain or
loss of electrons. Therefore, the redox potential is inherently con-
nected to the molecular electronic structure, including the elec-
tron affinity, ionization energy, and frontier orbital energy levels.
These characteristics depend on the composition and structure of
the molecule. This section will focus on the three key effects of
molecular structure on potential regulation.

2.2.1 | Inductive Effects

The inductive effect, based on -electronegativity differences
between atoms or groups, transmits electron cloud displacement
through o bonds, directly influencing the electron distribution of
organic molecules and thereby regulating their redox potentials.
From the perspective of molecular orbital theory, the oxidation
potential is negatively correlated with the energy of the highest
occupied molecular orbital (HOMO); the higher the HOMO
energy, the easier it is for the molecule to lose electrons, and the
lower the oxidation potential. In contrast, the reduction potential
is negatively correlated with the energy of the lowest unoccupied
molecular orbital (LUMO); the lower the LUMO energy, the eas-
ier it is for the molecule to accept electrons, and the higher the
reduction potential [56].

Electron-donating groups (EDGs) repel the electron cloud
through the electron-donating inductive effect (+I effect),
increasing the electron cloud density of the molecule and raising
the energies of HOMO and LUMO, resulting in a decrease in its
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redox potential. In contrast, electron-withdrawing groups
(EWGs) pull the electron cloud of ¢ bonds through the
electron-withdrawing inductive effect (-I effect), reducing the
overall electron cloud density of the molecule. This lowers
the HOMO energy and decreases the LUMO energy, ultimately
leading to an increase in the redox potential. Taking methyl-
substituted (H;C-) and fluoro-substituted (-F) benzothiadiazole
as examples (Figure 2a), the methyl group exerts a +I effect,
pushing electron density toward the core and lowering its redox
potential, while the fluoro group exerts a —I effect, pulling elec-
tron density away, thus lowering its redox potential [57].

2.2.2 | Conjugation Effects

The continuous overlap of = bonds in molecules forms a delocal-
ized electron system. The conjugation effect directly affects the
ease of electron gain or loss in molecules by altering the range
and distribution of electron delocalization within the molecule,
thereby regulating its redox potential [58]. Its regulatory effect on
potential is often more significant than that of the inductive
effect, and it is closely related to the conjugation length and
the conjugation electronic effects (+C or —C) of EDGs/EWGs
[59, 60].

In a conjugated system, electron delocalization narrows the energy
gap between the HOMO and the LUMO, while the conjugation
effects of EDGS/EWGs can further modify the orbital energies.
Specifically, EWGs withdraw electrons from the conjugated
system through the electron-withdrawing conjugation -effect
(—C effect), thereby increasing the redox potential. In contrast,
EDGs inject electrons into the conjugated system via the
electron-donating conjugation effect (+C effect), which helps ele-
vate the energy of their HOMO. Taking cyano (-CN)- and methoxy
(-OCHs;)-substituted azobenzene as examples (Figure 2a), the
cyano group possesses strong electron-withdrawing properties
and withdraws electron density from the conjugated system
through the —C effect, thus significantly increasing its redox
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FIGURE 2 | (a) Inductive effect, conjugation effect, and spatial effect schematic diagram. (b) Classification of substituent effects.
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potential [61, 62]. Meanwhile, the methoxy group exhibits strong
electron-donating characteristics and enhances the electron cloud
density of the conjugated system via the +C effect, leading to a
decrease in its redox potential. Notably, the longer the conjugated
chain, the more sufficient the electron delocalization, and the
more pronounced the conjugation effect. Additionally, the planar-
ity of the conjugated system is a prerequisite for effective electron
delocalization: The better the planarity, the stronger the conjuga-
tion effect, and the more regular the regulation of the molecular
redox potential [63].

In practical applications, the conjugation effect often acts syner-
gistically with the inductive effect, and the comparison of their
strengths determines the final direction of the molecular elec-
tronic effect. The strength of the actual electronic effects of some
common substituents is shown in Figure 2b [64].

2.2.3 | Spatial Effects

Steric hindrance does not directly participate in electron transfer;
instead, it indirectly affects electron delocalization and orbital
energies by altering the molecular configuration (especially
the planarity of conjugated systems), thereby regulating the
potential. When bulky groups (such as polysubstituted aryl
groups, tert-butyl groups, etc.) are present in the molecule, the
repulsive interactions between these groups disrupt the coplanar-
ity of the conjugated system [65]. Taking cyclopropenyl cation-
substituted phenothiazine derivatives as an example (Figure 2a),
the 2,6-dimethylpiperidine (DMPP) group plays a crucial role in
regulating molecular geometric conformation, maintaining oxi-
dation state stability, and improving long-cycle performance.
In terms of geometric conformation, the moderate steric hin-
drance of the DMPP group can prevent excessive torsion between
the cyclopropene ring and the phenothiazine ring caused by
overly large substituents. This incomplete torsion not only
retains sufficient conjugation to ensure a high first oxidation
potential but also avoids the uneven electron cloud distribution
that may be induced by excessive conjugation, laying a structural
foundation for the reversibility of the two-electron cycle.
Meanwhile, the steric hindrance effect can also inhibit close-
range intermolecular interactions (such as aggregation or poly-
merization) of oxidized molecules, preventing decreased solubil-
ity caused by molecular aggregation [66, 67].

2.3 | External Regulation of Organic Molecule
Potentials by Nonaqueous Electrolytes

The potential of organic molecules is not solely determined by
their inherent structure; the supporting electrolyte can modify
the electronic state of the molecule through ion coordination
effects, which in turn influences the electrochemical potential.
The supporting electrolyte plays a significant role in altering
the redox potential, electrochemical stability, and overall perfor-
mance of the electroactive material. Zhang et al. investigated the
solvation behavior of 2,1,3-benzothiadiazole (BzZNSN) as a typical
model system across various supporting electrolytes [68]. As
illustrated in Figure 3a, by systematically varying the composi-
tion of the supporting salt, particularly the size of the cation,
the redox potential of BZNSN exhibited a noticeable negative
shift, from —1.63 to —1.82 V vs. Ag/Ag™. This highlights the criti-
cal role of cation size in modulating the potential. Specifically,

smaller cations (Li") are more tightly coordinated with the
charged BzNSN molecule, leading to stronger interactions that
increase the redox potential while simultaneously reducing sta-
bility. Moreover, this effect intensifies with higher concentrations
of supporting salts. In contrast, larger cations (NEt,") interact
weakly and are situated further from the active material, thereby
enhancing stability, improving electrochemical performance,
and further decreasing the redox potential. To gain in-depth
insight into the regulatory mechanism of supporting salt cations
on the electrochemical behavior of redoxmers, the research team
further verified the interaction law between cations and redox-
active species through concentration gradient experiments.
Using cyclic voltammetry, they investigated the electrochemical
response of BzNSN in two types of supporting electrolytes,
namely, 0.1-1.0 M LiTFSI (Figure 3b) and NEt,TFSI (Figure 3c).
The results showed that the type of cation significantly affected
the sensitivity of BZNSN’s redox potential to concentration. In the
LiTFSI system, as the salt concentration increased from 0.1 to
1.0 M, the redox potential of BZNSN gradually increased, shifting
upward from —1.72 to —1.61V with a total shift of 110 mV. In
contrast, in the NEt,TFSI system, although the redox potential
of BzNSN itself was significantly lower (with an initial potential
of —1.84 V vs. Ag/Ag™"), the magnitude of its change with concen-
tration was greatly reduced when the supporting salt concentra-
tion also increased from 0.1 to 1.0 M; the potential only showed a
slight positive shift of 40 mV. This significant difference in the con-
centration effect indicates that the interaction strength between
Li* and BzNSN molecules is much higher than that between
NEt,* and BzNSN, further confirming the view that the type
and concentration of supporting salts are the core factors regulat-
ing the electrochemical performance of redox-active species.

2.4 | Data Normalization

Unification of reference standards is the core to ensure the com-
parability of potential data across different studies. As mentioned
earlier, the absolute value of a single electrode potential is mean-
ingless. To ensure comparability between different studies, a sta-
ble electrode must be selected as the reference electrode, and all
potential data must clearly specify the reference electrode (e.g.,
3.6V vs. Li/Li") to avoid ambiguity. If different literatures use
different reference standards (e.g., Ag/Ag* and Fc/Fc*), the data
can be converted between them using standard conversion for-
mulas. This unification facilitates cross-laboratory comparison of
the potentials of organic molecules, avoids deviations caused by
differences in reference electrodes, and thus enables accurate
analysis of regulatory mechanisms [69]. The specification of elec-
trolyte conditions is a key step in data normalization. It is essen-
tial to clearly state the solvent type (e.g., PC/DMC =1:1),
supporting electrolyte concentration (e.g., 1 M LiTFSI), and test
temperature (e.g., 25°C), as these factors directly affect potential
measurement. By specifying these conditions, potential devia-
tions caused by differences in electrolytes can be avoided, the
comparability of different studies is ensured, and guidance is pro-
vided for the practical assembly of batteries [70]. Table 1 shows
the common reference electrode potential conversion.

Through density functional theory (DFT) calculations, the fol-
lowing parameters of organic molecules can be studied: structure
optimization, solvation free energy, electrostatic potential,
molecular orbitals, redox potential, UV-Vis spectrum simulation,
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concentration of BzZNSN is 10mM, and the scan rate is 100 mV s™". Reproduced with permission [68]. Copyright 2020, Royal Society of Chemistry.

TABLE 1 | Common reference electrode potential conversion [54, 71, 72].
Reference Potential vs. SHE, Potential vs. Ag/Ag*, Potential vs. Li/Li", Potential vs. Fc/Fc*,
electrode A% A% A% A%
SHE N/A —0.587 +2.841 —0.624
Ag/Ag* +0.587 N/A +3.428 —0.037
Li/Li* —-2.841 —3.428 N/A —3.465
Fc/Fc* +0.624 +0.037 +3.465 N/A
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etc. Yan et al. studied the lowest energy conformations of a series
of cyclopropene radicals through DFT simulations and success-
fully developed a CP solubility prediction model using the calcu-
lated structural parameters [73]. Sanford et al. used DFT
calculations to predict the redox potentials of various 1,2-bis(dii-
sopropylamino)-3-cyclopropenyl-functionalized (DAC-function-
alized) benzene derivatives and synthesized eight active
molecules based on the calculations, successfully discovering a
derivative that can achieve an optimal balance between redox
potential and stability [74]. However, several of the molecules
with the highest potentials are unstable, and there are still lim-
itations in achieving both high stability and high potential.

3 | Redox Potential Regulation of Organic
Cathode Materials

High-potential cathodes are crucial for advancing NAORFBs
with high energy densities. This chapter will examine common

organic cathode materials (p-type), such as ferrocene, phenothi-
azine, tetrathiafulvalene, TEMPO, and cyclopropyl cations, and
will explore strategies for regulating their potential, providing
both theoretical insights and practical guidance for designing
high-potential cathodes. The redox potential data of these com-
pounds are summarized in Table 2.

3.1 | Ferrocene

Ferrocene (Fc)-based materials, with their unique sandwich
structure and reversible single-electron redox characteristics,
have become a classic type of cathode for NAORFBs [93-95].
As a cathode, ferrocene was utilized as the redox core for one
electron-transfer events (Figure 4a).

Figure 4a summarizes the structures of reported ferrocene deriv-
atives used in NAORFBs. In 1992, Golovin et al. first used ferro-
cene and its derivatives as electrolyte additives in Li-ion batteries,
owing to their key properties including high reversibility and fast

TABLE 2 | The performance summary of some typical cathode electrolyte materials in NAORFBs.

Supporting Cycling
Cathode Eypp, V electrolyte Solubility  stability Limiting failure mode Ref
Fc +3.25 vs. Li/Li* 1.2 M LiTFSI/EC/PC/ 0.2M N/A N/A [75]
EMC
Fe-1 +3.47 vs. Li/Li* 1.2M LiTFSI/EC/PC/  1.7M 100 N/A [75]
EMC
Fc-2 +3.45 vs. Li/Li* 1.2M LiClO4/EC/PC/ 0.63M 500 Mild self-discharge [76]
EMC
Fc-3 +3.44 vs. Li/Li* 1.2 M LiBF,4/EC/PC/ 1.71M 500 Precipitation of oxidized [76]
EMC ferrocenium
Fc-4 +3.49 vs. Li/Li* 1.2M LiPF,/EC/PC/ 0.40 M <10 Precipitation of oxidized [76]
EMC ferrocenium
Fc-5 +0.22 vs. Ag/Ag" 1M TEAPF¢/ACN 0.5M N/A N/A [77]
Fc-6 +3.1 vs. Li/Li* 1M LiTFSI EC/DEC  0.1M 50 N/A [77]
Fc-7 +3.15 vs. Li/Li* 1.0M LiClO4/EC/ >0.05 M 1000 N/A [78]
DEC
Fc-8 +3.55 vs. Li/Li* 1M LiPFs/DMC:EC 0.20M N/A N/A [79]
Fc-9 +3.65 vs. Li/Li* 1M LiPF¢/PC 0.831 M 400 Redox-active species crossover [80]
PTZ-1 +0.289 vs. Fc/ 1M LiTFSI/PC 0.42M 50 Dication instability [81]
Fct +0.928 vs. Fc/Fc*
PTZ-2 +0.174 vs. Fc/ 1M LiTFSI/PC 0.15M 50 Dication instability [81]
Fct +0.824 vs. Fc/Fc*
PTZ-3 +0.068 vs. Fc/ 1M LiTFSI/PC 0.10M 50 Dication instability [81]
Fc* 40.632 vs. Fc/Fc*
PTZ-4 +0.311 vs. Fc/ 0.5M TEATFSI/ACN 04 M N/A N/A [82]
Fct +0.937 vs. Fc/Fc*
PTZ-5 +0.093 vs. Fc/ 0.5M TEATFSI/ACN 0.11M N/A N/A [82]
Fc* 4+0.666 vs. Fc/Fc*
PTZ-6 +0.064 vs. Fc/ 0.5M TEATFSI/ACN 0.55M 140 Active species crossover [82]
Fct 40.654 vs. Fc/Fc*
PTZ-7 +0.64 vs. Fc/ 0.5M TBAPFs/ACN N/A 100 Dication solubility limitation [66]
Fc* +1.00 vs. Fc/Fc*
(Continues)
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TABLE 2 | (Continued)

Supporting Cycling
Cathode Eyp, V electrolyte Solubility  stability Limiting failure mode Ref
TEMPO-1 +3.5 vs. Li/Li* 1.0 M LiPF4/PC/EC/ N/A 100 High concentrations [83]
EMC
TEMPO-2 +3.49 vs. Li/Li* 1M LiPF¢/PC >0.05M 50 Radical instability of unsubstituted [84]
TEMPO
TEMPO-3 +3.63 vs. Li/Li* 1M LiBF,/PC 0.5M 100 High ohmic resistance [85]
TEMPO-4  +0.39 vs. Ag/Ag" 0.5M LiTFSI/ACN N/A 100 N/A [86]
TEMPO-5  +0.40 vs. Ag/Ag* 0.5M LiTFSI/ACN N/A N/A N/A [86]
TEMPO-6  +0.40 vs. Ag/Ag* 0.5M LiTFSI/ACN N/A N/A N/A (86]
TTF-1 —0.04 vs. Fc/Fc* EC/DMC 0.25M 150 Redox species crossover and minor [87]
+0.34 vs. Fc/Fc* membrane degradation
TTF-2 —0.02 vs. Fc/Fc* N/A N/A 150 Redox species crossover and minor [87]
+0.34 vs. Fc/Fc* membrane degradation
TTF-3 +0.09 vs. Fc/Fc*t N/A 0.17M 150 Redox species crossover and minor [87]
+0.48 vs. Fc/Fc* membrane degradation
TTF-4 +0.09 vs. Fc/Fc* N/A N/A 150 Redox species crossover and minor [87]
+0.48 vs. Fc/Fc* membrane degradation
TTF-5 +3.43 vs. Li/Li* EC/DMC 0.02M 100 Redox species crossover [88]
+3.78 vs. Li/Li*
TTF-6 +3.60 vs. Li/Li* EC/DMC 0.03M 100 Redox species crossover [88]
+3.91 vs. Li/Li*
TTF-7 +3.58 vs. Li/Li* EC/DMC 0.20M 100 Redox species crossover [88]
+3.90 vs. Li/Li*
TTF-8 +0.40 vs. Ag/Ag* 0.1 M/PC/TBAPFs/  <0.20M 400 N/A [89]
+0.71 vs. Ag/Ag* ACN
TTF-9 +0.21 vs. Ag/Ag" 0.1 M/PC/TBAPF,/ <0.35M 100 N/A [89]
+0.47 vs. Ag/Ag* ACN
TTE-10 +0.18 vs. Ag/Ag* 0.1 M/PC/TBAPF/ 0.5M 100 N/A [89]
+0.43 vs. Ag/Agt ACN
TTF-11 +0.70 vs. Ag/Ag*  0.1M LiPFs/EC/EMC  0.01M 100 N/A [90]
+1.01 vs. Ag/Ag"
TTF-12 +0.43 vs. Ag/Ag"  0.1M LiPF¢/EC/EMC  0.75M 100 N/A [90]
+0.65 vs. Ag/Agt
CP-1 +0.98 vs. Fc/Fc* 0.5M LiPFs/ACN >1M 10 Molecular decomposition [91]
CP-2 +0.98 vs. Fc/Fc* 0.5M LiPFs/ACN >1M 10 Molecular decomposition [91]
CP-3 +0.83 vs. Fc/Fc*t 0.5M LiPF¢/ACN >1M 125 N/A [91]
CP-4 +0.82 vs. Fc/Fc* 0.5M LiPFs/ACN 1.7M 200 Sensitivity to water [91]
CP-5 +0.84 vs. Fc/Fc+ 0.5M LiPFs/ACN 1.5M 200 Low solubility of charged radical  [91]
dication
CP-6 +1.40 vs. Fc/Fc*t 0.5M TBAPF; in N/A N/A Molecular decomposition [92]
ACN
CP-7 +1.35 vs. Fc/Fc* 0.5M TBAPF, in N/A 30 Molecular decomposition [92]
ACN
CP-8 +1.36 vs. Fc/Fc*t 0.5M TBAPF, in N/A 60 Molecular decomposition [92]
ACN
CP-9 +1.33 vs. Fc/Fc* 0.5M TBAPFs in >0.2M 150 Minimal decomposition [92]
ACN
CP-10 +1.60 vs. Fc/Fc* 0.5M KPF4/ACN N/A N/A DAC-arene derivative instability  [73]
(Continues)
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TABLE 2 | (Continued)

Supporting Cycling
Cathode Eyp, V electrolyte Solubility  stability Limiting failure mode Ref
CP-11 +1.51 vs. Fc/Fc*t 0.5M KPF4/ACN N/A N/A DAC-arene derivative instability  [73]
CP-12 +1.31 vs. Fc/Fc* 0.5M KPF¢/ACN N/A 150 DAC-arene derivative instability — [73]
CP-13 +1.19 vs. Fc/Fc* N/A N/A N/A DAC-arene derivative instability  [73]
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FIGURE 4 | (a)Scheme of the redox process of the ferrocene core, structures of selected ferrocene derivatives, and their potential axis distribution.

(b) CV curves of 0.05M Ionic-Fcs and pristine Fc in 1.2 M LiA supporting electrolytes in EC/PC/EMC (4:1:5 by wt.) at a scan rate of 50 mVs™.

Reproduced with permission [76]. Copyright 2015, Springer Nature.

kinetics [72]. Due to its low solubility, the direct use of ferrocene
as a redox-active species in RFBs falls far short of the practical
requirements for such systems. In 2015, Wang et al. designed a
positively charged tetraalkylammonium group and paired it with
a TFSI™ counter anion for NAORFBs. The compound exhibited a
redox potential of +3.49 V vs. Li/Li*, which is 0.23 V higher than
pristine ferrocene (+3.26 V vs. Li/Li*) due to the electron-with-
drawing ammonium pendant. This modification enabled a high
cell voltage of 3.5V in a Li-organic hybrid flow battery [75]. The
same group further investigated the effects of various counter
anions on the properties of ionic functionalized ferrocenes for
NAORFBs. They reported that the redox potentials of the ionic
ferrocene derivatives (Fc-1-Fc-4) were consistently shifted to
approximately +3.44 to +3.49 V vs. Li/Li* (Figure 4a). The specific
redox potentials were +3.49 V vs. Li/Li* for BF,~, +3.47 V vs. Li/
Li* for TFSI~, +3.45V vs. Li/Li* for ClO,~, and +3.44 V vs. Li/Li*
for PF4~, demonstrating that the counter anion had a minor influ-
ence (Figure 4b) [76]. Kim et al. systematically tuned the cell volt-
age of NAORFBs by pairing substituted ferrocene and cobaltocene
derivatives. They demonstrated that introducing an electron-with-
drawing bromo group to ferrocene (Fc-5) raised its redox potential
by 0.178 V [77]. Park et al. developed Fc-6 as the cathode, dem-
onstrating that functionalization of ferrocene with a bromohexyl
chain can significantly enhance its solubility in common organic
electrolytes, while maintaining excellent electrochemical stability
[96].In 2017, Lu et al. utilized a low-melting-point ferrocene deriv-
ative Fc-7, as a neat liquid cathode for a NAORFB. The redox
potential of Fc-7 was measured to be slightly lower than that

of pristine ferrocene due to the electron-donating effect of the
methyl groups [78]. Wang and coworkers designed a LiFePO,-
based semiliquid RFB using Fc and Fc-8 as redox mediators.
The redox potential of ferrocene is +3.25V vs. Li/Li*, which
increases to +3.55 V vs. Li/Li* upon introducing two bromine sub-
stituents [79]. In addition, Oh et al. simultaneously tuned the sol-
ubility and redox potential by employing acetyl ferrocene (Fc-9) as
the cathode active material [80]. Due to the electron-withdrawing
effect of the acetyl group, the redox potential of ferrocene is raised
to +3.65V vs. Li/Li*.

3.2 | Phenothiazine

Phenothiazine (PTZ) derivatives is a class of sulfur-containing
nitrogen heterocyclic compounds with a unique tricyclic conju-
gated framework. This structural feature endows it with inher-
ently tunable redox-active centers, making it one of the
promising cathode candidates in the field of NAORFBs. In prac-
tical application, the redox potential of phenothiazine usually
ranges from +2.5 to +3.0V vs. Li/Li*. While it possesses basic
redox activity, it still falls short of the requirements for high-volt-
age NAORFBs. Therefore, focusing on structural modification of
phenothiazine to enhance their potential while balancing cycling
stability and electrolyte compatibility has become a key research
direction in the field of NAORFBs in recent years [97-99].

A straightforward and often-used strategy is to place EDGs or
EWGs on the phenothiazine aromatic framework. Figure 5a
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summarizes representative phenothiazine-based compounds
used in NAORFBs. To stabilize the redox process of the second
electron, in 2017, Odom et al. lowered the first oxidation poten-
tial to 4+0.068V vs. Fc/Fc* by introducing electron-donating
methoxy groups at the para positions of the nitrogen atom. By
contrast, the first oxidation potential of the parent compound
PTZ-1 was +0.289 V vs. Fc/Fc*, and that of the dimethyl analog
PTZ-2 was +0.174 V vs. F¢/Fc*. This substitution strategy, which
enables extensive charge delocalization, stabilized the second

the cycling profiles for each of the bulk electrolysis experiments
[81]. In 2019, Attanayake et al. developed two new phenothiazine
derivatives, PTZ-5 and PTZ-6. By introducing electron-donating
oligoglycol chains at different positions on the phenothiazine
core, they systematically tuned the redox potentials. The first oxi-
dation potentials were precisely adjusted to +0.093 and +0.064 V
vs. F¢/Fc* for PTZ-5 and PTZ-6, respectively, while maintaining
reversible second oxidations at +0.666 and +0.654 V vs. Fc/Fc*.
Figure 5d shows the first and second oxidation events of PTZ-1,

oxidation state, rendering its redox potential at +0.632V vs.
Fc/Fc+ electrochemically reversible (Figure 5b). Figure 5c shows

PTZ-3, PTZ-4, PTZ-5, and PTZ-6. They systematically varied the
substituents to investigate the resulting tradeoffs in solubility,
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FIGURE 5 | (a) Scheme of the redox process of the phenothiazine core, structures of selected phenothiazine derivatives, and their potential axis

distribution. (b) Cyclic voltammograms of the first and second oxidations of 1 mM PTZ-1, PTZ-2, and PTZ-3 in 1 M LiTFSI in PC. Reproduced with
permission [81]. Copyright 2017, Royal Society of Chemistry. (c) At 1 mM active material in 1 M LiTFSI/PC and 0.804 mA constant current, the first five
galvanostatic charge/discharge potential profiles are shown from top to bottom: first oxidation of PTZ-1, first and second oxidations of PTZ-1, first and
second oxidations of PTZ-2, and first and second oxidations of PTZ-3. Reproduced with permission [81]. Copyright 2017, Royal Society of Chemistry.
(d) Cyclic voltammograms showing the first and second oxidation events of PTZ-1, PTZ-3, PTZ-4, PTZ-5, and PTZ-6 at 1 mM in 0.5 M TEATFSI in ACN at
a scan rate of 10mV s™". Reproduced with permission [82]. Copyright 2019, American Chemical Society.
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FIGURE 6 | (a) Scheme of the redox process of the TEMPO core, structures of selected TEMPO derivatives, and their potential axis distribution.
(b) CV curves of 0.005 M TEMPO in 1.0 M LiPF on a glassy carbon electrode at scan rates ranging from 10-500 mV s™". Reproduced with permission [83].
Copyright 2014, John Wiley and Sons. (c) CV cycling over 100 cycles (at 100 mV s™') for TEMPO-3. Reproduced with permission [85]. Copyright 2016,
Elsevier. (d) CV curves of TEMPO derivatives before charge/discharge on a platinum wire electrode vs. Li/Li* at a scan rate of 50 mV s™*. Reproduced
with permission [84]. Copyright 2019, Elsevier. (e) CV curves of 10 mM TEMPO-based redoxmers (ACN/0.5 M LiTFSI, 100 mV/s™"). Reproduced with

permission [86]. Copyright 2021, Royal Society of Chemistry.

reaction kinetics, and redox potentials [82]. In 2021, Sanford et al.
introduced a DAC-PTZ hybrid architecture, enabling simulta-
neous optimization of redox potential, solubility, and reversibil-
ity. In their design, they replaced the conventional C-C coupling
between DAC and PTZ by a modular C-N linkage, which greatly
simplifies synthetic access and allows a broader array of substit-
uent variation. This modular platform enables one to adjust the
steric and electronic coupling between the DAC acceptor and the
PTZ donor. The DAC moiety, being strongly w-accepting, inter-
acts with the PTZ HOMO and draws electron density in the oxi-
dized states, thereby stabilizing high oxidation levels and raising
redox potentials. From their structure-property exploration, the
optimized compound named PTZ-7 displayed two fully revers-
ible oxidation events at +0.64 and +1.00V vs. Fc/Fc*, corre-
sponding to a high potential span when paired with a suitable
anode [66].

3.3 | TEMPO

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is a typical type of
heterocyclic organic molecule containing nitroxide free radicals
(Figure 6a). Owing to the conjugated delocalization property of
unpaired electrons on the N-O bond and the steric hindrance
effect of four methyl groups on adjacent carbon atoms, it pos-
sesses both excellent reversibility of redox reactions and stability
of free radicals, thus becoming a research focus as a cathode
material for NAORFBs.

In 2014, Wang et al. reported that the solubility of TEMPO-1 in
the mixed solvent of ethylene carbonate (EC)/propylene

carbonate (PC)/ethyl methyl carbonate (EMC) (with a weight
ratio

of 4:1:5) reaches 5.2M. As shown in Figure 6b, TEMPO-1
displays well-defined redox peaks in the potential range of
2.5-4.0V at scan rates ranging from 10 to 500 mVs™'. In the
1.0M LiPF¢/EC-PC-EMC system, the redox potential of
TEMPO-1 reaches +3.5V vs. Li/Li* [83].

In 2016, Brushett et al. introduced an acetamido (-NHCOCH;)
substituent at the 4-position of the piperidine ring, obtaining
the derivative TEMPO-3 [85]. This substituent regulates the elec-
tron cloud density of the piperidine ring and the N-O active site
through conjugation effect and inductive effect. The nitrogen atom
in the acetamido group forms a conjugated system with the car-
bonyl group (C=0), and its electronic effect changes the delocali-
zation degree of unpaired electrons on the N-O bond, thereby
affecting the energy barrier of the redox reaction and causing
the redox potential to shift positively to +3.63V vs. Li/Li*
(Figure 6¢). In 2019, Koo et al. synthesized two derivatives,
namely, TEMPO-2 and TEMPO-3, by introducing substituents
with different polarity and electron-withdrawing properties
(-OH, -NHCOCH3) at the 4-position of the piperidine ring [84].
As shown in Figure 6d, TEMPO-2 and TEMPO-3 experienced a
highly reversible redox reaction under load conditions with
improved long-term stability when compared to TEMPO-1. The
positive shift of the potential originated from the electron-with-
drawing effect of the substituents, the ~-OH and -NHCOCH;
weakened the electron cloud density of the N-O bond through
the inductive effect.

In 2021, Zhang et al. introduced polyethylene glycol (PEG)
chains with different lengths onto the hydroxyl group at the
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FIGURE 7 | (a) Scheme of the redox process of the TTF core, structures of selected TTF derivatives, and their potential axis distribution. (b) CV

curves of TTF1-4 (5mM in acetonitrile containing 200 mM TBAPF) recorded with a scan rate of 100 mV's™

!. Reproduced with permission [87].

Copyright 2022, John Wiley and Sons. (c) CV curves of TTF-1, TTF-8, TTF-9, and TTF-10 for 1 mM solutions in 0.1 M TBAPFs/MeCN at a scan rate
of 50mV s™'. Reproduced with permission [89]. Copyright 2023, Royal Society of Chemistry. (d) CV curves of TTF-12. Reproduced with permission [90].

Copyright 2024, John Wiley and Sons.

4-position of the piperidine ring via the Williamson ether cou-
pling reaction [86]. This modification achieved a physical state
transition from solid to liquid, and the resulting derivatives were
fully miscible with CH;CN, leading to a significant improvement
in solubility. Meanwhile, cyclic voltammetry tests showed that in
0.5M LiTFSI/CH;CN, the redox potential of pure TEMPO-1
was +0.33 V vs. Ag/Ag™, while the potential of TEMPO-4 shifted
positively by approximately 60 mV to +0.39 V vs. Ag/Ag?, that of
TEMPO-5 shifted slightly further positively to +0.40V vs. Ag/
Ag*, and that of TEMPO-6 remained at+0.40V (Figure 6e).
All of this stems from the fact that the oxygen atoms on the
PEG chain reduce the electron cloud density on the TEMPO ring
via the electron-withdrawing inductive effect. Furthermore, the
longer the PEG chain, the more obvious the molecular folding
conformation, and the amplitude of the positive potential shift
gradually slowed down.

3.4 | Tetrathiafulvalene

Tetrathiafulvalene (TTF) is a class of classic organic electronic
donor molecules composed of two 1,3-dithiolate-substituted
cyclopentene units (Figure 7a). Its core advantage lies in

possessing two-step reversible single-electron redox properties,
which sequentially lose electrons to generate stable radical cat-
ions (TTF") and dications (TTF**) [100]. The multielectron
reaction mechanism of TTF, which significantly enhances
the charge storage capacity per unit volume, helps overcome
the energy density limitations of single-electron materials
and meets the core demand for high volumetric capacity cath-
ode in NAORFBs.

In 2022, Janssen et al. synthesized three TTF derivatives that
solved the solubility issue of TTF and achieved redox potential
regulation. TTF-1 is the unmodified TTF parent molecule, served
as a reference for potential regulation in the study; in a 0.2M
TBAPF¢/MeCN solution, its two-step oxidation potentials were
—0.04 and + 0.34 V vs. F¢/Fc™ (Figure 7b) [87]. To simultaneously
improve the redox potential and solubility, the authors lithiate
TTF and then quench it with the corresponding acyl chloride
to synthesize TTF-3 and TTF-4. TTF-3 is a solid with a solubility
of 0.17 £0.01 M in acetonitrile, while TTF-4 is a liquid at room
temperature and fully miscible with acetonitrile, with a molar
concentration of 3.8 +£0.2M. Compared to TTF-1 and TTF-2,
TTF-3 and TTF-4 exhibited a 0.11-0.14 V positive shift in their
redox potentials. This positive shift is attributed to the strong
electron-withdrawing effect of the carbonyl (C=0) group in
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the ester, which lowers the electron density of the TTF parent
molecule through both inductive and n-n conjugation effects.

In 2022, Chen et al. synthesized TTF-5, TTF-6, and TTF-7 and
explored the regulation of organic molecule potentials by varying
the number of ester groups and alkyl chain lengths. By introduc-
ing a pair of ethyl ester groups (~COOE?t) into the TTF core,
TTFDE achieved an increase in the redox potential via the elec-
tron-withdrawing inductive effect of the ester group. The CV
curve of TTF-5 exhibited two pairs of oxidation/reduction peaks,
with oxidation potentials at +3.62 and +3.97 V vs. Li/Li*, and
reduction potentials at +3.24 and +3.59V vs. Li/Li* in 1M
LiPF¢/EC-DEC (1:1, v/v), representing a potential increase com-
pared to unmodified TTF. TTF-6 further increased the number
of EWGs by introducing two pairs of methyl ester groups
(-COOMe) symmetrically on both sides of the TTF core. CV tests
revealed that the oxidation potentials of TTF-6 were raised to
+3.75 and +4.01V vs. Li/Li*, and the reduction potentials were
+3.45 and +3.81 V vs. Li/Li*, showing an increase compared to
TTF-5. Compared to the two ester group in TTF-5, the four ester
groups in TTF-6 more deeply lower the HOMO energy level of
the TTF core through the dual electron-withdrawing effect, fur-
ther increasing the energy barrier for oxidation and directly
resulting in an increase in the oxidation potential. Building on
TTF-6, TTF-7 replaced the methyl ester groups (-COOMe) with
ethyl ester groups (-COOEL), achieving both high potential and
enhanced stability. CV test showed that TTFTE had oxidation
potentials of +3.63 and +3.93 V vs. Li/Li* and reduction poten-
tials of +3.52 and +3.86 V vs. i/Li*. The carbonyl groups of the
ethyl ester still maintained a strong electron-withdrawing capa-
bility, allowing TTF-6 to retain its high potential characteristics.
More importantly, at a 0.5 C rate, when using 0.2 M TTF-7 as the
cathode and QA-Radel anion-exchange membrane as the sepa-
rator, the battery showed a discharge potential platform decay
rate of only 5% after 100 cycles, with a stable Coulombic effi-
ciency of over 91.09%, significantly outperforming TTF-5 and
TTF-6 [88].

In 2023, Jiang et al. designed two series of derivatives, TTF-8,
TTF-9, and TTF-10. TTF-8 introduces cyanethyl chains
(-CH,CH,CN) at four active sites of the TTF core. This modifi-
cation leverages both the strong electron-withdrawing properties
of the cyano group and the steric hindrance effect of the ethyl
chain to regulate the potential. Its two-step single-electron redox
potentials are +0.40 and +0.71 V vs. Ag/Ag", significantly shifted
in the positive direction compared to unmodified TTF (+0.03 and
+0.43 Vvs. Ag/Ag* in 0.1 M TBAPF,/MeCN), with a shift exceed-
ing 0.3 V. The core reason lies in the strong electron-withdrawing
effect of the cyano group, which pulls electron density from the
TTF core’s conjugated system via the ethyl chain, lowering the
electron density and increasing the energy barrier for oxidation
reactions, leading to a higher redox potential. TTF-9 and TTF-10
involve grafting PEG chains with varying polymerization degrees
onto the TTF core. The weak electron-withdrawing effect of the
PEG chain and its affinity for solvents allow for fine-tuning of the
potential. For TTF-9, the two redox potentials are +0.21 and
+0.47V vs. Ag/Ag" in 0.1 M TBAPF4/MeCN, which represent
a positive shift of 0.18 and 0.04V compared to the original
TTF (+0.03 and +0.43V vs. Ag/Ag"). The short PEG chain
has a minimal spatial hindrance, allowing a more direct
electron-withdrawing effect from the oxygen atom. For TTF-10,
the redox potentials in the same system are +0.18 and +0.43 V vs.

Ag/Ag?, showing a smaller shift (0.15 and 0V), which is attrib-
uted to the increased spatial hindrance from the longer PEG
chain, slightly reducing the efficiency of the electron-withdraw-
ing effect from the oxygen atoms to the TTF core (Figure 7c) [89].
In 2024, Jiang et al. synthesized TTF-11 and TTF-12 by modify-
ing with symmetric and asymmetric strong EWGs. TTF-11
directly fuses two perfluorophenyl groups (PerF) onto the
TTF-conjugated backbone, leveraging the strong electron-with-
drawing effect of the symmetric double substitution to signifi-
cantly increase the potential [87]. Its redox potentials are
+0.70 and +1.01 V vs. Ag/Ag*, which are significantly positively
shifted compared to the reference TTF-10. The core reason for
this shift lies in the multiple highly electronegative fluorine
atoms in the PerF group, which, through n-conjugation, integrate
into the TTF’s n-electronic framework, directly lowering the elec-
tron density of the TTF core, thereby resulting in a large positive
potential shift. However, the symmetric fused structure leads to
high molecular coplanarity and easy aggregation, which,
although not affecting the potential characteristics, results in
very low solubility (<0.01 M). TTF-12 achieves a balance of
potential and solubility by asymmetric substitution of the TTF
core, with one side bearing a perfluorophenyl group (PerF)
and the other side bearing a PEG3 chain. The strong electron-
withdrawing PerF group and the weakly polar PEG3 chain syn-
ergistically optimize both potential and solubility. In a 0.1 M
LiPF¢/EC/EMC (1:1) electrolyte at a 50mV/s scan rate, the
two redox potentials of TTF-12 are 4+0.43 and +0.65V vs. Ag/
Ag*, which are positive shifts of 0.25 and 0.22V compared to
TTF-10 (+0.18 and +0.43V vs. Ag/Ag"). The PEG3 chain is
primarily used to enhance solubility and suppress membrane
penetration, without interfering with the electronic effect
transmission.

3.5 | Cyclopropenium

Cyclopropenium cation-based materials represent an emerging
class of high-potential organic cathodes whose core advantage
lies in their inherent cationic nature (Figure 8a). The energy stor-
age active center is the tricyclic cyclopropenium cation (CP*),
which operates via a reversible one-electron oxidation reaction
CP*/CP**, where CP** exists as a radical dication [91].

In 2017, Sanford et al. first reported the use of cyclopropenium
cation (CP*) derivatives as catholyte for NAORFBs. By designing
five hexafluorophosphate compounds (CP-1-CP-5), they investi-
gated the mechanism of redox potential regulation through nitro-
gen atom substitutions. As shown in Figure 8b, all five molecules
exhibited chemically reversible redox couples. CP-1 and CP-2 are
cyclopropenium derivatives with mixed phenyl and alkyl substi-
tutions, while CP-3, CP-4, and CP-5 are fully alkyl-substituted.
Due to the similar electron-donating abilities of methyl and ethyl,
the redox potentials of CP-1 and CP-2 are both +0.98 V vs. Fc/Fc™.
However, the electron-withdrawing conjugation of the phenyl
with the cyclopropenium ring significantly lowers the electron
cloud density of the ring, resulting in a much higher poten-
tial (by 150 mV) compared to CP-3,4,5. Furthermore, since the
electron-donating abilities of methyl and ethyl groups are simi-
lar, and the steric hindrance of isopropyl only slightly adjusts the
electron cloud, the potential differences among the three com-
pounds are minimal [91].
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(a) Scheme of the redox process of the cyclopropenium core, structures of selected cyclopropenium derivatives, and their potential axis

distribution. (b) CV of 1-5 as 5 x 10~ M solutions under the specified conditions at 100 mV s™". Reproduced with permission [91]. Copyright 2016, John
Wiley and Sons. (¢) CV of CP-6 (5mM in 0.5 M TBAPF/MeCN with a glassy carbon working electrode. Reproduced with permission [92]. Copyright
2019, American Chemical Society. (d) Capacity versus cycle number for bulk electrolysis cycling of CP-7, CP-8, and CP-9 (5mM in 0.5M TBAPF4/
MeCN). Reproduced with permission [92]. Copyright 2019, American Chemical Society.

To overcome the potential limitation, Sanford et al. introduced a
heteroatom substitution strategy involving the weak n-donating
sulfur atom in place of the strong n-donating nitrogen atom. This
modification resulted in a significant increase in the redox poten-
tial of sulfur-substituted cyclopropenium derivatives (+1.33 to
+1.36 V vs. Fc/Fc*), with an improvement of approximately
470 mV compared to the nitrogen-containing precursor (CP-4,
+0.86 V vs. Fc/Fc*). The electron-donating ability of sulfur is
weaker than that of nitrogen, which lowers the HOMO energy,
making oxidation more difficult, thereby increasing the redox
potential. However, the stability of the sulfur-substituted cyclo-
propenium derivatives is compromised by the C-S bond cleavage,
leading to irreversible redox reactions (CP-6, Figure 8c). To
address this issue, they synthesized CP-7, CP-8, and CP-9
through the synergistic effect of the steric and electronic effects
of alkyl substituents, optimizing stability while maintaining high
potential. Since CP-9 lacks p-H and its carbocation is the most
unstable, the cleavage rate of the C-S bond is the slowest. As
a result, it not only retained a high potential of +1.33V wvs.
Fc/Fc* but also achieved high stability. In experiments, 2-Me™"
remained stable for 150 cycles under standard cycling conditions
(Figure 8d) [92].

In 2020, Sanford et al. proposed an aromatic (aryl) substitution
strategy for alkyl sulfide, leading to the development of the
bis(diisopropylamino) aryl cyclopropenium ion. The electronic
effects of the aryl group and alkyl sulfide are similar, preserving
the high redox potential, while the aromatic ring lacks the easily

cleaved C-S bond, ensuring stability. Furthermore, the aromatic
ring allows for fine-tuning of the electronic effects and steric hin-
drance through substituents, further optimizing the balance
between potential and stability. They synthesized a series of
DAC-aromatic derivatives (CP-10-CP-13, Figure 8a) [73]. Due
to the electron delocalization of the aromatic ring and conjuga-
tion with the tricyclic ring, it exhibits a high redox potential of
+1.60V vs. Fc/Fc*, but the oxidation process is irreversible (no
reduction peak). The redox process of CP-11 is reversible with a
potential of +1.51 V vs. Fc/Fc*; however, the steric hindrance of
the tert-butyl group fails to fully address the stability issue of the
oxidized state. For CP-12, the introduction of the electron-donat-
ing methoxy group increases the electron cloud density of the
aromatic ring, leading to a decrease in oxidation potential to
+1.31V vs. Fc/Fc*. Subsequently, they synthesized compound
CP-13 by simultaneously introducing the methoxy, pentafluoro-
propoxy, and tert-butyl group. Through the precise synergy of
EDGs, EWGs, and steric hindrance, it not only maintains a high
potential of +1.19 V vs. Fc/Fc* but also achieves a capacity reten-
tion rate of 92% after 116 h of cycling in a 0.3 M symmetric flow
battery, making it the optimal derivative with both high potential
and high stability.

Beyond p-type catholytes, n-type organic materials also represent a
particularly promising frontier for NAORFBs. Recent advances in
strongly electron-deficient frameworks, such as conjugated sulfo-
namides, triflimide-functionalized aromatics, and cyanamide
derivatives, have demonstrated redox potentials approaching
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~4,0V vs. Li/Li* (~0.7 V vs. Fc/Fc*, depending on electrolyte con-
ditions) in lithium-based systems [101, 102]. These elevated poten-
tials arise from the incorporation of powerful EWGs, which
substantially lower LUMO energy levels and stabilize the reduced
species. Importantly, many of these compounds also exhibit appre-
ciable solubility in polar aprotic media, an intrinsic limitation for
solid-state batteries but a potential advantage for flow configura-
tions. Translating these 4 V-class n-type motifs into soluble, struc-
turally tunable redoxmers could open a viable pathway toward
significantly higher cell voltages in NAORFBs [103].

4 | Redox Potential Regulation of Organic Anode
Materials

For the anolyte, the key challenge lies in designing organic mol-
ecules with sufficiently low redox potentials while maintaining
chemical stability and solubility [92]. Lowering the reduction
potential typically requires introducing strong electron-donating
substituents, extending n-conjugation, or incorporating heteroa-
toms to modulate frontier orbital energies [89, 101-104]. How-
ever, excessive destabilization of the reduced state can trigger side
reactions such as radical coupling or decomposition. Therefore,
potential-tuning strategies for organic anodes must balance redox
potential lowering with molecular robustness, providing a founda-
tion for constructing stable low-potential materials in NAORFBs

[105]. The redox potential data of these compounds are summa-
rized in Table 3.

4.1 | Benzothiadiazole

2,1,3-Benzothiadiazole (BzNSN)and its derivatives are a typical
class of sulfur-nitrogen heterocyclic-conjugated organic mole-
cules (Figure 9a). Owing to the fused conjugated structure
between the benzene and thiadiazole (C,N,S) rings, these mol-
ecules exhibit excellent electron delocalization ability and revers-
ible single-electron reduction characteristics. Consequently, they
have become a research hotspot as anode materials for
NAORFBs.

In 2017, Wei et al. reported that BZNSN-1 exhibits a high solu-
bility of 5.7M in pure acetonitrile and remains soluble up to
2.1M in 2.1 M LiTFSI/MeCN. In 1.0 M LiTFSI/MeCN, this mol-
ecule shows a formal potential of -1.59 V vs. Ag/Ag*, and when
paired with DBMMB, the theoretical OCV reaches 2.36 V [46]. In
2019, Yuan et al. found that when tetraethylammonium bis(tri-
fluoromethanesulfonyl)imide (TEATFSI) is used as the support-
ing electrolyte, the formal potential of BzNSN-1 in 1.0M
TEATFSI/MeCN shifts negatively to -1.90V vs. Ag/Ag*.
Consequently, the theoretical OCV of a BZNSN-DBMMB full cell
increases to 2.60 V (Figure 9b) [110]. This difference arises from
the strong electrostatic interaction between Li* (with a small
ionic radius of ~0.76 A and high charge density) and the

TABLE 3 | Redox potentials and solubility of some typical anode electrolyte materials in NAORFBs.

Cathode Eq2, V Supporting electrolyte Solubility Cycling stability =~ Limiting failure mode Ref
BzNSN-1 —1.58 vs. Ag/Ag+ 1M LiTFSI/ACN 21M 150 High-concentration-induced  [46]
viscosity increase
BzNSN-2 —1.647 vs. Ag/Agt 0.5M LiTFSI/ACN >2M 50 Radical anion decay [57]
BzNSN-3 —1.681 vs. Ag/Ag" 0.5M LiTFSI/ACN >2M 50 Radical anion decay [57]
BzNSN-4 —1.537 vs. Ag/Ag*t 0.5M LiTFSI/ACN >2M 50 Radical anion decay [57]
BzNSN-5 —1.356 vs. Ag/Ag" 0.5M LiTFSI/ACN >2M 50 Radical anion decay [57]
BzNSN-6  —2.08 vs. Fc/Fc* 0.1 M TBABF,/ACN N/A 50 Catholyte instability [106]
BzNNN —2.3 vs. Fc/Fc* 0.5M NEt,BF,/DMF >0.4M 100 Radical anion instability [107]
BN-1 —2.85 vs. Fc/Fc* 0.5M NEt,BF,/ACN N/A N/A Radical anion instability [107]
BN-2 —2.91 vs. Fc/Fc*t 0.5M NEt,BF,/ACN N/A N/A Radical anion instability [107]
BN-3 —2.19 vs. Fc/Fc* 0.5M NEt,BF,/DMF N/A 100 Radical anion instability [107]
BN-4 —2.53 vs. Fc/Fc*t 0.5M NEt,BF,/DMF N/A N/A Radical anion instability [107]
BN-5 —2.51 vs. Fc/Fc* 0.5M NEt,BF,/DMF N/A N/A Radical anion instability — [107]
BN-6 N/A 0.5M NEt,BF,/DMF N/A N/A Radical anion instability [107]
BN-7 —2.30 vs. Fc/Fc*t 0.5M NEt,BF,/DMF N/A 100 Radical anion instability ~ [107]
BN-8 —2.30 vs. Fc/Fc* 0.5M NEt,BF,/DMF >0.4M 100 Radical anion instability [107]
BN-9 —2.25 vs. Ag/Ag* 0.5M NEt,BF,/DMF N/A 200 Molecular decomposition [67]
BN-10 —2.14 vs. Ag/Ag"  0.5M NEt,BF,/DMFc N/A 200 Molecular decomposition  [67]
BN-11 —2.18 vs. Ag/Ag*t 0.5M NEt,BF,/DMF N/A 200 Molecular decomposition  [67]
BN-12 —2.45 vs. Ag/Agt 0.5M NEt,BF,/DMF N/A 200 Molecular decomposition  [67]
TPN-1 —2.05 vs. Fc/Fc* 0.2M TBAPF¢/ACN 1.3M 100 Radical anion instability [108]
TPN-2 —2.12 vs. Fc/Fc*t 0.2 M TBAPFs/ACN 0.5M 100 Radical anion instability [108]
TPN-3 —2.05 vs. Fc/Fc*t 0.2M TBAPF/ACN 02M 100 Radical anion instability [108]
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(a) Scheme of the redox process of the BZNSN core, structures of selected BZNSN derivatives, and their potential axis distribution. (b) CV
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2019, Elsevier. (c) CVs of BZNSN derivatives. Reproduced with permission [57]. Copyright 2018, Royal Society of Chemistry. (d) CVs of the investigated
compounds in 0.1 M TBABF,/MeCN supporting electrolyte at a scan rate of 100 mV s™'. Dashed lines denote E; ,,. Reproduced with permission [106].

Copyright 2022, John Wiley and Sons.

negatively charged N sites in BZNSN-1, forming tight ion pairs
that compress the electron cloud of BZNSN-1, increase the reduc-
tion energy barrier, and result in a more positive formal potential.
In contrast, the bulky TEA™ cation, with its charge delocalized
over four ethyl chains, has a much lower charge density and
interacts weakly with BzZNSN-1, leaving the electron cloud more
delocalized. This reduces the reduction barrier and makes elec-
tron uptake easier.

In 2018, Zhang et al. investigated the effect of substituent elec-
tronic properties on the formal potential of BZNSN by introduc-
ing various single substituents (-CH;, -OCH3, -F, and —-CF;) at
the C5 position of the benzene ring (Figure 9a) [57]. BZNSN-2
exhibits a formal potential of —1.647 V vs. Ag/Ag*, 57 mV more
negative than unsubstituted BzNSN (-1.590V vs. Ag/Ag")
(Figure 9c). Since the -CHj is a weak EDG, the shift is minor.
In contrast, the BzNSN-3 shows a formal potential of
—1.681V vs. Ag/Ag", 91 mV more negative than the parent com-
pound. The stronger p-m conjugation effect from the oxygen
atom in ~-OCHj3; increases the electron density on the thiadiazole
ring more effectively, causing a larger potential shift. Conversely,
EWGs such as -F and -CF; decrease the electron density of the
thiadiazole ring, increasing the reduction barrier and shifting the
potential positively. The redox potentials of the two compounds
are -1.537V vs. Ag/Ag* and -1.356 V vs. Ag/Ag", respectively.
Moreover, due to the cumulative inductive effect of multiple fluo-
rine atoms in -CF3, which significantly reduces the electron

density of the thiadiazole ring, its redox potential is higher than
that of BZNSN-5.

In 2022, Romadina et al. reported a new BzNSN derivative
BzNSN-6 with a distinct dual substitution pattern, introducing
diethylene glycol ether chains (-O(CH,CH,0),CH;) at both
the C5 and C6 positions of the benzene ring. The formal potential
of BzNSN-6 is -2.08 V vs. Fc/Fc™, about 50 mV more negative
than unsubstituted BzNSN (Figure 9d). The ether-containing
substituents are weak EDGs that donate electrons through the
oxygen atoms’ p-n conjugation, increasing the electron density
of the thiadiazole ring and lowering the reduction barrier [111].

4.2 | Benzotriazole

Although 2,1,3-benzothiadiazole (BzNSN) features a low redox
potential (-1.58 to =1.90 V vs. Ag/Ag™) and high solubility, it still
suffers from critical issues such as imbalance between negative-
shifted potential and radical stability and high membrane perme-
ability at elevated concentrations. Through a molecular design
strategy of replacing sulfur atoms with nitrogen atoms and fur-
ther introducing substituents, benzotriazole (BzZNNN) and its
derivatives effectively overcame the performance bottlenecks
of BzNSN. The triazole ring in BzZNNN possesses stronger
n-electron delocalization ability than the thiadiazole ring in
BzNSN, leading to a more negative redox potential (Figure 10a).
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In 2022, Sanford et al. investigated the influence of molecular
structure on the formal potential of BZNNN derivatives through
site-specific N-atom substitution and functional group modifica-
tion. They first compared the potential and stability differences
between BN-1 and BN-2 substituted derivatives. BN-1 exhibited
a formal potential of -2.85 V vs. F¢/Fc* in 0.5 M NEt,BF,/MeCN,
which shifted positively to —2.69 V vs. F¢/Fc* in DMF. BN-2 dis-
played a potential of -2.91V vs. F¢/Fc* in MeCN (0.06 V more
negative than BN-1) and -2.71 V vs. Fc¢/Fc* in DMF (0.02 V more
positive than BN-1). The negative shift arises from the distinct
electronic environments of the N1 and N2 positions in the tria-
zole ring; substitution at N2 enhances the electron-donating
effect, lowers the energy of the LUMO, and thus leads to a more
negative potential for BN-2. Furthermore, these studies suggest
that DMF is a more suitable solvent than MeCN for electrochem-
ical cycling of BN-2 and BN-2 [106, 109, 112]. Cyclic voltamme-
try studies also confirmed that methylation at the N2 position
enhances redox stability compared to N1 substitution.

To further optimize redox potential and charge delocalization,
Sanford et al. introduced phenyl (-Ph) and cyano (-CN) groups
at different positions on the benzene ring of BN-2, obtaining
derivatives BN-3, BN-4, and BN-5. In 0.5M NEt,BF,/DMF,
BN-3 exhibited a formal potential of -2.19 V vs. Fc/Fc*, 0.52V
more positive than BN-2. This shift results from the inductive

and conjugative electron-withdrawing effects of ~-CN, which sig-
nificantly reduce the electron density of the triazole ring and
raise the reduction barrier, making electron uptake more difficult
and leading to a positive potential shift. Compounds BN-4 and
BN-5 both retained the N2-methyl substituent, with phenyl
groups introduced at the C5 and C4 positions of the benzene ring,
respectively. The n-electrons of the phenyl group conjugate with
the BzZNNN core, injecting electron density into the triazole ring
via p-x conjugation, facilitating electron acceptance, and causing
a negative potential shift. Consequently, BN-4 and BN-5 dis-
played formal potentials of —2.53 and —2.51 V vs. Fc/Fc*, respec-
tively (Figure 10c). Compound BN-6 bearing a phenyl group at
the N1 position of BZNNN exhibited irreversible redox behavior.
In contrast, compound BN-7, with a phenyl group at the N2 posi-
tion, adopts a coplanar conformation between the phenyl and
triazole rings. This coplanarity enhances n-conjugation, effec-
tively delocalizing spin density and reducing the N2-site spin
density to 0.08, thus minimizing decomposition. However,
BN-7 exhibited limited solubility (0.15M). To overcome this,
the authors introduced an oligoethylene glycol (OEO) chain
at the 3-position of the N2-phenyl group, yielding derivative
BN-8. The OEO group’s strong solvation ability enhanced solu-
bility from 0.15 to >0.4 M in 0.5 M NEt,BF,/DMF, and the pure
liquid form reached a concentration of 4.5 M. The redox potential

BzNSN
e e et e () g e
' i = ~=8 = ! .
i i i 1~ 1 BN-3
iRQ[/:MQE”OFR o B ——
I N N | T BN-4
' BzNSN . BzNNN - ® I ==
=N, +e 3 I < BN-5
: CE N (ON : Ei =
; s . ’ = BN-6
e 8 L S - 0. S : 18] <7
=N, _N NC N Ph _N BN-7
o, @ N-Chs Q T ~ N-CHy §1
. N N BN-8
BN-1 Ch, BN-2 BN-3 BN-4 ) ] —~—————
Ph _,‘70“‘”/ -3.0 -25 -2.0 -15 -1.0 -0.5 0.0
N N, _N, N = q E (V vs FelFc’)
N CH,‘C[ N e G (d)
=N ; =N N - = ‘
N ; £ 00 N~— £ oo} —
BN-5 BN-6 Ph BN-7 BN-8 s / — <
N % y - ‘\\_\ g»o.‘ == / ©:..:"'© 5-0.1 s CE\.:" ( s
“Nn-r R= /TN /TN a2 /N 28 26 24 22 20 18 16 28 26 24 22 20 18 -6
=N #\}{‘: g {’j/ \\u‘/,’/ *\‘\\‘} !jl \ 4« Potential (V vs. Ag/Ag") Potential (V vs. Ag/A")
BN-R BN-9 BN-10 BN-11 /BN12 z NS— | Tl :
= T z "
] S - 8 ; ©: 9
5-0.1 —J CE O S-01f v % >
\‘. | T ‘-\\Xw ‘u\‘\\r//-‘/: © 25 @ w27 20 s s " 25 76 74 37 20 a8 s
-290 -2.80 -2.70 -2.60 -250 -240 -230 -220 -2.10 Potential (V vs. Ag/Ag") Potential (V.vs. Ag/Ag’)
Potential (V vs. Fc/Fc*)
(b) — (e) _— _os 100
\ | z Lo .
o] %01 0.06 EO'SW 1”5
| | 2 g
,ooej S g 0 gw 17A5-n.‘to 3
=l BN-1 - BN-2 E £os £
g 005 g § = < -
" o] 005y 0.10 go2 -
7005:: ZZZZ :; 018 ::;:m\ gm 20 3
{ 1in MeCN R | 2in MeCN —— 200th
2103 [ 35 0 - T e 25 20 45 70 05 00 o0 0
35 30 25 -20 -15 -10 05 00 35 30 25 20 -15 -1.0 05 00 - - - 15 10 - 0 20 40 60 80 100
E (Vvs FcfFc') E (Vvs FoFc') E (Vvs FelFc') Cycle Number
FIGURE 10 | (a) Scheme of the redox process of the BZNNN core, structures of selected BZNNN derivatives, and their potential axis distribution.

(b,c) CV curves of BN-1-BN-8. Reproduced with permission [107]. Copyright 2022, American Chemical Society. (d) CVs of 5 mM solutions of BN-9-BN-12
measured in DMF with 0.5 M TEABF, at a scan rate of 100 mV s~ vs. Ag/Ag*. Reproduced with permission [67]. Copyright 2025, American Chemical
Society. (e) Two hundred continuous cyclic voltammetry scans and static H-cell charge—discharge cycling experiment. Reproduced with permission

[107]. Copyright 2022, American Chemical Society.
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of BN-8 remained unchanged (-2.30 V vs. Fc/Fc*), maintaining
the low-potential characteristic of BN-7. In electrochemical tests,
BN-8 retained 86% of its capacity after 100 charge-discharge
cycles in a static H-cell. In a flow cell using 0.1 M BN-8 and
0.16 M Fc in 1 M LiTFSI/DMF, the system exhibited 86% capacity
retention and >92% Coulombic efficiency after 50 cycles (17.5 h),
demonstrating that OEO modification preserved BN-7 high sta-
bility while resolving its solubility limitation, making it well-
suited for NAORFBs (Figure 10e) [113].

In 2025, Gurkan et al. developed a series of BZNNN derivatives by
introducing aryl groups with methyl substituents at different
positions (ortho-, meta-, para-, and 2,6-dimethylphenyl) at the
N2 position, yielding compound BN-R [67]. This systematic
study revealed how sterically induced conformational changes
regulate redox potential, solubility, and radical stability. BN-9
bearing an ortho-methylphenyl group at N2 achieved a potential
of -2.25V vs. Ag/Ag™, which is 670 mV more negative than that
of BzNSN (-1.58 V vs. Ag/Ag"), while maintaining a high solu-
bility of 3.5 M in DMF. This arises from steric repulsion between
the ortho-methyl group and the BZNNN ring, inducing a twisted
N-N-C-C dihedral angle of 136°, disrupting n-conjugation
between the BzZNNN core and the aryl group, and raising the
LUMO energy to -1.99 eV (compared to -2.13 eV for the coplanar
conformation). The weak hyperconjugative donation of the
methyl group further increases electron density on the triazole
ring, slightly raising the LUMO energy. Compound BN-10 fea-
turing a meta-methylphenyl group at N2 yielded a formal poten-
tial of -2.14 V vs. Ag/Ag*. This potential is more positive than
BN-9, and the compound exhibited the best cycling stability
(only 10% capacity loss after 200 H-cell cycles). The potential
is primarily governed by the weak inductive donation of the

methyl group, which slightly increases electron density and main-
tains a LUMO energy of -2.19 eV (higher than BzNSN but lower
than BN-9), giving a smaller electron-acceptance barrier and a
more positive potential. Compound BN-11 bearing a para-meth-
ylphenyl group at N2, displayed a redox potential of -2.18 V vs.
Ag/Ag", with stability comparable to BN-12. The para-methyl
group causes no steric hindrance, preserving a coplanar geometry,
while its strong p—n conjugation efficiently transfers electron den-
sity to the triazole ring, raising the LUMO energy to -2.16 eV
(lower than BN-9 -1.99 eV but higher than BN-10 -2.19 eV), pro-
ducing an intermediate potential and ensuring good radical stabil-
ity. Compound BN-12 was obtained by introducing a 2,6-
dimethylphenyl group at the N2 position of BZNNN, achieving
a low potential of —2.45V vs. Ag/Ag". This potential represents
a 200 mV negative shift compared to compound BN-9 (—2.25V
vs. Ag/Ag"), making it the molecule with the most negative poten-
tial in this series. This arises from strong steric repulsion between
two ortho-methyl groups, enforcing a near-orthogonal N-N-C-C
dihedral angle of 103°, which nearly disrupts n-conjugation. DFT
calculations show the LUMO energy significantly increased to
—1.81eV (far higher than BN-9), thereby minimizing the elec-
tron-acceptance barrier. The high N-C bond rotation barrier
(12.3 kcal mol™) locks the molecule into this twisted conforma-
tion, preventing relaxation to a coplanar state and maintaining
the elevated LUMO level yielding a nonlinear, strongly negative
potential shift far exceeding the additive electronic effects.

4.3 | Terephthalonitriles

Terephthalonitriles and their derivatives (Figure 11a) show great
potential as anode materials for NAORFBs due to their simple
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FIGURE11 | (a)Scheme of the redox process of the terephthalonitriles core, structures of selected terephthalonitriles derivatives, and their potential

axis distribution. (b) Performance of the flow battery with TPN-2 as the anode and TPN-3 as the cathode, including cyclic voltammetry (red) and

100-cycle capacity retention curve (blue), with an operating voltage of 3.22V. Reproduced with permission [108]. Copyright 2025, American
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10 to 640 mV s~ ', Reproduced with permission [108]. Copyright 2025, American Chemical Society.
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and cost-effective synthesis, combined with the ability to achieve
low redox potentials and form stable radical anions [107, 117-122].
By balancing redox potential regulation with enhanced cycling sta-
bility through rational substituent design, terephthalonitrile-based
anodes demonstrate potential for achieving higher cell voltages
and improved energy densities in NAORFBs [123].

In 2025, Jassen et al. investigated alkyl-substituted terephthalo-
nitriles as anodes for NAORFBs, focusing on achieving high cell
voltages through deep reduction potentials and improved stabil-
ity. TPN-1 is a monoethyl-substituted terephthalonitrile, while
TPN-2 is a diethyl-substituted terephthalonitrile. The redox
potential of TPN-2 is —2.12V vs. Fc/Fc", which is 70 mV more
negative than that of TPN-1 (—2.05V vs. Fc*/Fc). This phenome-
non stems from the electronic effect: As a weak EDG, ethyl enables
diethyl-substituted DET to donate more electrons to the conju-
gated system of the benzene ring and cyano groups (-CN) com-
pared to monoethyl-substituted TPN-1, resulting in a higher
electron cloud density of the system. Therefore, the redox potential
of TPN-2 is more negative than that of ET. TPN-3 is a di-tert-
butyl-substituted terephthalonitrile. Although tert-butyl has
greater steric hindrance, its electron-donating ability is similar
to that of ethyl; thus, the redox potential of TPN-3 is consistent
with that of TPN-1. It is worth noting that the core role of steric
hindrance lies in inhibiting the degradation of the reduced radical
anions. This characteristic allows TPN-3 to maintain the same
potential as TPN-1 while achieving better cycling stability [124].

5 | Conclusions

The development of high-voltage, high-capacity NAORFBs has
progressed substantially, driven by advances in organic cathodes
and anodes. Regulation of redox potential is central to perfor-
mance optimization, enabling higher operating voltages and
improved energy densities. High-potential cathodes, including
tetrathiafulvalene derivatives and cyclopropenium cations, show
strong potential owing to molecular modifications that enhance
electrochemical stability and redox reversibility under high-
voltage conditions. Likewise, low-potential anodes, particularly
terephthalonitrile-based and other electron-rich compounds, have
been engineered to achieve deep reduction potentials with
improved cycling stability. Despite these advances, key challenges
remain. A primary issue is balancing redox potential with solubil-
ity and cycling stability. Many high-potential organic materials
undergo degradation under extreme voltage conditions, leading
to capacity fading and shortened cycle life. Understanding degra-
dation mechanisms and developing materials stable at both high
and low potentials are therefore critical.

6 | Perspectives

Future progress in NAORFBs requires the simultaneous optimi-
zation of redox potential, chemical stability, and solubility.
Developing multifunctional organic materials with balanced elec-
trochemical properties and long-term reversibility in nonaqueous
electrolytes is a key direction. Hybrid or composite systems incor-
porating multiple redox-active sites may further improve energy
density and cycling stability. In addition, advanced computational
tools, particularly DFT, will play an important role in the rational

design of redox-active molecules by predicting electronic
structures and identifying optimal molecular configurations.
Electrolyte optimization is another major focus. Improvements
in solvents, salts, and functional additives are essential to enhance
cycling stability and widen the electrochemical window, thereby
ensuring stable redox processes in NAORFBs. System-level inte-
gration with large-scale renewable energy applications also
requires continued effort. Owing to their scalability and suitability
for long-duration storage, NAORFBs are well positioned for grid-
scale energy storage. As intermittent sources such as wind and
solar power expand, efficient storage of surplus electricity becomes
increasingly important for grid stability. With their high energy
density, long cycle life, and environmental compatibility,
NAORFBs can contribute to mitigating renewable energy intermit-
tency and supporting the transition to low-carbon power systems.

In summary, although substantial progress has been achieved,
further advances in material design, electrolyte engineering, and
computational methods are necessary to address remaining chal-
lenges. Continued development in these areas will strengthen the
role of NAORFBs in large-scale, sustainable energy storage.
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