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Abstract: Neutral aqueous organic redox flow batteries (AORFBs) represent a compelling candidate for
scalable energy storage integrated with renewable power generation, largely due to the earth-abundant, tunable,
and sustainable nature of organic electroactive compounds. However, current redox-active species still face
critical limitations, including insufficient solubility, mnadequate voltage window compatibility, and poor cycling
stability, hindering their practical deployment in neutral-pH aqueous electrolytes. In this work, a new class
of pyridinium derivatives of thiadiazole intermediates, namely 4,4'-(1, 3, 4-thiadiazole-2, 5-diyD) bis (1-(3-
trimethylammonio)propyDpyridin-1-ium (BnSn) and 4,4'-(1,3,4-thiadiazole-2, 5-diyl)bis(1-methylpyridin-
1-ium) (BnSm) were designed and synthesized. By introducing a 1, 3, 4-thiadiazole bridging unit into the
molecular framework, the conjugation system was systematically extended, and an intermolecular hydrogen-
bonding network based on nitrogen lone pair electrons was synergistically constructed. The resulting molecule
achieves exceptional aqueous solubility (0.89 mol-L""), a well-positioned low potential (—0.98 V), and
outstanding electrochemical reversibility under neutral conditions. When employed as the negative electrolyte,
it delivers remarkable long-term stability. After 500 constant-current charge-discharge cycles at 0. 05 mol-1. "

2

and a current density of 600 A+m ?, the capacity retention rate remained above 70%, corresponding to an

average cycle decay rate of only 0.016% and a daily decay rate of 0. 16%. Combined density functional theory
calculations and experimental mechanistic analysis indicate that the 1, 3,4-thiadiazole bridge not only enhances
the intramolecular electron delocalization to improve the structural rigidity and thermodynamic stability of the
redox center, but also effectively inhibits the irreversible dimerization, hydrolysis and free radical-mediated
degradation pathways of active species by virtue of its strong polarity and hydrogen bond donor-acceptor dual
functional properties. Thus, it simultaneously optimizes the dissolution kinetics, charge transfer efficiency and
cycle durability.

Key words: energy storage; flow battery; aqueous organic flow battery; redox species; intermolecular hydrogen

bonding

as anolytes, but lack cycling stability for real appli-

0 Introduction cations. In contrast, the w-conjugated bridges have

Global energy systems still depend on fossil improved stability and kinetics.

fuels, harming the environment. The development of .Recent stud%es he.lve éhown th.at the bridging units
. . . . can improve conjugation in organic redox molecules,
clean energy is becoming increasingly important. Solar ) . )
. , . . _ boosting their performance in AORFBs. We proposed
and wind power are intermittent, complicating grid ) i o }
] s ) a diazole-based bridges at strategic sites in the violo-
integration'' *.  Aqueous redox flow batteries . o
( Be) enzbl {ab] ; rroueh gen core to enhance stability, reversibility and solu-
ARFBs) enable scalable, safe energy storage throu . . D .
' _ gy. & & bility. Unlike carbon-only aromatic bridges, which are
reversible redox reactions. Inorganic ARFBs face - S . .
limited to ®—m conjugation, diazole bridges support

challenges from scarce metals, ion crossover and

hydrogen evolution'* "’

flow batteries (AORFBs) instead use abundant,

; while aqueous organic redox

tunable organic molecules. Their electrochemical
properties can be tailored for low-cost, large-scale
deployment. This advantage is especially important in
neutral-pH systems, where it boosts durability and

sustainability. The key organic candidates include

[11-12] 13-14 [15-16]

quinones , nitroxide "' | phenazines and

[17-19

viologens'" ). Multi-pyridyl viologens perform well

both p —= and = — 7 conjugation and form intermo-
lecular hydrogen bonds. This dual action extends
conjugation during redox cycling, suppressing deg-
radation and improving electrochemical performance.
Here, we introduced a thiadiazole bridge to boost
viologen solubility in water. Two ammonium-
functionalized viologens 4, 4'-(1, 3, 4-thiadiazole-2, 5-
diyDbis (1-(3-trimethylammonio) propyD pyridin-1-
ium (BnSn) and 4,4'-(1,3,4-thiadiazole-2, 5-diylbis
(1-methylpyridin-1-ium) (BnSm) with this bridge
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were designed and synthesized. The thiadiazole unit
increases hydrophilicity and drives strong intermo-
lecular hydrogen bonding, enhancing both solubility
and stability. Its nitrogen lone pairs extend conjugation
in the reduced state and narrow HOMO-SOMO and
HOMO-LUMO gaps, improving redox reversibility.
In a neutral BnSn|[FeNClI cell, >>95% capacity is
retained after 500 cycles (0.023% fade per cycle).
In - situ spectroscopy confirms stable structure and

solvent H-bonding during cycling, revealing the

mechanism.

1 Preparation of electrolyte and the
assembly of battery

1.1 Synthesis of electrolytes

All the reagents used in this paper are from
Shanghai Energy Chemical, of analytical grade,
and do not require further purification. The synthe-

sis routes of BnSn and BnSm are shown in Fig. 1.

Bre Bre
o7 \ =\ /
| ;0 Q\«QV@ Sl
@]
N-N Br

| DMEF (dry)
A l + Br/v\N'é
1}1 1<I | 150"( 36 h
BnSn
N7 \ 5 =N DMF(dry) \%/ \ = (;?/@
- SSAN Y+ cH 0 \w SoAN I
\ 25C, 12h I \ /)
N—N N-N
BnSm

Fig.1 Synthesis routes of BnSn and BnSm

Synthesis of BnSn: 2, 5-di(4-Pyridyl)-1, 3,4~
thiadiazole (BnS) (3.6 g, 15 mmol) and (3-bro-
mopropyl) trimethylammonium bromide (12.5 g,
40 mmol) were dissolved in anhydrous DMF (80 ml.)
in a 250 mL three-necked flask under N,. The mixture
was refluxed at 150 °C for 36 h, then cooled to room
temperature. The crude product was isolated by fil-
tration and washed sequentially with DMF , anhydrous
acetonitrile, and diethyl ether until the filtrate became
colorless. After drying under vacuum, the product
was obtained in 80% vyield (8.7 g). 'H NMR
(400 MHz, D,0O) 6 9.10 (d, J/=7.1Hz, 4H), 8.71
(d, /=7.0Hz, 4H), 4.76 (t, J=7.8 Hz, 4H),
3.54~3.46 (m, 4H), 3.10 (s, 18H), 2.67~2.53
(m, 4HD.

Synthesis of BnSm: BnS (3.6 g, 15 mmol) was
dissolved in anhydrous DMF (80 mL) in a 250 mL
three-necked flask under N, and methyl iodide
(100 mL) was added. The mixture was stirred at
room temperature for 12 h. The precipitate was col-
lected by filtration and washed sequentially with
DMF, anhydrous acetonitrile, and diethyl ether until
the filtrate became colourless. The crude product was
dissolved in minimal water to near saturation, then

acetonitrile was slowly added to induce precipitation.

After filtration and drying under vacuum, a pale red
solid was obtained in 80% yield (5.6 g). 'H NMR
(400 MHz, DMSO-dy) : 6 9.23 (d, J=6.8 Hz,
4H), 8.82 (d, J=6.9 Hz, 4H), 4.45 (s, 6H).

Synthesis of FcNCIL: FeNCI was synthesized
according to reported method. Ferrocenylmethyl
dimethylamine (8. 2 ml, 40 mmol), methyl chloride
(120 ml., 120 mmolD) and 40 mL. dry CH,;CN were
added to a round-bottom flask, which was stirred at
room temperature overnight. The product was col-
lected by filtration, washed with 10 ml. ether for
3 times, and dried under vacuum. A yellow solid was
obtained in 95% yield (11.21 g). 'H NMR
(400 MHz, D,O) 6 4.44 (s, 2H), 4.36 (s, HD, 4. 32
(s, 2H), 4.21 (s, 5SHD, 2.88 (s, 9HD.

1.2 Battery assembly

The cell assembly consisted of two bakelite
endplates, a graphite current collector plate, and
graphite felt electrodes, separated by an anion-
The

geometric active area is 4 cm?®. Prior to use, deionized

exchange membrane (Fumasep FAA-3-50).

water was sparged with high-purity N for 30 min and
sonicated to remove dissolved oxygen. The anolyte
contained BnSm or BnSn (0.5 mol:LL™Y , the
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catholyte contained FecNCI (1.0 mol-1.7"), and both
compartments employed 1.0 mol-L.~" NaCl as sup-
porting electrolyte. Electrolytes were circulated at
60 mL-min—'. Before sealing, the cell was purged
with N> three times to eliminate residual O,. All full-
cell tests were performed under galvanostatic cycling
at a current density of 600 A+-m? within a voltage
window of 0. 1~1. 5 V. Notably, elevated electrolyte
concentration exacerbated water crossover, particu-
larly when anolyte and catholyte concentrations were
matched. To mitigate this, the catholyte concentration
was reduced, and controlled water addition was

applied to the anolyte during extended cycling.
1.3 Electrolyte configuration

For neutral aqueous organic redox flow batteries
(AORFBs), the anolyte and catholyte concentrations
were held constant at 0. 05 mol+L " and 0. 1 mol-L "
for low-concentration configurations (8 mL anolyte/
10 mL catholyte) , and at 0.50 mol-L " for high-
concentration configurations (5 mL anolyte/25 mlL
catholyte) , using BnSn or BnSm as anolyte active

species and FcNCl as catholyte active species.

1.4 Density functional theory (DFT) calculation

All calculations were performed using Gaussian
16. Geometry optimizations and frequency analyses
used B3LYP-D3 (BJ)/6-311+G (d, p), with sol-
vation modeled wvia the SMD continuum model.
Optimized structures were confirmed as minima by
absence of imaginary frequencies; thermal corrections
to Gibbs free energy were obtained from the same
frequency calculations. Single-point energies were
computed at the same level. Default convergence
criteria were applied (max force<<4. 5 10~* Hartree/
Bohr; RMS force<C3. 0X 10 * Hartree/Bohr).

2 Result and analysis

2.1 Screening of redox—active molecules

DFET™®
molecular structure governs electronic and redox
behavior. Fig. 2(a) displays the computed HOMO

and LUMO energies for viologens bearing distinct

was employed to elucidate how

linkers. Across all derivatives, the spatial distribution

of these frontier orbitals remains remarkably uniform.
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Fig. 2 Energy level diagrams and chemical descriptor diagrams of different electrolytes
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Notably, BnSn displays a marked anodic shift in
its first redox potential (AFE,.) relative to BnSm, while
the second redox gap (AE)) is nearly identical.
Fig. 2(b) indicates that a reduced overall AE' generally
correlates with enhanced charge transport, superior
redox reversibility and diminished kinetic barriers.
Further computational analysis in Fig. 2(¢) indicates
that the thiadiazole bridge in BnSn imparts higher
atomic electronegativity compared to the linker in
BnSm. Furthermore, as shown in Fig. 2(d), BnSn
displays the smallest global softness parameter among
the series, suggesting reduced intermolecular asso-
ciation and greater conformational flexibility, both of
which
reversibility. Importantly, both diazole-linked BnSn

contribute to improved electrochemical
and BnSm were synthesized in gram-scale quantities
using a streamlined, one-pot procedure. This scal-

able, cost-efficient route significantly advances the

practical deployment of neutral aqueous organic redox

flow batteries.

The schematic diagram of the battery is shown
in Fig. 3(a). Additionally, by combining with com-
prehensive cyclic voltammetry (CV) data, the elec-
trochemical behaviors of BnSn and BnSm can be
clearly differentiate. The CV analyses in Fig. 3(b)
and Fig. 3(c) reveal that the redox potentials of the
—0.98 V and
—0.78 V (vs. Ag/AgCD , respectively. These

potential shifts arise predominantly from differences

two viologen derivatives are

in the electron-donating strength of the linker sub-
stituents. A linear correlation between peak current
and the square root of scan rate as shown in
Fig. 3(d) and Fig. 3(e). From the solvation free
energy diagram in Fig. 3(f), it can be clearly seen
that the solubility of BnSn is higher than that of
other electrolytes. Notably, BnSn achieves a sig-

nificantly higher aqueous solubility (0. 89 mol-L.™")
than BnSm.
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Fig. 3 Electrochemical performance comparison between BnSn and BnSm

2.2 Electrochemical performance evaluation of

redox flow batteries

Fig. 4 depicts the molecular packing and spatial
organization of BnSn and BnSm within the neutral
AORFB architecture. Notably, when FeNCl serves
as the supporting electrolyte, the BnSm-based cell

delivers a substantially higher open-circuit voltage than
its BnSn counterpart. As shown in Fig. 4(a), while
the BnSn-FeNCl pairing delivers an open-circuit
voltage (OCV) of 1.20 V, the BnSm-FeNCI con-
figuration yields a slightly lower OCV of 1.34 V.
Rate capability of AORFBs employing 0. 05 mol-1.~"

BnSn electrolyte was systematically assessed using
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Fumasep FAA-3-50 membranes. Additionally, from
Fig. 4(b), upon increasing the current density from
200 A*m* (19. 3mAh) to 1 000 A-m™* (2. 9 mAh),
the cell retains 15% of its initial discharge capacity.
Moreover, at a current density of 1 000 A+m ™7, the
energy efficiency (EE) of BnSn still remains at 60 %.
At full state-of-charge in Fig. 4(c), the BnSn system
achieves a peak power density of 1 580 W-m ?, sur-
passing most reported viologen-based systems. In
in Fig.4 (d , the 0.05 mol-L"

BnSm||[FeNCl cell underwent galvanostatic cycling for

parallel,

500 cycles, showing only a modest capacity decay,
averaging 0. 25% per cycle. Fig. 4(e) shows that the
BnSn-based neutral AORFB retained 70% of its
starting capacity after 500 cycles, corresponding to an
ultra-low degradation rate of 0.016% per cycle.
These findings demonstrate that integrating a
hydrogen-bond-capable molecular scaffold into the
viologen backbone significantly improves structural
resilience during repeated redox cycling, thereby
suppressing capacity loss induced by state-of-charge

variations and enhancing overall operational longevity.
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Fig.4 Comparison of the cycling stability of BnSm and BnSn in low-concentration AORFBs

To the
BnSn||[FeNClI cell was evaluated under industrially

assess  real-world  feasibility,
relevant conditions using a 0. 5 mol-1.™" concentra-
tion. As shown in Fig. 5(a), the coulombic effi-
ciency (CE) values of BnSm and BnSn can basi-
cally remain at 100%, but the energy efficiency
(EE) and discharge capacity of BnSm are both
lower than those of BnSn under the same current

density. And at 800 A-m? current density, the EE

of BnSn still reaches 65%. It can also be seen from
Fig. 5(b) that the capacity decreases as the current
density increases. Moreover, in Fig.5 (¢) , the
time-current curve indicates the stable existence of
the battery system. Concurrently, Fig. 5(d) shows
that the 0.5 mol-L ' BnSm|[FeNClI cell demon-
strates exceptional cycling stability over 200 galva-
nostatic cycles, with an average capacity fade of just
0.62% per cycle. Fig. 5(e) shows that the BnSn-
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based neutral AORFB retained 65% of its initial

extremely low degradation rate of only 0. 086 % per

capacity after the same number of cycles, with an cycle.
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Fig.5 Comparison of the cycling stability between BnSm and BnSn in high-concentration AORFBs

2.3 Investigation mechanisms

To elucidate the redox mechanism and poten-
tial degradation routes of BnSn during electrochemi-
cal cycling, a comprehensive operando characteriza-
tion study was carried out on its negolyte solution.
Electron paramagnetic resonance (EPR) spectra in
Fig. 6 (a) identifies a characteristic signal at g=
2.033 (351.4 mT), unambiguously assigned to the
BnSne radical anion. As charging proceeds, this sig-
nal intensifies monotonically and peaks at 50%
state-of-charge, indicating progressive one-electron
reduction and accumulation of the stable radical spe-
cies. Complementary in-situ UV-Vis analysis in
Fig. 6 (b) captures real-time molecular transforma-
tions: upon oxidation, the absorption band centered
at 308 nm steadily weakens, while a new feature

grows at 445 nm, correlating directly with the vis-

ible color shift from pale off-white to deep
brownish-black. During subsequent discharge, the
spectral changes reverse completely, the 445 nm
band fades and the 308 nm peak fully recover, dem-
onstrating near-perfect spectral reversibility and con-
firming high-fidelity redox cycling without irrevers-
'H NMR titration

experiments in Fig. 6(c) reveal a systematic upfield

ible side reactions. Moreover,
shift of the water proton resonance with increasing
BnSn concentration, providing direct spectroscopic
evidence for concentration-dependent hydrogen-
bond network formation, specifically mediated by
the thiadiazole-based linker, which acts as both H-
bond acceptor and structural organizer within the
molecular architecture.

Although the high-resolution mass spectrometry
data acquired under operational conditions reveal trace

signals consistent with minor side-chain hydrolysis,
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slow decomposition, radical dimerization, and
chloride-mediated nucleophilic substitution, the extent
of such side reactions is minimal, no measurable
impact on redox reversibility or long-term cycling
integrity is observed. Integrating these findings with
prior mechanistic insights, we proposed a coherent
degradation pathway for BnSn, offering actionable
design principles for next-generation viologen
derivatives. As shown in Fig. 6 (d) , upon electro-
chemical reduction, BnSn sequentially accepts one and
two electrons to generate the monoanionic (BnSne)
and dianionic (BnSn*~) species, serving as the pri-
mary charge carriers. The a-carbon adjacent to the

pyridinium ring, rendered highly electron-rich and

nucleophilic in the reduced states, becomes susceptible
to radical coupling, leading to formation of the C—C
bonded dimer diBnSn. In the presence of chloride
ions, this same electrophilic a-site undergoes
nucleophilic substitution, yielding chlorinated dimers
diBnSnCl. Concurrently, the structurally analogous
BnSn undergoes parallel C1™ attack at its a-position,
affording BnSnCl. These parallel pathways highlight
the critical role of substituent electronics and local
steric environment in governing degradation selec-
tivity. The comparison of power density, energy
efficiency, current density and cost of reported
viologen-based neutral AORFBs is shown in Tab. 1.
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Fig.6 Redox behavior and capacity degradation mechanism studies of BnSn
Tab.1 Comparison of technical features of two-electron storage materials for neutral AORFBs
Anolyte EE/% Power density/(Wem?) Number of cycles Current density/(Asm %) Cost/(¥+kg ")
(SPr),V 58 920 300 600 7836
[(NPr), TV]C], 50 1100 300 400 81 500
[(Me)(NPr)VIC, 70 1300 50 600 11 250
BnSn (this work) 70 1580 500 600 9900

3 Conclusion

In summary, we reported a practical synthetic

method of water-soluble diazole-bridged viologens
using a thiadiazole linker. The ammonium salts

with strong intermolecular hydrogen bonding and
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extended p —=n/m —mx conjugation. DFT shows the
thiadiazole bridge enhances solubility wvia its electro-
negativity and H-bonding; the extended conjuga-
tion also shifts the redox potential negatively. In
BnSn|[FeNCl AORFBs, we

higher operating voltage and robust cycling, with

neutral achieved

0.016% capacity fade per cycle over 500 cycles,
outperforming BnSm. In-situ characterization con-
firms the thiadiazole unit stabilizes the redox core by
suppressing dimerization and degradation, while
improving solubility and reversibility. This work
advances neutral AORFBs for long-duration stor-
age and offers general design principles for aqueous

redox-active materials.
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