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A hydroquinone (HQ)/1,2-dihydroxybenzene-3,5-disulfonic acid
(Tiron) binary catholyte system is developed for membraneless zinc
hybrid flow batteries, leveraging sequential redox reactions with
complementary potentials to enhance energy density and electro-
chemical kinetics. The HQ-Tiron system achieves an energy density

of 21.4 W h L! and a peak power density of 102.3 mW cm 2.

Redox flow batteries (RFBs) offer a promising alternative by
decoupling energy and power capacities, enabling long cycle lives
and offering improved safety during operation." However, wide-
spread implementation remains hindered by the high capital cost
of conventional systems, particularly all-vanadium RFBs.” These rely
on expensive vanadium salts and perfluorinated ion-exchange mem-
branes, such as Nafion®, which together account for over 30 percent
of the system cost and contribute to overall costs of USD 350 to 600
per kW h, significantly above the U.S. Department of Energy’s target
of less than USD 100 per kW h.> Membraneless RFB designs have
emerged as a costreduction strategy that avoids ion-exchange
membranes altogether, using kinetic barriers or spatial redox separa-
tion to suppress species crossover." While approaches based on
laminar flow or biphasic liquid interfaces have demonstrated feasi-
bility, their small-scale architecture, low throughput and instability
under practical conditions have limited progress toward industrial
deployment.> In contrast, hybrid flow batteries combining soluble
redox couples with solid-phase reactions or electrodeposition show
greater promise for achieving membrane-free operation at scale.®
Among these, zinc organic hybrid flow batteries have emerged as a
promising candidate due to their low cost and reduced environ-
mental impact. Moreover, designed additives and interface engineer-
ing effectively address Zn anode challenges.”
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These systems typically couple zinc electrodeposition and
stripping at the anode with organic redox reactions at the cathode,
providing moderate cell voltages (e.g >1.0 V) and simplified
architecture without requiring membrane separation.® Despite the
structural advantages, performance remains constrained by limited
solubility of organic active materials, sluggish kinetics and parasitic
reactions between the zinc electrodeposits and oxidized catholyte
species, which contribute to capacity fade and self-discharge.’
Improving electrolyte design through molecular-level tuning has
therefore become a key strategy for advancing system performance.
Recent efforts have shifted toward binary catholyte systems, which
combine two redox-active organic molecules to exploit synergistic
effects.'® Strategic molecular pairing enables complementary func-
tions, such as improved solubility, faster charge transfer, broader
voltage windows and increased redox reversibility, without requiring
complex synthetic modification of the molecules.'" The synergistic
behavior of such redox-active pairings has been shown to enhance
both energy and power performance, although binary electrolyte
systems remain rare and largely unexplored in practical flow battery
designs. This work introduces a novel binary catholyte composed of
HQ and Tiron, specifically tailored for membraneless zinc-organic
hybrid flow batteries. The HQ-Tiron combination establishes a
sequential two-step redox mechanism with complementary redox
potentials, effectively broadening the electrochemical operating
window and facilitating efficient electron transfer.

The electrochemical and battery performance of metal ion/
organics-Tiron binary cathodes were systematically evaluated
(Fig. S1-S4, SI), enabling preliminary screening of suitable binary
cathode systems. Based on this analysis, the high-performance
HQ-Tiron binary cathode was selected for subsequent investiga-
tion. As shown in Fig. 1a, the individual solubilities of HQ and
Tiron in aqueous media are 0.23 M and 1.57 M, respectively.
Notably, the combined HQ-Tiron mixture exhibits an enhanced
solubility of up to 1.8 M, which corresponds to a theoretical redox
capacity of ca.70 A h L™". This improvement indicates favorable
intermolecular interactions that increase the effective concen-
tration of active species in solution. The redox reactions and
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Fig. 1 (a) Solubility and theoretical capacity of HQ, Tiron and the HQ-Tiron
binary catholyte; (b) redox reaction of the HQ/BQ couple; (c) redox reaction of
the Tiron/BQDS couple; (d) half-cell charge—discharge profiles of HQ, Tiron
and HQ-Tiron catholytes at various current densities (10-200 mA cm™2).

associated potentials of the HQ/1,4-benzoquinone (BQ) and Tiron/
1,2-benzoquinone-3,5-disulfonic acid (BQDS) couples are illustrated
in Fig. 1b and c, respectively. HQ undergoes a reversible two-
electron redox reaction with a standard potential of ca. 0.46 V vs.
SHE, while Tiron is oxidized to BQDS at a higher potential of ca.
0.85 V vs. SHE."” These well-separated redox processes enable the
sequential electron transfer mechanism that underpins the syner-
gistic behavior of the binary system. Molecular interactions, such as
n-n stacking and hydrogen bonding, further enhance redox
kinetics and reversibility while mitigating parasitic side reac-
tions." Electrochemical performance, reaction mechanisms and sta-
bility characteristics are investigated through a combination of experi-
mental techniques and theoretical analysis. The HQ-Tiron binary
catholyte represents a novel electrolyte formulation that delivers
enhanced energy and power densities, high coulombic efficiency
and stable cycling performance under membraneless conditions.
These features indicate its strong potential for practical and scalable
deployment in cost-effective stationary energy storage systems.

The practical applicability of the HQ-Tiron binary catholyte in
membraneless RFB systems was investigated through a series of
galvanostatic charge-discharge tests conducted under various cur-
rent densities using a cathode half flow-cell. As the current density
increased, the voltage profiles (Fig. S5, SI) became broader with
slightly increased overpotentials but overall efficiency remained
competitive. Even at 50 mA cm >, the binary system maintained
an energy efficiency of approaching 80%, which compares favorably
with both HQ- and Tiron-only systems tested under identical condi-
tions, as shown in Fig. 1d. The HQ-Tiron binary system outper-
formed both single-component systems at nearly all current
densities, confirming that the combination of HQ’s fast kinetics
with Tiron’s extended voltage range creates a beneficial tradeoff
between energy and power performance. These results demonstrated
that the HQ-Tiron binary catholyte system exhibits a synergistic
“1+1 > 2” performance enhancement compared to individual HQ
and Tiron cathodes, primarily attributed to the molecular synergy
between HQ and Tiron components.
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The enhanced electrochemical performance of the HQ-Tiron
binary catholyte was further investigated using a combination of
materials characterization, kinetic analysis and theoretical modeling,
aimed at elucidating the underlying charge transfer and mass
transport mechanisms. Nuclear magnetic resonance (NMR), Fourier
transform infrared (FTIR) spectroscopy and scanning electron Micro-
scopy (SEM) analyses reveal the strong intermolecular interactions
between HQ and Tiron (Fig. S6-S8, SI). Cyclic voltammetry (CV)
across different scan rates revealed that both HQ and Tiron alone
followed diffusion-controlled quasi-reversible redox processes
(Fig. S9, SI), with linear peak current-scan rate relationships. How-
ever, when combined, the HQ-Tiron system exhibited significantly
improved reversibility, as evidenced by increased peak currents and
reduced peak-to-peak separation. The HQ component retained its
original anodic slope (0.084) while exhibiting a more negative
cathodic slope (—0.110), indicative of enhanced reduction kinetics.
Simultaneously, the Tiron component demonstrated increased ano-
dic current response with little change in cathodic behavior, imply-
ing more efficient oxidation but the reduction process likely involved
the surface adsorption'* (Fig. 2a and b). These changes support the
hypothesis of a synergistic redox interaction, where HQ and Tiron
engage in complementary reactions that accelerate charge transfer
dynamics across a broader voltage window.

Supporting evidence from RDE studies confirmed this synergy. All
three catholytes (HQ, Tiron and HQ-Tiron) exhibited linear increases
in limiting current with the square root of rotation speed, consistent
with classical Levich behavior™ (Fig. 2c, d and Fig. $10-S12, SI). The
HQ-Tiron system, however, showed enhanced apparent diffusion
coefficients for Tiron (6.97 x 107® cm? s compared to 2.79 x
107® ecm® s in isolation), suggesting that molecular interactions
between HQ and Tiron promote more efficient mass transport.
Additionally, kinetic analysis based on Koutecky-Levich and Tafel
models revealed an increased rate constant for Tiron oxidation in the
binary system (3.78 x 107° cm s vs. 2.81 x 10~ ° cm s~ " alone),

1.5 ——100mVis HQ oxidati
on peak
(2) A /Tiron oxidation peak 1of (b) Slope=0.101
1.0j 49 mV/s
36mV/s
. < 05
25 mV/s = . =() (R4
< 05 Tem £ Slope=0.084
£ 9mVis =
Z o0 8 g0} 0—e—o—oo ——0—o
2 Tiron reduction peak| 5 Slope=0
3 <
<05 & 05
@ HQ oxidation Slope=-0.110
1.0 @ Tiron oxidation
HQ reduction peak HQ-Tiron —1.0f @ HQ reduction
@ _ Tiron reduction
-1
06 -03 00 03 06 09 12 15 2 4 6 8 10

Potential / V vs. Ag|AgCl V2 my!2 12

Limiting current plateau 2 @ HQ limiting current plateau
15 (C) Tiron 1.8 (d) @ Tiron limiting current plateau
——225RPM <
——400 £ 15
< 1.0 625 < 7=0.723+0.077x
= 900 P R?=0.983
g 05 —1225 3 Dy=6.97x10 cm?/s
= — on
£ 0. 1600 200
© =
Limiting current plateau 1 E
0.0 i HQ = 06 V=0.157+0.054x
R?=0.993
HQ-Tiron 0.3 D,=4.61x10° cm¥/s
0.5
00 03 06 09 1.2 1.5 6 7 8 9 10 11 12 13

Potential / V vs. Ag|AgCl ©"2/ rad"? g2

Fig. 2 Electrochemical kinetics of the HQ—-Tiron binary catholyte. (a) CV curves
at various scan rates; (b) the relationships between peak current and scan rates;
(c) linear sweep voltammograms from rotating disk electrode (RDE) measure-
ments; (d) the relationships between the limiting current and rotation speeds.
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reflecting the collaborative nature of redox activation in the mixed
electrolyte. All data of diffusion coefficients and reaction rate con-
stants are summarized in Table S1, SI.

At the molecular level, density functional theory calculations
provided additional insight into the electronic structure of redox-
active species. As shown in Fig. 3a, the HQ-Tiron complex displayed
a more positive Highest Occupied Molecular Orbital (HOMO) and a
nearly Lowest Unoccupied Molecular Orbital (LUMO) compared to
Tiron, suggesting enhanced electron-donating ability without com-
promising electron acceptance. The HOMO-LUMO energy gap
narrowed upon oxidation, particularly in HQ-Tiron and HQ-BQDS
configurations, indicating facilitated electron transfer during the
redox process. Electrostatic potential maps (ESP) revealed electro-
static potential concentrated around hydroxyl and sulfonate groups,
forming favorable sites for intermolecular interactions (Fig. 3b).
These observations support a mechanism where non-covalent inter-
actions stabilize transition states and reduce energetic barriers to
charge transfer. Additionally, the CV curves of the HQ-Tiron binary
catholyte at a low scan rate (1.21 mV s~ ') revealed two well-resolved
successive coupled redox peaks. This is because at lower scan rates,
the charge transfer processes at the electrode have sufficient time to
proceed, allowing the reaction to approach a state closer to
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Fig. 3 Electronic structure and spectral analysis of the HQ-Tiron binary
catholyte. (a) HOMO-LUMO energy levels of various oxidation states of HQ,
Tiron and HQ-Tiron; (b) ESP maps of HQ-Tiron in different oxidation states;
(c) UV-vis spectra during charging; (d) UV-vis spectra during discharging.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

equilibrium. Accordingly, electrochemical impedance spectroscopy
in the potential range (0.48-0.52 V vs. Ag|AgCl) bridging shoulder
peaks exhibited two consecutive charge-transfer semicircles, further
confirming the multi-electron transfer characteristics of the HQ-
Tiron binary cathode'® (Fig. S13, SI).

The proposed interactions were further validated by in situ ultra-
violet-visible (UV-vis) spectroscopy. During charging, growing absor-
bance at 400 nm corresponds to the formation of the oxidized Tiron
derivative BQDS, while a reversible decrease at 245 nm corresponds
to HQ oxidation."” Notably, during discharge, the 400 nm absor-
bance peak exhibited a gradual red shift, indicating a change in the
electronic environment and suggesting enhanced n-n interactions
between HQ and Tiron (Fig. 3¢, d and Fig. S14, SI). These spectral
changes align with a reversible ESP structural rearrangement gov-
erned by hydrogen bonding and aromatic stacking interactions
between HQ and Tiron, as well as can be further confirmed by
NMR and FTIR data (Fig. S6 and S7, SI). Meanwhile, molecular
dynamics simulations (Fig. S15, SI) revealed that in the HQ-Tiron
binary catholyte system, HQ exhibits a lower water coordination
number than Tiron, consistent with their respective solubility beha-
viors in aqueous solution, where Tiron demonstrates higher solubi-
lity. Furthermore, fitting the mean square displacement data showed
that HQ has a higher diffusion coefficient than Tiron, in agreement
with RDE measurements.

As illustrated in Fig. S16 and Table S2, SI, the HQ-Tiron of 1:1
composition offered the most favorable tradeoff between capacity
retention and energy efficiency, maintaining over 85% of its initial
capacity and an energy efficiency exceeding 75%. Under optimal HQ/
Tiron molar ratio, extended cycling at 10 mA cm™> over 100 cycles
further confirmed the stability of this formulation, achieving a stable
coulombic efficiency (CE) above 90% and an average energy effi-
ciency (EE) of ca. 81.4% throughout the 100-hour test. The retained
discharge capacity exceeded 99.8%, and voltage profiles showed no
significant signs of polarization or degradation (Fig. 4a), which is
clearly superior to the single HQ or Tiron system (Fig. S17 and S18,
SI). The rate capability analysis results (Fig. S19, SI) of the full-cell
highlight the high-rate capability of HQ-Tiron, especially given the
absence of a membrane, which typically leads to redox mixing and
crossover. NMR, FTIR and CV data of the electrolyte after long-
cycling test reveal the stability of the HQ-Tiron binary system
(Fig. S20-S22, SI). Moreover, SEM images of the electrode surfaces
before and after long-cycling tests are shown in Fig. S23, SI, revealing
that the surfaces of the Zn anode and carbon felt cathode are
uniform and clear, without dendrites or silts. This robust perfor-
mance is attributed to favorable molecular interactions, such as -
stacking and hydrogen bonding, which enhance redox reversibility
and suppress solute aggregation, while the equimolar ratio limits the
accumulation of any single oxidized product, thereby mitigating zinc
corrosion and self-discharge.

The binary catholyte also demonstrated a narrow charge-discharge
voltage gap and negligible capacity fade at moderate current densities.
These characteristics indicate excellent redox reversibility and low
resistive losses. Furthermore, polarization and power density curves
confirmed that HQ-Tiron supports high current operation with an
output power density peaking at 103 mW cm™ > at 150 mA cm >
(Fig. 4b), surpassing both HQ and Tiron single-catholyte benchmarks.
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Fig. 4 Full-cell performance of the membraneless Zn-quinones hybrid
flow battery. (a) Long-term cycling performance of the HQ-Tiron binary
catholyte at 10 mA cm™2; (b) power density curves of HQ, Tiron and HQ—
Tiron catholytes; (c) charge—discharge voltage profiles of HQ, Tiron and
HQ-Tiron catholytes at 60% SOC.

These trends highlight the advantage of leveraging binary systems to
balance and enhance redox dynamics. Overall, the HQ-Tiron binary
catholyte achieves efficient and stable operation over a broad
current range in membraneless flow batteries. The synergy between
HQ’s low-potential fast redox and Tiron’s high-potential stable
oxidation not only broadens the voltage window but also mitigates
the limitations of each molecule when used alone. In addition to
power performance, the HQ-Tiron system achieves a high energy
density of 21.4 W h L™" at a total active species concentration of
1.8 mol L', significantly higher than HQ or Tiron alone. This
enhancement arises from the broadened voltage window and dual-
molecule contribution to redox capacity. As shown in Fig. 4c, the
charge-discharge voltage profiles of the HQ-Tiron binary system,
HQ- and Tiron single-component system at a high state-of-charge
(SOC) demonstrate that the HQ-Tiron binary system achieves a
superior CE of 75%, compared to the HQ- or Tiron-only system.
This study presents a membraneless zinc-organic hybrid flow
battery utilizing a binary catholyte of HQ and Tiron, which enables
stable, efficient and competitive energy storage through sequential
liquid-phase redox reactions (Table S3, SI). By coupling zinc
electrodeposition at the anode with complementary redox activity
at the cathode, the system eliminates the need for ion-selective
membranes while maintaining high electrochemical performance.
At a 1:1 molar ratio, the HQ-Tiron system delivers a peak power
density of 103 mW cm™?, an energy efficiency of ca. 81.4% over
100 cycles at 10 mA ecm ™2 and capacity retention exceeding 99.8%.
These performance gains arise from favorable molecular interac-
tions, including hydrogen bonding and m-n stacking, which
enhance redox reversibility, facilitate mass transport and broaden
the electrochemical operating window (Fig. S24, SI). Compared to
single-component systems, the binary formulation exhibits faster
charge transfer, higher diffusion coefficients and more reversible
redox behaviors, as confirmed by in situ UV-vis spectroscopy and
theoretical calculations. This approach demonstrates the potential
of molecularly paired organic electrolytes to expand the voltage
window, suppress side reactions and improve long-term cycling
without requiring complex synthesis or membrane integration.
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Future work may extend this binary catholyte design to other
classes of organic redox-active species to unlock broader voltage
tunability, solubility enhancement and molecular-level control
across next-generation flow battery chemistries.
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