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Abstract
Aqueous organic redox flow batteries (AORFBs) attract a significant attention for large-scale energy
storage systems owing to their intrinsic safety, low cost, and design flexibility. Among various organic
redox couples, 2-hydroxy-1,4-naphthoquinone (Lawsone) and ferrocyanide (FeCN) combination exhibits a
promising electrochemical performance. However, its practical application is hindered by capacity decay
arising from side reactions occurring under strongly alkaline conditions. Although chemical modification
of Lawsone proposes to improve cycling stability, such approaches generally require complex synthesis
and increase material cost. In this work, supporting electrolyte composition is adjusted to alleviate the
strongly alkaline environment without modifying the active material. Specifically, hydroxide is partially
replaced with chloride to reduce alkalinity of electrolyte and the effects of potassium salt anions on
electrochemical behavior and battery performance of Lawsone anolyte is investigated. Contrary to the
initial expectation, conventional 1 M KOH electrolyte exhibits superior electrochemical kinetics, leading
to higher capacity utilization and improved cycling stability than the mixed electrolyte (0.8 M KCl + 0.2 M
KOH). AORFB employing 1 M KOH retains 72% of its initial capacity after 100 cycles, whereas mixed
electrolyte preserves only 42%. These findings indicate that electrochemical performance is governed
not only by electrolyte alkalinity but also by the nature of supporting electrolyte anion.

1. Introduction
Aqueous organic redox flow batteries (AORFBs) have emerged as promising candidates for large-scale
energy storage systems because of their high safety, flexible scalability, long cycle life, and use of earth-
abundant and environmentally benign materials [1–25]. Unlike metal-based flow batteries [26–47],
AORFBs employ organic redox-active molecules whose electrochemical properties can be tailored
through molecular design, offering opportunities to improve energy density while reducing material cost.
Among various organic compounds, quinone-based molecules have attracted considerable attention
owing to their fast redox kinetics, reversible electrochemical reactions, and structural diversity [1–12]. In
particular, Lawsone (2-hydroxy-1,4-naphthoquinone), which is a naturally occurring quinone extracted
from henna plants, has been recognized as a promising anolyte because of its low cost, sustainability,
and favorable electrochemical properties [1]. When coupled with the ferri-/ferrocyanide, Lawsone
exhibits a relatively high cell voltage and excellent rate capability, making it an attractive candidate for
practical AORFB applications.

Most reported Lawsone-based electrolytes employed potassium hydroxide (KOH) as a supporting
electrolyte, where deprotonation of the hydroxyl group significantly enhanced the solubility of lawsone
while providing rapid electron-transfer kinetics and high electrochemical reversibility. However, strongly
alkaline environments also accelerated undesirable side reactions and molecular degradation of quinone
species, resulting in progressive capacity decay during long-term cycling. Consequently, considerable
efforts have been devoted to improving the stability of lawsone and related quinones through molecular
engineering [2–5]. Various functional groups have been introduced into quinone molecules to suppress
degradation pathways, enhance solubility, and improve electrochemical stability. Although these
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approaches have successfully improved cycling performance, they generally require additional synthesis,
purification, and structural characterization, increasing both the complexity and cost of active-material
development.

Compared with molecular engineering, electrolyte engineering offers a simpler and more practical
strategy because it modifies the electrochemical environment without changing the molecular structure
of the active material [6–8]. The composition of supporting electrolytes can influence ionic conductivity,
solvation structure, intermolecular interactions, and charge-transfer processes, all of which affect battery
performance. Nevertheless, studies on Lawsone-based AORFBs have almost exclusively employed KOH
electrolytes, and the influence of supporting electrolyte anions has received little attention.

In this work, to clarify the role of supporting electrolyte anions, various potassium salts were initially
screened as candidate supporting electrolytes. Of them, potassium tetraborate (K2B4O7), potassium
persulfate (K2S2O8), and potassium perchlorate (KClO4) were excluded because Lawsone exhibited
insufficient solubility in these electrolytes. In contrast to them, potassium sulfate (K2SO4) provided

adequate solubility but exhibited slower electron-transfer kinetics during cyclic voltammetry
measurements than potassium chloride (KCl), making it unsuitable for subsequent full-cell evaluation.
Consequently, KOH and a mixed KCl/KOH electrolyte were selected for further investigation. A mixed
KCl/KOH electrolyte was initially expected to improve cycling stability by reducing electrolyte alkalinity
and suppressing alkaline-induced side reactions. Contrary to this expectation, however, the conventional
KOH electrolyte consistently exhibited superior electrochemical performance owing to its faster
electron-transfer kinetics. These results demonstrate that the electrochemical behavior of Lawsone
cannot be explained solely by electrolyte alkalinity and reveal that the identity of the supporting
electrolyte anion plays a critical role in governing charge-transfer behavior and battery performance. This
study provides a new insight into the role of supporting electrolyte anions in quinone electrochemistry
and highlights electrolyte engineering as an effective strategy for designing high-performance aqueous
organic redox flow battery electrolytes.

2. Materials and methods

2.1. Materials
2-Hydroxy-1,4-naphthoquinone (Lawsone, 98%) was obtained from Alfa Aesar. Potassium ferrocyanide
trihydrate (ferrocyanide, 99%), potassium hydroxide (KOH, 95%) and potassium chloride (KCl, 99%) were
purchased from Samchun Chemicals.

2.2. Electrochemical characterization
Cyclic voltammetry (CV) was conducted to evaluate the redox properties of Lawsone in various
conditions of supporting electrolytes using a potentiostat (SP-240, BioLogic). A glassy carbon electrode
(GCE), Ag/AgCl electrode, and platinum (Pt) electrode were used for the working electrode, reference
electrode, and counter electrode, respectively. The scan rate was 50 mV s− 1. Furthermore, the CV of
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charged and discharged anolyte and catholyte after the full cell cycling were also measured for analyzing
their redox properties.

2.3. Full cell test
For full cell tests with sole KOH salt, 0.25 M potassium ferrocyanide dissolved in 25 mL of 1 M KOH was
used for the catholyte and 0.1 M Lawsone dissolved in 20 mL of 1 M KOH was used for the anolyte. To
test systems with KCl salt, 0.25 M potassium ferrocyanide dissolved in 25 mL of 1 M KCl was used for
the catholyte and 0.1 M Lawsone dissolved in 20 mL of mixture of 0.2 M KOH and 0.8 M KCl was used
for the anolyte. A peristaltic pump (BT 100-2 J, Longer Precision Pump Co., Ltd.) with two pump heads
(YZ 1515X, Longer Precision Pump Co., Ltd.) and Viton tubes was operated at 30 rpm to transport the
electrolytes. Nafion 117 membrane was used to separate the two carbon felt electrodes whose size was
2  3 cm2. By using a WBCS3000 battery test system from Wonatech, the cut off voltage of 0.2 V ~ 1.6

V was applied and the current density of 40 mA cm− 2 was used for 100 cycles.

3. Results and discussion
To identify suitable potassium-based supporting electrolytes for Lawsone, the solubility of Lawsone was
first evaluated in 0.8 M KOH containing 0.2 M of various potassium salts. As shown in Fig. 1, even 0.1 M
lawsone was not completely dissolved in the electrolytes containing K2B4O7, K2S2O8, or KClO4, indicating
that these salts adversely affected the solubility of Lawsone. In contrast, 0.1 M Lawsone was fully
dissolved in the KOH solution of containing K2SO4 or KCl. Therefore, K₂SO₄ and KCl were selected for

subsequent half-cell measurements to evaluate their effects on the electrochemical behavior of
Lawsone. The dissolution behavior may not exhibit a simple correlation with the size or charge density of
the supporting electrolyte anions, suggesting that salt-specific solubility, ion pairing, and solvation
effects collectively governed the formation of homogeneous Lawsone electrolytes.

Following the solubility screening, the effects of KCl and K2SO4 addition on the electrolyte pH and
electrochemical redox properties of Lawsone were investigated using CV measurements. The electrolyte
composition was varied by partially replacing KOH with KCl or K2SO4, and the resulting pH values and
redox properties were compared with those obtained in 1 M KOH (Fig. 2). The pH of the Lawsone in 1 M
KOH electrolyte was 13.94, whereas the pH values decreased to 13.00 and 13.05 in 0.8 M KCl/0.2 M KOH
and 0.4 M K2SO4/0.2 M KOH, respectively. When the KOH concentration was further reduced to 0.1 M,
the pH of 0.9 M KCl/0.1 M KOH and 0.45 M K2SO4/0.1 M KOH was 11.12 and 6.26, respectively. Thus,
partially replacing KOH with KCl or K2SO4 generally reduced the alkalinity of the electrolyte.

The redox potential of Lawsone shifted toward more positive values as the alkalinity of the electrolyte
decreased. The redox potential increased from − 0.707 V in 1 M KOH to − 0.695 and − 0.672 V in the KCl-
containing electrolytes and to − 0.693 and − 0.667 V in the K₂SO₄-containing electrolytes. This positive
shift can be attributed to the pH-dependent redox behavior of Lawsone, potentially involving changes in
its protonation state and solvation environment. Because Lawsone serves as the negative active

×
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material, however, the positive shift in its redox potential is unfavorable for maximizing the full-cell
voltage.

The addition of KCl or K2SO4 also increased the difference between reduction and oxidation potentials
compared with that observed in 1 M KOH. The ΔEp increased from 0.110 V in 1 M KOH to 0.149 and
0.173 V in the KCl-containing electrolytes and to 0.169 and 0.208 V in the K2SO4-containing electrolytes.

Such increased ΔEp indicates a higher electrochemical polarization and a slower apparent electron-
transfer kinetics in the mixed supporting electrolytes. In particular, the K2SO4-containing electrolytes
showed larger ΔEps than the KCl-containing electrolytes at comparable KOH concentrations, suggesting
that the sulfate-containing media were less favorable for the redox kinetics of Lawsone.

The Ipa/Ipc ratio also deviated further from the ideal value of unity upon the partial replacement of KOH.
The ratio decreased from 0.81 in 1 M KOH to 0.68 and 0.48 in the KCl-containing electrolytes and to 0.75
and 0.47 in the K2SO4-containing electrolytes. These changes indicate a general decrease in the

apparent redox reversibility of Lawsone as KOH concentration was reduced.

Although addition of KCl or K2SO4 resulted in a slower electron transfer and less reversibility, reducing
the electrolyte alkalinity by these neutral potassium salts may suppress base-induced side reactions of
Lawsone and consequently improve its long-term chemical stability. Therefore, full-cell cycling tests
were conducted to determine whether the potential improvement in chemical stability could compensate
for the less favorable half-cell electrochemical properties. Among the mixed electrolytes, the KCl-
containing electrolyte was selected for subsequent full-cell evaluation because they exhibited smaller
ΔEps and thus comparatively more favorable apparent electron-transfer kinetics than the corresponding
K2SO4-containing electrolyte.

Based on the pH and half-cell CV results, the 0.8 M KCl + 0.2 M KOH electrolyte was determined for full-
cell evaluation because this exhibited more favorable redox kinetics than the corresponding K2SO4-
containing electrolyte (Scheme 1). Figure 3 compares the electrochemical performance of Lawsone and
ferrocyanide included flow batteries employing 1 M KOH or 0.8 M KCl + 0.2 M KOH as the supporting
electrolyte for the anolyte. Both cells exhibited nearly identical coulombic efficiencies (99%) and
comparable energy efficiencies (79% for 1 M KOH and 78% for 0.8 M KCl + 0.2 M KOH), indicating that
partial replacement of KOH with KCl had little influence on the overall efficiency of the cells.

However, a significant difference was observed in capacity utilization and cycling stability. The cell
employing 1 M KOH exhibited an initial capacity utilization of 91% and retained 72% after 100 cycles. In
contrast, the cell using the mixed KCl and KOH electrolyte showed a similar initial utilization of 92% but
retained only 42% after 100 cycles, indicating substantially faster capacity decay during cycling.
Therefore, although the mixed electrolyte did not significantly affect the initial electrochemical utilization
of Lawsone, it failed to improve the long-term cycling stability.
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Initially, it was hypothesized that partially replacing KOH with KCl would reduce the electrolyte alkalinity,
thereby suppressing alkaline-induced side reactions of Lawsone and improving cycling stability. To verify
this hypothesis, the pHs of both the anolyte and catholyte were measured before and after full-cell
operation. The initial pH of the mixed anolyte decreased from 13.9 to 13.0 upon partial replacement of
KOH with KCl, while the catholyte pH decreased from 14.0 to 9.9. After 100 cycles, however, they
increased to 13.2 and 12.9 for the anolyte and catholyte, respectively, approaching the strongly alkaline
conditions observed in the 1 M KOH electrolyte. These results corroborated that the reduced alkalinity of
the mixed electrolyte could not be maintained during battery operation. Consequently, the anticipated
suppression of alkaline-induced side reactions was not achieved under the present operating conditions.

Considering the CV results shown in Fig. 2, the inferior cycling stability of the mixed electrolyte is likely
associated with its less favorable electrochemical kinetics. Compared with 1 M KOH, the KCl-containing
electrolyte exhibited a larger peak-to-peak separation and lower apparent reversibility, indicating slower
electron-transfer kinetics. Such sluggish charge-transfer behavior may have increased electrochemical
polarization and promoted incomplete utilization of the active material during repeated cycling,
ultimately leading to accelerated capacity decay. These findings indicate that, although reducing the
electrolyte alkalinity was initially expected to improve the chemical stability of Lawsone, the beneficial
effect was outweighed by the deterioration in electrochemical kinetics. Therefore, maintaining favorable
electron-transfer characteristics provided by hydroxide ions appears to be more critical than simply
lowering the electrolyte pH for achieving stable cycling performance in Lawsone-based AORFBs.

To further investigate the origin of the capacity decay, CV curves for both the anolyte and catholyte
before and after the full-cell cycling tests are measured (Fig. 4). The CV curve profiles of the lawsone
anolyte employing 1 M KOH and 0.8 M KCl + 0.2 M KOH are compared in Fig. 4(a) and 4(c), respectively.
After 100 cycles, the redox peaks of Lawsone in the mixed electrolyte of KCl and KOH was better
preserved than those in the 1 M KOH electrolyte, suggesting that partial replacement of KOH with KCl
may alleviate the degradation of Lawsone to some extent by reducing the initial electrolyte alkalinity.
This observation is consistent with the expectation that a less alkaline environment can suppress
alkaline-induced side reactions of quinone-based active materials.

In contrast, the opposite trend was observed for the ferrocyanide catholyte. As shown in Fig. 4(b) and
4(d), the ferrocyanide redox peaks were better maintained when the anolyte employed 1 M KOH, whereas
a more pronounced decrease in peak current was observed after cycling when the mixed electrolyte of
KCl and KOH was used. Combined with the pH measurements, these results corroborated that the
catholyte in the mixed-electrolyte cell gradually became more alkaline during cycling, which may
accelerate undesirable side reactions of the ferrocyanide electrolyte, reducing its electrochemical
activity.

These findings indicate that simply lowering the electrolyte alkalinity is insufficient to improve the cycling
stability of Lawsone-based AORFBs. Instead, maintaining adequate hydroxide concentration for
favorable electron-transfer kinetics while suppressing alkaline-induced side reactions should be
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considered simultaneously. Therefore, future electrolyte engineering should focus not only on reducing
the electrolyte pH but also on optimizing the supporting electrolyte composition to balance
electrochemical kinetics and chemical stability.

4. Conclusion
This study systematically investigated the influence of supporting electrolyte anions on the
electrochemical behavior of Lawsone in aqueous organic redox flow batteries by partially replacing KOH
with potassium salts. Among the potassium salts examined, K2SO4 and KCl were determined for
electrochemical evaluation. Their CV curves revealed that partially replacing KOH with KCl or K2SO4

shifted the redox potential to more positive values, increased the peak-to-peak separation, and
decreased the apparent reversibility of Lawsone, indicating slower electron-transfer kinetics than in the
conventional KOH electrolyte. Full-cell cycling tests further demonstrated that the mixed electrolyte of
KCl and KOH exhibited significantly poorer capacity retention despite its lower initial alkalinity. Although
the reduced alkalinity partially preserved the electrochemical activity of Lawsone after cycling, it did not
improve the overall cycling stability because the beneficial effect was offset by the deterioration in
electron-transfer kinetics and the degradation of the catholyte. These results demonstrate that simply
lowering the electrolyte pH is insufficient to improve the cycling stability of Lawsone-based AORFBs.
Instead, future electrolyte engineering should focus on developing supporting electrolyte compositions
that suppress alkaline-induced side reactions while preserving the favorable electron-transfer kinetics
provided by hydroxide ions. Such an approach will provide a more rational strategy for designing high-
performance Lawsone-based aqueous organic redox flow batteries.
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Scheme 1
Scheme 1 is available in the supplementary files section.
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Figure 1

A photo showing the precipitation of 0.1 M Lawsone in 0.8 M KOH containing 0.2 M i) K2B4O7, ii) K2S2O8,
or iii) KClO4.

Figure 2
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CV curves of 0.1 M Lawsone in i) 1 M KOH, ii) 0.8 M KCl containing 0.2 M KOH, iii) 0.9 M KCl containing
0.1 M KOH, iv) 0.4 M K2SO4 containing 0.2 M KOH, or v) 0.45 M K2SO4 containing 0.1 M KOH.

Figure 3

(a) Discharge capacity, (b) Coulombic efficiency, (c) Voltage efficiency, and (d) Energy efficiency of single
cells measured with 0.1 M Lawsone in i) 1 M KOH and ii) 0.8 M KCl containing 0.2 M KOH. The tests
were performed at 40 mA cm-2 for 100 cycles.
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Figure 4

CV curves of (a) anolyte and (b) catholyte before and after single cell test using an anolyte with 1 M KOH,
and the (c) anolyte and (d) catholyte before and after single cell test using an anolyte with 0.8 M KCl
containing 0.2 M KOH.
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