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A B S T R A C T

This study monitors a two-electron chloranilate-ferrocyanide redox flow battery system in alkaline media at 1.1 
V, focusing on capacity recovery during charge-discharge operations. Capacity decay is relatively stabilized and 
restored via electrochemical oxidation process at certain steps. Different concentrations and cycle performances 
are also tested.

1. Introduction

Energy storage is important in connecting variable renewable energy 
sources with energy consumption. For renewable energy to be widely 
used, affordable and efficient storage options need to have a lasting 
impact [1–3]. Due to the instability of renewable energy, reliable stor
age systems are needed to store additional energy during peak produc
tion periods and to regularly distribute on demand. Redox flow batteries 
(RFBs) are electrochemical energy storage systems that unlike tradi
tional batteries, store energy in electrolyte solutions, allowing inde
pendent control of energy and power [4–7].

Organic flow batteries (ORFBs) offer several advantages compared to 
inorganic redox flow battery systems. Several organic compounds are 
used as redox mediators (active materials) that can be tuned to increase 
electrical power and improve overall performance [1,2,6–8]. ORFBs 
generally have high capacity [16], improved efficiency [17,18], and low 
cost due to the availability and accessibility of biological materials such 
as plants extractions, etc. In addition, Aqueous organic redox flow bat
teries can be considered safe and environmentally friendly electro
chemical energy storage systems due to their use of non-toxic, abundant 
organic materials and water-based electrolytes, which relatively mini
mize the risk of flammability and environmental contamination. The 
flexible molecular structure allows for better tuning of the battery’s 
components, resulting in higher energy and longer life time [1,4,7,9].

Quinone-based redox flow batteries are a promising new system in 
energy storage technology, using organic compounds to store and 

release electrical energy efficiently by reducing one or two electrons 
depending on the chemical environment. Various types of quinones, 
such as benzoquinones [10], naphthoquinones [11,12], anthraquinones 
[13–15], have been studied for the construction of quinone-based redox 
flow batteries (Fig. 1).

The inherent advantages of quinones, such as their abundance, low 
cost, and environmental compatibility, make them an attractive choice 
for redox flow batteries. The ability to tailor quinone structures further 
enhances the tunability of these batteries, allowing to optimize perfor
mance characteristics such as energy density, cycling stability, and ef
ficiency [10,11,13].

2,5-dihydroxy-1,4-benzoquinone-based redox flow battery system 
was previously studied [10], however commercial availability is limited 
due to high prices. The chlorinated derivative of 2,5-dihydroxy-1,4-ben
zoquinone, which is also called, chloroanilic acid is economically 
favourable (almost ten-times cheaper than its non-chlorinated deriva
tive), and higly soluble in aqueous Li+ media. In our studies, we have 
aimed to use chloroanilic acid in Li+ media and battery performance of a 
novel redox flow battery system were optimized for the first time (See 
Scheme 1).

2. Results and discussion

The solubility tests for chloranilic acid were made in different 1 M 
alkaline electrolytes (LiOH, NaOH, KOH, NH4OH) and neutral pH 
electrolytes (LiCl, NaCl, KCl, NH4Cl) to be found that LiOH gave the 
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highest solubility, the order to be found LiOH (280 mM) >> LiCl (~100 
mM) > NH4OH (70 mM) > NaOH (40 mM) > > KOH (~10 mM) > >

NH4Cl > NaCl > KCl, respectively, and reversible redox peak formation 
at room temperature. The combined cyclic voltammograms of lithium 
chloranilate and lithium ferrocyanide chloranilic acid in 1 M LiOH were 
shown in Fig. 2.

Due to the high cation selectivity and good ionic conductivity, 
Nafion 212 was decided to be used in the battery setup. Additionally, 
commercial sodium and potassium salts of ferrocyanide were found to 
be unsuitable for use due to low solubility of redox active negolyte 
material, therefore lithium ferrocyanide (LiHCF) salt was prepared to be 
used in the posolyte side of the battery in order to avoid any negative 
impact of counter ion as low solubility of chloranilate in Na+ and K+

containing alkaline media. Cyclic voltammogram of chloranilate in the 
presence of Li+ was run in the presence of lithium ferrocyanide, which is 

a suitable posolyte. These two redox molecules (posolyte and negolyte) 
did not show any unusual interactions to each other and it was 
concluded that they could be suitable together under these conditions, 
see Fig. 2.

Following the obtained reversible cyclic voltammograms of lithium 
chloranilate and lithium ferrocyanide battery setup, the experimental 
battery studies were performed. A two-electron reversible reduction in 
this system was observed with peak potentials of approximately − 0.89 V 
vs Ag/AgCl. From the dQ/dV profile determined (Fig. S5) from the 
battery software it was observed that two electrons are involved for 
redox processes. According to the observed results in this profile, two- 
steps redox reactions occur in the 1.1 V battery preserved during 
charge-discharges in the presence of Li+ containing alkaline media have 
been proven.

The installed battery system setup was monitored under various 
conditions with different charge and discharge parameters such as 
voltage and currents, and as a result, capacity decay was observed 
(Fig. 3). The decay comes from dimerization of charged species as 
described in Eq. 1–4. that are not electroactive after dimerization 
[22,24]. Higher concentration of chloranilate results in faster dimer
ization rate as the charged species can find and make the reaction easier. 
The effect of increasing concentration is shown in Fig. 3.

All the assembled batteries in this paper have used the same elec
trolyte in Negolyte and Posolyte to prevent crossover or osmosis pres
sure. A high concentration of LiHCF was used in the posolyte to have the 
lithium chloranilate (negolyte) as limiting factor to investigate, tests 
have been measured in glovebox (N2 environment).

In order to restore the capacity back by recovering the monomers 
from the dimers, first achieved by chemical oxidation (see Eq. 5) by 
using air bubbling through the solution until the color changes from 
light yellow to purple as original chloranilate anion’s color in alkaline 
media. The capacity recovery is shown in Fig. 4. The coulombic effi
ciency in the Fig. 4 for the recovery step is 0 % because the air bubbling 
was done when battery was fully charged. Thus, the battery could be 
discharged by air at the same time as electrorecovery (Scheme 2). 
Quinone molecules in the flow battery have the capacity to charge and 
discharge 2 electrons but practically just 60–90 % of the 2 e− capacity 
achieved [14,19–21]. In our system, the capacity after recovery 
increased in this case and the root of this increasement is by introducing 
the O2 to the solution, the media is getting alkaline and the redox active 
material works better in higher pH, as this is discussed further.

Then, the battery tests were reprogrammed to add an additional step 
and after certain cycles, it was formed electrochemically without the 
contribution of an external oxidative substance. Similar recovery steps 

Fig. 1. The simple chemical structures of 1,4-benzoquionone (left), 1,4-naph
thaquinone (middle), and 9,10-anthraquionone (right).

Scheme 1. The chemical structures of 2,5-dihydroxy-1,4-benzoquinone (left) 
and chloranilic acid (right)

Fig. 2. Cyclic voltammograms of the lithium chloranilate (left, black) as 
negolyte for the battery and lithium ferrocyanide (right, red) as posolyte side of 
the system in 1 M LiOH with a 50 mV/s scan rate. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 3. The batteries with different concentration of lithium chloranilate 
(Negolyte) vs LiHCF (Posolyte in excess) in 1 M LiOH.
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were applied in literature [22–24]. Thus, by transforming the redox- 
inactive structure that causes capacity decay into the starting material, 
capacity loss was prevented and the battery’s lifetime was tried to be 
partially extended for longer and better applications. This step can be 
seen from the Fig. 5, which the cycle after the recovery takes more time 
to charge and discharge, basically showing more capacity.

At the recovery step, the battery should be discharged (at this step 
there are the initial molecules and the formed dimers), by setting current 
to a lower value (2 mA/cm [2]) and going to negative potentials we are 
taking electrons from the negolyte side. The reaction in Eq. 4 starts 
happening at − 0.5 V from the battery potential which is 0.2 V vs SHE for 
the negolyte. The positive value of this reaction shows the favourability 
of the reaction and confirms the oxygen recovery can happen without 
applying any potential. This step is usually done with applying lower 
current to give opportunity to all the dimers to be oxidized to first 
monomers, and when the formed dimers in the Eq. 4 converted to the 
initial monomers, the electrorecovery curve goes down. Here is the point 
that it should be stopped to avoid side reactions. 

C6Cl2O4
2− + e− → C6Cl2O4

3•− (1) 

C6Cl2O4
3•− + e− → C6Cl2O4

4− (2) 

2 C6Cl2O4
3⋅− +H2O→ C12Cl4O6

4− +2 OH− +
1
2
O2 (3) 

C12Cl4O6
4− +4 OH− → 2 C6Cl2O4

2− +2H2O+4 e− (4) 

As a first step, two-negatively charged chloranilate (C6Cl2O4
2− ) can 

go under one-electron reversible reduction to form a three-negatively 
charged radical specie of chloranilate as a semi-quinone structure 
(C6Cl2O4

•3-) at E = − 0.84 V (Eq. 1) vs Ag/AgCl in 3 M KCl. Then it can be 
one-electron reversible reduction to form a four-negatively charged 
chloranilate as a quinone structure (C6Cl2O4

4− ) at E = − 0.97 V (Eq. 2) vs 
Ag/AgCl in 3 M KCl. The formed three-negatively charged chloranilate 
radical anion specie can be irreversibly form a four-negatively charged 
dimeric structure of a quinone (C12Cl4O6

4− ) in alkaline condition (Eq. 3). 
During this formation, pH is increased due to consumed H2O molecules 
and formed OH− ions. Such formation can be seen from the color change 
of green to yellowish. This dimer formation can be also explanation of 
the capacity-fade to form a new structure which has different potential 
to act electrochemically. The formed dimeric structure can be electro
chemically oxidized back to two-negatively charged chloranilate at E =
− 0.5 V (Eq. 4). The formed dimeric structure can be alternatively 
oxidized by air-purging through the solution outside was tried and 
detected the color change from yellow to purple as oxygen (O2) can 
decompose to dimer structure to form two-negatively charged chlor
anilate (Eq. 5). 

C12Cl4O6
4− +O2→ 2 C6Cl2O4

2− (5) 

The electrochemical process and molecular changes can be also 
illustrated with molecular drawing as below (Scheme 2).

In the first few cycles of a redox flow battery, the coulombic effi
ciency naturally improves as the system settles in. The reason is that 
however the solution is bubbled with N2 and the test is done in the 
glovebox, but still there is a bit oxygen left in the solution which goes 
into the irreversible reaction with the charged redox active material. But 
over time, it is consumed and the system is stabilized. In lower con
centration test (Fig. 6. top), this stabilization takes more time and the 
stabilization process affects more cycles. In Fig. 6. middle and bottom 
graphs, there are cycles which the coulombic efficiency exceeding 100 % 
during the recovery step. This indicates that more electrons are 
consumed during the discharge process than were supplied during 
charging. This occurs because the recovery step, which takes place after 
the main discharge, is also classified as part of the discharge process but 
happens at negative potentials.

As a result, additional electrons are transferred beyond the initial 

Fig. 4. The capacity recovery using bubbling air into the solution.

Scheme 2. The proposed mechanism of chloranilate two-electron reduction 
and NMR and UV–vis assisted structural change to dimeric specie formation and 
its electrochemical oxidation to chloranilate in alkaline media

Fig. 5. Electro-capacity recovery step (extra-discharging the battery) which 
breaks the dimer bond.
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charge input, leading to an apparent coulombic efficiency greater than 
100 %. This effect arises from the nature of the recovery step, where the 
dimer participates in redox reactions, contributing to extra electron flow 
during discharge to become the starting material.

Fig. 6 shows the effect of the recovery step for different concentra
tions of lithium chloranilate. The battery with low concentration of 1 
mM does not need the recovery step as it the dimerization rate in the low 
concentration is negligible and if we apply the recovery step to the so
lution, not only the capacity does not get back, but also, solution will 
lose the active materials as high potential can oxidize the monomers 
destructively by side reactions. as shown in Fig. 6 middle and bottom, by 
increasing the concentration the decay is stronger and the recovery 
should be done sooner. Basically, by losing 60–70 % of the capacity one 
electrorecovery step has been applied. This capacity fade for 10 mM is 
each 30 cycles and for 100 mM is every 10 cycles. And the cycle numbers 
for each recovery stayed constant to observe the changes from the next 
recoveries.

In next recoveries the coulombic efficiency of the recovery steps 

decreased because there is less dimerization and the rate of dimerization 
is decreased. This happens because 4 OH− molecule are consumed in 
each recovery step for each dimer (as shown in Eq. 4) and the solution 
pH is getting lower and lower by each step of recovery. By decreasing the 
pH, the dimerization rate gets lower and battery works better but in low 
pH applying the recovery step is not possible.

In order to have lower dimerization rate, optimization of the pH has 
been done, shown in Fig. 7. The black points at the 0.5 M and 0.3 M of 
LiOH electrolyte are the applied recovery steps which failed because 
there is no enough OH− in the media to involve to the recovery step. The 
pourbaix diagram (Fig. S8) approves the potential of the lithium 
chloranilte is not changing by changing the pH.

Considering all experimental results together with 13C NMR and 
UV–vis spectra, the mechanistic approach was concluded the formation 
of dimer started from 1e− reduction of chloranilate followed by hydro
lysis and it can be either recovered by molecular O2 and electrochemi
cally discharging at negative potentials. The more detailed spectral data 
can be seen in ESI.

3. Conclusion

As a first time, lithium chloranilate was proposed to be used in redox 
flow batteries as a cost-friendly negolyte material. Lithium chloranilate 
was electrochemically investigated. Capacity loss during battery mea
surements was prevented first using molecular oxygen and then it was 
replaced by electrochemical oxidation to disform the dimerized mole
cule which yielded in the capacity decay was restored as it re-oxidized to 
dianionic chloranilate molecules. Furthermore, the various conditions 
were also studied to understand how this system work properly. The 
effects of concentration and pH on the capacity loss occurring during all 
battery operations were also discussed and investigated with various 
measurements. The capacity recovery can be done by electrochemically 
in certain conditions. As higher pH makes, compound more efficient and 
more capacity is achieved. It was shown that chloranilate-based redox 
flow batteries can applicable due to its cyclability and reversibility.

Notes and references
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Fig. 6. Electro-capacity recovery for different concentration of lithium chlor
anilate in 1 M LiOH (negolyte); 1 mM (top), 10 mM (middle) and 100 mM 
(bottom) vs LiHCF (posolyte) in excess.

Fig. 7. The electrochemical recovery tests for 100 mM LiChA in different LiOH 
concentrations.
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