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� One of the most negative electrode potentials in neutral/acidic systems.
� Highly soluble (>2.0 mol dm�3) in both reduced and oxidized forms.
� Large theoretical specific capacities (>474 A h kg�1).
� Up to 4 electron-transfers are theoretically possible in this group.
� Reaction mechanisms have been proposed for both acidic and alkaline routes.
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The electrochemical reduction and oxidation of cyclohexanedione is evaluated for the first time as the
negative electrode reaction in an organic redox flow battery. Electrochemical characterization indicates
that the redox reaction of cyclohexanedione is a proton-coupled electron transfer process with quasi-
reversible behavior in acidic media (pH < 3). Among three isomeric compounds (1,2-, 1,3- and 1,4-
cyclohexanedione), the reduction of 1,3-cyclohexanedione exhibits the most negative electrode potential
(c.a. �0.6 V vs. Ag|AgCl (c.a. �0.4 V vs. NHE)) as well as the widest pH operating range (pH 1–5) for rela-
tively reversible reactions. The resulting electrode potential is the most negative of those to have been
reported in neutral/acidic electrolytes. 1,3-cyclohexanedione is subsequently used as the active species
in the negative electrode of a parallel plate flow cell, which is charge-discharge cycled at 3.4 mA cm�2

for 100 cycles, yielding half-cell coulombic efficiencies of c.a. 99%. The organic molecules derived from
this group are observed to have high solubilities (>2 M) and exhibit reduction process with up to 4 elec-
trons transferred.
� 2017 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).
1. Introduction

The European Union commission has set a target of a 43%
reduction in greenhouse gas emissions from all sectors by 2030
(from the 2005 level) [1]. Achieving this and similar targets
adopted in other regions of the world will require the wide-scale
deployment of renewable power sources in grid-scale and
transport applications [2]. In order to facilitate the penetration of
intermittent renewables into power grids (provide flexible and
stable energy outputs to end-users), it is commonly accepted that
efficient and competitively priced energy storage systems will play
a major role [3–10].

In the past few decades, a number of energy storage technolo-
gies have been developed and successfully demonstrated. Among
these technologies, electrochemical devices are considered to be
attractive since they can be installed in any location (not terrain
dependent in contrast to pumped-hydro and compressed air), do
not involve any disruption to the environment and do not involve
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very high capital costs [5,6]. To ensure that energy storage devices
are economically viable in long term, the Department of Energy of
the United States (DoE) has set a system capital cost target of USD$
150 kW h by 2023, to match with the operating costs of existing
physical energy storage technologies [7–11].

Considering their potential economic and safety advantages,
redox flow batteries are recognized as the most realistic candidates
for storage in the range of a few kW/kW h up to tens of MW/MW h.
In contrast to conventional rechargeable batteries, redox flow bat-
teries store energy in the form of reduced and oxidized electroac-
tive species in flowing electrolytes and/or on the electrode
surfaces, while conventional batteries (e.g., lead acid and lithium-
ion batteries) contain static electrolytes and store energy within
the electrode structures [5]. For flow batteries, the power output
and energy capacity can be adjusted readily by increasing the elec-
trode size or/and the electrolyte volume.

Since the invention of the redox flow battery concept, various
chemistries based on metallic active materials (i.e. all-vanadium
[12], zinc-cerium [13], vanadium-cerium [14] and all-copper
[15]) have been proposed. The all-vanadium redox flow battery is
the most developed and widely studied system due to its high
reversibility and relatively large power output. In relation to the
DoE target (USD$ 150 kW h), the capital costs of vanadium systems
are, however, still too high (USD$ 200–750 kW h) for extensive
market penetration [16]. For example, the electrolyte cost of the
vanadium redox flow batteries exceeds USD$ 80 kW h [17].

In order to reduce costs (especially those of the electrolytes),
recent investigations have proposed the use of organic active
materials. In general, organic molecules are abundant and can be
extracted readily from various sources. Even in the early stage of
development, the electrolyte cost of the organic flow battery has
been demonstrated to be lower than USD$ 35 kW h (half-/full-
cell estimations for the redox couples of anthraquinone/benzo-
quinone or anthraquinone/bromine) [18,19].

The electrolyte cost per kW h can be further decreased by
selecting the most suitable active materials with regards to the
resulting cell voltages or/and multi-electron transfers. At the same
time, the selected organic molecules should provide reasonable
energy densities (W h dm�3) by maintaining high solubilities in
particular solvents. In the past few years, several organic com-
pounds, including the derivatives of 2,5-di-tert-butyl-1,4,bis(2-m
ethoxyethox)benzene (DBBB) [20,21], quinoxaline [22,23] and (2,
2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) [24], have been
evaluated in non-aqueous solvents (i.e. propylene carbonate, ace-
tonitrile). Despite the wider electrochemical stability windows
(>1.3 V) and the possibility of higher solubilities, non-aqueous sol-
vents tend to be volatile and moisture sensitive [25]. The ionic con-
ductivities of these pure solvents (e.g., 1 � 10�8 S cm�1 for
propylene carbonate; 6 � 10�10 S cm�1 for acetonitrile) are signifi-
cantly lower than that of water (6 � 10�8 S cm�1) [25]. Further-
more, the cost of non-aqueous solvents (e.g. USD$ 1.5–1.7 per
dm�3 for propylene carbonate [26]) and their salts (particularly,
fluorinated salts) can be a factor of several hundred times more
expensive than water (<USD$ 0.004 per dm�3 [27]) and the corre-
sponding salts for industrial applications. For these reasons, the
aim of this work is to develop organic redox flow batteries based
on aqueous electrolytes.

In recent years, a number of aqueous chemistries with high
energy contents have been introduced for energy storage applica-
tions [28–32]. For the case of redox flow batteries, there have been
few studies of the use of organic molecules [33–41], particularly
quinone-based molecules, for the electrode reactions. The proto-
typical member of the quinone molecule is 1,4-benzoquinone,
which is also known as cyclohexadienedione. The corresponding
redox reactions in aqueous electrolytes are expressed as follow:
(1)
The resulting chemistries involve at least one proton and one
electron by forming hydroxyl group(s) (OHA), which result in the
transformation of hydroquinone molecules. Such hydroxyl groups
not only serve as the liquid carriers of hydrogen for energy conver-
sion [42] but also enhance the solubilities in aqueous electrolytes
[43]. The selection of quinone molecules, including benzoquinones,
naphthoquinones and anthraquinones, has been facilitated by
computational screening within the framework of the density
functional theory (DFT), by evaluating the equilibrium potentials
and the solubilities of up to 1700 quinone-based redox couples
[43]. Unless the functional groups were modified, the equilibrium
potentials of the parent isomers of these quinone molecules were
between +0.05 and +1.1 V vs. SHE. These previous investigations
[43] suggest that the 9-10-anthraquinone (E0 = +0.1 V vs. SHE) is
the most suitable redox couple for the negative electrode, whereas
the 1,2-benzoquinone, 2,3-naphthoquinones and 2,3-
anthraquinone (E0 � +0.7 V vs. SHE) are reasonable candidates for
the positive electrode reactions.

The resulting quinone-based molecules have been tested exper-
imentally in redox flow batteries by two research groups (Harvard
[19,35] and Southern California Universities [33]) in the United
States. Both research groups proposed different battery chemistries
based on metal-free compounds (Harvard: anthraquinone/bro-
mine; Southern California: anthraquinone/benzoquinone) but used
the derivatives of the 9,10-anthraquinone molecules as the nega-
tive electrode reactions. The redox potentials of these molecules
(E0 � c.a. + 0.1 V vs. SHE) are still rather too positive, however, to
be used as the negative electrode reactions. On the other hand,
more than 300 quinones were predicted to have electrode poten-
tials of above 0.7 V vs. SHE, which tend to be more positive in neu-
tral/acidic electrolytes, and are therefore suitable for the positive
electrode reaction [42].

Furthermore, the reported anthraquinone molecules with
sulfonic acid and hydroxyl substituents have solubilities of around
1.0 mol dm�3 (9,10-anthraquinone-2,7-disulfonic acid:
1.0 mol dm�3 [19]; 9,10-anthraquinone-2,6-disulfonic acid:
0.5 mol dm�3 [33], 9,10-anthraquinone-2-sulfonic acid:
0.2 mol dm�3 [33]) and even less in the un-substituted forms
(<0.2 mol dm�3). For the development of organic redox flow bat-
teries, it is important to search for alternative redox couples that
offer negative electrode potentials and reasonable solubilities (i.e.
>0.5 mol dm�3). Among the various organic compounds, in this
work we investigate the possibility of using cyclohexanedione for
the negative electrode reaction in redox flow batteries. The pro-
posed organic compound is a simple molecule (molecular weight:
112 g mol�1), similar to benzoquinone in terms of molecular struc-
ture, which exhibits two hydroxyl groups for energy conversion.
The low molecular weight of this molecule suggests the highest
theoretical specific capacities (474 A h kg�1 (2 e� transfers);
948 A h kg�1 (4 e� transfers)) among all the organic molecules
used in the negative electrolytes (Table S1 in Supplementary
Information).

As documented in the field of organic chemistry [44–46], the
redox reactions of the three isomeric cyclohexanediones undergo
proton-coupled electron transfer, and transform to cyclohexane-
diol structures:

1,2-cyclohexanedione:

(2)
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1,3-cyclohexanedione:
(3)
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1,4-cyclohexanedione:

(4)
The physical and electrochemical properties vary among the
three isometric compounds. In aqueous solutions, the solubilities
of the 1,2-, 1,3-, and 1,4-cyclohexanediones are 2.5, 2.0,
5.2 mol dm�3, respectively. The solubilities of the reduced species
are expected to be even higher due to the presence of the hydroxyl
functional groups. In fact, the described solubility of 1,4-
cyclohexanediol is up to 13.5 mol dm�3. Without functionalization,
the solubilities of these compounds are significantly higher than
those of benzoquinones (i.e. 1,4-benzoquinone: 0.1 mol dm�3;
1,4-hydroquinone: 0.6 mol dm�3). The electrochemical properties
of these compounds have been reported by a few studies in biolog-
ical and electroanalytical chemistries [44–46]. Together with high
dehydrogenation energy (14.9–15.8 kCal per mole of hydrogen)
calculated using density functional theory (DFT) [42], voltammet-
ric studies show that the redox potentials of these molecules are
more negative than �0.1 V vs. SHE [47–52], which makes them
attractive as the negative redox couples for organic redox flow bat-
teries. Therefore, the objective of this work is to improve the
understanding of the electrochemical behavior of the cyclohexane-
dione compounds, which can act as alternatives for energy storage
applications. Half-cell electrochemical studies, including cyclic
voltammetry and galvanostatic charge-discharge experiments,
were used to characterize the redox reaction and to demonstrate
the cycling performance in a parallel-plate redox flow battery.
2. Experimental

2.1. Chemicals

Analytical grade 1,2-, 1,3-, and 1,4-cyclohexanedione, 1,4-
cyclohexanediol, 1,4-benzoquinone, 1,4-hydroquinone, sodium
chloride, sodium hydroxide and the reagent grade aqueous
hydrochloric acid were supplied from Sigma Aldrich (Germany)
and Fisher Scientific (United Kingdom). The gas chromatography-
mass spectrometry of the 1,2-, 1,3- and 1,4-cyclohexanedione is
summarized in Table S2 (Supplementary Information). Solutions
were prepared with ultra-pure water (18 MX cm resistivity) from
a Millipore water purification system (Milli-Q Integral 3). Typical
electrolytes contained 0.010 mol dm�3 and 0.2 mol dm�3 active
materials for the cyclic voltammetry and the charge-discharge
experiments, respectively. Supporting solutions were 0.2 mol dm�3

sodium chloride adjusted at specified pH using sodium hydroxide
or hydrochloric acid aqueous solutions.

2.2. Cyclic voltammetry/linear sweep voltammetry

A typical three-electrode glass cell with approximately 20 cm3

electrolyte volume was used for the cyclic voltammetry experi-
ments, in which the working electrodes were either platinum or
glassy carbon. Counter and reference electrodes were platinum
and silver-silver chloride (ST 612 Radiometer Analytical SA, France,
3 M KCl) [53,54]. Potentials in all measurements can be trans-
formed into the normal hydrogen electrode potential (NHE) scale
by adding 205 mV to the reference electrode readings (e.g., 0 V
vs. Ag|AgCl can be reported as +0.205 V vs. NHE).

In typical tests, electrode potential measurements were made
using a Bio-logic VMP potentiostat (accuracy: <1 mV and <1 mA,
Bio-logic SAS, France) over a wide range of electrolyte composi-
tions including 0.01–0.2 mol dm�3 active material in a supporting
electrolyte of 0.2 mol dm�3 sodium chloride adjusted to particular
pH (pH 1–11) with hydrochloric acid/sodium hydroxide solutions.
For the case of cyclohexanedione, the potential of the working elec-
trode was swept between �0.10 and �1.15 V vs. Ag|AgCl at a
potential sweep rate in the range 4 to 100 mV s�1. To evaluate
the effect of mass transport, linear sweep voltammetry was con-
ducted in a rotating disk electrode set-up at various speeds: 100,
225, 400, 625, 900, 1600 and 2500 rpm.

2.3. Half-cell galvanostatic charge-discharge cycling

The reduction and oxidation reactions of the 1,3-
cyclohexanedione active compounds were carried out in a divided
parallel-plate flow cell. A cation-conducting Nafion� membrane
(Dupont, NF117/ H+) was used to separate the two compartments
[55–59]. Platinized titanium electrodes (2.5 cm � 2.5 cm, 2.5 µm
coating, Ti-shop.com, United Kingdom) were used for both the neg-
ative and positive electrode reactions. Each electrode had an area
of 2.5 cm � 2.5 cm with a gap of 2.0 cm between the electrode sur-
face and the membrane. The volume of each electrolyte contained
in separated tanks was 18 cm3. The negative and positive elec-
trolytes were circulated through the cell at a mean linear flow
velocity between 0.34 and 0.90 cm3 s�1. The two electrolytes con-
tained 0.2 mol dm�3 1,3-cyclohexanedione and 0.2 mol dm�3

sodium hydroxide solution and were controlled at 298 K by a ther-
mostat through two double walled water jackets. The reference
electrode was silver-silver chloride, placed at the entrance of each
channel, in line with the electrolyte circuit. The negative elec-
trolytes were initially reduced to the equilibrium potentials of
the relevant electrode reactions (E0 � c.a. �0.5 V vs. Ag|AgCl at
pH 3.5) and purged with a fast stream of pure nitrogen to minimize
the oxidation of the reduced species with atmospheric air. In a typ-
ical charge-discharge cycling experiment, negative and positive
current densities of 3.2 mA cm�2 (20 mA) were applied at the
working electrodes, for the reduction and oxidation of the cyclo-
hexanedione molecules. The upper voltage limits were controlled
at 300 mV more positive from the open-circuit potential measured
before the subsequent discharge cycle. The half-cell coulombic effi-
ciencies were obtained as follows:

Half-cell coulombic efficiency ¼ Idtd=Ictc � 100% ð5Þ
in which I is the applied current density during charge/discharge, t
is the duration of charge/discharge, and the subscripts c and d
denote the charge and discharge processes, respectively. In some
experiments, the reactants and products were analyzed off-line by
gas chromatography-mass spectrometry (GCMS, Bruker, BP-5 ms;
5% diphenyl/95% dimethyl polysiloxane column).
3. Results and discussion

3.1. Electrochemical characterizations of cyclohexanedione molecules
in sodium chloride solutions

3.1.1. Cyclic voltammetry of cyclohexanedione molecules
The electrochemical characterization of the prototypical 1,4-

cyclohexanedione was performed using cyclic voltammetry in
0.2 mol dm�3 sodium chloride solutions. Fig. 1 shows the voltamo-
grams of this molecule under a wide potential range between �2.0
and +1.6 V vs. Ag|AgCl using platinum and carbon electrodes.
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Compared to the glassy carbon electrode, the reaction current
densities at platinum electrodes are significantly higher. Moreover,
two pairs of reactions were observed to be reversible/quasi-
reversible in both regions of negative and positive potentials. The
cyclic voltammetry on glassy carbon does not exhibit any reversi-
ble peak, indicating that catalysts are necessary for the redox reac-
tion processes. These results are similar to those obtained in the
reduction of the 1,2- and 1,3-cyclohexanedione molecules using
metallic electrodes, such as mercury [47,48] and stainless steel
[51].

In acidic solutions, the reductions of these molecules were
reported to take place at negative electrode potentials (less than
�0.3 V vs. Ag|AgCl) and involve protonation, transforming into
products. The transformations of these molecules depend on the
degree of the protonation, which is highly influenced by solution
acidity, the electrode materials and the concentration of active
materials. For example, a two proton–two electron reaction leads
to the formation of hydroxyl cyclohexanone (Reaction 6). With
the following reductions, the hydroxyl cyclohexanone may be fur-
ther reduced to cyclohexanediol as the reaction product with an
overall contribution of four protons and four electrons as expressed
in Reaction 7:

(6)
(7)

The above reactions are especially similar to the benzoquinone/

hydroquinone reaction, which involve the formation(s) of the
hydroxyl functional group(s). In order to better identify the elec-
trochemical reactions involved in these systems, cyclic voltamme-
try was performed by reducing and oxidizing the starting
molecules of cyclohexanedione and cyclohexanediol, respectively,
as shown in Fig. 2.

By using cyclic voltammetry, the active species were reduced or
oxidized continuously at the electrodes surfaces over a given
potential range (�0.7 and �0.1 V vs. Ag|AgCl), during which a high
degree of possible protonation or deprotonation was expected.
Since the cyclic voltammogram for the reduction of cyclohexane-
dione was similar to that for the oxidation of cyclohexanediol, it
is believed that the redox reactions between 1,4-
cyclohexanedione and 1,4-cyclohexanediol are possible, and occur
at an electrode potential of c.a. �0.38 V vs. Ag|AgCl at pH 2.

For the purposes of comparison, a similar approach was carried
out for the voltamograms of benzoquinone and hydroquinone
(Fig. S3) under the same operating conditions. Inspecting both sets
of results, we can conclude that the redox reactions of cyclohexane
dione/cyclohexanediol are advantageous in terms of their elec-
trode potential and degree of reversibility.

Although this work is focused on the protonation process of
cyclohexanedione as the negative electrode reaction, two other
quasi-reversible reactions are also possible for this molecule at
certain active material concentrations and pH values: (1) the
oxidation of cyclohexanedione; (2) the formation of hydroxyl-
cyclohexene/ dihydroxyl-cyclohexadiene in neutral/less acidic
solutions.

For the oxidation of cyclohexanedione, the corresponding reac-
tions and mechanisms are still not completely understood [60].
However, since it is an oxidation process, the reactions are believed
to take place at more positive electrode potential than the reduc-
tion of the cyclohexanedione. In the case of the reduction processes
of these molecules, the reaction schemes in neutral/ acidic and
neutral/ alkaline media are proposed to be as shown in
Fig. 3a and b.

For all of these reduction routes, the carbonyl group of the
cyclohexanedione involves an electron transfer to form a radical
anion in the initial step, which needs to be further reduced or
stabilized in different forms in the aqueous electrolytes. Under
neutral/acidic conditions, the initial radical is reduced to
hydroxyl-cyclohexanone with the contribution of one external
proton and one electron. This is a critical step in this process since
it depends heavily on the availability of protons in the electrolytes,
although the intermediate formation of semi-quinone (with the
addition of one electron) is often considered as a rate-
determining step in the similar benzoquinone/hydroquinone
reduction process [61]. Subsequently, the remaining carbonyl
group of the hydroxyl cyclohexanone molecule undergoes another
two-proton–two-electrons reduction in a similar manner to form
the cyclohexanediol molecule.

In the case of alkaline or less acidic solutions, there proton con-
centration in the electrolytes is too low. The initial radicals tend to
be stabilized with the hydrogen atom inside the single bond hydro-
carbon ring structure. By receiving an electron, the carbonyl group
is replaced by a hydroxyl group and results in a double bond
between the two carbon atoms. The reaction products are known
as hydroxyl-cyclohexene and dihydroxyl-cyclohexadiene for the
one and two-electrons reduction processes, respectively [49].
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Fig. 3. Proposed reaction mechanism routes for (a) neutral/acidic solution ([H+] �
[Organic compound]) and (b) neutral/ alkaline solution ([H+] � [Organic
compound]).
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Furthermore, the second electron reduction process towards the
formation of dihydroxyl-cyclohexadiene is not likely since the pro-
tons located on a-carbons are less acidic than the methylene pro-
ton of 1,3-cyclohexanedione [50] (predicted pKa = 5.26 using
Advanced Chemistry Development (ACD/Labs) Software V11.02).
For the cases of 1,3-cyclohexanedione, hydroxyl-cyclohexene was
mainly observed by gas chromatography-mass spectrometry
(GCMS) after prolonged reduction in a parallel-plate flow cell
(�20 mA, �3.2 mA cm�2 for 100 h) (see Fig. S4 in the Supplemen-
tary Information). Based on these characteristics, the aforemen-
tioned negative electrode reactions will occur more readily at
certain values of pH in the following section.

3.1.2. Effect of pH
In Section 3.1.1, cyclic voltamograms of prototypical 1,4-

cyclohexanedione were obtained under a wide range of potentials
(between �2.0 and +1.6 V vs Ag|AgCl), revealing the presence of
several reactions. In order to identify the compounds and their
electrochemical reactions, it is important to determine the number
of protons/electrons involved in each electrode reaction by means
of electrochemical methods. Using voltammetric data we can
extract the relevant E0 vs. pH plot to evaluate the number of pro-
tons in a particular reaction. Based on the linear relationship
between E0 and pH, gradients of �59 mV pH�1, �29 mV pH�1

and �0 mV pH�1 correspond to the four proton-four electron (or
two-proton-two electron), the one-proton-two electrons and
zero-proton processes, respectively.
Since this work has been focused on the use of cyclohexane-
dione for the negative electrode reaction in a redox flow battery,
a cyclic voltammetry of the three isomeric 1,2-, 1,3- and 1,4-
cyclohexanediones was conducted over a wide range of pH values
(p,H 1–11) sweeping the electrode potentials from �0.1 to �1.15 V
vs. Ag|AgCl at 100 mV s�1 (Fig. 4). Overall, the reduction potentials
obtained for 1,2-cyclohexanedione are almost the same as those
reported at the aforementioned pH values [50].

As shown in Fig. 4, only two sets of reactions are observed at
negative electrode potentials for each compound under different
pH conditions. One reaction was observed at very negative elec-
trode potentials (<�0.6 V vs. Ag|AgCl), with a pair of quasi-
reversible peaks. These peaks became smaller or completely
masked by hydrogen evolution under acidic pH (less than pH 2)
conditions. It should be noted that the cathodic current densities
attained at electrode potentials <�0.4 V vs. Ag|AgCl at highly acidic
pH 1 solutions (50 mA cm�2 < j < 125 mA cm�2) were significantly
higher than those at other pH values (<25 mA cm�2). Such large
current densities were mainly attributed to the evolution of hydro-
gen, which tends to take place easily at 0 V vs. SHE (c.a. �0.205 V
vs. Ag|AgCl) with low hydrogen overpotentials using platinum
electrodes. The fluctuations of the recorded electrode potentials
were due to the excessive hydrogen bubbles blocking the electrode
surfaces, considering that no agitation was applied in the
experiments.

In the case of the 1,2-cyclohexanedione, the most negative
peaks no longer appeared at pH 2, in which hydrogen evolution
was not yet appreciable according to the cyclic voltammograms.
This means that these reactions can only occur when the proton
concentration is sufficiently low compared to the concentration
of the active molecules.

The slope of the E0 vs. pH curve shown in Fig. S5a–c (�0 mV per
pH unit) indicates that protons are not involved in this reaction but
they appear to be the formations of hydroxyl-cyclohexene/dihy
droxyl-cyclohexadiene (described in Fig. 4a and b) or other rele-
vant radicals depending on the number of electron transfers. In
addition to this reaction, the other set of quasi-reversible reactions
was observed between �0.1 and �0.6 V vs. Ag|AgCl. In comparison
to the other negative reaction (<�0.6 V vs. Ag|AgCl), this reaction is
at less negative potentials and tends to diminish or disappear in
neutral or alkaline solutions (>pH 5). As discussed in Section 3.1.1,
this set of reactions has been identified as the redox reactions of
cyclohexanedione/hydroxyl cyclohexanone or cyclohexanedione/c
yclohexanediol, depending on the availability of protons in the
electrolytes.

In such cases, the resulting reactions should involve two pro-
tons and two electrons for the formation of hydroxyl cyclohex-
anone molecules, or involve four protons and four electrons for
the formation of the two hydroxyl groups in the cyclohexanediol
molecules (see the reaction mechanism route in Fig. 3a), which
has been confirmed from the slope of the E0 vs. pH plots
(�59 mV per pH) under acidic conditions (Fig. S5a–c). Further-
more, multi-electron transfers in separate steps were observed at
pH 2.5 in the case of 1,3-cyclohexanedione, as shown in Fig. S6
in the Supplementary Information.

Despite this, the smaller slope of the E0 vs. pH plot for 1,3-
cyclohexanedione (>�15 mV per pH) indicates that there are fewer
protons or more electrons involved in the relevant reaction
between pH 2.5 and 5. Considering that the proton concentration
is lower than that of the active molecule (i.e. pH 2.5 refers to
0.0032 mol dm�3 [H+]), insufficient protons are available to permit
a complete reduction process to form two hydroxyl groups as a
cyclohexanediol molecule. The only possibility is that the reaction
may be a mixture of several reduction reactions or even involve the
reduction products of these processes.



Fig. 4. Effect of pH on cyclic voltammograms for the reduction of 1,2-, 1,3- and 1,4-cyclohexanedione at a platinum electrode. Electrolyte: 10 mmol dm�3 cyclohexanedione
in 0.2 mol dm�3 sodium chloride solution at pH 1, 2, 5 and 9 (adjusted by hydrochloric acid and sodium hydroxide); temperature = 25 �C; potential sweep rate: 100 mV s�1.
The NHE potential scale is obtained by adding 205 mV from Ag|AgCl reference readings. *The scale of the current density axis is not identical for all voltammograms.
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To summarize this section, the 1,3-cyclohexanedione molecule
was observed to have a redox electrode potential of up to �0.6 V
vs. Ag|AgCl, which is more negative than those for the other iso-
meric molecules. Additionally, the operating pH (pH 1.5–5) is also
wider than those for the 1,2- and 1,4-cyclohexanediones (pH 1.5–
2). This quality is particularly important for prolonged charge-
discharge cycling considering that acidity or alkalinity changes
are almost inevitable due to the inefficiencies of, and side reactions
in batteries. It is important to note that a sufficiently high concen-
tration of protons is necessary for complete conversion during the
reduction process, while high acidity tends to promote hydrogen
evolution, which impedes the reduction process. This appears to
be a major challenge in the way of fully exploiting the high specific
capacity (theoretically up to 474 A h kg�1 (2 e� transfers);
948 A h kg�1 (4 e� transfers)); hydrogen evolution must be sup-
pressed effectively or very low concentrations of active species
must be used at neutral or slightly acidic electrolytes.

For these reasons, we selected 1,3-cyclohexanedione as the pre-
ferred molecule to be further investigated in the following sections
in relation to its electrochemical behavior during charge and dis-
charge in a flow battery. The redox reaction of this molecule was
confirmed to be a mass transport controlled process with an aver-
age diffusion coefficient of <7.1 � 10�7 cm2 s�1 obtained from the
Randles-Sevcik and Levich equations as described in the Supple-
mentary Information (see ‘Effect of Scan Rate’ and ‘Effect of Rotat-
ing Speed’).

3.2. Galvanostatic half-cell charge-discharge experiments

In Section 3.1, the electrochemical characterization of the redox
reactions of the 1,3-cyclohexanedione molecules were investigated
using voltammetric techniques. Experimental results show that
the redox reactions are mass transport controlled and are reversi-
bile at relatively negative electrode potential (c.a. �0.6 V vs. Ag|
AgCl). In order to justify the use of this reaction for redox flow bat-
tery applications, half-cell charge-discharge experiments were car-
ried out in a divided parallel-plate flow cell. The electrolyte
composition was 0.2 M 1,3-cyclohexanedione in 0.2 M sodium
chloride at pH 3.5. The charge-discharge process was performed
under a 30 min charge �30 min discharge regime at 3.2 mA cm�2

(20 mA) for 100 cycles (Fig. 5a, complete charge-discharge cycles
are available in Fig. S7 in Supplementary Information).

Prior to this test, the open-circuit potential was c.a. �0.42 V vs.
Ag|AgCl, which is comparable to the formal electrode potential, E0,
obtained in the voltammetric studies. Despite the flowing elec-
trolyte, the applied current density (3.2 mA cm�2) was relatively
high, and comparable to the peak current densities obtained
(2–4 mA cm�2) in the cyclic voltammetry study (Fig. 4). Since the
concentration of cyclohexanediol was much lower than that of
cyclohexanedione, mass transport of cyclohexanediol to the elec-
trode surface was not sufficiently fast to maintain a flat voltage
profile, especially without the use of a high-surface-area/porous
electrode. During the initial cycles, the reduction (charge) and oxi-
dation (discharge) potentials were c.a. �0.47 and c.a. �0.37 V vs.
Ag|AgCl, respectively, while the half-cell coulombic efficiencies
were as high as 99%.

The half-cell coulombic efficiencies were obtained using Eq. (5).
At different current densities, the corresponding polarizations in
the charge and discharge processes are shown in Fig. 5b, in which
the area resistance was calculated as 5.3X cm�2 at 25 �C. This
value can be reduced significantly by using high-surface-area elec-
trodes as in conventional systems. After subsequent cycles, how-
ever, the electrode potentials had a tendency to increase towards
more positive values (to more acidic due to the evolution of oxygen
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Fig. 5. Half-cell performance of the cyclohexanedione reaction in a parallel plate flow cell: (a) the electrode potential vs. time response using a 30 min charge �30 min
discharge regime at 20 mA (3.2 mA cm�2) for 100 cycles; (b) polarization performances at negative and positive current densities between 0 and 8 mA cm�2; (c) the system
efficiencies and charge-discharge potentials (at 20 mA for 100 cycles). Electrolyte: 0.2 mol dm�3 1,3-cyclohexanedione +0.2 mol dm�3 sodium chloride. Room temperature.
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in the counter reaction). For instance, the reduction (charge) and
oxidation (discharge) potentials shifted to around �0.20 and c.a.
+0.0 V vs. Ag|AgCl, respectively, in the 100th cycle (Fig. 5c).
This tendency could be attributed to changes in the electrolyte
caused by various factors, such as air oxidation, pH variations,
electrolyte degradation and cross-mixing with the species in the
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positive electrolyte. However, it is likely to be due to the mixed
potentials of the cyclohexanedione/cyclohexanediol reaction and
the possible side reactions. As suggested from the cyclic voltamme-
try (Fig. 1), the oxidation of cyclohexaneione was the main source
of side reactions rather than oxygen evolution and was observed to
have poor reversibility and an electrode potential as high as +1.1 V
vs. Ag|AgCl.

At the end of the cycling, the potential drop between the charge
and discharge processes increased to around 370 mV compared to
100 mV in the initial cycles. In all charge-discharge cycles, the half-
cell coulombic efficiencies were observed to remain at nearly 99%
(Fig. 5c), which suggests that the redox reactions of the 1,3-
cyclohexanedione are sufficiently reversible to be used as the neg-
ative electrode species in organic flow batteries. Considering that
up to four electrons can be involved in the reduction process, the
use of the redox processes in this group of organic molecules can
be coupled with a number of commercially available electroposi-
tive organic redox couples (i.e. 1,2-hydroquinone-disulfonic acid
(+0.85 V vs. SHE), 4-hydroxyl-TEMPO (+0.80 V vs. SHE), potentially
yielding an aqueous all-organic redox flow battery with a cell volt-
age of more than 1.0 V. This represents a new research direction for
cost-effective, large-scale energy storage.
4. Conclusions

In this work, the electrochemical behavior of the three isomeric
1,2-, 1,3- and 1,4-cyclohexanediones was studied using
voltammetric techniques under a wide range of pH (pH 1–11).
Experimental results show that the reduction of cyclohexanedione
is a quasi-reversible reaction requiring catalysts (e.g. platinum). In
acidic media (<pH 3), these reactions has been confirmed to be
proton-coupled electron transfer process at negative electrode
potentials of <�0.3 V vs. Ag|AgCl.

Observations from the voltammetric study and the E vs. pH
diagrams appear to be consistent with the proposed reduction
reaction schemes in neutral/acidic (formation of hydroxyl cyclohex
anone/cyclohexanediol) and neutral/alkaline (formation of hydro
xyl-cyclohexene/dihydroxyl-cyclohexadiene) media electrolytes.
For both reduction routes, the carbonyl group of the cyclohexane-
dione involves an electron transfer to form a radical anion in the
initial step, which needs to be further reduced or stabilized in dif-
ferent forms in the aqueous electrolyte. Under neutral/acidic con-
ditions, the initial radical is reduced to hydroxyl-cyclohexanone
with the contribution of one external proton and one electron. Sub-
sequently, the remaining carbonyl group of the hydroxyl cyclohex-
anone molecule undergoes another two-proton–two-electron
reduction in a similar manner to form the cyclohexanediol
molecule.

In the case of alkaline or less acidic solutions, the aforemen-
tioned initial radicals tend to be stabilized with the hydrogen
atom inside the single bond hydrocarbon ring structure due to
the low proton concentrations in the electrolytes. By receiving an
electron, the carbonyl group is replaced by a hydroxyl group,
which results in a double bond between the two carbon atoms.
The reaction products are hydroxyl-cyclohexene and dihydroxyl-
cyclohexadiene for the one and two-electrons reduction processes,
respectively.

Among the three isomeric molecules, 1,3-cyclohexanedione
was observed to possess the most negative electrode potentials
(up to �0.6 V vs. Ag|AgCl) and the widest pH operating range (pH
1–5) for reversible electrochemical ehavior. The redox reaction of
the resulting 1,3-cyclohexanedione was confirmed to be a mass
transport controlled process with an average diffusion coefficient
of <7.1 � 10�7 cm2 s�1 obtained from the Randles-Sevcik and
Levich equations.
Despite the high half-cell coulombic efficiencies (c.a. 99%) of the
parallel plate redox flow battery employing 1,3-cyclohexanedione,
the reduction (charge) and oxidation (discharge) potentials tended
to shift more positive values after repeated cycling, possibly due to
the mixed potentials of the cyclohexanedione/cyclohexanediol
reaction and the possible side reactions (oxidation of
cyclohexanedione).

Further investigations should focus on the use of several func-
tional groups (i.e. OHA, CH3A, NH2A) to obtain more negative elec-
trode potentials while inhibiting hydrogen evolution in proton-rich
acidic electrolyte. Additionally, the use of high-surface-area elec-
trodes with low platinum loadings could reduce the overpotentials
at high current densities.
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