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Abstract 10	  

The electrochemical reduction and oxidation of cyclohexanedione is evaluated for the first time as the 11	  

negative electrode reaction in an organic redox flow battery. Electrochemical characterization 12	  

indicates that the redox reaction of cyclohexanedione is a proton-coupled electron transfer process 13	  

with quasi-reversible behaviour in acidic media (pH < 3). Among three isomeric compounds (1,2-, 14	  

1,3- and 1,4-cyclohexanedione), the reduction of 1,3-cyclohexanedione exhibits the most negative 15	  

electrode potential (c.a. –0.6 V vs. Ag|AgCl (c.a. –0.4 V vs. NHE)) as well as the widest pH operating 16	  

range (pH 1 – 5) for relatively reversible reactions. The resulting electrode potential is the most 17	  

negative of those to have been reported in neutral/acidic electrolytes. 1,3-cyclohexanedione is 18	  

subsequently used as the active species in the negative electrode of a parallel plate flow cell, which is 19	  

charge-discharge cycled at 3.4 mA cm-2 for 100 cycles, yielding half-cell coulombic efficiencies of 20	  

c.a. 99 %. The organic molecules derived from this group are observed to have high solubilities (> 2 21	  

M) and exhibit reduction process with up to 4 electrons transferred. 22	  

Keywords: Cyclohexanedione, negative electrode, organic, redox flow batteries, soluble. 23	  

 24	  

 25	  

 26	  
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Introduction 27	  

The European Union commission has set a target of a 43 % reduction in greenhouse gas 28	  

emissions from all sectors by 2030 (from the 2005 level) [1]. Achieving this and similar 29	  

targets adopted in other regions of the world will require the wide-scale deployment of 30	  

renewable power sources in grid-scale and transport applications [2]. In order to facilitate the 31	  

penetration of intermittent renewables into power grids (provide flexible and stable energy 32	  

outputs to end-users), it is commonly accepted that efficient and competitively priced energy 33	  

storage systems will play a major role [3–10]. 34	  

In the past few decades, a number of energy storage technologies have been developed and 35	  

successfully demonstrated. Amongst these technologies, electrochemical devices are 36	  

considered to be attractive since they can be installed in any location (not terrain dependent in 37	  

contrast to pumped-hydro and compressed air), do not involve any disruption to the 38	  

environment and do not involve very high capital costs [5–6]. To ensure that energy storage 39	  

devices are economically viable in long term, the Department of Energy of the United States 40	  

(DoE) has set a system capital cost target of USD$ 150 / kWh by 2023, to match with the 41	  

operating costs of existing physical energy storage technologies [7-11]. 42	  

Considering their potential economic and safety advantages, redox flow batteries are 43	  

recognized as the most realistic candidates for storage in the range of a few kW/ kWh up to 44	  

tens of MW / MWh. In contrast to conventional rechargeable batteries, redox flow batteries 45	  

store energy in the form of reduced and oxidized electroactive species in flowing electrolytes 46	  

and/or on the electrode surfaces, while conventional batteries (e.g.. lead acid and lithium-ion 47	  

batteries) contain static electrolytes and store energy within the electrode structures [5]. For 48	  

flow batteries, the power output and energy capacity can be adjusted readily by increasing the 49	  

electrode size or/and the electrolyte volume. 50	  
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Since the invention of the redox flow battery concept, various chemistries based on metallic 51	  

active materials (i.e. all-vanadium [12], zinc-cerium [13], vanadium-cerium [14] and all-52	  

copper [15]) have been proposed. The all-vanadium redox flow battery is the most developed 53	  

and widely studied system due to its high reversibility and relatively large power output. In 54	  

relation to the DoE target (USD$ 150 / kWh), the capital costs of vanadium systems are, 55	  

however, still too high (USD$ 200 – 750 / kWh) for extensive market penetration [16]. For 56	  

example, the electrolyte cost of the vanadium redox flow batteries exceeds USD$ 80 / kWh 57	  

[17].  58	  

In order to reduce costs (especially those of the electrolytes), recent investigations have 59	  

proposed the use of organic active materials. In general, organic molecules are abundant and 60	  

can be extracted readily from various sources. Even in the early stage of development, the 61	  

electrolyte cost of the organic flow battery has been demonstrated to be lower than USD$ 35 / 62	  

kWh (for the redox couples of anthraquinone / benzoquinone or anthraquinone/ bromine) [18, 63	  

19]. 64	  

The electrolyte cost per kWh can be further decreased by selecting the most suitable active 65	  

materials with regards to the resulting cell voltages or/and multi-electron transfers. At the 66	  

same time, the selected organic molecules should provide reasonable energy densities (Wh 67	  

dm-3) by maintaining high solubilities in particular solvents. In the past few years, several 68	  

organic compounds, including the derivatives of 2,5-di-tert-butyl-1,4,bis(2-69	  

methoxyethox)benzene (DBBB) [20, 21], quinoxaline [22, 23] and (2,2,6,6-70	  

tetramethylpiperidin-1-yl)oxyl (TEMPO) [24], have been evaluated in non-aqueous solvents 71	  

(i.e. propylene carbonate, acetonitrile). Despite the wider electrochemical stability windows 72	  

(> 1.3 V) and the possibility of higher solubilities, non-aqueous solvents tend to be volatile 73	  

and moisture sensitive [25]. The ionic conductivities of these pure solvents (e,g,. 1 × 10-8 S 74	  

cm-1 for propylene carbonate; 6 × 10-10 S cm-1 for acetonitrile) are significantly lower than 75	  
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that of water (6 × 10-8 S cm-1) [25]. Furthermore, the cost of non-aqueous solvents (e.g. 76	  

USD$ 1.5 – 1.7 per dm-3 for propylene carbonate [26]) and their salts (particularly, 77	  

fluorinated salts) can be a factor of several hundred times more expensive than water (< 78	  

USD$ 0.004 per dm-3 [27]) for industrial applications. For these reasons, the aim of this work 79	  

is to develop organic redox flow batteries based on aqueous electrolytes.  80	  

In recent years, a number of aqueous chemistries with high energy contents have been 81	  

introduced for energy storage applications [28 – 32]. For the case of redox flow batteries, 82	  

there have been few studies of the use of organic molecules [33 – 41], particularly quinone-83	  

based molecules, for the electrode reactions. The prototypical member of the quinone 84	  

molecule is 1,4-benzoquinone, which is also known as cyclohexadienedione. The 85	  

corresponding redox reactions in aqueous electrolytes are expressed as follow: 86	  

                                                (1) 87	  

The resulting chemistries involve at least one proton and one electron by forming hydroxyl 88	  

group(s) (OH-), which result in the transformation of hydroquinone molecules. Such 89	  

hydroxyl groups not only serve as the liquid carriers of hydrogen for energy conversion [42] 90	  

but also enhance the solubilities in aqueous electrolytes [43]. The selection of quinone 91	  

molecules, including benzoquinones, naphthoquinones and anthraquinones, has been 92	  

facilitated by computational screening within the framework of the density functional theory 93	  

(DFT), by evaluating the equilibrium potentials and the solubilities of up to 1700 quinone-94	  

based redox couples [43]. Unless the functional groups were modified, the equilibrium 95	  

potentials of the parent isomers of these quinone molecules were between + 0.05 and + 1.1 V 96	  

vs. SHE. These previous investigations [43] suggest that the 9-10-anthraquinone (E0 = + 0.1 97	  

V vs. SHE) is the most suitable redox couple for the negative electrode, whereas the 1,2-98	  
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benzoquinone, 2,3-naphthoquinones and 2,3-anthraquinone (E0 ≥ + 0.7 V vs. SHE) are  99	  

reasonable candidates for the positive electrode reactions.  100	  

The resulting quinone-based molecules have been tested experimentally in redox flow 101	  

batteries by two research groups (Harvard [19, 35] and Southern California Universities [33]) 102	  

in the United States. Both research groups proposed different battery chemistries based on 103	  

metal-free compounds (Harvard: anthraquinone/bromine; Southern California: 104	  

anthraquinone/ benzoquinone) but used the derivatives of the 9, 10-anthraquinone molecules 105	  

as the negative electrode reactions. The redox potentials of these molecules (E0 ≥ c.a. + 0.1 V 106	  

vs. SHE) are still rather too positive, however, to be used as the negative electrode reactions. 107	  

On the other hand, more than 300 quinones were predicted to have electrode potentials of 108	  

above 0.7 V vs. SHE, which tend to be more positive in neutral/acidic electrolytes, and are 109	  

therefore suitable for the positive electrode reaction [42].  110	  

Furthermore, the reported anthraquinone molecules with sulfonic acid and hydroxyl 111	  

substituents have solubilities of around 1.0 mol dm-3 (9, 10-anthraquinone-2, 7-disulphonic 112	  

acid: 1.0 mol dm-3 [19]; 9, 10-anthraquinone-2, 6-disulphonic acid: 0.5 mol dm-3 [33], 9, 10-113	  

anthraquinone-2-sulphonic acid: 0.2 mol dm-3 [33]) and even less in the un-substituted forms 114	  

(< 0.2 mol dm-3). For the development of organic redox flow batteries, it is important to 115	  

search for alternative redox couples that offer negative electrode potentials and reasonable 116	  

solubilities (i.e. > 0.5 mol dm-3). Amongst the various organic compounds, in this work we 117	  

investigate the possibility of using cyclohexanedione for the negative electrode reaction in 118	  

redox flow batteries. The proposed organic compound is a simple molecule (molecular 119	  

weight: 112 g mol-1), similar to benzoquinone in terms of molecular structure, which exhibits 120	  

two hydroxyl groups for energy conversion. The low molecular weight of this molecule 121	  

suggests the highest theoretical specific capacities (474 A h Kg-1 (2 e- transfers); 948 A h Kg-122	  
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1 (4 e- transfers)) among all the organic molecules used in the negative electrolytes (Table S1 123	  

in Supplementary Information). 124	  

As documented in the field of organic chemistry [44 – 46], the redox reactions of the three 125	  

isomeric cyclohexanediones undergo proton-coupled electron transfer, and transform to 126	  

cyclohexanediol structures:  127	  

1, 2- cyclohexanedione: 128	  

                                                      (2) 129	  

1, 3- cyclohexanedione: 130	  

                                                   (3) 131	  

 132	  

 1, 4- cyclohexanedione: 133	  

                                                      (4) 134	  

The physical and electrochemical properties vary among the three isometric compounds. In 135	  

aqueous solutions, the solubilities of the 1,2-, 1,3-, and 1,4-cyclohexanediones are 2.5, 2.0, 136	  

5.2 mol dm-3, respectively. The solubilities of the reduced species are expected to be even 137	  

higher due to the presence of the hydroxyl functional groups. In fact, the described solubility 138	  

of 1,4-cyclohexanediol is up to 13.5 mol dm-3. Without functionalization, the solubilities of 139	  

these compounds are significantly higher than those of benzoquinones (i.e. 1,4-140	  

benzoquinone: 0.1 mol dm-3; 1,4-hydroquinone: 0.6 mol dm-3). The electrochemical 141	  

properties of these compounds have been reported by a few studies in biological and 142	  
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electroanalytical chemistries [44 – 46]. Together with high dehydrogenation energy (14.9 – 143	  

15.8 kCal per mole of hydrogen) calculated using density functional theory (DFT) [42], 144	  

voltammetric studies show that the redox potentials of these molecules are more negative 145	  

than – 0.1 V vs. SHE [47 – 52], which makes them attractive as the negative redox couples 146	  

for organic redox flow batteries. Therefore, the objective of this work is to improve the 147	  

understanding of the electrochemical behaviour of the cyclohexanedione compounds, which 148	  

can act as alternatives for energy storage applications. Half-cell electrochemical studies, 149	  

including cyclic voltammetry and galvanostatic charge-discharge experiments, were used to 150	  

characterize the redox reaction and to demonstrate the cycling performance in a parallel-plate 151	  

redox flow battery.  152	  

2. Experimental 153	  

2.1. Chemicals 154	  

Analytical grade 1,2-, 1,3-, and 1,4-cyclohexanedione, 1,4-cyclohexanediol, 1,4-155	  

benzoquinone, 1,4-hydroquinone, sodium chloride, sodium hydroxide and the reagent grade 156	  

aqueous hydrochloric acid were supplied from Sigma Aldrich (Germany) and Fisher 157	  

Scientific (United Kingdom). The gas chromatography-mass spectrometry of the 1,2-, 1,3- 158	  

and 1,4- cyclohexanedione is summarized in Table S2 (Supplementary Information). 159	  

Solutions were prepared with ultra-pure water (18 MΩ cm resistivity) from a Millipore water 160	  

purification system (Milli-Q Integral 3). Typical electrolytes contained 0.010 mol dm-3 and 161	  

0.2 mol dm-3 active materials for the cyclic voltammetry and the charge-discharge 162	  

experiments, respectively. Supporting solutions were 0.2 mol dm-3 sodium chloride adjusted 163	  

at specified pH using sodium hydroxide or hydrochloric acid aqueous solutions. 164	  

2.2. Cyclic voltammetry/ Linear sweep voltammetry 165	  
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A typical three-electrode glass cell with approximately 20 cm3 electrolyte volume was used 166	  

for the cyclic voltammetry experiments, in which the working electrodes were either 167	  

platinum or glassy carbon. Counter and reference electrodes were platinum and silver-silver 168	  

chloride (ST 612 Radiometer Analytical SA, France, 3 M KCl) [53, 54]. Potentials in all 169	  

measurements can be transformed into the normal hydrogen electrode potential (NHE) scale 170	  

by adding 205 mV to the reference electrode readings (e.g.. 0 V vs. Ag|AgCl can be reported 171	  

as +0.205 V vs. NHE). 172	  

In typical tests, electrode potential measurements were made using a Bio-logic VMP 173	  

potentiostat (Bio-logic SAS, France) over a wide range of electrolyte compositions including 174	  

0.01 – 0.2 mol dm-3 active material in a supporting electrolyte of 0.2 mol dm-3 sodium 175	  

chloride adjusted to particular pH (pH 1 – 11) with hydrochloric acid/ sodium hydroxide 176	  

solutions. For the case of cyclohexanedione, the potential of the working electrode was swept 177	  

between – 0.10 and – 1.15 V vs. Ag|AgCl at a potential sweep rate in the range 4 to 100 mV 178	  

s-1.  To evaluate the effect of mass transport, linear sweep voltammetry was conducted in a 179	  

rotating disk electrode set-up at various speeds: 100, 225, 400, 625, 900, 1600 and 2500 rpm. 180	  

2.3. Half-cell galvanostatic charge-discharge cycling 181	  

The reduction and oxidation reactions of the 1,3-cyclohexanedione active compounds were 182	  

carried out in a divided parallel-plate flow cell. A cation-conducting Nafion® membrane 183	  

(Dupont, NF117/ H+) was used to separate the two compartments [55, 56]. Platinized 184	  

titanium electrodes (2.5 cm × 2.5 cm, 2.5 µm coating, Ti-shop.com, United Kingdom) were 185	  

used for both the negative and positive electrode reactions. Each electrode had an area of 2.5 186	  

cm × 2.5 cm with a gap of 2.0 cm between the electrode surface and the membrane. The 187	  

volume of each electrolyte contained in separated tanks was 18 cm3. The negative and 188	  

positive electrolytes were circulated through the cell at a mean linear flow velocity between 189	  
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0.34 and 0.90 cm3 s-1. The two electrolytes contained 0.2 mol dm-3 1,3-cyclohexanedione and 190	  

0.2 mol dm-3 sodium hydroxide solution and were controlled at 298 K by a thermostat 191	  

through two double walled water jackets. The reference electrode was silver-silver chloride, 192	  

placed at the entrance of each channel, in line with the electrolyte circuit. The negative 193	  

electrolytes were initially reduced to the equilibrium potentials of the relevant electrode 194	  

reactions (E0 ≈ c.a. – 0.5 V vs. Ag|AgCl at pH 3.5) and purged with a fast stream of pure 195	  

nitrogen to minimize the oxidation of the reduced species with atmospheric air. In a typical 196	  

charge-discharge cycling experiment, negative and positive current densities of 3.2 mA cm-2 197	  

(20 mA) were applied at the working electrodes, for the reduction and oxidation of the 198	  

cyclohexanedione molecules. The upper voltage limits were controlled at 300 mV more 199	  

positive from the open-circuit potential measured before the subsequent discharge cycle. The 200	  

half-cell coulombic efficiencies were obtained as follows: 201	  

Half-cell coulombic efficiency = Id  td / Ic tc × 100 %                                                      (5) 202	  

in which I is the applied current density during charge/discharge, t is the duration of 203	  

charge/discharge, and the subscripts c and d denote the charge and discharge processes, 204	  

respectively. In some experiments, the reactants and products were analyzed off-line by gas 205	  

chromatography-mass spectrometry (GCMS, Bruker, BP-5 ms; 5 % diphenyl/ 95 % dimethyl 206	  

polysiloxane column). 207	  

3. Results and Discussion 208	  

3.1. Electrochemical Characterizations of Cyclohexanedione Molecules in Sodium 209	  

Chloride Solutions 210	  

3.1.1. Cyclic Voltammetry of Cyclohexanedione Molecules 211	  

The electrochemical characterization of the prototypical 1,4-cyclohexanedione was 212	  

performed using cyclic voltammetry in 0.2 mol dm-3 sodium chloride solutions. Figure 1 213	  
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shows the voltamograms of this molecule under a wide potential range between – 2.0 and + 214	  

1.6 V vs. Ag|AgCl using platinum and carbon electrodes. 215	  

 216	  

Figure 1  217	  

Fig. 1. Cyclic voltammograms for the reduction of 10 mmol dm-3 cyclohexanedione in 0.2 
mol dm-3 sodium chloride solution (pH 2) at platinum and glassy carbon; 
Temperature = 25 oC; potential sweep rate: 100 mV s-1. The NHE potential scale is 
obtained by adding 205 mV from Ag|AgCl reference readings. 

 218	  

Compared to the glassy carbon electrode, the reaction current densities at platinum electrodes 219	  

are significantly higher. Moreover, two pairs of reactions were observed to be 220	  

reversible/quasi-reversible in both regions of negative and positive potentials. The cyclic 221	  

voltammetry on glassy carbon does not exhibit any reversible peak, indicating that catalysts 222	  

are necessary for the redox reaction processes. These results are similar to those obtained in 223	  

the reduction of the 1,2- and 1,3- cyclohexanedione molecules using metallic electrodes, such 224	  

as mercury [47, 48] and stainless steel [51].  225	  

In acidic solutions, the reductions of these molecules were reported to take place at negative 226	  

electrode potentials (less than – 0.3 V vs. Ag|AgCl) and involve protonation, transforming 227	  

into products. The transformations of these molecules depend on the degree of the 228	  

protonation, which is highly influenced by solution acidity, the electrode materials and the 229	  
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concentration of active materials. For example, a two proton–two electron reaction leads to 230	  

the formation of hydroxyl cyclohexanone (Reaction 6). With the following reductions, the 231	  

hydroxyl cyclohexanone may be further reduced to cyclohexanediol as the reaction product 232	  

with an overall contribution of four protons and four electrons as expressed in Reaction 7: 233	  

                                               (6) 234	  

                                              (7) 235	  

 236	  

Figure 2 237	  

Fig. 2. Cyclic voltammograms for (a) the reduction of 1,4-cyclohexanedione (red curve) 
and (b) the oxidation of 1,4-cyclohexanediol (blue curve) at a platinum electrode. 
Electrolyte: 10 mmol dm-3 organic molecules in 0.2 mol dm-3 sodium chloride 
solution at pH 2 (adjusted by hydrochloric acid); temperature = 25 oC; potential 
sweep rate: 100 mV s-1. The NHE potential scale is obtained by adding 205 mV 
from Ag|AgCl reference readings. 

 238	  

The above reactions are especially similar to the benzoquinone/hydroquinone reaction, which 239	  

involve the formation(s) of the hydroxyl functional group(s). In order to better identify the 240	  
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electrochemical reactions involved in these systems, cyclic voltammetry was performed by 241	  

reducing and oxidizing the starting molecules of cyclohexanedione and cyclohexanediol, 242	  

respectively, as shown in Figure 2. 243	  

By using cyclic voltammetry, the active species were reduced or oxidized continuously at the 244	  

electrodes surfaces over a given potential range (– 0.7 and – 0.1V vs. Ag|AgCl), during which 245	  

a high degree of possible protonation or deprotonation was expected. Since the cyclic 246	  

voltammogram for the reduction of cyclohexanedione was similar to that for the oxidation of 247	  

cyclohexanediol, it is believed that the redox reactions between 1,4-cyclohexanedione and 248	  

1,4-cyclohexanediol are possible, and occur at an electrode potential of c.a. – 0.38 V vs. 249	  

Ag|AgCl at pH 2.  250	  

For the purposes of comparison, a similar approach was carried out for the voltamograms of 251	  

benzoquinone and hydroquinone (Figure S3) under the same operating conditions. Inspecting 252	  

both sets of results, we can conclude that the redox reactions of 253	  

cyclohexanedione/cyclohexanediol are advantageous in terms of their electrode potential and 254	  

degree of reversibility. 255	  

Although this work is focused on the protonation process of cyclohexanedione as the 256	  

negative electrode reaction, two other quasi-reversible reactions are also possible for this 257	  

molecule at certain active material concentrations and pH values: (1) the oxidation of 258	  

cyclohexanedione; (2) the formation of hydroxyl-cyclohexene/ dihydroxyl-cyclohexadiene in 259	  

neutral/less acidic solutions.  260	  

For the oxidation of cyclohexanedione, the corresponding reactions and mechanisms are still 261	  

not completely understood [57]. However, since it is an oxidation process, the reactions are 262	  

believed to be more positive[you mean occur at more positive potentials?] than the 263	  

reduction of the cyclohexanedione. In the case of the reduction processes of these molecules, 264	  
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the reaction schemes in neutral/ acidic and neutral/ alkaline media are proposed to be as 265	  

shown in Figure 3a and 3b. 266	  

 267	  

Figure 3a.  268	  

. 1 e-

. .

.

1 e-

 269	  

Figure 3b.  270	  

Fig. 3. Proposed reaction mechanism routes for (a) neutral/ acidic solution ([H+] ≥ 
[Organic compound]) and (b) neutral/ alkaline solution ([H+] ≤  [Organic 
compound]). 

 271	  
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For all of these reduction routes, the carbonyl group of the cyclohexanedione involves an 272	  

electron transfer to form a radical anion in the initial step, which needs to be further reduced 273	  

or stabilized in different forms in the aqueous electrolytes. Under neutral/ acidic conditions, 274	  

the initial radical is reduced to hydroxyl-cyclohexanone with the contribution of one external 275	  

proton and one electron. This is a critical step in this process since it depends heavily on the 276	  

availability of protons in the electrolytes, although the intermediate formation of semi-277	  

quinone (with the addition of one electron) is often considered as a rate-determining step in 278	  

the similar benzoquinone/ hydroquinone reduction process [58]. Subsequently, the remaining 279	  

carbonyl group of the hydroxyl cyclohexanone molecule undergoes another two-proton–two-280	  

electrons reduction in a similar manner to form the cyclohexanediol molecule. 281	  

In the case of alkaline or less acidic solutions, there proton concentration in the electrolytes is 282	  

too low. The initial radicals tend to be stabilized with the hydrogen atom inside the single 283	  

bond hydrocarbon ring structure. By receiving an electron, the carbonyl group is replaced by 284	  

a hydroxyl group and results in a double bond between the two carbon atoms. The reaction 285	  

products are known as hydroxyl-cyclohexene and dihydroxyl-cyclohexadiene for the one and 286	  

two-electrons reduction processes, respectively. According to the literature, however, the 287	  

double bond conjugated with the second carbonyl group is less resonance stabilized 288	  

compared to that of 1,3-cyclohexanedioe, leading to lower percentage of enol at equilibrium  289	  

[49]. Furthermore, the second electron reduction process towards the formation of 290	  

dihydroxyl-cyclohexadiene is not likely since the protons located on α-carbons are less acidic 291	  

than the methylene proton of 1,3-cyclohexanedione [50] (predicted pKa = 5.26 using 292	  

Advanced Chemistry Development (ACD/Labs) Software V11.02). For the cases of 1,3-293	  

cyclohexanedione, hydroxyl-cyclohexene was mainly observed by gas chromatography-mass 294	  

spectrometry (GCMS) after prolonged reduction in a parallel-plate flow cell  (–20 mA, –3.2 295	  

mA cm-2 for 100 h) (see Figure S4 in the Supplementary Information). Based on these 296	  
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characteristics, the aforementioned negative electrode reactions will occur more readily at 297	  

certain values of pH in the following section. 298	  

3.1.2. Effect of pH 299	  

In Section 3.1.1., cyclic voltamograms of prototypical 1,4-cyclohexanedione were obtained 300	  

under a wide range of potentials (between – 2.0 and + 1.6 V vs Ag|AgCl), revealing the 301	  

presence of several reactions. In order to identify the compounds and their electrochemical 302	  

reactions, it is important to determine the number of protons/electrons involved in each 303	  

electrode reaction by means of electrochemical methods. Using voltammetric data we can 304	  

extract the relevant E0 vs. pH plot to evaluate the number of protons in a particular reaction. 305	  

Based on the linear relationship between E0 and pH, gradients of – 59 mV pH-1, – 29 mV pH-306	  

1 and – 0 mV pH-1 correspond to the four proton-four electron (or two-proton-two electron), 307	  

the one-proton-two electrons and zero-proton processes, respectively. 308	  

Since this work has been focused on the use of cyclohexanedione for the negative electrode 309	  

reaction in a redox flow battery, a cyclic voltammetry of the three isomeric 1,2-, 1,3- and 1,4- 310	  

cyclohexanediones was conducted over a wide range of pH values (pH 1 – 11) sweeping the 311	  

electrode potentials from – 0.1 to – 1.15 V vs. Ag|AgCl at 100 mV s-1 (Figure 4). Overall, the 312	  

reduction potentials obtained for 1,2-cyclohexanedione are almost the same as those reported 313	  

at the aforementioned pH values [50]. 314	  

As shown in Figure 4, only two sets of reactions are observed at negative electrode potentials 315	  

for each compound under different pH conditions. One reaction was observed at very 316	  

negative electrode potentials (< – 0.6 V vs. Ag|AgCl), with a pair of quasi-reversible peaks. 317	  

These peaks became smaller or completely masked by hydrogen evolution under acidic pH 318	  

(less than pH 2) conditions.  It should be noted that the cathodic current densities attained at 319	  

electrode potentials < – 0.4 V vs. Ag|AgCl at highly acidic pH 1 solutions (50 mA cm-2 < j < 320	  

125 mA cm-2) were significantly higher than those at other pH values (< 25 mA cm-2). Such 321	  
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large current densities were mainly attributed to the evolution of hydrogen, which tends to 322	  

take place easily at 0 V vs. SHE (c.a. – 0.205 V vs. Ag|AgCl) with low hydrogen 323	  

overpotentials using platinum electrodes. The fluctuations of the recorded electrode potentials 324	  

were due to the excessive hydrogen bubbles blocking the electrode surfaces, considering that 325	  

no agitation was applied in the experiments. 326	  

 327	  

 328	  

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 oC; 
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. 

  329	  

In the case of the 1,2-cyclohexanedione, the most negative peaks no longer appeared at pH 2, 330	  

in which hydrogen evolution was not yet appreciable according to the cyclic voltammograms. 331	  
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This means that these reactions can only occur when the proton concentration is sufficiently 332	  

low compared to the concentration of the active molecules.  333	  

The slope of the E0 vs. pH curve shown in Figure S5(a – c) (– 0 mV per pH unit) indicates 334	  

that protons are not involved in this reaction but they appear to be the formations of 335	  

hydroxyl-cyclohexene/ dihydroxyl-cyclohexadiene (described in Figure 4(a) and 4(b)) or 336	  

other relevant radicals depending on the number of electron transfers. In addition to this 337	  

reaction, the other set of quasi-reversible reactions was observed between – 0.1 and – 0.6 V 338	  

vs. Ag|AgCl. In comparison to the other negative reaction (< – 0.6 V vs. Ag|AgCl), this 339	  

reaction is at less negative potentials and tends to diminish or disappear in neutral or alkaline 340	  

solutions (> pH 5). As discussed in Section 3.1.1., this set of reactions has been identified as 341	  

the redox reactions of cyclohexanedione/hydroxyl cyclohexanone or 342	  

cyclohexanedione/cyclohexanediol, depending on the availability of protons in the 343	  

electrolytes. 344	  

 In such cases, the resulting reactions should involve two protons and two electrons for the 345	  

formation of hydroxyl cyclohexanone molecules, or involve four protons and four electrons 346	  

for the formation of the two hydroxyl groups in the cyclohexanediol molecules (see the 347	  

reaction mechanism route in Figure 3a), which has been confirmed from the slope of the E0 348	  

vs. pH plots (– 59 mV per pH) under acidic conditions (Figures S5(a–c)). Furthermore, multi-349	  

electron transfers in separate steps were observed at pH 2.5 in the case of 1,3-350	  

cyclohexanedione, as shown in Figure S6 in the Supplementary Information. 351	  

Despite this, the smaller slope of the E0 vs. pH plot for 1,3-cyclohexanedione (> ‒ 15 mV per 352	  

pH) indicates that there are fewer protons or more electrons involved in the relevant reaction 353	  

between pH 2.5 and 5. Considering that the proton concentration is lower than that of the 354	  

active molecule (i.e. pH 2.5 refers to 0.0032 mol dm-3 [H+]), insufficient protons are available 355	  
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to permit a complete reduction process to form two hydroxyl groups as a cyclohexanediol 356	  

molecule. The only possibility is that the reaction may be a mixture of several reduction 357	  

reactions or even involve the reduction products of these processes. 358	  

To summarize this section, the 1,3-cyclohexanedione molecule was observed to have a redox 359	  

electrode potential of up to – 0.6 V vs. Ag|AgCl, which is more negative than those for the 360	  

other isomeric molecules. Additionally, the operating pH (pH 1.5 – 5) is also wider than those 361	  

for the 1,2- and 1,4-cyclohexanediones (pH 1.5 ‒ 2). This quality is particularly important for 362	  

prolonged charge-discharge cycling considering that acidity or alkalinity changes are almost 363	  

inevitable due to the inefficiencies of, and side reactions in batteries. It is important to note 364	  

that a sufficiently high concentration of protons is necessary for complete conversion during 365	  

the reduction process, while high acidity tends to promote hydrogen evolution, which 366	  

impedes the reduction process. This appears to be a major challenge in the way of fully 367	  

exploiting the high specific capacity (theoretically up to 474 A h Kg-1 (2 e- transfers); 948 A 368	  

h Kg-1 (4 e- transfers)); hydrogen evolution must be suppressed effectively or very low 369	  

concentrations of active species must be used at neutral or slightly acidic electrolytes. 370	  

For these reasons, we selected 1,3-cyclohexanedione as the preferred molecule to be further 371	  

investigated in the following sections in relation to its electrochemical behavior during charge 372	  

and discharge in a flow battery. The redox reaction of this molecule was confirmed to be a 373	  

mass transport controlled process with an average diffusion coefficient of < 7.1 × 10-7 cm2 s-1 374	  

obtained from the Randles-Sevcik and Levich equations as described in the Supplementary 375	  

Information (see ‘Effect of Scan Rate’ and ‘Effect of Rotating Speed’). 376	  

3.2. Galvanostatic Half-Cell Charge-Discharge Experiments 377	  

In Section 3.1., the electrochemical characterization of the redox reactions of the 1,3-378	  

cyclohexanedione molecules were investigated using voltammetric techniques. Experimental 379	  
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results show that the redox reactions are mass transport controlled and are reversible at 380	  

relatively negative electrode potential (c.a. – 0.6 V vs. Ag|AgCl). In order to justify the use of 381	  

this reaction for redox flow battery applications, half-cell charge-discharge experiments were 382	  

carried out in a divided parallel-plate flow cell. The electrolyte composition was 0.2 M 1,3-383	  

cyclohexanedione in 0.2 M sodium chloride at pH 3.5. The charge-discharge process was 384	  

performed under a 30 min charge ‒ 30 min discharge regime at 3.2 mA cm-2 (20 mA) for 100 385	  

cycles (Figures 5a, complete charge-discharge cycles are available in Figure S7 in 386	  

Supplementary Information).  387	  

 388	  

Figure 5a 389	  
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  390	  

Figure 5b 391	  

	  392	  

 393	  

Figure 5c 394	  

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. 

 395	  
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Prior to this test, the open-circuit potential was c.a. – 0.42 V vs. Ag|AgCl, which is 396	  

comparable to the formal electrode potential, E0, obtained in the voltammetric studies. 397	  

Despite the flowing electrolyte [did you state the flow rate?], the applied current density 398	  

(3.2 mA cm-2) was relatively high, and comparable to the peak current densities obtained (2 – 399	  

4 mA cm-2) in the cyclic voltammetry study (Figure 4). Since the concentration of 400	  

cyclohexanediol was much lower than that of cyclohexanedione, mass transport of 401	  

cyclohexanediol to the electrode surface was not sufficiently fast to maintain a flat voltage 402	  

profile, especially without the use of a high-surface-area/porous electrode. During the initial 403	  

cycles, the reduction (charge) and oxidation (discharge) potentials were c.a. – 0.47 and c.a. – 404	  

0.37 V vs. Ag|AgCl, respectively, while the half-cell coulombic efficiencies were as high as 405	  

99 %.  406	  

The half-cell coulombic efficiencies were obtained using Equation (5). At different current 407	  

densities, the corresponding polarizations in the charge and discharge processes are shown in 408	  

Figure 5b, in which the area resistance was calculated as 5.3 Ω cm-2 at 25 oC. This value can 409	  

be reduced significantly by using high-surface-area electrodes as in conventional systems. 410	  

After subsequent cycles, however, the electrode potentials had a tendency to increase towards 411	  

more positive values (to more acidic due to the evolution of oxygen in the counter reaction). 412	  

For instance, the reduction (charge) and oxidation (discharge) potentials shifted to around – 413	  

0.20 and c.a. + 0.0 V vs. Ag|AgCl, respectively, in the 100th cycle (Figure 5c).  414	  

This tendency could be attributed to changes in the electrolyte caused by various factors, such 415	  

as air oxidation, pH variations, electrolyte degradation and cross-mixing with the species in 416	  

the positive electrolyte. The increasing potential is attributed to the mixed potentials of the 417	  

cyclohexanedione/cyclohexanediol reaction and the possible side reactions. As suggested 418	  

from the cyclic voltammetry (Figure 1), the oxidation of cyclohexaneione was the main 419	  
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source of side reactions rather than oxygen evolution, which was observed to have poor 420	  

reversibility and an electrode potential as high as +1.1 V vs. Ag|AgCl. 421	  

At the end of the cycling, the potential drop between the charge and discharge processes 422	  

increased to around 370 mV compared to 100 mV in the initial cycles. In all charge-discharge 423	  

cycles, the half-cell coulombic efficiencies were observed to remain at nearly 99 % (Figure 424	  

5c), which suggests that the redox reactions of the 1,3-cyclohexanedione are sufficiently 425	  

reversible to be used as the negative electrode species in organic flow batteries. Considering 426	  

that up to four electrons can be involved in the reduction process, the use of the redox 427	  

processes in this group of organic molecules can be coupled with a number of commercially 428	  

available electropositive organic redox couples (i.e. 1,2-hydroquinone-disulfonic acid (+0.85 429	  

V vs. SHE), 4-hydroxyl-TEMPO (+0.80 V vs. SHE), potentially yielding an aqueous all-430	  

organic redox flow battery with a cell voltage of more than 1.0 V. This represents a new 431	  

research direction for cost-effective, large-scale energy storage. 432	  

Conclusions 433	  

In this work, the electrochemical behaviour of the three isomeric 1,2-, 1,3- and 1,4- 434	  

cyclohexanediones was studied using voltammetric techniques under a wide range of pH (pH 435	  

1 – 11). Experimental results show that the reduction of cyclohexanedione is a quasi-436	  

reversible reaction requiring catalysts (e.g. platinum). In acidic media (< pH 3), these 437	  

reactions has been confirmed to be proton-coupled electron transfer process at negative 438	  

electrode potentials of < – 0.3 V vs. Ag|AgCl.  439	  

Observations from the voltammetric study and the E vs. pH diagrams appear to be consistent 440	  

with the proposed reduction reaction schemes in neutral/acidic (formation of hydroxyl 441	  

cyclohexanone/cyclohexanediol) and neutral/alkaline (formation of hydroxyl-442	  

cyclohexene/dihydroxyl-cyclohexadiene) media electrolytes. For both reduction routes, the 443	  
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carbonyl group of the cyclohexanedione involves an electron transfer to form a radical anion 444	  

in the initial step, which needs to be further reduced or stabilized in different forms in the 445	  

aqueous electrolyte. Under neutral/ acidic conditions, the initial radical is reduced to 446	  

hydroxyl-cyclohexanone with the contribution of one external proton and one electron. 447	  

Subsequently, the remaining carbonyl group of the hydroxyl cyclohexanone molecule 448	  

undergoes another two-proton–two-electron reduction in a similar manner to form the 449	  

cyclohexanediol molecule.  450	  

In the case of alkaline or less acidic solutions, the aforementioned initial radicals tend to be 451	  

stabilized with the hydrogen atom inside the single bond hydrocarbon ring structure due to 452	  

the low proton concentrations in the electrolytes. By receiving an electron, the carbonyl 453	  

group is replaced by a hydroxyl group, which results in a double bond between the two 454	  

carbon atoms. The reaction products are hydroxyl-cyclohexene and dihydroxyl-455	  

cyclohexadiene for the one and two-electrons reduction processes, respectively. 456	  

Among the three isomeric molecules, 1,3-cyclohexanedione was observed to possess the 457	  

most negative electrode potentials (up to – 0.6 V vs. Ag|AgCl) and the widest pH operating 458	  

range (pH 1 – 5) for reversible electrochemical behaviour. The redox reaction of the resulting 459	  

1,3-cyclohexanedione was confirmed to be a mass transport controlled process with an 460	  

average diffusion coefficient of < 7.1 × 10-7 cm2 s-1 obtained from the Randles-Sevcik and 461	  

Levich equations.  462	  

Despite the high half-cell coulombic efficiencies (c.a. 99 %) of the parallel plate redox flow 463	  

battery employing 1,3-cyclohexanedione, the reduction (charge) and oxidation (discharge) 464	  

potentials tended to shift more positive values after repeated cycling, possibly due to the 465	  

mixed potentials of the cyclohexanedione/cyclohexanediol reaction and the possible side 466	  

reactions (oxidation of cyclohexanedione).  467	  
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Further investigations should focus on the use of several functional groups (i.e. OH–, CH3–, 468	  

NH2–) to obtain more negative electrode potentials while inhibiting hydrogen evolution in 469	  

proton-rich acidic electrolyte. Additionally, the use of high-surface-area electrodes with low 470	  

platinum loadings could reduce the overpotentials at high current densities. 471	  
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Effect of Scan Rate 506	  

The main text of this article shows that the 1,3-cyclohexanedione molecules displayed the 507	  

most negative electrode potentials and the widest working pH range of all isomeric 508	  

compounds studied. Figure S1a shows the effect of the potential sweep rate on the cyclic 509	  

voltammetry of the 1,3-cyclohexanedione reaction on a platinum electrode in a solution 510	  

containing 10 mmol dm-3 cyclohexanedione and 0.2 mol dm-3 sodium chloride at pH 3.5.  511	  

By increasing the potential sweep rate, the cathodic and anodic peak potentials shifted 512	  

towards more negative and more positive values, respectively. This results in larger peak 513	  

separations between the reduction and oxidation processes. For instance, the peak separation 514	  

increased from 30 mV at 9 mV s-1 to 62 mV at 100 mV s-1.  Meanwhile, the cathodic and 515	  

anodic peak current densities increased linearly with the square root of the potential sweep 516	  

rates, as indicated by the Randles-Sevick relationship (Figure S1b). When T =  25 ºC: 517	  

𝐼! = 268600  𝑛
!
!    𝐴  𝐷

!
!  𝐶  𝑣

!
!                                               (7) 518	  

where IP is the current in A, n is the number of electrons, F is the Faraday constant in C mol-519	  

1, A is the electrode area in cm2, D is the diffusion coefficient in cm2 s-1, C is the electrolyte 520	  
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concentration in mol cm-3, ν is the scan rate in V s-1 and R is the molar gas constant (8.3145 J 521	  

  mol−1 K−1 ). 522	  

 523	  

Figure S1a 524	  

 525	  

Figure S1b  526	  

Fig. S1. The effect of the potential sweep rate on the reduction of 10 mmol dm-3 
cyclohexanedione in 0.2 mol dm-3 sodium chloride solution (pH 3.5) using a 
platinum disk electrode. (a) Cyclic voltammogram and (b) Randles-Sevcik plot. 
The potential sweep rates were 4, 9 , 25, 49, 100 mV s-1. 
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These results indicate that the redox reactions of cyclohexanedione are diffusion limited. 527	  

Using the value of the gradient from the plot for the reduction process, the diffusion 528	  

coefficient of 1,3-cyclohexanedione was estimated to be ≥ 9.0×10-7 cm2 s-1 at 25 oC. The 529	  

calculated value agrees with previous measurements related to the reduction process of the 1, 530	  

2-cyclohexanedione molecules using mercury electrodes at pH 2 (2.3 × 10-6 cm2 s-1) [1, 2]. 531	  

However, the value is still slightly lower than that of the quinone molecules (5.0 × 10-6 cm2 s-532	  

1) in aqueous solutions (25 oC). The differences can be attributed to the solvation and the 533	  

interaction of the ionic groups with water through hydrogen bonding [1] or the complexations 534	  

of organic species in chloride media. 535	  

Effect of Rotating Speed 536	  

In order to study the influence of mass transport, linear sweep voltammetry of the reduction 537	  

of the 1,3- cyclohexanedione was performed on a platinum rotating disk electrode at various 538	  

speeds: 100, 225, 400, 625, 900, 1600 and 2500 rpm. The electrolyte compositions were the 539	  

same as those used in the previous section. 540	  

As shown in Figure S2a, the reduction of 1, 3-cyclohexanedione was observed at a similar 541	  

potential (– 0.4 to ‒ 0.7 V vs. Ag|AgCl) as in the relevant voltammogram in Section 3.1.1., 542	  

accompanied by the other reduction reactions at more negative electrode potentials (more 543	  

negative than   –0.7 V vs. Ag|AgCl). The limiting current density for each rotating speed was 544	  

measured at the mid-point of the hill at c.a. – 0.6 V vs. Ag|AgCl regarding the reduction 545	  

reaction of the 1, 3-cyclohexanedione. The liming current density was observed to increase 546	  

linearly with the square root of the rotation rate, following the Levich equation (Figure S2b):  547	  

𝐼! = 0.620  𝑛  𝐹  𝐴  𝐷
!
!  𝜔

!
!    𝑣

!!
!   𝐶                                                         (8) 548	  

where IL is the Levich current in A and F is the Faraday constant in C mol-1 (other symbols 549	  

defined as in Equation (7)). 550	  
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 551	  

Figure S2a 552	  

 553	  

Figure S2b 554	  

Fig. S2. The effect of the rotating speed on the reduction of 10 mmol dm-3 
cyclohexanedione in 0.2 mol dm-3 sodium chloride solution (pH 3.5) using a 
platinum rotating disk electrode. (a) Cyclic voltammogram and (b) Levich plot. 
The rotating speeds were 100, 225, 400, 625, 900, 1600, 2500 rpm. 
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This behavior indicated that the reduction process of 1,3-cyclohexanedione (10 mmol dm-3) 556	  

was under complete mass transport control. Using the gradient of this plot, a diffusion 557	  

coefficient of 7.1×10-7 cm2 s-1 was calculated according to the number of electron involved. 558	  

The resulting value is consistent with the result obtained from the Randles-Sevcik equation 559	  

(9.0×10-7 cm2 s-1), with less than 25 % deviation. 560	  

 561	  

Proposed 
negative reaction 

Molecula
r 

Weight / 
g mol-1 

Specific 
capacit

y / 
A h Kg-

1 

Electrod
e 

potential 
/ V vs. 
NHE 

No. of 
electron

-
transfer 

Supportin
g 

electrolyte
s 

Reaction 
routes 

Year  

9,10-
anthraquinone- 
2 sulfonic acid 

328 161.9 
(2 e-) 

+ 0.09 V 2 1 M H2SO4 
(acidic) 

Protonation/ 
Deprotonatio

n 

2014 
[3] 

Polymer-based 
viologen 

Nil Nil – 0.30 V 1 2 M NaCl 
(neutral) 

Radical 2015 
[4] 

Quinoxaline 130.15 412 
(if 2 e-) 

– 0.50 V Nil 0.2 M 
KOH 

(alkaline) 

Nil 2015 
[5]	  

2,6-dihydroxyl-
anthraquinone 

> 200 < 268 
(2 e-) 

– 0.65 V 2 1 M KOH 
(alkaline) 

Radical 2015 
[6] 

Alloxazine > 200 < 268 
(if 2 e-) 

– 0.62V Nil KOH, pH 
14 

(alkaline) 

Nil 2016 
[7] 

Cyclohexanedion
e 

112.12 948 
(4 e-) 
474 

(2 e-) 

– 0.40 V 2 to 4 0.2 M 
NaCl 

(neutral) 

Protonation/ 
Deprotonatio

n 

2017 
[This 
work

] 

Table S1. Proposed negative electrode reactions used in aqueous 
electrolytes prior to this work. 

	  562	  

 1,4-cyclohexanedione 1,3-cyclohexanedione 1,2-cyclohexanedione 
Total Peaks 67 47 71 

Top Peak / m/z 56 42 112 
2nd highest Peak / m/z 112 84 55 
3rd highest Peak / m/z 27 55 56 

Probability / % > 85 > 80 > 80 

Table S2. Summary of the gas chromatography-mass spectrometry of 1,4-,1,3- and 1,2-
cyclohexaneione. 

	  563	  
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 564	  

Figure S3  565	  

Fig. S3. Cyclic voltammograms for (a) the reduction of benzoquinone (red curve) and 
(b) the oxidation of hydroquinone (blue curve) at a platinum electrode. 
Electrolyte: 10 mmol dm-3 organic molecules in 0.2 mol dm-3 sodium chloride 
solution at pH 2 (adjusted by hydrochloric acid); temperature = 25 oC; potential 
sweep rate: 100 mV s-1. 

	  566	  
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	  570	  

	  571	  

	  572	  

	  573	  

	  574	  

	  575	  

 576	  

Fig. S4. Gas chromatography-mass spectrometry of hydroxyl-cyclohexene determined 
after prolonged reduction in a parallel-plate flow cell (–20 mA, –3.2 mA cm-2 for 
100 h). 

 577	  

-4.00 

-2.50 

-1.00 

0.50 

2.00 

3.50 

-0.35 -0.05 0.25 0.55 0.85 

j /
 m

A
 c

m
-2

 

E / V vs. Ag|AgCl 

PBQ HQ 



35	  
	  

 578	  

 579	  

 580	  

 581	  
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Figure S5 (a) 585	  

 586	  
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 594	  

Figure S5 (b) 595	  

 596	  
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 601	  

 602	  

 603	  

 604	  

Figure S5 (c)  605	  

Fig. S5. EO vs. pH plots of (a) 1,2-,  (b) 1,3-, (c) 1, 4-cyclohexanedione molecules, 
extracted from the voltammetric data shown in Figure 5. 

	   	  606	  
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 607	  

Fig. S6. Multi-electron transfers ( n ≥ 2) observed in the cyclic voltammogram of 10 mmol 
dm-3 1,3-cyclohexanedione and 0.2 mol dm-3 sodium chloride at pH 2.5 
(Temperature = 25 oC, potential sweep rate: 100 mV s-1). 

 608	  

	  609	  

 610	  

Fig. S7. The electrode potential vs. time response of the 1,3-cyclohexanedione half-cell 
reaction during an experiment using a 30 min charge – 30 min discharge regime 
at 20 mA (3.2 mA cm-2) for 100 cycles. 
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