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10 ABSTRACT: Electrolyte cost and long-term durability are the two most challenging obstacles to 

11 the practical utilization of redox-active organics in aqueous redox flow batteries. Starting from 

12 potentially inexpensive 1,8-dihydroxyanthraquinone (1,8-DHAQ), we developed a one-pot, green, 

13 and scalable approach to synthesize a highly water-soluble and potentially low-cost anthraquinone 

14 1,8-dihydroxy-2,7-dicarboxymethyl-9,10-anthraquinone (DCDHAQ). The demonstrated 

15 volumetric capacity of DCDHAQ in 1 M KOH is 40.2 Ah/L, which is around 70 times higher than 

16 that of its precursor 1,8-DHAQ (0.567 Ah/L) at pH 14. The introduction of –CH2CO2
– as 

17 solubilizing groups suppressed the disproportionation reaction of reduced anthraquinone both 

18 thermodynamically and kinetically. Consequently, the cycling stability of anthraquinone was 

19 improved significantly compared to that of the precursor. Pairing a negolyte comprising 0.75 M 

20 DCDHAQ with a posolyte comprising 0.3 M ferrocyanide at pH 14, we demonstrated a cell with 

21 an open-circuit voltage of 1.1 V and a low capacity fade rate of 0.03%/day. The synthetic method 

22 of attaching –CH2CO2
‒ as solubilizing groups is likely applicable to other anthraquinone 

23 derivatives and other aromatic organics as an inexpensive approach to performance enhancement 

24 in energy applications.

25
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26 Bulk electrical energy storage technologies have attracted great attention because of their 

27 capability to address the intrinsic intermittency of renewable energy sources such as solar and wind 

28 electricity.1-3 Aqueous redox-flow batteries are particularly attractive for grid-scale energy storage 

29 owing to their flexible architecture, long cycle life, and good safety features.3 Aqueous vanadium 

30 RFBs are the most commonly studied and adopted system, but their widespread application is 

31 hindered by the availability and the fluctuating price of vanadium.2-4 In contrast, redox-active 

32 organics comprising earth-abundant elements such as C, H, O, and N are potentially inexpensive 

33 alternatives to vanadium.5-7 Redox-active organics based on quinone,8-20 viologen,21-29 

34 phenazine,30-33 alloxazine,34 and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 21, 22, 30, 35-38 derivatives 

35 have been studied for aqueous redox flow batteries. However, only a few anthraquinone, 13, 18, 19 

36 phenazine,33 and viologen24, 26, 27, 29 derivatives have demonstrated very good long-term stability; 

37 others tend to have poor chemical stability. Viologens are vulnerable to attack by both protons and 

38 hydroxide, making their practical implementation difficult, as a small amount of a side reaction, 

39 e.g. with air leaking into the system, can lead to a large deviation from neutral pH.24, 29 Recently, 

40 phenazine derivatives have also been reported to be extremely stable; however, they suffer from 

41 high synthetic cost because expensive phenazine precursors, precious metal catalysts, and ligands 

42 are used for the synthesis.33 All of the extremely stable anthraquinones reported to date, such as 

43 2,6-DBEAQ,13 2,6-DPPEAQ,18 DPivOHAQ,19, 20 and DBAQ,19, 20 also suffer from high chemical 

44 cost issues due to a multi-step synthesis or expensive precursors. Developing inexpensive, stable, 

45 and soluble redox-active organics remains crucial for the practical implementation of aqueous 

46 organic redox flow batteries (AORFBs). 

47 Here, we report a potentially low-cost and highly soluble anthraquinone negolyte with good 

48 cycling stability. The anthraquinone 1,8-dihydroxy-2,7-dicarboxymethyl-9,10-anthraquinone 
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49 (DCDHAQ) was synthesized from the relatively inexpensive precursor 1,8-

50 dihydroxyanthraquinone (1,8-DHAQ) with a one-pot, green synthesis method with water as the 

51 solvent. The solubility of DCDHAQ at pH 14 is 1.3 M, which is almost two orders of magnitude 

52 higher that of its precursor 1,8-DHAQ (<0.02 M). The redox potential of DCDHAQ in 1M KOH 

53 is -0.56 V vs. SHE; pairing with ferrocyanide, it enables a full cell voltage of 1.1 V. With this 

54 simple –CH2CO2
– functionalization, the average capacity fade rate decreases from 0.85%/day 

55 for 1,8-DHAQ to as low as 0.03%/day for DCDHAQ. Moreover, the cost at mass-production scale 

56 is estimated to be approximately $6–8/kg (~$40-50/kAh), depending on synthetic route, potentially 

57 leading to a competitive flow battery chemistry. The inexpensive functionalization raises aqueous 

58 solubility, decreases molecular crossover rates, and greatly increases the cycling stability of 

59 anthraquinones, providing guidance for the rational design of redox-active organics for low cost 

60 and ultra-stable cycling performance. 

61 DCDHAQ was synthesized via a one-pot, green synthesis method with an inexpensive 

62 precursor 1,8-DHAQ and finished in around 4 hours. As shown in Scheme 1, 1,8-DHAQ was 

63 reduced by sodium dithionite. Subsequently, the side-chain precursor, glyoxylic acid, was added 

64 to the solution, where the coupling reaction happened at room temperature to form 2,7-di-

65 hydroxyacetic acid-1,8,9,10-tetrahydroxy-anthracene (DHATHAc). DHATHAc was further 

66 reduced with sodium dithionite and then air oxidized to form DCDHAQ. 

67
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68 Scheme 1. Synthetic route for DCDHAQ.
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69 Figure 1a compares the aqueous solubility of 1,8-DHAQ and DCDHAQ. 1,8-DHAQ has a 

70 solubility of less than 0.02 M at pH 14, whereas DCDHAQ has a solubility of 1.3 M at pH 14, 

71 corresponding to a volumetric capacity of 70 Ah/L. Thus, the volumetric capacity of anthraquinone 

72 increased by more than one order of magnitude with a simple chemical functionalization. The 

73 cyclic voltammograms (CV) of 1,8-DHAQ, DCDHAQ, and potassium ferrocyanide are shown in 

74 Figure 1b. The redox potential of DCDHAQ at pH 14 is -0.56 V vs. SHE, which is 20 mV more 

75 positive than that of 1,8-DHAQ. The increased redox potential of anthraquinone is known to 

76 suppress the disproportionation side reaction of reduced anthraquinone thermodynamically,39 

77 thereby greatly increasing the cell cycling stability while slightly decreasing the cell voltage. 

78 Additionally, DCDHAQ has two additional negative charges compared to 1,8-DHAQ, which 

79 decrease the molecular crossover rate; the Coulomb repulsion also suppresses the rate of the 

80 disproportionation side reaction, thereby increasing the cell lifetime.39,40 Pairing a DCDHAQ 

81 negolyte with a potassium ferri/ferrocyanide posolyte at pH 14 yields an equilibrium cell potential 

82 of approximately 1.06 V (Figure 1b). The Pourbaix diagram of DCDHAQ redox is shown in 

83 Figure 1c. Unlike most anthraquinones, which exhibit a constant redox potential for pH exceeding 

84 ~12, the redox potential of DCDHAQ continues to decrease as pH increases up to 14. Such 

85 behavior is also observed in 1,8-dihydroxyanthraquinone.12 The addition of 1,8-dihydroxy- groups 

86 adds two additional pKas to the reduced anthraquinone, thereby increasing the final pKa of reduced 

87 anthraquinone from 12 to beyond 14.  As the posolyte redox potential is pH-independent, a higher 

88 cell pH affords a higher full-cell voltage. The electrochemical properties of DCDHAQ were 

89 determined by rotating disk electrode (RDE) measurement as shown in Figure 1d. The diffusion 

90 coefficient of DCDHAQ was calculated by the Levich equation:

91                                                       (1)
2 11
3 620.620Li nFAD C 



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92 where iL is the limiting current (mA) from the RDE test, n is the number of electrons transferred 

93 in the redox reaction, F is Faraday’s constant (C/mol), A is the electrode area (cm2), D is the 

94 diffusion coefficient (cm2/s), ω is the angular rotation rate of the electrode (rad/s), v is the 

95 kinematic viscosity (cm2/s), and C is the analyte concentration (mol/L). Based on the slope of the 

96 linear iL vs. ω1/2 curve in Figure S3a, D is 1.7×10-6 cm2 s-1, which is similar to values reported for 

97 other redox organics in aqueous condition.41 The charge transfer coefficient was determined to be 

98 0.54 based on the Tafel equation, and the electron transfer rate constant was determined to be 7.4

99 ×10-4 cm s–1. The kinetic current was determined at different overpotentials by the Koutecký–

100 Levich plot as shown in Figure S4b. 

101                                                                        

102

103 Figure 1. a) Solubility comparison for 1,8-DHAQ and DCDHAQ in 1 M KOH; b) Cyclic 
104 voltammograms of 5 mM 1,8-DHAQ, 5 mM DCDHAQ and 10 mM potassium ferrocyanide at pH 
105 14 with a scan rate of 100 mV/s; c) Pourbaix diagram of DCDHAQ redox process; d) Linear sweep 
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106 voltammograms of 5 mM DCDHAQ in 1 M KOH on a rotating disk electrode at rotation rates 
107 between 400 and 2500 rpm.

108 Capacity fade rate measurements with long-lived redox-active species are difficult because 

109 very low fade rates can be obscured by a capacity measurement artifact caused by a temporal 

110 variation in the cell resistance, e.g. from temperature drifts or membrane aging. To understand 

111 how to minimize the sensitivity of measurements of apparent capacity, i.e the accessible state of 

112 charge (SOC) range, to such artifacts, we performed a numerical simulation of SOC with effective 

113 Nernstian voltage  for an anthraquinone capacity–limited or a capacity-0 ' ( )cell cellE E ir i 

114 balanced cell. Here Ecell is the potential applied to the cell, SOC is the fraction of all anthraquinones 

115 that is reduced,  is the formal redox potential difference between posolyte and negolyte when 0 '
cellE

116 each is 50% reduced, ir(i) is the overall cell overpotential including ohmic overpotential, mass 

117 transport overpotential, and activation overpotential. And r(i) is the effective, potentially nonlinear 

118 area-specific resistance accounting for all overpotentials. Thus  is an effective 0 ' ( )cell cellE E ir i 

119 Nernstian voltage arising only from the relative concentrations of all the species in the two 

120 electrolytes. It should be noted that the simulation applies to both charge/discharge processes; in 

121 the charge process, i takes a positive value, while in the discharge process, i takes a negative value. 

122 With the assumptions that the anthraquinone composing the negolyte undergoes a two-electron 

123 redox process with both electron reduction potentials very close together, the ferrocyanide 

124 composing the posolyte undergoes a one-electron redox process, no irreversible electrochemical 

125 reactions are present, the activity coefficients are concentration-independent, and there is no 

126 complex formation among the species, the Nernst equation yields

127                             (2)
2

0' SOC SOC( )
2 1 SOC SOCcell cell
RT qE E ir i ln

F p

        

   
 
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128 where R is the universal gas constant; T is the absolute temperature; F is Faraday’s constant; and 

129 p and q represent the initial charge capacity ratio of ferrocyanide to total anthraquinone (oxidized 

130 plus reduced) and of ferricyanide to total anthraquinone, respectively (see supporting information 

131 for calculation details). The relationship between effective Nernstian voltage  0 ' ( )cell cellE E ir i 

132 and the SOC is plotted in Figure 2a. It is clear that, to achieve an essentially full SOC, the 

133 magnitude of should be 0.2 V or above, especially for a capacity balanced cell 0 ' ( )cell cellE E ir i 

134 (p=1, q=0). Therefore, charging of the cell should be continued until the cell voltage is at least 0.2 

135 V higher than  for a two-electron redox molecule. Figure 2b compares the dependence of 0 '
cellE

136 on SOC for a single-electron process in the posolyte and either a single-electron 0 ' ( )cell cellE E ir i 

137 process or a two-electron process in the negolyte, suggesting that, other things being equal, 

138 accessing the same SOC requires charging to a higher cell voltage for a single-electron molecule 

139 than for a two-electron molecule. 

140 A common method of investigating charge capacity and its fade rate is to charge the cell to a 

141 certain voltage (either potentiostatically or galvanostatically with a cutoff voltage), and then to 

142 hold at that voltage until the current density decays to a fixed cutoff value before switching polarity 

143 – and likewise for discharging. To investigate the relationship between maximum accessible SOC 

144 and cut-off current density, we present Figure 2c, in which r(i) is the effective area-specific 

145 resistance (potentially non-constant) accounting for all overpotentials over the entire SOC range. 

146 At intermediate SOC the activation overpotential has been shown to be Ohmic for species with 

147 fast kinetics and the mass transport overpotential has been shown to be Ohmic for reactant 

148 utilization (the fraction of reactant converted by the device in a single pass, which is proportional 

149 to the current divided by the product of reactant concentration and flow rate) up to about 40%.42,43 
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150 It is apparent from Figure 2c that, for current densities of tens of mA cm-2, a small change in cell 

151 resistance, e.g through aging or temperature drifts, leads to a significant change in maximum 

152 accessible SOC, leading to large fluctuations in apparent cell capacity and the inability to evaluate 

153 low capacity fade rates. For a cell with a non-Ohmic mass transport overpotential, which may 

154 occur when the charging approaches the high-SOC limit where the concentration of available 

155 reactant becomes quite small and the utilization may become quite high, the mass transport 

156 overpotential increases superlinearly with current density.43 The net effect of this nonlinear 

157 behavior is a move to the right along the curve for the current density under consideration. In other 

158 words, the assumption of Ohmic behavior in Figure 2c means that the curves represent an upper 

159 limit to the maximum accessible SOC. We conclude that, in order to measure stable high SOC 

160 values not subject to artifacts from drifting cell resistance, a potential hold until the current density 

161 drops to a small cut-off value is needed, as shown experimentally by Goulet and Aziz.44 The 

162 simulation presented here serves as a guide for selecting numerical values of cycling voltage limits 

163 and cut-off current density for an accurate evaluation of discharge capacity and of slow capacity 

164 fade rates in redox flow batteries. 

165

166 Figure 2. Simulations for a cell with a capacity-limiting negolyte and a posolyte comprising one-
167 electron redox molecules. a) Calculated effective Nernstian voltage vs. SOC for negolyte 
168 comprising two-electron redox molecules of different electrolyte compositions; b) Calculated 
169 effective Nernstian voltage as a function of SOC for a capacity balanced cell (p=1, q=0) with 
170 negolyte undergoing a two-electron reaction or a single-electron reaction; c) Maximum accessible 
171 SOC vs. cell resistance for various cut-off current densities when  for a 0 ' ( )cell cellE E ir i 
172 capacity-balanced cell (p=1, q=0) with negolyte comprising two-electron redox molecules.
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173 Polarization experiments of a 0.75 M DCDHAQ/ferrocyanide full cell at pH 14 were 

174 performed at various states of charge. The electrolytes comprised 5 mL of 0.75 M DCDHAQ 

175 (negolyte) at pH 14 (0.75 M H4DCDHAQ combined with 2 M KOH and 2 M NaOH) and 40 mL 

176 of 0.3 M potassium ferrocyanide, 0.3 M potassium ferricyanide (posolyte) and 2 M NaCl at pH 14 

177 (1M KOH) to ensure that the negolyte always remained the capacity limiting side during both 

178 charging and discharging. We used mixed cations in the posolyte to raise the ferrocyanide 

179 solubility. To reduce the osmotic imbalance, NaOH and KOH were used in the DCDHAQ negolyte 

180 and NaCl was introduced into the posolyte. The concentrations were chosen such that the cation 

181 concentrations were balanced at intermediate SOC. The cell was constructed from graphite flow 

182 plates and AvCarb carbon cloth electrodes, separated by a Nafion 212 membrane pretreated in 1M 

183 KOH to avoid changing the pH of the electrolytes. The carbon electrode was untreated and used 

184 directly in all cell measurements, as commercial AvCarb carbon cloth is hydrophilic. To determine 

185 its initial capacity, the cell was first charged and discharged galvanostatically with a potential hold 

186 at 1.5 and 0.65 V, respectively, until the current density dropped to 2 mA/cm2. Then, the cell was 

187 charged to different SOC to measure the open-circuit voltage (OCV). The OCV increases from 1.1 

188 to 1.23 V as the SOC increases from 10% to ∼90% (Figure 3a). The OCV at 50% SOC is 

189 approximately 1.16 V. A peak galvanic power density of 0.16 W cm−2 was achieved at ~90% SOC 

190 (Figure 3b). The power density may be increased by engineering improvements such as the 

191 incorporation of lower-resistance membranes.
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192

193 Figure 3. a) Open circuit voltage of 0.75 M DCDHAQ/0.3 M potassium ferrocyanide + 0.3 M 
194 potassium ferricyanide full cell at pH 14; b) Polarization measurements of the corresponding 0.75 
195 M full cell at pH 14; c) Cell cycling of 5 mL 0.2 M DCDHAQ and 30 mL 0.2 M ferrocyanide + 
196 0.02 M ferricyanide at pH 14; d) Discharge capacity, Coulombic efficiency, and round-trip energy 
197 efficiency during cycling of 0.75 M DCDHAQ with 0.3 M potassium ferrocyanide and 0.3 M 
198 potassium ferricyanide full cell at pH 14.

199 Long-term galvanostatic cycling of the 0.2 M DCDHAQ/ferrocyanide cell was performed at 

200 50 mA cm−2 with potential holds at 1.4 V for charging and 0.8 V for discharging until the current 

201 density dropped to 2 mA cm–2 (Figure 3c). The electrolytes comprised 5 mL of 0.2 M DCDHAQ 

202 (negolyte) at pH 14 and 40 mL of 0.2 M potassium ferrocyanide + 0.02 M potassium ferricyanide 

203 (posolyte) at pH 14. The initial discharge capacity at full SOC was 10.67 Ah L–1 (theoretical value 

204 10.72 Ah L–1). After 2.1 days of full SOC range cycling, the capacity faded by 0.19%, 

205 corresponding to a temporal capacity fade rate of 0.09%/day or 0.0017%/cycle. We expect fade 
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206 rates measured this way in full cells to provide upper limits on true molecular decomposition rates 

207 because of the possible contribution of molecular crossover. For the next 6.4 days, the cell 

208 continued to be charged galvanostatically to 90% SOC at 50 mA cm-2 and immediately discharged 

209 to 0.8 V at 50 mA cm–2 with a potential hold, until the current density dropped to 2 mA cm–2. The 

210 cell was subsequently charged back to full SOC to evaluate the capacity fade rate during cycling 

211 when charging had been limited to 90% SOC. The capacity fade rate when charging was limited 

212 to 90% SOC was determined to be 0.046%/day or 0.00074%/cycle. Similarly, the average capacity 

213 fade rate when charging was limited to 80% SOC was around 0.03%/day. The increased cycling 

214 stability at lower charge-limiting SOC suggests that the capacity fade was due to the formation of 

215 electrochemically inactive anthrone, which is known to be suppressed by limiting charging during 

216 cycling.39 Cycling was continued at different limiting SOCs (100%, 90%, 100%, 80%, 100%, 90%, 

217 100%, 80%, 100%) for 23 days, and the discharge capacity was always determined immediately 

218 after fully charging the cell. The average capacity fade rate for the 23 days of cycling was 

219 0.068%/day or 0.0011%/cycle with an average coulombic efficiency of 99.8%. As shown in Table 

220 S1, which excludes results from molecules requiring multiple synthetic steps or expensive 

221 precursors, this stands out as the most stable cell performance to date with potentially low-cost 

222 redox-active organic molecules.   

223 Long-term cycling of the 0.75 M DCDHAQ/ferrocyanide cell was performed at 40 mA cm−2 

224 with potential holds at 1.5 V for charging and 0.65 V for discharging until the current density 

225 dropped to 2 mA cm–2 (Figure 3d). The composition and volumes of the electrolytes are the same 

226 as those in the polarization experiment. It should be noted that the great excess of posolyte used 

227 here keeps the state of charge in the posolyte relatively invariant and prevents the posolyte from 

228 becoming capacity limiting, thereby enabling the accurate determination of the negolyte capacity 
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229 fade rate. In practical deployment, such an excess is unnecessary. The wide voltage window and 

230 low cut-off current density applied here should access the full cell capacity, according to the 

231 simulation results presented in Figure 2. When the cut-off voltage with respect to the measured 

232 OCV and the cut-off current density are appropriate as the simulations suggest, measurements of 

233 capacity and true capacity fade rate reflect losses from chemical decomposition, leakage, or 

234 crossover of active species from the capacity limiting side.45 The initial volumetric capacity was 

235 40.2 Ah L–1, which is equal to the theoretical capacity. The measured volumetric capacity is one 

236 of the highest capacities demonstrated experimentally for AORFBs.14,17 The coulombic efficiency 

237 is above 99.9% over the whole cycling process. Although the round-trip energy efficiency exhibits 

238 large fluctuations in Figure 3d due to daily temperature oscillations in the laboratory, the daily 

239 capacity fluctuation was much smaller; this highlights the importance of the potential-hold method 

240 to accurately evaluate the capacity fade rate. After 9 days of cycling, the volumetric capacity faded 

241 by 0.27%, which corresponded to a temporal capacity fade of 0.03%/day, or 0.0029%/cycle, 

242 representing one of the most stable organics reported.3 The DCDHAQ electrolytes before and after 

243 cycling were analyzed with 1H NMR. As shown in Figure S5, no apparent chemical 

244 decomposition was observed, indicating the high chemical stability of DCDHAQ molecule.

245 For comparison, a 1,8-DHAQ/ferrocyanide full cell was cycled at pH 14. The negolyte 

246 consisted of 6 mL saturated 1,8-DHAQ at pH 14 (1M KOH) and the posolyte consisted of 30 mL 

247 0.1 M potassium ferrocyanide and 0.02 M potassium ferricyanide at pH 14 (1 M KOH). The 

248 membrane was Nafion 212, and the electrode was untreated AvCarb carbon electrodes, as in the 

249 DCDHAQ/ferrocyanide cell. The cell was cycled between 0.8-1.4 V with a potential hold until the 

250 current dropped to 2 mA/cm2. The initial volumetric capacity for the saturated 1,8-DHAQ at pH 

251 14 was 0.567 Ah/L as shown in Figure S6, which is less than 2% of the demonstrated volumetric 
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252 capacity in the DCDHAQ cell. The cell lost 2% of its capacity in the first half day, and then the 

253 capacity fade rate decayed to around 0.85%/day, which is much higher than that of DCDHAQ cell 

254 at 0.2 M (0.09%/day) and 0.75 M concentration (0.03%/day). Overall, the introduction of two 

255 -CH2CO2H groups not only increases the volumetric capacity but also greatly increases the 

256 anthraquinone lifetime. 

257 When considering the potential for practical deployment, the electrolyte cost at a commercial 

258 scale is one of the most important factors but is also one of the most difficult to assess for a new 

259 composition of matter. The laboratory-scale cost of the precursor 1,8-DHAQ is low compared to 

260 that of its isomer 2,6-DHAQ, as shown in Table S2 (see Estimated Cost of Electrolytes in the 

261 Supporting Information). Given that DCDHAQ synthesis is a one-pot green method that uses water 

262 as the solvent and inexpensive glyoxylic acid as the chain precursor, its synthetic cost at a 

263 commercial scale should be low. Additionally, the reaction should also proceed with an 

264 electrochemical synthesis method such as that shown in Figure S7, which would avoid the use of 

265 sodium dithionite. As discussed in the Supporting Information, the mass-production cost of 

266 DCDHAQ is estimated to be approximately $8–10.4/kg by the chemical synthetic route reported 

267 here and between $6–8/kg by the electrochemical synthetic route. 

268 To demonstrate the generality of the synthetic method of attaching glyoxylic acid groups, we 

269 attached a single –CH2COOH group to 1,4-DHAQ, forming 1,4-dihydroxy-2-carboxymethyl-

270 9,10-anthraquinone (1,4-CDHAQ), as shown in Figure 4. Compared to DCDHAQ, the mass-

271 production cost of 1,4-CDHAQ may be lower because of the lower cost of 1,4-DHAQ (Table S2) 

272 and the use of only half as much of the chain precursor as for DCDHAQ. 1,4-DHAQ is readily 

273 produced from phthalic anhydride and 4-chlorophenol; thus, it is the least expensive of the DHAQ 
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274 family with a cost comparable to that of anthraquinone.46 The solubility at pH 14 of 1,4-CDHAQ 

275 is 1.0 M, corresponding to a volumetric capacity of 53.6 Ah/L, which is more than 10 times that 

276 of 1,4-DHAQ (Figure S8) and comparable to that of DCDHAQ. The redox potential of 1,4-

277 CDHAQ is -0.56 V vs. SHE at pH 14, enabling it to form a 1.05 V full cell when paired with 

278 potassium ferrocyanide (Figure 4b). Unfortunately, 1,4-CDHAQ appears, based on color changes 

279 in Figure S9 and current decreases in CV results in Figure S10, to react irreversibly with 

280 ferricyanide. The irreversible decomposition is tentatively attributed to the oxidation of 1,4-

281 hydroxy groups in 1,4-CDHAQ by ferricyanide, followed by Michael addition. A similar 

282 decomposition mechanism has been observed in both alizarin and quinizarin derivatives at high 

283 oxidation potential.47 Since the crossover of ferricyanide cannot be avoid in Nafion 212 membrane, 

284 thus cell-scale performance evaluation of 1,4-CDHAQ must await a membrane with a negligible 

285 ferricyanide crossover rate and not evaluated here.  
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286

287 Figure 4. a) Synthetic route for 1,4-CDHAQ; b) Cyclic voltammograms of 5 mM 1,4-CDHAQ 
288 and 10 mM potassium ferrocyanide at pH 14 with a scan rate of 100 mV/s.

289 We showed how simple molecular modification of a potentially inexpensive but poorly-

290 performing aromatic precursor can improve the performance of redox-active organics in aqueous 

291 flow batteries. We demonstrated a high-performance AORFB with a highly soluble, stable, and 

292 potentially inexpensive anthraquinone in the negolyte. Because glyoxylic acid is known to react 

293 with phenol,48 the potentially inexpensive synthetic method of attaching glyoxylate groups on 

294 aromatics might be readily extended to other anthraquinone derivatives and perhaps other 

295 aromatics, accelerating the development of redox-active organics for practical application. Finally, 

296 the simulated results relating SOC to cycling voltage limits and cut-off current density provide 

297 quantitative guidance for accurate evaluation of cell capacity and its fade rate. 
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