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Abstract 18 

Water-soluble anthraquinones (AQs) hold great promise serving as redox-active species in aqueous organic 19 

redox flow batteries. Systematic investigations into how the properties of redox molecules depend on the 20 

water-solubilizing groups and the way in which they are bound to the redox core are, however, still lacking. 21 

We introduce water-solubilizing groups linked to anthraquinone by C=C bonds via Heck cross-coupling 22 

reactions and convert C=C bonds to C−C bonds through hydrogenation. The anthraquinone and the ending 23 

groups are connected via branched or straight chains with either unsaturated or saturated bonds. We 24 

investigate the influence of water-solubilizing chains and ionic ending groups on redox potentials of 25 

molecules and identify three important trends. (1): The electron-withdrawing ending groups can affect 26 

redox potentials of AQs with two unsaturated hydrocarbons on the chains through π-conjugation. (2): For 27 

chains with two saturated or unsaturated straight hydrocarbons, water-solubilizing ending groups increase 28 

redox potentials of the AQs in the order of PO3
2− <CO2

−<SO3
−. (3): AQs with saturated and unbranched 29 

chains at high pH possess desirably low redox potentials, high solubilities, and high stability. 30 

Disproportionation leads to the formation of anthrone, which can be regenerated to anthraquinone. 31 

Tautomerization results in the saturation of alkene chains, stabilizing the structure. We utilize these 32 
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observations to identify a potentially low-cost and long-lifetime negolyte that demonstrates a temporal fade 33 

rate as low as 0.0128%/day when paired with a potassium ferrocyanide posolyte. 34 

Introduction 35 

Energy storage systems have become an integral part of modern society.1, 2 Among the most promising 36 

electricity storage systems are aqueous redox flow batteries (ARFBs). Featuring intrinsically nonflammable 37 

electrolytes, and decoupled energy and power scaling, ARFBs can play a crucial role in storing massive 38 

amounts of electricity produced from intermittent renewable resources such as solar energy and wind power 39 

and releasing the electricity when it is needed. Among a variety of ARFBs, the vanadium redox flow battery 40 

(VRFB) has been the most developed and mature system to-date.3, 4 Redox-active organic molecules 41 

composed of earth-abundant elements such as carbon, hydrogen, oxygen, nitrogen, and sulfur are 42 

potentially cost-effective.5, 6 Furthermore, because of structural diversity and tunability of organic 43 

molecules, molecular engineering can be employed to judiciously design desired redox molecules for 44 

aqueous organic redox flow batteries (AORFBs).7, 8 Although extremely stable anthraquinone-based 45 

aqueous flow batteries have been developed with projected decadal lifetime,9 manufacturing costs remain 46 

challenging. Additionally, the technology still stands to benefit greatly from improved synthetic methods, 47 

as well as systematic investigations into how the properties of redox molecules depend on the water-48 

solubilizing groups and the way in which they are bound to redox cores. 49 

Water-soluble quinone derivatives used for AORFBs comprise two motifs, the hydrophobic quinone 50 

redox center and the hydrophilic water-solubilizing groups, including −SO3
− −CO2

−,10 −PO3
2−,11 −NR4

+,12, 51 

13 O−,7 and polyethylene glycol (PEG)14. These motifs are connected via covalent bonds such as C−O,14 52 

C−S15 and C−C9 or are directly attached to redox cores.6, 7, 16, 17 It appears that redox cores bonded to water-53 

solubilizing groups via C−heteroatom bonds are susceptible to nucleophilic substitution reactions, resulting 54 

in the detachment of water-solubilizing groups from redox cores.10, 18, 19 Because carbon-carbon bonds are 55 

more chemically resistant against nucleophilic attack than carbon-heteroatom bonds such as C−O (S, N), it 56 

is desirable to incorporate carbon-carbon bonds between redox centers and water-solubilizing ending 57 
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groups.9 Redox centers and −SO3
−, −CO2

−, −PO3
2− water-solubilizing groups are considered electron-58 

withdrawing because of their resonance and negative inductive effects. When there is only a single 59 

unsubstituted methylene group (−CH2−) between a redox center and a water-solubilizing group, the close 60 

proximity of the electron-withdrawing groups to the redox core may cause molecules to be vulnerable to 61 

nucleophilic attack.13, 20, 21 In contrast, excellent molecular stability has been achieved when there are at 62 

least two carbon atoms between water-solubilizing groups and redox cores.9, 13 63 

Here we demonstrate a generic method for synthesizing water-soluble anthraquinone (AQ) derivatives 64 

with saturated or unsaturated and branched or straight carbon linkages (Scheme 1). Specifically, 2,6-65 

diamino-9,10-anthraquinone is transformed to 2,6-diiodo-9,10-anthraquinone. Then, C=C linked water-66 

solubilizing groups are introduced via Heck cross-coupling reactions to afford water-soluble 67 

anthraquinones with unsaturated carbon linkages. Hydrogenation of these molecules then converts C=C 68 

bonds to C−C bonds. Using the same synthetic method, we synthesized ten anthraquinone derivatives, each 69 

with one of three water-soluble ending groups (−SO3
−, −CO2

−, −PO3
2−) and a particular (branched/straight, 70 

unsaturated/saturated) carbon linkage. We evaluated their solubility, stability, redox potentials, standard 71 

rate constants, and diffusion coefficients to better understand the effects of different solubilizing groups 72 

and linkages. In the end, we identified 9,10-anthraquinone-2,6-dipropionic acid (AQDP) as an extremely 73 

stable and potentially low-cost negative electrolyte (negolyte). When paired with potassium ferrocyanide 74 

positive electrolyte (posolyte), AQDP exhibits a temporal fade rate as low as 0.012% per day. 75 
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 76 

Scheme 1 | (a) Retrosynthetic analysis of –C2H4– linked water-soluble anthraquinones (AQs). (b) The 77 
synthetic routes and conditions used for the synthesis of a class of water-soluble AQs. (c) Water–soluble 78 
anthraquinones synthesized by the same method. 79 
 80 

Following the reasoning that a stable redox molecule should have at least two carbons between a redox 81 

core and a water-solubilizing group, we consider Heck cross-coupling to be a plausible route to access the 82 

desired water-soluble anthraquinones (1 and 2). Specifically, halogenated anthraquinones (3) can react with 83 

easily accessible water-soluble alkenes (4) to afford anthraquinones bearing water-solubilizing groups 84 

separated from the anthraquinone core by at least two carbons, and the tethered alkenyl chains can be 85 

saturated via hydrogenation (Scheme 1). We selected a variety of alkenes (4) containing SO3
−, CO2

−, and 86 

PO3
2− ending groups  to react with 3. First, 2,6-diaminoanthraquinone (5) is converted to 2,6-87 

diiodoanthraquinone (3a) through the intermediate diazotization (Scheme 1b). Then 3a was subjected to 88 

palladium-catalyzed Heck cross-coupling reactions using different water-solubilizing coupling partners to 89 

afford 2a-2e. After the completion of the Heck reaction, hydrogen gas was introduced in the reaction to 90 

afford 1a-1e through a one-pot Heck reaction−hydrogenation sequence. Scheme 1c lists all carbon-linked 91 

AQs synthesized by this method. Both unsaturated and saturated as well as branched and straight 92 

hydrocarbon chains were introduced; the number of carbon atoms on each chain is 2−4. 93 
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Experimental results and discussion 94 

 95 
Fig. 1 | Cyclic voltammograms (CVs) on glassy carbon and redox potentials of the water-soluble AQs. (a): 96 
CVs of AQDVS, AQDES, AQDPeS, and AQDPS in 1 M H2SO4; (b) CVs of AQDVC, AQDP, AQDVP, 97 
AQDEP in 1 M KOH. Scan rate: 100 mV/s. Concentration of AQs: 5 mM. (c) Mapping the redox potentials 98 
of 12 water-soluble anthraquinones at pH 14, including two previously reported carbon-linked AQs, 99 
DPivOHAQ: 3,3’-(9,10-anthraquinone-diyl)bis(3-methylbutanoic acid); DBAQ: 4,4’-(9,10-100 
anthraquinone-diyl)dibutanoic acid.9, 22 The AQs with saturated chains are red colored, and the AQs with 101 
unsaturated chains are blue colored. All CV measurements were collected at room temperature with a scan 102 
rate of 100 mV/s.  103 
 104 

Fig. 1 shows the cyclic voltammogram (CV) results of AQs at pH 0 and 14 and a map of redox potentials 105 

at pH 14. For those AQs with two unsaturated hydrocarbons on the chains, the electron-withdrawing ending 106 

groups (SO3
−, PO3

2−, COO−) can still affect the redox potentials through π-conjugation. Consequently, the 107 

redox potentials of AQDVS (2b), AQDVP (2c), AQDVC (2d) are 60−80 mV higher than those of the 108 

saturated AQs, i.e., AQDES (1a), AQDEP (1c), AQDP (1d), where the negative resonance effect is 109 
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weakened due to the saturated hydrocarbon linkage. We also noticed that those molecules show a clear 110 

trend in redox potentials, i.e., 2b > 2d > 2c for the unsaturated AQs and 1b > 1d > 1c for the saturated AQs 111 

(Fig. 1c), which is supported by the theoretical calculation of water-solubilizing groups increasing redox 112 

potentials in the order of SO3
− > CO2

− > PO3
2−.23 113 

Interestingly, AQDPeS (2a) has a slightly lower redox potential than its saturated analogue AQDPS 114 

(1a). This effect may be explained by the two unsaturated C=C bonds extending the conjugation of the 115 

anthraquinone core and enhancing the resonance effect in 2a; meanwhile, the saturated methylene group 116 

may weaken the negative resonance effect of SO3
−. The same trend is also found at pH 0; the potential of 117 

1b (110 mV vs. SHE) is 115 mV lower than that of 2b (225 mV vs. SHE); whereas the potential of 1a (122 118 

mV vs. SHE) is slightly higher than that of 2a (98 mV vs. SHE) (Fig. 1a). 119 

The effect of branched alkyl chains on redox potentials can be evaluated through the comparison of 1d, 120 

AQDB (1e), and DPivOHAQ (7).9 Addition of electron-donating methyl groups on the benzylic carbons 121 

can lead to lower redox potentials of AQs, with the order of potentials given by 7 (−0.499 V) < 1e (−0.480 122 

V) < 1d (−0.456 V). A similar trend is also found from the unsaturated AQs, i.e., 2e (−0.430 V) < 2d 123 

(−0.389 V). 124 

For those AQs possessing saturated and straight chains with different numbers of carbon atoms, the 125 

redox potential of 1a (−0.469 V) is 33 mV lower than that of 1b (−0.436 V), whereas the redox potential of 126 

1d (− V) is the same as that of DBAQ (6) (− V) (Fig. 1c). The difference suggests that the 127 

inductive electron-withdrawing effect of CO2
− can be sufficiently weakened by two saturated carbons, 128 

whereas SO3
− still plays a role in elevating redox potential even when distanced by two saturated carbons. 129 

 130 

 131 

 132 

 133 

 134 
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Table 1 | Properties of carbon-linked water-soluble AQs. The pH was adjusted by KOH. 135 

 136 

The aqueous solubility of AQs depends on solution pH, ending groups, and the chains with (un)saturated, 137 

(un)branched hydrocarbons between the redox cores and ending groups. The solubilities of these AQs are 138 

summarized in Table 1. The solubility of 1b reaches 1.10 M at pH 0 due to the negative pKa of −SO3H, 139 

whereas its solubility decreases to 0.30 M when pH is adjusted to 7 by adding KOH. Similarly, the solubility 140 

of anthraquinone-2,7-disulfonic acid (AQDS) is 1.50 M at pH 0,6 and its solubility decreases to 0.58 M at 141 

pH 7 when the pH is adjusted by adding NaOH.24 At pH 12, −CO2H and −PO3H2 are fully deprotonated, 142 

and the solubilities of 1c, 1d, and 6 at pH 12 reach 1.1 M, 1.0 M, 1.0 M, respectively. AQs with unsaturated 143 

chains usually show lower solubilities than their saturated versions, i.e., 1b > 2b; 1c > 2c, 1d > 2d. A 144 

plausible explanation is that the extended conjugation in the unsaturated AQs enhances the intermolecular 145 

- interactions, thus lowering their solubility in water. In addition, the solubility of AQs tends to decrease 146 

when more hydrophobic hydrocarbons are incorporated to chains. For example, the solubility of 2e is lower 147 

than that of 2c as one extra branched methyl group is introduced in 2e. Similarly, the solubility of 6 is 148 

Molecule Number Chains
Redox potential

@ pH 14 (V)
Peak separation

(mV)
Solubility
（M）

AQDPS 1a -0.469 50 0.30 @ pH 7

AQDPeS 2a -0.474 138 0.35 @ pH 7

AQDES 1b -0.436 53
1.10 @ pH 0
0.30 @ pH 7

AQDVS 2b -0.362 63 0.10 @ pH 0

AQDEP 1c -0.468 80 1.10 @ pH 12

AQDVP 2c -0.398 56 0.85 @ pH 12

AQDP 1d -0.456 83 1.00 @ pH 12

AQDVC 2d -0.389 42 0.70 @ pH 12

AQDB 1e -0.480 98 0.77 @ pH 12

AQDBe 2e -0.430 86 0.65 @ pH 12

DBAQ 6 -0.456 83 1.00 @ pH 12

DPivOHAQ 7 -0.499 52 0.75 @ pH 12

SO3H

SO3H

SO3H

SO3H

COOH

COOH

PO3H2

PO3H2

COOH

COOH

COOH

COOH
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slightly lower than that of 1d as there are three methylene groups between the AQ and ending groups in 6 149 

and two in 1d. 150 

Table 2 | Properties of carbon-linked water-soluble AQs. (cont.) 151 

All molecules were prepared with a concentration of 5 mM and tested at pH 14. 152 

 153 

The electrochemical kinetics of seven AQs were investigated; in particular, their rate constants and 154 

diffusion coefficients were extracted from cyclic voltammetry and rotating disc electrode experiments 155 

(Figure S16-30, Supporting Information). CVs were evaluated at multiple scan rates in pH 14 supporting 156 

electrolyte, with all molecules investigated demonstrating quasi-reversible, two-electron redox processes. 157 

Using the Randles-Ševčík equation, a plot of voltammogram peak currents vs. the square root of scan rate 158 

provides a slope from which a diffusion coefficient can be calculated. However, it must be noted that by 159 

using the Randles-Ševčík equation, the diffusion coefficient will be underestimated whenever the observed 160 

redox process is not fully reversible, as is always the case in this study. Therefore, linear sweep voltammetry 161 

with a rotating disk electrode was used to determine more accurate values for diffusion coefficients. Using 162 

these diffusion coefficients, CVs were then fit by simulation25 to the experimental data to determine 163 

electrochemical rate constants of the limiting reduction process (ko) and formal reduction potentials of the 164 

individual electron redox processes (E0
1, E0

2). Rate constants determined from CV simulation and RDE 165 
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were both in good agreement with each other (see Table 2). As others have noted, ex situ electrochemical 166 

characterization of ARFB active species is almost always performed on flat macroelectrodes (e.g. glassy 167 

carbon), yet these molecules are then tested in flow batteries with porous carbon electrodes of varied surface 168 

composition where electron transfer kinetics quantification is further complicated by mass transport.26 27, 28 169 

Thus the electrochemical kinetics of these AQs may differ when porous carbon electrodes are used in a 170 

flow battery, possibly even resulting in slower electrochemical kinetics.29, 30 171 

The structure-property relationships between AQs and their redox potentials and solubilities have been 172 

evaluated in detail; all the tested AQs show similar standard rate constants and diffusion coefficients. 173 

Plausible explanations for the similar rate constants are: AQ cores dominate and the chains are not bulky 174 

enough to provide steric hindrance; the linking manners and water-solubilizing groups appear not to affect 175 

the rate constants; the extension of the  system in the unsaturated AQs over the saturated ones does not 176 

affect the rate constants of AQs. Additionally, it is unlikely that a significant difference in standard rate 177 

constants would be observed given that minimal solvation reorganization upon reduction/oxidation, typical 178 

for AQs, allows for fast electrochemical kinetics.31 179 

 All AQs show similar diffusion coefficients because all the AQ molecules have very similar molecular 180 

sizes.  181 
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 182 
Fig. 2 | Structural stability studies of 1b and its reduction product in 1 M H2SO4. (a) Thermal stability as 183 
evaluated by 1H NMR spectroscopy. 1b is thermally stable at elevated temperatures (65 ˚C) over 7 days, 184 
whereas the reduction product of 1b is thermally unstable, as indicated by the decomposition peaks. The 185 
signal at 4.79 ppm is from the solvent (water). (b) Mass spectrum suggests the formation of anthrone and 186 
anthrone dimer derivatives. Positively ionized (protonated), m/z = exact mass of protonated molecules with 187 
one positive charge. (c) Proposed decomposition pathways in which the decomposition compounds were 188 
detected by mass spectrometry. (d) Stacked 1H NMR of (from top to bottom) pristine, cycled, thermally 189 
treated (reduction product treated at 65 ˚C for 7 days, then aerated) AQDES and chemically synthesized 190 
diethylsulfonated-2,6-anthrone (anthranol) (ADES), suggesting that the decomposition compound in the 191 
cycled and thermally treated AQDES is ADES. (e) Stacked 1H NMR of (from top to bottom) pristine 192 
AQDES, electrochemically oxidized AQDES from ADES, chemically oxidized AQDES from ADES by 193 
CrO3 in acidic conditions, and ADES, suggesting that ADES can be (electro)chemically oxidized to 194 
AQDES.  195 
 196 

Commercially viable batteries for grid storage are expected to have operating lifetimes exceeding 10 197 

years.32 Chief among the degradation mechanisms that limit the lifetime of organic flow batteries is the 198 

molecular decomposition of the organic species themselves. In addition to cost and resource limitations, 199 
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technical challenges restrict the length of cycling experiments at the lab scale to assess the intrinsic stability 200 

of these reactants. Accelerating these decomposition mechanisms through higher temperature experiments 201 

is the most direct way to accelerate research and development of new viable compounds.33, 34 202 

The stability of redox molecules is of utmost importance because it determines whether the molecule is 203 

eventually useful for real applications. It is thus necessary to independently evaluate the stability of a redox 204 

molecule before running a full cell in which counter electrolytes, membrane, and electrodes will be involved 205 

and complicate the analysis. A protocol that has proven to be effective is to store electrolytes with different 206 

states of charge (SOC) at reasonably elevated temperatures and operational pH, which can accelerate 207 

molecular decompositions of both states. Depending on decomposition rates, decomposition compounds 208 

can be detected by liquid chromatography−mass spectroscopy (LC−MS) or 1H NMR spectroscopy.9-11, 35  209 

Given that the redox potential of 1b is 110 mV vs. RHE at pH 0 and the solubility of 1b is 1.1 M, it is 210 

worthwhile to investigate its thermal stability in acid for both redox states. The 1H NMR spectra in Fig. 2a 211 

suggests that 1b is thermally stable, whereas the reduction product of 1b is not. The sample showing 1H 212 

NMR decomposition peaks in Fig. 2a was further analyzed by mass spectrometry. The characteristic m/z 213 

values (Fig. 2c) suggest decomposition of the reduction product of 1b; its anthrone and anthrone dimer 214 

derivatives were produced over 7 days at 65 ˚C. These decomposition compounds have been observed in 215 

previous studies supported by theoretical calculations.36 To further confirm the formation of anthrone 216 

derivatives, we chemically synthesized diethylsulfonated-2,6-anthrone (anthranol) (ADES),36 and found 217 

that its 1H NMR chemical shifts and peak splitting are indeed in line with those in the cycled and thermally 218 

treated AQDES spectra (Fig. 2d). We previously found that anthrone derivatives can be chemically 219 

oxidized to AQs when exposed to air or other oxidants9, 36, 37 and electrochemically oxidized back to AQs 220 

when proper potentials are applied.37 We built an electrochemical cell of 5 mL, 0.05 M ADES paired with 221 

15 mL, 0.1 M AQDS (anthraquinone-2,7-disulfonate) in 1 M H2SO4 for ADES electrochemical oxidation. 222 

A constant current of 2 mA/cm2 was applied until the potential of ADES vs. AQDS reached 1.7 V. After 223 

that, an aliquot of ADES solution was taken and diluted with D2O for 1H NMR measurement. Our 224 
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preliminary (electro)chemical oxidation results confirmed the conversion of ADES to AQDES (Fig. 2e), 225 

suggesting that it would be plausible to in situ electrochemically regenerate redox-active AQDES from 226 

redox-inactive ADES in flow batteries.  227 

 228 

Fig. 3 | Structural stability studies of 2d and its reduction product at pH 12. Thermal stability was measured 229 
by 1H NMR spectroscopy. (a) 2d at pH 12 is thermally stable at elevated temperatures (65 ˚C) over 7 days. 230 
The signal at 1.85 ppm is from the internal standard (potassium acetate), and the signal at 4.79 ppm is from 231 
the solvent (water). (b) The reduction product 2d at pH 12 is thermally unstable at 45 ˚C after 7 days, which 232 
is indicated by the appearance of new peaks in both aromatic and aliphatic regions. The chemical shifts of 233 
the new peaks are either similar or identical to those of 1d, suggesting that the reduction product of 2d may 234 
tautomerize to molecules similar to 1d. (c) Decomposition compounds were detected by LC−MS and 235 
proposed possible decomposition pathways are illustrated (see Supporting Information). 236 
 237 

To achieve commercial viability, AORFB electrolytes must be extremely stable and also have a lower 238 

capital cost than existing vanadium flow battery electrolytes. Among the AQs reported in the present work, 239 

1d and 2d are synthesized from anthraquinone precursor and acrylic acid, the latter being a major building 240 

block in the production of many industrial products. Therefore, 1d and 2d could be potentially low-cost 241 

once the synthetic conditions are fully optimized. The evaluation of the stability of 2d in both oxidation 242 

states at pH 12 is presented in Fig. 3. Although the unchanged spectra in Fig. 3a indicate that 2d is stable 243 

at both 65 ˚C and 80 ˚C after 7 days, the new peaks appearing in both aromatic and aliphatic regions in Fig. 244 
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3b suggest that the reduction product of 2d is unstable when stored at 45 ˚C for 7 days. Interestingly, the 245 

chemical shifts of the new peaks are either similar or identical to those of 1d. The m/z ratio obtained from 246 

LC−MS experiments suggested the existence of 1d, 2d, and a compound with a molecular weight equal to 247 

2 less than that of 1d (or 2 more than that of 2d), which we hypothesize is an intermediate possessing one 248 

saturated chain and one unsaturated chain. Corresponding reaction mechanisms are proposed in Fig. 3c. 249 

Tautomerization favors formation of the intermediate, and disproportionation leads to the formation of 1d 250 

and 2d.16, 38 251 

Given the instability of 2d, we set out to evaluate the stability of saturated analogues. 1c and 1d are two 252 

molecules with two saturated hydrocarbon chains. Both redox states of each were stored at pH 14 and at 65 253 

˚C for 7 days and then characterized by 1H NMR (Fig. 4). Identical spectra for the two molecules in both 254 

states indicate their excellent thermal stability. Through comparing redox potentials, solubility, rate 255 

constant, diffusion coefficient, and stability for all carbon-linked AQs, we notice that at high pH, water-256 

soluble AQs with saturated chains demonstrate lower redox potentials, higher solubility, and better stability 257 

than their unsaturated versions; therefore, water-soluble AQs with saturated chains are desirable negolyte 258 

active species. 259 



14 
 

 260 
Fig. 4 | Structural stability studies of redox pairs 1c and 1d at pH 14. Thermal stability at elevated 261 
temperatures (65 ˚C) over 7 days was confirmed by 1H NMR spectroscopy. (a) Stacked 1H NMR spectra of 262 
1d at pH 14. (b) Stacked 1H NMR spectra of the reduction product of 1d at pH 14 after aeration. (c) Stacked 263 
1H NMR spectra of 1c at pH 14. (d) Stacked 1H NMR spectra of the reduction product of 1c at pH 14 after 264 
aeration. The signal at 2.75 ppm is from the internal standard (sodium methanesulfonate). The signal at 265 
4.79 ppm is from the solvent (water). 266 
 267 

AQDP (1d) was chosen to be investigated in full cells given its potential low-cost in mass production, 268 

excellent stability, high solubility, and suitable redox potential. The voltage profile and the cell cycling in 269 

Fig. 5a and 5b are from a 0.1 M AQDP full cell when paired with a potassium ferrocyanide posolyte. The 270 

full cell approached 94.5% of the theoretical capacity and exhibited a temporal fade rate of 0.0128% per 271 

day after being cycled for 8 days and 350 cycles, suggesting that AQDP is extremely stable.34 The dip 272 

highlighted in Fig. 5b was caused by the temporary depletion of nitrogen, as the cell was cycled in a 273 

nitrogen-filled glove bag. A full cell with 1 M AQDP was built to demonstrate the feasibility of a 274 

concentrated flow cell operation. The concentrated cell exhibited a capacity utilization of 79.2% and a 275 
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temporal fade rate of 0.025% per day over 11 days. The lower capacity utilization and the fluctuations in 276 

capacity and Coulombic efficiency in Fig. 5d are possibly due to the concentration approaching the 277 

solubility limit and/or high mass transport resistance.10, 39 The fade rate of the concentrated cell (1 M AQDP) 278 

is approximately twice as high as that of the dilute cell (0.1 M AQDP), and further experimental 279 

investigation is required to examine whether the difference in fade rate is due to the difference in 280 

concentration. 281 

Polarization curves at various SOC are shown in Fig. 5e. AQDP delivers a peak power density exceeding 282 

180 mW/cm2 at 90% SOC. The open circuit voltage of the full cell increases with increasing SOC and is 283 

approximately 0.98 V at 50% SOC. The high frequency resistance remains approximately 1.2  cm2 over 284 

the full SOC range (Fig. 5f), which is mainly due to the membrane resistance. The polarization resistance 285 

varies from 1.47 to 1.63  cm2, due to the nearly constant membrane resistance and the varying electrolyte 286 

resistance at different SOC. 287 
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 288 
Fig. 5 | AQDP-based full cell measurements. (a, b): The voltage profile and long-term cycling of a 0.1 M 289 
AQDP-based full cell. Cell configuration: 7.5 mL, 0.1 M AQDP, 1 M KCl, pH 12 | 100 mL, 0.1 M 290 
K4Fe(CN)6, 0.02 M K3Fe(CN)6, 1 M KCl, pH 12. The cell was first charged/discharged at 30 mA/cm2 until 291 
voltages reached 1.35 V or 0.5 V and then was held at these voltages until the current density dropped to 2 292 
mA/cm2. (c, d): The voltage profile and long-term cycling of a 1 M AQDP-based full cell. Cell 293 
configuration: 5 mL, 1 M AQDP, pH 12 | 100 mL, 0.5 M K4Fe(CN)6, 0.1 M K3Fe(CN)6, pH 12. The cell 294 
was first charged/discharged at 50 mA/cm2 until voltages reached 1.35 V or 0.5 V and then was held at 295 
these voltages until the current density dropped to 2 mA/cm2. (e) Cell voltage and power density versus 296 

0 20 40 60 80 100 120 140
0.4

0.6

0.8

1.0

1.2

1.4

V
o

lta
g

e
 (

V
)

Capacity (C)

Theoretical capacity

Capacity utilization: 94.5% 

0 20 40 60 80 100
0.6

0.7

0.8

0.9

1.0

1.1

1.2

O
C

V
 (

V
)

SOC (%)

 OCV

1.2

1.3

1.4

1.5

1.6

 High frequency

 Polarization

R
e
s
is

ta
n
c
e
 (

1
 c

m
2
)

-400 -200 0 200 400 600
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 10%

 30%

 50%

 70%

 90%

V
o
lt
a

g
e
 (

V
)

Current density (mA/cm2)

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

P
o
w

e
r 

d
e
n
s
it
y
 (

m
W

/c
m

2
)

0 2 4 6 8 10 12

756

758

760

762

764

766

768

770

D
is

c
h
a
rg

e
 c

a
p
a

c
it
y 

(C
)

Time (days)

Fitted fade rate: 0.025%/day

0 20 40 60 80 100 120

95.0

95.5

96.0

96.5

97.0

97.5

98.0

98.5

99.0

99.5

100.0

C
u
rr

e
n
t 

e
ff
ic

ie
n
c
y
 (

%
)

Cycle number

0 100 200 300 400 500 600 700 800 900 1000
0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

V
o
lt
a

g
e
 (

V
)

Capacity (C)

Theoretical capacity

Capacity utilization: 79.2%

0 1 2 3 4 5 6 7 8
136.5

136.6

136.7

136.8

136.9

137

D
is

c
h
a
rg

e
 c

a
p
a
c
it
y
 (

C
)

Time (days)

Fitted fade rate: 0.0128%/day

0 100 200 300

Cycle number

98.6

98.8

99.0

99.2

99.4

C
o
u

lo
m

b
ic

 e
ff
ic

ie
n
c
y
 (

%
)

a b

c
d

e f

Ω

depletion of nitrogen gas 



17 
 

current density at room temperature at 10%, 30%, 50%, 70%, and 90% SOC. Oscillations in current density 297 
are due to the pulsations of the peristaltic pump. (f) OCV, as well as high frequency and polarization ASR 298 
versus SOC. For all tests, Fumesap® E620(K) was used as the membrane. The pH of electrolytes was 299 
adjusted by adding KOH pellets. Cell configuration for (e and f): 5 mL, 0.5 M AQDP, pH 12 | 100 mL, 0.5 300 
M K4Fe(CN)6, 0.1 M K3Fe(CN)6, pH 12. The cell cycling tests were conducted in a N2-filled glove bag, 301 
and the polarization and ASR tests were conducted in a N2-filled glove box. 302 

Conclusions 303 

We designed and synthesized a class of carbon-linked water-soluble anthraquinones; compared redox 304 

potentials, rate constants, diffusion coefficients, and solubility of up to 12 quinones; and selectively 305 

evaluated thermal stability of four AQs. The trends that we observed are:  306 

1. The electron-withdrawing ending groups (SO3
−, PO3

2−, CO2
−) can affect redox potentials of AQs 307 

with two unsaturated hydrocarbons on the chains through π-conjugation, and the redox potentials of 308 

AQDVS, AQDVP, AQDVC are 60−80 mV higher than those of the saturated AQs, i.e., AQDES, 309 

AQDEP, and AQDP.  310 

2. In stark contrast, the redox potential of AQDPeS is lower than its saturated analogue AQDPS in 311 

both acidic and alkaline media. The two unsaturated C=C bonds extend  conjugation of AQDPeS 312 

and the methylene groups next to the C=C bonds in AQDPeS weaken the negative resonance effect 313 

of SO3
−, thus lowering its potential.  314 

3. For the AQs with two saturated or unsaturated straight hydrocarbons, water-solubilizing ending 315 

groups increase redox potentials of the AQs in the order of PO3
2−  CO2

− < SO3
−, in agreement with 316 

theoretical predictions. 317 

4. AQs with unsaturated chains show lower solubilities than their saturated counterparts.  318 

5. The solubility of AQs decreases when more hydrophobic hydrocarbons are incorporated into chains. 319 

6. AQs with saturated and unbranched chains at high pH possess desirably low redox potentials, high 320 

solubilities, and high stability. 321 

We further detected anthrone and anthranol formation, along with possible saturation of unsaturated 322 

chains by tautomerization. The capacity fade caused by the formation of anthrone and anthranol, however, 323 

can be regenerated. We identified 9,10-anthraquinone-2,6-dipropionic acid as a negolyte candidate given 324 
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its potentially low-cost mass production and its demonstrated low temporal fade rate of 0.0128—0.025% 325 

per day when paired with a potassium ferrocyanide posolyte. 326 
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