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H I G H L I G H T S  

• 1,3,5,7-THAQ is easily synthesized via 3,5-dihydroxybenzoic acid dimerization. 
• 1,3,5,7-THAQ presents a high solubility and a low redox potential at pH 14. 
• 1,3,5,7-THAQ based flow battery shows a low capacity fade rate of 0.35% day− 1. 
• 1,3,5,7-THAQ based flow battery shows high energy density and long cycling life.  
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A B S T R A C T   

Aqueous redox flow batteries (ARFBs) based on the electrolytes of organic redox-active species with low cost, 
abundant sources are very attractive for application in large-scale energy storage systems. Herein, we introduce 
the green and convenient microwave synthesis of a redox-reversible molecule based on an anthraquinone motif, 
namely 1,3,5,7-tetrahydroxyanthraquinone (1,3,5,7-THAQ), via the dimerization of low-cost 3,5-dihydroxyben-
zoic acid with high yield and batch production capability. The 1,3,5,7-THAQ presents a high solubility of 1.88 M 
and a low redox potential of − 0.68 V at pH 14, well suited to serving as an anolyte molecule in ARFBs. When 
paired with a ferrocyanide catholyte, the ARFBs based on 1,3,5,7-THAQ demonstrate a high cell voltage of ~1.2 
V and a maximum output power density of 0.36 W cm− 2. Detailed battery tests and post-analyses verify the 
excellent cycling stability of 1,3,5,7-THAQ without electrochemical dimerization in highly alkaline aqueous 
environment, which contributes to the ultrahigh capacity retention (95.2% after 1100 cycles at 100 mA cm− 2) 
and low capacity fade rate (~0.35% per day) of the ARFBs. This work provides an effective paradigm for the 
design of high performance and low cost ARFBs based on organic redox-active molecules for large-scale and low- 
cost energy storage applications.   

1. Introduction 

The penetration of renewable energy, such as solar and wind energy, 
in all of society is now increasing rapidly [1–4]. Combining clean energy 
harvesting systems with appropriate low-cost energy storage devices to 
alleviate the intermittence and fluctuation of renewable energy sources 
is urgently required [5,6]. Rechargeable aqueous redox flow batteries 
(ARFBs) are a notable solution in terms of grid-scale energy storage 

[7–13]. In recent years, to replace resource-deficient inorganic active 
materials, significant efforts have been made to develop inexpensive, 
long-cycling ARFBs based on organic redox-active species, especially 
quinone derivatives base on benzoquinone, naphthoquinone and 
anthraquinone motifs [14–21]. 

It is known that a large amount of anthraquinone exists in the plant 
metabolites of Polygonaceae, Leguminosae, Rubiaceae and lichens, but 
it is difficult to directly use anthraquinone in ARFBs because of its low 
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water solubility (<1 mM) [22]. To fulfill the requirements of practical 
applications, the aqueous solubility, electrochemical stability and eco-
nomic effectiveness of quinone derivatives need to be further improved. 
Fortunately, the substituents on anthraquinone can be advisedly modi-
fied to increase its aqueous solubility [14,20–24]. For examples, the Aziz 
research group reported the introduction of sulfonic acid groups on an 
anthraquinone core, which is an effective way to improve its solubility 
[14,23]. Moreover, the solubility of anthraquinone derivatives can be 
improved under alkaline conditions by introducing carboxyl groups and 
phosphoric acid groups [20,21]. However, the redox potential of 
anthraquinone derivatives cannot be lowered by these functional 
groups. In contrast, by introducing hydroxyl groups on the anthraqui-
none core [15,25], the solubility can be improved and meanwhile the 
redox potential can also be effectively lowered, thus conducive to 
improving the overall energy density of ARFBs. Notably, the positions of 
hydroxyl groups on the anthraquinone core have a great effect on the 
solubility. For example, 2,6-dihydroxyanthraquinone (2,6-DHAQ) [15], 
which contains two β-hydroxyl groups, and 1,2-DHAQ, which contains 
one α-hydroxyl group and one β-hydroxyl group [25], show a maximum 
solubility of ~0.6 M in 1.0 M KOH. However, other dihydroxyan-
thraquinones, such as 1,4-DHAQ and 1,5-DHAQ, which contain two 
α-hydroxyl groups adjacent to different carbonyl groups, only show 
solubilities of approximately 0.15 M [25]. In particular, for 1,8-DHAQ, 
its two α-hydroxyls are adjacent to the same carbonyl group, and its 
solubility in alkaline solution is very low (merely 0.08 M) [26]. There-
fore, it is of great importance to rationally design appropriate functional 
group positions and simple synthesis routes for obtaining anthraquinone 
derivatives with high performance and scalable productivity for ARFBs. 

Herein, we report the synthesis of 1,3,5,7-tetrahydroxyanthraqui-
none (1,3,5,7-THAQ) through a green and convenient microwave 
dimerization reaction of low-cost 3,5-dihydroxybenzoic acid within 10 
min at a high yield of 90%. The 1,3,5,7-THAQ shows a very high solu-
bility up to 1.88 M at pH 14, much higher than that of other reported 
hydroxyanthraquinones [15,25,26]. When paired with low-cost ferro-
cyanide catholyte, the cell voltage of ARFBs based on 1,3,5,7-THAQ 
anolyte reaches ~1.2 V. Furthermore, self-discharge tests and 1H nu-
clear magnetic resonance (NMR) analysis verify that the electrochemical 
reversibility and cycling stability of 1,3,5,7-THAQ is excellent in a 
strong alkaline aqueous environment. By replacing the commercial 
Nafion-212 ion exchange membranes with custom sulfonated polyether 
ether ketone (sPEEK) membranes that has a lower membrane area 
resistance, the energy efficiency of the ARFBs with 1.0 M 1,3,5,7-THAQ 
anolyte increased from 67 to 75% at 100 mA cm− 2. The maximum 
output power density of the ARFBs reaches up to 0.36 W cm− 2, and the 
fade rate is as lower as 0.35% per day. Unlike the other reported dihy-
droxyanthraquinone molecules [24,27], the electrolyte analysis after 
long-term cycling shows that the 1,3,5,7-THAQ molecule exhibits no 
electrochemical polymerization in a highly alkaline aqueous solution, 
which is an important reason for its extremely stable cycling lifetime. 
Besides, the 3,5-dihydroxybenzoic acid used as the precursor for syn-
thesizing 1,3,5,7-THAQ is very cheap, and the synthesis process only 
needs sulfuric acid and microwave treatment. Therefore, the 
batch-synthesis cost of 1,3,5,7-THAQ at industrialization scale is lower 
than other previously-reported anthraquinone derivatives, which is very 
beneficial to reducing the capital cost of battery system. 

2. Experimental section 

2.1. Microwave synthesis of 1,3,5,7-THAQ 

Briefly, 2 g (13 mmol) of 3,5-dihydroxybenzoic acid was added into a 
glass bottle containing a small magneton. Then, 6 mL of concentrated 
sulfuric acid was added to the glass bottle and stirred until it was uni-
form. The sample was transferred into a microwave synthesizer, and the 
temperature was slowly increased to 120 ◦C at a uniform rate of 10 ◦C 
min− 1 and kept for 5 min. After the reaction, the as-obtained dark red 

mixture was slowly cooled to room temperature, and poured into 100 
mL of an ice/water mixture. After all the solids turned green, they were 
filtered and washed with hot water three times and then dried. 

2.2. Batch-scale microwave synthesis of 1,3,5,7-THAQ 

Briefly, 20 g (130 mmol) of 3,5-dihydroxybenzoic acid was added 
into two polytetrafluoroethylene (PTFE) tanks. Then, 80 mL of 
concentrated sulfuric acid was evenly added into the tanks and stirred 
until uniform. The PTFE tanks were transferred into a conventional 
household microwave oven, heated at 300 W power for 1 min and 
cooled for 3 min. This process was repeated 8 times. The as-obtained 
mixture was slowly poured into 500 mL of an ice/water mixture. 
Next, the solution was poured into 100 mL of an ice/water mixture. 
After all the solids turned green, they were filtered and washed with hot 
water three times and then dried. 

2.3. Nuclear magnetic resonance (NMR) measurements 

The 1H NMR spectra of 1,3,5,7-THAQ were recorded on a Bruker 
DPX 400 MHz spectrometer with different deuterium reagents, 
including d-dimethylsulfoxide (DMSO‑d6) or D2O, with phosphate 
buffer solution (PBS) or KOH aqueous solutions. 

2.4. Ultraviolet–visible (UV–Vis) absorption analyses 

For measuring the aqueous solubility, different standard solutions of 
1,3,5,7-THAQ in 1.0 M KOH were prepared using a 25 mL volumetric 
flask. The UV–Vis absorbance of these solutions was recorded at wave-
lengths varying from 300 to 800 nm. The working curves of the standard 
solutions were plotted according to their peak absorbance in visible 
bands. One milliliter of saturated solution was prepared by adding the 
1,3,5,7-THAQ powder to a strong alkaline solution, and then, 0.1 mL of 
sample solution was diluted several times with a 1.0 M KOH aqueous 
solution. The maximum solubility was calculated by the absorbance and 
the number of dilutions. For measuring the ionization constant, a small 
portion of 1,3,5,7-THAQ was dissolved in deionized water, and 3 mL of 
the solution was mixed with 10 μL at different ratios of PBS:HCl (0.5 M) 
or PBS:KOH (0.5 M). The absorbance values of these solutions at 
different pH values were measured in turn. 

2.5. Cyclic voltammetry (CV) measurements 

CV curves were recorded using a CHI-760E workstation (ChenHua 
Instruments, Shanghai) via a three-electrode system including a carbon 
felt working electrode (1 cm2), a platinum mesh counter electrode, and a 
Ag/AgCl reference electrode (presoaked in a 3.0 M KCl solution) at 
different pH values (adjusted by diluted KH2PO4 and KOH solutions, and 
calibrated by pH 6.86 and 9.18 PBS solutions). 

2.6. Performance tests of the ARFBs 

Two pieces of carbon felt (5 cm2) were preheated in a tube furnace at 
400 ◦C for 24 h, and then pressed on the graphite plates carved with 
liquid flow channels (Hongjun, Shanghai, China). The graphite plates 
were separated with a Nafion-212 ion exchange membrane or custom 
sulfonated polyether ether ketone (sPEEK) membrane, and sealed with 
Teflon rubber. After the electrolytes were prepared, they were first 
purged with high-purity N2 gas flow for 5 min, and then transferred into 
the storage bottles. The ARFB pack and the electrolyte storage bottles 
were connected by Teflon tubes (2 mm inner diameter). After the ARFB 
was assembled, it was placed in a high-purity N2 filled glovebox. The 
anolyte and catholyte were circulated at 60 mL min− 1 by using a two- 
channel peristaltic pump (Zibo Newking Electromechanical Equip-
ment, China). 

For cycling tests, the ARFB was cycled under 20 ◦C at designated 
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current densities and voltage ranges on a multi-channel battery test 
system (Wuhan Land Instruments, China). The state of charge (SOC) 
curves were measured by recording the open-circuit voltages after 
charging the ARFB to different SOCs at a current density of 100 mA cm− 2 

and then resting for 30 s. The ~100% SOC was obtained by galvanos-
tatically charging the battery to 1.4 V and then holding the charge po-
tential at 1.4 V until the current density was decreased to 2 mA cm− 2. 
The polarization curves were measured at 10, 50 and 100% SOCs by 
linear sweep voltammetry with a scan rate of 100 mV s− 1 using a CS1005 
potentiostat electrochemical workstation with a current booster (Wuhan 
Corrtest Instruments, China). 

For the low-concentration ARFB tests, 4 mL of 0.1 M 1,3,5,7-THAQ 
and 20 mL of 0.2 M K4Fe(CN)6 in alkaline aqueous solutions were 

used as anolyte and catholyte, respectively. 
For the high-concentration ARFB tests, 4 mL of 0.5–1.5 M 1,3,5,7- 

THAQ and 25 mL of 0.4–0.8 M K4Fe(CN)6 in alkaline aqueous solu-
tions were used as anolyte and catholyte, respectively. 

3. Results and discussion 

The 1,3,5,7-THAQ can be easily prepared by dimerizing the 3,5-dihy-
droxybenzoic acid precursor in a simple microwave synthesizer or a 
household microwave oven (Fig. 1a), as detailed in the Experimental 
section. Briefly, the microwave-assisted synthesis of 1,3,5,7-THAQ is 
based on an acid-mediated acylation and cyclization reaction procedure, 
in which the carboxyl groups and ortho H atoms of 3,5- 

Fig. 1. Synthesis process and chemical 
properties of 1,3,5,7-THAQ. a Micro-
wave synthesis process of 1,3,5,7-THAQ. 
b CV curves of 2 mM 1,3,5,7-THAQ in 
1.0 M KOH aqueous solution on a carbon 
felt electrode (1 cm2) at a scan rate of 
100 mV s− 1, respectively. c 1H NMR 
spectra of 1,3,5,7-THAQ in the DMSO‑d6 
solution (brown curve), PBS + DMSO‑d6 
solution (green curve) and D2O + 0.1 M 
KOH aqueous solution (blue curve). The 
1H NMR spectra were referenced to the 
solvent peak of an internal capillary 
reference solution. d UV–Vis absorption 
spectra and e Absorbances at λ311 nm, 
λ423 nm, and λ442 nm of 0.02 mM 1,3,5,7- 
THAQ in aqueous solutions with 
different pH values. f Proposed ioniza-
tion process of 1,3,5,7-THAQ. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the Web version of this 
article.)   
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dihydroxybenzoic acid play a key role for the dehydration and cycliza-
tion [28]. 1H NMR spectroscopy and liquid chromatography-tandem 
mass spectrometry (LCMS) were carried out to clarify the high purity 
of as-obtained 1,3,5,7-THAQ (Fig. S1 and Fig. S2), which has almost no 
impurities except for only a trace amount of water. The cyclic voltam-
metry (CV) curves of 2 mM 1,3,5,7-THAQ in 1.0 M KOH aqueous solu-
tion were obtained on a carbon felt electrode (1 cm2) at a scan rate of 
100 mV s− 1 (Fig. 1b). The CV curves demonstrated that the 1,3,5, 
7-THAQ exhibited good electrochemical reversibility given the negli-
gible change in currents of the three repeated cycles. Based on the CV 
results, the redox potential of 1,3,5,7-THAQ is measured to be − 0.86 V 
vs. Ag/AgCl electrode or − 0.65 V vs. standard hydrogen electrode (SHE). 
This indicates that the cell voltage of ARFBs based on 1,3,5,7-THAQ 
anolyte can reach approximately 1.2 V when paired with ferrocyanide 
catholyte. 

The 1,3,5,7-THAQ presents a high solubility in alkaline aqueous 
solution at room temperature. Ultraviolet–visible (UV–Vis) absorption 
spectroscopy confirms that the solubility of the 1,3,5,7-THAQ is up to 
1.88 M at pH 14 (Fig. S3), which is at least 3 times higher than that of 
2,6-DHAQ or 18 times higher than that of 1,8-DHAQ reported in the 
literature [15,26]. Such a huge solubilizing effect of 1,3,5,7-THAQ shall 
be ascribed to its sufficient ionization and the formation of multi-ion 
salt. To validate this assumption, we have measured the 1H NMR 

spectra of 1,3,5,7-THAQ in different solutions. As shown in Fig. 1c, the 
1H NMR spectrum of 1,3,5,7-THAQ in d-dimethylsulfoxide (DMSO‑d6) 
solution (brown curve) exhibits four peaks with 8 H atoms, indicating its 
structural symmetry. By adjusting the pH to 8 with a phosphate buffer 
solution (PBS), the corresponding 1H NMR spectrum depicts to three 
peaks (green curve), which is owing to the loss of two protons in the 
β-hydroxyl groups. In a 1.0 M KOH aqueous solution, the 1H NMR 
spectrum of 1,3,5,7-THAQ is significantly changed, and there are only 
two peaks in high-field region. This result suggests that the 1,3,5, 
7-THAQ has been converted to its full salt form and all four active 
protons has been lost in strongly alkaline aqueous solution. To under-
stand this ionization process more clearly, the pKa values of 1,3,5, 
7-THAQ were measured with the help of UV–Vis absorption analysis 
[29]. As shown in Fig. 1d and e, two absorbance jumps were found at 
three different absorbance peaks: λ311 nm, λ423 nm, and λ442 nm. The 
related pKa values were calculated to be approximately 7.3 and 12.2, 
respectively. These results indicate that the 1,3,5,7-THAQ would lose 
two protons in a nearly neutral aqueous solution, while four protons 
would dissociate in a strongly alkaline aqueous solution, as illustrated in 
Fig. 1f. To understand the proton and electron transfer process of 1,3,5, 
7-THAQ, we measured its CV curves in alkaline solutions with different 
pH values (Fig. S4) [30]. The redox potential of 1,3,5,7-THAQ shows a 
22 mV drop per pH in alkaline solutions, indicating that it undergoes a 

Fig. 2. Electrochemical performances of 
low-concentration ARFBs assembled with 
Nafion-212 membranes. The anolyte and 
catholyte are 4 mL of 0.1 M 1,3,5,7-THAQ in 
2.0 M KOH and 20 mL of 0.2 M K4Fe(CN)6 in 
2.0 M KOH aqueous solutions, respectively. a 
Galvanostatic charge-discharge curves at 
current densities of 20, 50, 80, and 100 mA 
cm− 2, respectively. b Open-circuit voltage vs. 
SOC. c Coulombic efficiency, energy effi-
ciency, and capacity utilization ratio vs. 
current density. d Self-discharge tests of the 
ARFB by fully charged or discharged at a 
current density of 20 mA cm− 2 and then 
rested for 24 h e The ARFB was first galva-
nostatically charged at 50 mA cm− 2 until 1.4 
V, and then the charge potential was held at 
1.4 V until the current density decreased to 2 
mA cm− 2 f Long-term cycling capacities and 
efficiencies of the ARFB.   
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two-electron one-proton redox process (Fig. S4b). This phenomenon is 
very different from previously reported 2,6-DHAQ, which can reversible 
release two protons in its reduced form when pH ≥ 12 [15]. To confirm 
this mechanism, we also measured the 1H NMR spectrum of 1,3,5, 
7-THAQ in its reduced state obtained by fully electrochemical reduc-
tion in a flow battery with a pH value of 14, and five peaks were found in 
the low field region (Fig. S5) instead of two peaks in its oxidized state 

(Fig. S6). It is suggested that the reduced 1,3,5,7-THAQ still contains a 
phenolic hydroxyl group even in strong alkaline solution. Therefore, the 
corresponding redox process of 1,3,5,7-THAQ in alkaline solution could 
be illustrated in Scheme S1. 

We assembled the alkaline ARFBs with Nafion-212 ion exchange 
membrane (50 μm in thickness) as separator, 6 mL of 0.5 M 1,3,5,7- 
THAQ in 1.0 M KOH aqueous solution as anolyte and 20 mL of 0.4 M 
K4Fe(CN)6 in 1.0 M KOH aqueous solution as catholyte. As shown in 
Fig. S7a, the ARFB delivers an open-circuit voltage of 1.27 V at 100% 
state of charge (SOC), in consistent with the CV prediction. The 
discharge capacity of this ARFB is 131.1 mAh at a current density of 100 
mA cm− 2 (Fig. S7b), which is ~81.5% of the theoretical capacity (160.8 
mAh, assuming both carbonyl groups involved in the redox process), 
confirming the two-electron reaction of 1,3,5,7-THAQ. To further in-
crease the cell voltage, we also tested an ARFB based on 2.0 M KOH 
aqueous solutions (Fig. 2). In this case, 4 mL of 0.1 M 1,3,5,7-THAQ and 
20 mL of 0.2 M K4Fe(CN)6 aqueous solutions were used as anolyte and 
catholyte, respectively. As shown in Fig. 2a, the ARFB exhibits a capacity 
utilization ratio increased from 80% to almost 100% when the current 
density decreased from 100 to 20 mA cm− 2. Moreover, the ARFB 
delivered an open-circuit voltage of 1.30 V at 100% SOC, which was an 
increase of 30 mV compared to the cell based on 1.0 M KOH aqueous 
solutions (Fig. 2b and Fig. S7a). The energy density also increases to 
88% at the current density of 20 mA cm− 2 (Fig. 2c), which is competitive 
among the reported anthraquinone-based alkaline ARFBs [15,20,24]. 
Different from the 2,6-DHAQ that prone to dimerization in its reduced 
state, the 1,3,5,7-THAQ with two more α-hydroxyl groups could retard 
the formation of semiquinone radicals due to the large steric hindrance 
and strong intermolecular hydrogen bonds formed by α-phenol anions, 
which should be helpful to increase the structural stability of 1,3,5, 
7-THAQ in its reduced state. To verify this assumption, the electro-
chemical stability of 1,3,5,7-THAQ in the reduced and oxidized states 
were measured by the self-discharge tests at a low current density of 20 
mA cm− 2 to make the SOC approaching 100 or 0% (Fig. 2d). Surpris-
ingly, the capacity fade rate of 1,3,5,7-THAQ in its reduced state was 
<0.3% per day, which was much lower than that of 2,6-DHAQ (18% per 
day) [31]. Moreover, the 1,3,5,7-THAQ in its oxidized state also 

Fig. 3. Electrochemical performances of high-concentration ARFBs assembled 
with Nafion-212 membranes. The anolyte and catholyte are 4 mL of 0.5 M 
1,3,5,7-THAQ in 2.0 M KOH and 25 mL of 0.4 M K4Fe(CN)6 in 2.0 M KOH 
aqueous solutions, respectively. a Long-term cycling capacities and efficiencies 
of the ARFB at 100 mA cm− 2. The inset shows the corresponding char-
ge–discharge profiles at the 1st and 1100th cycles at 100 mA cm− 2). b 1H NMR 
spectra of the 1,3,5,7-THAQ anolyte after 1100 cycles. One drop of the anolyte 
was diluted in D2O with 1.0 M KOH for the 1H NMR analysis. 

Fig. 4. Electrochemical performances of 
high-concentration ARFBs assembled with 
sPEEK membranes. The anolyte and cath-
olyte are 4 mL of 1.0 M 1,3,5,7-THAQ in 2.0 
M KOH and 25 mL of 0.8 M Na4Fe(CN)6 in 
2.0 M KOH aqueous solutions, respectively. a 
Galvanostatic charge-discharge curves at the 
current densities of 30, 50, 80 and 100 mA 
cm− 2, respectively. b Coulombic efficiencies, 
energy efficiencies, and capacity utilization 
ratio vs. current density. c Cell voltage and 
power density vs. current density at 10, 50, 
and 100% SOC, respectively. d Long-term 
cycling capacities and efficiencies of the 
ARFB.   
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maintained stable, which was comparable to most state-of-the-art 
organic redox molecules [29,31]. The self-discharged 1,3,5,7-THAQ 
anolyte was examined by 1H NMR spectroscopy in a D2O solution, and 
no new peak emerged (the same as Fig. S6). We further cycled the 
remaining 1,3,5,7-THAQ anolyte at 50 mA cm− 2 until 1.4 V, and then 
held the charge potential at 1.4 V until the current density decreased to 
2 mA cm− 2 (Fig. 2e). During long-term charge-discharge for 750 cycles, 
the 1,3,5,7-THAQ based ARFB delivered a capacity fade rate of 0.35% 
per day (Fig. 2f), which was much lower than the reported 2,6-DHAQ 
based ARFBs (~5% per day) [32], demonstrating its good potential 
for long-term energy storage applications. 

To investigate the electrochemical stability of 1,3,5,7-THAQ at 
higher concentrations, we also tested the performance of an ARFB based 
on the anolyte of 0.5 M 1,3,5,7-THAQ in 2.0 M KOH aqueous solution 
and the Nafion-212 ion exchange membranes. The galvanostatic charge- 
discharge tests at 100 mA cm− 2 showed that the ARFB exhibited a ca-
pacity utilization of 80% compared to the theoretical value (the inset of 
Fig. 3a). Under this condition, the discharge capacity faded from 83.3 to 
79.3 mAh over 1100 cycles, corresponding to an ultrahigh capacity 
retention of 95.2% (Fig. 3a) and a capacity fade rate of 0.36% per day. 
After the long-term cycling test, we also measured the 1H NMR spectrum 
of 1,3,5,7-THAQ anolyte, which showed that no new peaks emerged 
(Fig. 3b). Unlike the 2,6-DHAQ, the 1,3,5,7-THAQ was not easy to 
dimerize, thus conductive to long-term applications. 

To decrease the cell resistance, we further tested the ARFB using 
custom sPEEK membranes with a lower membrane resistance (0.5 Ω 
cm− 2) than that of Nafion-212 membranes (Fig. S8) [33]. The ARFBs 
were assembled with 1.0 M 1,3,5,7-THAQ in 2.0 M KOH as the anolyte 
and 0.8 M Na4Fe(CN)6 in 2.0 M KOH as the catholyte, respectively. As 
shown in Fig. 4a, the ARFB using sPEEK membrane showed a great 
performance improvement compared to the ARFB using Nafion-212 
membrane (Fig. S9). The corresponding Coulombic efficiencies, energy 
efficiencies, and capacity utilization ratios are shown in Fig. 4b. 
Noticeably, at the current density of 100 mA cm− 2, the capacity utili-
zation ratio of the ARFB using sPEEK membrane reached up to 89.6%, 
which was almost 10% higher than that using Nafion-212 membrane, 
and the energy efficiency was also increased by 8%. Furthermore, po-
larization tests show that the maximum output power density of the 
ARFB using sPEEK membrane could reach up to 0.36 W cm− 2 (Fig. 4c), 
which is excellent among quinone-based ARFBs [15–18,20,21,26]. The 
ARFB was then galvanostatically charged to 1.4 V and the held at 1.4 V 
until the current density decreased to 2 mA cm− 2 to reach 100% SOC. 
After testing for 100 cycles (4 days), the discharge capacity only faded 
from 202 to 199 mAh (Fig. 4d), corresponding to a capacity fade rate of 
0.35% per day, which was similar to the value obtained by that using 
Nafion-212 membrane. To further elevate the energy density, we tried to 
use 1.5 M 1,3,5,7-THAQ in 2.0 M KOH aqueous solution as the anolyte, 
corresponding to a K+ concentration of 8.0 M in total. On the other hand, 
0.8 M Na4Fe(CN)6 in 2.0 M KOH aqueous solution was used as the 
catholyte, corresponding to a cation concentration of 5.5 M in total. The 
ARFB initially operated well at the current density of 100 mA cm− 2, 
showing a high capacity utilization ratio of 94.4% compared to the 
theoretical value and high energy density of 13.3 Wh L− 1 among alka-
line organic flow batteries [29]. Nevertheless, the 
quinone-hydroquinone effect of quinone derivatives could lead to a very 
low solubility at 50% SOC, owing to the 1:1 interaction of the oxidized 
and reduced quinone molecules that could form a low-solubility com-
plex related to “quinhydrone” [34]. In result, the pipe of cell was 
blocked after several cycles, resulting in capacity fading quickly 
(Fig. S10). Hence it is recommended that the concentration of THAQ 
should be controlled within 1.5 M to make the cell operated stable. 

4. Conclusion 

In summary, we report the green and convenient microwave-assisted 
synthesis of a novel anthraquinone derivative, 1,3,5,7-THAQ, with 

multiple symmetrical hydrophilic hydroxyl groups that can effectively 
enhance the aqueous solubility. The battery tests and NMR analyses 
confirmed the outstanding electrochemical reversibility of 1,3,5,7- 
THAQ comparable to those of previously reported hydroxyquinone de-
rivatives. The 1,3,5,7-THAQ/K4Fe(CN)6 ARFBs delivered high capacity 
retention ratios, power densities, Coulombic efficiencies and energy 
efficiencies, even at the current density of 100 mA cm− 2 and the high 
anolyte concentration of 1.5 M. During long-term cycling tests, the 
1,3,5,7-THAQ based ARFB exhibites remarkable cycling stability with a 
capacity fade rate of ~0.35% per day, which is a moderate rate. More-
over, the production cost of 1,3,5,7-THAQ is very low and with minimal 
environmental influence, suggesting its great potential for meeting the 
requirements of grid-scale and sustainable energy storage. This work 
paves a way for the scalable synthesis and functional group engineering 
of redox-active quinone derivatives for high performance and low-cost 
alkaline ARFBs. 
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