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Anthraquinone-Based Electroactive Ionic Species as Stable Multi-
Redox Anode Active Materials for High-Performance Nonaqueous 
Redox Flow Battery 
Yihan Zhena,b, Cuijuan Zhang*a,b, Jiashu Yuana,b, Yongdan Li*a,b,c 

Anthraquinone (AQ)-based materials are promising active materials for aqueous redox flow batteries (ARFBs) owing to 
their fast kinetics and reversible two-electron redox reactions, but their application in non-aqueous RFBs (NARFBs) is 
limited by the low solubility and inferior stability of the charged species in aprotic solvents. Here, three AQ-based 
electroactive ionic species are purposely designed for NARFB by incorporating acetamide group and tetraalkylammonium 
ionic group into the anthraquinone structure and pairing with hydrophobic counter anions. Both experimental and 
theoretical calculation results show improved solubility and stability. A two-electron transfer redox flow battery with 
mixed-reactant electrolyte delivers impressive cycling performance with average Coulombic efficiency of 96.8%, energy 
efficiency of 82.4%, and overall discharge capacity retention of 86.0% over 200 cycles (99.93% capacity retention per cycle) 
at 10 mA cm-2. Furthermore, the battery exhibits robust rate capability to bear the current fluctuation. 

Introduction 
Nowadays, the world’s resources are rapidly diminishing owing 
to the overexploitation of non-renewable energy, and seeking 
an alternative solution is a pressing problem. Developing 
sustainable and environmentally benign energy is fundamental 
to wean society off fossil energy and thereby alleviate energy 
crisis and climate change. However, due to the intermittent 
nature of renewable sources, their large-scale development is 
inseparable from advanced energy storage systems.1, 2 Among 
the various storage technologies, redox flow battery (RFB) is 
one of the most promising system owing to its unique 
advantages such as decoupled power and energy, flexible 
operation, and independent modular design.3, 4 

Based on the solvents, the RFBs can be split into aqueous 
RFB (ARFB) and non-aqueous RFB (NARFB). Currently, the 
ARFBs have made tremendous progress, in which the all-
vanadium RFB is the most mature and advanced system and 
various demonstration programs have been achieved.5, 6 
However, the expensive vanadium raw materials and Nafion 
membranes are obstacles for its further deployment.7 Organic 
aqueous RFBs (OARFBs), which employ the organic 

electroactive molecules as active species, are ideal candidates 
for energy storage systems due to their tunable properties and 
potential cost-effectiveness. Among the various organic redox 
active species, the anthraquinone (AQ)-based materials attract 
much interest and have been widely studied owing to the 
highly reversible electrochemical redox reactions and fast 
kinetics.8-11 Furthermore, the AQ-based materials undergo 
two-electron redox reactions and thus can deliver higher 
energy density.12 Nevertheless, the low potential due to water 
electrolysis limits the energy density. NARFBs, which employ 
organic solvent, can provide wider electrochemical window 
and thus achieve higher energy density. If the two-electron 
redox reactions of the AQ-based materials in the organic 
electrolyte can be fully utilized, the energy density of the flow 
battery can be further improved. However, most AQ derivates 
show low solubility in the aprotic solvent. Two-electron redox 
reaction of AQ-based materials happens in a single step in the 
aqueous systems whereas two-step one-electron transfer 
(radical anion is first formed, and finally bianion) in the aprotic 
solvent. The involvement of radical species renders the redox 
behavior more complicated. In particular, the low stability of 
the 2e--charged species are the key barriers for durability. 
     To tackle the problems, rational functionalization of the AQ 
molecules is necessary. The introduction of poly(ethylene 
oxide) (PEO) chains into the AQ structure is effective to 
improve the solubility. Wang et al.13 introduced two 
triethylene glycol monomethyl ether (TEG) groups into the AQ 
structure (15D3GAQ), the solubility increases up to 0.25 M in 
the non-aqueous electrolyte. Similarly, Binnemans et al.14 
synthesized 1,4-diaminoanthraquinone derivative by 
introducing TEG chain (Me-TEG-DAAQ), which is miscible with 
the polar organic solvents. In addition, Zhang and colleagues 

mailto:cjzhang@tju.edu.cn
mailto:yongdan.li@aalto.fi


This journal is © The Royal Society of Chemistry 2021 

Please do not adjust margins 

Please do not adjust margins 

 

ARTICLE 

introduced dimethoxyethane chain to AQ (AQ4) and improved 
the solubility to 0.47 M in acetonitrile (MeCN).15 Although the 
solubility of these species is effectively enhanced, the cycling 
performance of the battery with 2e- transfer is still poor due to 
the inferior stability of the charged species. The 0.25 M 
15D3GAQ /Li half static cell demonstrates fast capacity fading 
during 40 cycles owing to the side reactions between AQ 
structure and solvent; the 0.1 M Me-TEG-DAAQ based 
symmetric static cell shows severe capacity degradation of 
anolyte (AQ moiety) with 2e- event during 100 cycles, 
especially with MeCN solvent (more than 60% degradation); 
the 0.05 M AQ4/0.05 M PT3 based flow cell shows obvious 
capacity degradation during 10 cycles. 
     Herein, we synthesized AQ-based electroactive ionic species 
as the anode active materials for NARFB by incorporating 
acetamide group and tetraalkylammonium ionic group into the 
anthraquinone structure. Pairing with three counter anions 
tetrafluoroborate (BF4-), hexafluorophosphate (PF6-) and 
bis(trifluoromethanesulfonyl)imide (TFSI-), three new redox 
active materials acetamide, 2-(N,N,N-trimethylamino)-N-(9,10-
dioxo-9,10-dihydroanthracen-1-yl)-, tetrafluoroborate 
(AQNBF4)/hexafluorophosphate (AQNPF6)/ 
bis(trifluoromethylsulfonyl)imide (AQNTFSI) were obtained, 
respectively. The rationals behind the design are as follows: 
The acetamide group can extend π-conjugation; the steric 
hindrance and Coulombic repulsion from the charged 
tetraalkylammonium cation side chain can effectively inhibit 
the dimerization of free radicals, and the electrophilic attack 
by the cations and the electron-deficient groups; which may 
contribute to the high stability of the active materials. 
Furthermore, the cation side chain can intensify the 
interactions between solvent and molecules and thus higher 
solubility. In addition, compared with the electrically neutral 
organic molecules, the active materials in the ionic form have 
higher conductivity and faster kinetics.  
     Benefiting from the rational molecular modification, the 
three active materials display remarkably stable and reversible 
two-electron redox reactions, high mass- and charge-transfer 
kinetics, and high conductivity comparable to the supporting 
electrolyte. Especially, the active species AQNTFSI possesses 
the highest solubility of 0.91 M in MeCN. When paired with 
(ferrocenylmethyl)trimethylammonium 
bis(trifluoromethanesulfonyl)imide (FcNTFSI), the full flow 
battery based on the mixed-reactant electrolyte 0.025 M 
AQNTFSI/0.05 M FcNTFSI/0.5 M TEATFSI/MeCN with Daramic 
AA-800 membrane worked stably with average Coulombic 
efficiency (CE) of 96.8%, energy efficiency (EE) of 82.4%, and 
overall discharge capacity retention of 86.0% (99.93% capacity 
retention per cycle) at 10 mA cm-2 over 200 cycles with two-
electron redox reactions of AQNTFSI, which is the highest 
value of 2e- cycling performance among reported AQ-based 
NARFBs and is comparable to the state-of-the-art two-electron 
transfer NARFBs.   

2 | XX, 2021, 00,  1-7 

Results and discussion 

Synthesis  

The AQ-based electroactive ionic species were synthesized 
through three simple steps as outlined in Scheme 1. 
Compound 2 AQCl (l-(chloroacetylamino)anthraquinone) was 
synthesized through the reaction between chloroacetyl 
chloride and 1-aminoanthraquinone (Compound 1) in 
benzene, and was obtained as yellow product with 89% yield. 
Compound 3 AQNCl (2-(N,N,N-trimethylamino)-N-(9,10-dioxo-
9,10-dihydroanthracen-1-yl)-, chloride) was obtained via SN2 
reaction between AQCl and trimethylamine in dimethyl 
sulfoxide (DMSO) as yellow product with 96% yield. Finally, 
AQNCl is ion-exchanged with lithium salts with different 
counter anions in deionized water to obtain three AQ-based 
electroactive ionic species, yielding 83%, 62% and 73% for 
AQNTFSI, AQNBF4 and AQNPF6, respectively. The detailed 
synthesis method is provided in the Supporting Information. 
The compounds were characterized by nuclear magnetic 
resonance (NMR) and mass spectrometry (MS) (Figs. S1-S14). 
These products have the advantages of low raw material cost, 
simple synthesis and purification, and high yield, which meet 
the requirement for the synthesis of new materials in the flow 
battery field. 

Electrochemical performance of anode active materials  

To evaluate the redox properties of the three compounds, 
cyclic voltammetry (CV) tests were first carried out. As shown 
in Fig. 1a, all show two pairs of redox peaks, and the redox 
potential and peak shape are almost similar, indicating 
different counter anions have little effect on the redox 
properties of the main structure. In addition, the ultraviolet–
visible spectroscopy (UV-Vis) absorption spectra of these three 
species are overlapped (Fig. 1b), indicating the highest 
occupied molecular orbitals (HOMO) and the lowest 
unoccupied molecular orbitals (LUMO) of the molecules are 
not affected by the counter anions BF4-, PF6- and TFSI-. In fact, 
for these AQ-based electroactive ionic species, the redox 
reaction is conducted on the [AQN]+ moiety, and the reduction 
process proceeds in two steps by forming radical anion ([AQN•-

]+) and then bianion ([AQN2-]+).  
     To further evaluate the redox properties and electronic 
structures induced by modification, the HOMO/singly occupied 
molecular orbital (SOMO), LUMO and the energy gap (∆E) of 

Scheme 1. Synthetic routes of AQNTFSI, AQNBF4 and AQNPF6 
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Fig. 1 (a) CV curves of 1 mM AQNTFSI /0.1 M TEATFSI/MeCN, 1 mM AQNBF4/0.1 M 
TEABF4/MeCN and 1 mM AQNPF6 /0.1 M TEAPF6/MeCN at the scan rate of 0.04 V s-1. 
(b) UV-Vis spectra of AQNTFSI, AQNBF4 and AQNPF6 in MeCN. (c) Calculated geometry-
optimized structure of AQ and [AQN]+ and (d) HOMO (or SOMO)/LUMO energy levels
using the DFT method at the B3LYP-D3/6-311+G(d, p) level in MeCN solvent. 

pristine AQ and modified AQ derivate ([AQN]+) as well as its 
different reduction states were calculated using the density 
functional theory (DFT) (Fig. 1c and d). Compared with AQ, 
[AQN]+ has smaller ∆E (3.83 vs. 4.29 eV), indicating higher 
intrinsic electronic conductivity.16 In addition, the LUMO of 
[AQN]+ (-3.10 eV) is lower than that of AQ (-2.92 eV), signifying 
that [AQN]+ has greater electron affinities and higher 
reduction potentials,17 which is consistent with the CV results 
(Fig. S15): The electron-withdrawing acetamide and 
tetraalkylammonium ionic groups positively shift the redox 
potential. The electronic stability of the different reduction 
states can be evaluated by HOMO.18 The negative charges of 
both [AQN•-]+ and [AQN2-]+ are mainly delocalized in the 
conjugated structure of AQ, indicating that [AQN]+ can stabilize 
both radical anion and bianion. 
     To evaluate the redox properties and electrochemical 
stabilities of the three compounds, CV tests were carried out. 
the CV curves at the 100th and 1st cycles almost overlap (Fig. 
S16), indicating good cycling stability of the compounds on the 
CV time-scale with both one- and two-electron transfer 

Table 1. Diffusion coefficients D and kinetic rate constant k0 of AQNTFSI, AQNBF4 

and AQNPF6 species.  

Active 
materials 

D (× 10-5 cm2 s-1) k0 (× 10-2 cm s-1) 

[AQN]+/ 
[AQN•-]+ 

[AQN•-]+/ 
[AQN2-]+ 

[AQN]+/ 
[AQN•-]+ 

[AQN•-]+/ 
[AQN2-]+ 

AQNTFSI 2.37~2.39  1.41~2.11  1.16  2.84  

AQNBF4 0.98~1.23  1.27~1.67  1.08  3.91  

AQNPF6 1.24~1.25  0.91~1.44  0.86  4.93  

reactions, which is attributed to the introduction of acetamide 
group and the tetraalkylammonium cation side chain. The 
diffusion coefficients (D) were measured by CV at the scan 
rates of 0.04-0.36 V s-1 (Fig. S17). The redox peak current ratios 
of all the substances with both one- and two- electron redox 
reactions are close to unity, and the peak currents are linearly 
related to the square root of the scan rate, indicating that they 
are all diffusion-controlled quasi-reversible processes. 
According to the modified Randles-Sevcik equation,19 the 
diffusion coefficients can be obtained. The kinetic rate 
constant (k0) was calculated by linear sweep voltammetry 
(LSV) at the rotation rate from 400 to 2500 rpm (Figs. S18-S20). 
The D and k0 values are listed in Table 1. Both D and k0 (i.e., 
mass- and charge-transfer kinetics) are comparable with, or 
even greater than, those of most active materials for 
NARFBs.20-28 

Solubility 

For RFBs, the solubility of the active material is important 
because it determines the energy density. The solubility of the 
original AQ in MeCN is less than 5 mM, so it is unsuitable as 
the active species for NARFB. In contrast, the modified ionic 
anthraquinone shows improved solubility (Fig. S21). To 
examine the solubility of the three ionic anthraquinone 
compounds, the UV-Vis absorption spectra were collected (Fig. 
S22). AQNTFSI exhibits high solubility of 0.91 M in pure MeCN 
and 0.63 M in 1.0 M TEATFSI/MeCN, whereas AQNPF6 (0.013 
M) and AQNBF4 (0.014 M) very low (Fig. 2a). Theoretically, the
introduction of tetraalkylammonium cation side chain can
intensify the interactions between solvent and molecules and
thus higher solubility. However, the solubility of the ionic
compounds is also related with the ion pairs interaction.29 To

Fig. 2 (a) Solubility of three anthraquinone derivates in MeCN. (b) Binding energy and ion-pair distance for three materials calculated by DFT. (c) Electrolyte ionic conductivities of 
0.01 M active materials or supporting electrolyte in MeCN. 
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further clarify that, the electronic binding energy (∆EBE) and 
the distances between cations and anions were calculated by 
DFT. The TFSI- anion has the lowest affinity and relatively long 
distance with the [AQN]+ cation (-3.66 eV, 3.51 Å) compared 
with PF6- (-3.67 eV, 3.27 Å) and BF4- (-3.88 eV, 3.56 Å) (Fig. 2b), 
indicating the lowest interaction between the ion pairs. It 
makes [AQN]+ more liable to be solvated and thus higher 
solubility because the ion-solvent interaction preferentially 
occurs around the alkylammonium ionic chains of [AQN]+.30 In 
addition, the hydrophobic properties of anions may also affect 
the solubility of the active materials in organic solvents. 
Among the three anions, TFSI- shows the strongest 
hydrophobicity,31, 32 leading to high solubility of AQNTFSI in 
MeCN. The conductivities of these materials were also 
measured (Fig. 2c) and all the three compounds show high 
conductivity, even comparable to the supporting electrolyte 
tetraethylammonium bis(trifluoromethylsulfonyl)imide
(TEATFSI), which confirms the prediction of DFT results (Fig. 1). 

Flow battery performance 

Although all the three AQ-based electroactive ionic species 
display excellent electrochemical performance and high 
conductivity, only AQNTFSI was chosen as the anode materials 
for further study considering its high solubility. The reported 
high-performance species FcNTFSI was utilized as the cathode 
active material,22, 33 which also exhibits high conductivity and 
fast kinetics (Fig. S23). Coupled with the TEATFSI supporting 
electrolyte, the resultant battery shows an open circuit voltage 
of 1.33 and 1.72 V for one- and two-electron redox reactions, 
respectively (Fig. 3). 
     To test the performance of AQNTFSI in the flow battery, a 
flow cell with mixed-reactant electrolyte (0.025 M 
AQNTFSI/0.05 M FcNTFSI in 0.5 M TEATFSI/MeCN) as both 
anolyte and catholyte, Daramic AA-800 membrane was 
assembled and tested at the current density (j) of 10 mA cm-2 
with voltage cut-offs of 0.5 and 2.2 V. Two well-defined 
plateaus appear during charge/discharge processes (Fig. 4). 
The 1st- and 2nd-electron redox reactions show the same 
plateaus duration and the resulting capacity is close to the 
theoretical value of two-electron transfer (1.34 Ah L-1). The 
charge/discharge plateaus remain almost constant throughout 
the cycling process. The battery exhibits an impressive 
performance with average CE of 96.8%, VE of 85.2%, and EE of 
82.4% over 200 cycles. The initial discharge capacity has a

Fig. 3 CV curves of mixed 5 mM AQNTFSI/5 mM FcNTFSI in 0.1 M TEATFSI/MeCN at the 
scan rate of 300 mV s-1. 

relatively good retention rate over 200 cycles with 99.93% 
retention per cycle, and the overall discharge capacity 
retention reaches up to 86% at the 200th cycle. Such 
performance is superior to all the reported anthraquinone-
based NARFBs,13-15, 34 and comparable to the state-of-the-art 
2e--flow batteries20-22, 28, 35 (Table S1). The concave-shape 
change of VE and EE may be due to battery assembly 
problems. During battery assembly, probably the gas in the 
flow channel is not exhausted, which means it needs longer 
time to reach balance and thus leads to the concave change of 
VE in the first 20 cycles, but it does not have any effect on the 
charge/discharge capacity. It is also noted that the concave-
shape VE and EE is only observed sometimes, not always. 
     It should be noted that most 2e- charged AQ-based species 
in aprotic solvents are unstable, especially in MeCN solvent, 
where the C≡N bond shows higher reactivity to the radical 
anion and bianion, resulting in rapid capacity degradation.14, 15, 

36 The high stability of AQNTFSI during charge/discharge tests 
is ascribed to the reasonable molecular modification, which 
effectively inhibits the side reactions. For comparison, the 
NARFB using AQ anolyte was also tested (Fig. S24). Considering 
the extremely low solubility of AQ in MeCN, the electrolyte 
with 1.0 mM AQ/2.0 mM FcNTFSI in 0.1 M TEATFSI was

Fig. 4 (a) Cycling performance of the battery over 200 cycles using Daramic AA-800 membrane with mixed-reactant electrolyte 0.025 M AQNTFSI/0.05 M FcNTFSI in 0.5 M 
TEATFSI/MeCN at the current density of 10 mA cm-2. (b) Galvanostatic charge/discharge profiles of selected cycles. 
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Fig. 5 (a) Electrostatic potential distributions of pristine and modified anthraquinone 
with 1e- and 2e- reduction species. (b) Calculated geometry-optimized structure of 
[AQN]+, [AQN•-]+ and [AQN2-]+. 

utilized. Due to the lack of protection of the side chain groups, 
the platform of the 2e- electron transfer is almost invisible 
after the first charge/discharge cycle, and the capacity loss is 
obvious as the cycling proceeds.   

In addition, a long cycling test at j of 20 mA cm-2 was 
conducted (Fig. S25), and the anolyte after 200 and 400 cycles 
was extracted and analysed by UV-Vis and 1H NMR (Fig. S26). 
The 200 and 400 cycled-anolytes show similar UV–Vis spectra 
and 1H NMR spectrum with the fresh one, indicating the good 
chemical stability of AQNTFSI during cycling. Moreover, the 1H 
NMR spectra of AQNTFSI in the catholyte before and after 
cycling remain constant (Fig. S27), indicating this compound is 
stable when FcNTFSI is positively charged. The slight capacity 
decay is probably due to the electrolyte leakage and 
evaporation during the cycling process, which has been 
observed in our previous work.37, 38 
     To clarify the effect of modification on the electrochemical 
stability, the electrostatic potential (ESP) distributions of AQ•-, 
AQ2-, [AQN•-]+ and [AQN2-]+ were calculated by DFT (Fig. 5a). 
AQ•- and AQ2- exhibits significantly more negative ESP at the 
phenolate oxygen regions, especially the AQ2- species, which 
makes it more vulnerable to electrophilic attacks.39 By 
contrary, [AQN•-]+ and [AQN2-]+ show relatively even electron 
density distribution on the anthraquinone framework, which 
can effectively reduce the impact of cations and electron-
deficient groups from the electrolyte. The side chain of the

charged tetraalkylammonium group attached to the 
anthraquinone skeleton provides Coulombic repulsion and 
steric hindrance, further hindering the occurrence of side 
reactions and leading to higher electrochemical stability during 
cycling. The structural changes of [AQN]+ during the redox 
reaction process were analyzed (Fig. 5b). Due to the 
introduction of the proximal charge side chain to 
anthraquinone structure, the unreduced compound [AQN]+ 

exhibits bent conformation, and the angle between the two 
benzene ring planes is 169.3o. In contrast, the anthraquinone 
skeletons of [AQN•-]+ and [AQN2-]+ show an almost planar 
configuration with the angles of 177.0o and 177.9o between 
the two benzene ring planes, respectively, which can 
effectively promote the charge delocalization and thus 
improve the stability.20 
     The rate capability of the two-electron transfer flow battery 
was examined from 10 to 80 mA cm-2 with mixed-reactant 
electrolyte of 0.025 M AQNTFSI/0.05 M FcNTFSI in 0.5 M 
TEATFSI/MeCN (Fig. 6). The CE remains above 97% over all the 
cycles. As j increases from 10 to 40 mA cm-2, the discharge 
capacity slightly decreases from 1.04 to 0.92 Ah L-1. When j 
further increases to 80 mA cm-2, the discharge capacity 
decreases to 0.44 Ah L-1. When j returns to 10 mA cm-2, the 
capacity recovers, indicating the robustness of the battery to 
current fluctuation. The excellent rate capability of the battery 
is attributed to the faster kinetics and the high conductivity of 
the active materials. 
     Since the solubility is significantly improved by ionic 
modification and AQNTFSI shows solubility of 0.91 M in MeCN, 
a high concentration flow battery with 0.1 M AQNTFSI/0.2 M 
FcNTFSI/0.5 M TEATFSI was assembled. As shown in Fig. 7a, 
the battery delivers relatively stable cycling performance with 
average CE of 95.0%, and discharge capacity retention of 78.5% 
after 100th cycles, which is also superior to other AQ-based 
NARFBs in terms of cycling stability at such high 
concentration.13-15 The peak power densities of 72.5 and 42.4 
mW cm−2 at respective 100% and 50% state of charge (SOC) 
and practical energy density of ~4.6 Wh L-1 are achieved. It is 
also noted that although the battery performance is 
impressive, the cycling stability is inferior to the case at low 
concentration (Fig. 4). As shown in Fig. 7b, the 
charge/discharge platform of the second-electron transfer 
process gradually decays with cycling. This is the main source

Fig. 6 (a) Capacity versus cycle numbers from 10 to 80 mA cm-2 for the battery with 0.025 M AQNTFSI/0.05 M FcNTFSI in 0.5 M TEATFSI/MeCN using Daramic AA-800 membrane. 
(b) Capacity versus galvanostatic charge/discharge profiles of the battery at various current densities.
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of capacity decline, which may be related to the side reaction 
of 2e- charged product. Precipitates in the anolyte are 
observed during charging process of the second-electron 
reaction of AQNTFSI. The precipitate was collected, washed 
with MeCN, dried naturally, and then subjected to 1H NMR 
test. The result (Fig. S28) clearly reveals the formation of 
impurities along with the supporting electrolyte TEATFSI. 
Although TEATFSI is extremely soluble in MeCN, it is detected 
in the precipitate. Considering the strong interaction between 
the cation of the supporting electrolyte and the radical anion, 
especially bianion, of the active species,40 we speculated that 
the formation of the precipitate may be related to the 
interaction between the TEA+ cation and the 2e- charged 
product at high concentration.  

To confirm that hypothesis, LiTFSI, which has the same 
anion as TEATFSI, was selected as the supporting electrolyte 
for test. Compared with the CV curves in TEATFSI/MeCN with 
two obviously separated one-electron transfer peaks (Fig. 3), 
AQNTFSI in LiTFSI/MeCN shows two redox peaks that partially 
overlap, and the redox potentials of the 1e- and 2e- reactions 
are increased to -0.98 and -1.10 V, respectively (Fig. S29). 
These differences are probably resulted from the coordination 
between Li+ and 2e- charged species.41 In addition, the CV tests 
at different scan rates reveal that the redox processes of 1e- 
and 2e- reactions in LiTFSI/MeCN electrolyte are diffusion-
controlled quasi-reversible processes, and the diffusion 
coefficients are similar to the case in TEATFSI/MeCN 
electrolyte (4.23~4.28 × 10-5 and 3.51~4.60 × 10-5 cm2 s-1, 
respectively). The battery assembled with 0.1 M AQNTFSI/0.2 
M FcNTFSI in 0.5 M LiTFSI/MeCN was galvanostatically tested 
at 20 mA cm-2 and the results are shown in Fig. S30. The 
battery delivers stable cycling performance with discharge 
capacity retention of 97.0% after 50th cycles; no deposition 
was observed during cycling. It confirms that the interaction 
between TEA+ cation in the TEATFSI supporting electrolyte and 
the charged species of AQNTFSI active material at high 
concentration is responsible to the formation of the 
electrostatic complex deposition.42  

Based on the results above, the electrolyte system 
(especially the cation) plays a vital role for the high 
concentration AQNTFSI-based NARFB.  Considering the high 
solubility and impressive 2e- cycling stability, AQNTFSI can be a 
promising anode active material for NARFBs. Our future work 
will focus on searching for appropriate supporting electrolyte

6 | XX 2021, 00,  1-7 

for AQNTFSI-based NARFB and exploring the interaction 
mechanism between supporting electrolyte and AQNTFSI. 

Conclusions 
In summary, we have synthesized three stable multi-electron 
transferred ionic electroactive materials based on the AQ 
derivates (AQNTFSI, AQNBF4 and AQNPF6) by incorporating 
acetamide group and tetraalkylammonium ionic group into the 
anthraquinone structure. Both experimental and theoretical 
results prove that the reasonable structural modification 
renders the materials high conductivity, high electrochemical 
stability and fast kinetics. The differences in binding energy 
and ionic distance between the cation [AQN]+ and the three 
counter anions as well as the hydrophobicity of the anions 
result in differences in solubility. Pairing AQNTFSI of the 
highest solubility with cathode active material FcNTFSI, a 2e- 
electron transfer redox flow battery with mixed-reactant 
electrolyte in TEATFSI/MeCN using Daramic AA-800 membrane 
demonstrates an excellent cycling performance with CE of 
96.8%, EE of 82.4%, and capacity retention of 86.0% over 200 
cycles at 10 mA cm-2. The battery performance at high 
concentrations shows dependence on the supporting 
electrolyte. This work provides a breakthrough for developing 
stable anode multi-electron redox materials. The performance 
of this AQNTFSI-based NARFB can be further improved 
through optimization of the electrolyte system.  
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