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A B S T R A C T

Aqueous organic redox flow batteries (AORFBs) have emerged as a promising candidate for high-safety, cost- 
efficient, and environment-friendly energy storage. However, the employment of natural organic electroactive 
molecules in AORFBs remains significantly constrained. Pyrroloquinoline quinone disodium salt (PQQ), as a 
prototypical oxidoreductase auxiliary group, exhibits superior aqueous solubility and biocompatibility, but the 
instability of its two ortho-carbonyl groups restricts its application in AORFBs. Herein, we report an efficient 
π-conjugation extended phenazinization strategy based on diamine-dicarbonyl condensation cyclization reaction 
to extend the aromatic fused-ring system of PQQ, yielding two water-soluble and redox-active N-heterocyclic 
compounds, namely PQQPS and PQQPC. After extending the π-conjugation structure, the redox potentials of 
them demonstrate favorable negative shifts exceeding 330 mV. Moreover, the asymmetrical molecular config
urations and highly polar sulfonic/carboxylic groups significantly enhance the aqueous solubility of PQQPS and 
PQQPC to 1.28 and 1.42 M, respectively. Theoretical simulations and spectroscopic analyses unequivocally 
demonstrate that PQQPS and PQQPC exhibited excellent stability during cycling. Consequently, the as-fabricated 
AORFBs with a high concentration of 0.5 M exhibit a specific capacity of 22.63 Ah L− 1, an output power density 
of 0.205 W cm− 2, and a capacity retention of 97.5 % over 800 cycles (i.e. 99.996 % cycle− 1 or 99.85 % day− 1). 
This work highlights the great potential of π-conjugation extension strategy based on amine-carbonyl conden
sation reactions to boost the overall performances of bio-derived or nature-inspired molecules towards sus
tainable and long-cycling AORFBs.

1. Introduction

Electrochemical energy storage systems have emerged as a strategic 
imperative in responding to the energy transition and sustainable 
development [1–10]. Aqueous organic redox flow batteries (AORFBs) is 
a promising contender for grid-scale energy storage, offering high safety 
and superior sustainability characteristics [11–14]. It is meaningful to 
develop redox-active organic molecules endowed with widespread 
sources and cost-effectiveness for AORFBs [15–23]. However, there are 
still very limited reports about naturally derived organic molecules, 
apart from those utilizing flavin mononucleotide (FMN) and several 

natural dyes [24–27]. Pyrroloquinoline quinone disodium salt (PQQ), 
being a typical prosthetic group with physiological functions akin to 
vitamins, is mainly obtained from biological fermentation and chemical 
synthesis method. Although PQQ exhibits ideal aqueous solubility in 
neutral and alkaline solutions, its stability in electrochemical processes 
is compromised by the tautomerization reactions of its two adjacent 
carbonyl groups.

Herein, we report an effective π-conjugation extended phenaziniza
tion modification via single-step coupling reactions, and synthesized 
two heteroaromatic fused-ring derivatives of PQQ, namely, 6-carboxy- 
10-sulfo-5H-pyrido[2,3-a]pyrrolo[2,3-c]phenazine-2,4-dicarboxylate 
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sodium (PQQPS) and 6,10-dicarboxy-5H-pyrido[2,3-a]pyrrolo[2,3-c] 
phenazine-2,4-dicarboxylate sodium (PQQPC). The as-obtained PQQPS 
and PQQPC molecules exhibit more negative redox potentials which 
were shifted by over 330 mV. Through introducing the carboxylic or 
sulfonic groups as highly polar moieties, PQQPS or PQQPC with the 
asymmetrical configuration and multiple hydrophilicity groups is able 
to achieve a high solubility (1.28 and 1.42 M, respectively) in the 
alkaline environment with an ionic dissociation behavior. Compared 
with the original PQQ molecule, PQQPS and PQQPC with modified N- 
heterocyclic fused-ring system greatly expand the molecule dimension 
and π conjugation, resulting them more stable cycling performance. 
Coupled with the ferro/ferrocyanide catholyte, the as-assembled 
AORFBs with a high concentration of 0.5 M (i.e., 1.0 M electron con
centration) exhibit an extremely low capacity fade rate of 0.004 % 
cycle− 1 (equivalent to 0.15 % day− 1) over 800 cycles and outstanding 
output power density of 0.205 W cm− 2. Furthermore, a comprehensive 
set of spectroscopic tests unequivocally corroborate the stability of 
PQQPS and PQQPC under high temperature conditions and during long- 
term cycling processes. The proposed π-conjugation extended 

phenazinization strategy via amine-carbonyl condensation reactions in 
this work can effectively enhances the water solubility and electro
chemical performances of numerous bio-inspired compounds, laying a 
robust foundation for groundbreaking advancements in AORFBs.

2. Result and discussion

Redox-active organic materials with abundant resource and struc
tural tunability, offer great potential in AORFBs. Conventional molec
ular engineering strategies primarily focus on dual optimization of 
aqueous solubility enhancement and molecular stabilization to achieve 
high-energy-density AORFBs. PQQ, as a redox coenzyme, is widely used 
in biomedicine and food fields. While the ortho-positioned dual 
carbonyl groups in PQQ confer redox activity, their structural instability 
during charge-discharge process persists as a critical limitation. To 
overcome the problem, we employed a π-conjugation extended phena
zinization strategy to convert quinone-based structure into phenazine- 
based structure. The synthetic pathway was illustrated in Fig. 1a. 
Through a convenient diamine-dicarbonyl condensation synthesis 

Fig. 1. (a) Synthesis route of PQQPS and PQQPC via diamine-dicarbonyl condensation cyclization reactions of PQQ. (b) Molecular orbitals and energy gaps of 
PQQPS and PQQPC at oxidized and reduced states. (c) Optimized structures and electrostatic potentials of PQQ, PQQPS and PQQPC. (d) CV curves of PQQPS, 
PQQPC, PQQ, and K4Fe(CN)6 in 1.0 M KOH solution at a scanning rate of 100 mV s− 1. (e) Schematic diagram of the AORFBs based on PQQPS or PQQPC anolyte and 
K4Fe(CN)6 catholyte.
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routes, two benzosulfated and benzocarboxylated PQQ derivatives, 
namely PQQPS and PQQPC, were massively synthesized by refluxing in 
acetic acid for 24 h, with an ultrahigh yield of almost 100 %. In contrast 
to conventional synthesis routes, the synthesis approach proposed in this 
study stands out for its utilization of nature-inspired precursors, 
convenient streamlined one-step processes, and high yields. Detailed 
synthesis procedures are available in the Supporting Information sec
tion. The production of PQQPS and PQQPC was proved by 1H and 13C 
nuclear magnetic resonance (NMR) characterizations, as shown in 
Figure S1–S4.

The highest occupied molecular orbital (HOMO) and lowest unoc
cupied molecular orbital (LUMO) of PQQPS and PQQPC in their 
oxidized and reduced states were meticulously analyzed (Fig. 1b). The 
LUMO energy levels of PQQPS and PQQPC reveal a similarity, as do the 
HOMO energy levels of their reduced counterparts (re-PQQPS and re- 
PQQPC), suggesting the analogous redox potentials displayed by 
PQQPS and PQQPC. Further analysis manifests that the energy gap be
tween the HOMO levels of PQQPS and re-PQQPS stands at 5.35 eV, 
which is approximately equal to that between PQQPC and re-PQQPC 
(5.27 eV). This indicates a similar energy barrier for the reduction 
step of them. Additionally, the HOMO-LUMO energy gap widens for re- 
PQQPS and re-PQQPC relative to their oxidized forms, PQQPS and 
PQQPC. This broadened energy gap implies a reduction in electron 
conductivity in their reduced states, aligning with the decrease in 

aromaticity[28,29]. Furthermore, we utilized DFT simulations to obtain 
optimized structures and electrostatic potentials (ESP) for PQQ, PQQPS 
and PQQPC. As shown in Fig. 1c, the ESPs of PQQPS and PQQPC were 
more negative than that of PQQ. The deprotonation of carboxylate and 
sulfonate groups could induce an asymmetric charge distribution and 
higher polarizability, thereby enhancing intermolecular interactions 
and improving solubility.

The electrochemical behavior of PQQPS and PQQPC in 1.0 M KOH 
solution was investigated by cyclic voltammetry (CV). Both PQQPS and 
PQQPC exhibited one pair of sharp redox peak, corresponding to the 
redox potentials of − 0.84 V and − 0.81 V for them (vs. Ag/AgCl), 
respectively (Fig. 1d). However, PQQ exhibited a higher redox peak at 
− 0.48 V [30]. The reduced redox potential in PQQPS and PQQPC can be 
attributed to the size extension of π-conjugated rings, which increased 
the electron-donating effect of benzene rings, resulting in a negative 
shift in redox potential relative to the phenazine core. Moreover, the 
redox peak separation of both PQQPS and PQQPC is ~84 mV, indicating 
their lower polarization than that of PQQ (140 mV). The structural 
configuration and stack design of AORFBs based on PQQPS or PQQPC 
anolyte and K4Fe(CN)6 catholyte were shown in Figure 1e and S5. By 
pairing with K4Fe(CN)6 catholyte, the full AORFBs presented an 
open-circuit voltage (OCV) exceeding 1.1 V. The Pourbaix diagrams 
derived from the CV curves measured at various pH levels demonstrated 
that the relevant slopes for PQQPS and PQQPC (− 59.3 and 

Fig. 2. (a, b) UV-Vis absorption spectra of (a) PQQPS and (b) PQQPC at different pH values. (c, d) Absorption wavelength versus pH value plots of (c) PQQPS and (d) 
PQQPC at λ306nm. (e, f) Simulated UV-Vis absorption spectra of (e) PQQPS and (f) PQQPC calculated by TDDFT method at the B3LYP/6–31 G(d,p) level.
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− 59.8 mV pH− 1) exhibited a close approximation to the theoretical 
value (− 59.2 mV pH− 1) [31], corresponding to a 
two-electron/two-proton process (Figure S6). These findings suggest 
that the fused-ring extended phenazinization of PQQ molecule leads to a 
reduced redox potential and enhanced reversibility, both of which are 
advantageous in attaining superior electrochemical performance in 
alkaline AORFBs.

The pH-dependent physiochemical properties of PQQPS and PQQPC 
were investigated by UV-Vis absorption spectra at different pH values. 
For both PQQPS and PQQPC, the absorbance peak exhibited a red shift 
from λ285nm under pH 7 to λ306nm under pH 14 (Fig. 2a-b and Figure S7). 
It is worth noting that the peak around 250 nm belong to KOH. Ac
cording to the absorbance wavelength versus pH value plots (Figs. 2c-
2d), PQQPS exhibited three pKa values approximately 1.49, 4.62 and 
13.38. Conversely, PQQPC exhibited two pKa values approximately 4.58 
and 13.38. These values correspond to the dissociation process involving 
sulfonic acid, carboxylic acid groups, as well as the protonation of 
hydrogen within the pyrrole ring. Based on UV-Vis absorbance mea
surements, the maximum solubilities of PQQPS, PQQPC and PQQ in 
1.0 M KOH solutions were determined to be 1.28, 1.42 and 0.75 M, 
respectively (Figure S8). In addition, time-dependent density functional 
theory (TDDFT) calculations were performed to calculate the energy 
levels of HOMO and LUMO for simulating the UV-Vis absorption prop
erties of PQQPS and PQQPC (Fig. 2e-f). Notably, when the wavelength 
exceeds 330 nm, both PQQPS and PQQPC exhibit weak absorption in
tensities. Consequently, the simulated UV-Vis absorbance spectra 
featured one single prominent and sharp peak. The absorption peaks at 
387.9 nm and 402.6 nm arose from the electron transition from HOMO 
to LUMO. In the spectrum of PQQPS, the S0→S18 excitation contributes 
marginally to the peak at 387.9 nm, while in the spectrum of PQQPC, 
the S0→S15 excitation makes a similar minor contribution to the peak at 
402.6 nm. It is noting that the excited states causing the absorption peak 
below 350 nm differ between PQQPS and PQQPC. Specifically, the 
peaks below 350 nm in the UV-Vis absorption spectra of PQQPS and 
PQQPC were influenced by the S0→S36, S37, S42 and S0→S34, S40, S42 
excitations, respectively.

The redox kinetics of PQQPS and PQQPC were determined through 
linear sweep voltammetry (LSV), as shown in Figure S9− S10. All ex
periments were conducted in a 1.0 M KOH solution, with a 1.0 mM 
concentration of the active species. The diffusion coefficient (D) could be 
obtained from the Levich plot of the limiting diffusion currents and the 
square root of the rotation rates[32–34]. As the rotation rate increased 
from 300 to 1750 rpm at a scan rate of 25 mV s− 1 (Figure S9a and S10a), 
the D values of PQQPS and PQQPC were determined to be 3.12 × 10− 6 

and 2.58 × 10− 6 cm2 s− 1, respectively (Figure S9b and S10b). By fitting 
the Butler-Volmer equation to Levich plots (Figure S9c and S10c), the 
electron-transfer rate constants (k0) of PQQPS and PQQPC were calcu
lated to be 1.97 × 10− 3 and 1.82 × 10− 3 cm s− 1, respectively 
(Figure S9d and S10d). As the scan rate increased from 25 to 
100 mV s− 1, both the oxidation and reduction peak currents had a linear 
relationship with the square root of the scan rate (ν1/2), indicating a 
reversible and diffusion-controlled redox process (Figure S11a and 
S12a). The slopes of the cathodic and anodic scans were calculated to be 
virtually identical, suggesting that the oxidized and reduced molecules 
exhibit comparable diffusion coefficients (Figure S11b and S12b) [35, 
36]. Furthermore, the CV curves of PQQPS and PQQPC displayed 
excellent overlap and were devoid of additional peaks throughout 50 
cycles, thereby indicating the absence of side reactions and remarkable 
electrochemical reversibility (Figure S11c and S12c).

The working performances of as-prepared AORFBs coupled by two 
derivative anolytes and excess K4Fe(CN)6 catholyte were firstly 
measured at low concentrations (Fig. 3). The electrolytes consist of 
15 mL of 0.2 M catholyte and 5 mL of 0.05 M anolyte, respectively. A 
polybenzimidazole (PBI) membrane was employed as the separator 
between catholyte and anolyte. Electrochemical impedance spectros
copy revealed that the impedance of PBI separator in 1.0 M KOH 

solution was 0.42 Ω cm2 (Figure S13a). Furthermore, the permeability 
values of PQQPS and PQQPC solutions through this separator were 
remarkably low, registering as 8.17 × 10− 11 and 7.31 × 10− 11 cm2 s− 1, 
respectively (Figure S13b). Both PQQPS and PQQPC based AORFBs 
delivered an open-circuit voltage exceeding 1.1 V, which was in agree
ment with CV results. As shown in Fig. 3a–b, the K4Fe(CN)6||PQQPS 
AORFB exhibited a discharge capacity of 2.46 and 2.22 Ah L− 1 at 50 and 
100 mA cm− 2, and the K4Fe(CN)6||PQQPC AORFB exhibited a discharge 
capacity of 2.38 and 2.11 Ah L− 1 at 50 and 100 mA cm− 2, respectively. 
The polarization curves of K4Fe(CN)6||PQQPS and K4Fe(CN)6||PQQPC 
AORFBs were measured by LSV at different SOCs of 20 %, 50 % and 
100 % (Fig. 3c–d). The power density reached around 100 mW cm− 2 at 
100 % SOC both for them. Upon a galvanostatic cycling process at 
80 mA cm− 2 between 0.6–1.6 V, the K4Fe(CN)6||PQQPS AORFB 
exhibited a discharge capacity of 2.44 Ah L− 1 without capacity decay for 
1600 cycles (equivalent to 4.5 days), which is 91.04 % of its theoretical 
capacity (2.68 Ah L− 1) (Fig. 3e). Similarly, the K4Fe(CN)6||PQQPC 
AORFB exhibited no capacity fade after 1600 cycles (equivalent to 3 
days) with a discharge capacity of 2.34 Ah L− 1, which is 87.31 % of its 
theoretical capacity. The Coulombic efficiencies remained consistently 
close to 100 %, while the energy efficiencies reached to > 75 % during 
the cycling processes. In comparison, the discharge capacity of PQQ 
dramatically decreased from 2.45 to 1.21 Ah L− 1 just after 300 cycles. 
For the galvanostatic-potentiostatic cycle tests, the AORFBs were first 
charged with the potential held at 1.4 V (for PQQPS and PQQPC) or 
1.0 V (for PQQ) at 80 mA cm− 2 until the current density decreased to 
5 mA cm− 2 and then were discharged with the potential held at 0.6 V at 
80 mA cm− 2 until the current density decreased to 5 mA cm− 2 (Fig. 3f). 
For PQQPS and PQQPC, the discharge capacities maintained unaltered 
after 800 cycles (equivalent to 8.5 and 7 days). However, obvious ca
pacity loss was observed for PQQ after 500 cycles. Such substantial ca
pacity decline is attributed to the instability of ortho-carbonyl groups 
that are prone to tautomerization during the redox processes 
(Figure S14) [37]. The galvanostatic charge-discharge plateaus of 
PQQPS and PQQPC at the 1600th cycle was almost overlapped with 
those at the 1st cycle (Figure S15), indicating their favorable long-term 
stability. At elevated concentrations of 0.1 M and 0.25 M anolytes, no 
capacity decline was observed for PQQPS and PQQPC after 600 and 500 
cycles at 80 mA cm− 2 (Figure S16–S18).

The long-cycling performances of PQQPS based AORFBs at a higher 
concentration of 0.5 M were supplemented in Fig. 4. The anolyte is 4 mL 
of 0.5 M PQQPS in 1.0 M KOH solution, and the catholyte is 50 mL of 
0.4 M K4Fe(CN)6 in 1.0 M KOH solution. At different current densities of 
20, 40, 80, 100 and 120 mA cm− 2 (Fig. 4a–b), the discharge capacities of 
K4Fe(CN)6||PQQPS AORFB were 24.54, 23.23, 22.22, 21.92, and 21.12 
Ah L− 1, and corresponding energy efficiency values were 88.8 %, 
83.6 %, 75.5 %, 71.3 %, and 66.9 %, respectively. When the current 
density returned to 20 mA cm− 2, the discharge capacity restored to its 
initial value. Fig. 4c showed the OCVs of PQQPS at different state of 
charges (SOCs). The OCVs at 50 % SOC were measured to be 1.13 V for 
PQQPS, and reached 1.29 V at 100 % SOC, which is competitive among 
the existing AORFBs based on phenazine derivatives. The polarization 
curves were recorded by LSV at different SOCs of 20 %, 50 % and 100 % 
(Fig. 4d). At 100 % SOC, the peak power density was 0.175 W cm− 2. The 
K4Fe(CN)6||PQQPS AORFB worked at 80 mA cm− 2 between 0.4–1.6 V 
delivered a specific capacity of 22.63 Ah L− 1 after circulating for 800 
cycles (equivalent to 18 days), which is 84.4 % of its theoretical capacity 
(26.8 Ah L− 1). The capacity retention was 97.5 %, corresponding to a 
capacity fade rate of 0.003 cycle− 1 or 0.13 % day− 1 (Fig. 4e). During the 
entire cycling process, the Coulombic efficiency maintained a near- 
perfect 100 %, while the energy efficiency surpassed 70 %. The high 
capacity retentions at both low and high concentrations suggest that the 
stability of PQQPS is not significantly influenced by varying concen
trations. The corresponding energy density of K4Fe(CN)6||PQQPS 
AORFB was calculated to be 25.57 Wh L− 1, and its theoretical and 
practical energy density was calculated to be 19.09 and 14.61 Wh L− 1 
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Fig. 3. Electrochemical performances of as-fabricated AORFBs at low concentrations. (a, b) Discharge capacity, Coulombic efficiency and energy efficiency of (a) 
K4Fe(CN)6||PQQPS and (b) K4Fe(CN)6||PQQPC AORFBs at different current densities of 20, 40, 50, 80 and 100 mA cm− 2, respectively. (c, d) Polarization and power 
density curves of (c) K4Fe(CN)6||PQQPS and (d) K4Fe(CN)6||PQQPC AORFBs at 20 %, 50 % and 100 % SOCs, respectively. (e) Galvanostatic cycling performance of 
K4Fe(CN)6||PQQPS, K4Fe(CN)6||PQQPC and K4Fe(CN)6||PQQ AORFBs at 80 mA cm− 2 between 0.6 and 1.6 V. (f) Galvanostatic-potentiostatic cycling performance of 
K4Fe(CN)6||PQQPS, K4Fe(CN)6||PQQPC and K4Fe(CN)6||PQQ AORFBs at 80 mA cm− 2. The AORFBs were charged with the potential held at 1.4 V (for PQQPS and 
PQQPC) or 1.0 V (for PQQ) at 80 mA cm− 2 until the current density decreased to 5 mA cm− 2, and then were discharged with the potential held at 0.6 V until the 
current density decreased to 5 mA cm− 2.
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based on the limiting electrode. Figure S19 exhibited the voltage pla
teaus during long-term cycling process. The discharge voltage plateaus 
gradually increased and moved closer to the cutoff voltages with 
increasing cycle count. The continuously increased polarization resulted 
in less complete discharging and capacity fading[38]. Additionally, the 
cost of PQQPS and detailed performances of K4Fe(CN)6||PQQPS AORFB 
in this study were also compared with other existing phenazine deriv
ative based AORFBs (Table S1 and S2). In view of the efficient synthesis, 
moderate material cost, and good structural stability, along with the 
characteristics of nature-inspired PQQ, PQQPS could be considered as a 
promising candidate for AORFBs [19,24,29,30,38–40].

Through the implementation of a π-conjugation extended phenazi
nization strategy, we achieved a substantial improvement in the cycling 
stability for PQQPS and PQQPC. The redox mechanism of them during 
cycling was studied by in situ UV-Vis absorption analyses (Fig. 5a–c and 
Figure S20). Upon charging, the color of PQQPS anolyte in 1.0 M KOH 
solution changed from dark red to black. As the charging process 
continued, the absorption peak at λ360nm and λ420nm gradually broad
ened and disappeared (Fig. 5a). This phenomenon is attributed to the 
electron acquisition by the N atoms in the pyrazine ring. During the 

discharging process, the absorption peak at λ360nm and λ420nm gradually 
increased (Fig. 5b), corresponding to the electron loss from the N atoms 
in the pyrazine ring. These reversible changes in peak intensity were 
shown in Fig. 5c, demonstrating the good redox stability and revers
ibility of PQQPS. Electron paramagnetic resonance (EPR) spectroscopy 
analysis was conducted to detect PQQPS3-• radical anion derived from 
the reduction of PQQPS2- (Fig. 5d). An EPR resonance centered at a G- 
factor of ~3500 was related to the presence of PQQPS3-• radical anion. 
As the charging process continued, the EPR signal of PQQPS3-• radical 
anion reached to its maximum level at 50 % SOC. The signal intensity of 
PQQPS3-• radical anion decreased at 75 % SOC. No EPR signal was 
detected at 100 % SOC, indicating the full reduction from PQQPS2- to 
PQQPS4-. The EPR signal associated with PQQPS3-• radical anion 
exhibited no obvious splitting or hyperfine structure, which is attributed 
to the broadened signal caused by hyperfine coupling of hydrogen atoms 
in the center of phenazine.

The stability of PQQPS and PQQPC was conducted by the 1H NMR 
analyses at an elevated temperature (Fig. 5e and Figure S21) [40,41]. 
After placing their solution at 80 ℃ for more than 10 days, the 1H NMR 
spectra exhibited no new proton peaks compared to that of its original 

Fig. 4. Electrochemical performances of PQQPS-based AORFBs at high concentrations. (a) Discharge capacity, Coulombic efficiency and energy efficiency of K4Fe 
(CN)6||PQQPS AORFB at different current densities. (b) Galvanostatic charge-discharge curves of K4Fe(CN)6||PQQPS AORFB at different current densities of 20, 40, 
50, 80, and 100 mA cm− 2, respectively. (c) Open-circuit voltages at different SOCs for PQQPS. (d) Polarization and power density curves of K4Fe(CN)6||PQQPS 
AORFB at 20 %, 50 % and 100 % SOC, respectively. (e) Long-term cycling performance of K4Fe(CN)6||PQQPS AORFB at a current density of 80 mA cm− 2 between 
0.4 and 1.6 V.
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state, indicating its excellent thermal and chemical stability. During the 
long-term cycling at high concentrations, we further analyzed the 1H 
NMR spectra of PQQPS anolyte at different galvanostatic cycles. In 
Fig. 5f and S22a, no obvious change was observed in the 1H NMR and 
13C NMR spectra. We also analyzed the 13C NMR spectra of K4Fe(CN)6 
catholyte (Figure S22b). Although the signal became weaker and wider, 
no impurity signal appeared. It is indicated that K4Fe(CN)6 exhibited no 
chemical decomposition during cycling [33]. According to previous 
literature [40], when carboxylic acid functional groups (-COOH) are 
linked to aromatic core by chemically inert carbon atom rather than 
heteroatoms, the possible tautomerization pathway could be excluded. 
Similarly, PQQPS has considerable conjugation with the solubilizing 
groups connected to the aromatic core by carbon linkages. What’s more, 
there is no place on the conjugated rings where side reactions such as 
Michael addition or tautomerization could occur. Therefore, PQQPS 
molecules can remain highly stable during long-term cycling. In addi
tion, the CV curve of PQQPS anolyte after long cycling still showed its 
reversible redox properties, and no additional peaks were observed in 
K4Fe(CN)6 catholyte (Figure S22c and S22d). These results indicate the 
absence of decomposition and crossover of PQQPS during cycling. On 
the other hand, the impedance of PBI separator membrane before and 
after long-term cycling increased from 0.42 to 0.59 Ω cm2. We believe 
that the capacity fade could be partially owing to the slight increase of 
membrane resistance after cycling (Figure S23). The increased mem
brane resistance enables the charging-discharging plateaus an obvious 
elevation, resulting in a decreased charging-discharging time and a 
decreased capacity.

3. Conclusion

In summary, we report an effective π-conjugation extended phena
zinization strategy to cyclize natural auxiliary group PQQ with o-phe
nylenediamine derivatives via one-step coupling reactions, yielding two 
robust and asymmetric compounds, PQQPS and PQQPC. Owing to their 

large-size N-heterocyclic fused-ring structures, the redox potentials of 
PQQPS and PQQPC exhibit significant negative shifts. The asymmetric 
molecular configurations and highly water-solubilizing sulfonic/car
boxylic groups significantly enhance their aqueous solubility. Conse
quently, the AORFBs based on 0.5 M PQQPS anolyte delivered 
exceptional specific capacity, power density and cycling stability. 
Comprehensive spectroscopic tests proved their excellent electro
chemical and thermal stability, and the capacity fade is primarily 
attributed to the increase of membrane resistance after cycling. 
Furthermore, the production cost comparison with other phenazine 
molecules shows that PQQPS and PQQPC are promising candidates in 
AOFRBs. The viable π-conjugation extended phenazinization strategy, as 
a prototypical amine-carbonyl condensation synthesis route, holds sig
nificant potential in the synthesis of various organic compounds, 
enabling the production of multitudinous redox-active derivatives. This 
work highlights the pivotal potential of nature-inspired molecular 
design and π-conjugation extension strategy in improving the perfor
mance and nurturing the long-cycling capability of AORFBs.
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