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A B S T R A C T

The advancement of pH-decoupling aqueous organic flow batteries (AOFBs) would enable high cell voltage and 
circumvent challenges in molecular engineering. However, traditional pH-decoupling AOFBs need the compli
cated three-chamber, two-membrane configuration and suffer from severe crossover issue. In the present work, 
stable pH-decoupling aqueous all-organic flow batteries (AAOFBs), separated with a single ion-exchange 
membrane, were first constructed by using the crossover-free NH2/NH3

+ grafted bipyridinium and N-hetero
cycle-linked TEMPO (TMP-TEMPO) redox pair. The bipyridiniums with NH2/NH3

+ terminals require minimal 
preparation steps and do not need an additional silica gel column. Notably, the NH2 and NH3

+ groups, being 
strong hydrogen bond acceptor and donor respectively, restrict free diffusion of proton and hydroxide ions 
through the low-cost Selemion AMVN anion-exchange membrane (AEM) and avoid their crossover contamina
tion. Note that the Selemion AMVN AEM incorporates a polystyrene-based backbone with quaternary 
ammonium-functionalized side chains, which provides high ionic selectivity and chemical stability. As a 
consequence, stable single-membrane pH-decoupling AAOFBs at low concentration are demonstrated with an 
extremely low capacity fade rate of 0.22% per day over 638 cycles (~7 days), a high energy efficiency of ~88% 
and Coulombic efficiency of ~100%. The high-concentration pH-decoupling AAOFBs exhibited stable cycling 
performance even in a high O2 content environment (100 ppm) with a practical capacity of 10.7 Ah L− 1, a 
capacity fade rate of 1.30% per day for 500 cycles, a Coulombic efficiency of ~99.8%, and an energy efficiency of 
87%.

1. Introduction

The rapid deployment of renewable energy harvesting technologies 
has driven a significant demand for low-cost, sustainable, and durable 
stationary energy storage technologies [1]. Aqueous flow batteries 
(AFBs) are brilliant technologies capable of storing grid-scale electricity 
exceeding levels of MW/MWh [2]. AFBs are a class of unique 
rechargeable batteries in which the energy carriers are stored in the 
aqueous electrolytes and pumped to be circulated in each individual cell 
[3]. The marvelous configuration of AFBs enables a number of unique 
benefits, such as decoupled energy and power, excellent modularity and 

flexibility, and high intrinsic safety. Moreover, AFBs are easier to recycle 
and operate, as the electrolyte(s) can simply be refreshed, when 
compared to existing metal-based static batteries. Recently, aqueous 
organic flow batteries (AOFBs) comprising water-soluble organic 
electro-active materials (OEMs) in the electrolyte(s) are anticipated to 
be cost-effective and sustainable, since OEMs are composed of light, 
inexpensive, and abundant elements like carbon, hydrogen, oxygen, and 
nitrogen, and enable limitless molecular diversity and designability 
[4–29]. There are several groundbreaking works in establishing novel 
AOFBs under pH-acidic, − basic or -neutral conditions. For examples, the 
Wen's group and Narayanan's group pioneered novel organic flow 
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batteries based on quinone-based redox species in aqueous sulfuric acid 
solution, providing foundation for the development of AOFBs [4,5]. Aziz 
and his colleagues demonstrated the first alkaline quinone flow battery 
for cost-effective stationary energy storage [6]. In the meanwhile, 
Schubert et al. fabricated a pH-neutral, polymer-based flow battery 
using non-corrosive, safe and low-cost materials [7]. The Liu group 
designed asymmetrically substituted sulfonate viologens as capacity 
dense, chemically stable anolytes for pH-neutral AOFBs [8]. Liang et al. 
developed an electrochemical method to quantitatively investigate the 
aggregation behavior of bipyridiniums, demonstrating that the perfor
mance of AOFBs can be optimized by tuning their aggregation behavior 
[9,10]. Recently, Li’s team established ultra-stable AOFBs using an in 
situ organic electrolysis strategy in a flow cell, providing an innovative 
approach for developing scalable, environmentally friendly, and cost- 
effective methods for creating redox-active materials [11,12]. Up to 
date, great attention was paid to the molecular engineering of electro- 
active materials for high-performance AOFBs, including high capacity, 
high voltage, and durable lifetime [13–29].

In most AOFBs, the pH levels of the positive and negative electrolytes 
are the same, making molecular engineering more challenging and 
limiting the range of available electro-active species. Therefore, a 
different pH environment between the two electrolytes (pH-decoupling) 
can significantly broaden opportunities for utilizing high-voltage redox 
molecules [30,31]. By using a three-chamber, two-membrane configu
ration, pH-decoupling AOFBs can achieve high voltage and power 
output [30]. However, the complex cell architectures with two different 
membranes significantly increase the cost. Additionally, the unavoid
able crossover of protons or hydroxide ions may increase the energy 
required to recover the initial pH difference and result in short lifetime 
with fast capacity fade and low round-trip energy efficiency of AOFBs. 
To date, single-membrane pH-decoupling AAOFBs have not been 
demonstrated due to the challenges in electro-active materials, mem
branes and their compatibility issues (Table 1).

2. Experimental

2.1. Materials

The preparation of [TMP-TEMPO]Cl2 was according to the synthetic 
procedures in our previous literature [29]. All reagents were purchased 
from commercial sources, stored in the refrigerator (2 ◦C) or in the 
desiccator, and used as received unless otherwise stated.

2.2. Preparation of [(NH3Pr)2V]Cl4

The [(NH3Pr)2V]Cl4 compound was prepared by two methods as 
follows. In the first method, 4,4′-bipyridine (1.5 g, 9.6 mmol), 3-bromo
propylamine hydrobromide (4.336 g, 19.81 mmol) were mixed with 3 
mL of H2O in a high-pressure Schlenk flask (15 mL). The reaction 
mixture was sealed and stirred at 110 ◦C for 24 h. After the reaction 
mixture was cooled down to room temperature, it was poured into 60 
mL of ethanol. The resulting precipitate was filtered and washed with 
ethanol and then acetone several times. The crude product was first 
dissolved in DMSO solvent, and then the resulting solution was mixed 
with an equivalent volume of an ethanol/acetone mixture (v/v, 1/2). As 

a result, the pure product [(NH3Pr)2V]Br4 was precipitated as a yellow 
solid. Subsequently, the bromide ions of [(NH3Pr)2V]Br4 were 
exchanged by chloride ions with an anion-exchange column (Amberlite 
IRA-900 (Cl) resin) to obtain [(NH3Pr)2V]Cl4 as a white solid quantita
tively with a NMR purity of ~100% (3.03 g, overall yield: 75.8%). In the 
second method, 4,4′-bipyridine (2.0 g, 12.8 mmol), 3-chloropropyl
amine hydrochloride (3.36 g, 25.8 mmol) were mixed with 3 mL of 
H2O in a high-pressure Schlenk flask (15 mL). The reaction mixture was 
sealed and stirred at 110 ◦C for 48 h. After the reaction mixture was 
cooled down to room temperature, it was poured into 120 mL of 
methanol. The resulting precipitate was filtered and washed with 
methanol several times. The crude product contains a small amount of 
monosubstituted impurities. The crude product is almost not dissolved 
in the common solvents such as DMSO and DMF, making the further 
purification in difficulty. Thus, the NMR purity of [(NH3Pr)2V]Cl4 is 
94% ~ 96%. 1H NMR (400 MHz, D2O, room temperature) = 9.06 (d, J =
6.83 Hz, 4H), 8.47 (d, J = 6.75 Hz, 4H), 4.74 (t, J = 7.80 Hz, 4H), 3.07 (t, 
J = 7.85 Hz, 4H), 2.42–2.34 (m, 4H). 13C NMR (100 MHz, D2O, room 
temperature) = 149.7, 145.0, 126.7, 58.1, 35.5, 27.7.

2.3. Preparation of [(NH2Pr)(NH3Pr)V]Cl3 and [(NH2Pr)2V]Cl2

For all battery tests, [(NH2Pr)(NH3Pr)V]Cl3 and [(NH2Pr)2V]Cl2 
electrolytes were obtained by neutralizing [(NH3Pr)2V]Cl4 electrolytes 
with one and two equivalents of NaOH, respectively. For solubility tests, 
[(NH2Pr)(NH3Pr)V]Br3 was obtained by neutralizing [(NH3Pr)2V]Br4 
with one equivalent of NaOH in water. The resulting [(NH2Pr)(NH3Pr) 
V]Br3 solution was dried on a rotary evaporator to remove any residual 
water, washed with methanol to eliminate any possible NaBr, and then 
dried under vacuum. Subsequently, the bromide ions of [(NH2Pr) 
(NH3Pr)V]Br3 were exchanged by chloride ions with an anion-exchange 
column (Amberlite IRA-900 (Cl) resin) to obtain [(NH2Pr)(NH3Pr)V]Cl3. 
[(NH2Pr)2V]Cl2 could not be completely dried due to its instability in the 
air. Thus, only its crude solubility is obtained (see Solubility test, as 
below).

2.4. Solubility test

The solubilities of [(NH3Pr)2V]Cl4 and [(NH2Pr)(NH3Pr)V]Cl3 were 
determined using UV–vis spectroscopy [32]. The experimental proced
ure for measuring solubility was as follows: First, a 5 mM sample was 
dissolved in 5 mL of aqueous solution (either water or 2 M NaCl) and 
then diluted to concentrations of 5, 10, 15, 20, and 25 μM. Second, a 
standard curve was established based on the UV–vis spectroscopy 
measurements of these concentrations. Third, the saturated aqueous 
solution was prepared by adding solvent until complete dissolution, 
followed by progressive dilution up to 125,000 times (10 μL of the 
saturated solution was diluted to 5 mL, and then 20 μL of this solution 
was further diluted to 5 mL). As a result, the saturated concentration (i. 
e., solubility) of the sample was calculated. We measured the crude 
solubility of the [(NH2Pr)2V]Cl2 sample using a simple method as the 
neat and completely dried sample is unstable and difficult to obtain. 
First, we weighed 416.21 mg [(NH3Pr)2V]Cl4 and added 500 uL of 4 M 
NaOH to a 5 mL graduated measuring cylinder. After fully mixing, we 
diluted the reaction mixture with H2O to 1 mL, resulting in a clear and 

Table 1 
Battery performance comparison with all the pH-decoupling semi- or all-organic AFBs in previous literature.

Ref Redox pair Membrane Capacity 
(Ah L− 1)

Life time 
(h)

Fade rate 
(% d− 1)

This work [(NH2Pr)(NH3Pr)V]Cl3, [TMP-TEMPO]Cl2 Selemion AMVN 2.4 166.3 0.22
10.7 436.8 1.30

[30] BHPC, Fe(Bhmbpy)3 Fumasep E620/Selemion DSVN 2.81 432 0.07
[30] KCrPDTA, KBr/KBr3 Nafion 212 25 18 5.33
[31] Zn/Zn(OH)4

2− , FQH2/FQ Nafion 117/Selemion DSV 4.5 42 2.22
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homogeneous solution. Thus, the solubility of [(NH2Pr)2V]Cl2 should be 
>1 M in 2 M NaCl aqueous solution.

2.5. Electrochemical analysis

Electrochemical experiments, including cyclic voltammetry (CV) and 
linear sweep voltammetry (LSV), were conducted in a three-electrode 
glass cell. The setup comprised a glassy carbon electrode as the work
ing electrode, a Pt wire as the counter electrode, and an Ag/AgCl elec
trode as the reference, all in 0.5 M NaCl electrolyte solutions. Prior to 
experimentation, the glassy carbon working electrode was polished with 
Al2O3 (30 nm diameter) suspended in deionized water, followed by 
rinsing and drying with airflow. CV and LSV experiments were per
formed using a CHI760, CHI660E, or CHI627e workstation (CH In
struments), with all potentials referenced to SHE based on the known 
MV2+/1+ redox couple (− 0.45 V vs SHE). A 3 mm glassy carbon elec
trode (GC 130) was used as the working electrode in CV measurements, 
while a 5 mm glassy carbon rotating disk electrode was used as the 
working electrode in LSV measurements. During the LSV tests, the disk 
electrode rotated from 300 rpm to 2400 rpm in increments of 300 rpm. 
LSV scans were obtained at a rate of 5 mV s− 1 from 0 V to − 0.95 V versus 
SHE.

The diffusion coefficient (D) values were derived from the corre
sponding linear slopes, using the Levich equation as follows: 

iLim = 0.62nFAcD2/3υ− 1/6ω1/2 (1) 

Here, iLim denotes the limiting current, n represents the number of 
electrons transferred (n = 1 for each electron), F is Faraday's constant 
(96,485C mol− 1), A is the electrode area (0.1963 cm2), c is the con
centration of the redox-active material (1 × 10− 6 mol cm− 3), υ is the 
kinematic viscosity of a 0.5 M NaCl solution (0.009 cm2 s− 1), and ω 
denotes the rotation rate.

Furthermore, the Koutecký-Levich and Tafel equations were used to 
calculate the kinetic rate constant (k0) values: 

i− 1
m = i− 1

k +B− 1
L ω− 1/2 (2) 

log10|ik| = log10|nFcAk0| +
αnF

⃒
⃒E − E0́

⃒
⃒

2.303 × RT
(3) 

The parameters including ω, n, F, c, and A are defined in eq. (1), im 
denotes the measured current, ik represents the kinetic current, BL is the 
Levich constant, α is the charge transfer coefficient, |E-E0′| is the abso
lute difference between the measured potential (E) and the formal po
tential (E0′), R is the universal gas constant (8.314 J K− 1), and T 
represents the temperature at 293.15 K.

2.6. Flow cell assemblies

To assemble the flow cell, two graphite electrolyte chambers, two 
graphite felt electrodes, a piece of anion-exchange membrane (AMVN, 
100 μm thickness, Selemion, Japan) sandwiched between graphite felts, 
and two titanium current collectors were used. A piece of PTFE tubing 
was used to connect each graphite chamber to an electrolyte reservoir. 
The graphite felt (CeTech GF) had an area of 5 cm2. A two-channel 
peristaltic pump (Longer Pump WT600-2 J) was used to press a Viton 
tubing and circulate electrolytes through the electrodes at a flow rate of 
60 mL/min. For low electrolyte concentration, the anolyte reservoir 
contained 4.5 mL or 5 mL or 5.5 mL of 0.1 M bipyridinium in 2.0 M NaCl 
aqueous solution, and the catholyte reservoir contained 7 mL or 7.5 mL 
or 8 mL of 0.1 M [TMP-TEMPO]Cl2 in 2.0 M NaCl aqueous solution (in 
excess). For high electrolyte concentration, 5 mL of 0.5 M bipyridinium 
in 2.0 M NaCl aqueous solution, 7.5 mL of 0.5 M [TMP-TEMPO]Cl2 in 
2.0 M NaCl aqueous solution were used for flow cell test. Note that in 
this work, the bipyridinium can be [(NH3Pr)2V]Cl4, [(NH2Pr)(NH3Pr)V] 
Cl3 or [(NH2Pr)2V]Cl2. The flow battery was galvanostatically charged 

to 1.55 V or 1.6 V and discharged to 0.9 V at room temperature at a 
current density of 20 mA/cm2.

2.7. Theoretical calculation

The Gaussian 09 software package was employed for all DFT calcu
lations. Geometrical structure optimizations were conducted in the gas 
phase using the B3LYP functional with a 6-311G (d, p) basis set. The 
optimized structures were checked by their harmonic vibrational fre
quencies to ensure that they were at the potential energy surface minima 
with the number of imaginary frequencies equaling 0.

The theoretical volumetric density of the AORFB is calculated using 
the equation: 

Theoretical volumetric capacity = 26.806× nc
(
Ah L− 1) (4) 

Here, n is the electron number per molecule, c is the molecular con
centration (M).

3. Results and discussion

3.1. Molecular engineering principles and materials preparation

In this study, the bipyridinium backbone was functionalized with 
NH3

+ and NH2 terminals ([(NH3Pr)(NH2Pr)V]Cl3) using minimal prep
aration steps without requiring a silica gel column. The simple molec
ular design not only induced the formation of charge distribution 
asymmetry but also offered hydrogen bonding donor and acceptor sites. 
The NH2 group, being a strong hydrogen bond acceptor, is capable of 
trapping protons from water. On the other hand, the NH3

+ group, being a 
strong hydrogen bond donor, can provide protons to form hydrogen 
bonds with water. The strong proton trapping capability of NH2 with 
water resulted in restricted free diffusion of hydroxide ions and avoided 
the crossover contamination of hydroxide ions. Moreover, the pH- 
decoupling electrolytes with the alkaline anolyte and neutral catholyte 
largely inhibit the hydrogen evolution in the anolyte and the oxygen 
evolution in the catholyte. The noteworthy feature of NH2/NH3

+ grafted 
bipyridiniums facilitates the establishment of stable pH-decoupling 
AAOFBs using a commercially available anion-exchange membrane. 
As a proof of concept, the proton trapping strategy via molecular engi
neering can be extended to develop low-cost, single-membrane, and 
mild pH-decoupling AAOFBs. In addition, by regulating the O2 content, 
the impact of O2 on bipyridinium-based AAOFBs at low and high elec
trolyte concentrations was well understood. As a consequence, the 
assembled pH-decoupling AAOFBs at 0.1 M electron concentration 
demonstrated very impressive battery performance with a discharge 
capacity of ~2.4 Ah L− 1, capacity retention rate of ~99.998% per cycle 
over 638 cycles (capacity retention rate of 0.22% per day), and high 
energy efficiency of ~88% and Coulombic efficiency of ~100%. The 
high concentration pH-decoupling AAOFBs achieved a practical capac
ity of ~10.7 Ah L− 1 with a capacity fading rate of 1.30% per day over 
500 cycles during a ~ 436.8h test in an AAOFB cell. Moreover, the high 
concentration AAOFBs are tolerant to high level of O2 (100 ppm), 
enabling stable cycling without a drop of Coulombic efficiency.

The variation of Coulomb repulsion can directly influence aggrega
tion behavior, such as π-dimerization, which plays an important role in 
battery performance. Bipyridiniums with multiple positive charges, such 
as BTMAP-Vi in previous literature [33], commonly decompose during 
long-term battery cycling due to excessive Coulomb repulsion, which 
can cause molecular collapse. Although traditional molecular engi
neering can tune the strength of Coulomb repulsion, it often requires 
complicated synthesis procedures. Once a molecule is designed with 
conventional covalent bonds, its molecular charges become fixed and 
difficult to modify [9]. It is a significant challenge to minimize the 
synthesis steps while regulating the Coulomb repulsion and π-dimer
ization in a dynamic and flexible way. Therefore, in our bipyridinium 
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system, Coulomb repulsion and π-dimerization can be flexibly and 
dynamically regulated by varying the charges through the protonation 
and deprotonation of amino terminals with simply adding an acid or 
base. The resultant charge asymmetry of [(NH3Pr)(NH2Pr)V]Cl3 plays a 
crucial role in regulating intra-/inter-molecular Coulomb repulsions, 
altering the degree of π-dimerization, and ensuring high water 
solubility.

The bipyridiniums were easily prepared under mild conditions with 
only two or three synthetic steps without the need for a silica gel col
umn. Briefly, [(NH3Pr)2V]Cl4 was prepared via the reaction of 4,4′- 
bipyridine and 3-bromopropylamine hydrobromide at a molar ratio of 
1:2.06 in water in a sealed flask at 110 ◦C for 24 h, followed an anion 
exchange from bromide to chloride (a two-step synthetic method), with 
an overall yield of ~76% and ultra-high NMR purity of ~100% (Fig. S1). 
Another synthetic method (a one-step synthetic method) is that, 4,4′- 
bipyridine can also directly react with 3-chloropropylamine hydro
chloride to afford [(NH3Pr)2V]Cl4 with a yield of 78% and a high NMR 
purity of 94–96% (Fig. S2). The [(NH3Pr)2V]Cl4 using both synthetic 
methods can be easily obtained on a gram-scale. Among all the existing 
bipyridiniums, our bipyridiniums are among the most cost-effective and 
sustainable examples. The slightly different synthetic procedures and 
purities have no obvious impact on the performance of AAOFBs. Sub
sequently, [(NH3Pr)2V]Cl4 reacted with one or two equivalent amounts 
of NaOH through an acid-base neutralization reaction, yielding 
[(NH2Pr)(NH3Pr)V]Cl3 or [(NH2Pr)2V]Cl2 quantitatively. To better 
clarify the redox reaction mechanism, bipyridiniums with ~100% NMR 
purity via the two-step synthetic method were used for battery perfor
mance testing and mechanism analysis.

3.2. Characterization of physicochemical and electrochemical properties

These NH2 or NH3
+ grafted bipyridiniums have high solubilities in 

aqueous solutions. For instance, based on titration using UV–Visible 
absorption spectroscopy [32], [(NH3Pr)2V]Cl4 has solubilities of 1.8 M 
and 1.66 M in H2O and 2 M NaCl, respectively (Fig. 1b, Fig. S3). Simi
larly, [(NH2Pr)(NH3Pr)V]Cl3 exhibits high solubilities of 1.77 M and 
1.78 M in H2O and 2 M NaCl, respectively (Fig. 1b, Fig. S4). The 
demonstrated solubilities are competitive to those of other bipyr
idiniums in the literature. However, it is difficult to accurately deter
mine the aqueous solubility of [(NH2Pr)2V]Cl2 because its dried form is 
susceptible to oxidation or decomposition. Based on another solubility 
test method (see the supporting information), its solubility in 2 M NaCl is 
measured to be >1 M. By coupling with the crossover-free N-hetero
cycle-substituted TEMPO (TMP-TEMPO), a high cell voltage of ~1.38 V 
was demonstrated using the first redox reaction of [(NH2Pr)(NH3Pr)V] 
Cl3 (Fig. 1c).

The proton-switchable behavior of these bipyridiniums results in a 
charge shift between symmetry and asymmetry (Fig. 2a). The titration of 
a 0.1 M solution of [(NH3Pr)2V]Cl4 indicates the presence of two protons 
in the molecule, and suggests a pKa value of approximately 9 (Fig. 2b). 
As more protons are lost from [(NH3Pr)2V]Cl4, the 1H NMR chemical 
shifts move towards the upfield region (lower chemical shift, Fig. 2c), 
which is attributed to an increase in electron density. The 1D NOESY 
NMR spectra reveal that the hydrogen atoms in all these bipyridiniums 
exhibit consistent spatial correlations, indicating a linear conformation 
regardless of proton loss or gain (Fig. 2d).

The redox chemistry of these bipyridiniums was confirmed to be the 

Fig. 1. (a) Schematic configuration of the pH-decoupling AAOFB and its anodic and cathodic redox reactions. (b) Solubility comparison of [(NH3Pr)2V]Cl4 and 
[(NH2Pr)(NH3Pr)V]Cl3 with the representative reported viologen analogues. (c) CV curves of 2 mM [(NH3Pr)2V]Cl4, [(NH2Pr)(NH3Pr)V]Cl3, [(NH2Pr)2V]Cl2 and 2 
mM [TMP-TEMPO]Cl2 in a 0.5 M NaCl aqueous solution at a scan rate of 100 mV s− 1.
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two single-electron redox reactions by cyclic voltammetry (CV) curves 
under different pH conditions (Fig. 3a, b). Cyclic voltammograms and 
corresponding Pourbaix diagrams obtained by measuring the redox 
potentials at different pH values revealed that both the first and second 
redox potentials remained nearly unchanged from pH 3.62 to 7.13 and 
from pH 11.51 to 12.59, indicating that the two single-electron pro
cesses did not involve protons in this pH regions. In the mild alkaline 
solution (pH from 8.27 to 9.83), both the first and second redox po
tentials shifted towards the negative direction with a slope of − 0.019 V/ 
pH and of − 0.023/pH, respectively. This shift can be attributed to an 
increase in molecular electron density during the proton loss from the 
NH3

+ terminal(s). The reversible CV curves obtained from pH 3.62 to 
12.59 indicate that our designed bipyridiniums are suitable in a wide pH 
range from acidic to alkaline conditions for AAOFBs.

The electrochemical properties of [(NH2Pr)(NH3Pr)V]Cl3 were 
investigated by CV tests at different scan rates and by rotating disk 
electrode (RDE) tests with different rotation speed. CV profiles of 
[(NH2Pr)(NH3Pr)V]Cl3 at scan rates of 20–100 mV s− 1 indicated 
reversible and diffusion-controlled redox processes, as demonstrated by 
the linear correlation between peak current (ip) and square root of scan 
rate (ν1/2) (Fig. S5). There is a positive correlation between the redox 
potential polarization and the scan rate. Moreover, RDE tests based on 
linear sweep voltammetry (LSV) were conducted (Fig. 3c, d), yielding 
the diffusion coefficient (D) and kinetic rate constant (k0). The linear 
Levich plot using the limiting current (i) and the square root of the 
rotation speed (ω1/2) produces a D value of (3.94 ± 0.05) × 10− 6 cm2 

s− 1 and of (4.76 ± 0.06) × 10− 6 cm2 s− 1 for the first and second re
ductions of [(NH2Pr)(NH3Pr)V]Cl3, respectively. Using the Kouteck
ý–Levich and Tafel equations, the k0 values of (3.12 ± 0.02) × 10− 2 cm 
s− 1 and (3.50 ± 0.02) × 10− 2 cm s− 1 were obtained for the first and 
second redox reactions, respectively (Fig. S6).

3.3. Flow battery performance

The pH-decoupling AAOFBs based on the [TMP-TEMPO]Cl2 cath
olyte and the NH2 or NH3

+ grafted bipyridiniums anolytes were assem
bled and separated by a single anion-exchange membrane (Selemion 
AMVN). The charging cut-off voltage was set to 1.55 V or 1.6 V for only 
use of the first redox potentials of these bipyridiniums. As shown in 
Fig. 1c and Fig. S7, the cell voltages of these AAOFBs increased with an 
increase in the deprotonation of [(NH3Pr)2V]Cl4. This is because the 
ammonium deprotonation leads to an increase of molecular electron 
density and a negative redox potential shift. The [(NH3Pr)2V]Cl4/[TMP- 
TEMPO]Cl2 AAOFB with 0.1 M electron concentration was constructed 
and delivered the discharge capacity of ~1.75 Ah L− 1 (Fig. S8). There is 
a capacity fluctuation from the 80th to 150th cycles, which should be 
induced by the pH fluctuation in the anolyte. Then the capacity 
increased to ~1.9 Ah L− 1 and remained relatively stable in the subse
quent cycles. Trace amount of O2 can induce the disproportionation 
reaction of bipyridinium radical and generate additional hydroxide ions 
to neutralize the proton(s) on the NH3

+ terminal of bipyridinium. 
Therefore, the [(NH3Pr)2V]Cl4 anolyte after cycling became alkaline 
with a pH value of ~9, likely due to the O2 triggered disproportionation 
and deprotonation. Inspired by this interesting battery phenomenon, the 
acidic [(NH3Pr)2V]Cl4 was neutralized with an equivalent amount of 
NaOH to generate [(NH2Pr)(NH3Pr)V]Cl3 with a pKa value of ~9. The 
[(NH2Pr)(NH3Pr)V]Cl3 anolyte with mild alkalinity enabled stable 
cycling battery performance with a discharge capacity of 2.14 Ah L− 1, 
capacity fade rate of <0.5% per day (capacity retention of 97.2% over 
688 cycles), high Coulombic efficiency of ~100% and high energy ef
ficiency of ~86% (Fig. S9). The loss of two protons from [(NH3Pr)2V]Cl4 
created [(NH2Pr)2V]Cl2 with strong alkalinity. The AAOFB based on 
[(NH2Pr)2V]Cl2 anolyte allowed for comparable discharge capacity, 
Coulombic efficiency and energy efficiency but with a faster capacity 

Fig. 2. (a) Calculated electrostatic potential (ESP) distributions of [(NH3Pr)2V]Cl4, [(NH2Pr)(NH3Pr)V]Cl3 and [(NH2Pr)2V]Cl2. (b) Titration of 5 mL 0.1 M 
[(NH3Pr)2V]Cl4 with 0.5 M NaOH showing the pKa of ~9. (c) 1H NMR spectra (D2O, room temperature) of [(NH3Pr)2V]Cl4, [(NH2Pr)(NH3Pr)V]Cl3 and [(NH2Pr)2V] 
Cl2. (d) 1D NOESY spectra of [(NH3Pr)2V]Cl4, [(NH2Pr)(NH3Pr)V]Cl3 and [(NH2Pr)2V]Cl2.
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degradation rate of ~1.7% per day as compared to [(NH2Pr)(NH3Pr)V] 
Cl3 (Fig. S10). After the cycling, all AAOFBs showed no visible pH 
change in the TMP-TEMPO catholytes when compared to the fresh TMP- 
TEMPO catholytes, indicating the negligible crossover of proton or hy
droxide ion from the anolyte. This is because the NH2 group as a 
hydrogen bond acceptor and NH3

+ group as a hydrogen bond donor, can 
form strong hydrogen bonds with water and avoid the proton or hy
droxide ion crossing into the catholyte. Moreover, no crossover 
contamination of redox active species was found (Fig. S11). Therefore, 
as a proof of concept, stable single-membrane pH-decoupling aqueous 
organic flow batteries were successfully constructed.

Furthermore, the impact of O2 on the single-electron AAOFB was 
investigated. Up to date, the impact of O2 on the single-electron bipyr
idinium based AAOFB is not clear. In our common sense, the single- 
electron bipyridinium radical is highly sensitive to oxygen and prone 
to disproportionation in the presence of O2, leading to a continuous 
capacity fade of AAOFB. Surprisingly, we found that increasing the ox
ygen content within a reasonable time had a positive effect on the ca
pacity of AAOFB at diluted electrolyte concentrations (Fig. 4). 
Specifically, the AAOFB demonstrated stable battery performance over 
approximately 270 cycles without any capacity drop in a low O2 content 
of 10 ppm. Afterwards, the capacity of AAOFB slightly decreased from 
2.4 Ah L− 1 to 2.27 Ah L− 1 when further prolonged to 450 cycles. This 
capacity decay is likely caused by the strong formation of π dimers, 
which are reinforced by π-radical interactions and intermolecular 
hydrogen bonds. Interestingly, after 450 cycles, when the oxygen con
tent in the atmosphere increased to 100 ppm, the capacity of AAOFB 
rapidly recovered to 2.38 Ah L− 1 in the next 40 cycles, albeit with a slight decrease in Coulombic efficiency from 99.9% to 99.7% as depicted 

Fig. 3. (a) Cyclic voltammograms (scan rate = 100 mV s− 1) of 2 mM [(NH3Pr)2V]Cl4 in a 0.5 M NaCl solution on a glassy carbon electrode at various pH conditions. 
The pH of the solutions was adjusted by adding appropriate amounts of HCl or NaOH, and the resulting pH values were measured using a pH potentiometer. (b) The 
corresponding Pourbaix diagrams for [(NH3Pr)2V]Cl4. (c) LSV curves of 1.0 mM [(NH2Pr)(NH3Pr)V]Cl3 in a 0.5 M NaCl solution with a scan rate of 5 mV s− 1 at 
different rotation speeds from 300 to 2400 rpm. (d) The corresponding Levich plots of limiting current vs. square root of rotation rate (ω1/2) for [(NH2Pr)(NH3Pr) 
V]Cl3.

Fig. 4. Low-concentration cycling performance with the charging cut-off 
voltage of 1.55 V via N2 content control, showing charge capacity, discharge 
capacity, Coulombic efficiency and energy efficiency vs cycle number. Orange 
region: in N2 99.999%. Red region: in N2 99.99%. Inset: typical galvanostatic 
charge-discharge profiles. Conditions: anolyte, 5.5 mL of 0.1 M [(NH2Pr) 
(NH3Pr)V]Cl3 in 2.0 M NaCl solution; catholyte, 8 mL of 0.1 M [TMP-TEMPO] 
Cl2 in 2.0 M NaCl solution; current density, 20 mA cm− 2.
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in Fig. 4 (red region) and Fig. S12. This intriguing battery phenomenon 
aligns with findings from a Nature journal article, which demonstrates 
that the O2 content can positively affect battery capacity, suggesting 
slow O2 reduction and low accumulation of peroxides [34]. As a result, 
the O2 level increased from 10 ppm to 100 ppm, leading to a slight 
decrease in Coulombic efficiency. After 490 cycles, the O2 content in the 
atmosphere was once again reduced to 10 ppm to prevent O2-induced 
competing side reactions, resulting in the recovery of Coulombic effi
ciency (Fig. S12). The battery can further run for at least 100 cycles with 
no obvious capacity drop in an environment with 10 ppm O2. By such 
round-trip N2 regulation, the pH-decoupling AAOFBs facilitate stable 
cycling performance with a discharge capacity of 2.4 Ah L− 1, capacity 
retention of ~98.5% for the whole consecutive 638 cycles (a capacity 
fade rate of 0.22% per day or 0.00235% per cycle), and high energy 
efficiency of ~88% and Coulombic efficiency of ~100%. The repro
ducible results demonstrated that O2 has both favorable and unfavorable 
impacts on battery capacity in dilute concentration AAOFBs, chal
lenging the conventional belief in the incomparability between the 
single-electron bipyridinium radical and O2. This study provides new 
insights that an ultra-low level of O2 (<10 ppm) may not always be 
necessary for bipyridinium radicals to exhibit stable battery perfor
mance. In addition, it is important to note that even with the same 
concentration and volume of redox species, slight micro-structure and 
thickness variations in the Selemion AMVN anion-exchange membrane 
(AEM) can cause discharge volumetric capacities to differ somewhat 
(Fig. 4 and Figs. S9, S10). The capacity shown in Fig. 4 differs from that 
in Fig. S9 or S10 because of a membrane refresh, despite both mem
branes being of the same type. It is worth mentioning that the Selemion 
AMVN AEM is made from hydrocarbon polymers with quaternary 
ammonium-functionalized side chains that prevent the crossover of 
bipyridiniums grafted with NH3

+ or NH2 terminals and provide chloride 
or hydroxide conductivity. Thanks to its polystyrene-based backbone, 
this type of AEM exhibits excellent chemical stability and resistance to 
chain cleavage even under high pH conditions, thereby enabling stable 
single-membrane pH-decoupling AAOFBs. Recently, AEMs made from a 
rigid p-terphenyl polymer framework with piperidinium side groups 
have demonstrated excellent alkaline stability due to their robust 
chemical structure, making them potentially suitable for the AAOFB 
system developed in this study [35–37].

Moreover, the high concentration pH-decoupling AAOFB was con
ducted using the Selemion AMVN AEM (Fig. 5). The AAOFB demon
strated a high volumetric capacity of 10.7 Ah L− 1 with a capacity fade 
rate of 1.30% per day for 500 cycles, a Coulombic efficiency of ~99.8%, 
and an energy efficiency of 87%. Interestingly, the O2 responsive be
haviors of high-concentration AAOFBs distinctly differ from those of 
low-concentration AAOFBs. When the O2 content increased from 10 to 
100 ppm, the AAOFB with 0.5 M [(NH2Pr)(NH3Pr)V]Cl3 did not have 
obvious capacity variations and still maintained the Coulombic effi
ciency of ~99.8% (Fig. 5). Consequently, the high-concentration AAOFB 
can stably operate in the high O2 content of 100 ppm with a low capacity 
fade rate of 0.68% per d from 61th to 500th cycle. This is because the 
rate of electron transfer from the electrode surface to bipyridinium is 
more favorable than that to oxygen [34]. Thus, at high concentrations, 
such as 0.5 M or above, the reduction of dissolved oxygen becomes 
negligible. Moreover, the tendency of bipyridinium radicals to form 
larger π-dimers or molecular aggregates at high concentrations can also 
suppress O2-induced side reactions, thereby enabling stable cycling of 
AAOFBs in high O2 content environments. Therefore, the high concen
tration pH-decoupling AAOFB was able to stably run for long duration 
under relatively low N2 purity (99.99%).

Indeed, bipyridinium compounds are highly toxic, stable in water, 
and have a long half-life in natural environments, posing a significant 
threat to mammalian health. However, when bipyridinium electrolytes 
are securely sealed in the tank with no leaks, the AOFBs should be 
technically safe. In addition, bipyridinium molecules are usually used in 
neutral or weakly alkaline electrolytes, which have low corrosiveness 

towards storage tanks, ensuring their long-term use in the sealed envi
ronment. Even if bipyridinium compounds leak from the AOFB systems 
into the environment, alkaline hydrogen peroxide, a nucleophilic 
oxidant, can act as an environmentally friendly detoxifier by disrupting 
the bipyridyl structures of bipyridiniums and converting them into low- 
toxicity or non-toxic products (Scheme S1).

4. Conclusions

In summary, we tackled a significant challenge in pH-decoupling 
AAOFBs by utilizing a molecular engineering approach to restricting 
the transport of proton and hydroxide ions across a commercially 
available conventional membrane. As a proof of concept, stable single- 
membrane pH-decoupling aqueous organic flow batteries were suc
cessfully constructed. The regulation of Coulomb repulsion and 
π-dimerization is flexible and dynamic by varying the charges through 
the protonation and deprotonation of amino terminals with simply 
adding an acid or base. When these proton-switchable bipyridiniums 
such as [(NH2Pr)(NH3Pr)V]Cl3 were paired with TMP-TEMPO, the pH- 
decoupling AAOFB at low electrolyte concentration enables stable bat
tery performance with a low capacity fade rate of 0.22% per d over 638 
cycles, and high energy efficiency of ~88% and Coulombic efficiency of 
~100%. Moreover, the high concentration pH-decoupling AAOFB 
demonstrated a practical capacity of ~10.7 Ah L− 1 with a capacity 
fading rate of 0.047% per cycle upon 500 cycles (1.30% per day). 
Different from low concentration AAOFBs, the high concentration 
AAOFBs exhibited O2 tolerant behavior and enabled a stable cycling 
performance at high O2 content for long duration (more than 18 days). 
By regulating the atmospheric O2 content, the O2 impact on battery 
performance was well understood. Furthermore, the design approach 
can be readily applied to various pH-decoupling AAOFBs by using redox 
organics functionalized with NH2 or NH3

+ groups as anolytes and neutral 
redox organics as catholytes. We anticipate that this work will pave a 
novel and useful way for stable single-membrane pH-decoupling flow 
batteries.
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