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excellent stability can provide a good 
choice to meet this demand.[2–5] However, 
the extensively studied all-vanadium RFBs 
suffer some long-standing problems, 
such as the high costs of cation exchange 
membranes and vanadium-based active 
materials and the electrolyte crossover 
and corrosion issues in strong acidic con-
ditions.[6] Aqueous organic redox flow bat-
teries (AORFBs), after being reported,[7,8] 
received particular attention among the 
existing flow battery technologies, pri-
marily because organic redox-active 
materials possess numerous advantages 
including great natural abundance, facile 
structural tailorability, tunable electro-
chemical properties, and potentially 
low costs. The solutions of a number 
of organic active molecules, such as 
viologen, anthraquinone, phenazine, and 
azobenzene derivatives, have been inves-
tigated as the anolytes for AORFBs.[9–32] 
And a few organic molecules are available 
for the catholytes, typically, 2,2,6,6-tetra-
methyl piperidin-1-yl)oxyl (TEMPO) and 
metallocene derivatives.[17–32] Considering 

the high redox potential of TEMPO and its derivatives (ranged 
from 0.8 to 1.0  V versus standard hydrogen electrode, SHE), 
the introduction of highly hydrophilic groups, such as the 
quaternary ammonium group, is a promising approach to fur-
ther improve the energy density.[20,23] However, up to date, the 
capacity degradation mechanism on the TEMPO/viologen sys-
tems remains unclear, and a lack of appropriate spectroscopic 
methods was established to study the electrochemical revers-
ibility of redox-active organic species, especially in radical 
involved systems.

Given that the chemically stable pyrrolidinium group has 
an ultrawide electrochemical window and strong polarity, 
it has been frequently utilized as a cationic moiety of ionic 
liquids.[33,34] When coupled with Cl– ion, the pyrrolidinium 
functionalized organic species also appear to be highly water-
soluble. Herein, we report the successful synthesis of pyrroli-
dinium cation functionalized TEMPO and extended viologen 
(Pyr-TEMPO and [PyrPV]Cl4), which can serve as a highly-
soluble organic redox pair with high cell voltage and excellent 
redox reversibility in AORFBs (Figure 1). The introduction 
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1. Introduction

Renewable energy sources, such as solar and wind power, 
show considerable promise in reducing carbon footprints and 
addressing the world-wide environment crisis.[1] However, 
their intermittent and fluctuating nature calls for affordable 
and sustainable energy-storage technologies at grid scales 
(MW/MWh). The ingenious configuration of redox flow bat-
teries (RFBs) with favorable scalability, reliable safety, and 
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of the hydrophilic pyrrolidinium group brought ultrahigh 
aqueous solubilities (more than 3.35 m for Pyr-TEMPO and 
1.13 m for [PyrPV]Cl4). Moreover, the interaction between 
nitroxyl radicals and water molecules, was verified by the 
no-deuterium nuclear magnetic resonance (No-D NMR) 
and electron paramagnetic resonance (EPR) spectroscopic 
studies, maybe helping to prevent the collision-caused side 
reactions of nitroxyl radicals and thus improving the cycling 
performance. In addition, the introduction of grafted pyrro-
lidinium terminals has no obvious influence on the redox 
potential, thus guaranteeing a high cell voltage (1.57  V) of 
the Pyr-TEMPO/[PyrPV]Cl4 AORFBs. As a result, the Pyr-
TEMPO/[PyrPV]Cl4 AORFBs demonstrated an excellent Cou-
lombic efficiency of nearly 100%, a high energy efficiency of 
84%, and an ultralow capacity fade rate of 0.05% per cycle 
for over 1000 cycles at high electrolyte concentrations. The 
assembled AORFBs realized an energy density of 16.8 Wh L–1 
and a peak power density of 317  mW  cm–2, which are com-
petitive among the state-of-the-art pH-neutral AORFBs 
(Table S1, Supporting Information).[23–28] Furthermore, the 
capacity degradation mechanism of Pyr-TEMPO/[PyrPV]
Cl4 AORFBs was comprehensively clarified by the 1H NMR 
and high-resolution electrospray ionization mass spectrom-
etry (HRESIMS). All the spectroscopic data revealed that the 
decomposition and crossover of TEMPO species, rather than 
viologen species, should be the main causes for capacity deg-
radation. Moreover, the excellent electrochemical reversibility 
of Pyr-TEMPO accompanied with the reversible consump-
tion/re-generation of radicals was verified by the No-D NMR 
technique during the cycling process.

2. Results and Discussions

The synthesis approaches of Pyr-TEMPO and [PyrPV]Cl4 are 
shown in Figure  1a. Briefly, Pyr-TEMPO was synthesized 
through a reaction of 4-(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl) 
propyl chloride and 1-methylpyrrolidine at the molar of 2:1 in a 
sealed flask under N2 atmosphere at 90 °C for 24 h, with a yield 
of 76.7%. [PyrPV]Cl4 was prepared via the N-alkylation reac-
tion of 4,4’-(1,4-phenylene)bispyridine and 1-(3-bromopropyl)-
1-methylpyrrolidin-1-ium bromide, followed by the anion 
exchange of Br– to Cl– using an Amberlite IRA-900 (Cl) resin 
column, with an overall yield of 92.0%. The NMR spectra of the 
as-prepared samples are presented in Figure S1–S3, Supporting 
Information, confirming the successful synthesis of these two 
redox-active materials with high purity. Moreover, Pyr-TEMPO 
displayed ultrahigh solubilities in deionized water (>3.35 m) 
and 2.0 m NaCl solution (>2.84 m), respectively, attributing to 
pyrrolidinium functionalization (Figure S4, Supporting Infor-
mation). On the other hand, [PyrPV]Cl4 also exhibited high 
solubilities in deionized water (1.13 m) and 2.0 M NaCl solution 
(1.08 m), respectively (Figure S5, Supporting Information).

Through density functional theory (DFT) simulation, the 
optimized structures and calculated energy levels of Pyr-
TEMPO and [PyrPV]Cl4 at different redox states were studied, 
as presented in Figure S6a,b, Supporting Information, respec-
tively, suggesting the single-electron redox process of Pyr-
TEMPO and two single-electron redox processes of [PyrPV]
Cl4. At the pristine state, the Mulliken charges of N and O in 
the redox center of Pyr-TEMPO were calculated to be 0.087 
and −0.313, respectively; after losing an electron, these two 

Figure 1.  Synthesis processes and working mechanism of pyrrolidinium functionalized TEMPO and extended viologen. a) Synthetic routes of Pyr-
TEMPO and [PyrPV]Cl4. b) Structural configuration and the cathodic/anodic redox processes of Pyr-TEMPO/[PyrPV]Cl4 AORFBs. c) CV curves of 4.0 mM 
[PyrPV]Cl4 and Pyr-TEMPO dissolved in 0.5 m NaCl solutions, respectively.
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values turned to be 0.249 and −0.026 (Figure S6a, Supporting 
Information). After accepting one electron, the spin density of 
monoradical [PyrPV]3+ (SOMO-α and SOMO-β) was delocal-
ized and stabilized on the 1,4-di(pyridin-4-yl)benzeneskeleton, 
and after accepting another electron, a closed-shell quinoid was 
generated (Figure S6b, Supporting Information). The potential 
gap between Pyr-TEMPO and [PyrPV]Cl4 was predicted to be 
approximately 1.73–1.77  V by using the DFT methods, which 
matched well with the experimental value of 1.57 V (Table S2, 
Supporting Information, and Figure  1c).[35,36] Benefitting from 
the large gap (1.57  V) of their redox potentials together with 
high aqueous solubilities, the as-obtained Pyr-TEMPO and 
[PyrPV]Cl4 molecules were envisioned to serve as promising 
cathodic and anodic active materials in high-voltage pH-neutral 
AORFBs, respectively (Figure 1b,c). The CV analyses of 4.0 mM 
Pyr-TEMPO in 0.5 m NaCl solution exhibited a reduction poten-
tial at 0.77 V and an oxidation potential at 0.84 V versus SHE 
(Figure  1c). In contrast, the CV curve of 4.0  mM [PyrPV]Cl4 
electrolyte showed a formal potential (the average value of the 
anodic peak and cathodic peak potentials) of −0.76  V versus 
SHE. Notably, the CV of [PyrPV]Cl4 displayed one broad revers-
ible redox couple derived from the two single-electron reduc-
tions of the initial cationic form to the monoradical form and 
then to the quinoid form.

Interestingly, it is a controversial question that whether a 
two-electron or two single-electron redox possesses proceed for 
phenylene bridging bipyridinium derivatives.[37,38] Herein, we 
propose a simple and effective method to clarify this question. 
As revealed by the CV curves in Figure S7a, Supporting Infor-
mation, the one broad redox couple of [PyrPV]Cl4 was gradually 
split into two overlapped couples when increasing the concen-
tration of [PyrPV]Cl4 from 2 to 100 mM in a 2 m NaCl aqueous 
solution, unambiguously confirming the two single-electron 
reductions. Moreover, the differential pulse voltammetry (DPV) 
curves of [PyrPV]Cl4 (Figure S7b, Supporting Information) 
showed that a reduction peak was gradually split into two peaks 
when the concentration increased, further verifying the two 
single-electron reductions of phenylene bridging bipyridinium 
systems.

The electrochemical properties of Pyr-TEMPO and [PyrPV]
Cl4 were investigated. The CV profiles of Pyr-TEMPO at scan 
rates from 20 to 100 mV s–1 showed a reversible redox couple 
at +0.81  V versus SHE (Figure S8a, Supporting Information). 
Both the oxidation and reduction peak currents had a linear 
relationship with the square root of the scan rate (ν1/2), indi-
cating a reversible and diffusion-controlled redox process of 
Pyr-TEMPO (Figure S8b, Supporting Information). Moreover, 
the CV curves of Pyr-TEMPO revealed an outstanding redox 
reversibility during 1000 cycles (Figure S9, Supporting Informa-
tion). The electrochemical kinetics properties of Pyr-TEMPO, 
including the diffusion coefficient (D) and kinetic rate con-
stant (k0), were studied by using linear sweep voltammetry 
(LSV) on a glassy carbon rotating disk electrode (Figure S8c–f, 
Supporting Information). The LSV scans of Pyr-TEMPO were 
conducted at a rate of 5  mV s–1 from 0.40 to 1.20  V versus 
SHE (Figure  S8c, Supporting Information). The linear Levich 
plot was constructed for the single-electron reduction of 
Pyr-TEMPO using the limiting current (i) and the square root 
of the rotation speed (ω1/2), where the D value was obtained 

as (4.07  ± 0.08)  ×  10–6  cm2 s–1 after background current cali-
bration (Figure S8d, Supporting Information). According to 
the Koutecký-Levich equation and Tafel plot (Figure S8e,f, 
Supporting Information), the rate constant (k0) and charge 
transfer coefficient (α) of Pyr-TEMPO were calculated as  
(1.42 ± 0.07) × 10–2 cm s–1 and 0.53 ± 0.02, respectively, indicating 
the fast electron transfer kinetics.[10,15,18,39] Notably, the CV  
profiles of 4 mM [PyrPV]Cl4 in a 0.5 m NaCl aqueous solution 
displayed one broad reversible redox couple at -0.76 V versus 
SHE (Figure 1c and Figure S10, Supporting Information), attrib-
uting to the completely overlapped two single-electron reduc-
tions. The D, k0, and α values of [PyrPV]Cl4 were calculated  
as (2.27  ± 0.10) × 10–6 cm2 s–1, (5.94  ± 0.55) × 10–3  cm s–1 
and 0.61  ± 0.03, respectively (Figure S10c–f, Supporting  
Information). The D and k0 values of Pyr-TEMPO and 
[PyrPV]Cl4 are very competitive among organic redox-active  
species.[18] Furthermore, the k0 values were also calculated 
by the Nicholson method (Figure S11 and  S12, Supporting 
Information) and compared in Table S3, Supporting Informa-
tion. The difference of k0 values calculated by the Koutecký-
Levich method and the Nicholson method (Table  S3, Sup-
porting Information) has already been noticed in the previous 
literature.[13,17]

A typical flow battery was constructed by using 0.2 m 
Pyr-TEMPO and 0.1 m [PyrPV]Cl4 dissolved in 2.0 m NaCl 
solutions as catholyte and anolyte respectively, and a Sele-
mion DSV anion-exchange membrane was used as the sepa-
rator for Cl– exchange (Figure  1b and Figure 2). To guarantee 
the complete redox reaction of the Pyr-TEMPO catholyte and 
avoid anolyte-derived capacity loss, excess [PyrPV]Cl4 anolyte 
was used in the AORFB, thus allowing the durable cycling of 
Pyr-TEMPO. As revealed in Figure 2a, the Pyr-TEMPO/[PyrPV]
Cl4 AORFBs demonstrated exceptionally high charge and dis-
charge voltages compared to other flow battery systems. During 
the 500 cycles (≈105.4 h), the Coulombic efficiency was stabi-
lized as high as ≈100%, confirming the excellent redox revers-
ibility and stability of Pyr-TEMPO. In the first discharge step, 
the AORFB with 0.2 m Pyr-TEMPO anolyte delivered a capacity 
of 4.64 Ah L–1, which was 87% of the theoretical capacity limit 
for single-electron storage (5.36 Ah L–1). In the initial 10 cycles, 
the discharge capacity gradually increased, probably due to the 
activation of anion-exchange membrane, and then stabilized 
at ≈4.8 Ah L–1 for the next 60 cycles. Moreover, the charge and 
discharge voltage plateaus of the AORFB at the current density 
of 40 mA cm–2 were well maintained at 1.61 and 1.38 V, respec-
tively, demonstrating the high operation voltage and favorable 
electrochemical stability (Figure  2b,c). Moreover, the AORFB 
exhibited outstanding rate capability at current densities 
ranging from 40 to 100  mA cm–2 (Figure  2d,e). For instance, 
the discharge capacity at 100 mA cm–2 is 4.36 Ah L–1, providing 
a ≈92.4% capacity retention relative to the value at 40 mA cm–2 
(4.72 Ah L–1). As shown in Figure 3g, the Pyr-TEMPO/[PyrPV]
Cl4 AORFBs maintained a Coulombic efficiency of ≈100%, an 
ultrahigh energy efficiency of ≈85% and a remarkable total 
capacity retention of 79.7% after 500 cycles (corresponding to 
a capacity fade rate of 0.04% per cycle or 4.56% per day). With 
1.0 m Pyr-TEMPO catholyte and 0.5 m [PyrPV]Cl4 anolyte, the 
AORFB delivered an initial volumetric capacity as high as 
23.9 Ah L–1, accompanied by a Coulombic efficiency of ≈100%, 
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an energy efficiency of 84%, and a capacity fade rate of 0.2% per 
cycle for over 250 cycles (corresponding to a time-dependent 
decay rate of 5.73% per day) (Figure S13, Supporting Informa-
tion). Furthermore, the AORFB with 1.0 m Pyr-TEMPO/0.5  m 
[PyrPV]Cl4 at ≈100% state of charge reaches a maximum power 
density of 317 mW cm–2 with a corresponding current density of 
280 mA cm–2 (Figure 2f), which is among the highest records in 
pH-neutral AORFBs (Table S1, Supporting Information).[18–23]

The long-term cycling performances of AORFB with the 
electrolyte concentrations of 0.5 m Pyr-TEMPO and 0.25 m 
[PyrPV]Cl4 were also investigated (Figure 3a and Table S4, Sup-
porting Information). The AORFB delivered a high capacity 
of 10.86 Ah L–1 and a low capacity fade rate of 0.05% per cycle 
for over 1000 cycles (a time-dependent decay rate of 3.47% 
per day), as well as high Coulombic efficiency (≈100%) and 

energy efficiency (≈84%). To clarify the capacity degradation 
mechanism during long-term cycling processes, the 1H NMR 
and high-resolution electrospray ionization mass spectrometry 
(HRESIMS) studies were performed. As revealed by the 1H 
NMR spectra (Figure  3b,c), the decomposition and crossover 
of Pyr-TEMPO should be primarily responsible for the capacity 
degradation. Specifically, the new NMR peaks that emerged in 
Pyr-TEMPO catholyte after galvanostatic cycling (marked as “✽” 
in Figure  3b) indicate the decomposition of Pyr-TEMPO was 
probably due to the cleavage of nitroxyl radicals from N–O• to 
N–H, as indicated by the HRESIMS analysis (Figure S14, Sup-
porting Information). On the other hand, the observed new 
NMR peaks in [PyrPV]Cl4 anolyte after cycling (marked as “♢” 
and “Δ” in Figure  3c) were originated from the crossover of 
Pyr-TEMPO. Normally, owing to the shielding effect of nitroxyl 

Figure 2.  Battery performances of the Pyr-TEMPO/[PyrPV]Cl4 AORFB. a) Typical galvanostatic charge-discharge profiles. b) Charge and discharge 
voltage plateaus per cycle during 500 charge-discharge cycles. c) Representative voltage versus time curves were recorded between the 491st and 500th 
cycles. d) Rate capability test between 40 to 100 mA cm–2, showing the charge capacity, discharge capacity, Coulombic efficiency, and energy efficiency 
versus the cycle number. e) Representative charge-discharge curves at different current densities. f) I–V polarization and power density of Pyr-TEMPO/
[PyrPV]Cl4 AORFBs with different Pyr-TEMPO concentrations (0.2 m and 1.0 m) at ≈100% state of charge. g) Cycling performance, showing the charge 
capacity, discharge capacity, Coulombic efficiency, and energy efficiency versus the cycle number. Conditions (unless stated otherwise): catholyte,  
0.2 m Pyr-TEMPO in 2.0 m NaCl; anolyte, 0.1 m [PyrPV]Cl4 in 2.0 m NaCl; current density, 40 mA cm–2; separator, DSV anion-exchange membrane; 
room temperature.
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Figure 3.  Long-term cycling performances and capacity degradation mechanism studies. a) Cycling performances of the Pyr-TEMPO/[PyrPV]Cl4 
AORFB, showing the charge capacity, discharge capacity, Coulombic efficiency, and energy efficiency versus the cycle number. The inset shows the 
charge and discharge curves in the first cycle. Conditions: catholyte, 0.5 m Pyr-TEMPO in 2.0 m NaCl; anolyte, 0.25 m [PyrPV]Cl4 in 2.0 m NaCl; current 
density, 40 mA cm–2; separator, DSV anion-exchange membrane; room temperature. b) 1H NMR spectra (DMSO-d6) of Pyr-TEMPO at the pristine state 
and after galvanostatic cycling, respectively. Herein, the Pyr-TEMPO samples were reduced by phenyl hydrazine prior to the NMR tests. The peaks 
marked with “*” represent the impurities derived from the decomposition of Pyr-TEMPO. c) 1H NMR spectra (D2O) of [PyrPV]Cl4 at the pristine state 
and after galvanostatic cycling, respectively. The peaks marked with “♢” and “Δ” are derived from the hydrogenated Pyr-TEMPO (H-Pyr-TEMPO) and 
other decomposition products, respectively. The inset shows the magnified NMR spectrum after galvanostatic cycling in the range of 1−4 ppm. d) and 
e) CV curves of Pyr-TEMPO and [PyrPV]Cl4 at the pristine state and after galvanostatic cycling, respectively. The solutions for CV tests were prepared 
by diluting 200 µl of the corresponding electrolyte with 4 ml 2.0 m NaCl aqueous solutions. The inset in (d) illustrates the irreversible hydrogenation 
of Pyr-TEMPO to H-Pyr-TEMPO.
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radicals, the NMR peaks of Pyr-TEMPO should be broadened, 
or even hard to observe. In this case, the peaks (marked as 
“♢” in Figure 3c) should be assigned to the irreversibly hydro
genated Pyr-TEMPO (H-Pyr-TEMPO), because these peaks are 
almost identical to those of Pyr-TEMPO treated by phenylhy-
drazine. Once a Pyr-TEMPO molecule crossed into [PyrPV]
Cl4 anolyte, it accepted an electron and a proton during the 
discharging process, thus resulting in the formation of H-Pyr-
TEMPO, which was further verified by the HRESIMS analysis 
(Figure S15, Supporting Information). The minor impurity 
peak at ≈1.20  ppm (marked as “Δ”) in Figure  3c should be 
attributed to another decomposition product of Pyr-TEMPO, 
likely because of the breaking of nitroxyl radicals from N–O• 
to N–H. Figure 4d shows the CV curves of Pyr-TEMPO at 
pristine state and after galvanostatic cycling, respectively. The 
irreversible reduction peaks at −0.53 and −0.64 V versus SHE, 
respectively were assigned to the irreversible hydrogenation 
of Pyr-TEMPO to H-Pyr-TEMPO, as illustrated in the inset of 
Figure 3d. Moreover, an irreversible oxidation peak at 0.84 V 
was observed in the CV curve of [PyrPV]Cl4 anolyte after 
cycling (Figure  3e), confirming the crossover of Pyr-TEMPO 
species. Clearly, these spectroscopic and CV results verify that 
the decomposition occurred not on the alkyl pyrrolidinium 
group in Pyr-TEMPO, but on the nitroxyl radical redox center 
of TEMPO species. In this way, our work provides straightfor-
ward proofs to clarify the capacity degradation mechanism of 
TEMPO/viologen AORFB systems based on a series of com-
prehensive characterizations.

To further investigate the redox mechanism and electro-
chemical behaviors of Pyr-TEMPO catholyte during cycling, 
the No-D 1H and 13C NMR spectroscopies were carried out to 
monitor the concentration variation of free radicals (Figure 4). 
This is because the No-D NMR spectra were not contaminated 
by the deuterated solvent, and thus could reflect the intrinsic 
signals of Pyr-TEMPO.[40] In the No-D 1H NMR spectra of Pyr-
TEMPO at pristine state (Figure  4a), the peaks of the alkyl 
pyrrolidinium group (marked as “1” to “6”) broaden, owing to 
the presence of nitroxyl radicals.[41] The peaks of the TEMPO 
unit are not appeared except that the four broad methyl peaks 
(marked as “7”) are visible. To guarantee a fully charged state, 
the AORFB was charged to 1.9 V and then maintained at 1.9 V 
for 5 min. Upon charging, the peaks of the alkyl pyrrolidinium 
group in Pyr-TEMPO sharpen and move towards lower chem-
ical shifts. Then, upon discharging, the peaks of alkyl pyr-
rolidinium in Pyr-TEMPO broaden and move back towards 
higher chemical shifts. For example, after being charged to 
1.90 V in the first cycle, the peak of methyl group on the pyr-
rolidinium (marked as “4′” at the charged state) sharpens and 
moves towards a lower chemical shift, from 3.69 to 2.89 ppm 
(Δδ = −0.80 ppm), indicating the consumption of nitroxyl radi-
cals upon charging; then, after discharged to 0.8 V in the first 
cycle, the peak of methyl group on the pyrrolidinium (marked 
as “4” in the pristine or discharged state) broadens and moves 
back towards a higher chemical shift, from 2.89 to 3.68  ppm 
(Δδ  = 0.79  ppm), indicating the regeneration of the nitroxyl 
radicals upon discharging. The shifts in the water solvent 

Figure 4.  Redox mechanism studies of Pyr-TEMPO. a) Redox cycle of Pyr-TEMPO during charge and discharge processes. b) No-D 1H NMR spectra 
of 0.2 m Pyr-TEMPO catholyte at pristine state, after fully charged and discharged in the first cycle and the 100th cycle, respectively. c) The water peak 
regions are magnified from the dashed box in (b). d) No-D 13C NMR spectra of 0.2 m Pyr-TEMPO catholyte at pristine state, after fully charged and 
discharged in the first cycle and the 100th cycle, respectively. e) No-D 1H NMR spectra showing the water peaks in Pyr-TEMPO catholytes with different 
concentrations (0.025−0.2 m). f) EPR spectra of Pyr-TEMPO catholyte with different concentrations (0.025−0.2 m).
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resonance could reflect the change in the magnetic suscepti-
bility of the solution. The water peaks in the No-D 1H NMR 
spectra of Pyr-TEMPO catholyte show a similar variation trend 
to those of alkyl pyrrolidinium: upon charging, the water peak 
sharpens and moves towards a lower chemical shift, from 5.13 
to 4.42  ppm (Δδ  =  −0.71  ppm); upon discharging, the water 
peak broadens and moves towards a higher chemical shift, 
from 4.42 ppm to 5.12 ppm (Δδ  = 0.70 ppm). The peaks of alkyl 
pyrrolidinium and water shift back and forth (Figure  4b,c), 
indicating the reversible consumption and regeneration of the 
nitroxyl radicals upon charging and discharging. Notably, the 
water peak of 0.2 m Pyr-TEMPO catholyte at a fully charged 
state is at 4.42  ppm, and the value is identical to the water 
shift (4.42  ppm) in a simple 2.0 m NaCl aqueous solution as 
a control sample free of Pyr-TEMPO (Figure S16, Supporting 
Information). This indicates that most of the nitroxyl radicals 
have been consumed and the corresponding oxoammonium 
cations have formed. After 100 charge-discharge cycles, the 
peak shifts of water and alkyl pyrrolidinium almost recovered 
to the same positions as the 1st cycle, verifying the high redox 
reversibility of Pyr-TEMPO. In the No-D 13C NMR spectra 
(Figure  4d), the carbon peaks of alkyl pyrrolidinium almost 
have a similar variation trend upon charging and discharging, 
expected that one carbon of alkyl pyrrolidinium (marked as “1” 
in the pristine or discharged state and as “1′” in the charged 
state), which is directly connected with the oxygen atom on the 
TEMPO unit, has an opposite variation of chemical shift. It is 
worthy to mention that the peak assignments of Pyr-TEMPO 
were further confirmed by a heteronuclear single quantum 
coherence (HSQC) NMR experiment (Figure S17, Supporting 
Information).

Furthermore, the No-D 1H NMR spectra of Pyr-TEMPO 
catholytes with different concentrations (0.025−0.2 m) were 
analyzed (Figure  4e). The chemical shift of the water peak 
can reflect the concentration of radicals in the solution: when 
the radical concentration increases, the water peak moves 
towards a higher chemical shift; when the radical concentra-
tion decreases, the water peak moves towards a lower chemical 
shift. For example, when the concentration of Pyr-TEMPO 
increases from 0.025 to 0.2 m, the water peak remarkably shifts 
downfield, from 4.51 to 5.13 ppm, and such chemical shift vari-
ations are originated from the interaction between the nitroxyl 
radicals and water. As compared, the No-D 1H NMR spectra 
of Pyr-TEMPO catholytes with different concentrations were 
also conducted after being charged to 1.90 V (Figure S18, Sup-
porting Information), where the position of water peak almost 
had no shift, indicating that the interaction between water and 
radicals almost disappeared due to the formation of an oxoam-
monium cation (Pyr-TEMPO+). In the EPR spectra of Pyr-
TEMPO catholyte with different concentrations (Figure 4f), as 
the concentration increases from 0.025 to 0.2 m, the three lines 
gradually coalesce into a single broad line, which was typical of 
enhanced magnetic interactions such as exchange interaction 
of paramagnetic species.[42] The above NMR and EPR analyses 
reveal the interaction between the nitroxyl radicals with water. 
And this interaction may help to prevent the Pyr-TEMPO 
molecules from collision-caused structural decomposition, thus 
improving the cycling performance of Pyr-TEMPO/[PyrPV]Cl4 
AORFBs.

3. Conclusion

In summary, here we report the successful synthesis of TEMPO 
and extended viologen derivatives both functionalized by 
highly stable and hydrophilic alkyl pyrrolidinium groups with 
high solubility and an exceptionally large voltage gap. The two 
single-electron reductions of [PyrPV]Cl4 were clearly verified 
by a simple electrochemical approach. The pyrrolidinium- 
functionalized Pyr-TEMPO displayed an extremely high solubility 
(>3.35 m in water), outstanding electrochemical reversibility, 
and fast electron transfer kinetics. The interaction between the 
nitroxyl radicals in Pyr-TEMPO and water molecule was verified, 
maybe helping to prevent the collision-caused side reactions 
and thus improving the cycling performance. As a result, the 
Pyr-TEMPO/[PyrPV]Cl4 AORFB delivered excellent Coulombic 
efficiency, high energy efficiency, large power density, and 
durable cycling life. The crossover and decomposition of Pyr-
TEMPO species were primarily responsible for the capacity 
degradation, which was comprehensively confirmed by the 1H 
NMR, CV, and HRESIMS studies. Specifically, the Pyr-TEMPO 
species that crossed into the [PyrPV]Cl4 anolyte would undergo 
irreversible hydrogenation on the nitroxyl radical redox center 
in the discharge process, and the decomposition of Pyr-TEMPO 
in the catholyte should be mostly due to the cleavage of nitroxyl 
radical from N–O• to N–H, thus leading to the capacity degrada-
tion. The crossover issue can be alleviated by introducing a posi-
tively charged group with a larger size or more positive charged 
groups into the TEMPO molecule, thus further improving the 
stability of AORFBs. This work presents effective electrochem-
ical and spectroscopic approaches to clarify the redox behavior 
and capacity degradation mechanism of radical involved in 
AORFBs, providing an important foundation for the design of 
high-voltage, stable, and sustainable energy storage systems.
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