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2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) derivatives are typical cath-

olytes in aqueous organic redox flow batteries (AORFBs), but reported lifetime
of them is limited. We find that the increase of Hirshfeld charge decreases the
Gibbs free energy change (4G) values of side reactions of TEMPO, a near-linear
relationship, and then exacerbates their degradation. Here we predict and
synthesize a TEMPO derivative, namely TPP-TEMPO, by analyzing the Hirshfeld
charge. TPP-TEMPO, with the smallest Hirshfeld charge and highest AG, is an
order of magnitude more stable than TMA-TEMPO (N,N,N-2,2,6,6-hepta-
methylpiperidinyl oxy-4-ammonium chloride, a control with the largest
Hirshfeld charge and lowest AG). We further elaborate on their decomposition
pathways, identify byproducts, and mitigate degradation by supporting elec-

trolyte engineering. Finally, a TPP-TEMPO/BTMAP-Vi (1,1’-bis[3-(trimethy-
lammonio)propyl]-4,4’-bipyridinium tetrachloride) cell achieves a capacity
density of ~-12 Ah L™ and a low capacity fade rate of 0.0018% per cycle (or

0.0067% per hour).

Traditional electricity supply is fulfilled by the consumption of huge
amounts of fossil fuels and emitting an enormous amount of CO,". As
the carbon neutrality goal has been proposed, electricity from
renewable energy sources has grown rapidly>. However, the inter-
mittency of wind, solar, and other renewable energy sources necessi-
tates large-scale electricity storage technology’. Aqueous redox flow
batteries are capable of massive-scale electricity storage, featuring
high safety, decoupled power and energy, and easy scale-up®*.
Metal-based aqueous redox flow batteries have been well-
developed and commercially deployed, but they still face
challenges™. For example, the high material costs and limited abun-
dances of vanadium limit market penetration of VRFB; while Zinc
dendrite growth and the formation of dead zinc hinder long-duration
operation of Zn-based aqueous redox flow batteries’®. By comparison,
the emerging aqueous organic redox flow batteries (AORFBs) exploit
redox-active organic compounds composed of earth-abundant ele-
ments (H, C, N, O, etc.), which are sustainable and potentially

inexpensive”'®. The diversity and structural tunability of organic
molecules endow AORFBs with more options and progressively
improved performance™ "™ In recent years, many organic compounds
have been reported as electrolytes for AORFBs, including quinones®™ %,
phenazines?, bipyridiniums***, azobenzenes*, phenothiazines®,
fluorenones®®, naphthalene diimide**°, ferrocenes®***, and nitr-
oxide radicals?>*?%***-3°_ Of those electrolytes, anolytes represented
by quinones and bipyridiniums possess higher durability and high
capacity retention, while catholytes desire further improvement, and
the purely organic molecule is mainly limited to nitroxide radicals.
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) derivatives are the
prime nitroxide radical-based catholytes for all-organic AORFBs*>*, In
2015, Poly-TEMPO and 4-OH-TEMPO were adopted to all-organic
AORFBs with moderate capacity fade rates of 0.312% and 1.146% per h,
respectively”*>*3, Molecular engineering was then conducted on
TEMPO derivatives to extend the battery lifetime and to improve water
solubility by introducing electron-withdrawing charged functional
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groups to the y-position of TEMPO****° For example, in 2016, TMA-
TEMPO was designed by grafting a trimethylammonium group to
enhance solubility and redox potential**. However, the strong
electron-withdrawing trimethylammonium group could lead to
undesired side reactions, resulting in a capacity fade rate of 0.062% per
h*°. In 2019, TMAP-TEMPO was designed by inserting a spacer group to
separate the trimethylammonium group from the TEMPO core,
achieving a lower capacity fade rate of 0.026% per h®. Liu et al.
inserted an acetylamino group between the trimethylammonium
group and the TEMPO skeleton, affording a TMAACNH-TEMPO with an
even lower capacity fade rate of 0.014% per h*’. Although previous
studies tend to imply that TEMPO derivatives with weak electron-
withdrawing groups (EWGs) exhibit lower capacity fade rates****, the
underlying mechanism remains elusive, and stability of the six-
membered ring of TMEPO was largely neglected.

The electrostatic charge and its distribution of electrolytes are
determining factors that affect the corresponding cell performance.
Song et al. disclosed that the charge population sum (CPS) of N-O head
can determine the redox potential of TEMPO derivatives, but CPS can
not explain the obvious difference in cycling stability for TEMPO
derivatives®. Later, Song et al. recognized the N-O head of TEMPO
derivatives as the vulnerable site causing side reactions during battery
cycling. They analyzed the Fukui function (f*/f") of MIACNH-TEMPO
and AcNH-TEMPO, which reflects the charge difference of TEMPO
derivatives after getting/losing an electron, and tried to correlate the
Fukui function of MIAcCNH-TEMPO and AcNH-TEMPO with its stability
in cell cycling*®.

Herein, we quantitatively adjusted the six-membered ring of
TEMPO derivatives by focusing on their Hirshfeld charge. Hirshfeld
charge, which describes molecular charge density, was proposed by
Hirshfeld in 1977%. In this work, we proposed that the Hirshfeld charge
is influenced by the y-substituent group of TEMPO derivatives, i.e.,
weaker EWGs lead to smaller Hirshfeld charge, thereby higher Gibbs
free energy change (4G) values of side reactions. This idea has been
examined through analyzing TMAP-TEMPO and TMAAcNH-TEMPO,
which possess a smaller Hirshfeld charge and lower capacity fade rates
than that of TMA-TEMPO, with the largest Hirshfeld charge. To further
demonstrate this idea and enhance the stability of TEMPO derivatives,
we designed and synthesized 4-(4-(3-(trimethylammonio)propoxy)
phenyl)-2,2,6,6-tetramethylpiperidin-1-oxyl chloride (TPP-TEMPO), by
introducing an electron-rich phenyl group between the six-membered
ring of TEMPO and EWGs. The resulting TPP-TEMPO has the smallest
Hirshfeld charge and then the highest AG value. When paired with
BTMAP-Vi (1,1-bis[3-(trimethylammonio)propyl]-4,4’-bipyridinium
tetrachloride), the TPP-TEMPO/BTMAP-Vi cell demonstrates a capacity
fade rate of 0.0027% per cycle (or 0.010% per h) at 0.1 M, which is less
an order of magnitude when compared with that of TMA-TEMPO
(0.041% per cycle (or 0.16% per h)) under similar conditions. Post-
mortem analysis revealed the ring opening side reaction for TMA-
TEMPO, which was not detected for TPP-TEMPO. We observed serious
hydrogenation side reactions for TMA-TEMPO, which were slight for
TPP-TEMPO. We found that the improved stability can be attributed to
variations in Hirshfeld charge, which regulates the AG value to sup-
press ring opening and hydrolyzation side reactions and then mitigate
pH change during battery cycling. Finally, through the addition of
NH4CI and state-of-charge (SOC) control, we further mitigate the
degradation of TPP-TEMPO. At 0.5M, the TPP-TEMPO/BTMAP-Vi cell
presents a peak power density of 135 mW cm™, a capacity density of
12AhLY, and a capacity fade rate of merely 0.0018% per cycle (or
0.0067% per h).

Results

TEMPO derivatives have been extensively considered as catholytes for
all-organic AORFBs*>**, However, TEMPO derivatives suffer from ring
opening and hydrolyzation side reactions during battery operation

(Fig. 1a). Although extensive research efforts have been devoted to
modifying the y-substituent groups to mitigate these decomposition
reactions*****°°, few tried to clarify the underlying mechanism of how
y-substituent groups impact the six-membered ring of TEMPO and the
subsequent degradation of TEMPO derivatives.

Herein, we propose that the electron-withdrawing effect of y-
substituent groups can influence the six-membered ring skeletons by
increasing the Hirshfeld charge of -H and N of the six-membered ring
of charged TEMPO derivatives, thereby resulting in lower AG of ring
opening and hydrolyzation side reactions of TEMPO derivatives and
exacerbating their degradation. (Fig. 1).

To demonstrate, we select TMAACNH-TEMPO*’, TMAP-TEMPO®,
and TMA-TEMPO*°, which exhibit an increasing electron-withdrawing
effect on TEMPO while possessing an identical trimethylammonio end
group and having the same amount of electric charge. (Fig. 1b) We
optimized their molecular structures through density functional the-
ory (DFT) calculations and quantitatively analyzed their Hirshfeld
charge using Gaussian, VMD, and Multiwfn**® (Supplementary Table 1
and Data 1). We computed the AG values of ring opening and hydro-
lyzation side reactions of these TEMPO derivatives using Gaussian and
Shermo®. As shown in Fig. 1c-e, stronger electron-withdrawing effect
on TEMPO leads to a larger Hirshfeld charge of 3-H and N and greater
AG for side reactions. This implies the increase in capacity fade rates
from 0.014% per h for TMAACNH-TEMPO, 0.026% per h for TMAP-
TEMPO, and 0.062% per h for TMA-TEMPO during battery operation.
(Supplementary Table 1).

To further illustrate this idea and enhance the stability of TEMPO
derivatives, we insert the electron-rich phenyl group at the y-C of
TEMPO to separate the six-membered ring from the electron-
withdrawing end group. The resulting TPP-TEMPO possesses the
smallest Hirshfeld charge, as revealed by DFT calculations. (Fig. 1c)
TPP-TEMPO also exhibits the highest AG for the side reactions, sug-
gesting the excellent stability of TPP-TEMPO. (Fig. 1d, e) Interestingly, a
near-liner relationship between Hirshfeld charge and AG of side reac-
tions is observed (Supplementary Fig. 1).

To demonstrate, we synthesized TPP-TEMPO (Supplementary
Fig. 2), and confirmed the products through 'H NMR and mass spec-
trometry (MS) (Supplementary Figs. 3-5). TMA-TEMPO (Supplemen-
tary Fig. 6), which possesses a much larger Hirshfeld charge and is a
widely adopted catholyte, was selected as a control.

Electrochemical and spectroscopic studies of TPP-TEMPO have
indicated that it is a promising catholyte candidate for all-organic
AORFBs (Table 1). As depicted in Fig. 2a and Supplementary Fig. 7, TPP-
TEMPO exhibits a reversible redox reaction at a redox potential of
0.77V (vs. the standard hydrogen electrode, SHE), owing to the
introduced electron-abundant phenyl group of TPP-TEMPO. The dif-
fusion coefficient of TPP-TEMPO is 3.39 x 10"°cm?s™ in water, and the
electron-transfer rate constant is 5.37x102cms™ (Supplementary
Fig. 8). Its solubility in water is 2.3 M. The permeability of TPP-TEMPO
through a Selemion AMVN membrane is 5.57 x10 cm?s™ (Supple-
mentary Fig. 9). UV-Vis spectroscopy study suggests that there is
almost no decrease in absorbance intensity for TPP-TEMPO, while it is
much more significant for TMA-TEMPO (Supplementary Fig. 10),
implying less side reactions for TPP-TEMPO.

We then separately evaluated TPP-TEMPO and TMA-TEMPO in
flow cells by pairing them with excess BTMAP-Vi (Fig. 2a and Supple-
mentary Figs. 11, 12) at an electrolyte concentration of 0.1 M. (Fig. 2b)
We used a Selemion AMVN membrane as the separator. Then, we
performed long-term galvanostatic cycling of both flow cells at
20 mA cm™ for 300 consecutive cycles. The voltage cutoffs were 1.4 V
(or 1.6V for TMA-TEMPO/BTMAP-Vi) for charge and 0.5V for dis-
charge. A potentiostatic hold was set at the end of the discharge
process until the current density dropped below 4 mA cm™. TPP-
TEMPO reached a capacity retention of 99.2% after 300 cycles, cor-
responding to a capacity fade rate of 0.0027% per cycle (or 0.010% per
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Fig. 1| Side reaction analysis of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
derivatives. a The ring opening and hydrolyzation side reactions of charged
TEMPO derivatives. b The molecular structures and ¢ density functional theory
(DFT) calculated the Hirshfeld charge distribution of reported and suggested
TEMPO derivatives, arranged in ascending order based on the Hirshfeld charge of

Hirshfeld Charge of N

B-H and N of the six-membered ring of charged TEMPO derivatives. d, e DFT cal-
culated Gibbs free energy change (4G) of the ring opening and hydrolyzation side
reactions for charged TEMPO derivatives versus the Hirshfeld charge of f-H and N
are plotted, respectively. These reactions determine the battery cycle lifetime.
Source data are provided as a Source Data file.

h); whereas TMA-TEMPO exhibited a much higher capacity fade rate of
0.041% per cycle (or 0.16% per h) over 300 cycles (Fig. 2c). Thus, the
capacity fade rate of TPP-TEMPO is one order of magnitude lower than
that of TMA-TEMPO.

TPP-TEMPO exhibits the lowest capacity fade rates among these
TEMPO derivatives (Fig. 3a and Supplementary Fig. 13). The varied
stability can be attributed to the different Hirshfeld charge that
determines AG of side reactions, as discussed in Fig. 1. To verify our
hypothesis, we conducted a post-mortem analysis on catholytes after
cell cycling experiments to identify the degradation byproducts of
TPP-TEMPO and TMA-TEMPO. (Fig. 3b, Supplementary Figs. 14, 15, and

Supplementary Table 2). According to MS and 'H NMR, TMA-TEMPO
suffered from ring opening side reactions, while TPP-TEMPO didn’t
undergo such degradation (Fig. 3c, d and Supplementary Fig. 16).
Additionally, we have also detected the hydrogenation side reactions
for TMA-TEMPO, which was slight for TPP-TEMPO. We conclude that
the smaller Hirshfeld charge of TPP-TEMPO can mitigate ring opening
and hydrolyzation side reactions, and consequently higher pH of
electrolyte during battery cycling as in situ pH monitor demonstrated,
which mitigates the hydrogenation side reactions (Supplementary
Fig. 17). The observed results and proposed decomposition pathways
support our hypothesis.
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Table 1| Electrochemical and physicochemical properties of TPP-TEMPO and TMA-TEMPO

Electrolyte Ey2° [V vs. SHE] D° [em?s™] Capacity®° [AhL™"] ko [cms™] Solubility® [mol L™] Permeability’ [cm?s™']
TPP-TEMPO 0.77 3.39x10°° 61.6 5.37x107° 2.3 5.57x10™
TMA-TEMPO**8 0.93 4.8x10° >85.8 4.2x107 >3.2 5.01x10™"

°E,,, redox potential; °D diffusion coefficient; °the theoretical capacity; %, electron-transfer rate constant; ®solubility in deionized water; and ‘permeability of the electrolytes across a Selemion

AMV(N) membrane.
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Fig. 2 | Electrochemical properties of TPP-TEMPO. a Cyclic voltammograms
(CVs) of TPP-TEMPO, TMA-TEMPO, and BTMAP-Vi (at 10 mM) in 1M NaCl solution
at a scan rate of 100 mVs™. b Schematic of an all-organic AORFB assembled with
TPP-TEMPO (or TMA-TEMPO) and excess BTMAP-Vi. ¢ Galvanostatic cycling of flow
cells assembled with 5 mL of 0.1M TPP-TEMPO (or TMA-TEMPO) and 7.5 mL of
0.1M BTMAP-Vi in 1M NacCl solution at 20 mA cm, with voltage cutoffs at 0.5V

during discharge and 1.4 V (or 1.6 V for the TMA-TEMPO-based cell) during charge,
and a potentiostatic hold was applied at the end of discharge process (until current
drops below 4 mA cm™). The rotational speed of the peristaltic pump is 60 rpm.
Insets: the discharge curves of TPP-TEMPO and TMA-TEMPO at the 300th cycle.
The voltage is not iR corrected. Source data are provided as a Source Data file.

The acidic nature of the charged catholyte solution facilitates the
hydrogenation side reaction of TEMPO derivatives®®®, and this is also
observed in this work, although with a slighter impact. This motivates
us to further enhance the stability of TEMPO derivatives during battery
operation. (Supplementary Fig. 17).

To impede the hydrogenation side reaction of TPP-TEMPO and
the hydrolyzation process of the charged TPP-TEMPO, we employed
NH,4CI as an electrolyte additive. Because NH,* can form a hydrogen
bond with the O atom of TPP-TEMPO®* %, which introduces additional

Coulomb repulsion and steric hindrance to prevent the nitroxide
radical from H* attack and inhibits the hydrolyzation process (Sup-
plementary Fig. 18a, b). We conducted DFT calculations and found that
the dy.. o is 172 pm between NH," and TPP-TEMPO, which increases to
231pm as TPP-TEMPO is oxidized, due to the Coulomb repulsion
between NH,* and the positively charged six-membered ring of oxi-
dized TPP-TEMPO®. The addition of NH4Cl enhances the redox
kinetics of TPP-TEMPO, as the determined electron-transfer rate con-
stant is 7.27 x102cms™ which is higher than that in NaCl solution
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Fig. 3 | The degradation analysis for TEMPO derivatives during long-term
battery testing. a The capacity fade rates of these TEMPO derivatives, that of TPP-
TEMPO, TMAAcNH-TEMPO (under identical conditions to TMAP-TEMPO), and
TMA-TEMPO were measured in this work, while that of TMAP-TEMPO was reported

No ring opening

by our group before**°. b The 'H NMR spectra of TPP-TEMPO and TMA-TEMPO
before and after cell cycling. Peaks from byproducts are marked with triangles. The
proposed decomposition pathways for ¢ TMA-TEMPO and d TPP-TEMPO. Source
data are provided as a Source Data file.

(5.37 x10cms™)®. (Supplementary Figs. 18c and 19) The pH of the
charged TPP-TEMPO solution with NH,4Cl is also higher than that with
NaCl, indicating a suppressed hydrolyzation process (Supplementary
Fig. 18d). At 0.1M, the TPP-TEMPO/BTMAP-Vi battery with NH,CI
exhibits a lower capacity fade rate of 0.0020% per cycle (or 0.0075%
per h) than that with NaCl (0.0027% per cycle or 0.010% per h). It
achieves a peak power density of -89 mW cm™, with a Coulombic
efficiency (CE) of ~100% and an energy efficiency (EE) of -88%. (Sup-
plementary Fig. 20).

Finally, we configured a more concentrated TPP-TEMPO/BTMAP-
Vi cell at 0.5M in NH,Cl solution (Fig. 4). The battery demonstrates a
peak power density of ~135 mW cm?, with a capacity of -12 Ah L™, a CE
of ~-100% and EE of ~82% (Fig. 4a, b). Long-term galvanostatic cycling of
this high-concentration battery exhibits a capacity fade rate of
0.0056% per cycle (or 0.013% per h) (Fig. 4c). We conducted SOC
control to regulate the pH levels (Supplementary Fig. 21), and the
capacity fade rate of the battery can be decreased to 0.0018% per cycle
(or 0.0067% per h). (Supplementary Fig. 22) In a 2M TPP-TEMPO/
BTMAP-Vi cell, a high capacity of ~44 Ah L™ and a low capacity fade rate
of 0.012% per h have been achieved (Supplementary Fig. 23). In sum-
mary, TPP-TEMPO has demonstrated a low capacity fade rate among
TEMPO derivatives and other nitroxide radical derivatives for AORFBs.
(Supplementary Table 3) We believe that the proposed strategy of
adjusting the Hirshfeld charge of electrolytes may apply to designing
other organic molecular structures for AORFBs.

Discussion

This work introduces an approach to enhance the stability of TEMPO
derivatives by analyzing the Hirshfeld charge of 3-H and N on the six-
membered ring of TEMPO derivatives, which determines the AG of
ring opening and hydrolyzation side reactions during battery cycling.
We conducted DFT calculations to reveal the near-liner relationship
between Hirshfeld charge and AG. We minimized the Hirshfeld
charge of B-H and N by introducing an electron-donating y-sub-
stituent group to the six-membered TEMPO core and synthesized an
exemplar molecular TPP-TEMPO. When paired with BTMAP-Vi at
0.1M, the as-configured all-organic AORFB demonstrates a capacity
fade rate of 0.0027% per cycle (or 0.010% per h), which is an order of
magnitude lower than that of TMA-TEMPO (a control that is usually
adopted and with the largest Hirshfeld charge, 0.041% per cycle or
0.16% per h). We have identified the cause of the remaining minor
capacity fades by identifying trivial byproducts of side reactions.
Subsequently, we adopt strategies including NH,Cl addition and SOC
control to improve capacity retention of TPP-TEMPO. Finally, at
0.5M, the TPP-TEMPO/BTMAP-Vi cell achieves a low capacity fade
rate of 0.0018% per cycle (or 0.0067% per h), with a peak power
density of ~135mW cm™ and a capacity density of ~12AhL™ This
work provides insight into molecular Hirshfeld charge and their
stability and reactivity. We believe the presented strategy of elec-
trolyte design may apply more broadly to developing other organic
molecules for AORFBs.
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Fig. 4 | Performance of the flow cell assembled with 10 mL of 0.5 M BTMAP-Viin
1M NH,CI solution and 5 mL of 0.5M TPP-TEMPO in 2.5 M NH,CI solution.

a Polarization curves of the cell at various SOCs. b Discharge capacity, Coulombic
efficiency, and energy efficiency of this cell at various current densities.

¢ Galvanostatic cycling of this cell at 60 mA cm™, with voltage cutoffs at 0.5V

during discharge and 1.4 V during charge, and a potentiostatic hold was applied at
the end of the discharge process (until current drops below 4 mA cm™). The rota-
tional speed of the peristaltic pump is 60 rpm. Source data are provided as a Source
Data file.

Methods

Materials

Palladium 10% on carbon (Pd/C, wet) was purchased from TCI
(Shanghai, China). 3-Chloroperoxybenzoic acid (m-CPBA, 85%) was
purchased from Adamas (Shanghai, China). 2,2,6,6-Tetramethyl-4-
piperidone, phenol (98%), 1-bromo-3-chloropropane (99%), 1,3-
dichloropropane (99%), 4,4’-bipyridine (99%), trimethylamine (TMA,
2M in THF), and N,N-dimethylformamide (DMF, 99.9%) were pur-
chased from Energy Chemical (Shanghai, China). TMA-TEMPO was
offered by Suqian Time Energy Storage Technology Co., Ltd. (Jiangsu,
China). The other chemicals were purchased from domestic vendors.
All chemicals were used directly as received without further purifica-
tion, except for m-CPBA, which was purified before use®. The 'H NMR
spectra were recorded on the AVANCE Ill HD 400 spectrometer. MS
was obtained on FTMS-cESL.

Electrolyte syntheses and characterizations

4-(2,2,6,6-tetramethyl-1,2,3,6-tetrahydropyridin-4-yl)phenol: A mix-
ture of 2,2,6,6-Tetramethyl-4-piperidone (31 g, 200 mmol, 1 equiv) and
phenol (82.8 g, 800 mmol, 4 equiv) in water (160 mL) was stirred in an
ice-water bath. Subsequently, concentrated sulfuric acid (240 g) was
slowly added. Then, the solution was degassed and heated at 100°C for
3h under Ar. The resulting solution was cooled, neutralized, and
extracted with dichloromethane (DCM, 200 mL 3). The organic

extracts were washed with brine (100 mL 3) and dried over MgSO,.
Finally, they were purified by column chromatography on silica gel
(hexane/ethyl acetate/triethylamine (v/v/v) = 8:1:1) to give a white solid
(39 g, 84% yield). '"H NMR (400 MHz, DMSO-d) 6 =9.38 (s, 1H), 7.20 (d,
J=8.6, 2H), 6.71 (d, /=8.7, 2H), 5.85 (s, 1H), 2.10 (s, 2H), 112 (d,
J=211, 12H).
4-(4-(3-chloropropoxy)phenyl)-2,2,6,6-tetramethyl-1,2,3,6-tetra-
hydropyridine: A mixture of 4-(2,2,6,6-tetramethyl-1,2,3,6-tetra-
hydropyridin-4-yl)phenol (12.72g, 55mmol, 1 equiv), 1-bromo-3-
chloropropane (12.99 g, 82.5mmol, 1.5 equiv), and K,CO; (11.40g,
82.5 mmol, 1.5 equiv) in ethanol (100 mL) was degassed and refluxed
for 4 h under Ar. After ethanol was removed on a rotavap, 200 mL DCM
was added, and then the solution was washed with water (100 mL 3).
The DCM solution was dried over MgSO, and finally purified by col-
umn chromatography on silica gel (hexane/ethyl acetate/triethylamine
(v/v/v) =16:2:1) to give a colorless, transparent liquid (13.00g, 77%
yield). '"H NMR (400 MHz, Chloroform-d) §=7.32 (d, /=8.8, 2H), 6.87
(d, /=8.8, 2H), 5.90 (s, 1H), 4.12 (t, /=5.8, 2H), 3.75 (t, /]=6.3, 2H),
2.36-2.13 (m, 4H), 1.25 (d, /=17.6, 12H).
4-(4-(3-chloropropoxy)phenyl)-2,2,6,6-tetramethylpiperidine: A
mixture of 4-(4-(3-chloropropoxy)phenyl)-2,2,6,6-tetramethyl-1,2,3,6-
tetrahydropyridine (13.00 g, 42 mmol) and Pd/C (1.30 g) was stirred in
ethanol (100 mL) under H, at room temperature for 72 h. After filtering
out the Pd/C, the ethanol was removed on a rotavap to obtain a clear
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and colorless liquid (13.01g, 99% yield). '"H NMR (400 MHz, Chloro-
form-d) 6=7.14 (d,/=8.7, 2H), 6.85 (d, /=8.7, 2H), 4.09 (t,/=5.8, 2H),
3.73 (t, J=6.4, 2H), 2.97 (m, 1H), 2.21 (p, /=6.1, 2H), 1.74 (m, 2H),
1.44-1.14 (m, 14H).
4-(4-(3-chloropropoxy)phenyl)-2,2,6,6-tetramethylpiperidine-1-
oxyl: A mixture of 4-(4-(3-chloropropoxy)phenyl)-2,2,6,6-tetra-
methylpiperidine (13.01g, 42 mmol, 1 equiv) and m-CPBA (14.49 g,
84 mmol, 2 equiv) was reacted in DCM (500 mL) from 0°C to room
temperature for 2 h. Then, the solution was neutralized, and the DCM
solution was collected. The DCM solution was washed with
brine(100 mL 3), dried over MgSO,, and finally purified by column
chromatography on silica gel (hexane/ethyl acetate (v/v) = 8:1) to give
an orange liquid (9.86 g, 72% yield). '"H NMR (400 MHz, Chloroform-d)
6=7.15(d,/=8.6,2H), 6.84 (d, /=8.7, 2H), 4.08 (t, /=5.8, 2H), 3.73 (t,
J=6.4,2H),2.94 (m, 1H), 2.20 (p,/=6.1, 2H), 1.80-1.66 (m, 4H), 1.26 (d,
J=6.2,12H).
4-(4-(3-(trimethylammonio)propoxy)phenyl)-2,2,6,6-tetra-
methylpiperidin-1-oxyl chloride (TPP-TEMPO): A mixture of 4-(4-(3-
chloropropoxy)phenyl)-2,2,6,6-tetramethylpiperidine-1-oxyl (9.86 g,
30 mmol) and 45 mL of TMA solution (2 M in THF) was reacted at 50°C
for one week. Then, the resulting precipitate was collected and washed
with ethyl acetate (20 mL 3) to obtain an orange solid (3.70 g, 32%
yield). 'H NMR (400 MHz, Deuterium Oxide) 6§ =7.28 (d, /=8.6, 2H),
7.02-6.97 (m, 2H), 4.09 (t,/=5.7, 2H), 3.49-3.38 (m, 2H), 3.09 (s, 9H),
3.08-2.99 (m, 1H), 2.25-2.14 (m, 2H), 1.83-1.67 (m, 4H), 1.26 (d, /=11.8,
12H). BC NMR (101 MHz, Deuterium Oxide) 8 =156.36, 138.29, 128.35,
114.81, 64.64, 63.88, 60.53, 52.82, 45.93, 32.88, 30.63, 22.65, 19.68. UV/
Vis: Amax 222nm. HRMS (m/z): [M]" calculated for CyH3cO,N,™,
348.2772; found, 348.2767.
1,1-bis[3-(trimethylammonio)propyl]-4,4’-bipyridinium tetra-
chloride (BTMAP-Vi) was synthesized according to the literature®. In a
250 mL round-bottom flask, 1,3-dichloropropane (22.6 g, 200 mmol)
and TMA solution (2 M in THF, 75 mL, 150 mmol) were added and then
reacted at 50 °C for 5 days. Then, the mixture was filtered and washed
with ethyl acetate (50 mL 3) to obtain a white solid (3-chloro-propyl)-
trimethylammonium chloride (22.4 g, 87% yield). Finally, (3-chloro-
propyl)-trimethylammonium chloride (10.3g, 60 mmol) and 4,4-
bipyridine (3.1g, 20 mmol) in DMF (25 mL) were refluxed for 1 h under
argon. Then, the mixture was cooled, filtered, and washed with DMF
(50 mL 3) to obtain a white solid BTMAP-Vi (4.5 g, 45% yield). '"H NMR
(400 MHz, Deuterium Oxide) 6=9.23 (d, /=7.1, 4H), 8.65 (d, /=7.0,
4H), 4.89 (m, 4H), 3.61 (m, 4H), 3.22 (s, 18H), 2.77-2.65 (m, 4H).
The solvent signal is marked with an asterisk in all 'H NMR spectra.
In the NMR experiments, phenylhydrazine was added to reduce the
nitroxide radical.

DFT calculations

We conducted DFT calculations using the Gaussian 16 program at the
B3LYP/6-311+G(d,p) level”. The structure of electrolytes was opti-
mized in water by vibrational frequency calculations. GD3BJ (empirical
dispersion correction) and the universal solvation model SMD were
applied. Finally, we analyzed the Hirshfeld charge by using Multiwfn
and computed the AG values of side reactions of these TEMPOs by
using Shermo®**’.

Electrochemical studies
Cyclic voltammetry (CV) of 10 mM as-synthesized electrolyte in 1M
NaCl solution (5 mL) was measured on a ZENNIUM E electrochemical
workstation (ZAHNER, Germany). The working electrode (glassy car-
bon, the radius of the circle is 0.15 cm) was polished with alumina and
then paired with a reference electrode (Ag/AgCl) and a counter elec-
trode (platinum coil).

Rotating-disk-electrode (RDE) study of 1mM as-synthesized
electrolyte in 1M NaCl solution (200 mL) was performed on

CHI600E potentiostat (CH Instruments, Inc., Austin, US) and Pine
E4TQ RDE. The 1 M NaCl solution was also measured as a background
and subsequently subtracted. The working electrode (glassy carbon,
the radius of the circle is 0.15 cm) was polished with alumina and then
paired with a reference electrode (Ag/AgCl) and a counter electrode
(platinum coil). The scan rate is 5mVs™, and the rotational speed is
225-2025 rpm. The diffusion coefficient (D) was calculated using the
Levich equation:

i=0.620 nFAcD?*3v 162 @

where i is the limited current, n is the electron transfer number,
Faraday’s constant F=96485C mol™, electrode area A=0.196 cm?,
electrolyte concentration ¢=1x10"*mol cm™, and the kinematic visc-
osity v=9.56x10%cm?’s? (IM NaCl aqueous solution) or
8.75x1072 cm?s™ (1M NH,4Cl aqueous solution®’). The electron transfer
rate constant (ko) was calculated using the Tafel equation:

log,o(ik) =log;o(nFcAky) + anFn/2.303RT 2)

where iy is the kinetic current and r is the overpotential. The tem-
perature is ~25°C, controlled by air conditioning. The data are col-
lected and directly used.

Solubility and permeability measurements

Solubility of TPP-TEMPO was measured by adding an excess of elec-
trolyte to the deionized water to obtain a saturated solution which was
then diluted for UV-Vis spectrophotometry tests. Besides, the cali-
bration curves have also been established.

Permeability of TPP-TEMPO across a Selemion AMVN membrane
was tested in a lab-made two-compartment cell. One compartment
contained 0.1M electrolyte and 1M NaCl solution, while the other
compartment contained only 1M NaCl solution and was used as the
receiving compartment. Both compartments were continuously agi-
tated at room temperature, and the receiving compartment was
intermittently measured by UV-Vis spectrophotometry to detect the
permeable electrolytes. Finally, the permeability coefficient P (cm?s™)
was calculated using equation®:

po In(1 — 2C,/Co)(—V,l/24)

¢ ©)

where ¢ is the test time (s), C, (molL™) is the concentration of TPP-
TEMPO in the receiving compartment at test time t, Co = 0.1 mol L, the
solution volume V,, =15 mL, the membrane thickness /= 95 um, and the
membrane area A =1.86 cm?. The temperature is ~25 °C, controlled by
air-conditioning.

Flow cell tests

Cell hardware was purchased from Fuel Cell Tech (Albuquerque, US),
and pyrosealed POCO graphite flow plates with a serpentine flow
field were used. The electrode consisted of three stacked sheets of
carbon paper (Sigracet SGL 39AA), which had been baked at 400 °C
for 24 h. A Selemion AMVN membrane (95 um, Japan) was directly
used to separate the anolyte and catholyte solution, and the effective
area of the AMVN membrane was 5cm? Masterflex L/S peristaltic
pump (Cole-Parmer, Vernon Hills, IL) was used to circulate the
electrolyte solution at a rotational speed of 60 rpm. The 0.1M all-
organic ARFB was assembled with 7.5mL of the 0.1M BTMAP-Vi
(anolyte) and 5 mL of the 0.1M TPP-TEMPO (or TMA-TEMPO) (cath-
olyte) in 1M NaCl (or NH4Cl) solution. Polarization curves were
measured by charging the battery to various states of charge (SOCs)
and then polarized by LSV on a Bio-Logic BCS-815. Galvanostatic
battery cycling was performed at various current densities with a
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charge/discharge cutoff voltage of 1.4/0.5V (or 1.6/0.5V for TMA-
TEMPO/BTMAP-Vi). Prolonged galvanostatic battery cycling was
conducted similarly, with a potential hold at the end of the discharge
process, until the current density dropped below 4 mAcm™. The
0.5 M battery was assembled using 10 mL of 0.5M BTMAP-Vi in 1M
NH,4CI solution and 5mL of 0.5M TPP-TEMPO in 2.5M NH,CI solu-
tion. The 2 M battery was assembled using 15 mL of 1M BTMAP-Vi in
0.5M NH,CI solution and 5mL of 2M TPP-TEMPO solution. The
temperature is 20-25 °C, controlled by an air-conditioning or heating
radiator.

Data availability

The authors declare that all data supporting the finding of this study
are available within the paper and its Supplementary Informa-
tion. Source data are provided with this paper.
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