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1. Experimental Procedures

1.1 General information

2,2'-dibromo diethyl ether, trimethylamine (TMA, 2.0 mol L™! in THF), 4,4"-bipyridine, 4-
hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO-OH), tetrabutylammonium bromide
(TBAB), 1,5-dibromopentane, and phenylhydrazine were purchased from Energy Chemical
(Shanghai, China). Sodium hydroxide (NaOH), sodium chloride (NaCl), potassium chloride
(KCl), ethanol (EtOH), toluene, and N,N-dimethylformamide (DMF) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Methyl tert-butyl ether (MTBE), acetonitrile (MeCN),
petroleum ether (PE), ethyl acetate (EtOAc), and the Amberlite IRA-900 anion-exchange resin
(chloride form, Adamas) were purchased from Titan Scientific Co., Ltd. Unless otherwise

specified, all reagents were used as received without further purification.

1.2 Instrumental methods

UV-vis absorption spectra were recorded on a Shimadzu UV-2600i double-beam
spectrophotometer. Electrochemical measurements were carried out using a BioLogic
electrochemical workstation. Rotating disk electrode (RDE) experiments were performed on an
electrochemical system from PINE Research (USA). 'H and '3C NMR spectra were acquired
on a Zhongke Niujin AS400M NMR spectrometer, with tetramethylsilane (TMS) used as the
internal standard for chemical shift calibration. Liquid chromatography-high-resolution mass
spectrometry (LC-HRMS) analyses were conducted on an Agilent 1290-microTOF-Q II mass
spectrometry system. Unless otherwise noted, all measurements were performed at room

temperature.

1.3 Electrochemical Measurements

Electrodes were polished sequentially using alumina powders with particle sizes of 300 nm and
50 nm (Al2O3) prior to electrochemical measurements. After polishing, the glassy carbon
electrode (geometric area: 0.707 cm?) and the glassy carbon rotating disk electrode (geometric
area: 0.196 cm?) were ultrasonically cleaned with deionized water and dried under a nitrogen
stream. The platinum counter electrode was flame-treated with an alcohol lamp before use to
remove surface impurities. All electrochemical experiments were conducted in a conventional
three-electrode configuration, employing a glassy carbon working electrode, a platinum coil
counter electrode, and an Ag/AgCl reference electrode (saturated KCI). Unless otherwise noted,

all measurements were performed at room temperature.



Preparation of Solutions for Cyclic Voltammetry (CV) and Determination of Diffusion
Coefficients (D)

Solutions containing 4.0 mM redox-active species in 2.0 M NaCl were prepared to verify the
success of the anion-exchange process. In addition, solutions containing 1.0 mM redox-active
species in 1.0 M NaCl were prepared for cyclic voltammetry (CV) measurements at various
scan rates. All electrochemical experiments were conducted under a nitrogen atmosphere at 298
K. CV measurements of BTTAE-V-Cl and TMEE-TEMPO-CI were performed over a scan-
rate range of 100-5000 mV s '. The diffusion coefficients (D) of both compounds were
determined using the Randles—Sevéik equation (Equation 1, for reversible systems). In this
equation, iy, is the peak current (A), n is the number of electrons transferred, A4 is the effective
electrode area (0.707 cm?), C is the bulk concentration (mol-cm ), D is the diffusion coefficient

(cm? s7!), and v is the scan rate (V s ).
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Rotating Disk Electrode (RDE) Measurements

A 1.0 mM solution of the redox-active species containing 1.0 M NaCl as the supporting
electrolyte was prepared for rotating disk electrode (RDE) experiments. A glassy carbon
rotating disk electrode (RDE) was used as the working electrode, a platinum wire served as the
counter electrode, and an Ag/AgCl (saturated KCI) electrode was used as the reference
electrode. Prior to each measurement, the working electrode was polished sequentially with 0.3
um and 0.05 pm alumina slurries, followed by ultrasonic cleaning in deionized water and drying
under a nitrogen stream. All measurements were performed at 298 K under a nitrogen
atmosphere. The rotation rates were set to 225, 400, 625, 900, 1225, 1600, and 2025 rpm, and
the scan rate was 5 mV s . In RDE experiments, the measured current is governed by mass-
transport limitations and can be described by the Koutecky—Levich equation (Equation 2),
where i is the measured current, i is the kinetic current, and i, is the diffusion-limited current.
According to the Levich equation (Equation 3), n is the number of electrons transferred, F is
the Faraday constant (96,485 C-mol '), 4 is the electrode area (0.196 cm?), C is the bulk
concentration of electroactive species (mol-cm ™), D is the diffusion coefficient (cm? s 1), v is
the kinematic viscosity of the electrolyte (9.56 x 107> cm? s! for 1.0 M NaCl), and o is the
angular rotation rate (rad s!). To determine the diffusion-limited current for the second
reduction step, the limiting current of the first reduction step was subtracted from the total

current. A Koutecky—Levich plot was constructed by plotting 1/iim versus o ' at different



rotation rates, and the diffusion coefficient D was obtained from the slope of the linear fit. Once
the diffusion-limited current was determined, the kinetic current i was calculated using the
Koutecky—Levich equation. The Tafel equation (Equation 4) describes the kinetic region of the
electrode reaction, where iy is the kinetic current, ko is the heterogeneous electron-transfer rate
constant (cm s 1), a is the charge-transfer coefficient,  is the overpotential, R is the gas constant
(8.314 J'mol™! K™), and T is the absolute temperature (K). The exchange current density (iy)
was obtained from extrapolation of the Tafel plot to zero overpotential. According to the
Butler—Volmer equation (Equation 5), the heterogeneous electron-transfer rate constant (ko)

was calculated from the exchange current .
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1.4 Solubility measurements

Calibration curves for the redox-active electrolytes were established using UV-vis
spectrophotometry. A series of standard solutions with known concentrations was prepared,
and their absorbances were recorded at the corresponding characteristic absorption wavelength
(Amax). The resulting linear relationship between absorbance and concentration was used for
subsequent quantitative analysis. To determine solubility, an excess amount of the redox-active
electrolyte (beyond its solubility limit) was added to deionized water or to a 2.0 M NaCl
aqueous solution. The suspensions were heated and sonicated to facilitate dissolution, followed
by equilibration at room temperature. After standing to reach saturation, the mixtures were
filtered through a 0.45 um microporous membrane to remove undissolved solids, affording the
saturated solutions. Aliquots of the saturated solutions were appropriately diluted, and their
absorbances were measured at Amax. The electrolyte concentrations were then calculated from
the established calibration curves. These concentrations were taken as the solubility values in

the corresponding media. All solubility measurements were performed at 25 °C.

1.5 DFT calculations



Density functional theory (DFT) calculations were carried out using the Gaussian 16 program
package. Geometry optimizations and vibrational frequency analyses were performed at the
B3LYP/6-311+G(d,p) level of theory. Solvent effects of water were described using the SMD
implicit solvation model. Grimme’s D3 dispersion correction with Becke—Johnson damping
(GD3BJ) was applied to account for dispersion interactions. All calculations were performed
without symmetry constraints. Frequency calculations were conducted for all optimized
structures to confirm that they correspond to true minima on the potential energy surface, as
evidenced by the absence of imaginary frequencies. The obtained Gibbs free energies were used
for subsequent thermodynamic analysis. Electrostatic potential (ESP) distributions were
analyzed based on the optimized geometries using the Multiwtn program, and the ESP surfaces
were visualized with VMD. The electrostatic potential was mapped onto the electron density
surface to evaluate the surface charge distribution of the molecules. Solvation free energies
(AG _solv) were obtained from the Gibbs free energy difference between the solution-phase and

gas-phase calculations based on the optimized geometries.

1.6 Permeability measurements

The crossover behavior of the active species was evaluated using a two-compartment diffusion
cell separated by a commercial Selemion DSV anion-exchange membrane. Prior to the
measurement, the membrane was soaked in 2.0 M NaCl aqueous solution for at least 24 h to
ensure full hydration and ionic equilibration.

For the permeability measurement, 10 mL of 0.1 M BTTAE-V-CI (or 0.2 M TMEE-TEMPO-
Cl) dissolved in 1.6 M NaCl aqueous solution was introduced into the donating compartment,
while the receiving compartment was filled with 10 mL of 2.0 M NaCl aqueous solution to
maintain ionic balance. Both compartments were continuously stirred to minimize
concentration polarization.

At predetermined time intervals, small aliquots were withdrawn from the receiving side and
diluted with 2.0 M NaCl electrolyte. The concentrations of the active species were determined
using UV—vis spectroscopy according to the calibration curves shown in Fig. S21 and Fig. S26.

The permeability coefficient P was calculated according to the following equation:

2

where P is the permeability coefficient (cm? s'), C; is the concentration in the receiving

compartment at time t, Cy is the initial concentration in the donor compartment, ¥y (10 mL) is



the electrolyte volume, L (100 um) is the membrane thickness, and A (0.7854 cm?) is the

effective membrane area.

1.7 Theoretical Energy Density and Capacity Calculations
The theoretical energy density of the BTTAE-V-CI/TMEE-TEMPO-CI AORFB is calculated

using the equation (Equation 6):

Why nCFV )
Etheoretical (T) = (Equatlon 6)
Hy
where #n is the number of electrons involved in the cell reaction, C is the concentration of active
materials, F is Faraday’s constant 26.8 Ah mol !, ¥ is the cell voltage, u is the volume factor
(uv = 1 + lower electrolyte concentration/higher electrolyte concentration). For BTTAE-V-
CI/TMEE-TEMPO-CI AORFB,
U, =1+ 1.55/3.3 =147,

and the theoretical energy density is calculated as

1.55
1.47

The theoretical volumetric density of the BTTAE-V-CI/TMEE-TEMPO-CI AORFB is

1.55
Enpeoreicat = (1X 1.56 X 268 X T2) + (1 X 122 X 268 X T2) = 780 Wh L ™",

calculated using the equation (Equation 7):
Theoretical volumetric capacity = 26.806 X nC (AhL™1) (Equation 7)

where 7 is the number of electrons transferred per molecule, C is the molecular concentration
(M). As the capacity-limiting side is the BTTAE-V-Cl anolyte, # is 2 and C is the concentration
of BTTAE-V-CL.

1.8 Aqueous Organic Redox Flow Battery Testing

The flow battery components were purchased from Wuhan Zhisheng New Energy. The cell
assembly consisted of two graphite flow-field plates featuring serpentine flow channels, with
carbon felt (effective electrode area: 25 cm?) used as the electrode material. A DSV membrane
(Japan, thickness of 100 um) served as the ion-exchange separator. The electrolytes were
continuously circulated using a peristaltic pump (DIPump 550, Kamoer Fluid Tech (Shanghai)
Co., Ltd.) at a rotational speed corresponding to 69 rpm. After assembly, the electrolyte
reservoirs were purged with high-purity nitrogen (99.999%) to remove dissolved oxygen, and
the entire system was subsequently sealed. The oxygen concentration was monitored in real

time using an inline oxygen sensor and maintained within the range of 50-500 ppm during



operation. If the oxygen level exceeded 500 ppm, nitrogen purging was performed again to

displace residual oxygen. All flow battery tests were conducted at 283 K.

Preparation of Electrolyte Solutions

The anolyte was prepared by dissolving BTTAE-V-CI in a 2.0 M NaCl aqueous solution to
obtain a final concentration of 0.10 mol L™!. The catholyte was prepared by dissolving TMEE-
TEMPO-CI in a 2.0 M NaCl aqueous solution to a final concentration of 0.20 mol L™!. The
electrolyte volume on each side was set to either 10 mL or 15 mL, depending on the
experimental requirements. All solutions were prepared using deionized water and purged with

nitrogen prior to use to remove dissolved oxygen.

High-concentration electrolyte preparation

For high-concentration battery tests, the anolyte was prepared by dissolving BTTAE-V-Cl in a
2.0 M NaCl aqueous solution to obtain a final concentration of 0.50 mol L'!. The catholyte was
prepared by dissolving TMEE-TEMPO-CI in a 2.0 M NaCl aqueous solution to a final
concentration of 1.00 mol L!. The electrolyte volumes on both sides were maintained at 10 mL
unless otherwise specified. All solutions were prepared using deionized water and were purged

with nitrogen prior to use to remove dissolved oxygen.

Flow Battery Testing Conditions

Flow battery performance was evaluated using a LANHE battery testing system (CT2001B).
For electrolyte volumes of 10 mL, the charge-discharge voltage window was set to 0.1-1.8 V,
while for 15 mL electrolyte systems, the voltage window was adjusted to 0.1-1.7 V. Long-term
galvanostatic cycling was conducted at a current density of 40 mA c¢cm 2. Prior to the formal
cycling tests, 1-2 preconditioning charge-discharge cycles were performed to ensure

stabilization of the electrode—electrolyte system.

Galvanostatic—potentiostatic (GP) cycling test at moderate concentration

For the moderate-concentration system, the anolyte consisted of 0.10 M BTTAE-V-CI and the
catholyte consisted of 0.20 M TMEE-TEMPO-CI, both dissolved in 2.0 M NaCl aqueous
supporting electrolyte. Unless otherwise specified, the electrolyte volume on each side was 15
mL. Galvanostatic—potentiostatic (GP) cycling tests were performed using a two-step charging
protocol. The cell was first charged galvanostatically at a current density of 20 mA cm™ until

reaching a cutoff voltage of 1.75 V, followed by a potentiostatic step at 1.75 V until the current



decreased to 1 mA cm™. Discharge was conducted galvanostatically to a cutoff voltage of 0.15

V.

Asymmetric cell configurations for decoupled stability evaluation

For the catholyte-limited configuration, the anolyte consisted of 0.30 M BTTAE-V-CI (30 mL)
and the catholyte consisted of 0.10 M TMEE-TEMPO-CI (15 mL), both dissolved in 2.0 M
NaCl supporting electrolyte. Under this condition, the cell capacity is governed by the one-
electron redox process of TMEE-TEMPO-CI. Galvanostatic cycling was performed at a current
density of 40 mA cm™ within a voltage window of 0.10-1.80 V.

For the anolyte-limited configuration, the anolyte consisted of 0.10 M BTTAE-V-CI (15 mL)
and the catholyte consisted of 0.40 M TMEE-TEMPO-CI (30 mL) in 2.0 M NaCl supporting
electrolyte. In this configuration, the overall capacity is governed by the viologen redox process.

Galvanostatic cycling was conducted at 40 mA cm™ within a voltage window of 0.15-1.80 V.

1.9 Synthesis of molecules

Synthesis route of BT TAE-V-CI
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Figure S1 Synthesis route of BTTAE-V-CL

Synthesis of M1

A solution of 2,2'-dibromo diethyl ether (1.25 mL, 10.0 mmol, 1.0 equiv.) and trimethylamine
in THF (2.0 mol L', 5.0 mL, 10.0 mmol, 1.0 equiv.) was added sequentially to a 10 mL round-
bottom flask and stirred at room temperature for 10 h. Upon completion, the resulting solid was
collected by vacuum filtration, washed with methyl tert-butyl ether (MTBE) three times, and
dried under vacuum to afford the target product M as a white solid (yield: 72%). 'H NMR (400
MHz, Deuterium Oxide) ¢ 4.05 (dq, J = 7.4, 2.7 Hz, 2H), 3.97-3.92 (m, 2H), 3.68-3.63 (m,
4H), 3.25 (s, 9H). '*C NMR (101 MHz, Deuterium Oxide) 6 70.67, 65.35, 64.21, 54.11, 31.37.
LC-HRMS (ESI) Calc. for C7H;7BrNO™: 210.0489, Found: 210.0488.

Synthesis of BT TAE-V-Br and BTTAE-V-CI
A mixture of M1 (1.98 g, 6.85 mmol, 3.0 equiv), 4,4"-bipyridine (0.36 g, 2.27 mmol, 1.0 equiv),
and DMF (15 mL) was added sequentially to a 25 mL round-bottom flask. The reaction was

carried out under a nitrogen atmosphere and stirred at 100 °C in an oil bath. As the reaction



proceeded, the initially milky-white suspension turned clear, followed by the formation of a
large amount of yellow precipitate. The reaction progress was monitored by thin-layer
chromatography. After 48 h, the resulting solid was collected by filtration, washed with DMF
three times and subsequently with CH3CN three times, and dried under vacuum to afford
BTTAE-V-Br as a yellow solid (87% yield). BTTAE-V-Br (1.50 g, 2.04 mmol) was then
dissolved in deionized water (20 mL) and subjected to anion-exchange column chromatography
using Amberlite® IRA-900 anion-exchange resin (30.0 g). The ion-exchange procedure was
repeated twice to ensure complete replacement of the bromide anion. The resulting aqueous
solution was concentrated by rotary evaporation and dried under vacuum to afford BTTAE-V-
Cl (88% yield). '"H NMR (400 MHz, Deuterium Oxide) 6 9.17 (d, J = 6.8 Hz, 4H), 8.62 (d, J =
6.8 Hz, 4H), 5.03—4.96 (m, 4H), 4.17-4.10 (m, 4H), 3.99 (dq, J = 7.6, 2.7 Hz, 4H), 3.65-3.58
(m, 4H), 3.16 (s, 18H). '*C NMR (101 MHz, Deuterium Oxide) J 150.40, 146.03, 127.05, 68.65,
65.62, 64.63, 61.52, 54.82.

Synthesis route of TMEE-TEMPO-C1
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Figure S2 Synthesis route of TMEE-TEMPO-CI.

Synthesis of M2

4-OH-TEMPO (1.74 g, 10.1 mmol, 1.0 equiv), tetrabutylammonium bromide (TBAB, 0.39 g,
1.2 mmol), and 2,2'-dibromo-diethyl ether (2.15 mL, 17.26 mmol, 1.7 equiv) were sequentially
added to a biphasic mixture of toluene (4.5 mL) and 50% aqueous NaOH (15 mL). The reaction
mixture was vigorously stirred at room temperature. The reaction progress was monitored by
thin-layer chromatography, and the reaction reached completion after approximately 48 h.
Upon completion, 150 mL of methyl tert-butyl ether (MTBE) was added and the mixture was
extracted several times with deionized water (100 mL). The combined organic layers were dried
over anhydrous Na>SQOs, and the solvent was removed under reduced pressure to afford the red
solid product M in 72% yield. The synthesized M2 was subjected to 'H NMR analysis after
reduction with phenylhydrazine. 'H NMR (400 MHz, DMSO-ds) 6 3.73 (t, J = 5.8 Hz, 2H),
3.59-3.56 (m, 3H), 3.55-3.50 (m, 4H), 1.91-1.82 (m, 2H), 1.26-1.21 (m, 2H), 1.05 (d, J=12.1
Hz, 12H). LC-HRMS (ESI) Calc. for Ci13H23BrNO;" : 322.1018. Found: 322.1015.



Synthesis of TMEE-TEMPO-Br and TMEE-TEMPO-CI

Compound M> (4.10 g, 12.7 mmol, 1.0 equiv) and 70.0 mL of a trimethylamine ethanol solution
(2.0 mol L™! in ethanol, 140.0 mmol, 11.0 equiv) were added to a 100 mL round-bottom flask
and stirred at room temperature. The reaction progress was monitored by thin-layer
chromatography, and the reaction reached completion after 48 h. The reaction mixture was
concentrated under reduced pressure, and the resulting viscous residue was dissolved in
deionized water (50 mL). The aqueous layer was extracted multiple times with methyl tert-
butyl ether (MTBE, 100 mL). The combined aqueous phases were collected and dried to afford
the red solid TMEE-TEMPO-Br in 78% yield. TMEE-TEMPO-Br (1.55 g, 4.07 mmol) was
dissolved in deionized water (20.0 mL) and subjected to anion exchange using Amberlite® IRA-
900 anion-exchange resin (31 g). The exchange process was repeated twice to ensure complete
anion substitution. The resulting solution was concentrated by rotary evaporation to remove
water, yielding the red solid TMEE-TEMPO-CI in 93% yield. The synthesized TMEE-
TEMPO-CI was analyzed by 'H NMR spectroscopy after reduction with phenylhydrazine. 'H
NMR (400 MHz, DMSO-ds) ¢ 3.83 (dt, J = 5.2, 2.5 Hz, 2H), 3.60-3.50 (m, 7H), 3.11 (s, 9H),
1.87-1.81 (m, 2H), 1.26-1.21 (m, 2H), 1.05 (d, /= 12.4 Hz, 12H). LC-HRMS (ESI) Calc. for
Ci16H34N203"" : 302.2564. Found: 302.2568.

Synthesis of BBrEE
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Figure S3 Synthesis route of BBrEE.

A mixture of 2,2'-dibromo-diethyl ether (1.98 g, 8.6 mmol, 4.0 equiv), 4,4"-bipyridine (0.34 g,
2.18 mmol, 1.0 equiv), and DMF (10 mL) was added sequentially to a 25 mL round-bottom
flask. The reaction was carried out under a nitrogen atmosphere and stirred at 100 °C in an oil
bath. As the reaction proceeded, the initially milky-white suspension turned clear, followed by
the formation of a large amount of yellow precipitate. The reaction progress was monitored by
thin-layer chromatography. After 48 h, the resulting solid was collected by filtration, washed
with DMF three times and subsequently with CH3CN three times, and dried under vacuum to
afford BBrEE as a yellow solid (35% yield). 'H NMR (400 MHz, Deuterium Oxide) ¢ 9.10 (d,
J=6.9 Hz, 4H), 8.52 (d, J = 7.0 Hz, 4H), 4.92-4.85 (m, 4H), 4.07 (t, J = 4.9 Hz, 4H), 3.85—
3.78 (m, 4H), 3.49-3.42 (m, 4H). *C NMR (101 MHz, Deuterium Oxide) J 150.40, 146.16,
70.61, 68.34, 61.35, 31.59.

Synthesis route of TMAPE-V-Cl
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Figure S4 Synthesis route of TMAPE-V-CI.

Synthesis of M3

A mixture of 1,5-dibromopentane (1.36 mL, 10.0 mmol, 1.0 equiv) and a trimethylamine
tetrahydrofuran solution (5.0 mL, 2.0 mol L™! in THF, 10.0 mmol, 1.0 equiv) was added to a
25 mL round-bottom flask and stirred at room temperature. A substantial amount of white solid
precipitated during the reaction. After stirring for 10 h, the solid was collected by vacuum
filtration and washed three times with methyl tert-butyl ether (MTBE) to afford the desired
product M3 as a white powder in 89% yield. 'H NMR (400 MHz, Deuterium Oxide) J 3.51 (t,
J=6.6 Hz, 2H), 3.32 (dd, J=10.6, 6.5 Hz, 2H), 3.10 (s, 9H), 1.95-1.87 (m, 2H), 1.86-1.76 (m,
2H) 1.50 (p, J = 7.6 Hz, 2H). '3C NMR (101 MHz, Deuterium Oxide) J 66.52, 53.07, 34.64,
31.54,24.31,21.72. LC-HRMS (ESI) Calc. for CsHi7BrN": 208.0696. found: 208.0693.

Synthesis of TMAPE-V-Br and TMAPE-V-Cl

A mixture of M3 (1.78 g, 6.20 mmol, 3.0 equiv) and 4,4'-bipyridine (0.32 g, 2.05 mmol, 1.0
equiv) was added to a 25 mL round-bottom flask containing 15 mL of DMF and heated at
100 °C in an oil bath under a nitrogen atmosphere. As the reaction proceeded, the initially white
and turbid suspension gradually turned clear, followed by the formation of a large amount of
yellow precipitate. The reaction progress was monitored by thin-layer chromatography, and
completion was reached after 48 h. The resulting yellow solid was collected and washed
sequentially with DMF and CH3CN. After drying, the target product TMAPE-V-Br was
obtained as a yellow solid in 91% yield. Subsequently, TMAPE-V-Br (1.55 g, 2.12 mmol) was
dissolved in 20.0 mL of deionized water and subjected to anion exchange using Amberlite®
IRA-900 resin (31.0 g). The ion-exchange procedure was repeated twice to ensure complete
replacement of the anions. The resulting solution was concentrated by rotary evaporation to
remove water, affording TMAPE-V-CI as a purple-brown solid in 85% yield. "H NMR (400
MHz, Deuterium Oxide) J 9.16 (d, J = 6.8 Hz, 4H), 8.59 (d, J = 6.7 Hz, 4H), 3.42-3.33 (m,
4H), 3.14 (s, 18H), 2.20 (p, J = 7.7 Hz, 4H), 1.91 (dq, J = 12.2, 8.3, 6.1 Hz, 4H), 1.51 (p, J =
7.8 Hz, 4H). '3C NMR (101 MHz, Deuterium Oxide)  150.13, 145.50, 127.15, 66.08, 61.73,
52.91, 30.19, 22.32, 21.98.

2. Figure



Figure S5 Photographs of the kilogram-scale synthesized active materials. (a) BTTAE-V-CI anolyte. (b) TMEE-
TEMPO-CI catholyte.
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Figure S6 'H NMR spectrum of M, recorded in D,O at 25 °C.
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Figure S11 'H NMR spectrum of TMEE-TEMPO-CI, recorded in DMSO-ds at 25 °C. The signals that were not

integrated correspond to phenylhydrazine and the NMR solvent.
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Figure S12 'H NMR spectrum of BBrEE, recorded in D,0 at 25 °C.
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Figure S13 '*C NMR spectrum of BBrEE, recorded in DO at 25 °C.
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Figure S14 'H NMR spectrum of M3, recorded in D,O at 25 °C.
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Figure S15 *C NMR spectrum of M3, recorded in D,0O at 25 °C.
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Figure S16 'H NMR spectrum of TMAPE-V-CI, recorded in D>O at 25 °C.
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(a) (b)
2.5
BTTAE-V-Br 2.5{——BTTAE-V-1.25V
20 BTTAE-V-CI ----BTTAE-V-1.60 V i
_ 2.0{——2.0 M NaCI-1.20 V H
— i ’
%:1_5_ T s 2.0 M NaCI-1.60 V i
~ g 1"
t = p-
1.0 1.0 .
g 2Br - 2e —Br, & i
3 S 054 ya
0.5 o e
0.0] PP rrrTrTT————— L
00 o T T TETEEES N
Ny
-0.5 -
-0.5 T T T T T T
145 40 05 00 05 10 15 20

40 05 00 05 10 15
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)
Figure S18 (a) CV comparison of 4.0 mM BTTAE-V-Br (blue trace) and BTTAE-V-CI (green trace) in 2.0 M

NaCl supporting electrolyte. The dashed line indicates the onset of the bromide oxidation reaction (2Br - 2e —
Br). (b) CV curves of 4.0 mM BTTAE-V-Cl in 2.0 M NaCl and the pure 2.0 M NaCl supporting electrolyte
recorded at different anodic potential limits (up to +1.20 V, +1.25 V and +1.60 V vs. Ag/AgCl). All measurements

were performed at a scan rate of 100 mV s™! using a glassy carbon working electrode.
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Figure S19 CV of BBrEE. The electroactive species were tested at a concentration of 2.0 mM in 1.0 M NaCl
electrolyte at a scan rate of 100 mV s™' using a glassy carbon working electrode.
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Figure S20 (a) UV-vis absorption spectra of BTTAE-V-CI in deionized water (without added NaCl) at
concentrations ranging from 15 to 35 uM, recorded over the wavelength range of 220—350 nm. The grey trace
corresponds to a 103-diluted saturated BTTAE-V-Cl solution and is included for comparison to indicate the spectral
features at the solubility limit. (b) Corresponding calibration curve showing the linear relationship between
absorbance and concentration at the characteristic wavelength (Amax = 262 nm), with a coefficient of determination

of RZ=0.9996.
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Figure S21 (a) UV-vis absorption spectra of BTTAE-V-Cl in 2.0 M NaCl aqueous solution at different
concentrations ranging from 5 uM to 25 pM (220—350 nm). The grey trace represents the absorption spectrum of

a 10° diluted saturated BTTAE-V-CI solution. (b) Corresponding calibration curve showing the linear relationship
between absorbance and concentration at the characteristic wavelength (Amax = 261 nm), with a coefficient of

determination of R? = 0.9990.
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Figure S22 (a) UV-vis absorption spectra of TMAPE-V-CIl in deionized water (without added NaCl) at
concentrations ranging from 5 to 25 uM, recorded over the wavelength range of 220-350 nm. The grey trace
corresponds to a 10°-diluted saturated TMAPE-V-CI solution and is included for comparison to indicate the
spectral features at the solubility limit. (b) Corresponding calibration curve showing the linear relationship between
absorbance and concentration at the characteristic wavelength (Amax = 260 nm), with a coefficient of determination

of R>=0.9999.
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Figure S23 (a) UV-vis absorption spectra of TMAPE-V-CI in 2.0 M NaCl aqueous solution at different
concentrations ranging from 5 uM to 25 uM (220-350 nm). The grey trace represents the absorption spectrum of
a 10° diluted saturated TMAPE-V-CI solution. (b) Corresponding calibration curve showing the linear relationship
between absorbance and concentration at the characteristic wavelength (Amax = 262 nm), with a coefficient of

determination of R? = 0.9992.
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Figure S24 CV of TMEE-TEMPO-Br (blue trace) and TMEE-TEMPO-CI (red trace). The electroactive species

were tested at a concentration of 4.0 mM in 2.0 M NaCl electrolyte at a scan rate of 100 mV s™' using a glassy

carbon working electrode.
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Figure S25 (a) UV-vis absorption spectra of TMEE-TEMPO-CI in deionized water (without added NaCl) at

concentrations ranging from 94 to 469 pM, recorded over the wavelength range of 220-400 nm. The grey trace

corresponds to a 2.5 x 10° diluted saturated TMEE-TEMPO-CI solution and is included for comparison to indicate

the spectral features at the solubility limit. (b) Corresponding calibration curve showing the linear relationship

between absorbance and concentration at the characteristic wavelength (Amax = 243 nm), with a coefficient of

determination of R? = 0.9997.
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Figure S26 (a) UV-vis absorption spectra of TMEE-TEMPO-CI in 2.0 M NaCl aqueous solution at different
concentrations ranging from 80 uM to 400.2 uM (220—400 nm). The grey trace represents the absorption spectrum
ofa2.5 x 10° diluted saturated TMEE-TEMPO-Cl solution. (b) Corresponding calibration curve showing the linear
relationship between absorbance and concentration at the characteristic wavelength (Amax = 243 nm), with a

coefficient of determination of R? = 0.9992.
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Figure S27 Molecular electrostatic potential (ESP) distribution of the two-electron-reduced reference molecule
BBrEEO mapped on the electron density surface. Red and blue regions represent relatively negative and positive

electrostatic potentials, respectively. The electrostatic potential ranges are -33.5 to 37.8 kcal mol™.
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Fig. S28 Molecular electrostatic potential (ESP) distribution of the oxidized reference molecule M>* mapped on
the electron density surface. Red and blue regions represent relatively negative and positive electrostatic potentials,

respectively. The electrostatic potential ranges are 12.2 to 138.8 kcal mol.

Optimized coordinates of BTTAE?" (two-electron reduced state)

Atom X (A) Y (A) Z(A)
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Optimized coordinates of TMEE-TEMPO?* (One-electron oxidized state)
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Optimized coordinates of M>" (One-electron oxidized state)
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Figure S29 Plot of peak current (i,) as a function of scan rate (v) for | mM BTTAE-V-Cl in 1 M NaCl aqueous

solution. The orange curves represent the anodic (iyq;) and cathodic (i,;) peak currents of the first redox couple as

a function of scan rate, while the purple curves correspond to the anodic (i,2) and cathodic (i,.2) peak currents of



the second redox couple. Electrochemical measurements were conducted using a glassy carbon working electrode,

a platinum wire counter electrode, and an Ag/AgCl (saturated KCI) reference electrode.
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Figure S30 Plot of peak current (i,) versus scan rate (v) for | mM TMEE-TEMPO-CI in 1 M NaCl aqueous

solution. The blue curve represents the anodic peak current (i,,) as a function of scan rate, while the red curve
represents the cathodic peak current (i,.). Electrochemical measurements were performed using a glassy carbon

working electrode, a platinum wire counter electrode, and an Ag/AgCl (saturated KCl) reference electrode.
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Figure S31 Levich plots of BTTAE-V-CI obtained from rotating disk electrode (RDE) experiments. The plots

Limiting Current (pA)

show the linear relationship between the limiting current (i) and the square root of the rotation rate (w’?) for the
first electron transfer step (red line) and the second electron transfer step (blue line, with the contribution from the
first step subtracted). Both Levich lines exhibit excellent linearity, and the corresponding diffusion coefficients
(D) for each redox step were calculated from the slopes using the Levich equation. The coefficients of

determination (R?) for the first and second electron transfer steps are 0.99968 and 0.99966, respectively.
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Figure S32 RDE analysis of the first electron-transfer process of BTTAE-V-CI. (a) Koutecky—Levich (K-L) plots:
linear relationships between the reciprocal limiting current (1/7) and the reciprocal square root of the rotation rate
(w™?) at different applied potentials. The good linearity of the K-L plots indicates first-order reaction kinetics and
enables extraction of the kinetic current (i). (b) Tafel plot: logarithm of the kinetic current (/og ix), obtained from

RDE analysis, plotted as a function of the overpotential (7). Linear fitting of the Tafel region provides the

heterogeneous electron-transfer rate constant for the system.
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Figure S33 RDE analysis of the second electron-transfer process of BTTAE-V-CI (after subtraction of the limiting
current from the first electron-transfer step). (a) Koutecky—Levich (K-L) plots showing the linear relationships
between the reciprocal limiting current (1/7) and the reciprocal square root of the rotation rate (/%) at different
applied potentials. The excellent linearity of the K-L plots indicates first-order reaction kinetics and enables the
determination of the kinetic current (ix). (b) Tafel plots constructed from the kinetic current (i) extracted from
RDE analysis, in which log(ix) is plotted as a function of overpotential (y). Linear fitting of the Tafel region

provides the heterogeneous electron-transfer rate constant for the second electron-transfer process.
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showing the linear relationship between the reciprocal of the limiting current (1/7) and the reciprocal square root
of the rotation rate (w /) at different applied potentials. The good linearity of the K-L lines indicates that the

electron transfer process follows first-order reaction kinetics, and the kinetic current (ix) was calculated accordingly

using the Koutecky—Levich equation.
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Figure S35 Determination of permeability coefficients for the active species across a Selemion DSV anion-
exchange membrane using a two-compartment diffusion cell. (a) Linear relationship between -VpLIn(1-2C/Cy)/24
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Figure S34 RDE analysis of the electron transfer process of TMEE-TEMPO-CI. Koutecky—Levich (K-L) plots

g
o

g
=}

g
o
.

g
=)

-
(3]
1

-
o
1

o
o
.

020 024

m  test point

N

linear fit
1 slope = 0.4531
LA
[ 1
2 3 4




—
Q

g
—_—
()
g

0.02 | —Cycle 1
K 0.04 Cycle 400
Cycle 800
0.01- -
= N / ~ 0.02 Cycle 1200
< <
£ £ Cycle 1600
£ 0.001 £
- - Cycle 2000
£ £ 0.00-
"t’ -0.01 - Cycle 1 g
5 4 Cycle 400 5
3] J O-0.02
0.024 —_— Cycle 800
\ ———Cycle 1200
v ———Cycle 1600 i
-0.03 1 Cycle 2000 0.04
40 -08 -06 -04 -02 00 02 00 02 04 06 08 10 12
Potential (V vs. SHE) Potential (V vs. SHE)

Figure S36 (a) CV of BTTAE-V-CI recorded at a concentration of 1.0 mM in 1.0 M NaCl aqueous electrolyte
using a glassy carbon working electrode at a scan rate of 100 mV s'. (b) CV of TMEE-TEMPO-CI recorded at a

concentration of 2.0 mM under identical conditions.
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Figure S37 (a) Average charge voltage (blue trace) and average discharge voltage (green trace) during 1300
galvanostatic charge—discharge cycles at a current density of 40 mA c¢cm™2. (b) Evolution of the parameter r_D2,

extracted from the voltage profiles during cycling, as a function of cycle number.
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Figure S38 Comparison of the cycling performance of the BTTAE-V-CI/TMEE-TEMPO-CI flow battery operated
in single-electron and two-electron modes. The two-electron mode is represented by light-blue triangles (charge)
and orange triangles (discharge), while the single-electron mode is represented by green squares (charge) and light-

blue squares (discharge).
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Figure S39 Comparison of the "H NMR spectra of BTTAE-V-CI before and after 600 cycles, recorded in DO at

25 °C.
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Figure S40 Comparison of the 1H NMR spectra of TMEE-TEMPO-CI before and after 600 cycles, recorded in
DMSO-d at 25 °C.
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Figure S41 Long-term galvanostatic—potentiostatic (GP) cycling performance of the 0.1 M BTTAE-V-C1/0.2 M
TMEE-TEMPO-CI flow battery. (a) Representative voltage profile within a single charge—discharge cycle,
highlighting the potentiostatic charging stage at 1.75 V (applied after galvanostatic charging at 20 mA cm until
the cutoff voltage, followed by a constant-voltage step until the current decays to 1 mA cm™). (b) Charge-discharge
capacity and CE and (d) Charge-discharge energy and EE as a function of cycle number during 2000 cycles. (c)
Discharge voltage—capacity profiles at selected cycle numbers (1, 200, 400, 800, 1200, 1600, and 2000),



illustrating the progressive change in accessible capacity and voltage polarization during cycling. All
measurements were conducted at a current density of 20 mA cm? with a cutoff voltage of 0.15-1.75 V. The GP
protocol enables enhanced capacity utilization but also introduces extended high-voltage residence time, providing

insight into the origin of capacity decay under these operating conditions.

(a) (b)

1.6 400
= Average Charging Voltage
Average Discharging Voltage
360
< 1.4 —
% G 320-
o é -
S o
° Q 280
> 1.2
240 - s
1.0 T T T T 200 - T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Cycle number Cycle number

Figure S42 Evolution of voltage polarization and interfacial resistance during long-term GP cycling. (a) Average
charge and discharge voltages as a function of cycle number. (b) Evolution of the parameter r D2, extracted
from the voltage profiles during cycling, as a function of cycle number. The gradual increase in charge voltage,
decrease in discharge voltage, and the continuous rise in r_D2 collectively indicate progressively enhanced

polarization and increased resistance during cycling.
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Figure S43 Visual evidence of spatial SOC heterogeneity and recoverable capacity during discharge. (a)
Photograph of the electrolyte during discharge at the second plateau, where most of the electrolyte in the reservoir
and tubing remains in the colored (charged) state. (b) At the discharge cutoff, only the electrolyte in the outlet
tubing returns to its initial color, while the bulk electrolyte remains colored. (c) Discharge voltage—capacity profile
when the cutoff voltage is extended to 0 V, showing the emergence of an additional discharge plateau. (d)

Corresponding photograph after extended discharge, where the anolyte returns to its initial color.
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Figure S44 Photographs of the anolyte and catholyte reservoirs before (a) and after (b) cycling. The initial
electrolyte compositions were 0.1 M BTTAE-V-Cl in 2.0 M NaCl (15 mL) as the anolyte and 0.2 M TMEE-
TEMPO-Cl in 2.0 M NaCl (15 mL) as the catholyte. The flow battery was operated under galvanostatic charge—
discharge conditions at a current density of 40 mA cm™ within a voltage window of 0.15-1.75 V using a DSV

separator.
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Figure S45 Electrochemical and spectroscopic characterization of the anolyte before and after cycling. (a) Cyclic
voltammograms of BTTAE-V-CI before and after flow battery operation (scan rate: 100 mV s'). An additional
oxidation feature appears near +1 V in the cycled anolyte. (b) UV—vis absorption spectra of the anolyte before and
after cycling, showing noticeable changes in the spectral profile after operation. (¢) LC-MS spectra of the anolyte

before and after cycling, where a signal at m/z = 302.2569 is observed in the cycled sample.
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Figure S46 'H NMR spectrum (400 MHz, D,0) of 0.1 M BTTAE-V-CI collected from the anolyte reservoir after
cycling.
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Figure S47 Cyclic voltammetry of BTTAE-V-CI before and after flow battery operation. CV curves were recorded

at a scan rate of 100 mV s’'. The blue line represents the pristine electrolyte, while the dashed lines correspond to



the cycled electrolyte at different scan numbers: the 1st cycle (yellow), 500th cycle (green), and 1000th cycle

(pink).
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Figure S48 Electrochemical and spectroscopic characterization of TMEE-TEMPO-CI before and after flow

battery operation. (a) Cyclic voltammograms recorded at a scan rate of 100 mV s!. The blue line represents the

pristine electrolyte, while the dashed lines correspond to the cycled electrolyte at different scan numbers: the 1st
cycle (green), 500th cycle (pink), and 1000th cycle (purple). (b) UV—vis absorption spectra of TMEE-TEMPO-CI
before and after cycling. (c) LC—MS spectra of the electrolyte before and after cycling.
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Figure S49 '"H NMR spectrum (400 MHz, DMSO-ds) of 0.2 M TMEE-TEMPO-CI collected from the catholyte

reservoir after flow battery cycling, recorded in the presence of excess phenylhydrazine as a reducing agent.
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Figure S50 Electrochemical performance and post-cycling characterization of the asymmetric cell with TMEE-

TEMPO-CI as the capacity-limiting side. The cell was assembled using 0.3 M BTTAE-V-C1 (30 mL) as the anolyte



and 0.1 M TMEE-TEMPO-CI (15 mL) as the catholyte and cycled at 40 mA cm™ within a voltage window of 0.1—
1.8 V. (a) Charge capacity, discharge capacity, and coulombic efficiency as a function of cycle number. (b)
Discharge voltage profiles at selected cycles (1, 200, 400, 600, 800, 1000, and 1200). (¢) Cyclic voltammograms
of the cycled catholyte recorded at different scan numbers (1, 400, 800, 1200, 1600, and 2000 cycles) at a scan
rate of 100 mV s!. (d) UV-vis absorption spectra of TMEE-TEMPO-CI before and after cycling.
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Figure S51 Comparison of LC-MS spectra of TMEE-TEMPO-CI catholyte before and after cycling in an
asymmetric cell with TMEE-TEMPO-CI as the capacity-limiting side.
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Figure S52 '"H NMR spectrum (400 MHz, DMSO-ds) of 0.1 M TMEE-TEMPO-CI collected from the catholyte

reservoir after flow battery cycling, recorded in the presence of excess phenylhydrazine as a reducing agent.
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Figure S53 Electrochemical performance and post-cycling characterization of the asymmetric cell with BTTAE-
V-Cl as the capacity-limiting component. The cell was configured with 0.1 M BTTAE-V-CI (15 mL) as the anolyte
and 0.4 M TMEE-TEMPO-CI (30 mL) as the catholyte, operated at 40 mA cm™ within a voltage window of 0.15—
1.8 V. (a) Charge/discharge capacity and coulombic efficiency as a function of cycle number. (b) Charge—discharge
voltage profiles at selected cycles. (c) Cyclic voltammograms of the anolyte before cycling and after selected

cycles at a scan rate of 100 mV s!. (d) UV-vis absorption spectra of the anolyte before and after cycling.
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Figure S54 Comparison of LC-MS spectra of BTTAE-V-Cl anolyte before and after cycling in an asymmetric cell
with BTTAE-V-CI as the capacity-limiting side.
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Figure S55 '"H NMR spectrum (400 MHz, D,0) of BTTAE-V-ClI collected from the anolyte reservoir after flow
battery cycling.
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Figure S56 Photographs of the anolyte reservoir before (a) and after (b) high-concentration cycling. The initial
electrolyte compositions were 0.5 M BTTAE-V-Cl in 2.0 M NaCl (10 mL) as the anolyte and 1.0 M TMEE-
TEMPO-Cl in 2.0 M NaCl (10 mL) as the catholyte. The flow battery was operated under galvanostatic charge—
discharge conditions at a current density of 40 mA ¢cm™ within a voltage window of 0.1-1.7 V using a DSV

separator.
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Figure S57 'H NMR spectrum (400 MHz, D,0) of 0.5 M BTTAE-V-CI collected from the anolyte reservoir after

high-concentration flow battery cycling.
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Figure S58 'H NMR spectrum (400 MHz, DMSO-ds) of 1.0 M TMEE-TEMPO-CI collected from the catholyte

reservoir after high-concentration flow battery cycling, recorded in the presence of excess phenylhydrazine as a
reducing agent.
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Figure S59 Structural and electrochemical stability of BTTAE-V-Cl and TMEE-TEMPO-CI electrolytes after
high-concentration cycling. (a, b) UV-vis absorption spectra of (a) BTTAE-V-Cl and (b) TMEE-TEMPO-Cl in the
pristine state and after high-concentration cycling. (¢, d) Cyclic voltammograms of (c) BTTAE-V-CI and (d)
TMEE-TEMPO-CI recorded at a scan rate of 100 mV s! before and after high-concentration cycling.
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Figure S60 Comparison of LC-MS spectra of TMEE-TEMPO-CI catholyte before and after high-concentration
flow battery testing.
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Figure S61 Comparison of LC-MS spectra of BTTAE-V-CI anolyte before and after high-concentration flow

battery testing.
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Figure S62 Galvanostatic—potentiostatic (GP) cycling performance of the high-concentration BTTAE-V-
CI/TMEE-TEMPO-CI flow battery. (a) Charge/discharge capacity and CE as a function of cycle number. (b)

Charge/discharge energy and EE during cycling. The battery was operated using 0.5 M BTTAE-V-Cl as the anolyte
and 1.0 M TMEE-TEMPO-CI as the catholyte in 2.0 M NaCl supporting electrolyte. Charging and discharging

were performed at 40 mA cm within a voltage window of 0.2-1.7 V, followed by a potentiostatic hold at 1.7 V

until the current decreased to 2 mA cm™.

3. Table

Table S1 Comparison of the Solvation Free Energies (AG_solv) of BTTAE-V-Cl, TMEE-

TEMPO-CI and their reference molecules.



Molecule

A G_solv (kcal mol )

BTTAE-V**
BBrEE’
TMEE-TEMPO?*
M;*

Table S2 Comparison of the Maximum Solubilities of BTTAE-V-CI and other representative

viologen derivatives.

Electrolyte Water Solubility (mol L)

Refs

(CERV
[PyrPV]Cl4
[(NPr),TTz]Cl4
Vi-OEGs;
[(NPr):PV]Cl4
BPP-Vi
[(OHPr), TV]CL
PEABP/PESBP
BBPE-Vi
(PPBPy)Br
M-bisV
exBP-Me
(SPr)2.V
BTTAE-V-Cl

0.8
1.13
1.3
1.4
1.29
1.23
1.44
0.6
1.45
1.1
1.19
1.1
1.4
1.55

1]
2]
3
4
5
6
7
8]

[9]
[10]
[11]
[12]
[13]

This work
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Table S3 Comparison of the Maximum Solubilities of TMEE-TEMPO-CI and other

representative TEMPO derivatives.

Electrolyte Water Solubility (mol L) Ref
4-OH-TEMPO 2.1 [14]
4-COONa-TEMPO 2.5 [15]
MMA-TEMPO 2.29
PyrA-TEMPO 2.36 [16]
DMA-TEMPO 2.23
TPP-TEMPO 23 [17]



DFTEMPO
N2-TEMPO
N+TEMPOD
N+N+TEMPOD
TMP-TEMPO
Y-TEMPO
PSS-TEMPO
MIAcNH-TEMPO
TMEE-TEMPO-C1

1.9
3.0
2.1
1.5
24
1.8
2.55
23
3.3

[18]
[19]

[20]

[21]
[22]
[10]
[23]
This work




Table S4 Summary of the Electrochemical and Kinetic Properties of BTTAE-V-CI and other

representative viologen derivatives.

Electrolyte D(em?s™) ky(ems™) Eiz (V versus SHE) Ref
MV 257x10°  2.8x107* —045V [14]
BTMAP-Vi 33x10° 1.4x1072 ~0.358 V [24]
BHOP-Vi 526x10% 1.12x107? -0.433V [25]
BPP-Vi 27x10°%  29x107 -0.462 V [6]
R-Vi 6.97x10° 1.67 %107 -0.55V [26]
[(NPr),PV]Cls 276 x10°® 1.98 x 1072 -0.76 V [27]
(ATBPy)Cl4 33x10°%  28x107° —-0.55V,-0.75V [28]
ex-BPDMe 42x10°  2.03x107° -0.81V [12]
Dex-Vi 23x10°%  50x107? -0.32V,-0.70 V [29]
[PyrPV]Cl4 407 x10°% 1.42x1072 -0.76 V [2]
(PPBPy)Br» 391 x10°% 2.67x1073 -0.80 V [10]
Diquat 46x10°  64x1073 —-0.40 V [30]
BTMAE-Vi 36x10° 1.2x1072 -0.4V,—0.74 V [31]
BTMEP-Vi 284x10° 1.51x102  —034V,-0.70V [32]
[PyrTMAV]CL:  3.85x10° 215x102  —0.34V,—-0.68V [21]
PEABP 3.63x107  1.32x10°° -0.3V,-0.7V [8]
SulEstCl-aVi0O  3.74x10° 55x107° -0.54 V [33]
[(NPr)SVICL:  2.83x10° 7.0x1073 -0.29V [34]
M-bisV 3.18x10°  1.3x107 -0.29 V y
TMAP-bisV 258x10°  1.6x1072 -0.25V H
BITAEV-Cl 3100 MEXI0 g41v,—075v  Thiswork




Table S5 Summary of the Electrochemical and Kinetic Properties of TMEE-TEMPO-CI and

other representative derivatives.

Electrolyte D(cm?s™)  ky(ems™') Eiz (V versus SHE) Ref
4-OH-TEMPO 295x107°  45x107* +0.8V [14]
TEMPTMA 48x10° 42x1073 +0.93 V [35]
SO4-TEMPO 298x10° 1.91x1073 +0.81V [36]
MIO-TEMPO 6.35x10°% 1.34x107? +0.84 V [37]
TMAP-TEMPO 3.48x10°  1.02x 1072 +0.81V [38]
CONa-TEMPO  545x10° 2.1x107? +0.80 V [15]
MIACNH-TEMPO  1.15x107° 1.86x 1072 +0.83 V [23]
PSS-TEMPO 336x10° 529x10°° +0.805 V [10]
N+TEMPOD 835x 107 1.43x107? +0.96 V [20]
DFTEMPO 274 x10° 1.53x1072 +0.806 V [18]
TMP-TEMPO 4.12x10° 1.65x1073 +0.98 V [21]
TPP-TEMPO 339x10° 537x10° +0.77V [17]
Y-type TEMPO 6.78 x 107 3.02x 1072 +0.85V [22]
Pyr-TEMPO 4.07x10° 1.42x1072 +0.81V [2]
CT 6.6x10° 578x1073 +0.8V [39]
DMA-TEMPO 6.74 x 1077 4.09 x 1073 +0.865V [16]
TMEE-TEMPO-Cl 4.1 x10% 3.3 x 1072 +0.81V This work
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