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Aqueous organic redox flow batteries (AORFBs) are highly attractive for
large-scale energy storage because of their nonflammability, low cost, and
sustainability. (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) derivatives,

a class of redox active molecules bearing air-stable free nitroxyl radicals

and high redox potential (>0.8 V vs NHE), has been identified as promising
catholytes for AORFBs. However, reported TEMPO based molecules are
either permeable through ion exchange membranes or not chemically stable
enough for long-term energy storage. Herein, a new TEMPO derivative
functionalized with a dual-ammonium dicationic group, N, N', N, N3,

N3, 2, 2, 6, 6-nonamethyl-N3-(piperidinyloxy) propane-1,3-bis(ammonium)
dichloride (N,-TEMPO) as a stable, low permeable catholyte for AORFBs is
reported. Ultraviolet-visible (UV-vis) and proton nuclear magnetic resonance
("TH-NMR) spectroscopic studies reveal its exceptional stability and ultra-low
permeability (1.49 x 1072 cm? s7'). Coupled with 1,1’-bis[3-(trimethylammonio)
propyl]-4,4-bipyridinium tetrachloride ((NPr),V) as an anolyte, a 1.35 V N,-
TEMPO/(NPr),V AORFB with 0.5 M electrolytes (9.05 Wh L") delivers a high

the decoupled energy/power performance
and inflammable aqueous electrolyte.3]
In recent years, aqueous organic RFBs
(AORFBs) have emerged as alternatives
to traditional inorganic flow batteries."**!
Because of structure tunability, sustain-
ability, and potential low-cost of organic
redox active molecules, migration from
inorganic to organic energy storage mate-
rials could offer more possibilities and
opportunities for widespread commerciali-
zation of flow batteries in the future.'*]
Notable progress has been made on
developing highly stable and water soluble
redox active organic molecules as electro-
lyte materials for AORFBs. Most of them
are anolyte molecules, for example, violo-
gens, ! quinones,®" phenazines,!?} [13]
imides,™ and fluorenones.™ In contrast,

power density of 114 mW cm™2 and 100% capacity retention for 400 cycles
at 60 mA cm™2 At 1.0 M electrolyte concentrations, the N,-TEMPO/(NPr),V and
AORFB achieves an energy density of 18.1 Wh L™ and capacity retention of

90% for 400 cycles at 60 mA cm™2,

1. Introduction

Global focus on renewable energy aims to alleviate the severe
dependency on traditional fossil fuels and pursue net-zero
emissions.[!! It is also a perspective strategy to synchronize with
the tremendous increase of energy consumption accompanied
by the growth of population and economy."¥ Under this cir-
cumstance, reliable, inexpensive, and flexible electrochemical
energy storage (EES) technologies are in an urgent need to
overcome the intermittent nature of solar and wind power and
guarantee grid safety, especially when natural disasters such
as the Covid-19 pandemic and the 2021 Texas storm strike and
cause power crisis.?l Redox flow batteries (RFBs) are recog-
nized as a promising solution for high performance EES due to
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organic or organometallic catholyte mole-
cules are only limited to ferrocenel!®V]
2,2,6,6-Tetramethyl-1-piperidinyloxy
(TEMPO) derivatives.[®® In addition, the
cycling stability of catholytes is typically the
limitation for AORFBs.'"% TEMPO deriv-
atives are a class of cyclic nitroxide with
the redox active site on the free nitroxyl
radical moiety. The radical moiety is stabilized by the four steri-
cally hindered methyl groups on the o-carbons, preventing rad-
icals quench resulted from bimolecular dismutation and reac-
tive substrate attack.’”l TEMPO possesses high redox potential
about 400 mV more positive than ferrocene, which is desirable
for realizing high energy and power densities for flow batteries.
We reported that 4-hydroxy-TEMPO with redox potential at
0.8 V versus NHE could enable a 1.25 V AORFB with methyl
viologen.[®l However, the crossover contamination due to the
charge neutral nature of 4-Hydroxy-TEMPO primarily caused
battery capacity decay. Upon the molecular modification by a
positively charged ammonium group, mono-cationic TEMPO
molecules such as N, N, N, 2, 2, 6, 6-Tetramethylpiperidinyloxy-
4-trimethyl ammonium chloride (NMS-TEMPO) were dem-
onstrated with much improved battery stability.l’82122
Nevertheless, the imperfect chemical stability and still-present
crossover of these TEMPO mono-cations are limiting fac-
tors for the cycling performance in reported TEMPO based
AORFBs.l Here, we report a new TEMPO molecule featuring
a tethered dual-ammonium group, N%, N}, N}, N3, N3, 2, 2, 6,
6-nonamethyl-N>-(piperidinyloxy)propane-1,3-bis(ammonium)
dichloride (N,-TEMPO) (see chemical structure in Figure 1).
The incorporation of the dual-ammonium dicationic group
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Figure 1. Schematic illustration of N,-TEMPO/[(NPr),V]Cl, AORFB and its battery reactions.

not only effectively suppresses the bimolecular interaction and
crossover of Np-TEMPO but also enables high redox potential at
1.0 V versus NHE for the TEMPO molecule. N,-TEMPO exhib-
ited stable cycling stability for 400 cycles without observing
capacity decay and a high power density of 114 mW ¢cm™ in a
1.35 V total organic AORFB with a viologen anolyte (Figure 1).
It is well understood that TEMPO radicals could undergo
acid-catalyzed disproportionation reaction to the oxidized form
N-oxoammonium and reduced form nitroxyl anion, between
which the latter could be further protonated to generate hydrox-
ylamine in an aqueous solution.’>?4 And the hydroxylamine
species is not redox reversible.?’! Therefore, the accumulated
hydroxylamine inevitably affects the long-term stability of
TEMPO based AORFBs.[! To address this issue, we propose
a molecular engineering strategy to suppress the TEMPO dis-
proportionation reaction. The incorporation of a tethered dual-
ammonium dicationic group is postulated to play an important
role in hindering the TEMPO bimolecular interaction because
of the stronger electrostatic repulsion and steric effect, thus
enabling improved radical stability. Meanwhile, the increased

1

N
Br ITI< Br-

positive charges and molecular size would further suppress
the crossover of TEMPO molecules through an anion exchange
membrane.

2. Results and Discussion

As shown in Scheme 1, we developed a mild and economical
synthetic route to synthesize N,-TEMPO, consisting of the
reductive amination of the low-cost amine starting mate-
rial, amine alkylation, anion exchange, and N-H oxidation.
The designed synthesis is more attractive by avoiding using a
noble-metal catalyst, expensive starting materials, and harsh
reaction conditions in previously reported synthesis.®l N,-
TEMPO, the control compound, NMC-TEMPO, and their inter-
mediates were fully characterized by 'H NMR (Figures S1-S5,
Supporting Information) and elemental analysis. To increase
the solubility of N,-TEMPO and eliminate bromide involved in
electrochemical reactions, a thoroughly Br~/Cl™ anion exchange
was confirmed by cyclic voltammetry (Figure S6, Supporting
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Scheme 1. Synthesis of N,-TEMPO and NMe.TEMPO.
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Figure 2. Permeability and stability tests of 0.5 M NTEMPO and NMe-TEMPO. A) Schematic of the permeability tests using a flow cell. B) TEMPO
crossover concentration with time (dot: experimental data, lines: Nonlinear fitting with active material crossover model equation, see details in the
supporting information). UV-vis monitoring of C) 0.5 m N,-TEMPO and D) 0.5 m NMe-TEMPO aqueous solution. E) Schematic illustrations of the

molecular repulsion of N»TEMPO (top) and NM&-TEMPO (bottom).

Information). The reactions can be easily scaled up to 13 g with
an overall yield higher than 80%. Thanks to the two tetraal-
kylammonium groups, N,-TEMPO is exceptionally hygroscopic
and has a high solubility of 3.0 M (or a capacity of 80.4 Wh L)
in water and 2.0 in 2.0 m NaCl. The synthetic route is general
and also demonstrated to prepare the control compound, NMe.
TEMPO (Scheme 1).[18]

The permeability of redox active molecules was usually
evaluated by H-type cells (see the Supporting Information).l!
However, we argue H-cell tests are not accurate enough as
the crossover can be speeded up under flow conditions in
flow batteries. Therefore, we decided to evaluate the perme-
ability of N,-TEMPO cations (0.5 M at the donor side) through
a Selemion AMV anion exchange membrane in a flow cell, as
shown in Figure 2A. After the crossover test for 1 month at
the flow cell condition with a flow rate of 60 mL min™, only
0.13 x 1073 M N,-TEMPO was observed in the accepter side
by 'H NMR (Figure 2B and Figure S7, Supporting Informa-
tion). In stark contrast, 6 x 107> M NM&TEMPO was detected
(Figure S8, Supporting Information), 46 times higher than N,-
TEMPO. The relationship between the TEMPO crossover con-
centration and time was well fitted by a crossover model equa-
tion (see Supporting Information), giving the permeabilities of
1.49 X 1072 cm? s7! for N,-TEMPO and 5.01 x 107 cm? s7! for
NMe.TEMPO, respectively. The results revealed that N,-TEMPO
is more than 30 times slower to diffuse through the benchmark
AMV anion exchange membrane. In another control experi-
ment, the normalized crossover of NME-TEMPO by an H-type
cell test (3 X 107 M cm™ month™) is only half of that by the
flow cell test (6 x 107 M cm™ month™), a significant underes-
timation of the permeability of NM&.TEMPO (Figure S9, Sup-
porting Information). Furthermore, the concentration loss of

these TEMPO molecules due to crossover was further analyzed
by numerical simulation. The crossover of 1.0 M N,-TEMPO
only contributes 3.74% of the battery capacity loss even after
10 years (Figure S10, Supporting Information), significantly
smaller than that of NMC.-TEMPO (more than 40%, Figure S11,
Supporting Information). The ultra-low permeability of N-
TEMPO confirms the increased positive charges are highly
effective in suppressing its crossover with the Selemion AMV
membrane. It can be attributed to the increased positive-charge
repulsion effect between the ammonium groups of N,-TEMPO
and the ammonium groups of the AMV membrane. It is
believed that the increased molecular size of N,-TEMPO is also
beneficial to mitigate the crossover. These results suggest at
least two net charges of a redox active molecule in both charged
state and discharge state are needed for mitigating crossover.
UV-vis spectra were collected at room temperature for
both 0.5 M N,-TEMPO and NMe-TEMPO solutions to compare
their radical stability. As shown in Figure 2C,D, the prominent
absorption peaks appear at 433 nm for both radical solutions,
indicating the propylammonium group does not affect the elec-
tronic configuration of the N-O moiety. In the course of 24 days,
no adsorption decrease of N,-TEMPO could be detected. The
overlapped UV-vis spectra confirm the excellent chemical sta-
bility of N,-TEMPO at room temperature (Figure 2C). However,
the continuous absorption decay for NMETEMPO was observed
by UV-vis and revealed ca. 5.6% loss related to racial decom-
position (Figure 2D). Furthermore, the N,-TEMPO solution was
subjected to heat treatment at 80 °C for 10 days, and no degrada-
tion was detected (Figure S12, Supporting Information). These
results verified that the improved stability for N,-TEMPO is pri-
marily attributed to the enhanced charge repulsion through its
two-ammonium pendant compared to NM&-TEMPO (Figure 2E).
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Figure 3. Battery performance of the 0.1, 0.5, and 1.0 M N,TEMPO/(NPr),V AORFBs. A) Cyclic voltammetry studies of N, TEMPO and (NPr),V in
0.5 M NaCl. B) Rate performance of the 0.1 M AORFB from 10 to 60 mA cm~2. C) Rate performance of the 0.5 m AORFB from 40 to 100 mA cm2.
D) Energy efficiencies of the 0.1 m and 0.5 M AORFBs. E) Long-term cycling profile of the 0.1 M AORFB (black curve) at 20 mA cm~2 and the
0.5 m (green curve) and 1.0 M (blue curve) AORFB at 60 mA cm=2. F) Polarization and power density curves of the 0.5 M AORFB at 50%, 75%,
and 100% state of charge. Battery conditions: catholyte, 0.1, 0.5, or 1.0 M N, TEMPO in 2.0 m NaCl solution, anolyte, 0.1, 0.5, or 1.0 m (NPr),V

in 2.0 m NacCl.

N,-TEMPO exhibits reversible one-electron oxidation at
+ 1.0 V versus NHE (Figure 3A) in its cyclic voltammogram
(CV), the most positive redox potential among all organic catho-
lyte molecules studied in AORFBs.[!l The electron transfer rate
constant of N,-TEMPO was estimated at more than 0.35 cm s™!
using Nicholson analysis (Figure S13, Supporting Informa-
tion). To further understand the electrochemical kinetics of
N,-TEMPO, linear sweeping voltammograms were collected on
a glassy carbon rotation disk electrode, as shown in Figure S14
(Supporting Information). The diffusion coefficient of Nj-
TEMPO (5.15 x 10° cm? s7!) was determined by Levich analysis.

Using 1,1"-bis[3-(trimethylammonio)propyl]-4,4’-bipyridinium
tetrachloride ((NPr),V,-0.35 V vs NHE) as an anolyte,” the N,-
TEMPO/(NPr),V AORFB (Figure 1) reaches a high cell voltage
of 1.35 V (Figure 3A). The battery reactions of the AORFB are
given in Figure 1. A 0.1 m N,-TEMPO/(NPr),V AORFB with
an energy density of 1.81 Wh L' was first examined to verify
the energy storage performance of Np-TEMPO. As shown in
Figure 3B,D, excellent rate performance and energy efficiencies
were achieved from 10 to 60 mA cm2. Especially at 10 mA cm™2,
capacity utilization of 86.6% and an energy efficiency of 88.4%
(Figure 3C) were displayed due to the high electrolyte conduc-
tivity (158.6 mS cm™) and the low charging/discharging current
density. Above all, no capacity loss was observed when cycled at
20 mA cm™2 for 400 cycles (Figure 3E, black curve). The stable
cycling performance of N,-TEMPO is consistent with a 0.1 M
symmetric N)-TEMPO/ [N,-TEMPO]* half-cell (Figure S15, Sup-
porting Information). The stable cycling was also observed for
a0.25 m N-TEMPO/(NPr),V AORFB (4.52 Wh L, Figure S16,
Supporting Information).

The stable cycling stability of the 0.1 and 0.25 m flow
batteries motivated us to increase the active material con-
centration to 0.5 M. As shown in Figure 3C, the 0.5 M
N,-TEMPO/(NPr),V AORFB with an energy density of
9.05 Wh L7! also displayed excellent current performance
from 40 to 100 mA cm2. Energy efficiencies were obtained as
70.3% at 40 mA cm™? and 60.0% at 60 mA cm~2 (Figure 3D,
blue curve), comparable with most of the pH neutral
AORFBs.ll Attributed to the high cell voltage, a peak power
density was measured as high as 114 mW cm™2 at 100% SOC
(Figure 3F). The long-term cycling of the 0.5 M battery was
tested at 60 mA cm2 for 400 cycles with the cutting-off volt-
ages of 1.7 and 0.3 V. The battery delivered impressive sta-
bility with respect to both capacity (Figure 3E, green curve)
and efficiency retention (Figure S17, Supporting Informa-
tion). After 400 cycles, no detectable capacity decay could be
observed. No material crossover was observed in post-cycling
'H NMR and CV measurements, and such observation is con-
sistent with the low permeabilities of both N,-TEMPO and
(NPr),V (Figure S18, Supporting Information). Post-cycling
CV (Figure S18, Supporting Information) and 'H-NMR
studies (Figure S19, Supporting Information) confirmed the
extraordinary stability of N,-TEMPO, where no ring-opening
and de-alkylation decomposition was detected. Consistently,
electrochemical impedance studies revealed a small ohmic
change of =0.3 Q cm™2 (Figure S20, Supporting Information).

Finally, the N,-TEMPO/(NPr),V (26.8 Ah L™ or 18.1 Wh L)
AORFB with a high concentration of 1.0 M electrolytes was
tested at 60 mA cm2 (Figure 3E, blue curve, and Figure S21,
Supporting Information). The 1.0 M AORFB achieved a total



capacity retention of 90% for 400 cycles with an energy efficiency
of 59%. Post-cycling NMR studies did not identify any chemical
degradation for both N,-TEMPO and (NPr),V molecules. How-
ever, it was noted that electrolyte volumes were changed during
the cycling with the increase of the anolyte side and decrease of
the catholyte side due to the osmosis effect at the high electro-
lyte concentration, which was not obviously observed in the flow
batteries with the electrolyte concentrations <0.5 M. It is believed
that the electrolyte volume and thus concentration changes may
cause the slow battery capacity decay, which needs to be further
understood and addressed in future studies.

3. Conclusions

In summary, we developed a dual-ammonium functionalized
TEMPO molecule, N,-TEMPO, as a highly stable, low perme-
able catholyte for AORFBs. Benefitted from the m ore p ositive
charges and steric bulk of the dual-ammonium dicationic group,
N,-TEMPO displayed superior performance over reported
TEMPO molecules in terms of chemical stability and perme-
ability, which are the curial factors for the long-lifetime energy
storage in flow batteries. Attributed to these impressive merits,
the N,-TEMPO/(NPr),V AORFB outperforms the reported total
organic flow batteries in terms of cycling stability. Comprehen-
sively considering the solubility, redox potential, electrochemical
kinetics, permeability, and stability, N,-TEMPO represents the
most advanced organic catholyte for AORFBs. The presented
molecular design strategy of the charge enforced stability and
low permeability could be widely applied to develop new redox
active organic radical electrolytes for flow battery applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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