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ARTICLE INFO ABSTRACT

Keywords: In response to the growing demand for sustainable and efficient stationary energy storage solutions, this study
3-TMA PROXYL introduces and evaluates a novel posolyte, 3-TMA PROXYL, tailored for aqueous organic redox flow battery
Nitroxides

(AORFB) applications. Easily synthesized at the gram scale, 3-TMA PROXYL presents an unprecedented com-
bination of high redox potential (1.06 V vs SHE) and remarkable solubility (> 3 M in 1 M NaCl), resulting in an
increased theoretical capacity of 80 Ah L. Paired with methyl viologen as a negolyte, the 3-TMA PROXYL
battery achieves an 8 % improvement in cell voltage (1.45 V) surpassing the benchmark 4-TMA TEMPO in energy
and power density and competing with it regarding stability. Detailed 'H NMR and UV-visible spectroscopy
analyses indicate that 3-TMA PROXYL undergoes minimal irreversible chemical degradation, with observed
capacity fade attributed primarily to self-discharge. These results establish 3-TMA PROXYL as a reliable alter-
native to state-of-the-art nitroxides, paving the way for five-membered ring nitroxides in high-performance,

Aqueous organic redox flow battery (AORFB)
High redox potential posolytes
Solubility and stability posolytes

sustainable redox flow applications.

1. Introduction

To drastically decrease fossil fuel consumption, it is expected that
renewable energies will take up more and more space in the global en-
ergy mix. In this context, flexible capacity will be indispensable and will
come from grid management itself (automatic limitation, curtailment)
but also from indirect levers such as electrochemical storage or power-
to-gas conversion. Nowadays, it is widely accepted that battery stor-
age is a mature solution and as such the easiest and the most efficient
one. In this context, the stationary energy storage market is growing at a
very high pace. Indeed, the international energy agency estimate that for
the world electricity sector, battery storage will count for 5 % (1500
GW) in 2030 and >10 % in 2025 (3000 GW) [1].

Currently, lead-acid batteries and lithium-ion batteries (LIB) occupy
the principal market of energy storage. For obvious reasons, the lead-
acid battery is not suitable for mass energy storage. LIB, driven by the
development of the electric vehicle, is the reference technology with
energy density superior to 300 Wh kg™ and cost almost below 100€ kWh'

!, However, main bottlenecks are the safety issue due to the use of
organic electrolyte and Li availability and environmental impact. R&D
community thus faces the following scientific challenge: to develop
batteries for stationary energy storage that combines sufficient energy,
high power and heavy use, going through multiple deep cycles per day,
with a long lifetime and maximum safety, while including optimal sus-
tainability in the entire supply chain (substitution of CRM, second-life,
and recycling...). It appears that aqueous secondary batteries based on
economical and safe materials, and environmentally friendly electro-
lytes with high ionic conductivity, are critical to revolutionize the bat-
tery market.

Redox flow batteries (RFB) are composed of large external tanks
containing solubilized redox species and a stack of electrochemical cells
in which redox reactions occurs with the electrolyte flowing through
carbon felts electrodes [2,3]. RFB are actually a large family of elec-
trochemical devices that have been studied using many chemical con-
figurations (nature of redox species, nature of the solvents, etc.). As a
key advantage over other technologies, RFB decouple power and
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capacity, offering safety high flexibility for large-scale energy storage [4,
5]. Vanadium RFB (VRFB) is one of the most commercialized long-term
battery technologies but suffers from several major drawbacks including
electrolyte imbalance, contamination and cell components corrosion
that cause issues regarding long term stability of the system. Nowadays,
existing VRFB are in the range of 300 — 800 US$-kwh'! [6,7]. The low
solubility (= 2 M) of redox moieties combined to the narrow cell voltage
(1.2V) leads to low energy density (< 50 Wh-L'D. A further detrimental
limitation that is the high and volatile cost of vanadium combined to the
fact that this element is listed as a critical raw material by European
Union (EU), make likely that VRFB may never be a major part of the
energy mix.

In the recent year, there has been a renaissance in the interest of
organic redox molecules for energy storage applications. This interest
has been fueled by their lower cost, scalability, recyclability, and min-
imal environmental footprint. Since mid-2010's, many efforts have been
devoted to the development of the so-called aqueous organic redox flow
battery (AORFB) [8-12]. One of the attractiveness of using organic
molecules is the possibility to perform molecular engineering to tune
redox active species properties (solubility, redox potential, stability...).
An impressive list of organic compounds has been reported but candi-
dates for an industrial development seems to be scarce. We can sum-
marize the advances of a decade of research as follow: Firstly, the
batteries that operate at very high pH (13-14) use quinones for the
negative compartment (negolyte also named anolyte), and iron coordi-
nation complexes (Fe(CN)é'), which is not an organic molecule, for the
positive compartment (posolyte also sometimes named catholyte). Sec-
ondly, the batteries that operate at close-to-neutral pH use viologen
derivatives for the negolyte and nitroxide radicals (or iron coordination
complexes (ferrocene derivatives) for the posolyte.

It appears clearly that redox active species are a key feature for the
future development of RFB. Beside the manufacturing cost and pure
performance (energy, power), lifetime is a key indicator for the devel-
opment of RFB.

Nitroxides are stable 6-ring cyclic radicals with advantageous redox
potential, kinetics, and chemical stability. The redox reaction is the
conversion between nitroxide and its corresponding N-oxoammonium
cation. Unfortunately, this latter possesses poor stability due to nucle-
ophilic attack by water and available anions of the electrolyte [13,14].
For nitroxide radicals, many degradation mechanisms are envisaged but
they are not clearly identified and quantified. It is more likely that the
oxo-ammonium form is the most sensitive and prone to degradation. For
instance, oxidized 4-TMA-TEMPO can suffer Hoffman-like elimination,
ring opening or elimination of chloromethane (NaCl supporting salt)
[14,15]. To overpass stability issue, researches focus on the influence of
the linker (R in fourth position), on protecting the cation with bulky
moieties and on study the influence of the counter ion [15].

Curiously, the tailoring of nitroxide family has been quite limited,
and the large majority of RFB studies involve commercially or readily
available TEMPO-derivatives (4-hydroxy-TEMPO, 4-methoxy-TEMPO,
4-N-acetamido-TEMPO derivatives), the state-of-the-art, compound
being the 4-TMA TEMPO proposed by the group of Schubert in 2016
(still the best nitroxide up to now) [16].

Nitronylnitroxides are 5-rings nitroxides that are very attractive
thanks to their higher redox potential compare to TEMPO derivatives (6-
rings). Very recently, Hu et al. reported their utilization as posolyte for
aqueous redox flow batteries. 3-carbamoyl-2,2,5,5-tetramethylpyrro-
linel-oxyl radical exhibits a potential of 0.96 V (SHE) [17]. This study
is important because it paves the way for the utilization of 5-rings RAM
as posolytes. However, stability remains poor (0.54 % per hour, i.e. >6
% day™). In a second publication, they propose to encapsulate the
pyrroline nitroxide in a cyclodextrin preventing thus degradation of the
nitroxide which occurs via a ring-opening process [18]. With a 50:50
ratio between nitroxide and host cyclodextrin, fade rate was improved
from 5.23 % day™! to 0.2 % day'.

In the present study, we have synthesized and investigated a new
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nitronylnitroxide, namely 3-TMA proxyl, for RFB applications. We have
demonstrated that this compound shows among the highest potentials
ever reported, combined to excellent solubility and stability in a redox
flow battery. We have also demonstrated that this molecule is not
chemically altered during battery operation and we have proposed that
observed fade rate arises from self-discharge more than from degrada-
tion such as ring opening.

2. Materials and methods
2.1. Chemicals and physico-chemical characterizations

All solvents and reagents were obtained from Sigma Aldrich or TCI
and were used without further purification. Compounds were purified
via chromatography on silica gel (Merck silica gel 60, 230-400 mesh).

Nuclear Magnetic Resonance (NMR) spectra were recorded on a
Bruker AVL 300 or 400 spectrometer (1H NMR at 300 MHz or 400 MHz,
and 13C NMR at 75.5 MHz or 101 MHz) using deuterated solvents.
Additional 1H NMR spectra (400 MHz) using an HoO/D,0 mixture for
post-mortem redox flow electrolytes analysis were recorded on a Bruker
Avance III HD. Chemical shifts for protons are reported in parts per
million (ppm).

Mass spectrometry analyses were conducted using a Q-STAR Elite
system, and a Bruker Hybrid Q-TOF system (resolution 7000, mass range
20-8000 Da, mass accuracy < 5 ppm) for post-mortem redox flow
electrolytes analysis.

Electron Paramagnetic Resonance (EPR) experiments were carried
out using a Bruker Elexsys spectrometer operating at 9.4 GHz (X-band).

2.2. Electrochemical characterizations

All measurements were recorded using a VMP3 Biologic potentiostat.
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experi-
ments were conducted employing a three-electrode configuration. A
rotating glassy carbon electrode (RDE for Rotating Disk Electrode) with
a surface area of 0.1963 cm? was used as the working electrode, a
platinum wire was used as the counter electrode, and an Ag/AgCl
electrode immersed in saturated KCI (0.199 V vs. SHE) served as the
reference electrode.

2.3. Flow cell cycling method

Redox flow battery tests were conducted using a custom-built cell
from Kemiwatt (Rennes, France). The cell was equipped with graphite
felt electrodes (SGL Carbon SE, thermally treated) measuring 50 x 50 x
4.65 mm?>, providing a geometric surface area of 25 cm?2. Composite
graphite current collectors and an anion-selective membrane, Fumasep
FAA-3-50 (thickness 45-55 pm, surface area 25 cm?) from Fuel Cell
Store, Bryan, Texas, USA, were also included in the cell. Electrolyte
preparation was as follows: 5 mmol of the nitroxide derivative was
dissolved in 50 mL of a 1 M NaCl aqueous solution to prepare the pos-
itive electrolyte (posolyte). Similarly, 7.5 mmol of methyl viologen was
dissolved in 75 mL of a 1 M NaCl aqueous solution to prepare the
negative electrolyte (negolyte). The battery was charged to 100 % state
of charge (SOC) at a current density of 10 mA cm2. Upon reaching the
voltage cut-off, a constant potential was maintained until the current
density decreased to 1 mA em™.

After the batteries were fully charged, 25 mL of the posolyte was
removed and stored under the same conditions as the batteries to study
the stability of the compounds at 100 % SOC. The batteries were then
cycled (10 mA cm™, 40 ml min™) for 7 days under an inert atmosphere
(glove bag under nitrogen atmosphere).
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3. Results and discussion
3.1. Synthesis

From studies previously published by Bo Hu et al., it appears that
ring size has an influence on the redox potential of cyclic nitroxides [17].
Additionally, several authors have noted that the trimethylammonium
group plays a favorable role in posolyte properties by enhancing the
stability of the N-oxoammonium cation [14-16,19-22]. The combina-
tion of these two effects represents a promising strategy for developing
stable nitroxide/oxoammonium derivatives with higher redox potentials
and possible improved performances. Various synthetic strategies were
tested, and 3-TMA PROXYL has be synthesized with a 25 % overall yield
as described in Scheme 1. It is noteworthy that all the purification steps
were performed by precipitation and/or further crystallization, no pu-
rification by column chromatography was required.

Compound (1a) was obtained with a yield of 81 % from 2,2,6,6-tet-
ramethylpiperidin-4-one through an alpha-bromination reaction using
bromine [23]. Subsequently, compound (1b) was prepared via a
Favorskii rearrangement using an aqueous ammonia solution and an
excess of potassium hydroxide. The hydrogenation of the double bond
using palladium on charcoal as catalyst yielded the carboxamide de-
rivative (1c) with a 99 % yield. Oxidation of the amine of compound (1c¢)
by hydrogen peroxide I, the presence of sodium tungstate produced the
nitroxide (1d) with a 62 % yield [24]. Hoffmann rearrangement of the
carboxamide group by sodium hypobromite leads to amino-Proxyl (1e)
in a 64 % yield [25]. Finally, 3-TMA PROXYL derivative (1) was ob-
tained in 88 % yield by triple N-methylation using iodomethane, fol-
lowed by an anion metathesis reaction using an anion exchange resin to
obtain the corresponding chloride analogue. The overall reaction yield
was 25 %. It is worth noting that, the synthetic procedure has not been
optimized, as it falls beyond the scope of this study. More details about
the synthesis are available in SI.

The electrochemical properties of 3-TMA Proxyl and 4-TMA TEMPO
were determined using CV and RDE in 1 M NaCl aqueous electrolytes.
CV is a convenient method for easily assessing the reversibility and
redox potential of the system. Fig. S1 shows that the 3-TMA Proxyl
behave like quasi-reversibility, i.e. AEp is almost independent of the
scan rate and approximately 70 mV, with |Ipa/Ipc| close to 1, with an
apparent standard redox potential (E°,pp) of 1.06 V. 4-TMA TEMPO,
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shows a potential of 0.94 V as reported by Schubert et al. (Fig. S2),
confirming the expected increase of potential by +120 mV for 3-TMA
Proxyl. Also, the solubility of 3-TMA Proxyl has been determined at
least 3 M in 1 M NaCl electrolyte for both reduced (uncharged) and
oxidized (charged) states.

3.2. Electrochemical characterizations

To further analyze the redox properties of the compounds, extensive
investigations were conducted using CV at various scan rates and RDE
experiments at various rotation speeds. The apparent electron transfer
rate constant (K°,pp) and diffusion coefficient (D°,pp) were determined
for 3-TMA Proxyl and 4-TMA TEMPO. Results are reported in Table 1.
K°app values are 10.1 x 107 and 5.6 x 107® cm s™', depending on the
method used (CV or RDE, respectively), achieving the targeted order of
magnitude. The diffusion coefficients are 3.4 x 107° cm? s either
measured by CV or RDE, also meeting the targeted properties. Beyond
the quantitative analysis, values of K°,,, and D for 3-TMA Proxyl are
very close to those of state-of-the-art 4-TMA TEMPO, indicating that 3-
TMA Proxyl is a suitable candidate as posolyte in a redox flow battery
based on these initial electrochemical assessments.

3.3. Battery testings

Nitroxide based redox flow batteries were assembled using methyl
viologen (1,1-bis(methyl)-4,4"-bipyridinium dichloride) as negolyte.
Although methyl viologen is not the best because of its toxicity and
overall performance, it has been used in this study because of its

Table 1

Electrochemical properties and solubility data of nitroxides derivatives;
@measured using rotating disk electrode experiments; ®measured using CV
experiments; @ Angew. Chem. Int. Ed. 2016, 55, 14,427 -14,430 [16].

Compound Redox (k% Electron (D) Diffusion Solubility in
potential V transfer rate constant NaCl (aq) =1
vs SHE 0.10% em s 0.10°em?s?  mol !

3-TMA 1.06 5.6® 3.4@ >3.0

PROXYL 101® 3.4®
4-TMA 0.94 4.4® 2.8® 23W
TEMPO 1.1® 3.3®

0}
0 7 3 NH
Br Br  NHsaq (32%) NH 2
0.33 eq. Br, KOH — Hy, 1% Pd/C
—_—
N AcOH, 24h at 60°C N 3hat 25°C H MeOH, 24h at 25°C ﬂ
H 97% H 89% 99% (1¢c)
(1a) (1b)
2 eq. H202
10 % N32WO4
DCM/H,0
24h at 25°C
51%
O/
Cl~ ON—

1) 4 eq. Mel
3 eq. Na,CO3

OQ
72h at 25°C o° 64%

3-TMA-PROXYL
M

(@)
NH
2 1.4 eq. Br, NH»
><_§< 6 eq. NaOH
I MeCN/H,0 (50:1) ’]‘ H,0, 4h at 70°C N
Lo

2) anion exchange
88%

(1e) (1d)

Scheme 1. Synthesis of N,N,N,2,2,5,5-heptamethylpyrrolidinyloxy-3-ammonium chloride (3-TMA PROXYL).
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extensive study in the literature as a reference negolyte when evaluating
and comparing posolytes. To avoid toxicity issues, sulfonated viologen
derivatives [26] or substituted anthraquinones [27-29] could be used
but this aspect is beyond the scope of this study. Fig. 1 reports the CVs of
redox-active molecules used as negolyte and posolyte. Notably, using
3-TMA Proxyl resulted in a 8 % improvement in cell voltage (1.45 V)
compared to 4-TMA TEMPO (1.34 V). Coupled with its excellent solu-
bility, this could lead to further improvements in energy density due to
enhanced posolyte capacity. Considering a solubility of 3 M (1 e
exchanged), the theoretical capacity of the posolyte is 80 Ah L}, and the
energy density of a battery with methyl viologen (2.4 M, 1e” exchanged)
is 52 Whrl.

The cycling performance of the prepared redox flow battery is pre-
sented in Fig. 2 and compared to the battery using 4-TMA TEMPO as
posolyte. Detailed cycling protocols are provided in the experimental
section information but it is important to note that, since the posolyte is
the focus of this study, the volume of the negolyte was three times larger
than that of the posolyte (at the same concentration), resulting in a
configuration with a capacity-limiting side (CLS) and a non-capacity-
limiting side (NCLS). Improvement in cell voltage (+8 %) is demon-
strated in RFB configuration. For 3-TMA PROXYL, the cell voltage is
1.45 V, and the battery exhibits low polarization.

Using galvanostatic cycling (constant current) followed by a poten-
tiostatic regime (constant voltage), a discharge capacity of 55 mAh was
obtained, recovering 82 % of the theoretical capacity. As shown in
Fig. 3, the capacity then slightly decreases while maintaining excellent
coulombic efficiency (> 99 %). For 4-TMA TEMPO, the first discharge
led to 62 mAh (Fig. S5), with a subsequent decrease in capacity,
although less pronounced than what observed for 3-TMA Proxyl. From
Figs. 3 and S5, temporal capacity fade rates of 1.52 % and 1.01 % per
day were found for 3-TMA Proxyl and 4-TMA TEMPO, respectively.
While 3-TMA Proxyl exhibits a higher fade rate compared to 4-TMA
TEMPO, it stands as one of the best capacity fade rates for nitroxide
posolytes.

Measuring the power of redox flow batteries at a 50 % state of charge
(SOC) provides a robust, predictable, and representative evaluation of
performance, facilitating comparisons across various energy storage
systems and technologies. At 50 % SOC, which reflects the battery’s
typical operating charge condition, voltage variations are linear and
predictable, simplifying power assessment. Conversely, at very high or
very low SOC levels, polarization effects become more pronounced,
potentially impacting the accuracy of power measurements. As shown in
Fig. S6, the MV/3-TMA PROXYL and MV/4-TMA TEMPO batteries
exhibit system resistances of 3.0 Q-cm? and 3.3 Q-cm?, respectively, in

9 145V
134V
< | > 3-TMA PROXYL
6- SN e (1.06 V)
7{} c1® o\,
¥
o 31 o N\
E 4-TMA TEMPO o
o (0.94V)
< 04
£ on
— //:cﬁ
- -3 e
P
\%Jzz
-6 I
_9 T T

08 -04 00 04 08 12
E/V vs SHE

Fig. 1. Cyclic voltammograms of (0.1 M) 3-TMA PROXYL (dark blue), (0.1 M)
4-TMA TEMPO (light blue) and (0,1 M) Methyl viologen (orange) in (1 M)
NacCl (aq) solution.
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the first cycle, stabilizing around 2.8 Q-cm? and 2.9 Q-cm?. Interestingly,
MV/3-TMA PROXYL and MV/4-TMA TEMPO batteries achieve power
densities of 175.7 mW-cm™ and 131.3 mW-cm™2, respectively, in the first
cycle, which stabilize at approximately 185.0 mW-cm™ and 147.8
mW-cm™2 Indeed, MV/3-TMA PROXYL battery achieves a power density
25 % higher than MV/4-TMA TEMPO battery, which can be attributed to
a similar system resistance but a higher cell voltage.

3.4. Discussion about posolytes caracteritics

The capacity fade rate in redox flow batteries can originate from
several issues, mostly crossover of redox-active molecules from one to
another tank, and chemical degradation of the redox electrolyte. In
aqueous organic redox flow batteries (AORFBs), the latter phenomenon
is critical. To identify the origin of capacity losses observed in this study
(MV/3-TMA PROXYL and MV/4-TMA TEMPO), CV, UV-visible and 'H
NMR spectroscopies, of the posolyte and negolyte solutions were per-
formed, before and after cycling.

Before cycling, CV of the posolyte containing 3-TMA PROXYL
(Fig. S7), recorded over an extended potential range, shows the response
of the nitroxide/oxoammonium redox couple at 1.06 V. During the
negative scan, the reduction of nitroxide into hydroxylamine can be
observed in a potential window ranging from —0.4 to —0.7 V. After
cycling, two observations can be made. First, the peak current of the
nitroxide/ammonium system has decreased, with a current loss (9.7 %)
corresponding closely to the battery’s capacity loss (10.4 %). Second,
oxidized MV is present in the posolyte, indicating that MV passes
through the membrane (crossover). Fig. S8 shows that, unlike MV,
nitroxides do not cross the membrane from posolyte to negolyte. For 4-
TMA TEMPO, similar CVs are observed (Figs. S7 and S8) before and after
cycling, as compared to 3-TMA PROXYL. However, the decrease in the
exchanged current corresponding to the nitroxide/oxoammonium
couple is less pronounced (6.5 %), which also corresponds to the bat-
tery’s capacity fade (6.9 %).

To eliminate any ambiguity regarding the degradation of 3-TMA
PROXYL and 4-TMA TEMPO electrolytes and the possible influence of
cycling conditions and/or the presence of methyl viologen, the posolytes
at 100 % SOC were stored for the same duration and under identical
conditions as those used during battery cycling. These conditions
included an inert atmosphere, identical temperature and humidity
levels, and strictly controlled storage duration. Based on the cyclic
voltammetry results (Fig. S9) after 6.8 days of storage, no significant
change (< 2 % variation in Ip) was observed for 3-TMA PROXYL and 4-
TMA TEMPO (quasi reversible redox wave at potentials about 0.75 V).
The minimal signal losses observed in the CVs fall within the margin of
error, indicating little if any degradation of the molecules, as no loss in
the concentration of electroactive species was detected.

With freshly charged electrolytes, an irreversible reduction of
nitroxide to hydroxylamine [30] is observed at —0.89 V and —0.84 V for
3-TMA PROXYL and 4-TMA TEMPO, respectively. After 6.8 days of
storage, the CV profiles changed, as shown in Fig. S9, with a peak at
—0.33 V for 3-TMA PROXYL and two peaks at —0.24 V and —0.51 V for
4-TMA TEMPO. Additionally, electrolyte pH changes were observed,
with aged electrolytes exhibiting acidic pH levels at 1.44 and 1.41,
compared to initial pH values at 5.22 and 4.18 for 3-TMA PROXYL and
4-TMA TEMPO, respectively. Recently, Barbon et al. proposed that
oxoammonium ions could react with hydroxide ions, reducing back to
nitroxide and producing water and dioxygen, resulting in notable me-
dium acidification [31].

For 4-TMA TEMPO, the peak at —0.51 V is shifted by 0.33 V toward a
less negative potential (Fig. S9). Considering that at this pH the reduc-
tion mechanism involves a proton-coupled electron transfer with one
electron and two protons (resulting in the protonated hydroxylamine
form), the observed acidification aligns with the expected 118 mV/pH
shift for this electrochemical process. Furthermore, the peak at —0.24 V
may be attributed to dissolved oxygen, supporting the hypothesis by
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Fig. 2. Voltage vs capacity profiles during cycling for MV/3-TMA PROXYL (a), and MV/4-TMA TEMPO (b) batteries. Negolyte: 75 ml of 0.1 M MV in 1 M NaCl
aqueous solution; posolyte: 25 ml of 0.1 M nitroxide in 1 M NaCl; Fumasep FAA-3-50 anion-exchange membrane; SGL Graphite felt (GFD 4.65 EA — 25 cm?); Current

density: 10 mA-cm™2 Temperature: 23 °C; Flux 40 ml min’!; Duration: 6.8 days.
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Fig. 3. Charge/discharge capacity vs cycle number profiles for MV/3-TMA
PROXYL batteries presented in Fig. 2. Duration: 6.8 days.

Barbon et al. [31]. For 3-TMA PROXYL, a single peak appears at —0.33
V, is more consistent with oxygen reduction. Since the intensity is more
pronounced for oxygen reduction in the case of 3-TMA PROXYL, we
hypothesize that it may hide the hydroxylamine reduction peak. This
observation could also correlate with a faster self-discharge rate, which
may explain the slightly lower performance observed in the battery
compared to 4-TMA TEMPO.

Based on the UV-visible absorbance spectra of the two posolyte so-
lutions (Figs. 4 and S10), contamination by methyl viologen (Apax = 257
nm) is observed to induce significant variations in solution absorbance
for both posolytes, before and after cycling, thus preventing quantifi-
cation of nitroxide concentration loss. However, the presence of a band
at about 240 nm, corresponding to the nitroxide, with no new chro-
mophore observed, supports the hypothesis that the electrolyte is not
irreversibly chemically degraded but rather undergoes self-discharge.

To gain further insights into the degradation products, 'H NMR an-
alyses were performed. Because of the high water content, which risked
saturating the NMR signal, the samples were diluted using deuterated
water (D20). For each sample (0.2 mL), 0.3 mL of D20 and 3.0 mg of

ascorbic acid were added to reduce the paramagnetic nitroxide radicals
to hydroxylamines.

Based on the 'H NMR spectra obtained from posolytes before and
after cycling, as well as from posolytes stored for 6.8 days at 100 % SOC,
several observations were made: The chemical shift of characteristic
peaks of 3-TMA PROXYL (Fig. 4), and 4-TMA TEMPO (Fig. S10) differs
slightly between the spectra of stored electrolyte and the initial elec-
trolyte. This shift is attributed to a deshielding effect induced by the
decreased pH from 5.2 to 1.4 of the stored electrolyte as compared to the
initial electrolyte solution. Due to this more acidic pH, the chemical
environment of the molecules is altered, resulting in variations in the
observed chemical shifts. According to the spectra, this variation is more
pronounced for signals (a and b) near the (N—OH) functionality, namely
the tetramethyl signals at (1.46; 1.42; 1.30; 1.24 ppm), and (1.32; 1.29
ppm) for 3-TMA PROXYL, and 4-TMA TEMPO, respectively. Very
interestingly, for 3-TMA PROXYL, H NMR spectra showed no extra
peaks after cycling the electrolyte or storage at 100 % SOC compared to
the original electrolyte spectrum (Fig. 4), indicating that no irreversible
degradation of 3-TMA PROXYL is observed after 6.8 days at 100 % SOC.

For 4-TMA TEMPO, the 'H NMR spectra of the cycled electrolyte
showed the appearance of additional, relatively low-intensity peaks in
the aliphatic region at 2.17 ppm as a singlet and at 3.20 ppm as a doublet
(Fig. S10). The same displacements were detected in the electrolyte
stored at 100 % SOC, with a greater intensity than in the cycled elec-
trolyte. This indicates that the degradation of 4-TMA TEMPO originates
from its oxidized form. However, given that part of the spectrum be-
tween 5.0 and 4.5 ppm is unusable because of signal saturation of water,
and the low intensity of degradation product signals hinders accurate
integration, it was not possible to deduce a plausible structure for the
degradation products from these spectra (4-TMA TEMPO).

TTP-TEMPO [32], 4-OH TEMPO [33-35], CT [17], 4-CO;Na TEMPO
[36], DFTEMPO [37], PSS-TEMPO [38], 4-SO4Na-TEMPO [39],
TMAP-TEMPO [15,21,32], Pyr-TEMPO [40], AcNH-TEMPO [35,41],
MiAcNH-TEMPO [41]1, TMAAcNH-TEMPO [15,22,32],
MIMACO-TEMPO [13,42], Sulfamide-TEMPO [15], CPD [17],
4-NH,-TEMPO [34,35,43], 4-OT [34], 4-TMA-TEMPO [14-16,32,44,
45], No-TEMPO [20], N.-TEMPOD [19], CPL [17], (TPABPy)Cl3 [46].

4. Conclusion

This work presents the development of 3-TMA PROXYL as a new
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Fig. 4. (a) 'H NMR spectra of the 3-TMA PROXYL electrolyte before and after cycling, and after being stored for 6.8 days in the oxidized state (100 % SOG). (b) UV-
visible absorbance spectra of posolytes containing 3-TMA PROXYL before (plain) and after (dashed) cycling.

nitroxide posolyte, that provides the best redox potential and energy
density and a scalable and low-cost chemistry. 3-TMA PROXYL has been
comprehensively evaluated against the benchmark posolyte 4-TMA
TEMPO, demonstrating very good performance. With an 8 % increase
in cell voltage, reaching 1.45 V compared to 1.34 V for 4-TMA TEMPO,
and exceptional solubility at 3.0 mol . in a 1.0 M NaCl solution, 3-TMA
PROXYL increases the theoretical posolyte capacity to 80 Ah 1}, Paired
with methyl viologen as a negolyte, this novel posolyte yields a record
theoretical energy density of 52 Wh 1!, MV/3-TMA PROXYL battery
achieves a 25 % greater power density than MV/4-TMA TEMPO battery,
and a robust stability profile with minimal signs of irreversible chemical

degradation as evidenced by 'H NMR and UV-Visible spectroscopies.
While initial capacity losses stabilize after early cycles, 3-TMA PROXYL
battery exhibits a daily capacity fade of 1.51 %, compared to 1.01 % for
4-TMA TEMPO.

In summary, 3-TMA PROXYL is distinguished by its high stability,
remarkable solubility (>3 M in 1 M NaCl), and one of the highest redox
potentials ever reported for AORFB applications (Fig. 5), positioning it
as a powerful alternative in redox flow technology. This is the first report
of a five-membered ring nitroxide posolyte for AORFBs, offering a
compelling balance of high redox potential, solubility and stability, well
standing with the state-of-the-art 4-TMA TEMPO. This study thus opens
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Fig. 5. State-of-the-art positioning of the novel 3-TMA PROXYL nitroxide, highlighting its high solubility and high redox potential, distinguishing it from current
benchmark posolytes in AORFB applications. Schematic representation, the potential scale is not respected for clarity purposes. Nitroxides with too poor solubility
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promising avenues for a new class of nitroxide-based posolytes in the
development of economical, reliable and long-duration AORFBs.
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