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Mitigating Ring-Opening to Develop Stable TEMPO
Catholytes for pH-Neutral All-organic Redox Flow Batteries

Hao Fan, Wenda Wu, Mahalingam Ravivarma, Hongbin Li, Bo Hu, Jiafeng Lei,
Yangyang Feng, Xiaohua Sun, Jiangxuan Song,* and Tianbiao Leo Liu*

Redox-active organics are highly attractive in aqueous organic redox flow
batteries (AORFBs). However, the lack of capacity dense, stable organic
catholytes remains a challenge to develop energy-dense, long cycle-life
AORFBs. Herein, a stable organic catholyte, 4-[3-(trimethylammonium)
acetylamino]-2,2,6,6-tetramethylpiperidine-1-oxyl chloride (TMAAcNHTEMPO) is
developed through rational molecular engineering using connective acetamido
and trimethylammonium groups. Paired with bis-(trimethylammonium)

propyl viologen tetrachloride anolyte, stable AORFBs (up to 1500 cycles)

with a low capacity fade rate of ca. 0.0144% h™' are achieved. Experimental
characterizations and theoretical simulations revealed that TMAAcNH-TEMPO
is largely stabilized by the reduced reactivity of the nitroxyl radical moiety that

mitigates a ring-opening side reaction.

1. Introduction

Renewable sources such as solar and wind play a key role in
building a sustainable and green energy powered society.?
Nonetheless, the widespread adoption and growing penetra-
tions of those sources are significantly impeded by the inherent
intermittency and consequent impacts when supplied to power
grids.l'?l Aqueous organic redox flow batteries (AORFBs) are
regarded as an effective electrochemical energy storage tech-
nology that could address the limitation of intermittent energy
sources owing to the resource-abundant elements, flexible
structure tunability, eco-/bio-friendliness, and multi-electron
transfer characteristics of redox-active organics.? The
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rapid progress of advanced redox-active
organic electrolytes has been achieved in
AORFBs technologies over the past ten
years in three main classes: i) pH-neutral
viologen,l* 1% ferrocene,™!?  nitroxide
radical [©1! and near pH-neutral qui-
none-based AORFBs,['®! ii) alkaline qui-
none,”8 phenzinel'?% and ketonel*"?%
AORFBs, and iii) acidic benzo/anthraqui-
nonel?*?! and phenothiazinel?®! based
AORFBs. Highly acidic and/or highly
alkalic AORFBs are operating in strong
caustic conditions and are prone to fast
capacity decay because acidic or alkaline
solutions are highly detrimental to the sta-
bility of redox-active materials and other
cell components such as membranes and
electrodes. In stark contrast, moderate pH-neutral AORFBs
have demonstrated superior capacity retention because of the
much improved chemical stability of redox-active molecules at
pH neutral conditions.[”! The last several years have witnessed
the rapid progress of pH neutral AORFBs.Zl For example, sul-
fonate viologen based AORFBs have achieved cycling stability
up to 1000 cycles (30 days) at an energy density of 9.6 Wh L1
Thereby, it is realistic to expand pH-neutral AORFBs to meet
the performance and cost target (<$150 kWh™) of redox flow
batteries for large-scale energy storage recommended by the
United States Department of Energy.*’]

However, the cycling stability and energy densities of pH
neutral AORFBs are primarily limited by the lack of compa-
rable catholytes molecules.>?8 2,2 6,6-tetramethylpiperidine
l-oxyl (TEMPO) species have been recognized as promising
catholyte candidates for pH-neutral AORFBs.[ Since the first
report of 2,2,6,6-tetramethylpiperidine 1-oxyl (4-OH-TEMPO),l
a few TEMPO molecules have been developed with improved
battery performance in recent years.'3°l Despite the advance-
ments achieved in TEMPO-based catholytes, most of them still
experience a high temporal capacity fade rate of >1%/day and
further limit their application potential. Such short lifetimes
cannot meet the expected >10 years of service life for wide-
spread market penetration. Thus, ultra-stable and low-cost
cathodic TEMPO derivatives are highly desired for long-life
AORFBs. In addition, in-depth mechanistic understandings of
the chemical stability of TEMPO catholytes are scarce but are
critical to designing persistent TEMPO catholytes.

Herein, we report a stable nitroxyl radical catholyte 4-[3-(tri-
methylammonium)acetylamino]-2,2,6,6-tetramethylpiperidine-
1-oxyl chloride (TMAACNH-TEMPO) by molecular engineering
strategy of grafting the acetylamino and trimethylammonium
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groups onto TEMPO. When paired with 1,1"-bis[3-
(trimethylammonium)propyl]-4,4’-bipyridinium  tetrachloride
((NPr),V) anolyte, the TMAACNH-TEMPO/(NPr),V AORFB
exhibits a fairly low capacity fade rate of < 0.346% per day
over 40 days under consecutive galvanostatic cycling, which
is among the best stability reported in the TEMPO-based
AORFBs to the best of our knowledge. In addition, the high sol-
ubility of TMAACNH-TEMPO (4.30 M) makes it promising for
developing high-energy-density AORFBs. We further reveal the
ring-opening degradation mechanism of the oxoammonium
state of TEMPO, which could be suppressed by amidation
together with cationic groups.

2. Results and Discussion

The TMAACNH-TEMPO catholyte was synthesized via an ami-
dation strategy in two successive steps, as shown in Figure 1a.
Briefly, monochloroacetic acid reacted with 4NH,-TEMPO to
form an acyl chloride intermediate. Afterward, acyl chloride
intermediate reacted with trimethylamine to produce the final

www.afm-journal.de

product TMAAcCNH-TEMPO in a good yield (84.6%). The assor-
tative (NPr),V anolyte was prepared by a modified route.?’!
The structures of TMAACNH-TEMPO and (NPr),V were char-
acterized by nuclear magnetic resonance (NMR) spectroscopy
(Figures S1-S3, Supporting Information).

The cyclic voltammetry (CV) study of TMAACNH-TEMPO at
a scan rate of 100 mV s gives a reversible redox potential (E;,)
at 0.84 V (vs NHE) in 1.0 m KCI, close to that of the precursor,
4-NH,-TEMPO (0.90 V, Figure 1b). Under different scan rates,
the oxidation and reduction peaks of E;/, keep constant with
the increasing scan rate (Figure S4a, Supporting Information).
According to the Nicholson method,?3% the observed peak
separations (AE) of 63—66 mV leads to an electron transfer rate
constant k® of >0.35 (Figure S4c,d, Supporting Information),
implying good reversibility of the redox couple. In addition, the
corresponding peak currents I, and I, in the redox process of
TMAACNH-TEMPO show a linear relationship with the square
root of scan rate V2 (Figure S4b, Supporting Information),
which indicates the interconversion of the TMAACNH-TEMPO/
TMAACNH-TEMPO"* redox couple is a diffusion-controlled pro-
cess in the stagnant electrolyte.
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Figure 1. Synthesis of TMAAcNH-TEMPO and (NPr),V and their applications as redox-active electrolytes in pH-neutral AORFBs. a) Synthetic routes
for TMAACNH-TEMPO and (NPr),V. b) CV curves of 2.0 x 10> M TMAACNH-TEMPO (yellow trace), 4-NH,-TEMPO (gray trace), and (NPr),V (purple

trace). The electroactive compounds were tested in a 1.0 M KCl solution at a scan rate of 100 mV s~

! on a glassy carbon electrode. c) Schematic of a

pH-neutral AORFB assembled with TMAAcNH-TEMPO catholyte and (NPr),V anolyte with CI~ as a charge carrier passing through an anion exchange

membrane.
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Table 1. Electrochemical and physicochemical properties of TMAACNH-
TEMPO, 4-NH,-TEMPO, and (NPr),V.

Electrolyte Eyp Dyx107° ko Solubility Refs.
[Vvs NHE] [cm?s]  [cms™]  [m, in water|
TMAACNH-TEMPO 0.84 0.55 0.422 ~4.3 This study
4-NH,-TEMPO 0.90 0.38 - >5.0 [31,32]
(NPr),V ~0.38 0.39 0.309 2.0 [12,29]

Linear sweep voltammogram of TMAAcNH-TEMPO col-
lected with a rotating disk electrode displays the mass-transport
controlled limiting current in well-defined plateau shapes at all
rotation rates (Figure S5, Supporting Information). The cor-
responding limiting current showed a linear relationship with
the square root of rotating angular velocity, which indicates the
redox process of TMAAcCNH-TEMPO is a diffusion-controlled
process. According to the Levich plot and equation, the diffu-
sion coefficient (Dy) of TMAAcCNH-TEMPO was determined to
be 5.52 X 10® cm? s The D, and k° of these compounds
(Table 1) are 2-8 times higher than those of redox-active organic
quinonoid compounds,®33 and organometallic species(!*3l
as well as magnitude of orders higher than those for inorganic
vanadium ions.[”38l

Accordingly, we assembled a pH-neutral AORFB with a full
cell voltage of 1.22 V using the combination of TMAAcNH-
TEMPO catholyte and (NPr),V anolyte separated by a piece of
HUAMOTECH AEM (Figure 1c). Equations in Figure 1c give
the cathodic and anodic half-cell reactions for the pH-neutral
TMAAcCNH-TEMPO/(NPr),V AORFB. For the charging pro-
cess, the TMAACNH-TEMPO is oxidized to the oxoammo-
nium as the charge state. Correspondingly, the [(NPr),V]* in
the anolyte is first reduced to the cation radical [(NPr),V]>" at
—0.38 V. TMAAcNH-TEMPO is the capacity-limiting side in the
AORFB. For comparison, a 4-NH,-TEMPO/(NPr),V AORFB
was also constructed and operated under the same conditions.

TMAACNH-TEMPO/(NPr),V AORFB were first explored
using 0.1 M catholyte and anolyte with a volume ratio of 7:10 in
a 1.0 m KCl supporting electrolyte (Figure 2). The rate perfor-
mance was examined from 10 to 50 mA cm™ with an increment
of 10 mA cm™ and a cut-off window of 0.7 and 1.5 V (Figures 2a;
Figure S6, Supporting Information). The increase of the cycling
rate leads to decreased capacity outputs from 2.63 Ah L7
at 10 mA cm™ (979% capacity utilization) to 2.48 Ah L at
50 mA cm™ (92.7% capacity utilization). The gradually
decreasing rate capacity is attributed to the increased ohmic
loss as indicated by the voltage gaps of the charge and discharge
voltage profiles at different rates (Figure 2b). Correspondingly,
the energy efficiency (EE) drops with the increased rates from
93% at 10 mA cm™ to 79% at 50 mA cm~* while a consistent
CE of over 99.9% is observed at these rates (Figure 2b).

Prolonged galvanostatic cycling was performed at
50 mA cm™ to probe the lifetime of the AORFBs (Figure 2c).
The discharge capacity (2.48 Ah L) can achieve a high capacity
utilization of 92.6%. The TMAAcCNH-TEMPO/(NPr),V AORFB
exhibits a significantly long lifetime of 1500 cycles or 347 h with
Coulombic efficiency (CE) of >99.9% and energy efficiency
(EE) of 78% (Figures 2c; Figure S7, Supporting Information).
The TMAACNH-TEMPO/(NPr),V AORFB retains 95% of the
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initial capacity after 1500 cycles, projecting an apparent capacity
fade rate of 0.0033%/cycle or a temporal capacity loss rate of
0.0144% h7! (Figure 2¢,d). In contrast, the reference battery of
4-NH,-TEMPO lost 59% of its original capacity over 600 cycles
(Figure 2c,e). The temporal capacity loss rate of the reference
battery, 0.5860% h7!, is almost 41 times higher than that of the
TMAACNH-TEMPO/(NPr),V AORFB. It should be noticed
that the pH of TMAAcNH-TEMPO catholyte changes from the
initial 6.91to 5.92 by the end of cycling, which is more stable than
that of 4NH,-TEMPO, from 761 to 2.63 (Figure S8, Supporting
Information). The reduced acidification indicates that side reac-
tions such as ring-opening and disproportionation are greatly
suppressed for TMAACNH-TEMPO, which is discussed below.

The crossover and stability of electroactive species are
two major factors for the cycling lifetime of an AORFB. The
capacity loss due to the crossover of 0.1 ¥ TMAAcNH-TEMPO-
and 4-NH,-TEMPO-based AORFBs toward the AEM was exam-
ined by using the dynamic ohmic-compensated CV method
(Figure S9, Supporting Information). The ohmic-compensated
CV measurements for TMAAcNH-TEMPO catholyte present
a small current decrease (=4.3%), while CV curves for 4-NH,-
TEMPO catholyte show a =60.3% current loss (Figure S9a,c,
Supporting Information) after the consecutive charge-
discharge cycles. Besides, CV traces of the corresponding
anolytes show similar redox behaviors to the catholytes, sug-
gesting the migrations of nitroxyl radicals from the catholyte
to the anolyte (Figure S9b,d, Supporting Information). Based
on the measurements, it is interesting TMAACNH-TEMPO and
4-NH,-TEMPO showed comparable crossover possibility. We also
calculated that the crossover contributed to 84.5% of capacity
lost in the TMAAcNH-TEMPO-based AORFB, and only 11.1%
of the capacity lost in the reference 4-NH,-TEMPO-based one
because the capacity loss of 4NH,-TEMPO is mostly caused by
the chemical degradation (Figure 2c; Figure S10, Supporting
Information). Furthermore, an unbalanced compositionally
symmetric battery cycling method was performed to investigate
the source of capacity loss and eliminate the effect of cross-
over. Over 140 h (200 cycles), the TMAACNH-TEMPO sym-
metric battery lost roughly 2.3% of its initial capacity, equating
to roughly 0.0158% h~! (Figure S11, Supporting Information),
which is in reasonable agreement with the fade rate observed
in the full-battery study (0.0144% h7!). These results indi-
cate that TMAAcNH-TEMPO is structurally more stable than
4-NH,"-TEMPO.

The electron paramagnetic resonance (EPR), UV-Vis, NMR,
and electrospray ionization mass spectra (ESI-MS) measure-
ments were performed to understand the stabilization/failure
mechanism. Several samples were taken from the cycled
0.1 M TMAACNH-TEMPO and 4-NH,-TEMPO based AORFBs
for the above-mentioned analyzes, respectively (Figure 3;
Figures S12-S16, Supporting Information). The nitroxyl radical
concentrations estimated from the EPR spectra present a linear
relationship with the remaining capacity (Figure 3a; Figure S12,
Supporting Information), quantitatively consistent with the as-
discussed CV characterizations. The slopes of the fitted lines
suggest that the number of redox-active molecules involved
in the charge—discharge process (An) is generally equal to the
number of consumed electrons (e) (Figure S12, Supporting
Information).

© 2022 Wiley-VCH GmbH
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Figure 2. Energy Storage Performance of pH-neutral AORFBs assembled with TMAAcCNH-TEMPO or 4-NH,-TEMPO (0.1 m) as a catholyte (7.0 mL) and
(NPr),V (0.1 M) as an anolyte (10.0 mL). a) Charge—discharge capacity, CE, and EE of the TMAACNH-TEMPO/(NPr),V AORFB at the current densities of
10, 20, 30, 40, and 50 mA cm~2. b) The corresponding plots of CE, EE, and capacity utilization versus the current density of the battery. c) Galvanostatic
cycling of TMAACNH-TEMPO/(NPr),V AORFB (orange) and the reference 4-NH,-TEMPO/(NPr),V (black) at 50 mA cm=2 for 1500 and 600 consecu-
tive cycles, respectively. Charge—discharge capacity, CE, and EE were plotted versus the cycle number. d,e) Representative charge—discharge curves of
d) TMAACNH-TEMPO/(NPr),V and e) 4-NH,-TEMPO/(NPr),V.

Time-dependent UV-Vis spectra of the TMAACNH-TEMPO
and 4NH,-TEMPO catholytes present negligible absorption
changes for the former but significant reductions for the latter in
both discharged and charged states (Figure 3b,c). It was observed
that both the discharged and charged states of 4-NH,-TEMPO
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experienced apparent absorption decay. The improved radical sta-
bility of TMAACNH-TEMPO over 4-NH,-TEMPO is likely attrib-
uted to the reduced radical-radical bimolecular degradations. It
is noted that the charged state of 4NH,-TEMPO underwent even
more rapid degradation than the discharged state (Figure 3b,c,

© 2022 Wiley-VCH GmbH
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Figure 3. Stabilization mechanism of the pH-neutral TMAAcCNH-TEMPO-based AORFB. a) EPR spectra of the TMAACNH-TEMPO (top) and 4-NH,-
TEMPO (bottom) catholyte after the different cycles. b,c) Time-dependent UV-Vis spectra of TMAACNH-TEMPO and 4-NH,-TEMPO catholytes with
two SOCs of b) 0% and c) 100% , respectively. d) Partial enlargement of 'H NMR spectra in D,O (Full '"H NMR spectra are displayed in Figures S13
and S14, Supporting Information) for the two catholytes before and after consecutive charge-discharge cycling.

bottom), The result suggests the charge state, 4-NH,-TEMPO*is  Figure S13, Supporting Information). The by-product was
mainly responsible for the capacity decay. isolated and characterized as a ring-opening product of the

No obvious change was observed in the 'H NMR spectra  4-NH,-TEMPO by NMR and ESI-MS analyses (Figure 3d;
of TMAACNH-TEMPO after 1500 cycles of battery operation  Figures S14-S16, Supporting Information). The ring-opening
(Figure 3d), while a new set of proton signals appeared in the = product was assigned as 2,6-dimethyl-2-nitrosohept-5-en-4-amine.
'H NMR spectra of 4NH,-TEMPO after 600 cycles (Figure 3d;  According to the NMR and UV-Vis results, it is proposed that

Adv. Funct. Mater. 2022, 2203032 2203032 (5 of 9) © 2022 Wiley-VCH GmbH
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Figure 4. DFT simulations of 4-NH,-TEMPO* and TMAAcCNH-TEMPO* with 100%SOC. a) Labels and symbols of molecular skeleton atoms. b) Nucleo-
philic Fukui function f ~ isosurfaces and the maximal f ~ values. c) Electrophilic Fukui function f* isosurfaces and the maximal f * values. d) Proposed

ring-opening side reaction scheme.

the built-in -NH, base of 4-NH,-TEMPO promotes the depro-
tonation of the oxoammonium charged state to yield the ring-
opening by-product.¥! The scheme in Figure 4d below illus-
trated the ring-opening degradation mechanism of the oxoam-
monium charged state of 4-NH,-TEMPO. ESI-MS spectra
for the initial TMAACNH-TEMPO and 4-NH,-TEMPO find
only one major protonated product [(M+2)*] with the respec-
tive mass-to-charge ratio of 308.85 and 173.15 in the positive
ionization mode (Figure S17, Supporting Information). For
the cycled TMAACNH-TEMPO, the mass-to-charge ratio is
still located at 308.85 with the proximal level (Figure S17, Sup-
porting Information). However, for the 4-NH,-TEMPO catho-
lyte, another primary product [(M-31)*] was detected with the
mass-to-charge ratio of 140.15 (Figure S17, Supporting Infor-
mation), which is assigned as the N=O removal product
(2,6-dimethyl-2,5-dien-4-heptylamine) of the ring-opening by-
product in the ring-opening scheme. It is believed that the pH
change from 761 to 2.63 of the the 4NH,-TEMPO catholyte
during cycling is associated with the ring-opening degrada-
tion. These post-cycling analysis results demonstrate the much
more suppressed ring-opening side reaction for TMAAcNH-
TEMPO than 4-NH,-TEMPO. Therefore, the improved stability
of TMAACNH-TEMPO benefits the retention of the battery

capacity.
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Furthermore, density functional theory (DFT) simulation was
conducted to provide a mechanism insight on the better stability
of TMAACNH-TEMPO than 4-NH,-TEMPO in the oxoammo-
nium form with 100%SOC (Figure 4; Figures S18-S20, Sup-
porting Information). Condensed Fukui function (fj, defined
as the amount of electron density distribution around atoms,
is a useful method to predict electrophilic/nucleophilic reactive
sites.[26293940] As shown in Figure 4a,c, both nucleophilic f~ and
electrophilic f * isosurfaces for *N=0 forms are in the same color
distribution order of TMAAcCNH-TEMPO < 4-NH,- TEMPO.
The TMAACNH-TEMPO shows the maximal f~ and f* values
of 0.231 and 0.308 for respective 032 and O12 skeleton atoms,
which are lower than 0.394 and 0.310 for N29 and O12 in 4-NH,-
TEMPO skelecton (Figure 4b,c; Tables S1 and S2, Supporting
Information). Especially, the decreased f values and transferred
reactive site represent the less likely to electrophilic/nucleo-
philic attack for TMAACNH-TEMPO, resulting the improved
chemical stability.***!l Noticeably, the maximal nucleophilic f~
region of 4-NH,-TEMPO" is centered on the NH,-C segment
meanwhile the electrophilic f* region is along with the *"N=0
moiety. Accordingly, we can illustrate the ring-opening degrada-
tion mechanism of the oxoammonium charged state of 4-NH,-
TEMPO (Figure 4d). Besides, the positive-charged trimethylam-
monium group and large Van der Waal volume (361.5 A3 for

© 2022 Wiley-VCH GmbH
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Figure 5. Performance of a concentrated TMAAcCNH-TEMPO/(NPr),V battery assembled with TMAACNH-TEMPO (0.5 m) in catholyte (7.0 mL) and
(NPr),V (0.5 m) in anolyte (10.0 mL). a) Charge—discharge capacity, CE, and EE of the battery when galvanostatically cycled at a current density range
of 20-80 mA cm™. b) The corresponding plots of CE, EE, and capacity utilization versus the current density of the battery. c) Galvanostatic cycling
of the battery at 50 mA cm~2 for 1000 consecutive cycles. Charge—discharge capacity, EE, and CE are plotted as functions of the cycle number. The
entire 1000 cycles occurred for =970 h. Inset in (c) is the charge—discharge curves of the battery at the 1st, 300th, 500th, 700th, and 1000th cycles,

respectively.

TMAACNH-TEMPO are beneficial to suppress the molecular
crossover of an AEM. These combined effects synergistically
result in the remarkable cycling stability of TMAAcNH-TEMPO.

Encouraged by the low fading rate of the 0.1 » TMAAcNH-
TEMPO/(NPr),V AORFB and high water-solubility (Figure 2¢;
Figure S21, Supporting Information), we then constructed a
higher concentration TMAAcCNH-TEMPO/(NPr),V AORFB at
0.5 m (13.4 Ah L' and 16.4 Wh L. The 0.5 m battery exhibits
an excellent rate performance from 20 to 80 mA cm™ with an
increment of 10 mA cm™ (Figure 5a). Approximately 100% CE
is observed at all current densities during the consecutive gal-
vanostatic cycles (Figure 5b). The capacity utilization and EE
were recorded as 98% and 92% at 20 mA cm™, respectively,
and gradually decreased at higher current densities due to the
increased polarization (Figure S22, Supporting Information).
Even at 80 mA cm™, the capacity utilization and EE are still
maintained at 62% and 63% (Figure 5b). The battery was cycled
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continuously for 1000 cycles at 50 mA cm™ over a period of

970 h or 40.4 days (Figure 5¢; Figure S23, Supporting Informa-
tion). The rather stable charge and discharge voltage profiles
are observed at 1.38 and 1.02 V by average (Inset in Figure 5c).
After 1000 cycles, the battery retains 86% of its original capacity,
equivalent to an apparent capacity fade rate of 0.0144% h-.
The capacity loss is primarily attributed to the slow crossover
of TMAACNH over extended cycling. The 'H NMR spectrum
of 0.5 M post-cycling catholyte shows no obvious change of
decomposition into other species, as indicated by the lack of
new signs in the aliphatic region (Figure S24, Supporting Infor-
mation). This number is comparable to the 0.5 » TMAACNH-
TEMPO symmetric battery with a fade rate of roughly
0.0178%/h (Figure S25, Supporting Information). The 0.5 M
TMAACNH-TEMPO/(NPr),V AORFB represents one of the
most and stable and extensive cycled total organic flow batteries
to date (Table S3, Supporting Information).

© 2022 Wiley-VCH GmbH
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3. Conclusion

In summary, we have demonstrated a remarkably stable redox-
active nitroxyl radical catholyte (TMAAcNH-TEMPO) with high
solubility (4.30 M) for an all-organic AORFB. When paired
with (NPr),V, the TMAACNH-TEMPO/(NPr),V AORFB dis-
played a long cycling life with a high capacity retention rate of
~0.0144% h! over 40 days. We further clarified the stabilization
mechanism of the TEMPO radical and found that the introduc-
tion of trimethylammonium and acetamido groups can effec-
tively suppress the ring-opening side reaction and crossover.
It is anticipated that the stability of TMAAcNH-TEMPO-based
AOREFB can be even further improved by the optimization of
ion-exchange membranes. The presented battery and mecha-
nistic studies open up new opportunities for developing
TEMPO-based AORFBs toward massive-scale renewable energy
storage.
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Supporting Information is available from the Wiley Online Library or
from the author.
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