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We show that a number of ubiquitous organic molecules used as redox mediators and chemically
sensing species can be used as positive couples in electrochemical energy storage. Air and acid stable
organic molecules were tested in aqueous acid electrolytes and employed as the positive electrolyte in
H,—organic electrochemical cells. The dissolved organic species were characterised in-operando using
UV-vis spectroscopy. N,N,N’,N’-tetramethylbenzidine was found to be a stable and reversible redox
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organic molecule, with a 2 e~ molecule™ capacity and a 0.83 V cell potential. N-Oxyl species were also
tested in purely aqueous acidic flow battery electrolytes. A H,—violuric acid cell produced a reversible
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1. Introduction

Abundantly available materials that possess multiple oxidation
states with long-term stability are greatly sought after to allow
for more economically feasible large-scale energy storage
devices. Hydrogen is an abundant and proven electrochemical
energy storage (EES) medium but pairing it with molecular
oxygen on the positive electrode, as in low-temperature H,-O,
polymer electrolyte membrane fuel cells (PEMFCs) and electro-
lysers (PEMELSs), creates many issues. These are mainly related
to the material requirements for platinum group metal catalysts,
and the relatively poor round-trip efficiency caused by the large
overpotentials needed to drive the water/oxygen reactions at high
rates. Flow batteries (FBs) can avoid both of these specific issues.
The most developed FB cell chemistry to date uses vanadium-
based electrolytes, but vanadium resources are also a pressing
limitation for this design.

The H,-X design illustrated in Fig. 1 has all the advantages
of the redox flow battery, with three further critical advantages
being (i) it can use abundant energy storage media, consisting
of H, and an aqueous electrolyte with a molecular organic
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potential of 1.16 V and demonstrated promising redox flow cell cycling performance.

redox couple, (ii) the bulk concentration overpotential affects
only one side of the cell and (iii) liquid crossover to the H,-side
can be recovered with no long-term capacity loss. The names
flow battery (FB) and rechargeable fuel cell (RFC) could be used
interchangeably, although the latter would be more correct if
the H,-side is not a closed loop. Nanoparticulate Pt catalysts
facilitate hydrogen evolution and oxidation reactions on the
negative electrode but, unlike PEMFCs/PEMELSs, the positive
electrode reaction requires only high surface area graphitic
carbon. In this design, “X” is a FB electrolyte that is pumped
through the cells. In the FB literature, the positive electrolyte is
commonly called either the catholyte or posolyte. Crossover,
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Fig. 1 Illustration of the H,—X rechargeable fuel cell.
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efficiency and the long-term stability of organic-based electro-
lytes are often cited as limitations, but the benefits of decou-
pling the energy storage capacity from materials of limited
supply are well-documented.'™ We have therefore investigated
the potentiality of various small organic molecules dissolved in
purely aqueous acidic media, in conjunction with the H,/H"
counter-reaction, as practical H,-X chemistries.

In this work we are focusing on low-pH electrolytes, as they
operate well in conjunction with the H,/H' counter-reaction.
Furthermore, acidic electrolytes provide a less nucleophilic
environment, in which the high oxidation state species is less
likely to undergo degradation than in a high pH electrolyte.
To be effective in this RFC design, the organic species acting as
X must have at least two oxidation states that are chemically
stable. All redox states of X must also be highly soluble and
diffusive, with facile electron-transfer kinetics and a potential
approaching 1.6 V vs. RHE in the best-case scenario. These are
the general properties desired in positive flow battery electrolytes.
The safety, scale and cost at which it can be produced must also be
considered. Therefore, in this work we assess organic compounds
that are already ubiquitous and commercially available, that they
may possess the aforementioned properties to some degree. We
have studied five organic redox molecules as possible X species,
namely 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS),
chlorpromazine (CPZ), N,N,N',N'-tetramethylbenzidine (TMB), N-
hydroxyphthalimide (NHPI) and violuric acid (VIO).

ABTS is considered a safe and commonly used agent to study
many reactions via the quantification of free radical species,
and as an antioxidant assay. It is known to produce a persistent
radical with a high extinction coefficient at 415 nm.*® This
makes it an interesting species to consider as a positive FB
electrolyte. CPZ is a medicinally valuable phenothiazine, which
are a class of mass-manufactured chemicals with applications
such as dyes and medicines.® Other notable examples are
promethazine, thioridazine, and methylene blue. TMB - not
to be confused with 3,3,5',5'-tetramethylbenzidine - can be
synthesised via a straightforward one-step process of
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electrochemical dehydrogenative cross-coupling (effectively
electro-dimerization) of N,N-dimethylaniline, a stock chemical
in many industrial syntheses.””® TMB has been investigated for
many decades as a model compound for studying photochemi-
cal electron transfer processes.”"°

N-Oxyl radical-forming species are widely used as redox
mediators and radical markers and are very commonly used
in aqueous FBs already. At present, derivatives of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) are the most studied
N-oxyl-based electrolytes. TEMPO is a persistent radical that
readily forms a TEMPO" cation upon chemical or electroche-
mical oxidation, ordinarily between 0.7-1.0 V vs. SHE depend-
ing on the functionalisation."""'"> However, TEMPO-based FB
electrolytes are only applicable to neutral pH systems as they
undergo an electrochemically irreversible disproportionation
reaction in the presence of acid.'® Other N-oxyl species which
have only been tangentially studied for energy storage applica-
tions include NHPI, VIO, and 1-hydroxybenzotriazole (HBT).
Unlike TEMPO however, the redox mechanisms of NHPI, VIO
and HBT are thought to form N-oxyl radical species upon a
proton-coupled oxidation of the N-hydroxyl form. The signifi-
cance of these N-oxyl species (NHPI and VIO) is that they also
both allow H,-X cell voltages in excess of 1.0 V - and therefore
higher specific energy densities than vanadium(iv/v) at an equal
concentration. Tian et al. studied NHPI in a semi-aqueous
acidic FB; an electrolyte formulated of NHPI dissolved in a
mixture of acetonitrile and aqueous 1 M H,SO, was cycled with
a quinone molecule on the negative side in a FB cell demon-
strating partial reversibility."* In the work described below, a
fully aqueous NHPI electrolyte produced a high cell potential of
1.34 V, yet the high degradation rate prevented any reversibility
in a full Hy-organic cell. VIO, which conversely performed well,
has a related structure to NHPI, with carbonyl groups adjacent
to an oxime group.

These redox-active organic molecules may be applicable to
many electrochemical energy storage (EES) systems due to their
notably high redox potentials and fast redox kinetics. In the
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Fig. 2

Cyclic voltammograms of 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), chlorpromazine (CPZ), N,N,N’,N’-tetramethylbenzidine

(TMB), N-hydroxyphthalimide (NHPI) and violuric acid (VIO); 1 mM analyte/1 M H,SO, or 1 M HCIO4 (ABTS) and a scan rate of 50 mV s,
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Fig. 3 Determination of diffusivity coefficient and electrokinetic parameters of 2,2"-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), chlorproma-
zine (CPZ), N,N,N’,N’-tetramethylbenzidine (TMB), N-hydroxyphthalimide (NHPI) and violuric acid (VIO). Levich plot of the limiting current (i) from iR-
free and background-corrected RDE voltammetry profiles with 10 mV s~* scan rate of (a) 1 mM ABTS measured at 0.907 V vs. RHE and the normalised
limiting current (io.e07v — i1.247v) Of the second-step (ABTS") in 1 M HClO4, and 1 mM (b) CPZ, (c) TMB, (e) NHPI and (g) VIO in 1 M H,SO, solutions. Tafel
plot of the estimated linear region of the absolute kinetic current density vs. overpotential, from the Koutechy—Levich analysis of (€) TMB (f) NHPI and (h)

VIO in 1 M H,SO,.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H,-X system specifically, this work presents new organic elec-
trolyte chemistries and the highest cell voltages achieved to
date for a H,-organic RFC, and may lead to improvements
upon previous work in the energy density and overall round-trip
efficiency of the H,-X RFC.">'®

2. Results and discussion
2.1 Electrochemical characterisation

All of the molecules studied showed electrochemical redox
activity with good reversibility. The redox potential (E°) for each
of these positive electrolyte species was measured from the
centre of the cyclic voltammogram (CV) peaks shown in Fig. 2.
All CVs are plotted on the RHE scale, which corresponds to the
theoretical cell voltage of each H,-X chemistry. Also shown in
Fig. 2 is each structure of the reduced form of each of the
species, as interpreted from inspection of the UV-vis spectra
alongside existing literature (see Section 2.2).

The diffusivity coefficient (D) and the electron transfer rate
constant (k.) were obtained from rotating-disk electrode (RDE)
experiments, presented in Fig. 3, and the electrochemical para-
meters are presented in Table 1. The two heterocyclic amines
(ABTS and CPZ) both undergo extremely facile electron-transfers.
For both oxidation steps of ABTS and the single e~ oxidation of
CPZ, the reorganizational energy incurred is so inconsequential
that kinetically limited currents were indetectable by the RDE
method (see ESILT Fig. S1). However, the diffusivity of ABTS is
relatively sluggish, as D can be negatively affected by localised
charges and a large molecular mass. Perchloric acid was used as
the supporting electrolyte for ABTS because the product(s) of
ABTS oxidation were insoluble in 1 M H,SO,. The solubility
appeared to improve in 6 M H,SO, and this formulation could
be tested in a full cell (see Section 2.2), but the electrolyte formed a
precipitate slowly over time. The N-oxyl couples (NHPI and VIO)
were the lightest molecules tested (163.13 and 157.08 g mol '
respectively) and have the highest diffusion coefficients. On the
other hand, compared to the amine-centred redox couples (ABTS,
CPZ and TMB) the electron-transfer kinetics of NHPI and VIO
were found to be at least a factor of two slower, yet they were still
an order of magnitude faster than many (if not all) high potential
bicarbonyl- and quinone-based organic FB electrolytes."”

Table 1 displays the kinetic rate constant and the mass transfer
rate constant, which allow for the evaluation of the theoretical
“Intrinsic power” of any redox couple X. A hypothetical mass
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transfer rate constant k,, is derived from the following relation-
ship, using the experimental kp, (pe2+/pes) Of 1.4 X 102 cm s~ for
the flow of iron chloride in an RFB felt at a superficial velocity of
1 cm s~ "> The notional mass-transfer coefficient ky,x of any
positive redox couple X was derived as shown in eqn (1), in which
the diffusion coefficients of Fe*>*/Fe** (mean value) and of X are
represented by Drez+/pes+ and Dy, respectively.

km.(Fe2+/Fe3+)

2/3
(DF52+/F63+ )

For a fixed overpotential (when j = j, and « = 0.5), the iR-free
current consists of two terms, as shown in eqn (2) below, where
Jx is the notional current density of any positive redox couple X,
n is the stoichiometric number of electrons transferred, F is the
Faraday constant, k. x is the standard kinetic constant of X and
c* is the bulk concentration of X at 100% state-of-charge.*

kmx = x (Dx)*? (1)

1 1 1
]; B nFke xc* + nFky xc*

(2)

In the case that the kinetics are too facile to be measured by
the RDE method, we assume 1/k. x = 0. The influences of both
rate constants can therefore be consolidated into a composite
rate constant (kcomp,x) s SO

1 1 1

= 3
kex  kmx )

kCOmp,X

The term kcomp is therefore a single rate constant that
incorporates both k. and D. The other key metric of a FB
electrolyte is the specific energy density (Ey), which in the
H,-X system is the product of the potential (E° vs. RHE) and
the specific capacity (C/A h L™"). Plotted against one another,
we can find the theoretical Joules per second (or Power)
imparted from the positive electrolyte. This intrinsic power
(Pintrinsic) is defined in eqn (4).

Pincirinsic.x (X3.6 W em™?) = keompx (cm s )-Ey (Wh L)

4)

This is a useful comparator as we can extrapolate the relative
merits and shortcomings of new FB electrolyte candidates from
experimental data collected at very low concentrations. To do
this, we have normalised the concentrations to 1 mol L%,
which is equivalent to 26.8 A h L' per e . The end results

Table 1 Measured electrokinetic and transport parameters for 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), chlorpromazine (CPZ),
N,N,N',N'-tetramethylbenzidine (TMB), N-hydroxyphthalimide (NHPI) and violuric acid (VIO), assuming v = 9.55 x 107 and 1.23 x 1072 cm? s for

1 M HCIO4 and 1 M H,50, respectively?®2*

Supporting electrolyte ~ Evs. RHE/V ~ No.ofe”  D/10°cm®s™"  kn/10 °cms™'  kJ/10 2 cms™'  keomp/10 " cm s
ABTS' 1 M HCIO, 0.78 1 3.3 8.86 >10¢ 8.9
ABTS" 1 M HCIO, 1.26 1 3.3 8.77 >10° 8.8
CPZ 1 M H,SO, 0.80 1 4.5 10.8 >10° 10.8
TMB 1 M H,SO, 0.83 2 4.8 11.2 0.9 10.0
NHPI 1 M H,SO, 1.34 1 6.7 14.1 2.0 13.1
VIO 1 M H,SO, 1.16 1 5.7 12.7 2.8 12.2

“ Electrokinetics too fast to measure with RDE technique.**?**
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Fig. 4 Intrinsic power of organic redox couples in a hypothetical H,—X
RFC 1516:2426-28 ABTS: 2 2/-azinobis(3-ethylbenzothiazoline-6-sulfonate);
BQDS: 2-dihydrobenzoquinone-3,5-disulfonic acid; CPZ: chlorproma-
zine; MB: methylene blue; NHPI: N-hydroxyphthalimide; TMB: N,N,N’,
N’-tetramethylbenzidine; VIO: violuric acid.

are plotted in Fig. 4. ABTS, CPZ and TMB are highlighted in
blue and the N-oxyl couples NHPI and VIO are shown in green.

We have previously studied 1,2-dihydrobenzoquinone-3,5-
disulfonic acid (BQDS) and methylene blue (MB) in the H,-X
RFC, which achieved electrolyte concentrations of 0.65 M and
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1.2 M respectively.""® Tucker et al. investigated FeCl; and
Fe,(SO,); salts in a H,-Fe RFC, tested at 0.9 M and 0.7 M
respectively.?® These two RFB chemistries are also presented in
Fig. 4, at their theoretical energy densities. From this informa-
tion we can see that the rate constants of organic molecules are
either comparable to or exceeding that of typically used metallic
FB electrolyte ions of Fe and V. At concentrations of 1 mol L™,
the positive electrolyte capacities are all in excess of 20 Wh L™,
with TMB achieving a theoretical capacity of 44.5 W h L', TMB
also has the highest Piuinsic value, followed closely by VIO,
which although having a lower theoretical capacity makes up
for this deficit by having a higher composite rate constant.

2.2. Evaluation of H,-organic cycling in a full cell

All of the redox couples were tested in a flow cell at a
concentration of 5 mM in an appropriate supporting electro-
Iyte, using a constant charge-discharge current density of
5 mA cm 2, with a 300 s open-circuit intermission between
applied charge and discharge currents. The organic couples
were the capacity limiting component of the cells. Galvanostatic
cycling indicates the fade of the capacity-limiting electrolyte,
yet it is important to note that the state-of-charge (SoC)
achieved via this method can be subject to variations in the
cell resistance and may not be an accurate quantification of
capacity fade. To monitor the fade of relatively stable electro-
Iytes, potentiostatic holds to complete conversion may be

ol SO;3 SO3
; S e S S
-H",-e -e =
N . N . +N _
(a) ABTS ( _(?\J—NH eSS ( -(N_N+ ) — _(N= > E.°=0.78 V vs RHE
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Fig. 5 Determined redox reactions and potentials for (a) 2,2’ -azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in 1 M HCIO4, and (b) chlorpromazine
(CPZ), (c) N,N,N’,N’-tetramethylbenzidine (TMB),(d) N-hydroxyphthalimide (NHPI) and (e) violuric acid (VIO), in 1 M H,SO,.
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Fig. 6 RFC test of 5 mM organic in 100 mL electrolyte cycled galvanostatically at 5 mA cm~2 and in-operando recorded UV-vis spectra at key points
during the initial cycle of (a) and (b) ABTS, (c) and (d) CPZ and (e) and (f) TMB.

required. The UV-vis absorption spectrum (200-1000 nm) of the
electrolyte was monitored throughout the initial cycle using a
separate pumped electrolyte circuit (see ESL,1 Fig. S2). From
this information the initial structures in Fig. 5 of the organic
species participating in the redox reactions were inferred.

In neutral solution, ABTS dissolves as ABTS?". The oxidation
of ABTS®~ (colourless) to the radical ABTS®~ is a useful kinetic
probe due to the fast electron transfer in aqueous solutions.*
Scott et al. determined the pK, of ABTS®>~ to form HABTS™ to be
2.08, and the spectroscopic analysis (Fig. 6b) of 5 mM ABTS in
1 M HCIO, at the 0% state-of-charge (SoC 0) was consistent with
HABTS .*° ABTS®~ is a metastable radical, aqueous samples of

2592 | Energy Adv, 2024, 3, 2587-2596

which are often prepared the day before use, as they can be
stored overnight.*! It is possible that the comproportionation
reaction in eqn (R1), between unprotonated ABTS>~ and doubly
oxidised state ABTS®, complicates further oxidation.*

ABTS® + ABTS>” — 2 ABTS*~ (R1)

In solutions of 1 M H,SO,4, 1 mM ABTS requires a high scan
rate (or a sub-millimolar concentration) to see a cathodic peak
for the reduction of ABTS®, whereas in HCIO, both redox
processes are reversible.**° The cell potential vs. capacity
profile of 5 mM ABTS/1 M HCIO, in Fig. 6a indicates a possible
self-discharge of the doubly oxidised state, as the first half of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the charge process reaches a mass-transport overpotential
before the 1Cyne, point of 0.134 A h L. During cycling, spectra
appeared that were consistent with radical formation. However,
the radical spectrum fluctuated at low levels with maximum
intensities shortly after the charge starts and near %Ctheo and
did not linearly accumulate in the manner expected as though
it were the product of bulk oxidation (see ESI,{ Fig. S3).

When using 6 M H,SO, as the supporting electrolyte, the
H,-ABTS cell did not overshoot the theoretical maximum
amount of charge transferred for 2 e~ oxidation per molecule.
In the initial (SoC 0) spectrum, the characteristic HABTS ™ peak
was red-shifted to 294 nm with a shoulder at 285 nm. The
capacity attained at 5 mA cm ™2 was lower than in 1 M HCIO,,
but the whole cycle was completed in a similar timeframe
(56 min vs. 55 min) with a 92.7% coulombic efficiency, com-
pared to 45.8% for 5 mM ABTS in 1 M HCIlO,. The spectrum
recorded at the maximum state-of-charge achieved (SoC 1), was
characteristic of ABTS?, which notably was not apparent when
1 M HCIO, was used.?? It is important to note that the intensity
of this peak (imax = 516 nm) decayed by approximately ird in
the 5-minute open-circuit time period before the discharge
process began. As was also mentioned in the previous section,
after standing, the 5 mM ABTS/6 M H,SO, sample accumulated
dark blue precipitate (ESL Fig. S4).

The oxidation and reduction of CPZ in 1 M H,SO, is shown
in Fig. 2 by a reversible cyclic voltammogram, which has a
slight hysteresis possibly due to a layer of by-products that
formed on the glassy carbon electrode surface following the
oxidation of CPZ. The literature pK, of CPZ is 9.2-9.3, and so
under the acidic conditions of the H,—X RFC the amine side-
chain was considered to be protonated.**** The redox reaction
of CPZ to form CPZ*" at ~ 0.8 V vs. SHE is well-documented.®” It
has also been shown to have a proton independent potential
between pH 1.8-7.4, but that the temporal stability of the
radical improves at lower pH.*> A second oxidation with an
onset ~1 Vvs. RHE in 1 M H,SO, showed no cathodic current.
CPZ was therefore cycled in the cell with a potentiometric cut-
off of only 0.95 V, to prevent the second electrochemical
oxidation from occurring. The cell potential versus capacity
profile is shown in Fig. 6c. Upon charging, the in-operando
UV-vis spectra revealed the presence of a new species with a
peak at .y = 530 nm (Fig. 6d), which was characteristic of the
vibrant red CPZ** radical.>*3® For the full set of spectra
obtained during the charging step see ESIL{ Fig. S5. Despite
the low cut-off cell voltage, the CPZ charging process smoothly
surpassed the theoretical 1 e~ per molecule capacity of
0.134 A h L' (Cineo)- The absorption peak at /., = 530 nm
(assigned to CPZ*") decreased slowly after Cyeo, and then
decreased rapidly during the brief discharge process. The cell
potential was high as the discharge commenced, indicating
facile reversibility, however within a very short time the cell
appeared to reach a reactant mass transport overpotential as a
result of a low starting concentration of CPZ*". One explanation
for the poor cyclability observed is the disproportionation of
the radical in acidic solution as described in eqn (R2), which
has also been put forward by Zhang et al.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2 CPZ** — CPZ + CPZ* (R2)

Emergent peaks at 240, 300 and 340 nm develop throughout the
charging process, and are seen in the light blue spectrum in Fig. 6d,
recorded immediately after the galvanostatic charge process. These
three peaks are consistent with literature analyses of chlorproma-
zine sulfoxide (CPZO) absorption, and their intensity was unaffected
even after the discharge process, shown by the green spectrum.*
CPZ”" is thought to be reactive with water and quickly hydrolyses to
form the sulfoxide, as shown in eqn (R3).>>%*

CPz** + H,0 — CPZO + 2 H* (R3)

Therefore, it was shown that CPZ forms a significant amount
of an electrochemically irreversible by-product before either a
mass transport limit or the 0.95 V potentiometric limit was
reached. This appeared to be due in part to a disproportiona-
tion reaction of CPZ*", and only residual CPZ*" allowed for a
short-lived discharge current.

As shown in Fig. 6e, a H,~TMB cell could be cycled repeat-
edly and with a 99.8% discharge capacity retention over the
course of 10 complete cycles (fade rate ~0.2% day ‘). The
initial spectra of uncharged 5 mM TMB in 1 M H,SO, electro-
Iyte (Fig. 6f) showed a single absorption peak at Amax = 249 nm,
which was consistent with the literature reports of 250 nm for
the di-protonated TMBH,>* species.**™** The behaviour and
decay pathways of the oxidised states of TMB are dependent
upon the degree of protonation.*” The disproportionation of
the singly oxidised radical (TMB*") in acidic solution, as written
in eqn (R4), with an equilibrium considerably to the right, has
been documented in prior studies.** The thermodynamic
instability of TMB®" is also supported by the peak separation
of 29 mV in the CV of TMB in 1 M H,S0O, in this work (Fig. 2).

2 TMB** + 2 H" — TMBH,*" + TMB*" (R4)

When a 5 mA cm ™2 charging current was applied in the H,~
TMB cell, the TMBH,** peak linearly decreased and was
replaced by the characteristic spectrum of the TMB>* dication,
with a Anax = 465 nm, showing three isosbestic points at
approximately 216.5, 222 and 284 nm. No perceivable absorp-
tion that could be attributed to the TMB*' radical was
observed.”” A self-discharge reaction was evident from the
voltage profiles and the spectral transformation over time, yet
this could be largely mitigated by increasing the acid strength
to 6 M H,SO,, in which case the cell no longer over-charged and
the TMB*' absorption peak retained 99.5% of its ‘SoC 1’
intensity over 72 h, measured at 425 nm (ESL Fig. S6).

The initial (SoC 0) spectrum of 5 mM NHPI in Fig. 7b was
consistent with previous literature characterisations.'**> Dur-
ing charging, the electrolyte turned from colourless to yellow,
which is expected when the phthalimide N-oxyl (PINO) radical
is formed. It can be assumed that the majority of PINO
generated in the electrochemical cell also self-discharged to
NHPI, which accounts for the 460% overcharge seen in Fig. 7a.
No discharge current of the NHPI/PINO electrolyte was sus-
tained at a current density of 5 mA cm >, and the ‘Post-Charge’
spectrum in Fig. 7b characterises a degradation product.

Energy Adv., 2024, 3, 2587-2596 | 2593
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Fig. 7 RFC test of 5 mM organic in 100 mL electrolyte cycled galvanostatically at 5 mA cm™2 and in-operando recorded UV-vis spectra at key points

during the initial cycle of (a) and (b) NHPI and (c) and (d) VIO.

In MeCN, VIO has a Ay = 250 nm, which was also seen in
Fig. 7d for the spectrum of 5 mM VIO in 1 M H,0,.*> The
charged state (‘SoC 1’) exhibited a red-shifted spectrum with an
isosbestic point at 236.5 nm shared by the discharged and
charged electrolyte. A lower coulombic efficiency can be reason-
ably expected on the first cycle, to account for the residual
capacity in the depth-of-discharge attained at a fixed current
density. However, as shown by the cell potential vs. specific
capacity profiles in Fig. 7a, every charge of VIO was longer than
the discharge, indicating some temporal instability. The small
decrease of 9.7% in the discharge capacity over the course of 10
cycles (10.3 h) also indicates electrochemically irreversible
degradation (~23% day ).

Table 2 Positive electrolyte concentration and energy density achieved

Solvent Conc./M  No.ofe”  Ey(vs. Hy)) WhL™"
ABTS 1 M HCIO, n.a. 2
cpz 1M H,S0,  0.860 1 18.4
TMB  1MH,S0, 0.825 2 36.7°
6 M H,S0,  1.702 75.7
NHPI 1M H,S0,  0.008 1 0.27
VIO 1MH,S0, 0.033 1 1.0

@ This will be limited by the amount of H' in the acidic electrolyte
solution to produce H,.

2594 | Energy Adv., 2024, 3, 2587-2596

The final property to consider is the energy density that
organic electrolytes can achieve. The solubility of the starting
compound/organic salt in a solvent of acidic supporting elec-
trolyte can give an idea of the suitability of each in a purely
aqueous environment. Table 2 lists the maximum solubility
attained in a solvent of the supporting electrolyte used in the
tests in this work. Other than the molecular structure, the
solubility can also be optimised by varying the ionic strength,
temperature and counterion in some cases.

3. Conclusions

In recent years, a sizable collection of organic-based positive FB
electrolytes have been studied."® However, few have the requi-
site characteristics in terms of a high potential, stability and
other important parameters. Many of the candidates applicable
to the H,-X system are quinones or other bicarbonyl structures,
yet here we have exclusively looked at alternative redox-active
structural motifs to carbonyl-based couples.*®

As well as exploring new classes of organic molecules, it is
also crucial to consider the suitability of the supporting elec-
trolyte. As we have seen here and in our previous work, the
impact of modifying the composition or ionic strength can have
a drastic effect on the FB electrolyte characteristics, and should
not be overlooked.’® For example, it was found that TMB**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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appears to temporally decay to TMBH,>" in 1 M H,SO,, whereas
in 6 M H,S0, the absorbance (and therefore inferred concen-
tration) of TMB>" showed a decay of only 0.168% per day. As
was also previously mentioned, there is a pH-dependence to the
stability of CPZ*" and ABTS® ™, and due to the extremely facile
electrokinetics of these FB electrolyte chemistries the opportu-
nity to improve their stability should be considered. The cell
cycling performances and UV-vis spectra of H,-ABTS cells were
also thoroughly inconsistent between electrolytes with support-
ing solutions of 6 M H,SO, and 1 M H,SO,. Therefore, the
effects of acid composition and pH on the stability and rever-
sibility of promising organic electrolytes such as these provide
scope for future investigation.

To summarise, we have demonstrated that several high
potential FB electrolytes comprising of commercially promi-
nent organic molecules can be used for energy storage. Three of
the organic candidates investigated (ABTS, NHPI and VIO)
undergo highly reversible redox reactions at potentials of
>1.0 V vs. RHE. This corresponds to a higher cell potential
than the H,-V RFC system. The H,-VIO cell in particular was
shown to cycle with promising reversibility, and with a cell
potential only 0.1 V lower than the V-V symmetrical FB system.
Although it has only a 1 e mol ™" capacity, the VIO redox couple
has shown promising aqueous stability, and the high redox
potential proves that N-oxyl compounds can be suitable candi-
dates for acidic FB electrolyte systems. In practise, organic-
based FB electrolytes may help separate the overall CAPEX (per
kwWh) of EES from the value of non-abundant metals.

4. Experimental section

Electrochemical characterisation data was obtained using a
5 mm polished glassy carbon disk as the working electrode in
a rotor (Pine instruments), a graphite rod counter electrode, and a
saturated calomel electrode (SCE) reference or an in-house made
reversible hydrogen electrode (RHE) in a 3-compartment cell. All
results were recorded on a Autolab PGSTAT302N and corrected to
the RHE scale. Rotating disk electrode (RDE) measurements were
recorded at a scan rate of 10 mV s~ . All RDE data was iR and
background corrected. Cyclic voltammograms were measured at a
scan rate of 50 mV s~ and background corrected. Diammonium
2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate), N-hydroxyphth-
alimide and chlorpromazine hydrochloride (Sigma Aldrich),
N,N,N',N'-tetramethylbenzidine (Thermo Scientific Chemicals)
and violuric acid (Alfa Aesar) were used as received. Aqueous
electrolyte solutions of were prepared using 95% H,SO, (Norma-
pur, VWR) or 60% HCIO, (VWR) diluted with 18.2 MQ ultrapure
water from a Sartorius system. All 2- and 3-electrode measure-
ments were performed at room temperature.

Electrochemical flow-cell experiments were recorded using a
Scribner 857 RFB test station. Galvanostatic charge-discharge
cycles were performed using a 5 cm® cell at =5 mA cm ™2 to
the maximum possible depth-of-discharge within custom cell
voltage limits, using 100 mL electrolyte samples. 190 pm,
0.4 mgp, cm > electrode (ELE0201, Johnson Matthey Fuel Cells)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was used for the H,-side electrode, and 4.6 mm carbon felt
(Sigracell) for the liquid side, which was oxygen plasma treated
(Diener) immediately before use. For ABTS cell tests, Nafion 212
was pre-treated by soaking the membrane in 5% H,0, for 1 h at
80 °C. This was repeated with ultrapure pure water, then 1 M
H,S0,. For all other cell tests the phosphoric acid-doped PBI
(Celtec, BASF) membrane was used as received. The gaskets
(Tygaflor) ensured membrane electrode assembly was com-
pressed by ~20% with 4.0 N m applied torque to the 5 cm?
flow cell (Scribner Associates). Hydrogen gas was produced
from an electrolyser (60H-FUEL Hydrogen Generator, Parker)
and flowed at a 100 mL min~ ' constant rate using a H, mass-
flow controller (El-Flow Select, Bronkhorst) and the relative
humidity was set at 98-100% by flowing through a humidifica-
tion column (Perma Pure MH-110-12S-2). The positive electro-
lyte was flowed at a constant rate of 50 mL min~ ' and without
any protection from air. In-operando absorption spectra were
recorded on a UV-vis photospectrometer (Evolution 220,
Thermo Scientific) with a flow-through cuvette of 0.01 cm path
(48/Q/0.1, Starna) or a 0.2 cm cuvette (48-4/Q/2, Starna) for the
NHPI cell test, with the wavelength range of 1000-200 nm and a
frequency of 1 spectrum min~".

The maximum concentrations were determined from the
magnitude of the absorbance, within the calibration range (Fig.
S7, ESIT) of the absorbance. The peak absorbance was mea-
sured in a 1 cm path length quartz cuvette. Each compound/
organic salt was added to a supporting electrolyte solution until
saturation, at room temperature. The liquid phase was isolated
by passing the saturated mixture through a syringe-filter (PTFE
0.2 pum, fisherbrand) and was then diluted in 1 M H,SO, to
obtain a peak absorption within the calibration range, where
the Beer-Lambert law was applicable.
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