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ABSTRACT: Symmetric all-quinone aqueous redox flow batteries
(SQA-RFBs), in which the same quinone derivative is used as the
electroactive compound in the negative and positive electrolytes, ( =

Symmetric All-Quinone Aqueous Redox Flow Battery

I 4 |

thereby obviating the need for a species-selective membrane, have
been pursued as a potentially cost-effective and sustainable
technology for stationary-electrical energy storage. Molecular
decomposition during redox activity has frustrated all symmetric
organic aqueous RFB development attempts. We used in situ/
operando spectroelectrochemistry and density functional theory
calculations to demonstrate that during the redox reaction of
alizarin red S (ARS), a promising quinone for SQA-RFBs, :  stabiting gl A
intramolecular electronic oscillations form positively charged v P 4 xv@?
intermediates. Electrodes functionalized with net negative charge

stabilize these intermediates via a hybrid adsorptive—diffusive electrochemical reaction mechanism, thereby enabling the cycling of
the SQA-RFB. To understand the mechanism, spectroelectrochemical studies were performed on a series of electrodes with and
without this functionalization. We report the performance of the first membraneless SQA-RFB prototype, containing ARS in the
electrolyte storage reservoirs and instrumented with a reference electrode to evaluate the evolution of the half-cell potentials.

KEYWORDS: redox flow battery, quinone, symmetric battery, alizarin red S, carbon electrode

B INTRODUCTION

In recent years, renewable energy sources have emerged as a

highlighted trend for application in the field of energy

conversion in the environmental context of decarbonization

of energy industries with future near-net-zero emission
1,

targets.”~ Most renewable energy, however, suffers from

emerged in 2014, in which energy is stored in potentially
. . . . 10—12 P

inexpensive redox-active organic molecules. The limited
availability and high cost of vanadium, as well as safety
concerns, have limited the widespread deployment of
vanadium-based RFBs.'”'* Recent works have expanded the
discussions concerning RFB attributes, bottlenecks, and

intermittency due to the dependence on wind or solar cycles;
therefore, advances in the development of electrical storage
units are in demand.’”® These storage units are desirable to
supply grid leveling, complementing demand—response
applications and efforts to continental scale transmission, and
therefore of interest for eco-friendly and sustainable energy
generation matrices.

Among possible electrical storage units are redox flow
batteries (RFBs), which are electrochemical devices in which
electrical energy is stored and is converted to/from the
chemical energy of two chemical components stored in
external reservoirs and flown to the conversion cell during
cycling.”® The most heavily commercialized REB technology is
based on storing energy in four distinct charge states of
vanadium in a symmetric inorganic vanadium-bearing acidic
electrolyte, especially after the 1980s.” After decades of
vanadium-based RFB development, organic aqueous RFBs
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benchmarking, enabling advances in the field.”

Quinones show great promise for use in RFBs due to several
factors, such as (i) they are entirely composed of earth-
abundant elements, such as carbon, oxygen, and hydrogen; (ii)
their molecular properties can be tuned via molecular
engineering; and (iii) they have been demonstrated to act
effectively in negative electrolytes, with satisfactory stability,
solubility, and performance.'® Because quinones constitute a
class of metal-free molecules that comprise earth-abundant
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Figure 1. CVs of (a) bare GCE disc and (b) HEDGEs, in 1.0 mmol L™" ARS in 1.0 mol L' H,SO, solution (5 mV s™'), highlighting the
reversibility of the low-potential redox process and the strong dependence of the high-potential process on the electrode matrix. High-speed CVs
(1000 mV s™') of adsorbed ARS onto (c) GCE and (d) HEDGE, emphasizing additional intermediate redox processes seen only at high scan rates.
(e) Schematic of the redox interconversions of ARS from the fully reduced to the fully oxidized state. (f) MEPs of the three redox states of ARS
obtained through DFT calculations, colored to exhibit the charge concentration and charge localization differences. CVs of (g) bare Au electrode
and (h) Au/cys/MWCNT electrode in 1.0 mmol L™" ARS in 1.0 mol L™! H,SO, solution (5 mV s™'), indicating the electrostatic stabilization effect
of the negative charges (later shown being due to —COOH groups) onto the positive rings of the fully oxidized ARS, leading to the reversible redox

process and sharp peaks (electrostatic affinity).

elements, they provide potentially low-cost RFB energy storage
solutions.”'”'*'” More than 140,000 quinone pairs have been
computationally analyzed to identify ideal redox components,
suggesting that many quinones with low reduction potential
are stable.'® Additionally, molecular engineering strategies
show the possibility of fine-tuning the redox potential and
solubility through hydrogen interactions and substituent
modifications.'” In contrast, few high redox potential quinones
were predicted as stable against known decomposition
mechanisms. To date, no high-performance quinone-based
positive electrolytes have been demonstrated experimentally.
A symmetric all-quinone aqueous redox flow battery has
been envisioned, in which the same quinone derivative is used
in both negative and positive electrolytes; however, it has never
been demonstrated. A symmetric configuration, with identical
composition of the two electrolytes in the discharged state,
obviates the need for a permselective membrane, thereby
shedding its material cost and polarization overvoltage.
Residual crossover of species in their charged states becomes
merely an engineering problem of energy efficiency rather than
a contamination problem requiring chemical separation and
compromising long-term operational capability.” Several works
have discussed the structural and strategic details to obtain
bipolar redox-active molecules for a nonaqueous environ-
ment.”*~>* However, the decomposition of surface-unstable
quinone molecules to redox-inactive products via irreversible
side reactions on the electrode surface during the redox cycling
becomes a significant challenge in obtaining a SQA-RFB."®
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Recently, a symmetric anthraquinone solid battery with
alizarin red sulfonated (ARS) molecules (Figure 1) has been
demonstrated, in which ARS was incorporated into a
carbonaceous matrix immobilized on carbon-based electro-
des.”* ARS is considered an unstable redox molecule in
solution because the signal observed for the high-potential
redox couple exhibits a prominent oxidation peak but little or
no corresponding reduction peak. However, when ARS is
adsorbed onto the electrode surface, this abnormal behavior is
suppressed. It was hypothesized that ARS undergoes two
separate one-electron processes during oxidation and that, in
solution, the intermediate radical may diffuse away and
undergo subsequent degradation before experiencing further
oxidation to afford the stable tetraone form.'®***° Thus, the
formation of some hitherto unidentified radical intermediates
may be preventing reversible oxidation and reduction of the
high-potential couple.

Although many quinone derivatives can undergo thermody-
namically reversible proton-coupled electron-transfer reactions
in solution, we have recently shown that the electrochemical
reversibility of the high-potential redox pair of some of these
compounds is affected by their molecular structure as well as
by the properties of the electrode surface.”® Combining
experimental observations, molecular dynamics simulations,
and quantum mechanics calculations, we proposed that defects
with oxygen-containing functional groups, such as C—O and
C=0, on carbon-based electrodes afford greater stabilization
of unstable quinone/semiquinone radical intermediates on the
electrode’s surface.”® This result appears to be counterintuitive

https://doi.org/10.1021/acssuschemeng.3c08218
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because it is expected that quinones with negative net charge
would be repelled by negatively charged electrode surfaces
with oxygenated groups. As we show here, electrostatic
potential topology indicates a charge fluctuation effect (charge
polarization instability) on quinone derivative molecules under
electrochemical bias, which makes the aromatic rings remain
positively charged. Building upon this insight, we propose that
negatively functionalized electrodes can be designed to
correctly stabilize these intermediates, allowing the operation
of an ARS-based SQA-RFB. Here, we show how this can be
accomplished, using appropriate chemical treatment processes
for carbonaceous electrodes. We provide a detailed under-
standing of the molecular structures and processes involved in
ARS redox processes. Finally, we demonstrate the first
membraneless SQA-RFB prototype, improving costs from
conventional selective membranes,”””® and evaluate the
evolution of the half-cell potentials utilizing a reference
electrode.

Symmetric Quinone: The Origin of Charge Polar-
ization Instability. ARS contains two quinone functional
groups; hence, its cyclic voltammogram (CV) exhibits two
redox events, the first one at lower potentials (ca. —0.14 V),
assigned to the Cy ;o ARS group, and the second one, at higher
potentials (ca. + 0.85 V) assigned to the C,, ARS group. The
electrochemical reversibility of the redox event at high redox
potential is drastically affected by the structural and chemical
features of the carbon electrodes.”® To investigate the reasons
for this, we selected three different carbon electrodes to
explore the effects of the electrode material on the electron-
transfer kinetics and thermodynamics of ARS. A glassy carbon
electrode (GCE) and a high-edge-density graphite electrode
(HEDGE) are carbon-based materials with distinct features,
with the HEDGE having a higher density of structural defects
and oxygen functional groups than the GCE.*® As promising
electrodes for a RFB, we also studied HPCCE-5H, a flexible
and versatile carbon cloth with improved mechanical stability
and electrochemical performance compared to conventional
carbon paper electrodes.””*” All potentials described here are
reported against a Ag/AgCl/Cl™, reference electrode.

The CV of purified ARS on the GCE (Figure 1a, purification
details shown in Figure S1, CVs of all electrodes in 1.0 mol L™
H,SO, without ARS are shown in Figure S2) exhibits an
oxidation peak at —0.094 V and a major reduction peak at
—0.165 V, with a peak-to-peak separation (AE,) of 71 mV,
indicating quasi-reversible redox reactions along with mass
transfer. At high potentials, a prominent oxidation peak is
observed at 0.872 V, but only a barely recognizable reduction
peak is observed at 0.684 V, suggesting that the 1,2-quinone
group undergoes an irreversible electrochemical reaction. In
contrast, two well-defined reversible redox processes are
observed on the HEDGE (Figure 1b), with low-potential
peaks at —0.130 and —0.150 V (i.e, AE, = 20 mV) and high-
potential peaks at 0.842 and 0.825 V (PAEP = 17 mV). This
suggests improved stability of the oxidized molecule while
adsorbed to this electrode material. Additionally, the narrow
peak shape on the HEDGE suggests a strongly attractive
interaction of the adsorbed molecule to this electrode
surface.’’ These differences are related to the presence of
edge-like defects and the high amounts of C=0O and C-O
groups on the HEDGE, as previously discussed.”®

To observe the electron-transfer rates of the ARS, CVs were
recorded with a GCE and a HEDGE at high scan rates (Figure
Ic,d). We can see at least two additional redox processes at
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high scan rates, at half-wave potentials (E,;,) of 0.087 and
0.430V, intermediate between those of the two common redox
processes, which can be attributed to the formation of radicals
during the oxidation and reduction processes, as reported in
the literature on anthraquinone-based redox-active mole-
cules.'”**7** Based on the electrochemical and spectroscopic
data presented below, a mechanism evidencing the formed
radicals will be offered.

To provide further insights into the stabilization of adsorbed
ARS granting improved reversibility of the reactions (Figure
le), we performed computational studies on the electrostatic
potential topology, which is a powerful tool to probe molecular
interaction and reactivity,”> by generating surface potential
maps (MEPs) for the three redox states. The results (Figure
1f) show the evident negatively charged sites (red)
concentrated at the sulfonic acid and oxygen atoms of the
hydroxyl groups, which become even more negatively charged
as hydroxyls are oxidized to carbonyls. Interestingly, an
electrostatic trend is also observed in the aromatic rings. In
the reduced state, the three rings are slightly negatively
charged, and when Cy,,—OH is converted to C=0, the first
ring (R1) becomes slightly positive (blue colored), and the
second ring (R2) becomes more positively charged, which
matches the expected dipole induced by the carbonyls attached
to this ring. The third ring (R3) retains a negative charge, in an
opposite polarity from the first ring. This indicates that
changes in electrostatic interactions during the redox processes
could be the factor governing the stability of molecules on a
charged electrode. Additionally, the importance of the
presence of oxidized functional groups to drive a higher
affinity of the oxidized ARS, allowing the occurrence of the
reverse reduction process, is highlighted.

To further investigate this behavior and test the hypothesis
of the electrostatic-induced stabilization effect, we modified a
gold electrode, which cannot stabilize the oxidized form by
itself, as shown in the CV (Figure 1g). The gold electrode
modified with carboxylated multiwalled carbon nanotubes
(MWCNTs) and cysteamine provides (i) diffuse-positive
charges to stabilize the negatively charged rings in the reduced
state, (ii) also negatively charged carboxylates for the oxidized
ARS via —COO~ groups in the MWCNTs, and (iii)
MWCNTSs have been shown to provide adsorption-based
stabilization of anthracenes via strong and long-displacement-
range aromatic 7-stacking interactions,”®*” which is once again
desirable. The CV results (Figure 1h) indicate that an
electrostatic stabilization, later shown as being due to
carboxylates, plays a major role in the reversibility of the
high-oxidation-state form of ARS, confirming our hypothesis.
Furthermore, differential pulse voltammetry (DPV) indicates
that the high density of negative functional groups in the
electrode material allows the visualization of additional redox
peaks at 0.113 and 0.425 V (Figure S3), which is provisionally
understood to be the semiquinone radical electron-transfer
process and was only seen during fast-scan voltammetry
(Figure 1lc,d), at similar potentials; the DPV suggests that the
main peaks correspond to a one-electron process, which
reinforces the idea of radical stabilization requirements for
improved redox reversibility of the quinones. The appearance
of these redox processes highlights the importance of a tailored
interaction between the electrode and the redox-active organic
molecule.

Because the manipulation of HEDGEs for a RFB suffers
from the lack of mechanical flexibility and brittleness of the

https://doi.org/10.1021/acssuschemeng.3c08218
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Figure 2. a) Oxygen ls XPS spectrum of HPCCE-SH, emphasizing the presence of surface-oxidized groups as organic C—O and C=O0. (b)
HPCCE-5H FTIR spectra with deconvoluted bands of the main carbon—oxygen functional groups, emphasizing the presence of oxidized groups as
carboxylic acids, with a minor hydroxyl content. (c) CV of HPCCE-SH fibers in the presence of ARS (1.0 mmol L™" ARS solution in 1.0 mol L™"
H,S0,), scan rate of S mV s™'. (d) Peak potentials as functions of the log of scan rate for the low- and high-potential redox pairs, for the
heterogeneous electron-transfer rate constant calculation through the Laviron model. (e) In situ ARS FTIR spectra collected from —0.2 to +1.0 V,
employing a polycrystalline gold electrode in acidic medium (0.1 mmol L™" ARS solution in 1.0 mol L™' H,SO,), with a black-red color gradient
indicating the redox potential from most negative (black) to most positive (red) potentials; additionally, a rainbow color gradient indicates most
vibrational active (blue) and inactive (red) portions of the molecules corresponding to the vibrational modes at each band, as calculated through
DFT; larger image in the Supporting Information. (f) Nernst-fitted functions for main excited state (223, 266, and 429 nm) transitions in the in situ
electrochemically coupled electronic spectroscopy, depicting high dependence of the transitions to the redox state. Here, the electronic transitions
are monitored concomitantly/real time to the potential sweep. (g) In situ UV—vis spectroscopy of ARS (1.0 mmol L™ ARS solution in 1.0 mol L™*
H,S0,), collected at increasing potentials from —0.2 to +1.2 V, with main molecular orbital transitions represented as calculated through TD-DFT
(see the Supporting Information for additional details) for each peak; an enlarged and more detailed version of 2 g is shown in the Supporting

Information.

electrode, we employed a flexible carbon-fiber-based electrode,
viz, HPCCE-SH, after a chemical treatment, discussed in
detail in the Supporting Information file (Figure S4), to install
carbonyl groups. Its X-ray photoelectron spectroscopy (XPS)
analysis revealed the presence of both C—O and C=0 at the
surface (Figure 2a; XPS of pristine fibers in Figure SS, lacking
significant C—O content). The Fourier transform infrared
(FTIR) analysis of the treated carbon fibers (Figure 2b) also
shows the presence of oxygenated groups, as can be seen from
the modes of vc_oy at 3500 cm™ which are decreased mainly
due to the formation of carboxylic acids, indicated by the
modes vc_g at 1750 cm™ and v_g at 1190 cm™.

Oxygenated functional groups are introduced on the surfaces
of carbon cloth by chemical treatment, corroborating the fact
that this feature plays an important role in the ARS electron-
transfer kinetics.”” We infer that these functional groups can be
crucial contributors to interactions with the ARS functional
groups and the aromatic rings because they enable charge
balance for enhanced adsorption stability. Reversible electro-
chemical redox behavior of ARS is also observed on the treated
HPCCE-SH fibers (Figure 2c), with two well-defined redox
couples at lower (E,, = —0.137 V) and higher potentials (E,/,
= —0.785 V), suggesting a quasi-reversible electrochemical
reaction involving both quinone groups, with a mass-transfer
contribution.

In order to show that the redox processes are associated with
a stabilized surface instead of diffusional events, we performed
CV scans at 1 and 0.01 V s™" using a 1000x dilute (10 pmol
L™") ARS solution, Figure S6, showing that without favorable
mass-transport conditions, the low- and high-potential pairs are
only seen at high scan rates, which favors surface-associated
redox processes instead of the diffusional ones. The square
wave voltammogram at the micromolar regime shows the
oxidation and reduction of the low- and high-redox pairs at
both the forward and the backward waves, in agreement with
Figure S3. This highlights that efficient reversibility is
associated with surface-driven redox events.

The oxidation and reduction heterogeneous rate constants
are prominently higher on electrodes containing greater
amounts of structural defects and oxygenated functional
groups, such as HEDGE and HPCCE-SH (Figure 2d and
Table S1) than on GCE (Figures S7 and S8 and Table S1), as
indicated by the experimentally obtained heterogeneous rate
constant through the Laviron method (i.e.,, E — E%vs log v, see
the calculation in the Supporting Information, Section S4). In
our measurements, ARS adsorbed onto HPCCE-SH presented
heterogeneous rate constants of ke, = 21.22 = 9.51 s7,
kiegjow = 16.62 £ 9.37 7' and Koy pgn = 42.66 + 1143 57,
Krednigh = 14.23 & 6.91 s~! for the low- and high-potential pairs,
respectively, which are up to 20-fold higher than those
parameters obtained with a GCE. For reference, CV signatures
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of GCE, HEDGE, Au, and HPCCE-5H in N,-saturated H,SO,
without ARS are shown in Figures S9 and S10. It is worth
emphasizing the importance of the chemical treatment of the
carbon fibers to increase the oxygen content, as shown by XPS
spectroscopy data, and to improve the pristine HPCCE-5H’s
poor surface capability to stabilize oxidized ARS (evidenced in
Figure S11).

Engineering Electrodes for Intermediate Stabiliza-
tion. The in situ FTIR spectroelectrochemistry provides
pivotal information concerning molecular groups’ fingerprints
at distinct electrochemical potentials,”*”*” using HPCCE-SH as
the electrode material in a 1.0 mmol L™" ARS solution in 1.0
mol L' H,SO,. To facilitate the understanding, we split the
analysis into two parts: (i) functional groups and (ii) aromatic
backbone modes. The analysis is discussed with attributions
based on density functional theory (DFT) calculations;
additional details are present in the Supporting Information
and in the FTIR calculated spectra in Figure S12.

When the potential is swept toward more positive values
(i.e, increasingly oxidizing), Figure 2e indicates that C=C
stretching modes of the anthraquinone moiety coupled to the
Cy910—OH bending modes decrease in two sequential
processes: one at less positive potentials with a smaller
decrease in absorbance (ca. 1590 cm™'), which indicated the
oxidation of the reduced state to an intermediate state with the
conversion of Cyo—OH to Cg,,=0, preserving the hydroxyl
groups at C;,. The second process at higher potentials induces
a complete decrease in absorbance (a negative band) due to
the formation of carbonyl groups at C, ,. This process is strictly
linked to the positive band at 1670 cm} indicating inverse
behavior, with a smaller increase at the same lower potentials
of the first process due to the formation of C,,, carbonyl
groups and the second process with higher absorbance when
the ARS is fully oxidized, and 1,2-C hydroxyl groups are also
converted to carbonyl groups. Through DFT computational
calculations, distinct portions of the molecules were shown to
be vibrationally active at each vibrational mode and
represented by gradient coloring (Figures 2g and S12).
Using this approach, we can incorporate vibrational activity
information into each molecular state, enabling the visual-
ization of localized displacements that correlate with the
electrochemistry and electronic spectroscopy; this will be
presented in the next section.

Additionally, as shown in Figure 2e, the reduced form of the
aromatic molecule has more active stretching modes in the first
and second rings, ca. 1600 cm™". The absorbance decreases in
the oxidized form, while a new backbone vibrational coupled
mode appears at ca. 1670 cm™', with an intense vibrational
activity of the two aforementioned rings coupled to a new
stretching mode at R2 and R3. Here, again, the bands
corresponding to the intermediate form of the ARS lie between
the bands of the fully reduced and oxidized forms of the redox
molecule.

These data indicate that the redox two-step sequential
conversion of hydroxyls to carbonyls occurs and that critical
changes to the aromatic rings could play a role in the molecular
stability.

After the second redox process, when C,,—OH groups are
converted to C=0, the positive potentials at R1 and R2 are
intensified, while R3 also becomes significantly positive,
especially close to C,,. This once again corroborates with
the FTIR vibrational data of the backbone and suggests
electrostatic requirements to stabilize the adsorbed positively

charged oxidized molecule, which is an effect that has been
poorly explored in the literature thus far. This could, naturally,
mean that negatively charged functional groups on the
electrode’s surface, like carboxylates, interact with the positive
aromatic rings and prevent desorption, leading to a reversible
process, as in HEDGE (Figure 1b) and confirmed in Au/cys/
MWCNT (Figure 1f). Naturally, the lack of reversibility when
an electrode cannot stabilize the oxidized state is also observed
in the in situ vibrational studies, as shown for gold electrodes
in Figures S13 and S14, in which the main bands of the fully
oxidized form are maintained even during reduction. For
reference, the solid ARS FTIR spectrum is shown in Figure
S15, and the attributions are listed in Table S2.

The study of redox processes can also be complemented by
in situ electronic spectroscopy (Figure 2f,g, setup shown in
Figure S16, see enlarged UV—vis in Figure S17) and
computational modeling probing the molecular orbital
transitions via time-domain DFT (TD-DFT) calculations
(Figure S18); here, H and L correspond to HOMO and
LUMO, respectively. The bands at 266 nm (H — 1 - L + 1)
and 385 nm (H — L) in the reduced state disappear after
oxidation at ca. —0.10 V (negative peak equals absorbance
signal loss), and new bands appear at 680 nm (H — L), 431
nm (H-—2-1),312nm (H-4—L),and 223 nm (H — 2
— L + 2). The molecular orbitals clearly depict a higher degree
of n-bonds and symmetrical character in the reduced and
intermediate states, matching the higher content of 7 electrons
from the rings without the electron-withdrawing effect from
the carbonyls formed after the oxidation. At the same time, the
electronic spectroscopy of the fully oxidized form of the
molecule contains an interesting amount of o character,
predominantly localized in the third ring (see H, H — 2-to-L
transitions, Figure S18), in conformity to FTIR and DFT data.
The presence of this ¢ character in the molecular orbitals
probably plays a role in the oxidized molecule’s sensitivity to
degradation, which was reported elsewhere in cases where the
oxidized form is not stabilized via electrostatic interactions, as
via 1,4-addition through a nucleophilic attack, dimerization,
and even oligomerization in other quinones.'®*>*" The
molecular orbitals (MOs) of the intermediate ARS form are
present as shifted bands, such as the 7—z* transition bands at
230 nm (H—2 - L + 1) and 400 nm (H — L).

In situ electronic spectroscopy coupled to the electro-
chemical setup indicates that the H — 2 — L + 2 transition
with & content only appears after ca. 0.75 V (Figure 2g), it is
therefore exclusive for the fully oxidized form. The H and H —
2 orbitals depict extensive ¢ character at the third ring and at
the second to a lesser extent, showing how the oxidized form of
the high-potential pair is more unstable due to the charge
concentration and the electron pulling from the two new
carbonyls formed, which is consistent with the mechanisms
and instabilities described in the literature. The same is
observed at 430 nm, where the first oxidation produces an
increase in the intensity of the 7—z* band of the intermediate
form, with MOs localized primarily at the second and third
aromatic rings, and the high-potential oxidation process
reduces the intensity of this transition concerted to an induced
o content.

The same logic can be employed in the reverse potential
sweep direction, i.e., from more positive to negative electrode
potentials, to investigate the reduction processes. However,
because gold cannot stabilize the oxidized form, it is expected
that the FTIR and UV—vis should not be simply the reverse of
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Figure 3. Proposed mechanism for the (a) sequential two coupled —le™/—1H" oxidation of ARS, from the intermediate to the fully oxidized form;
(b) four sequential coupled +1e”/+1H" redox processes to form the fully reduced species; (c) generic numbering of relevant atoms (in red,
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molecular transformations. Abbreviations “sol” and “ads” stand for species in solution and species adsorbed onto the electrode surface, respectively.

those previously shown. The redox irreversibility at gold can be
observed by in situ electronic spectroscopy, in which the
potential sweep starting at high potentials toward the negative
direction induces an increase in the 7—z* transition at 266 nm,
which is characteristic of the reduced form of ARS; however,
the intensity of the 218 nm band (characteristic of the o-
containing MO of the oxidized form) decreases only slightly,
suggesting that a major fraction of the oxidized ARS cannot be
electrochemically reduced at the surface.

A similar electronic spectroscopy study was performed
employing the flexible fibers HPCCE-SH (Figures S19 and
S20), with the same attribution of the bands, as shown in
Table S3. In this case, the reversibility of the high-potential
redox process is due to the stabilization of the electrostatic
charge as the third ring interacts with the oxygen content in the
fibers, thus preserving the spectroscopic signature in the
reverse scan (i.e., from the oxidized to the reduced states).
This is presented as a broadening in the UV region, and overall
hypsochromic shift, once again corroborating the loss of
conjugation by the fraction of nonreduced molecules.

General ARS Redox Mechanistic Considerations. The
association of in situ vibrational and electronic spectroscopy,
coupled with electrochemical control and DFT calculations,
allows us to propose the following redox mechanism.

We propose that the net redox mechanism involves two
steps. The oxidation of the intermediate form comprises the

11493

oxidation of the hydroxyl group at C,; (Figure 3a), involving
the loss of 1e”/1H" via a radical electron-transfer step favored
by the electrode surface. The stability of the radical, by
resonance, favors the immediate and subsequential loss of
another le”/1H" at the hydroxyl group at C, to form the
completely oxidized form, in a net reaction involving —2e™/—
2H" transfer, as observed in the potentiodynamic scans (Figure
1c,d). The two reduction steps, shown in Figure 3b, involve an
initial reduction of C;, in a +1e”/+1H" process of high redox
potential at the carbonyl oxygen to form a radical intermediate,
which then faces another +1e”/+1H" redox process to form
the Alizarin Red S molecule. The second, low-potential,
reduction of ARS at the carbonyl oxygen at C,, strongly
stabilized by resonance, sequentially drives the reduction of the
radical intermediate at the carbonyl oxygen at C,, affording the
completely reduced form. Additionally, C—O bonds are
strongly polarized toward oxygen (electronegativity of C =
2.55 vs that of O = 3.44) and are directly related to the C—O
bond length. The four C=O0O double bonds at C,, C,, Cy, and
Cy in the fully oxidized state are shorter (123 pm) than the 4
C—O single bonds at the same atoms (147 pm) in the fully
reduced state. As a result, the C=O bonds in the oxidized
form are more polarized toward the oxygens than the C—O
bonds in the reduced one; consequently, the electronic density
(6—) is more localized toward oxygen, deactivating the
aromatic rings more (6+) and matching the results observed
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in Figure 1f. The proposed mechanism provides evidence for
the requirement of proper electrode design to stabilize the
radicals, and especially, the deactivated and positive R3 ring.

Designing a Symmetric Quinone Aqueous Redox
Flow Battery. Considering the previous conclusions, we
employed electrode engineering to fabricate a SQA-RFB with
HPCCE-SH as cathode and anode electrode materials. A
porous cellulose separator was employed instead of an ion-
exchange membrane. The separator was previously tested for
ARS crossover (>24 h) under forced convection (see Figure
S21). The potentials of each side of the battery, as well as the
overall cell voltage, were continuously measured by real-time
multipotentiometry monitoring (Figure 4a).

Although the HEDGE offers the best results to enable the
high-potential redox pair reversibility, its application in a RFB
hardware is not practicable. Therefore, we used HPCCE-SH, a
carbon cloth, as the electrode material on both negative and
positive sides. As on HEDGE, the fibers that form the carbon
cloth display C=0 and C—O groups on their surfaces after
chemical oxidation treatment (see Section S1.3 in the
Supporting Information). Additionally, it is a more robust
material than the often-employed conducting carbon papers
like SGL 39AA because the latter suffers from surface cracks
and chemical modification, especially by operation at the
negative electrode,’’ compromising the mechanical and
chemical stabilities of the material in a short time span.’
Thus, a SQA-RFB was assembled using ARS (10 mmol L™!
ARS in 1.0 mol L™ H,SO,) as positive and negative
electrolytes (Figure 4b,c), in the discharged state (ARS in a
partially oxidized form).

Through multipotentiostatic real-time monitoring, we were
able to fully investigate both negative and positive electrodes,
as well as the entire battery, while the SQA-RFB was subjected
to charge and discharge cycles. With that, the potential of the
positive (E,) and negative (E_) electrodes could be measured
separately and concomitantly to the cell voltage. After charging
until reaching 50% state of charge, charge and discharge cycles
were executed in the galvanostatic mode at a constant current
of £1.61 mA cm™ and potential cutoffs equal to 0.0 and 1.2 V.
The REB cycling shown in Figure 4d implies that (i) separate
and reversible defined Faradaic processes occurring at each
electrode, (ii) a maximum cell voltage of ~1 V represented by
the difference between E, and E_ at the quasi-linear region
(dv/dC =~ 0), (iii) lower voltages at the negative redox side
suggest room for molecular engineering to enlarge the
potential window and cell voltage, and (iv) there is a limiting
negative electrode service range (blue dashed line) indicating
partial loss of molecules after each oxidation at E_, i.e,, not all
molecules oxidized are subsequently reduced; this comes from
the fact that redox processes occur in a stable battery when a
peak in differential capacity happens and when this parameter
drops after the peak a new—parallel—process begins, such as
solvent electrochemical decomposition; the dashed line
corresponds to the potential of constant differential capacity;
in summary, the negative side is limiting the battery due to
material depletion (diffusion loss) that is lost at the positive
side. Finally, (v) continuous capacity fading due to probable
decomposition after the formation of the ARS fully oxidized
form, also seen in Figure 4e. The internal resistance was
measured as 0.44 Q (see Figure S22).

In this study, new insights into the lack of stability of the
fully oxidized state are achieved, which are shown to be
responsible for the impossibility of developing SQA-RFBs to
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Figure 4. a) Schematic of the ARS symmetric RFB operated under
galvanostatic regime and monitored with a multipotentiostatic real-
time setup, with a single pseudoreference electrode at the separator as
a common reference for both electrodes; ARS 10 mmol L™ in 1.0 mol
L' H,SO, in both fluid compartments; (b) 3D schematic view of the
cell assembly, comprising the electrodes and cellulose separator,
identical flow fields, current collectors, and end plates; a
pseudoreference electrode is also implemented, enabling the measure-
ments of potentials relative to the respective electrode; and (c) half-
cell photograph, with the HPCCE-SH fiber mesh positioned under
the gasket frame (center). (d) Real-time and concomitant cell (black),
negative (pink), and positive (red) electrode potential measurements
during charge—discharge cycles at 1.61 mA cm™> with the HPCCE-
SH electrodes employed on both sides; the gray dotted line indicates
0V for visual reference, and the blue dashed line points the low limit
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Figure 4. continued

service potential range delimiting the overrun toward a parallel redox
processes; cycle number on top, dark blue; cell voltage reported as a
two-electrode configuration, while E, and E_ are reported versus the
pseudoreference; (e) charge black (e) and discharge ash (e)
capacities and Coulombic efficiency red (e) vs cycle number. (f)
Charge and discharge capacities for the RFB without the electrostatic
stabilization for comparison.

date. Here, the electrode engineering enabled the high-
potential pair redox process to occur with higher reversibility,
although in demanding forced mass-transfer conditions, the
Coulombic efficiency is still refinable (= 65%, Figure 4e). The
theoretical capacity for this battery is 38.60 C. The flow rate
was previously optimized though a step potential polarization
method (Figure $23).

For comparison, the performance of a RFB with bare
HPCCE-SH electrodes without the electrostatic stabilization
capability is also studied. The impedance spectroscopy result
of two systems is shown in Figure S21, in which the electrode
chemical treatment diminishes the resistance by ca. 2.3X, and
the overall data suggests a much higher charge-transfer
resistance without the surface stabilization. The charge—
discharge from this system shown in Figure 4f depicts a ca.
10X reduced initial charging capacity with virtually zero
discharge capacity compared to the RFB with the stabilization
capability. The efficiency starts at 14.2% and raises to almost
40%; however, this is a mere artifact due to the almost constant
discharge capacity values. These were at the minimal of the
potentiostat sampling (difficulty to measure a smaller charge)
combined with the diminishing charge capacity, leading to
higher apparent values. The comparison of Figure 4ef
indicates how the stabilization effect enables the cyclability
of the ARS from zero cycles to over 15 cycles despite the still
improvable performance. Figures S24 and S25 show the cycle-
per-cycle capacity loss for both systems and the V—C curves,
respectively.

Despite the prototype SQA-RFB still requiring future
improvements for higher efficiency, the achieved stabilization
of high-potential redox pairs promotes the first report of a
cyclable RFB, with no other viable strategies shown to date.
This opens room for exciting next steps in order to improve
the system for operational applications.

B CONCLUSIONS

In conclusion, this study provides insights into the electro-
oxidation of ARS from its intermediate oxidation state to its
highest oxidation state, proceeding by two distinct one-
electron, one-proton processes, and the radical formed by
the first such process is unstable. The mechanism is consistent
with the results of electrochemical and in situ spectroelec-
trochemical measurements, further supported by DFT studies.

Installing carboxyl groups on carbonaceous electrodes
greatly enhances the reversibility of the electrochemical
oxidation of ARS to its highest oxidized state. Through
DFT-generated MEPs, we show that the rings in the
intermediate and fully oxidized states of ARS retain positive
electrostatic charge, allowing their adsorption and stabilization
by nucleophilic groups on the electrodes.

Furthermore, we report the first demonstration of a cyclable
SQA-RFB with ARS in both electrolytes, separated by only a
cellulose porous separator, and Faradaic processes driven on

both sides by HPCCE-SH electrodes engineered to compre-
hend net negative charges needed for electrostatic stabilization.

Overall, this work highlights the importance of under-
standing molecular electrostatics and molecular stability during
redox processes and electrode engineering to enhance stability
in the design of future RFBs. This, thereby, opens vast
possibilities for efficient, stable, and low-cost symmetric RFBs.

B EXPERIMENTAL SECTION

Electrochemical analysis was performed employing an Autolab
PGSTST128N (Metrohm), using Ag/AgCl/Cl, as the reference
electrode and a Pt plate as the auxiliary electrode. Working electrodes
consisted of Au disk, GCE, HEDGE, or HPCCE-SH fibers, following
pretreatments as discussed in detail in the Supporting Information file.
ARS solutions were characterized by NMR, and ARS solutions were
filtered with a syringe filter to remove eventually insolubilized
particles.

FTIR data was collected using a Bruker Vertex 70v spectrometer,
with accumulation of 32 scans, 4 cm™! resolution, and, for the in situ
experiments, a 300 s stabilization time at each potential was used.
Potentials ranged from —0.20 to +1.20 V in 1.0 mol L™ H,SO,
containing 1.0 mmol L' ARS. See the Supporting Information file for
additional information.

UV—vis spectroscopy was performed using a Jasco V-670
equipment in the range of 800—200 nm, with a 1 cm path length
quartz cuvette; in situ experiments followed the same protocol
described for the in situ FTIR.

The redox flow battery assessment was performed using a solution
of 10 mmol L™ ARS in 1 mol L™" H,SO, as an electrolyte in both
compartments, a stack of § cm? treated (or untreated, for control
experiments) HPCCE-SH fibers as electrodes for the anode and
cathode, and a commercial cell with a serpentine flow field. Direct
contact of redox species was prevented by using a simple dialysis
separator. The measurement of each electrode potential as well as the
overall battery potential difference was enabled due to an additional
Ag/AgCl pseudoreference wire attached to the dialysis separator.
Please check the Supporting Information file for additional
information.

Computational modeling was performed using Gaussian 09 and
Orca 4.2, and specifications of the molecules, calculations, and data
analysis are discussed in the Supporting Information file.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c08218.
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