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Aqueous organic redox flow batteries (AORFBs) hold great promise for large-scale energy storage, particularly in
integrating renewable energy into the grid. However, their development is constrained by the scarcity of efficient
posolytes. This study opens a new pathway for advancing AORFBs by unlocking the potential of porphyrins as
active electrolytes. Despite their promise, the electrochemical stability of porphyrins in aqueous environments
has been a critical challenge. To address this issue, we propose the porphyrin metalation with Zn to allow the
redox reaction within the water potential window and the optimization of the electrolyte to enhance the
durability of porphyrin in n-cations formed during oxidation. We introduce an efficient synthesis method for
obtaining zinc porphyrin (ZnTPPS) and demonstrate that its stability and redox reversibility can be significantly
improved in mildly acidic buffer solutions. When paired with 1,1'-bis(3-sulfonatopropyl)-viologen as the nego-
lyte, the resulting AORFB achieved a stable capacity of approximately 500 mAhL ™! over 100 cycles, with nearly
100 % coulombic efficiency, reflecting superior electrochemical performance. These findings position ZnTPPS as

a novel and promising posolyte, paving the way for more efficient AORFB systems.

1. Introduction

Renewable energy systems are essential for reducing the carbon di-
oxide emissions associated with electricity generation [1-5]. However,
the intermittent nature of sources such as solar and wind presents
challenges for large-scale energy storage [6,7]. Redox flow batteries
(RFBs), which store electroactive species in two separate tanks to
decouple energy and power, are well-suited for grid-scale energy storage
[8-16]. Traditional, first-generation RFBs primarily rely on transition
metal-based electrolytes, such as vanadium, a relatively established
technology [17-20]. However, their widespread use in large-scale
storage is limited by issues, including the high cost and scarcity of
active materials, corrosive and hazardous electrolytes, and the crossover
of active species through the membrane [21,22].

Aqueous organic redox flow batteries (AORFBs) exploit the revers-
ible redox reactions of organic and organometallic compounds, making
them suitable candidates to address issues related to vanadium-based
RFBs [23-28]. Organics-based active materials are derived from earth-
abundant elements and are cost-effective, and their large size miti-
gates crossover issues [29]. Additionally, using water as a solvent avoids
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unsustainable and flammable organic solvents.

Many redox molecules, such as quinoids, flavin, alloxazine, phena-
zine, and viologen derivatives, have been extensively developed as
negolytes [30]. The first reported organic active materials for aqueous
RFBs were quinoids like 1,2-dihydrobenzoquinone-3,5-disulfonic acid
(BQDS), 1,4-dihydrobenzoquinone-2-sulfonic acid (BQS), and
anthraquinone-2,7-disulfonic acid (AQDS) [31,32]. However, to
enhance the electrochemical performance of these quinoids, highly
acidic HySO4 solutions are required [33,34]. Viologen derivatives
possess fast redox kinetics, high redox potential, water solubility, and
excellent stability at neutral pH, attributed to trimethylammonium
groups on the viologen core [35-37]. Due to these properties, they have
been used as best-performing negolytes in neutral-based systems
[26,38-40]. While significant progress has been made in developing
stable and water-soluble anolytes for AORFBs, most catholytes’ redox-
active species are limited to ferrocene and 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO) derivatives. These species are promising candi-
dates for pH-neutral AORFBs, but their stability under operating
conditions remains limited [36,41]. Compared to ferrocene, TEMPO
offers a higher redox potential (~ 400 mV) for achieving high energy
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and power densities in RFB systems [42]. Despite these advantages, the
charge-neutral nature of 4-hydroxy-TEMPO leads to crossover contam-
ination, causing battery capacity decay. Molecular modifications, such
as introducing a positively charged ammonium group, have been re-
ported to improve the stability of TEMPO-derivative redox-active spe-
cies [42,43]. However, the modified TEMPO mono-cations’ chemical
stability and crossover issues lead to poor cycling performance [44].
Investigating new cost-effective redox-active materials that meet high
activity and performance durability is critical to developing AORFB
systems.

Recently, few studies have reported the potential of porphyrinoids
for application in non-aqueous organic RFBs [45-47]. The cost factor
and scalability of porphyrin-based systems have significantly improved
over time, primarily due to advancements in synthetic methodologies
and the expanding applications of porphyrins across various fields.
Historically, synthesizing porphyrins was expensive, limiting their
widespread utilization. However, innovative approaches such as
mechanochemical synthesis [48], continuous flow of reactants into the
heated reactor [49], and the introduction of novel catalysts and one-pot
synthesis methodologies have further optimized the synthesis of por-
phyrins, reducing costs and enhancing scalability [50,51]. Furthermore,
the broader applicability of porphyrins in various fields has also
contributed to their cost-effectiveness. Porphyrins have been success-
fully integrated into diverse applications, including catalysis [37,52,53],
molecular electronics such as sensors [41,54], solar cells [36], and
water-splitting [55]. Studies have shown that modifications in the
porphyrin structure, such as introducing electron-donating groups or
employing co-sensitization strategies, can significantly enhance power
conversion efficiencies in dye-sensitized solar cells [56,57]. Such ap-
plications enhance the value of porphyrins and justify the investment in
their synthesis as the demand for functional materials grows, reducing
costs for their commercialization.

Porphyrins are promising candidates for active electrolytes in
AORFBs due to their unique electrochemical properties and structural
versatility. The main advantages of porphyrins in AORFBs include their
high redox activity due to favorable electronic structure, tunable elec-
trochemical properties, and potential for enhanced stability and capac-
ity retention. The small HOMO-LUMO gaps in porphyrins allow for rapid
electron transfer, which is essential for efficient energy storage and
conversion in AORFBs [58]. This characteristic enables porphyrins to
participate in multiple redox reactions, enhancing the overall energy
density of the battery systems [59]. Additionally, porphyrins can be
chemically modified to optimize their redox potentials, further
improving their performance [47]. The ability to tailor their molecular
structure allows for the development of porphyrins that can maintain
structural integrity and redox activity over extended cycling, which is
crucial for the longevity of AORFBs [60].

Another advantage is the inherent stability of porphyrins in aqueous
environment. Studies have shown that porphyrins can maintain their
structural integrity and redox activity over cycling, which is critical for
the longevity of AORFBs [61]. However, their stability under opera-
tional conditions can be compromised by side reactions, leading to ca-
pacity fade. For instance, nucleophilic attacks on the porphyrin structure
can result in degradation, and this loss of structural integrity can
decrease the active species’ effective concentration, thereby limiting the
energy density of the AORFB [62]. Moreover, the degradation of por-
phyrins through nucleophilic attacks can also lead to the formation of
by-products that may further complicate the electrochemical environ-
ment. These by-products can interfere with the redox processes, leading
to increased polarization and reduced cycling stability of the battery
[63].

The electrochemical stability of porphyrins is critical for maintaining
long-term performance in AORFBs, and any degradation can result in
capacity fading over time, which is a significant concern for practical
applications [64]. This instability can be exacerbated by reactive species
in the electrolyte, which may further degrade the porphyrin compounds.
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For example, in alkaline conditions, the nucleophilic nature of hydrox-
ide ions can accelerate the degradation of porphyrins, leading to a more
pronounced capacity fade [65].

Although previous reports demonstrated that stability could be
enhanced by modifying the porphyrin structure [66], achieving a bal-
ance between high activity and stability remains challenging in devel-
oping porphyrin-based AORFBs. In particular, aggregating porphyrin
molecules can reduce solubility and hinder their electrochemical per-
formance [67]. This phenomenon is particularly problematic in aqueous
environments, where the tendency for porphyrin molecules to aggregate
can significantly decrease the effective concentration of active species,
thereby limiting the energy density of the battery [64]. Furthermore,
while modifications have been reported to increase the solubility of
porphyrins to levels that could enhance their performance, such as
pairing with conductive materials like Ketjen Black to improve func-
tional solubility, these solutions may not fully mitigate the aggregation
issue [45].

While porphyrins present several advantages as active electrolytes in
AORFBs, including high redox activity and tunable properties, chal-
lenges such as aggregation, solubility, and electrochemical stability
must be addressed to facilitate their practical implementation in energy
storage technologies.

In this work, we explore functionalized porphyrins as a new path to
obtain redox-active candidates for application in AORFB systems. We
propose an effective approach to synthesize a water-soluble posolyte
based on zinc tetraphenyl porphyrin tetrasulfonate (ZnTPPS) by
exploiting the effect of the sulfonate groups to enhance the macrocycle
solubility and the metalation with Zn to shift the potential of the redox
reaction [68] within the water stability potential window.

The unique electronic configuration of Zn, which possesses a dig
electron configuration, contributes to its stability and favorable redox
characteristics compared to other transition metals. Studies have
demonstrated that Zn-porphyrins exhibit lower binding energies and
reduced ligand-field stabilization compared to their counterparts with
metals like cobalt (Co) or nickel (Ni) [69]. This property allows Zn-
porphyrins to maintain their structural integrity and functionality
under conditions that might destabilize other metalloporphyrins.
Moreover, the electrochemical properties of Zn-porphyrins can be finely
tuned through structural modifications, such as introducing electron-
donating or electron-withdrawing substituents. This tunability allows
for the design of porphyrins with specific redox potentials tailored for
targeted applications in photochemistry and catalysis [70-75]. In
contrast, other metals like cobalt (Co) may not provide the same level of
tunability or stability, often leading to more complex redox behavior
that can hinder their practical applications [70,76]. These characteris-
tics make Zn-porphyrins a promising choice as a posolyte for AORFB
applications.

Different aqueous solutions were investigated to optimize the per-
formance of the ZnTPPS. Electrochemical tests in a half-cell configura-
tion combined with spectroscopical analysis indicated superior
electrochemical stability of the ZnTPPS in mildly acidic buffer solution
(pH 4,6), which is ascribed to mitigation of both demetallation of the
porphyrin center and formation of J-aggregates. Experiments with a
rotating disk electrode showed fast kinetic and diffusion during oxida-
tion of the ZnTPPS, and the permeability tests using a Nafion N212
membrane confirm the beneficial effect of using functionalized macro-
cycles for preventing the crossover phenomenon. ZnTPPS was paired
with 1,1'-bis(3-sulfonatopropyl)-viologen (BSP-Vi) as negolyte [77] and
tested in an AORFB single-cell. The battery tests showed promising
performance in terms of open circuit voltage (~ 1,2 V), capacity
retention over cycling, and coulombic efficiency (close to 100 %),
highlighting the potential of the synthesized ZnTPPS as an alternative
posolyte for energy storage in AORFBs.
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2. Experimental section
2.1. Materials preparation

Toluene (ACS purity, 99.5 %), 1,3-propane sultone (98 %), acetic
acid glacial (ACS purity, 100 %), ammonium acetate (>98 %), zinc ac-
etate dihydrate (ACS grade, 99 %), methanol (absolute grade for anal-
ysis) and dichloromethane (HPLC grade) were purchased from Sigma-
Aldrich except for 5, 10, 15, 20-(tetra-4-sulfonatophenyl) porphyrin
tetraamonium which was acquired from Porphychem.

2.1.1. Preparation of the zinc (II) tetraphenyl porphyrin tetrasulfonate tetra
ammonium (ZnTPPS)

1 g (0.99 mmol) of 5,10,15,20-(tetra-4-sulfonatophenyl) porphyrin
tetra ammonium (HZTPPS“’) was stirred with 1.92 g of zinc acetate (10
mmol) in 200 mL of methanol at 65 °C. After 3 h, the reaction was cooled
until room temperature was reached, and the solvent was removed by
filtration under vacuum. The product was purified via precipitation by
dissolving ZnTPPS in 20 mL of methanol and adding 200 153 mL of
dichloromethane. A dark purple powder was obtained with a yield of 94
%

2.1.2. Preparation of 1,1"-bis(3-sulfonatopropyl)-viologen (BSP-Vi)
Synthesis was carried out according to our previous work [77].
Briefly, 726 mg of 4,4~ bipyridine and 1.12 g of propanesultone were
refluxed in toluene for 3 h under a nitrogen (N3) atmosphere. The
resulting white precipitate was filtrated, rinsed with acetonitrile, and
dried using a vacuum system. An 88 % BSP-Vi yield was obtained (1.63

g)-
2.2. Materials Characterization

'H NMR analysis was performed using an NMR spectrometer Bruker
Avance, and the spectra were recorded at a 700 MHz resonance fre-
quency in D50 at a sample concentration of 1.0 mg mL~!. UV-Vis was
carried out to investigate the aging of the synthesized electrolytes, and
the spectra were recorded using a Cary 50 Scan (Varian, Palo Alto,
California, USA).

Electrochemical half-cell tests were performed using a rotating disk
electrode (RDE) setup. A glassy carbon RDE (AFE6R2GCPT, Pine
Research Instrumentation, area = 0.196 cm?) was used as the working
electrode. A platinum wire (Amel 805/SPG/12) was used as a counter
electrode, with a saturated calomel electrode (SCE, Amel 303/SCG/12)
used as a reference electrode. Measurements were acquired with a VMP3
Potentiostat (BioLogic Science Instruments) controlled by EC-Lab
V10.18 software. The potential values for all electrochemical tests
were converted from the SCE to the standard hydrogen electrode (SHE)
scale.

Voltammetry tests were performed in two different aqueous elec-
trolytes, using 1 mM ZnTPPS concentration. Before the electrochemical
tests, Ny gas was purged in the electrolyte for 20 min. The N3 atmosphere
was maintained over the electrolyte surface during the experiments.
Cyclic voltammetry (CV) was carried out, either in ammonium chloride
solution (0.5 M NH4Cl), whose pH was adjusted to 7 by dropwise adding
NH4O0H, or in acetic buffer solution (0.1 M, CH3COOH/CH3COONHy4,
pH = 4.6), keeping the concentration of NHj as the same as TPPS
counterion to mitigate the possible crossover effects. Linear sweep vol-
tammetry (LSV) curves were recorded in the acetate buffer solution (0.1
M, pH = 4.6), from 0.5 to 1.0 V ys. SHE at a 10 mVs ! scan rate and
different electrode rotation speeds (400, 800, 1200, 1600, and 2000
rpm).

A permeability test was conducted in an H-cell (Fig. S1). Compart-
ment A contained a solution of ZnTPPS (0.1 M) in the acetate buffer
solution (0.1 M, pH = 4.6), which was used to fill the ZnTPPS-free
compartment B. A Nafion N212 membrane separated compartments A
and B. The variation in ZnTPPS concentration in compartment B was
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monitored using UV-Vis spectroscopy over one month.

AORFB tests were conducted at room temperature and in an argon
atmosphere using a 0.1 M solution (10 mL) of the electroactive species,
ZnTPPS and BSP-Vi, in the acetate buffer (0.1 M, pH = 4.6) as the
supporting electrolyte. The cell was assembled by sandwiching a Nafion
N212 membrane between two electrodes, each composed of three
stacked carbon papers (Sigracet SGL 39AA), placed between two
graphite plates with serpentine flow fields (Poco Graphite, Fuel Cell
Technologies, Albuquerque, New Mexico, USA). Two Viton rubber
gaskets were used to seal the cell with a 2.25 cm? active area. The carbon
paper electrodes were pre-treated at 400 °C in an air atmosphere for 24
h, and the N212 membrane was pre-activated by immersion at 60 °C first
in Hy05 (3.0 vol%) and then in 0.5 M H,SO4 aqueous solution (1 h each).
The membranes were stored immersed in distilled water for 24 h.

The AORFB was assembled in a glove box with an argon atmosphere.
Before testing, argon was purged into the posolyte and negolyte tanks
for 8 h to eliminate residual oxygen in the solutions. A flow rate of 80
mLmin~! was set on both sides using diaphragm pumps (KNF, Trenton,
NJ, USA). Electrochemical studies of the battery were performed by
galvanostatic charge-discharge cycling using a multi-channel VMP3
Potentiostat (BioLogic Science Instruments) controlled by EC-Lab V1.18
software. The area-specific resistance (ASR) was measured through
electrochemical impedance spectroscopy (EIS) at open circuit voltage
(OCV), with data normalized by the geometric electrode area (2.25
cm?). The battery was cycled at current densities of 24 mAcm 2 (2C as
C/rate), 12 mAcm 2 (C), 6 mAem 2 (0.5 C), and 3 mAcm 2 (0.25 C)
with cut-off voltages of 1.5 V and 0.01 V. Electrochemical parameters,
such as theoretical capacity, theoretical energy density, and coulombic
efficiency, were calculated according to Eqs S1 to S3.

3. Results and Discussion

The synthesis of ZnTPPS was carried out by reaction of HyTPPS*~
with zinc acetate in a methanol solution, as illustrated in Fig. 1. The
complete metalation of H,TPPS*~ was monitored by UV-Vis spectros-
copy, showing that the reaction was completed after 3 h when only
ZnTPPS signals could be observed (Fig. $2). The 'H NMR spectra for the
synthesized ZnTPPS (Fig. S3) showed proton resonances for the pyrrole
(8.90 ppm), ortho phenyl (8.30 ppm, and meta phenyl (8.15 ppm).
These data resemble previous 'H NMR analyses reported in the literature
[78] and differ from the resonance signals evidenced in the IH NMR
spectra of the free base H,TPPS*~ (~ 8.8 ppm for the pyrrole, 8.4 ppm
for ortho phenyl, 7.8 ppm for meta phenyl, and 7.3 ppm for the para-
phenyl proton resonance [78,79], indicating that the metalation of
H,TPPS*~ goes to completion. Furthermore, the remaining acetate salt,
separated via precipitation by adding dichloromethane to the methanol
solution, was effectively removed, as confirmed by 'H NMR, showing
only ZnTPPS signals.

Long-term stability tests (1 month) were carried out in aqueous so-
lutions at different pH to optimize the electrolyte composition and assess
the porphyrin’s suitability for an AORFB application. ZnTPPS was dis-
solved in acetate buffer aqueous solution at pH 3.4, 4.6, and in the pH 7
(NH4Cl/NH40H) supporting electrolyte, and UV-Vis spectra were ac-
quired over time to evaluate the effect of aging. Fig. 2a-c show UV-Vis
spectra of ZnTPPS acquired for fresh and one-month-aged solutions.

At all investigated pH values, the UV-Vis spectra of fresh solutions
show an intense Soret band at 420 nm and two weak bands at 550 and
600 nm, ascribed as Q bands [80]. The UV-Vis spectrum of the more
acidic solution significantly changed, as the intensity of the character-
istic ZnTPPS bands strongly decreased, indicating the disappearance of
the metalloporphyrin, and a new band at 650 nm attributed to the ab-
sorption of the H4TPPS2~ appeared. At highly acidic pH (Fig. 2a), the
porphyrins tend to form a n-cation radical, and a positive charge is
delocalized over the entire conjugated system of the porphyrin rings
[81,82]. This radical is a powerful electrophile that can react readily
with nucleophiles such as water to give isoporphyrins [83].
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Fig. 1. Schematic for the HZTPPS“’ (left) metalation with Zn to obtain ZnTPPs (right).
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Fig. 2. UV-Vis spectra of ZnTPPS in acetate buffer solution at a pH of (a) 3.4, (b) 4.6, in the 0.1 M acetate buffer, and (c) pH 7 (0.1 M NH4Cl/NH4OH) for freshly

prepared (blue) and a 1-month-aged (black) solution.

Furthermore, ZnTPPS undergoes demetallation by replacing Zn?* with
H"' and forming the diacid H4TPPS?* (Fig. 2a); then, this diacid starts to
form J-aggregates by n-n stacking interactions [84], illustrated in Fig. 3.
The presence of the J-aggregates is evidenced by the appearance of new
Soret and Q bands, observed at higher wavelength values (bathochromic
shift or redshift), 430 and 645 nm, respectively [85,86]. These findings
are aligned with the tendency of head-to-tail assembling of porphyrins
with aromatic rings found at the meso-position of the porphyrin rings
[87]. The formation of J-aggregates is also responsible for the solution
color change from deep purple to turbid green, as shown in Fig. S4. In
contrast, the UV-Vis spectrum of the ZnTPPS solution at pH 4.6 and 7
showed significantly less variation after aging, with no evidence of
demetallation or J-aggregates formation even after one month. Notably,
as the pH increases from 3.4 to 4.6 (Fig. 2b), the reduction in the
absorbance of the Soret and Q bands becomes much less pronounced,
and no aggregation-associated bands are observed. This inhibition of

aggregate formation is even more evident at pH 7 (Fig. 2¢), where the
spectra before and after aging are almost identical. As a result, slightly
acidic and neutral conditions were found to reduce J-aggregation,
thereby increasing the lifetime of the porphyrin n-cations [88].

The effect of pH on J-aggregates formation is also confirmed by the
CV analysis of the free-base porphyrin H,TPPS*~ at pH 4.6 and 7
(Fig. S5). Within the potential window of 0.23 to 1.23 V vs. SHE, which is
relevant for investigating potential posolytes for AORFB, Fig. S5 shows
that an oxidation peak is observed at 1.13 V at pH = 7 due to the
centered-ring one-electron oxidation of the HgTPPS4’ into H,TPPS3~*
[89]. However, this peak is not reversible. At pH 4.6, this oxidation peak
is suppressed due to aggregation phenomena. At acidic pH, the nitrogen
atoms of the central porphyrin macrocycle become protonated (pKa =
4.9) [90,91], facilitating the formation of J-aggregates. These aggre-
gates form due to electrostatic interactions between the positively
charged porphyrin cores and the negatively charged sulfonate groups on
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Fig. 3. Schematics for the ZnTPPS dementalization and aggregation process.

the molecule [92]. Conversely, at neutral to slightly basic pH levels,
H,TPPS*~ predominantly exists in its deprotonated form, which reduces
aggregation. This behavior is attributed to the repulsive forces between
the negatively charged sulfonate groups, which prevent the close
packing necessary for aggregation [93]. The reversible redox process of
H,TPPS*™ lies beyond the water stability potential window, often
necessitating organic solvents to prepare supporting electrolytes [86],
making the free base unsuitable for an AORFB application.

A long-term cyclic voltammetry analysis was carried out to investi-
gate the electrochemical stability of ZnTPPS at pH 4.6 and 7, at which no
aging effects were observed from the UV-Vis analysis. As indicated in
Fig. 4, upon metallation of the H,TPPS*~ with Zn, a reversible redox
process arising from the macrocycle (ZnTPPS = ZnTPPS®*" + e~) can be
found within the water stability potential window, with a peak at 0.87 V
vs. SHE for the ZnTPPS one-electron oxidation, and a peak at 0.80 V vs.
SHE for the ZnTPPS** one-electron reduction. The presence of the metal
changes the molecular orbitals of the porphyrin, reducing the HOMO-
LUMO gap and decreasing the energy required for electron transfer
[94,95]. Furthermore, the metallation of the HZTPPS“’ with Zn(II) and
Cu(II) relative to other transition metals such as Ni, Mn, Co, and Fe was
found to mitigate the J-aggregation of a TPP-series of porphyrins in
mildly acidic conditions with the disruption of the nanoassemblies by

porphyrins [96,97]. The insertion of such metals in the porphyrin core
was also found to benefit the porphyrin electrochemical stability since
the metalloporphyrins containing Zn(II) and Cu(II) undergo only elec-
trochemical reactions involving the n-ring system [98].

By comparing the CV in Fig. 4a and b, some differences are visible in
the CV waves; at pH 4.6, the peaks are better defined, and the peak-to-
peak separation is slightly lower, indicating that the overall process is
kinetically favorable in acidic conditions. Interestingly, a slightly acidic
environment also improved the stability of ZnTPPS compared to pH = 7,
as indicated by a decrease of 8 % in the anodic peak current density after
700 CV cycles, concerning the 21 % in neutral conditions. The cathodic
peak current density follows a similar trend, with a 2 % decrease at pH
= 4.6 and 45 % at neutral pH. These findings can be ascribed to the
higher stability of the ZnTPPS* monocation, formed upon the oxidation
reaction (ZnTPPS = ZnTPPS™ + e7) in a mildly acidic environment
[88]. At pH = 4.0, it has been found that the ZnTPPS regeneration is
promoted upon electroreduction, while at pH = 7, the ZnTPPS™® can
suffer further oxidation reactions, leading to degradation of the
porphyrin rings [99,100] Since pH 4.6 was found to promote the elec-
trochemical stability of ZnTPPS, mass transport, and kinetic parameters
were investigated by performing LSV analysis in hydrodynamic condi-
tions using an RDE.
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Fig. 4. CVata 10 mVs ™! scan rate for 1 mM ZnTPPS in 0.1 M acetate buffer (pH = 4.6) and (b) 0.1 M NH,Cl/NH,OH (pH = 7) aqueous solutions.
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parameter influencing RFB performance. Larger D values indicate a
faster migration rate, promoting mass transfer kinetics of the electro-
active species at the electrode surface and reducing the concentration
polarization of the battery under a higher current density, which leads to
a higher electrolyte utilization rate [101]. Another essential parameter
to screening the activity of electroactive species for an RFB application
consists of the standard kinetic rate constant (k°), which indicates the
kinetics facility of a redox couple [41,102]. D and k° were estimated by
recording polarization curves at different rotation speeds (Fig. 5a). The
LSV curves show a well-defined diffusion-limited current plateau for all
investigated rotation speeds. To estimate the diffusion coefficient of the
oxidized form of ZnTPPs, the Koutecky-Levich (K-L) theory was applied
according to Eq. (1) [103,104]:
)w—l/Z

u
where J is the current density (mAcm™2) at a specific overpotential, J is
the kinetic current density (mAcm_z), o is the electrode rotation rate
(rads’l), C is the bulk concentration of ZnTPPS (1 mM), v is the kine-
matic viscosity of acetate buffer solution (0.00753 cm? s’l), D is the
diffusion coefficient (cm? s’l), F is the Faraday constant (96485
Cmol’l), and n is the number of transferred electrons (n = 1).

Fig. 5b shows the K-L plot extrapolated to an infinite rotation rate to
calculate the diffusion coefficient. The adopted current density values
were sampled at the mass-transport-limited zone (E = 0.95 V) of the LSV
curves recorded at the different rotation rates (Fig. 5a). The resulting D
value estimated from the K-L analysis was 1.72 x 10~ cm?s~!. Despite
the larger size of ZnTPPs relative to traditional posolytes applied in
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aqueous and non-aqueous RFBs (Table S1), the obtained D value found
for ZnTPPs reflects a good mass transfer capacity, critical to the RFB
efficiency [105,106].

In addition, K-L analysis was also adopted to extrapolate the kinetic
current density (Ji) for the ZnTPPS oxidation reaction (ZnTPPS =
ZnTPPS™ + e") from the intercept of the K-L plot shown Fig. 5c. The
current density values were sampled from 0.76 to 0.88 V, the potential
range at which the reaction is limited mainly by kinetics. The obtained
Ji values were used to draw the linear Tafel plot (Fig. 5d) and extrap-
olate the exchange current density (Jy) according to Eq. (2):

2.303RT

1 2.303RT
a,F

a,F

E E® + oglo + logJx 2

where E is the iR-corrected electrode potential, E%is0.83V, and O is
the anodic transfer coefficient. From the Tafel analysis, the k° was
determined by applying Jy = Fk°C, and for further comparison, it was
also estimated by applying Nicholson’s method, detailed in the Sup-
plementary material (Eq. S4, Fig. S6).

According to the Tafel analysis, &g and k° were found to be 0.55 and
8.42 x 1072 ems ™, respectively, and k% was comparable with that ob-
tained by applying Nicholson’s method (k% = 9.20 x 1072 cms™1),
indicating a good agreement between both analysis. The calculated k°
values point out relatively fast kinetics for the redox reaction, typical of
quasi-reversible systems (10~ > k% > 1075 cms 1) in which both charge
transfer and mass transport determine the current [107]. These findings
are aligned with the non-zero intercept obtained from both Levich and
K-L plots (Fig. 5b and S5), constructed using mass-transport-limited
currents. A literature review shows that D and k° values are compara-

ble to or exceed those observed for previously reported redox couples,
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Fig. 5. (a) LSV curves at different rotation speeds and a 10 mVs ! potential scan rate for the ZnTPPS (1 mM) in an acetate buffer aqueous electrolyte (0.1 M, pH =
4.6), (b-c) Koutecky-Levich U tys. 03 plots to extrapolation of the diffusion coefficient and the kinetic current density respectively, (d) Tafel plot adopted to the

standard kinetic rate constant calculation.
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including well-studied benchmarks such as ferrocene and TEMPO de-
rivatives (Table S1), framing the ZnTPPs in the current literature as a
promising posolyte for an aqueous RFB application.

Along with electrochemical parameters, other essential characteris-
tics of a redox couple for AORFB applications are aqueous solubility and
low permeability through the polymer membrane separator.

Since the solubility is one of the parameters providing an indication
of the battery capacity and scalability constraints, we estimate the
maximum amount of ZnTPPS that can dissolve in an aqueous environ-
ment, independently of aggregate formation or the resulting solution
viscosity, by UV-Vis analysis as described in the supplementary material
and shown in Fig. S7a.

A linear relation is observed from the plot of maximum absorbance
for the Q band at 555 nm versus the ZnTPPS concentration (Fig. S7b).
When the maximum solubility is reached, the absorbance value becomes
constant since the highest concentration is achieved, with precipitation
of the ZnTPPS excess. From this relation, the solubility of ZnTPPS in pH
4.6 acetate buffer solution was found to be 0.5 M.

Permeability tests were conducted in an H-shape cell, as described in
the experimental section, to evaluate ZnTPPS crossover through the
Nafion membrane. As illustrated in Fig. S8, no UV-Vis bands due to
ZnTPPS were observed by UV-Vis spectroscopy, indicating the absence
of crossover.

To test the viability of ZnTPPS as a catholyte for AORFBs, it was
coupled with the 1,1"-bis(3-sulfonatopropyl)-viologen (BSP-Vi), a widely
explored anolyte in RFB applications [77,108]. The AORFB based on the
ZnTPPS/BSP-Vi couple has an expected open-circuit voltage (OCV)
value of around 1.2 V (Fig. 6) and a maximum theoretical capacity of
13.4 AL ! when the maximum solubility is taken into account.

AORFB’s electrochemical tests were performed with a 10 mL solu-
tion with 0.1 M electroactive species (ZnTPPS and BSP-Vi) in the acetate
buffer supporting electrolyte (0.1 M, pH = 4.6) using a Nafion N212
membrane in this condition the theoretical capacity is estimated to be
2680 mAhL ™.

Fig. 7a shows typical voltage charge and discharge profiles as a
function of capacity; two different discharge plateaus are identified at
1.1 Vand 0.2 V. The first plateau in Fig. 7a can be related to the reverse
reaction of the charging process, i.e., BSP-Vi oxidation and ZnTPPS
reduction. Regarding the second plateau at 0.2 V in the galvanostatic
cycling, similar behavior has been reported for other planar molecules,
such as AQDSH,, due to the formation of dimers with their reduced
species during the discharging process [109]. It is known that viologen-
derivatives such as BSP-Vi are prone to form dimers with their n-radicals
[110-113]. Despite this tendency, no plateau appearance at low voltage

0.3
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< 0.0
E
N -0.1- ZnTPPS
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Fig. 6. CVsata 10 mVs ' scan rate for BSP-Vi (E; » = -0.35 V) and ZnTPPS (E; ,
2 =0.83 V) in 0.1 M acetate buffer (pH = 4.6) aqueous electrolyte.
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has been observed in previous studies dealing with the use of BSP-Vi as
anolyte in AORFBs [114]. For this reason, the 0.2 V plateau likely comes
from a ZTPPS’s redox process. To investigate its nature, cyclic voltam-
mograms were recorded at a broader voltage region for both BSP-Vi and
ZnTPPS (Fig. S9); however, no further redox processes were indicated in
the voltammograms. Since metalloporphyrins’ dimerization was found
to shift the oxidation reaction to lower voltages [115], CV of the ZnTPPS
ina —0.8 to 1.1 V vs. SHE potential window, before and after the AORFB
charge and discharge cyclic (Fig. S10) were also recorded. No remark-
able changes were observed regarding peak-to-peak separation or
reversible redox reactions between —0.8 and 0.4 V vs. SHE, which can be
ascribed to the referred plateau. Only a current density decrease at the
anodic (12.6 %) and cathodic (13.5 %) peak potential is observed and
can be ascribed to the degradation of the n-cation (ZnTPPS™*) [88,100].
These current density decreases align with the stability test reported in
Fig. 4a and are more pronounced due to the effects of a long-term test
under the battery operating conditions. The reversible formation of
porphyrin dimers is mostly identified at high concentrations of n-cations
[116], which may explain the absence of corresponding low-voltage
redox peaks in the postmortem CV measurements in the three-
electrode cell setup, in contrast to the observed plateau during the
battery discharge cycling.

The current rate performance was investigated from 24 mAcm 2
(2C) to 3 mAcm ™2 (C/4) (Fig. 7b); at higher current densities, 24 and 12
mAcm ™2, the Coulombic efficiency (CE) of the battery was nearly 100 %
while decreased with decreasing current densities reaching 94 % at 6
mAcm 2 and 88 % at 3 mAcm 2. This finding can be attributed to a lack
of stability of the porphyrin n-cation formed during the charging pro-
cess, which remains in the solution for extended periods at lower current
densities. To avoid this, the long-term galvanostatic cycling perfor-
mance of the AORFB was evaluated at 12 mAcm ™2 (1C) (Fig. 7¢). After
an initial capacity decay between the 1st and 10th cycle, the RFB
delivered a relatively high and stable capacity of around 500 mAhL ™}
over cycles, with a Coulombic efficiency of nearly 100 % and a 60 %
capacity retention. Capacity was much higher than that achieved (~
110 mAhL ™) in our previous work for a neutral-pH AORFB assembled
with ferrocene 1,1-disulfonic disodium salt (DS-Fc) as posolyte and BSP-
Vi as negolyte [77], pointing out the performance improvement ach-
ieved with the ZnTPPS as compared to a ferrocene-derivative.

Fig. 7d shows the discharge polarization curve of the RFB recorded at
100 % state of charge. Before the polarization curve, the battery resis-
tance value was measured as the high-frequency intercept with the x-
axis of the Nyquist plot (Fig. S11), and a low area-specific resistance
(ASR) of 2.95 Qcm? was obtained, indicating a low contribution of the
Nafion N212 membrane to the polarization ASR of the battery
[117-120]. The i/V curve (Fig. 7d) shows a high open circuit voltage of
around 1.2 V, a weak kinetic polarization (0.049 V drop at 5 mAcm’z),
and a relatively low ohmic resistance; these factors indicate both good
electrodic activity and ion conduction in the Nafion N212 membrane.
The voltage loss of the system seems to be affected predominantly by the
mass transport of the species at high current density. Furthermore, a
power density of 40.5 mWem ™2 was registered.

To contextualize the performance of ZnTPPS as a posolyte in
AORFBs, Table S2 summarizes the performance of AORFBs assembled
with various redox couples reported in the literature. Table S2 compares
performance metrics such as open-circuit voltage (OCV), maximum
power density, theoretical capacity, capacity decay per cycle, and
coulombic efficiency. This analysis highlights that our current results are
consistent with the expected performance at this development stage.
Due to the tunable properties of ZnTPPS, further performance en-
hancements can be achieved through targeted optimization efforts,
primarily aimed at improving stability and reducing the overall costs of
the final device. Introducing electron-donating groups (e.g., alkoxy
groups) on the phenyl rings increases the electron density on the
porphyrin core. This can stabilize the intermediate species produced
during reactions and enhance electron transfer processes, improving
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redox capabilities. Moreover, modulating the density of sulfonate
(—SO03) groups or using other water-solubilizing groups such as carboxyl
(-COOH) or phosphate (—POz) may enhance the solubility and stability
of the porphyrin under electrochemical cycling [72-75].

Regarding the cost-effectiveness of porphyrins as electroactive ma-
terials for AORFB applications, it is worth mentioning that the cost
analysis of porphyrins synthesis is a multifaceted subject that encom-
passes various factors, including the choice of synthetic methods, the
materials used, and the scalability of the processes. Commercially
available metalloporphyrins are typically supplied in small quantities
for research purposes, with prices varying based on the specific metal
center, substituents, and purity. Table S3 shows that PorphyChem,
Sigma-Aldrich, and other chemical suppliers offer a range of commercial
metalloporphyrins, with different pricing information reflecting small-
scale production. Scaling up production for industrial applications,
such as in AORFBs, could lead to significant cost reductions due to
economies of scale and process optimization.

4. Conclusions

A straightforward method was developed to synthesize a metal
porphyrin complex as an aqueous redox-active posolyte based on zinc
tetraphenyl porphyrin tetrasulfonate (ZnTPPS). Our study demonstrated
the electrochemical stabilization of ZnTPPS in an aqueous environment
using mild acidic buffer solutions (pH = 4.6), which enhanced the
durability of the porphyrin n-cations formed during oxidation. Cyclic
voltammetry tests revealed a 0.83 V vs. SHE redox potential, and Kou-
tecky-Levich and Tafel analysis indicated fast kinetic (k® = 8.42x1072
cms’l), and diffusion (D = 1.72x107° em%™ 1) during the ZnTPPS
oxidation. Moreover, no crossover was observed during the permeability
test conducted in an H-cell, which is essential for applications in AORFB

systems to ensure stability and efficiency. The newly developed
porphyrin-based electrolyte was tested in an AORFB prototype, paired
with 1,1-bis(3-sulfonatopropyl)-viologen as the negolyte. After an
initial capacity drop, galvanostatic cycling tests showed capacity
retention of around 500 mAhL ™! over 100 cycles, with a coulombic ef-
ficiency close to 100 %, indicating ZnTPPS as a promising posolyte
candidate for AORFB applications.

This study proposes a novel approach to developing posolytes for
AORFB systems, highlighting the use of porphyrinoids as a path to
synthesize alternative redox couples with modulable chemical struc-
tures and able to meet activity and electrochemical durability while
preventing the crossover through the polymeric membrane.
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