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Quinone-based redox flow batteries (RFBs) have emerged as promising sustainable alternatives to
conventional vanadium systems, offering lower costs, high abundance and compatibility with large-scale
aqueous energy storage systems. Their tuneable redox potential with pH can also enable direct
integration with photovoltaic (PV) devices for solar charging. However, the design of efficient quinone
electrolytes requires a detailed understanding of pH-dependent proton-coupled electron transfer, which
drives fast or sluggish reaction kinetics. Here, we apply a pH buffering method to a 2,7-AQDS anolyte to
tune the cell voltage, enabling efficient operation of a proof-of-concept solar redox flow battery (SRFB)
with maximised solar-to-output electricity efficiency (SOEE). We also investigate how pH affects the
charging reaction pathway and the voltage efficiency (VE), establishing that a buffered 2,7-AQDS anolyte
achieves optimal performance at pH 8-10. These findings provide key insights into device integration
and the pH dependence of VE in this quinone electrolyte. Importantly, this work establishes practical
guidelines for pH optimisation in the design of next-generation quinone-based aqueous RFB and SRFB

rsc.li/materials-a technologies.

Introduction

Research on aqueous redox flow batteries (RFBs) has increas-
ingly focused on organic redox-active molecules as alternatives
to conventional vanadium-based chemistries.’* Among other
promising candidates - including TEMPO derivatives, viol-
ogens, and azo compounds - quinones have been extensively
investigated for RFB applications due to their highly reversible
redox reactions and favourable kinetics.” Sulfonated anthra-
quinones, in particular, offer high water solubility and yield
stable aromatic reduction products.® Anthraquinone-based
aqueous anolytes can deliver capacities exceeding 40 Ah L™*
through a one-step two-electron redox process.*” These prop-
erties make quinones a highly attractive class of molecules for
utility-scale aqueous RFBs.

Quinone derivatives and related molecules (catechol and
anthraquinone) also offer a vast array of electrochemical prop-
erties for application in novel cell architectures including
hybrid flow batteries, redox-targeting systems and integrated
solar redox flow batteries (SRFBs).**> Nevertheless, in aqueous
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electrolytes the redox reactions of quinones are coupled to
protonation-deprotonation equilibria of carbonyl groups, with
the exact reaction pathway determined by the electrolyte pH."
This characteristic coupled electron-proton transfer makes
both the standard redox potential and kinetics of quinones
strongly pH dependent and directly impacts device
performance.™***

The pH-dependent redox behaviour of quinones enables
useful applications. Khataee et al.”” employed a differential pH
method to significantly increase the RFB cell voltage (Ecey). In
an RFB containing the pH-dependent redox anolyte 2,7-
anthraquinone disulfonic acid (2,7-AQDS) and pH-independent
redox bromide as the catholyte, E. is significantly higher with
2,7-AQDS at pH 8 (E.e;; = 1.3 V) compared to the same RFB with
2,7-AQDS at pH 2 (E..; = 0.86 V). The Nernstian shift in the
redox potential of quinones with pH has also been applied to
voltammetric pH sensing."®

Fine-tuning E..; can be achieved using pH buffers," and it is
extremely useful for fabricating efficient SRFBs.”” The concept
of an SRFB has attracted attention as an approach to seamless
integration of energy storage systems and photoelectrodes.
SRFBs were first demonstrated with the integration of simple
semiconductors,**> and more recently the use of photovoltaic
(PV) cells allowed for more efficient systems.>*>* However,
integration of a highly efficient PV cell with a high performing
RFB does not ensure high SRFB performance. McCulloch et al.*®
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demonstrated that tuning the pH of 2,7-AQDS anolyte can be
used to adjust the RFB E.. and maximise the power of a 2,7-
AQDS/Iodine SRFB powered by a dye-sensitised photo-
electrode. More recently, solar-to-output electricity efficiency
(SOEE = Eelectrical,discharge/Ei]lumination) has been introduced as
a metric to measure the round trip efficiency of SRFB
systems.**?***” As a general principle, SOEE reaches a maximum
when the RFB E,.;; matches the voltage at the maximum power
point (Vipp) of the solar cell.?® Thus, the McCulloch method can
be used to adjust E..; and maximise the voltage matching in
SRFBs.

The pH-tuning method introduced by McCulloch presents
a straightforward and practical strategy to fine-tune the RFB E.¢)
for integration of RFBs with a desired PV device. However, pH
changes directly influence the performance of quinone-based
batteries. Specifically, the reaction pathways prevailing at
a given pH drive the kinetic behaviour of the electrolyte (fast or
sluggish), thereby impacting the battery voltage efficiency (VE).
Therefore, a comprehensive investigation of how electrolyte pH
impacts VE in quinone-based electrolytes is required, not only
to realise the maximum achievable SOEE in SRFBs, but also to
elucidate the optimal electrolyte pH for maximum VE in RFBs.

In this work, we optimise the operating voltage of a proof-of-
concept aqueous SRFB, integrating it with a selenium (Se) PV
cell. Similarly to the McCulloch method, the RFB E, is tuned
by buffering 2,7-AQDS anolyte at precise pH values, maximising
SOEE. Furthermore, we conduct a comprehensive pH optimi-
sation study based on the anolyte charging reaction pathway.
Using cyclic voltammetry (CV), CV simulations, and a three-
electrode battery cell, we quantify the VE of an RFB as a func-
tion of anolyte pH. This approach allows us to identify the
optimal operating pH for maximum VE of an electrochemical
cell using 2,7-AQDS as the anolyte. Importantly, our pH opti-
misation approach may be applicable to other quinone-based
electrolytes, provided that the charging reaction pathways are
known.

Experimental
Materials

Sodium 9,10-diox0-9,10-dihydroanthracene-2,7-disulfonate
(=80%) was purchased from BLD Pharm. Sodium hexa-
cyanoferrate(Il) decahydrate (=98.0%), potassium hexa-
cyanoferrate (III) (=99.0%), sodium chloride (=99%), 1,2-
propanediol (99%), ammonium chloride (=99.5%), phosphoric
acid (85%), tris-HCl (tris(hydroxymethyl)Jaminomethane
hydrochloride, =99%), acetic acid (=99.7%) and sodium
hydroxide (=98%) were obtained from Sigma Aldrich. All
reagents and solvents were used as received without further
purification. The cation exchange membrane (Nafion-117) was
treated with ~80 °C 3% H,O0,, Milli-Q water, 0.5 M H,SO, and
1 M NaOH successively for ~2 h per step. Graphite soft felt
(Sigratherm GFD 4.65 EA, SGL Carbon) was activated by thermal
treatment for at least 10 h at 400 °C in a muffle oven without
atmospheric control. Graphite sheet (RS PRO 0.16 mm) from
RS. Alumina polishing compound (50 nm). Micro reference
electrode (Ag/AgCl). The FTO-coated soda-lime glass (SLG) was
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bought from Sigma-Aldrich (7 Q sq™'). Zng gsMgg.150 (99.95 +
%), M0oO3 (99.9%), and Au (99.99%) sputtering targets were
acquired from AJA International, while Te (99.9999% metals
basis) and Se (99.999 + % metals basis) pellets were sourced
from Alfa Aesar.

Instrumentation

Throughout this work, pH was measured with an Orion Star
A111 pH meter equipped with a calibrated Orion single junction
PH/ATC triode from Thermo Scientific. The electrolyte was
circulated via two peristaltic pumps LabS3 from Shenchen.
Electrochemical and battery measurements were conducted
with potentiostat/galvanostat ref. 620 from Gamry. During solar
charge, the current was measured using a homemade current
meter consisting of a INA219 chip installed on an Arduino Nano
interface. The simulated sunlight was produced using a 66 921
arc lamp housing equipped with 1000 W Xe arc lamp, water
infrared filter (6123NS) and light guide (fibre optic bundle, high
grade fused silica, 260-2200 nm), all from Newport. To assess
the Se solar cell stability during battery charge, the power
conversion efficiency (PCE), Vinpp and Jipp, were extracted from
JV curves collected over time during constant light exposure
using a Keithley 2561A source meter and 1 sun AM1.5 G illu-
mination from solar simulator equipped with a 1600 W Xe arc
lamp (Newport).

Preparation of buffer and electrolytes

The anolyte solutions contained an aqueous mixture of
~10 mM 2,7-AQDS as the only redox-active molecule, a universal
buffer (0.1 M H3PO,, 0.1 M CH3COOH, 0.1 M tris-HCl and 0.1 M
NH,Cl), supporting electrolyte (1 M NaCl), an additive for
solubility enhancement (10% v/v propylene glycol), and NaOH
(for pH adjustment). The initial buffer solution was prepared
using the protonated forms of species (acids). Buffer pairs were
chosen to provide approximately evenly spaced pkK, values,**°
i.e. phosphoric acid (pK,; = 2.1, pKa, = 7.2, pKaz = 12.0), acetic
acid (pK, = 4.74), tris-HCl (pK, = 8.1) and ammonium chloride
(pKa = 9.24) at 0.1 M final concentration of each acid. Sodium
chloride was then added to the buffer to a final concentration of
1 M, followed by the addition of propylene glycol to 10% v/v and
2,7-AQDS to ~10 mM. These mixtures (pH = 1.5) were then
sonicated for 10 min at ~40 °C in an open vial to release
CO,."* Finally, the pH was raised with a 5 M or 10 M NaOH
solution as needed. The catholyte solutions were prepared
simply by mixing redox-active species (30 mM Fe[(CN),]'~ and
10 mM Fe[(CN)¢]>") and supporting electrolyte (1 M NaCl)
without any buffer or pH adjustment. The pH on the catholyte
side was tested with a pH paper before and after cycling and it
was verified that it remained approximately constant at ~4.

Electrochemical and battery measurements

CV measurements were conducted in a three-electrode cell. The
working electrode consisted of a glassy carbon disk with 5 mm
diameter that was polished with alumina compound, rinsed
and sonicated in Milli-Q water immediately before use. A Pt wire
was used as counter electrode. The electrolytes consisted of

This journal is © The Royal Society of Chemistry 2026
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buffered solutions of ~10 mM 2,7-AQDS (or hexacyanoferrate
solution) in 1 M NaCl. The sweep speed was typically 100 mV s~
and the voltage interval was adjusted according to the species
redox potential and solution pH. Galvanostatic cycling was
conducted in an airtight two- or three-electrode flow cell con-
taining 10 mL of ~10 mM of 2,7-AQDS anolyte and 10 mL of
sodium hexacyanoferrate solution (30 mM Fe[(CN)s]*~ and
10 mM Fe[(CN)q]*") as catholyte. Both the anolyte and catholyte
were pumped at approximately 70 mL min " through the cell.
For the three-electrode tests, the RE was inserted in the anolyte
side of the cell. The system was purged with Ar for at least
15 min before the start of each measurement. For character-
isation of the semi-integrated system, the selenium solar cell
was mounted in an external holder, connected to the battery,
and the light guide was attached to the holder. During solar
charge the current was measured in the current meter, while the
battery voltage was monitored directly on the potentiostat.
When the limiting voltage was achieved, a relay was activated to
disconnect the solar cell from the system and close the solar
simulator shutter. After that, the discharge program was initi-
ated by the potentiostat.

Fabrication of Se solar cells

The fabrication of selenium solar cells is well established in our
research group.’*?* Here, they were made in the SLG/FTO/
ZnMgO/Te/Se/MoO,/Au superstrate configuration. A ~65 nm
ZnMgO thin film was deposited via reactive RF sputtering from
a ceramic target (Ar/O, = 60/0.6 sccm, 5 mtorr) on a clean FTO-
coated glass substrates (sequential ultrasonic bath with Milli-Q
water, acetone and isopropanol followed by drying under N,
flow). The glass/FTO/ZnMgO were transferred to a custom-built
thermal evaporator for deposition of a 1 nm Te adhesion layer
(base pressure ~10~° mbar, rate 0.25 A s~*). Without breaking
vacuum, a ~300 nm of selenium is thermally evaporated on top
of glass/FTO/ZnMgO/Te (rate 4 A s*). The glass/FTO/ZnMgO/
Te/Se are then placed in a pre-heated home-built aluminium
oven where the as-deposited Se crystallises (190 °C in air for 4
min). A hole transport layer consisting of MoO, is deposited on
the glass/FTO/ZnMgO/Te/Se samples using RF sputtering of
ceramic MoO; (Ar/O, = 60/0.6 sccm). The devices are completed
by DC sputtering a ~50 nm Au back contact to achieve the final
SLG/FTO/ZnMgO/Te/Se/M0O,/Au configuration. The final active
device area is 0.8 cm®.

Fabrication of redox flow battery and semi-integrated system

Battery tests were conducted in a flow cell. In summary, the cell
consists of two PEEK flow fields (half cells) with 10 x 10 mm
aperture. The cation exchange membrane is sandwiched
between two 10 x 10 x 4.6 mm carbon felt electrodes that are
fitted in the half cells and are in contact with graphite sheet
current collectors. The graphite sheet is electrically connected
to copper tape contacts that are isolated from the electrolyte.
The solar cell is integrated into the system externally and does
not contact the electrolyte.

This journal is © The Royal Society of Chemistry 2026
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Simulation of cyclic voltammetry curves

CV curves were simulated at various pH values using electro-
chemistry simulation software MECSim script and following the
method previously described in the literature.’®*® In short, pH
changes can be simulated by assuming a 1st order reaction with
proton concentration and setting kr = kfymaX[H+] for the chemical
steps, while electron transfer rates (k°) are used on the electro-
chemical steps. Simulation parameters were taken from the
literature®*®” and are available in Table S2. Additionally,
temperature was set to 25 °C (298.15 K), electrode diameter to 5
mm, and scan speed was varied as needed. The apparent kinetic
constant (k,pp) Was extracted from the simulated CV curves
using the equations for a totally irreversible system?®*** and the
Nicholson method (quasireversible system).****

Results and discussion

Solar and electrochemical cell integration

The integration of the 2,7-AQDS/ferrocyanide RFB with the solar
cell follows the voltage matching principles introduced by Li
et al.” In this method, simulated Nernstian RFB charging
curves are matched with the experimental solar cell current
density vs. voltage (JV) curves. Maximum SOEE is obtained when
E..p is close to the voltage at the maximum power point of the
solar cell (Eceni = Vinpp).>* Fig. 1a shows a scheme of the system
used in this work. Here, a Se solar cell (Fig. S1a) is integrated
outside the battery. Except for external contact resistances, the
absence of a liquid junction between the solar and electro-
chemical cells is not expected to affect the voltage matching.
The photovoltage arises at the internal solid-state junctions of
the solar cell and the system behaves as if it were monolithically
integrated in terms of SOEE. The Se solar cell was chosen for
this integration due to our group's previous expertise and due to
the wide bandgap of selenium (1.8-2 eV) that allows for a high
open circuit voltage (Vo = 1 V) and can potentially produce
a high V;,,,,.** Additionally, the bandgap of selenium is close to
ideal for tandem integration with silicon solar cells.**** The 2,7-
AQDS was chosen as the active species at the anolyte side due to
its high solubility in water and adjustable redox potential.** In
aqueous solution, the redox potential of 2,7-AQDS varies with
pH according to the Nernst equation over a certain pH range."
As such, the 2,7-AQDS/ferrocyanide E..;; may be tuned simply by
varying the anolyte pH,* as illustrated by the CVs in Fig. 1b.
Initially, we evaluate the solar cell and RFB separately. We
first obtain the JV curve of a typical Se solar cell (PCE = 4.9%,
Voc = 0.78 V and Jsc = 12.7 mA cm ™), as shown in Fig. 1¢, and
calculate the SOEE, as described in the SI (calculated SOEE and
voltage matching).>**” The SOEE was numerically computed for
Eepp varying from 0.3 to 0.7 V. For this Se cell, the maximum
round trip efficiency was obtained at E. = 0.52 V, Fig. 1d.
Then, we determined how E..j varies as a function of the ano-
lyte pH by cycling the battery with an anolyte solution buffered
at a desired pH. Anolyte pH was buffered with a universal buffer
solution (0.1 M H3PO,, 0.1 M CH3;COOH, 0.1 M Tris-HCI and
0.1 M NH,Cl) and adjusted with NaOH. To isolate the effects of
pH, this buffer was carefully designed so that it is chemically
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Fig. 1

(a) Schematic representation of solar charge in 2,7-AQDS/ferrocyanide SRFB, (b) CVs of AQDS anolyte buffered at pH 1 and 13 and of

ferrocyanide catholyte, (c) JV and power curves of Se solar cell at AM1.5 G, (d) calculated SOEE for the Se solar cell integrated to a battery with
energy efficiency of EE = 85% and (e) measured cell voltage at 50% SOC (Ecer) and 5.36 mA cm ™2 of 2,7-AQDS/ferrocyanide flow battery cell with

anolyte buffered at pH 1-12.

and electrochemically inert under our experimental conditions.
Furthermore, the same electrolyte composition was used for all
battery measurements, only changing the amount of NaOH
added to adjust the pH, as detailed in the Experimental Section
and SI (Fig. S2). The E.; shown in Fig. le was taken as the
potential at 50% state of charge (SOC) in the first charging cycle
at the slowest measured rate (5.36 mA cm™ 2). An E.y in the
targeted range (~0.5 V) is obtained when 2,7-AQDS is buffered
at pH = 4. The full charging cycles and battery parameters for
each investigated pH can be found in the SI (Fig. S3 and S4). In
summary, the SOEE should be maximum when the Se solar cell
is integrated with our 2,7-AQDS(pH = 4)/ferrocyanide electro-
chemical cell.

After assessing the solar and electrochemical cell separately,
we then study the integrated system. Our SRFB was evaluated
with the 2,7-AQDS anolyte buffered within a relevant pH range
(pH 1.0, 2.3, 4.7 and 7.0). The experimental SOEE was computed
as explained in the SI (Experimental SOEE). As expected, higher
SOEE values were obtained when the anolyte was buffered at
intermediate pH values, Fig. 2a. The charging curves for the first
cycle at each pH are also shown in Fig. 2b. For the anolyte
buffered at pH 1.3, E. is very low (0.33 V), resulting in excess
voltage produced by the solar cell that does not contribute to

J. Mater. Chem. A

charging the battery and is wasted. At intermediate anolyte pH
values, 2.3 and 4.7, the E..; has a better voltage match (0.42 V
and 0.54 V, respectively) and the system operates at higher SOEE
values, 2.99% and 2.97%, respectively. When the anolyte is
buffered at pH 7.0, E.eq is too high (0.66 V) and the voltage
output from the solar cell is insufficient to fully charge the
battery. This is better visualised by plotting the instant solar-to-
output energy efficiency (SOEE;,) that provides a snapshot of
the SOEE at a specific SOC, as shown in Fig. 2c. With the anolyte
at pH 7.0, the SOEE;,,; drops close to zero at approximately 65%
SOC, and the battery cannot charge beyond this point. These
results demonstrate that pH buffering of a quinone anolyte
serves as an effective tool for achieving adequate voltage
matching in SRFBs to improve the SOEE.

The cycling stability of our SRFB was tested over three
charging cycles. Some degradation of the Se solar cell efficiency
was observed during the charging period, as the solar cell is
constantly exposed to light. This is shown in Fig. 2a. The red
dotted line represents the SOEE calculated from the Se cell JV
curve before any constant light exposure (pristine Se cell), while
the blue dotted line represents the SOEE calculated from the JV
curve obtained right after a full charge period. These efficiency
losses can be attributed to a decrease in V,,,, when the Se cell is

This journal is © The Royal Society of Chemistry 2026
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Fig.2 SRFB powered by Se solar cell (a) calculated (dotted lines) and experimental (squares) SOEE. Experimental (b) charging curves, (c) SOEE;s
and (d) system stability for a device with 2,7-AQDS anolyte buffered at different pH values. Dotted lines in panel ‘a’ represent the calculated SOEE
from JV curves obtained from Se cell before (pristine) and after a full charge cycle, with a battery energy efficiency of EE = 85%.

under constant light exposure (Fig. S1b), which directly impacts
the voltage matching between the solar and electrochemical
cells and results in a lower SOEE. Although the Se cell partially
recovers during the discharge period when it is kept in the dark
(Fig. S1b-d), an overall drop in SOEE is still observed in
successive charge-discharge cycles, Fig. 2d (extra cycles are
shown in Fig. Sie).

Battery voltage efficiency and reaction pathway

Clearly, buffering the anolyte pH can be used to tune the RFB
E.n and improve SRFB voltage matching.”® However, the
consequences of buffering the 2,7-AQDS at different pH values
still need to be fully understood. To test how pH affects the RFB
VE and CE, the anolyte pH was again adjusted to the desired
value using our universal buffer and NaOH solution, similar to
the SRFB tests. Battery parameters were calculated using the
equations available in the SI (Table S1). Fig. 3a shows that CE
decreases with increasing anolyte pH. This may be a conse-
quence of side reactions involving the anolyte becoming more
favourable at more negative potentials and may be addressed by
purging residual oxygen or cycling at a more conservative
voltage range. Meanwhile, VE tends to increase with increasing
anolyte pH, resulting in a slight overall increase in energy

This journal is © The Royal Society of Chemistry 2026

efficiency (EE) at higher pH. As E.j increases with anolyte pH,
an increase in VE is expected, because VE accounts for the
fraction of voltage lost during the round trip. However, as
shown in Fig. 3b, the VE does not follow the expected trend for
a constant voltage drop. Instead, the experimental VE exhibits
complex behaviour: starting from low pH, the VE initially
decreases to a minimum at pH 2-4, then increases to
a maximum at pH 8-10 and decreases again at higher pH.
Fig. 3c highlights the difference between expected and experi-
mental VE (VE deviation). To quantify the voltage losses, an
average voltage drop during the round trip (Egrp) can be
defined (Table S1). For the investigated pH values, Egrop iS
maximum at pH 3.5 and minimum at pH 8.6 (Fig. 3d).

To gain a deeper insight into the impact of the anolyte pH on
the battery VE, we first need to consider the charging reaction
pathway of 2,7-AQDS in buffered electrolyte, as represented in
the diagram of squares shown in Fig. 4.>° In these diagrams, the
rows represent electrochemical reactions (E), while the columns
represent chemical reactions (C) that consist of a proton
transfer. The pK, and E, values in Fig. 4a, taken from the
literature, are provided in the SI (Table S2).*® Missing values for
2,7-AQDS are assumed to be close to those determined for 2,9-
AQDS.* The pathway for charge transfer at a given pH is directly

J. Mater. Chem. A
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on the round trip (Eqrop). Expected VE was calculated for a constant
Egrop =40 mV.

related to the species pK,, and the redox potential of the
electrochemical step (E,). Therefore, considering the pK,, and
E, values, the dominant reaction pathway for charging
(reducing) the completely discharged (oxidised) 2,7-AQDS
molecule can be inferred. At low pH (0 = pH = 3), the molecule
is protonated before reduction takes place and a CECE reaction
pathway dominates (Fig. 4b, panel 1). At intermediate pH (4 =
pH = 7), reduction takes place before protonation and an ECEC
reaction pathway is favoured (Fig. 4b, panel 2). At higher pH (8
= pH = 10), most molecules are completely reduced before
protonation and an EECC reaction pathway dominates (Fig. 4b,
panel 3). This shifts to a simpler EE reaction pathway (Fig. 4b,
panel 4) at even higher pH (>10.6) when the majority of mole-
cules are completely deprotonated at equilibrium, as indicated
by the fraction composition diagram in Fig. §5.*

Further insight on the optimal operational pH for the 2,7-
AQDS anolyte can be attained through CV experiments. The CVs
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shown in Fig. 5a were obtained from 2,7-AQDS solutions buff-
ered using our universal buffer solution in a regular three-
electrode cell with a polished glassy carbon disc as the
working electrode, as described in the Experimental Section.
Fig. 5b shows how the anodic and cathodic peak potentials (Ej)
vary as a function of pH. The experimental average peak
potential (E;,,) was fitted by eqn (S1) and plotted as a dashed
line in Fig. 5b.” The buffered quinone solutions present a very
distinct behaviour when compared to unbuffered solutions
(Fig. S6). From pH = 1 to 7 the value of E;;, decreases fast
following the Nernst equation compatible with the transfer of
2e /2H" (n = 2, eqn (S2)), i.e. CECE or ECEC reaction pathway
dominates. It shifts towards a slower variation in E;, with
prevalence of EECC until a point (pH > 10.6) where E,,, nearly
plateaus, indicating that electron transfer is not accompanied
by proton transfer, i.e. the dominant EECC pathway shifts to the
essentially electrochemical EE reaction pathway.

Changes in the charge transfer pathway (from CECE to ECEC
to EECC and finally EE) are reflected in the shape of the CV
curves, as well as in the pH-dependent trends of AE, and i,.
Most notably, the charge transfer kinetics change from irre-
versible (large AE,) at lower pH to reversible (small AE,) at
higher pH, Fig. 5c. At low pH, when the sluggish CECE reaction
pathway prevails, AE, increases with pH, reaching a maximum
at pH 2-4 (pH 2.4 within measured points). When the reaction
pathway shifts to predominantly ECEC, AE, starts to decrease,
reaching a minimum at pH 8-10 (pH 9.3 within measured
points) when the main reaction pathway is EECC. The
minimum AE, at pH 8-10 corresponds to the lowest

This journal is © The Royal Society of Chemistry 2026
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overpotential for 2,7-AQDS reduction, and it is consistent with
the pH range at the lowest Eq,p, observed for the RFB.
Conversely, the maximum AE, at pH 2-4 corresponds to the
maximum reaction overpotential and is consistent with the pH
range at the maximum Eg,,p. Notably, the AE,, slightly increases
at higher pH as the reaction pathway shifts towards EE. This
indicates that a pH increase beyond ~10 is detrimental for the
RFB VE. The transitions in the reaction pathway are also re-
flected in the peak current (i), Fig. 5d. The i, decreases with pH
in the range where CECE prevails, increases when ECEC
dominates, peaking in the EECC range before decreasing again
as the reaction pathway shifts to EE. The maximum peak
current is obtained at pH 8-10 and coincides with the minimum
AE,, confirming fast reaction kinetics at this pH range. Here, we
prefer to report pH ranges, instead of exact values, because
pinpointing the exact minimum/maximum values would
require a higher pH resolution in the experimental data.

Anolyte pH optimisation

Once the charging reaction pathway has been established, we
can turn our attention to determining the optimal operational

This journal is © The Royal Society of Chemistry 2026

pH for the 2,7-AQDS anolyte, i.e. the pH of minimal over-
potential. First, this is done with the aid of CV simulations and
then verified via three-electrode cell experiments. Simulated
CVs are used to avoid experimental interferences, e.g. electrode
and membrane resistances that can mask the results. The
electrochemistry simulator MECSim was used to generate the
CVs.* The simulation method has been previously described in
the literature,® and details on the simulation steps and
parameters can be found in the SI (Table S2). CV curves simu-
lated at pH 0-13 are shown in Fig. 6a, together with the trend in
E, (Fig. 6b), i, (Fig. 6c) and AE, (Fig. 6d). The simulated data
closely match the experimental trends plotted as dashed lines in
Fig. 6b-d. Simulations at smaller pH steps, Fig. 6e, can be used
to pinpoint the minimum AE, at pH 9.6-9.7. Thus, the
minimum anolyte overpotential, and consequently the
minimum Eg,.p, is expected at pH =~ 9.6-9.7. Within the
measured points, this is consistent with the experimental
results obtained in the previous sections of this paper, where
the minimum experimental Eg4,,, and AE}, were observed at pH
8.6 for the full cell and at pH 9.3 for the CVs. Since AE,, increases
for highly basic solutions (pH > 10), both experimentally and in
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Laviron curves assuming totally irreversible or quasireversible (Nicholson) systems. Simulation parameters are given in the Sl (Table S2).

the simulations, it confirms that minimum voltage losses would
be expected when the anolyte is buffered at mildly basic pH 8-
10.

Crucially, this simulation method can be applied to estimate
the minimum reduction overpotential of other quinones with
known charging reaction pathways, see the SI (Fig. S7) for
simulated data on anthraquinone-2-sulfonic acid (2-AQMS). As
a general trend, experimental and simulation results show that
charge transfer kinetics is sluggish when a CECE or ECEC
reaction pathway dominates (pH =< 7 for the 2,7-AQDS mole-
cule), and fast when EECC/EE prevails (pH > 7 for the 2,7-AQDS
molecule), as summarised in Fig. 6f.

After modelling the optimal operational pH for 2,7-AQDS
anolyte, we can investigate the slower CECE and ECEC reaction
pathways. First, CVs are simulated at different scan speeds for
the whole pH range 0-13 with electrode resistance set to zero.
Fig. 6g shows an example for pH 4. Then, the Ej, is plotted as

J. Mater. Chem. A

a function of scan speed to obtain the Laviron curves, as shown
for selected pH values in Fig. 6h.** A small AE,, indicates a fast
reversible reaction pathway (e.g. curves for pH 9 and pH 13),
while high AE, indicates a slow irreversible reaction pathway
(e.g. curves for pH 0 and pH 4).* For the slower kinetics (pH 0-
7), the equation for a totally irreversible system®** and the
Nicholson method (quasireversible system)***' were used to
model an apparent kinetic constant (k,pp), as described in the SI
(apparent kinetic constant (kapp)). The plot in Fig. 6i shows that
the minimum k,p,, ie. slowest kinetic and expected worst
voltage loss, is observed at pH 3 according to our model. Again,
within the measured points, this is consistent with the experi-
mental results obtained in the previous sections, where
maximum experimental Eq.,, was observed at pH 3.5 for the full
cell and maximum AE;, was observed at pH 2.4 for the CVs. This
supports the overall experimental trend, with maximum voltage
losses expected when the anolyte is buffered at acidic pH = 2-4.

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic representation of redox flow battery cell with a three-electrode arrangement (full lines represents charging while dashed

lines represent discharging), (b) measured voltage drop at the anolyte side averaged from three full charge—discharge cycles (Eqrop) and (c) detail
of E'd,op at higher pH at 5, 10 and 20 mA cm~2. (d) CV curves and peak separation for 2,7-AQDS solutions buffered with 0.5 M CO32~/HCOs~,
0.5 M NH3z/NH,* or 0.5 M tris/tris- HCl collected at a scan rate of 100 mV s~*. The data was collected from electrolytes containing ~10 mM 2,7-

AQDS.

For more precise results, the Eq,, can be directly measured
at the anolyte side of the battery using a reference electrode.
This excludes any possible interference from the cathode side
and membrane on the results. Fig. 7a shows a scheme of the
three-electrode cell used here. Here, Eq;,p, is averaged over 3 full
charge-discharge cycles (Eq4rop). The effect of pH on the anolyte
Eqrop is clear. As expected from the simulated model, CVs and
full cell results; Eqrop is significantly higher at low pH, with
a maximum at pH 2.7 (Eqrop = 18 mV at 20 mA cm™ ), Fig. 7b.
For pH > 6, Eq;op decreases by approximately one order of
magnitude, reaching a minimum at pH = 8-10, depending on
the charging rate (Eqrop = 0.14 mV at 20 mA cm™ > and pH 9.8),
as highlighted in Fig. 7c. Notably, within the measured points,
the experimental pH values that correspond to minimum/
maximum Egrop (9.8/2.7) closely match the pH values for
simulated minimum/maximum AE;, (9.6/3).

In practical RFBs, pH buffering can be achieved by using
common counter ions and supporting electrolytes. To illustrate
this, we tested three simple buffer systems: CO,%"/HCO;~, NH,/
NH," and tris/tris-HCl. These buffers could be easily imple-
mented in the anolyte tank to keep the pH at an ideal range (pH
8-10). Fig. 7d shows the CVs and AE, for ~10 mM 2,7-AQDS in
0.5 M solutions of each buffer. As anticipated, the lowest peak

This journal is © The Royal Society of Chemistry 2026

separation is obtained for NH3/NH,', which buffers the electro-
Iyte at pH = 9.2 and should result in devices with smallest
voltage losses. Notably, these results shed light on empirical
observations that RFBs with close to neutral or mildly basic
quinone anolytes'®** perform better than highly acidic or
highly alkaline anolytes®**** of the same quinone. In particular,
high performance has been reported for RFBs that use NH," as
supporting electrolyte or counter ion for the 2,7-AQDS anion.”*
Not only does NH," act to improve 2,7-AQDS solubility, as
established in previous work,® but the NH,"/NH; buffer system is
formed during 2,7-AQDS charging. If a sufficiently high concen-
tration of NH," is used as supporting electrolyte or counter ion,
NH,'/NH; will buffer the anolyte pH close to the ideal range (pH
8-10) throughout the whole charge-discharge cycle.

Conclusions

The efficiency of an SRFB with buffered 2,7-AQDS anolyte was
investigated over a broad pH range. Buffering was shown to be
a viable strategy for achieving an adequate voltage match and
maximising the SRFB round trip efficiency. Further investiga-
tion revealed a strong pH dependence in VE for the buffered 2,7-
AQDS anolyte. At low pH values (0-7), the sluggish kinetics
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attributed to the CECE and ECEC reaction pathways led to
significant voltage losses during the charge-discharge cycle. In
contrast, the highest VE (smallest Eq;,p,) was observed at slightly
alkaline anolyte pH 8-10, attributed to the predominance of the
fast EECC reaction pathway. According to our numerical model,
the minimum AE, was calculated at pH 9.6 and 9.7, which
closely matches the pH at minimum Edmp measured in our
three-electrode experiment (pH 9.8). As a final remark, for
optimal VE, it may be inferred from our results that other
quinone-based RFBs may require buffering within a specific pH
range. For 2,7-AQDS anolytes, this optimal range lies between
pH 8 and 10, with maximum VE expected at pH 9.6-9.8.
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