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Screening of Cation Exchange Membranes for an
Anthraquinone-Ferrocyanide Flow Battery

Lavrans F. Soffker,”® Thomas Turek,™® Ulrich Kunz,®® and Luis F. Arenas

The disodium salt of 9,10-anthraquinone-2,7-disulphonic acid
(2,7-AQDS) is an interesting platform for developing anthraqui-
none derivative negolytes for aqueous organic flow batteries.
Recently, ammonium sulphate supporting electrolytes have
been considered for improved stability and solubility. This work
advances the 2,7-AQDS/ferrocyanide flow battery with an
ammonium sulphate supporting electrolyte (pH 5) by studying
the suitability of six commercially available cation exchange
membranes: E-620, NR-212, FS-930, F-1075-PK, F-1850 and N-
115. Cell cycling under galvanostatic regime plus potential hold
was performed to determine coulombic efficiency, energy
efficiency and accessible capacity for each membrane as well as
capacity fade rate for three selected membranes under

Introduction

Flow batteries (FBs) are a promising technology for the storage
of renewable energy in stationary applications."” By using
electrochemical flow reactors to manage the state of charge
(SOC) of two electrolytes, FBs offer scalability, safety and
flexibility in service.” The number of commercial FB installations
continues to rise,”’ yet market penetration has been hampered
by relatively high costs.! For instance, the vanadium FB has
demonstrated many advantages,”" but faces challenges such as
high capital expenditure, fluctuating costs of vanadium and
high-risk supply chains.” Aqueous FBs based on organic
molecules (OFBs) have been proposed as a possible alternative,
as these could be produced from abundant elements.” Plus,
these molecules can be modified to tailor redox potential,
stability and solubility of the redox species for the electrolytes.”
However, important challenges remain towards realizing OFBs
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extended operation. Cell cycling under galvanostatic control
only was carried out to observe transient membrane behavior
alongside accessible capacity and apparent capacity fade rate. It
was found that the capacity set by the limiting negolyte is
consistent with 1.5 electrons per 2,7-AQDS molecule and that
energy efficiency shows a simple direct relationship to mem-
brane thickness, with one exception. Meanwhile, four mem-
branes displayed similar apparent capacity fade rates at this
laboratory scale irrespective of their thickness, with capacity
loss explained in terms of crossover. The best overall perform-
ance was attained by the thinnest membranes, E-620 and NR-
212.

with competitive capital costs and sufficient stability of active
materials to maintain low operative costs and long life-time, or
at least enough to match the vanadium FB."”

Anthraquinone derivatives are considered to be viable
negolytes for OFBs,”® and sulphonated anthraquinones remain
at present the only substances available at the tonnage-scale.
For nearly a decade, a number of derivatives has been
specifically developed with the aim of maximizing capacity
retention in OFBs.”! Yet, the accessible disodium salt of 9,10-
anthraquinone-2,7-disulphonic acid (2,7-AQDS) has been partic-
ularly interesting, as it is used as a redox mediator additive in
the Stretford process for desulphurization of natural gas."” A
more economic option is the precursor mixture of 2,7-AQDS
and 9,10-anthraquinone-2,6-disulphonic acid (2,6-AQDS).'"" A
limitation of these molecules is that the capacity of prepared
aqueous negolytes is subject to a pH-dependent dimerization
that restricts the number of electrons theoretically available per
molecule,"*'¥ although this seems not always true for the case
of the mixture of AQDS isomers."""

Proposed FBs have combined a 2,7-AQDS negolyte with
bromine posolytes in acidic""'" and alkaline environments,"'>'®
with near-natural iodine"” and acidic cerium posolytes also
reported." Following the implementation of other anthraqui-
none-ferrocyanide systems,”'** the 2,7-AQDS/ferrocyanide FB
has received attention in view of enhanced stability at near-
neutral electrolytes.”’*) Moreover, this system benefits from
the low-price and scalability of ferrocyanide,” which may
prove manageable at near-neutral to alkaline pH.***” Specifi-
cally, ammonium-based supporting electrolytes are being ex-
plored as a result of the experience with ammonium bromide
posolytes,"*'® and in addition to the possibility of enhanced
solubility of ammonium salts of both 2,7-AQDS®® and
ferrocyanide.® Plus, it was originally suggested that

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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ammonium counter ions could modify the fraction of AQDS
dimer and increase the accessible capacity of the negolyte."?
However, this turned out not to be the case.”'*?

Recently, Fenini etal. have reported a 2,7-AQDS/ferrocya-
nide FB with an ammonium sulphate supporting electrolyte
with a low capacity fade rate of 0.058% day™' (with ‘rest
periods’) and record endurance in laboratory conditions.”? They
demonstrated that this supporting electrolyte sustained more
favorable electrode kinetics than phosphate buffers and better
pH control than sodium sulphate solutions. It was also shown
that 2,7-AQDS exchanged 1.5 electrons per molecule due to
dimerization, similar to acidic conditions."*'¥ Capacity loss in
the FB by Fenini et al. using a E-630 membrane could not be
clearly ascribed to the degradation or permeability of the
posolyte being rather associated to the stability of 2,7-AQDS.*?
This is consistent with the negligible membrane permeability of
2,7-AQDS in sulphuric acid solutions observed by Mazur et al. in
a flow electrolysis/double half-cell."” However, Asenjo-Pascual
et al. showed that capacity loss in a 2,7-AQDS/ferrocyanide FB
with a near-natural sodium chloride supporting electrolyte and
a NR-212 membrane was dependent on crossover.”" Consider-
ing that the main capacity loss mechanism in 2,7-AQDS/
bromine FBs is bromine permeation into the negolyte,"" it is
clear that the choice of membrane should be further inves-
tigated towards a better understanding and development of
2,7-AQDS/ferrocyanide FBs. This is one of the aims pursued by
the present work.

Systematic investigations on membrane optimization and
on the relationship between performance and membrane
properties have been a mayor task in the development of the
state-of-the-art vanadium FB.F**" OFBs have received less
attention in that regard, probably due to the variety of
proposed  chemistries, although relevant efforts are
mounting.B? Still, studies on energy efficiency and capacity
retention vs. membrane type and thickness are scarce outside
the vanadium FB literature.”™ For instance, Small et al. have
considered five electrodialysis anion exchange membranes for
the TEMPO-methyl viologen FB during 100 charge-discharge
cycles®¥ Meanwhile, Lee etal. studied three Nafion® mem-
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branes for a napthoquinone-ferrocyanide FB for 50 charge-
discharge cycles.* Cation exchange membranes have not been
considered systematically for OFBs across suppliers or thickness,
nor for 2,7-AQDS or its analogues. Relevant extended tests over
a wider range of current density are important for further
technological development.

The present work investigates the performance of six
commercial cation exchange membranes from two suppliers in
the 2,7-AQDS/ferrocyanide FB with ammonium sulphate sup-
porting electrolyte, see Figure 1. These include membranes
marketed for vanadium and organic FBs as well as ‘standard’
perfluorinated materials. As in our previous work,®® readily
available sodium salts of 2,7-AQDS and ferrocyanide were
employed in order to examine low-cost conditions. Energy and
coulombic efficiency, accessible capacity and capacity fade rates
were studied by galvanostatic and galvanostatic/potentiostatic
cell cycling. Results are discussed in terms of known capacity
loss mechanisms.””

Results and Discussion
Cyclic Voltammetry

To illustrate the origin of the cell voltage and the overall
electrochemical behaviour of the redox couples, the voltammo-
grams for each half-cell species are shown in Figure 2. It can be
observed that the formal potentials of 2,7-AQDS and sodium
ferrocyanide are —0.405 V and +0.245 V vs. Ag/AgCl (—0.196 V
and +0.454V vs. SHE) in the unadjusted ammonium sulphate
supporting electrolyte (pH 5.1), respectively. This represents a
modest maximum open circuit voltage (OCV) of 0.65V, lower
than the acidic 2,7-AQDS/bromine system at 0.69V (10%
SOQ),™ which would imply a larger number of cells per stack
for delivering a given power compared to vanadium FBs.

Figure 2 also reveals that the peak separation for 2,7-AQDS
is 74 mV in the 0.25 moldm™ ammonium sulphate supporting
electrolyte. The value is close to the peak separation of 80 mV
(scan rate: 50 mVs™") in a near-neutral 1.0 moldm™ potassium
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Figure 1. Schematic of a 2,7-AQDS/ferrocyanide aqueous, semi-organic flow battery showing standard electrode reactions.
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Figure 2. Cyclic voltammograms of 9,10-anthraquinone-2,7-disulphonic acid disodium salt, 2,7-AQDS(Na,), and sodium ferrocyanide, Na,[Fe(CN)].
Concentration: 0.005 moldm 2 in 0.25 moldm~* ammonium sulphate, (NH,),SO,. Scan rate: 50 mVs~" at 25°C.

chloride support as reported for another 2,7-AQDS/ferrocyanide
FB,"”* alongside 450 mV in 1.0 moldm 2 sulphuric acid solution.
These observations are consistent with a value rising from the
theoretical 30 mV for a reversible two-electron process due to
dimerization in acidic media.'”? They also indicate, together
with peak potential dependency on scan rate and shifting
mixed control region, that 2,7-AQDS is in these conditions an
irreversible redox couple in terms of voltammetric response, see
Figures S1 and S2. From a perspective of electrochemical
reactor design, this would entail more intense overpotentials
than those experienced when using a faster redox couple
yielding fully reversible voltammograms.

Accessible Capacity and Energy Efficiency

Accessible capacity and energy efficiency as a function of
current density for the FBs with the studied cation exchange
membranes, see Table 1, were measured under galvanostatic
cell cycling plus potential holds and are presented in Figure 3.
In all cases, the accessible capacity of 2,7-AQDS in the
ammonium sulphate supporting electrolyte (pH 5) is consistent
with a theoretical capacity considering 1.5 electrons available
per molecule. This represents a 75% capacity utilization for the
concentration of 2,7-AQDS molecule and reveals the presence
of dimers having 3 available electrons each in acidic conditions,
as demonstrated by Carney et al."” The results agree with Hu
etal.,”™ who reported an electron availability of 1.5 for 2,7-
AQDS in the presence ammonium and sulphate ions, although
they used the ammonium salt of 2,7-AQDS while here the

supporting electrolyte.

Table 1. Characteristics of the evaluated cation exchange membranes. Average wet thickness was measured for a 0.25 moldm™

* ammonium sulphate

Membrane Nominal dry thickness, Average wet thickness, Composition Typical pH Support Reported area-specific resistance,
um um range Qcm?
E-620 20 180417 not speci- acid-base none <0.1@
fied
NR-212 51 53.74+0.6 fluorinated acid-neutral none 0.5
FS-930 30 317406 fluorinated acid none <0.19
F-1075-PK 75 81.7+£06 fluorinated acid PEEK 0.15"
F-1850 50 587+1.2 fluorinated acid-base none <039
N-115 125 1343+1.2 fluorinated acid-neutral none 0.12¢

H,SO,. [d] Reported by Slade et al. for 1.0 moldm™ H,S0,.%"

[a] Reported by the supplier for 0.5 moldm~ NaCl. [b] Reported by Jung et al. for 2.0 moldm— H,S0O,.*® [c] Reported by the supplier for 0.5 moldm~™

3
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Figure 3. Coulombic efficiency, energy efficiency and accessible charge capacity of the 2,7-AQDS/ferrocyanide flow battery for different membranes. a) E-620;
b) NR-212; c) FS-930; d) F-1075-PK; e) F-1850; f) N-115. Ammonium sulphate supporting electrolyte. Galvanostatic/potentiostatic cell cycling at 30°C.

sodium salt was used. Ammonium ions permitting an overall
capacity utilization of 75% were first observed for a 2,7-AQDS/
NH,Br system,!'” this being again analogous to 2,7-AQDS dimers
in sulphuric acid solutions."

As expected, Figure 3 and the corresponding data in Table 2
show that energy efficiency diminishes with rising current
density due to ohmic losses and rising activation and mass
transfer overpotentials. Values over 80 % could only be achieved
for current densities of 25 mAcm™, as in many other organic
and semi-organic flow batteries.®? In contrast, vanadium FBs
can operate at ca. 400 mAcm™2 in comparable laboratory flow
cells* The lowest energy efficiency was around 40% for all
tested membranes. Overall, the E-620 membrane displayed the
highest energy efficiencies of all the evaluated membranes,
with 84%, 73% and 54% at current densities of 25, 50 and
100 mAcm™?, respectively. This may be explained by the fact
that this membrane is the thinnest (18.0 4+ 1.7 um) having a low

ChemElectroChem 2024, 11, 202400516 (4 of 14)

area-specific resistance, see Table 1. In general, coulombic
efficiencies were near 100% for all membranes, in agreement
with a negligible capacity loss during the duration of these
experiments.

In order to better understand the possible relationship
between energy efficiency and membrane thickness, the
average energy efficiency at 50 mAcm™ was plotted against
the membrane thickness. As shown in Figure 4, a simple linear
relationship arises between membrane thickness and energy
efficiency assuming the same intrinsic conductivity. In general,
FBs using thicker membranes exhibited a lower voltage
efficiency, see Table 1. It can also be noted that Khataee et al.
mentioned the expected linear relationship between membrane
resistance and thickness while discussing a 2,7-AQDS/Br, FB
using a NH,Br supporting electrolyte,"” where a N-212 (50 um)
membrane yielded a significantly lower cell resistance than the
thicker N-117 (180 um). This relationship is not straightforward
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Table 2. Average energy efficiency vs. current density for a 2,7-AQDS/
ferrocyanide flow battery using different membranes. Ammonium sulphate
supporting electrolyte. Galvanostatic/potentiostatic cell cycling at 30°C.
Current density, Energy efficiency, %
mA cm’* - NR- FS  F F- N-

620 212 930 1075- 1850 115

PK

25 84.2 81.6 82.0 80.5 70.0 76.9
50 73.2 67.6 69.9 66.5 48.6 60.1
75 63.2 55.6 59.2 54.0 345 46.8
100 54.9 46.7 50.3 44.6 30.3 375
125 48.9 41.8 44.7 39.9 30.3 35.2
150 46.1 40.4 42.7 38.7 30.3 35.1
175 44.5 39.7 413 38.3 30.4 35.1
200 43.5 39.6 40.5 384 30.4 34.9
225 43.0 39.6 40.5 385 30.8 375
250 42.8 39.6 40.7 385 30.5 34.7

in the vanadium FB using the Nafion membrane series, as
thinner membranes allow for faster crossover of vanadium ions
and decrease coulombic efficiency." Interestingly, the inert
PEEK support of the F-1075-PK membrane appears to have a
negligible influence on the properties that determine the
relationship between thickness and efficiency.

An exception to the trend was found in the F-1850
membrane, with an average energy efficiency of about 48%
and a thickness of 58.7 +-1.2 um, see Figure 4. The performance
of this membrane is below that of the others at all current

densities. This may indicate that the membrane chemistry is
incompatible with the examined ammonium-containing system.
While the exact composition is not disclosed, the supplier
reports that the high blocking capability for vanadium ions in
the F-1850 membrane is due to very long polymer chains.
Careful repetition of the F-1850 membrane test gave similar
results, see Figure S3. Visually undetectable cracks are not
supported by the lack of anomalous changes in electrolyte
volumes and by the reasonable capacity retention observed in
galvanostatic/potentiostatic cell cycling, vide infra. Still, the F-
1850 membrane was used successfully by Mazur etal. for
studying a 2,6-AQDS and 2,7-AQDS sulphonation mixture
posolyte in an electrolysis flow cell,"" affording negligible
crossover and energy efficiencies of ca. 75% in an ammonium-
free electrolyte.

The observed energy efficiencies can be compared to the
closely related work of Fenini et al.,”? who conducted experi-
ments on the 2,7-AQDS/ferrocyanide FB using ammonium
sulphate as supporting electrolyte, near-neutral pH, potential
hold steps and a 30 um-thick E-630 membrane. Energy
efficiencies of 78% and 60% at current densities of 50 and
100 mAcm~? were reported under such conditions, respectively.
These values slightly surpass the 73% and 54 % achieved by the
E-620 membrane in the present work at the same current
densities, as well the 70% and 51% observed with the FS-930
membrane, which is also 30 um in nominal thickness, see
Table 1. This is likely a consequence of the higher concen-
trations of 0.5 moldm™ 2,7-AQDS in 1.45 moldm™ ammonium
sulphate and 045 moldm™ sodium ferrocyanide in
0.75 moldm™ ammonium sulphate used by Fenini et al., which
may have decreased cell resistance.
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Figure 4. Energy efficiency vs. measured wet membrane thickness for an 2,7-AQDS/ferrocyanide flow battery. Ammonium sulphate supporting electrolyte.

Galvanostatic/potentiostatic cell cycling at 50 mAcm~2 and 30°C.
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The 2,7-AQDS/ferrocyanide FB with ammonium-based elec-
trolyte is comparable to systems employing instead near-
neutral chloride-based supporting electrolytes. For instance, an
energy efficiency of up to 81% was reported for one of such
FBs using 0.4 moldm™ 2,7-AQDS in 1.0 moldm™ KCl and a NR-
212 membrane at 40 mAcm 2 Meanwhile, for 0.1 moldm™3
2,7-AQDS in 1.0 moldm™ NaCl an energy efficiency close to
65% was observed at 100mAcm™2 using the same
membrane.”” However, it is difficult to offer a clear pattern,
given the different concentrations of active material and
supporting electrolyte.

The results can also be contrasted to AQDS-based FBs in
acid or basic conditions. For instance, Mazur et al. studied an
acidic AQDS/HBr system wusing a sulphonation mixture
posolyte."™™ An experiment using only 2,7-AQDS afforded an
energy efficiency of 83% with the F-930 membrane at
150 mAcm™2 Better performance over the 70% in the present
work is due to the more concentrated and conductive
3.0 moldm™ HBr electrolyte. Meanwhile, 2,6-DHAQ tested by
Lin etal. at 0.5 moldm™ alongside 0.4 moldm™ ferrocyanide
both in 1 moldm™ NaOH showed an energy efficiency of 84 %
at 100 mAcm™ for the NR-212 membrane.*? The correspond-

[21

ing energy efficiency in the present work was close to 67 %
since the conductivity and concentration of the NaOH electro-
lyte is superior to that of the ammonium-based solutions.

Apparent Capacity Fade Rate and Cell Resistance under
Galvanostatic Cell Cycling

The membranes were first assessed under galvanostatic cell
cycling, where the accessible capacity of the FB is driven by
transient phenomena and can provide information about
membrane characteristics and the origin of capacity loss.**"
Voltage-capacity plots for each membrane are shown in
Figure 5 and confirm that the accessible capacity does not
reach the theoretical value for the 2,7-AQDS limiting electrolyte.
This is because kinetic and mass transfer overpotentials
together with ohmic losses set the activation of cell voltage cut-
off conditions before full capacity is reached." Figure 5 also
shows that a large loss in accessible capacity takes place during
the first cycles in all cases. This is more evident in Figure 6,
which presents plots of accessible capacity over calendar time
and cycle count. The majority of capacity loss took place during
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Figure 6. Volumetric charge capacity vs. time and cycle number for the 2,7-AQDS/ferrocyanide flow battery for different membranes. a) E-620; b) NR-212; ¢)
FS-930; d) F-1075-PK; e) F-1850; f) N-115. Ammonium sulphate supporting electrolyte. Galvanostatic cell cycling at 50 mAcm™ and 30°C.

the first day of operation, which is a known occurrence in the
literature.2'***! After this initial phase, the apparent capacity
fade rate is approximately constant. Note that the widely
accepted capacity fade rate reports consider the full capacity of
the battery under galvanostatic/potentiostatic cell cycling,*
and are discussed in the next section.

In the extended galvanostatic tests it became evident that
an energy efficient membrane not necessarily exhibits a slow
capacity fade rate. Apparent capacity fade rates were taken
after 500 cycles from Figure 6. With 0.336% day™' and 0.335%
day™', the E-620 and NR-212 based FBs performed similarly.
However, the accessible capacity in the FB employing a NR-212
membrane was higher throughout the testing period. The FS-
930 membrane displayed more than twice the apparent
capacity fade rate at 0.687% day™' and overall accessible
capacity minimally superior to the E-620. The F-1075-PK system
featured a slightly increased capacity fade rate at 0.377% day™'
compared to the E-620 and the NR-212. In summary, mem-
branes FS-930 and F-1850 displayed the highest apparent
capacity fade rates while the E-620, NR-212, F-1075-PK and N-

ChemElectroChem 2024, 11, €202400516 (7 of 14)

115 had all close values. A possible interpretation of this
behavior is that the similar capacity fade rates are driven by the
oxygen diffusion rate to the flow system. Reaction of the
charged negolyte with oxygen is a known capacity loss
mechanism for this FB.?" However, given the low-oxygen
environment, a near constant intrinsic and dimer-driven degra-
dation is more likely under the pH-varying environment.?? The
FS-930 and F-1850 exceptions are due perhaps to prevailing
membrane transport phenomena for the redox species.

The area-specific resistance of the FBs over cell cycle
number is presented in Table 3 for the galvanostatic cell
cycling. In these devices, membrane resistance is typically a
dominant ohmic component.®? However, as true capacity fade
rate due to molecular degradation occurs simultaneously with
changes in the membrane, the development of cell resistance
cannot be strictly correlated to the observed charge accessi-
bility. Indeed, differences in capacity loss are not solely explain-
able through membrane thickness, which was already corre-
lated to efficiency. Still, some generalizations can be
established. Area-specific resistance shows a slight reduction
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Table 3. Area-specific resistance over cell cycle number for a 2,7-AQDS/
ferrocyanide flow battery using different membranes. Ammonium sulphate
supporting electrolyte. Galvanostatic cell cycling at 50 mAcm 2 and 30°C.
Cycle num- Area-specific resistance, Q cm?
ber E- NR- Fs- F1075-  F- N-

620 212 930 PK 1850 115
100 3.34 243 2.84 3.46 4.65 3.36
200 3.34 2.46 2.50 3.40 4.30 3.35
500 3.33 2.46 243 3.35 4.35 3.33
1000 2.75 243 2.36 3.31 4.15 3.31

over time during the experiments, see Table 3. This is expected,
as the membranes have been soaked in the supporting electro-
lyte and need time to reach a steady state at the operating
conditions resulting from redox and mass transfer phenomena
equilibria.*”*® As long as the redox couples are compatible with
the membrane chemistry and charge carrier polarity, the
conductivity is largely dependent on the supporting electrolyte.
Since the degradation of ammonium ions is minimal,?
observed changes in the resistance of the FBs are assumed to
be caused by changes in membrane resistance.

Returning to the relationship between membrane thickness
and apparent capacity fade rate in the galvanostatic regime,
membrane thickness has no direct correlation to the observed
values in these conditions, see Figure 7. For instance, the 53.7
0.6 um thick NR-212 membrane offered better capacity reten-
tion than the 31.74+0.6 um FS-930 membrane but performed
similarly to the thinner 18.0+1.7 um E-620 membrane. An

argument can be made on the fact that membrane thickness is
not the deciding factor for capacity retention. The observed
differences may be explained through chemical composition
and other properties such as polymer molecular weight and
affinity to charge carrier groups under otherwise identical
conditions. Differences in membrane resistance and capacity
fade rate may also be explained by different cation transfer
rates. Whereas in this weakly acidic system ammonium cations
will likely be transported along protons, a higher transfer rate
should still lead to a reduction in membrane resistance.
Although manufacturer data on proton exchange rate is only
available for the FS-930 and F-1075-PK membranes,***” this
data correlates with the measured area-specific resistances,
with values of > 28,000 pmol min~'cm ™2 and
> 8,000 umol min~"cm? for each membrane, respectively.

Since area-specific resistance measurements were obtained
in these experiments, it is worth comparing the trend observed
in Figure 4 with the values given in Table 3, as the resistance is
indeed a function of membrane thickness at the same current
density. The order sequence of rising energy efficiency in
Figure 4 is: F-1850<N-115<F-1075-PK<NR-212 <FS-930 < E-
620. This correlates well to the order sequence of decreasing
area-specific resistance during the galvanostatic cell cycling, for
example at the 1000" cycle: F-1850>N-115~F-1075-PK > E-
620 >NR-212>FS-930. An exception is the E-620 membrane,
which seems to have undertaken a further decrease in
resistance over 1000 charge-discharge cycles from the much
shorter energy efficiency experiments involving 110 cycles.

Finally, the area-specific resistance values given in Table 3
can be compared to other FBs utilizing 2,7-AQDS. The values

0.8
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©
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O\O . X
-~
S 051
g
m 0.4+
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>
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Figure 7. Capacity fade rate vs. measured wet membrane thickness for an 2,7-AQDS/ferrocyanide flow battery. Ammonium sulphate supporting electrolyte.
Operation at 50 mAcm™2 and 30°C. x Apparent capacity fade rate from galvanostatic cell cycling only. * Capacity fade rate from galvanostatic/potentiostatic

cell cycling.

ChemElectroChem 2024, 11, 202400516 (8 of 14)

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 11D 3|qeal|dde ay) Ag peusencb afe sopie O ‘8sn Jo se|ni Joj Aeiq 1 8uluo A8|i/M UO (SUONIPUOD-pUe-SLUB)/WD A8 | 1M ATelq Ul |UO//SdNy) SUONIPUOD pue swie | 841 89S *[6202/90/9T] uo Akiqiauliuo A1 ‘158 L Ad 9TS00YZ0Z 2[89/200T 0T/I0p/wod A8 |imAkelqipuljuoadoune-Als weyo//sdny wouy pepeojumod ‘2z ‘vz ‘91209612



ChemElectroChem

Research Article
doi.org/10.1002/celc.202400516

Chemistry
Europe

European Chemical
Societies Publishing

here presented range from 2.36-4.46 Qcm?” and are expectedly
higher than the values near 1.0 Qcm® reported by Asenjo-
Pascual et al. for a 2,7-AQDS/ferrocyanide FB which used a more
concentrated 1.0 moldm™ NaCl as supporting electrolyte and a
N-212 membrane.?” Meanwhile, MazUr et al. reported area-
specific resistances of 0.44 Qcm? for a 2,7-AQDS/HBr FB with a
F-930 membrane,"” and Khataee reported 0.46 Q.cm? for a 2,7-
AQDS/Br, FB with a N-212 membrane."”™ Again, the high
conductivity of the supporting electrolyte explains the observed
differences against the ammonium sulphate support used in
the present work.

Elapsed time, t/ days
4 6 8

0 2 10

Capacity Fade Rate under Galvanostatic Cell Cycling with
Potential Hold

Membranes E-620 and NR-212 were deemed adequate for
further evaluation during the previous galvanostatic cell cycling
because of their favorable energy efficiency and matching
apparent capacity fade rate. These membranes were comple-
mented by the F-1850 membrane for comparison since this
material appeared to be the least adequate in terms of energy
efficiency and apparent capacity fade rate for this FB chemistry.

Figure 8 shows the results of galvanostatic cell cycling
incorporating a potential hold in each charge and discharge
step as set by the 2,7-AQDS limiting electrolyte. The coulombic
and energy efficiency of these FBs are presented in Table 4. The
values for the average coulombic efficiency are <0.1% error
over 100% and reflect an unmeasurable loss of charge capacity
in one cycle and perhaps instrument resolution. Meanwhile, the
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Table 4. Coulombic and energy efficiency over cycle number for a 2,7-
AQDS/ferrocyanide flow battery using different membranes. Ammonium
sulphate supporting electrolyte. Galvanostatic/potentiostatic cell cycling at
50 mAcm > and 30°C.

Coulombic efficiency, %

Membrane First 10 cycles Cycles 490-500 Average 500 cycles
E-620 99.52 100.06 100.04
NR-212 99.15 100.06 100.02
F-1850 99.05 100.11 100.07

Energy efficiency, %

Membrane First 10 cycles Cycles 490-500 Average 500 cycles
E-620 68.65 71.62 70.79
NR-212 56.04 58.30 58.81
F-1850 67.94 67.79 68.22

order sequence of rising average energy efficiency is: NR-212 <
F-1850 < E-620. The thinnest E-620 membrane displays again
the highest energy efficiency of 70.8%. In contrast, the NR-212
affords a value of 58.8%. The F-1850 shows a much higher
energy efficiency of 68.22% in these conditions than under the
purely galvanostatic regime, but this is a consequence of
eliminating most overpotentials and ohmic losses from com-
plete charge-discharge cycles.

Adding a potentiostatic hold to the charge and discharge
step is appropriate for determining the full capacity of the
device and for following the capacity retention of the FB in the
evaluated conditions.** Here, this scheme does not aim to
report universally valid capacity fade or molecular degradation
rates for 2,7-AQDS, for which unbalanced, compositionally
symmetric flow cell cycling and steady-state amperometry are
the presently accepted methods.”® The following discussion
lies on membrane performance and requirements for improved
battery performance.

Returning to Figure 8, it can be seen that the capacity of the
three evaluated FBs does not reach the full theoretical value for
the limiting electrolyte. Indeed, a maximum SOC cannot be
reached due to the remaining activation and mass transfer
overpotentials plus membrane ohmic losses and any possible
parasitic reactions. The maximum capacity utilization following
50 cycles were 96.8%, 84.7% and 82.8% for the E-620, F-1850
and NR-212 membranes, respectively. This was also seen for the
same FB chemistry by Fenini et al.”” who reported a capacity
utilization of ca. 65% after 10 days of operation even when
incorporating a E-630 membrane and the potentiostatic step.

In Figure 8, the volumetric capacities measured at cycle 500
were 7.5 Ahdm™ for the E-620 membrane, 6.6 Ahdm™ for the
F-1850 membrane and 6.7 Ahdm™ for the NR-212 membrane.
In other words, the FB with the E-620 membrane reaches a
capacity utilization of 93% of the theoretical value, with the
latter being ca. 13% higher than the average for the F-1850 and
NR-212 materials. The E-620 membrane is the thinnest and this
decreases residual ohmic overpotentials during the potentio-
static step, hence accessing more capacity.

ChemElectroChem 2024, 11, 202400516 (10 of 14)

In terms of capacity fade rate, and as shown in Figure 7, the
NR-212 membrane exhibited the lowest value of 0.12% day™',
closely followed by the F-1850 membrane with 0.13% day™'. On
the other hand, the E-620 membrane showed a higher value of
0.34% day™', value which is practically identical to that
obtained without the potentiostatic step. Thus, the sequence of
decreasing capacity fade rate is: E-620>F-1850~NR-212. It
appears that the thinnest E-620 membrane (18.0£1.7 um) is
more susceptible to crossover. The F-1850 (58.7 +1.2 um) and
NR-212 (53.7£0.6 um) membranes show a very similar, lower
capacity fade rate consistent with their increased thickness.

As to how crossover might decrease capacity retention in
the 2,7-AQDS/ferrocyanide FB, it should be first noted that its
capacity loss in the absence of atmospheric oxygen is mainly
caused by decomposition of 2,7-AQDS via the anthrone route.””
In the presence of oxygen, capacity loss is caused by the
progressively limited capacity of the negolyte due to the
undesired oxidation of reduced 2,7-AQDS,*" with a possible
imbalance contribution due to oxygen reduction.®” Yet, in any
of these conditions capacity loss due to crossover of 2,7-AQDS
to the posolyte can be excluded, as it has been shown that
direct permeation of 2,7-AQDS and 2,6-AQDS through cation
exchange membranes (including the F-1850 type) is negligible
in acidic conditions.""” Again, the permeability of the isomer
2,6-AQDS is quite low across NR-212 due to its large Stokes
radius.®

Thus, considering the oxygen-free conditions and the 2,7-
AQDS limiting electrolyte in the present work, the capacity
fades rate for the FBs using the NR-212 membrane (0.12%
day™") and the F-1850 membrane (0.13% day™') can be
explained purely by molecular degradation. Indeed, Goulet
etal. reported a practically identical capacity fade rate of
approximately 0.1% day™' for 2,7-AQDS alone in 1 moldm™
sulphuric acid in unbalanced compositionally-symmetric cells."
The exact mechanism would be the disproportionation of 2,7-
AQDS into an anthrone followed by dimerization and subse-
quent loss of aromaticity.®" In other words, the choice between
these two membranes does not influence the capacity loss of
FB in a significant way for a 2,7-AQDS limiting negolyte.

As to why the E-620 membrane afforded a higher capacity
fade rate of 0.34% day™', this might be again ascribed to its
thickness of 18.0+1.7 um, see Figure 7. Perhaps in these
conditions the permeation of posolyte species into the negative
half-cell also starts influencing capacity fade rate. However, the
postmortem cyclic voltammetry of both negolyte and posolyte
showed no evidence of crossover after 12 days of cell cycling in
typical experiments, see Figure S4. Plus, this agrees with Bauer
et al.® who noted that 2,7-AQDS permeation into the posolyte
was also undetectable in their flow cells by cyclic voltammetry
and by NMR analysis and that the peak height of the voltammo-
grams showed some decrease after charge-discharge cycles.

Still, Asenjo-Pascual et al. have shown that ferricyanide and
ferrocyanide ion crossover is dominant in a 2,7-AQDS/ferrocya-
nide FB with sodium chloride supporting electrolytes, especially
with more permeable membranes.?" The faster capacity loss
with the thinnest E-620 membrane would agree with the work
of Jiang etal,”” who showed that the crossover rate of
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inorganic species was inversely proportional to membrane
thickness in vanadium FBs. Such loss would be analogous to
the acidic 2,7-AQDS/bromine FB, where bromine permeation
into the negative half-cell is a known capacity loss
mechanism.""** Crossover of decomposed ferrocyanide and
ferricyanide ions may be eventually possible in the mildly acidic
electrolytes with initial pH of 5,° although no trace of Prussian
blue or any other precipitate was detected. The above facts
indicate that the capacity loss mechanism due to crossover of
ferricyanide and ferrocyanide ion has an important role that
needs to be properly investigated by setting the posolyte as
limiting electrolyte, which was beyond the scope of the present
work.

In general terms, the lowest capacity fade rate was 0.12%
day™' for the NR-212 membrane (53.7 0.6 um), which can be
contrasted to the average capacity fade rate of 0.2% day™'
reported by Fenini etal. with a E-630 membrane (nominally
30 um) in the same FB, when ‘resting time’ periods were
subtracted from their calculations.”” This might be the result of
the larger thickness of NR-212. Indeed, the E-620 membrane
showed a higher capacity fade rate of 0.34% day ', which
might be reasonable since E-630 is thicker. It should be
mentioned that, by including a 30 s ‘resting time’ between each
cycle, Feninni etal. decreased capacity fade rate to 0.058%
day',*® which is almost an order of magnitude below the
lowest value in this work. It is argued that the ‘resting time’
allows an equilibration between the half-cells that increases
monoprotonated 2,7-AQDS and breaks apart the dimer. How-
ever, this effect might be less intense than thought, since the
subtraction of the ‘resting time’ produces capacity fade rates
similar, if not higher, than the ones here presented.

Still, there are good arguments to adjust the electrolytes to
pH 7 prior to the experiments in view of a higher fraction of
monoprotonated form despite the pH oscillation during cell
cycling.?? Plus, Asenjo-Pascual et al. showed that electrolytes
with an starting pH of 7 increase the cell voltage and energy
efficiency and decreased capacity loss over a pH of 4 in their
2,7-AQDS/ferrocyanide FB with sodium chloride supporting
electrolytes.?” Indeed, Hu etal. reported no measurable
capacity loss over 15 days of operation at 60 mAcm™ with
potentiostatic hold using a N-115 membrane and a near-neutral
negolyte comprised of the ammonium salt of 2,7-AQDS in an
ammonium iodide (NH,l) supporting electrolyte.?® The time
stability of ferrocyanide and ferricyanide ions also improves
near neutral conditions, over the pH of 5 set initially by the
unadjusted supporting electrolytes used in the present work."®

Other improvement strategies could be implemented to
enhance capacity retention in 2,7-AQDS/ferrocyanide FB with
ammonium sulphate supporting electrolytes, irrespective of
membrane. For example, the limitation of the maximum SOC to
<90%, to lessen the faster degradation of the reduced 2,7-
AQDS due to aromaticity loss above those values."" Another
option is to periodically purge the electrolyte with air to oxidize
the anthrone degradation intermediate back to 2,7-AQDS."” Yet
another method is to rebalance the SOC of the two electrolytes
by performing periodic charge steps involving lifting the cut-off
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voltage to promote HER or OER,®? especially if oxygen diffuses
into the flow system.

Conclusions

The study of six commercially available cation exchange
membranes for the 2,7-AQDS/ferrocyanide FB using ammonium
sulphate supporting electrolytes has shown the significance of
a trade-off between energy efficiency and capacity retention as
established by membrane characteristics. When setting the 2,7-
AQDS redox couple in the negolyte as limiting electrolyte, the
accessible capacity of the flow battery was close to the
theoretical 1.5 electrons per molecule of 2,7-AQDS, confirming
the presence of a partially inactive dimer in the ammonium
sulphate supporting electrolyte due to the mild acidic con-
ditions (pH 5)."* Cell cycling under purely galvanostatic control
showed that the energy efficiency of the tested FBs was
governed mainly by ohmic effects of the cation exchange
membranes. Critically, energy efficiency showed a simple linear
correlation to membrane thickness, with thinner membranes
generally exhibiting enhanced energy efficiency. One exception
to this trend might be due to a different membrane
composition. Cell cycling involving a potential hold step after
the galvanostatic charge and discharge steps was applied to
selected membranes. In these tests, the E-620 and the NR-212
membranes showed the best performance. On the one hand
the E-620 membrane (18.0 £ 1.7 um) afforded a relatively high
energy efficiency of 70.8% at 50 mAcm™ and a capacity fade
rate of 0.34% day . On the other hand, the NR-212 membrane
(53.7+0.6 um) showed a lower energy efficiency of 58.8% at
the same current density but also a lower capacity fade rate of
0.121% day™', which would be consistent with negligible
crossover and a solely molecular degradation capacity loss,
which can be mitigated by regeneration techniques. In general,
these results agree with the observed trend of thin membranes
(e.g. <30 um) required for many OFBs, but it should be stressed
that their poor mechanical properties must be proved fully
compatible with large cells and stacks.”® Although high energy
efficiency is desirable, a choice of membrane would eventually
consider local/current price and techno-economical aspects
involving the long-term capacity retention of the system.”
Postmortem cyclic voltammetry provided no evidence of cross-
over of the redox species involved in the studied time scale.
However, a slightly higher capacity fade rate with the thinnest
membrane, the literature on ferrocyanide pH-dependent stabil-
ity and its known membrane permeability strongly indicate that
further study of the 2,7-AQDS/ferrocyanide FB with the posolyte
as limiting electrolyte is essential to understand the overall
capacity loss mechanism, particularly in long-term operation.
The 2,7-AQDS/ferrocyanide system can be considered a reason-
ably accessible platform for the development, modelling and
scale up of OFBs based on anthraquinone derivatives. However,
its low cell voltage and the necessity of operating at current
densities of 25 mAcm 2 to achieve energy efficiencies over 80%
at rectangular channel flow cells pose a significant challenge to
direct commercial implementation.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Experimental Section

Substances

The following substances were used as received: Sodium ferrocya-
nide decahydrated, Na,[Fe(CN)¢]-10H,0, 99% (Thermo Scientific);
ammonium sulphate, (NH,),SO,, 99.5% (Merck); hydrochloric acid
for analysis, HCl, 37% (Merck); sulphuric acid for analysis, H,SO,,
98% (Merck). All solutions were prepared with deionized water
with a resistivity of 18.2 MQcm (Millipore). Unless otherwise stated,
experiments were performed using high purity 9,10-anthraquinone-
2,7-disulphonic acid disodium salt, 2,7-AQDS(Na,) sourced from an
industrial supplier (Dequenne R.D.l), see Figure S5a). This salt had a
reported mass content of 96.1% from HPLC analysis. The isomer
9,10-anthraquinone-2,6-disulphonic  acid disodium salt, 2,6-
AQDS(Na,), was present at 2.8 %, the balance being predominantly
water. A second batch of salts with slightly higher purity was
available for comparisons (H&V Chemicals), with a reported
composition of 97.7% 2,7-AQDS(Na,) and 2.1% 2,6-AQDS(Na,), see
Figure S5b). Previous reports indicate that carbonate and bicarbon-
ate species are present in AQDS salts as residue from their synthesis
or as molecular adducts, leading to an alkaline pH in solution."*?
Hence, as described in the Supporting Information, 2,7-AQDS(Na,)
solutions of both sources were first analyzed by titration vs.
hydrochloric acid, which confirmed the alkalinity of the salts.
Slightly acidic salts free of carbonate and bicarbonate species were
then produced by dissolving 20 g of 2,7-AQDS(Na,) in 500 cm?® of
deionized water, followed by filtration (although no insoluble
residues were observed) and water removal at 60°C in a rotating
evaporator (Heidolph Instruments) under reduced pressure for 48 h.
This treated 2,7-AQDS(Na,) was used in the flow battery electro-
lytes, see Figure S5c¢). NMR spectra of 2,7-AQDS agreed with the
analysis by Bauer et al.*¥ see Supporting Information. For reprodu-
cibility, pH of electrolytes was adjusted to 5+0.1 with
0.01 moldm™2 sulphuric acid added dropwise while monitoring the
solutions with a SG2 pH meter (Mettler Toledo). The coloration of
the electrolytes is also presented in the Supporting Information.

Conductivity, pH and Viscosity

Conductivity and pH measurements were performed using a Seven
Go Duo combined probe (Mettler Toledo), which was calibrated
using KCl conductivity standards and two pH buffer solutions.
Viscosity was measured by quadruplicate with an Ubbelohde
viscosimeter type 501 (SI Analytics) at 25°C as set by a recirculating
thermostatic bath (Huber) following the filtration of the solutions
with analytical-grade filter paper (IDL GmbH).

Cyclic Voltammetry

Measurements were performed using an Interface 1000 potentio-
stat/galvanostat (Gamry Instruments). A water-jacketed, three-
electrode cell was used with a glassy carbon working electrode
(5 mm diameter), a platinum gauze counter electrode and an Ag/
AgCl reference electrode (3.0 moldm™ NaCl, +0.209 V vs. SHE).
Before each run, the working electrode was polished with 0.05 um
alumina and the solutions and cell were purged with nitrogen for
20 min. A temperature of 25°C was maintained by a thermostatic
bath (Huber).

Membranes

A description of the six evaluated cation exchange membranes is
given in Table 1. These were sourced from Fumatech BWT GmbH
and Chemours Co. According to the supplier, membranes Fuma-

ChemElectroChem 2024, 11, 202400516 (12 of 14)

sep® FS-930, Fumasep F-1075-PK and Fumasep F-1850 were
marketed for vanadium FBs while Fumasep E-620 is applied in
capacitive deionization of water and OFBs. The F-1075-PK mem-
brane has a poly ether ketone (PEEK) mechanical support layer. This
exception was tolerated to give preeminence to its specification for
flow battery application and due to its convenient intermediate
thickness. Nafion® membranes have been widely used in FBs. In
order to ensure consistency, all membranes were subjected to the
same pretreatment prior to the FB experiments by immersing them
in a 0.25moldm™ ammonium sulphate for at least 12 h. As
indicated by the supplier, the soaking removed the polyethylene
glycol and potassium ions originally present in the E-620
membrane. Membranes were not ‘boiled’ in diluted H,0, as this is
impractical for assembling large stacks and detrimental to
durability, in spite of being common in literature for increasing
short term conductivity. Moreover, such treatment worsens the
permeability of the membrane to redox active species.”” The wet
thickness of the membranes was measured by triplicate with a JD
50 digital thickness gauge (Kéfer) after immersing 15 mmx45 mm
samples of each material in 0.25 moldm™ ammonium sulphate for
48 h.

Flow Cell and Experimental Arrangement

Experiments were performed using a rectangular-channel flow cell
with a projected surface area of 12.5cm’®” Relevant electro-
chemical reactor parameters are given in Table S1. Each electrode
comprised a piece of 2.5 mm thick Sigracell® GFD 2,5 EA graphite
felt (SGL Carbon) activated at 400°C for 30 h under air. The felts
were compressed to approximately 80% of their original thickness
within 2 mm  thick Viton® gaskets onto 3 mm thick graphite-
composite plates PPG86 (Eisenhuth) connected to woven copper
mesh current collectors (0.80 mm wire spacing). The two half-cells
were separated by a cation exchange membrane placed between
the two gaskets. Cell components were held between polyacrylate
plates fixed by eight tie-bolts set to a torque of 0.8 Nm each. The
electrolytes were measured with a micropipette (Windaus) and
then contained in 50 cm? glass vials placed inside 100 cm® amber
glass bottles with HPLC caps (Bola) and Viton seals. Electrolyte
recirculation was performed through FEP tubes by a Sci-Q 323
(Watson Marlow) peristaltic pump calibrated for L/S 16 Viton tubing
(Masterflex).

Unless otherwise stated, the sealed flow system was contained
inside a 58 dm® inert gas box fitted with two gas ports, two
cooling/heating ports, four electrical connections and a power
cable. Temperature inside the chamber was kept at 30+ 1°C with
the aid of a heat exchanger (Magicool) connected to a recirculating
thermostatic bath (Huber). Needle valves were used to regulate the
flow rate of nitrogen 5.0 grade (Linde), with regulator overpressure
at 0.7 bar. Electrolytes were purged for 30 min. before each
experiment to displace dissolved oxygen. Afterwards, the position
of a three-way-valve was changed, directing nitrogen into the
closed box at 3 dm*min.”" for 2 h and then at 0.5 dm*min.”" during
the rest of the experiment as measured by a rotameter (Influx).
Oxygen concentration in the box was measured using a G1690
sensor (Greisinger), showing that levels below the detection limit of
0.1% (1000 ppm) were reached at 2 h, remaining nominally at 0.0%
during the experiments. The hermeticity of the box was tested by
closing the nitrogen feed when oxygen was at 0.0%, this value
rising to 1.2% after 24 h. In a recent work by our research group, a
similar box was confirmed to operate under 0.02% oxygen
concentration by using a more accurate sensor.””!

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 11D 3|qeal|dde ay) Ag peusencb afe sopie O ‘8sn Jo se|ni Joj Aeiq 1 8uluo A8|i/M UO (SUONIPUOD-pUe-SLUB)/WD A8 | 1M ATelq Ul |UO//SdNy) SUONIPUOD pue swie | 841 89S *[6202/90/9T] uo Akiqiauliuo A1 ‘158 L Ad 9TS00YZ0Z 2[89/200T 0T/I0p/wod A8 |imAkelqipuljuoadoune-Als weyo//sdny wouy pepeojumod ‘2z ‘vz ‘91209612



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202400516

Accessible Capacity and Energy Efficiency

Experiments were performed in a flow battery connected to a 30 W
CTS battery analyzer (BaSyTec) using the electrolytes described in
Table 5. Since the duration of these tests did not exceed 48 h.,
capacity loss was deemed negligible after 20 stabilizing cycles at
25 mAcm2 and the inert gas box was not used. Current density
values were evaluated for 10 cycles each at increments of
25mAcm 2 The flow battery was charged and discharged in
galvanostatic mode, with cell potential cut off values of 0.3V and
1.1 V. Each step was followed by a potentiostatic hold step until the
cell reached an absolute limiting current density of 2 mAcm™ (for
12.5 cm?=25 mA).

Apparent Capacity Fade Rate and Cell Resistance under
Galvanostatic Cell Cycling

In these tests, the flow cell was placed inside the inert gas box and
connected to a SP-150e potentiostat (BioLogic). Charge-discharge
cycles were performed galvanostatically at a constant current
density of 50 mAcm™ as described above, but no potentiostatic
hold was applied to the cell in order to observe membrane effects
on capacity loss. Each of the membranes in Table 1 was evaluated
over 1000 cycles, with potentiostatic EIS measurements conducted
at intervals of 100 cycles over frequencies between 100 kHz to
100 mHz, amplitude 10 mV. Capacity fade rate was calculated from
the slopes after cycle 500, since a quasi-steady state can be
observed at this range in all the studied membranes.

Capacity Fade Rate under Galvanostatic Cell Cycling with
Potential Hold

Three membranes, F-1850, NR-212 and N-115 were selected from
the previous measurements as most favorable and used to
determine capacity fade rates. Experiments were performed in the
inert gas box using the SP-150e potentiostat. The flow battery was
cycled in galvanostatic mode with cut-off values of 0.3V and 1.1V,
these steps being followed by a potentiostatic hold until the cell
reached a limiting current density of 2 mAcm 2 Capacity fade rate
was calculated from the slopes after cycle 250 for the F-1850 and
N-115 membranes and after cycle 500 for the NR-212 membrane.

Table 5. Characteristics of the electrolytes used in the flow battery.

Electrolyte Negolyte Posolyte
Redox species 2,7-AQDS(Na,) Na,[Fe(CN)]
Role limiting non-limiting
Concentration 0.2 moldm™? 0.2 moldm™
Volume 15 cm? 30 cm?
Amount of substance 3 mmol 6 mmol
Theoretical capacity 120.6 mAh® 160.8 mAh
Theoretical volumetric capacity 8.04 Ahdm 536 Ahdm3
Supporting electrolyte (NH,),SO, (NH,),SO,
Conc. supporting electrolyte® 0.264 moldm~3 0.227 moldm~3
Kinematic viscosity 1.10 mm?s™! 1.05 mm?s™"
Initial adjusted pH 5.0 5.0

22]

[a] Considering 1.5 e~ per molecule of AQDS. [b] After Fenini et al."
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Reproducibility of Cell Charge-Discharge Cycling

Given the number of considered membranes and the duration of
the experiments, charge-discharge cycling was typically performed
once for each case. Great care was taken to ensure maximum
accuracy after developing a robust flow system and methodology
after many tests. However, it is known that absolute capacity values
in FBs of this size can have typical errors between 3 and 5 %. Strictly
speaking, given the laboratory conditions involving a large ratio of
electrode surface area to electrolyte volume and electrolyte volume
in the range of deciliters, the rates reported in this screening study
could be more accurate by repeating each experiment enough
times to report standard deviations bearing in mind technique
Iimits.[“3"‘5"‘"’]
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