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ABSTRACT: Membrane transport properties are crucial for
electrochemical devices, and these properties are influenced by
the composition and concentration of the electrolyte in contact
with the membrane. We apply this general membrane—electrolyte
system approach to alkaline flow batteries, studying the
conductivity and ferricyanide crossover of Nafion and E-620. We
report undetectable crossover for as-received Nafion and E-620
after both sodium and potassium exchange but high ferricyanide
permeability of 1077 to 10™® cm® s for Nafion subjected to
pretreatment prevalent in the flow battery literature. We show how
the electrolyte mass fraction in hydrated membranes regulates the
influence of ion concentration on membrane conductivity,
identifying that increasing electrolyte concentration may not
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increase membrane conductivity even when it increases electrolyte conductivity. To illustrate this behavior, we introduce a new
metric, the membrane penalty, as the ratio of the conductivity of the electrolyte to that of the membrane equilibrated with the
electrolyte. We discuss the trade-off between flow battery volumetric capacity and areal power density that arises from these findings.
Finally, we apply insights from this approach to provide recommendations for use of membranes in alkaline flow cells and

electrochemical reactors in general.

KEYWORDS: ion-exchange membrane, Nafion, crossover, conductivity, equilibrium, redox flow battery, electrolyte, solubility

B INTRODUCTION

Electrochemical flow cells are poised to play a crucial role in a
variety of important electrification and decarbonization efforts
from electrolyzers for green chemical synthesis to fuel cells for
energy conversion and flow batteries for long-duration energy
storage.' Membranes, particularly ion-exchange membranes,
are at the center of these devices, where they serve to separate
the two electrodes where redox reactions occur while enabling
conductivity of charge-carrying ions to complete the electro-
chemical circuit. Research intensified on the transport
properties of these membranes along with the development
of hydrogen/oxygen fuel cells; consequently, perfluorinated
sulfonic acid ionomers, such as Nafion, which are extremely
chemically stable and excellent proton conductors in acidic
conditions, have become the most widely known and deeply
studied cation-exchange membranes.”

The broadening applications of electrochemical cells call for
a thorough understanding of ion-exchange membrane proper-
ties in diverse chemical environments in order to synchronize
the development of next-generation materials with the design
of new technology. Redox flow batteries (RFBs) constitute a
case in which this approach could be particularly significant.
The all-vanadium redox flow battery, with the V*/V°* redox
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couple in the posolyte and V**/V** in the negolyte, aqueous
acidic supporting electrolyte, and typically a proton-conducting
cation-exchange membrane, is presently the most developed
RFB technology.”® Water-soluble synthetic redox reactants,
including organic molecules,”™” oligomers,”” and polymers,'*
as well as metalorganic''™"* and inorganic complexes,">~"’
attract research and commercial attention to replace or
supplement incumbent vanadium technology. The synthetic
redox reactants offer tunable properties, potentially sustainable
synthesis'® and feedstocks,’”” and recently, extremely low
capacity fade rates.”® The most stable synthetic redox
reactants, however, are both stable and soluble only in neutral
or alkaline conditions, where typically alkali metal cations carry
charge through a cation-exchange membrane.”! 72° Here, we
adopt a membrane—electrolyte system approach to under-
standing membrane properties in flow cells, with the
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recognition that a system including an electrolyte contacting a
membrane will tend toward a two-phase equilibrium that
governs the uptake of solvent into the membrane pores, the
partitioning and exchange of ions,”” and hence the morpholo%y
and transport properties of the membrane phase.””%”
Properties of an electrolyte, e.g., redox reactant concentration,
pH, supporting electrolyte concentration, and the charge-
carrying ion, affect the intricate energy balance determining the
system equilibrium, and we propose that this introduces trade-
offs in electrochemical reactor design and opportunities for
improvement.

The role of an RFB membrane is to suppress the crossover
of redox reactants to the wrong side of the battery, which
results in capacity and Coulombic efficiency loss while
providing high conductivity of charge-carrying ions to
minimize the cell resistance and provide high voltage efficiency
and areal power density.’”’' Because crossover species and
charge-carrying ions must each take transport paths through
the hydrated membrane pores, efforts toward decreasing
membrane resistance tend to concomitantly increase crossover.
For most flow batteries that comprise negolytes and posolytes
with different chemicals (vanadium RFBs being a notable
exception because they comprise vanadium in four different
oxidation states), crossover leads to capacity loss that cannot
be recovered without a burdensome chemical purification
process, and it is particularly important for crossover to be
reduced to nearly negligible rates.

Despite being developed for acidic conditions, Nafion
remains the most commonly reported cation-exchange
membrane in the flow battery literature, including in neutral
and alkaline flow cells. For a given water content, the proton
conductivity of Nafion is a factor of ten higher than that of any
alkali metal cation” and, as a result, low area-specific resistance
and high power density have been difficult to realize with
emerging synthetic flow battery chemistries utilizing alkali
metal charge carriers.”””** Besides Nafion, Fumasep E-620
(and other E-600 series membranes of different thicknesses) is
an increasingly popular commercial cation-exchange mem-
brane used in lab-scale flow batteries. E-620 is reported to be a
sulfonated poly(aryl ether ketone) membrane, and it has
attracted attention because its nonfluorinated polymer
chemistry is potentially low cost,”’ and it is readily available
as films that are relatively thin (E-620 and E-610 are 20 and 10
um thick, respectively) that can provide low resistance in a
battery.”® Nonetheless, the transport properties of the E-600
series membranes have yet to be systematically characterized.

In the present work, we showcase a set of membrane
characterization methods that are widely accessible and
reproducible and enable rapid iteration while still providing
some fundamental insight into how electrolyte properties affect
the membrane structure and function. As the main measurable
quantities to describe the membrane—electrolyte system, we
select conductivity (mS cm™) and permeability to crossover of
a redox-active species (cm” s™'), as the key transport properties
of ions in the membrane, and electrolyte mass fraction (%), the
mass fraction of imbibed electrolyte in a hydrated membrane,
as a descriptor of relatively how much of the hydrated
membrane structure is available as a transport medium.
Electrolyte mass fraction is reckoned as (e — Mypy)/ My
X 100%, where m is the mass. We select Nafion N117 and
NR212 and Fumasep E-620 as materials to study because they
are the most widely used commercially available membranes
for alkaline RFBs. For the electrolytes in our membrane—

electrolyte system, here, we explore conditions relevant to
alkaline flow batteries, a system for which membrane
properties are least investigated. We use sodium and potassium
hydroxide, or their mixture, as supporting (not redox active in
a battery) electrolytes. We study iron (II/III) hexacyanide
(ferrocyanide/ferricyanide, respectively) as representative
redox reactants; ferricyanide is typically the fastest-crossing
species when paired against an organic redox couple. For the
set of cation-exchange membranes and electrolyte species
considered in this work, sodium and potassium are counterions
with respect to the membrane phase (oppositely charged to the
negatively charged sulfonate moieties in the membrane),
whereas the iron hexacyanide anions are co-ions. We also
investigate the effect of pretreatment on Nafion, comparing a
treatment of hot water followed by dilute hydrogen peroxide at
room temperature, as described in the literature,”*™** to using
membranes as-received.

We evaluate the effects of supporting salt concentration (i.e.,
pH), cations (Na*, K*, and mixtures of both), and iron
hexacyanide concentration on conductivity and on ferricyanide
permeability through E-620 (as-received) and through Nafion
(pretreated and as-received). Taken together, the results
underscore the benefits of the membrane—electrolyte system
approach as a way to connect membrane transport phenomena
with electrolyte composition, evaluate trade-offs, and guide
future research. While the results are specific to the system
selected, we maintain that the methods and theoretical
framework are general and transferable to all flow reactors
with perm-selective membranes.

B MATERIALS AND METHODS

Chemicals and Materials. Potassium ferrocyanide trihydrate,
sodium ferrocyanide decahydrate, and potassium ferricyanide were
purchased from Sigma-Aldrich. 2,5-Dihydroxy-1,4-benzoquinone was
purchased from Sigma-Aldrich. Nafion membranes were purchased
from Ion Power. Fumasep E-620 membranes were graciously
provided by Dr. Bernd Bauer of Fumatech free of charge. Sigracet
GDL 39AA electrodes were purchased from the Fuel Cell Store.

Membrane Pretreatment. All membranes referred to as
“pretreated” in this work were soaked for 20 min in deionized
water at 80 °C, followed by 35 min soaked in 5% hydrogen peroxide
in water at room temperature.’® Otherwise, membranes were used as-
received.

Membrane Conductivity and Electrolyte Mass Fraction.
Following pretreatment (if applicable), each membrane piece was
transferred to soak in the electrolyte for study overnight. Three pieces
of the same type of membrane per distinct experimental condition
were prepared in the same solution for triplicate measurements.

After soaking in the electrolyte, each membrane piece was
assembled into flow cell hardware (Figure S1). Flow cell hardware
was graciously provided by Prof. Fikile Brushett (JCESR Gen. 2 flow
cell, active area of 2.55 cm?). Sigracet GDL 39AA electrodes were
manually cut to size and otherwise used as-received. Bolts to compress
the cell were tightened with 10—12 in-Ib. torque using a torque
wrench. The same electrolyte in which membranes were soaked was
then circulated through both sides of the cell at 50—60 mL min™*
using a Masterflex variable speed peristaltic pump (Figure S2).

The resistance of the cell was measured with potentiostatic
electrochemical impedance spectroscopy at an open circuit, with a 10
mV rms AC perturbation in the frequency range of 100 Hz to at least
200 kHz using a Gamry Reference 3000 potentiostat. In some cases,
the high-frequency limit was increased up to 1 MHz to clarify the
high-frequency resistance. The resistance of the cell assembled in the
same way but without the membrane was also measured with the
same technique and was found to be 0.05—0.13 Q. The average
shorted cell resistance (0.09 Q) was subtracted from each
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Figure 1. Conductivity (A, B) and electrolyte mass fraction (C, D) of Nafion N117 (A, C) and Fumasep E-620 (B, D) membranes soaked in
NaOH or KOH electrolytes at select concentrations (M in MOH represents Na or K). Corresponding data are listed in Tables S2 and S3.

measurement of cell resistance with a membrane to approximate the
resistance contribution from the membrane. This value was converted
to conductivity by using the nominal membrane thickness (183 ym
for Nafion N117 or 20 um for E-620) and the active area of the cell.
Vertical error bars for conductivity are standard deviations from the
average of the three conductivity values per experimental condition.

Following the measurement of resistance, membranes were
transferred back to their respective electrolytes to soak again for at
least 5 h. Then, m,,, was measured by first gently drying the surface of
the piece of membrane by dragging it across the surface of a stack of
lint-free lab wipes (taking care to neither squeeze out water within the
membrane by blotting it nor leave behind surface water droplets) and
next measuring the mass with an analytical balance (METTLER
TOLEDO). Finally, each membrane was dried at least overnight in an
oven at 100 °C and then quickly weighed on an analytical balance to
obtain my,. Electrolyte mass fraction was determined as (Moo —
mdry)/ My X 100%, which was determined for each unique sample
and then reported as the average of the three samples per distinct
experimental condition. Vertical error bars for the electrolyte mass
fraction are standard deviations of the average.

Permeability. Permeability was evaluated by using custom glass
H-cells from Adams and Chittenden. In this setup, membranes were
clamped between a donor and a receiving electrolyte, each 10 mL in
volume. Nafion NR212 was pretreated as specified and then soaked at
least overnight in 1 M MCl at pH 12 for ion exchange, whereas E-620
was loaded dry as customary for use in flow batteries. Electrolyte
compositions are specified in Results and Discussion section:
Crossover Depends on Pretreatment. Sodium ferricyanide electrolytes
were prepared as specified in Materials and Methods section:
Preparation of Sodium Ferricyanide Electrolytes. Three H-cells were
assembled per unique experimental condition for triplicate measure-
ments (Table S1).

During a given experiment, H-cells were housed under a tent of
tinfoil or a cardboard box to avoid the known dissociation of iron
cyanide complexes in sunlight.*” Electrolytes in the H-cells were
continuously stirred on a multichannel magnetic stir plate (Scilogex).
Aliquots were periodically taken from the H-cell receiving electrolytes,
diluted in a cuvette as needed, and the concentration of ferricyanide
was measured using UV—vis spectrophotometry (Agilent) and a
previously established calibration curve.’® Volume removed by the
aliquot was replaced with pristine receiving solution, and the resulting
dilution of the receiving side was accounted for in the determination
of permeability from concentration measurements by the procedure
established in our group.®!

Electrolyte Conductivity. Conductivity of electrolytes was
measured using an Orion two-electrode probe (018020MD)
connected to an Orion Star A215 pH/conductivity benchtop
multiparameter meter (both purchased from ThermoFisher). The
cell constant of the conductivity probe was calibrated using an Orion
111.9 mS cm™ conductivity standard. Electrolyte conductivity
measurements were done at room temperature; the temperature of
the electrolytes ranged from 23 to 24 °C.

Ferrocyanide Solubility with Mixed Counterions. Saturated
ferrocyanide solutions with a defined Na*/K" ratio were prepared by
mixing K,Fe(CN)4 and Na,Fe(CN); salts and adding an aqueous
solution of NaOH and KOH with the target ratio until most
ferrocyanide salts dissolved but a small precipitate persisted. Then, the
precipitate was suspended in the solution and filtered with Whatman
paper. The ferrocyanide concentration of the filtrate was determined
by UV-—vis spectrophotometry and a previously established
calibration curve.’® The filter paper was dried in air, and the mass
of the filter paper with filtered precipitates was measured with an
analytical balance (METTLER TOLEDO). Figure S3 shows a
photograph of an example filter paper from this process. Subtracting
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the previously measured mass of the pristine filter paper gave the mass
of precipitates. Using the mass of precipitates, horizontal error bars on
the Na*/K" ratio were determined, assuming the precipitate was
either entirely Na,Fe(CN), or entirely K,Fe(CN)g (this error is zero
for Na*/K" ratio of zero or unity). Solubility experiments were done
at room temperature, which at the time ranged from 18 to 22 °C.

Preparation of Sodium Ferricyanide Electrolytes. Sodium
ferricyanide was prepared by bulk electrolysis of sodium ferrocyanide,
using redox flow battery hardware (Fuel Cell Technologies Inc.) and
cell compression conditions typical to our group.'® Nafion N117,
soaked overnight in 1 M NaOH and then rinsed and stored in
deionized water, was used as the membrane. Sodium ferrocyanide at
an approximately 0.53 M concentration in water was prepared as the
capacity-limiting positive electrolyte. The negolyte redox reactant was
2,5-dihydroxy-1,4-benzoquinone,”* provided in excess for approx-
imately twice the capacity (coulombs) as the posolyte. The
composition of the negolyte was approximately 0.05 M 2,5-
dihydroxy-1,4-benzoquinone at pH 13 (pH adjusted with NaOH),
with the concentration of benzoquinone limited by its solubility in the
sodium electrolyte. The cell was charged by applying 1.6 V until the
current dropped to 10 mA (2 mA cm™) to allow for a nearly
complete conversion of ferrocyanide to ferricyanide in the posolyte.
The concentration of sodium ferricyanide following bulk electrolysis
was confirmed to be 0.6 M by UV—vis spectrophotometry, and then,
the pH was adjusted to 12 with NaOH for use in crossover
experiments. For crossover experiments with a 0.2 M donor
electrolyte, this sample was diluted as needed.

B RESULTS AND DISCUSSION

Supporting Electrolyte Affects Membrane Conduc-
tivity. We first consider Nafion (as-received and pretreated)
and E-620 (as-received) that have been soaked in the
supporting electrolyte (sodium hydroxide or potassium
hydroxide) at different concentrations in the absence of
redox reactants that would be present in a battery electrolyte.
All membranes referred to as “pretreated” in this work were
subjected to the same treatment: 20 min soaked in deionized
water at 80 °C followed by 35 min soaked in 5% hydrogen
peroxide in water at room temperature.’”® As-received and
pretreated membranes alike were then transferred to soak in
selected electrolytes at least overnight before measuring
conductivity and electrolyte mass fraction (see Materials and
Methods section). Over the course of the soaking time, ions
were exchanged between the membrane and contacting
electrolyte, electrolyte liquid was absorbed by the membrane
to form hydrated pores, and the physical structure of the
polymer was adjusted to accommodate the imbibed solute and
solvent species, as the membrane—electrolyte system ap-
proached two-phase equilibrium. In the case of Nafion, the
sulfonic acid groups initially present were neutralized by
hydroxide and exchanged with sodium or potassium. E-620
was initially received with potassium counterions, also known
as E-620(K). To improve the precision of electrolyte mass
fraction measurements, Nafion N117 (nominally 183 um
thick), one of the thickest available membranes of the Nafion
polymer, was studied, but the properties we report in this work
are all thickness-independent (other than due to any
microstructural changes from differences in manufactur-
ing) 55

Figure 1A shows the dependence of Nafion N117
conductivity on cation species (Na* or K*), concentration,
and pretreatment. As the concentration of the alkali metal
hydroxide (MOH) in the contacting electrolyte increases,
starting from 0.1 M, the conductivity of both pretreated and as-
received Nafion N117 in NaOH initially increases. Then, with

further increasing concentration of NaOH, conductivity begins
to decrease from a maximum conductivity at 2—3 M for
pretreated Nafion N117 and 1-2 M for as-received Nafion
N117. Meanwhile, electrolyte mass fraction decreases monot-
onically with the concentration for both pretreated and as-
received Nafion N117 in NaOH (Figure 1C). We interpret the
results in Figure 1 with these concepts: increasing the
concentration of mobile ions tends to increase conductivity
through any available pathway, while simultaneously decreas-
ing the electrolyte mass fraction reduces the number of
available transport pathways. These factors compete, leading to
a NaOH concentration at which conductivity is maximized. A
similar phenomenon was reported for Nafion N117 (with a
pretreatment similar to that of the pretreated membranes
reported here) soaked in sulfuric acid, in which the water
content of the membrane decreased with increasing sulfuric
acid concentration and the membrane conductivity was
maximized around 3 M sulfuric acid and decreased with
concentrations greater than that.”® Also, an early study on
Nafion 110 that was pretreated in boiling water for 30 min
found that the membrane water content decreased linearly
between 1 and 5 M sodium chloride in the contacting
electrolyte and the conductivity was maximized at 3 M sodium
chloride.*

Figure 1 also shows that Nafion N117 conductivity only
decreases, or is approximately constant within error, with
increasing KOH concentration from 0.1 to 4 M in the
contacting electrolyte, regardless of pretreatment, and that
electrolyte mass fraction also decreases with concentration.
This is unlike the trend for Nafion that was sodium-exchanged
but is consistent with a previous report comparing conductivity
and water content of Nafion N117 in NaCl and KCI
electrolytes.”” Electrolyte mass fraction for potassium-ex-
changed Nafion is lower than that for sodium-exchanged
Nafion. Sodium is a smaller ion than potassium, but both have
+1 charge, so sodium has a higher surface charge density and
more strongly coordinates water compared to potassium.
Therefore, sodium ions bring more water to form the pores of
the hydrated membrane.

The results reported here suggest how the electrolyte mass
fraction of the membrane influences the trend of conductivity
with the concentration of the contacting electrolyte. Pretreated
sodium-exchanged Nafion N117 exhibits the highest electro-
lyte mass fractions and the highest conductivity across the
range of concentrations studied and also exhibits the highest
concentration of MOH in the contacting electrolyte beyond
which conductivity no longer increases. As-received potassium-
exchanged Nafion N117 has the lowest electrolyte mass
fractions and lowest conductivity across the range of
concentrations, and conductivity decreases only with increas-
ing concentration in the contacting electrolyte. For a given
counterion (here meaning Na* or K"), pretreatment increases
electrolyte mass fraction and conductivity of Nafion; although
there is no clear increase in conductivity with KOH
concentration for pretreated Nafion, there is a much sharper
decrease in conductivity between 0.1 and 1 M KOH for as-
received potassium-exchanged Nafion. The hydrogen peroxide
in the pretreatment is intended to clean impurities from
manufacture and transport from the membrane. Heating
Nafion in water has been shown to establish a thermal history
that determines the morphology of the hydrated polymer,
because of which, higher pretreatment temperatures cause
subsequently higher water content.”
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E-620 shows a lower conductivity and higher electrolyte
mass fraction than Nafion N117 for most of the conditions
studied. The conductivity results emphasize that the relatively
low resistance reported for flow batteries using E-600 series
membranes” T*¥****%% is mainly due to the membrane
thickness. Because Nafion and E-620 are different polymers
with different densities, it is less useful to compare the
electrolyte mass fraction between the two polymers than it is to
compare between different electrolyte conditions and the same
polymer. The most notable difference between the Nafion and
E-620 results is that the properties of Nafion are strongly
influenced by its counterion, but the influence is negligible for
E-620. The structure of Nafion includes flexible side chains
terminating in ion-exchange sites (hydrophilic sulfonate
moieties) tethered to the hydrophobic backbone. These
flexible side chains are free to undergo significant rearrange-
ment as a function of cation exchange.””’ Complementary
small-angle X-ray”°" and neutron® scattering experiments
have characterized the structure of water domains in hydrated
Nafion exchanged with various cations and have shown that
both the sizes of individual water domains and the structure of
the hydrated polymer matrix are influenced by cations.” Larger
cations favor both smaller and more separated water domains,
which supports our observations of lower Nafion conductivity
in potassium electrolytes compared to sodium. In contrast to
Nafion, our results suggest that the pores that form in hydrated
E-620 are relatively rigid, and the polymer does not exhibit
significant rearrangement depending on its counterion.

Crossover Depends on Pretreatment. The results in
Figure 1 cannot alone determine the ideal membrane/
electrolyte/pretreatment combination for use in flow batteries
because increasing conductivity may come at the expense of
increased crossover. Next, we evaluate the permeability of
ferricyanide through pretreated and as-received Nafion NR212
(50 pm thick: a thinner Nafion membrane than N117 was
chosen to accelerate crossover measurement), shown in Figure
2, and as-received E-620 (Supplementary Discussion 1).
Permeability is an effective diffusion coeflicient describing
crossover driven by the difference in concentration of the
crossing species between a “donor” and “receiving” side of a
two-chamber system. Ferricyanide, rather than ferrocyanide,
was chosen as the benchmark crossover species because

ferricyanide possesses one fewer negative charge per ion,
providing weaker charge exclusion from a cation-exchange
membrane and hence higher expected permeability.”" H-cells
were assembled with a donating electrolyte containing 0.2 or
0.6 M M;Fe(CN), (where M is either Na or K) at pH 12. The
receiving side electrolyte was determined to osmotically
balance the two chambers based on freezing-point osmometer
measurements on solutions of K;Fe(CN), and KCL*® All
Nafion regardless of pretreatment was soaked in 1 M MCI at
pH 12 at least overnight before the assembly of H-cells.
Crossover was measured by periodic UV—vis spectropho-
tometry of the receiving electrolyte (see Materials and
Methods section for details) to determine crossed-over
ferricyanide concentrations, which are used in the evaluation
of permeability.

The ferricyanide permeability of pretreated Nafion NR212
approximately falls in the range of 1077 to 107® cm® s™\. A
permeability of 1077 cm? s™' means a lab-scale flow battery
with 10 mL ferricyanide electrolyte at 0.2 M concentration and
5 cm® membrane area would lose 20% of its capacity from
crossover in 6 h. Although the exact impact of crossover on
flow battery capacity loss depends on the membrane area
relative to the amount of redox-active material, permeability
values on this order are clearly too high for battery systems
with decadal lifetimes and without crossover recovery
methods.

The ferricyanide crossover rate through pretreated Nafion is
greater for sodium-exchanged membrane than potassium-
exchanged membrane, which can be explained by the relatively
higher electrolyte mass fraction of the sodium-exchanged
membranes. Additionally, permeability is higher for higher
ferricyanide concentrations because higher concentrations of
co-ions such as ferricyanide in the contacting electrolyte act to
weaken the charge-exclusion effect of the membrane.”’ Data
used to calculate permeability of pretreated Nafion are
provided in Figure S4 and permeability values are tabulated
in Table SI.

In stark contrast to pretreated Nafion, no detectable
crossover was observed for as-received Nafion or as-received
E-620, regardless of sodium or potassium cations. Figure 2B
assigns a measurement limit of 3 X 107 cm® s7' on
permeability through a 50 pgm membrane with a donating
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species concentration of 0.2 M and 5 days without a UV—vis
absorbance measurement above the sensitivity limit for the
given crossover species. The equivalent measurement limit for
a donor concentration of 0.6 M is 1 X 107** cm* s™.. For our
instrument, a concentration detection limit of 1 yM was
previously determined for ferricyanide.”® Absorbance spectra
for triplicate H-cells after 5 days of experiments for the
undetectable crossover conditions in Figure 2B are provided in
Figure SS. Equivalent data for E-620 are provided in Figure S6;
see accompanying Supplementary Discussion 1. Five-day
experiments were used as the basis to compare the
undetectable crossover conditions presented here, because
experiments of this duration for each case could be run without
water crossover causing a buildup of pressure to skew the
results over time. However, experiments performed with as-
received potassium-exchanged Nafion were especially robust
against water crossover in the H-cell configuration, and we
were able to evaluate these conditions with experiments lasting
over 50 days, during which time detectable crossover was still
not observed (Figure S7). Therefore, the actual permeability of
ferricyanide in these cases could be as much as an order of
magnitude lower than the limits shown in Figure 2B.

For a lab-scale flow battery with 10 mlL, one-electron-
transfer-per-molecule (like ferricyanide) electrolyte at 0.2 M
concentration and S cm” membrane area, capacity fade due to
crossover through as-received sodium- or potassium-exchanged
Nafion would be approximately 1 order of magnitude lower
than the 0.02% day ™' fade rate target for battery cycling to be
considered “extremely stable.”*” In Supplementary Discussion
2, we show a calculation estimating the influence of diffusion-
driven crossover permeation on the capacity retention of a flow
battery with an 8 h discharge duration and 80% round-trip
energy efficiency, which are practical specifications for a system
at scale. With permeability of 1 X 107* cm® 5™/, area-specific
resistance of 2 Q cm? and membrane thickness of 50 um (e.g.,
Nafion NR212), corresponding to 2.5 mS cm™ conductivity,
we estimate capacity retention of 85% after 10 years (Figure
S8). Although it is important to note that this calculation
leaves out realities of charge—discharge cycling such as changes
in the state of charge and electric-field-driven crossover
mechanisms, the results we report here hold promise for
crossover rates low enough to enable practical flow batteries
with decadal lifetimes.

Pretreated—not as-received—Nafion has been customarily
used as the benchmark to evaluate new membrane candidates
for aqueous organic RFBs.””~*® Many such studies have
reported impressive membranes with lower ferricyanide
permeability and higher potassium conductivity than pre-
treated Nafion. But, to the best of our knowledge, only one
membrane, a sulfonated poly(phenylene), has matched the
undetectable crossover of as-received Nafion NR212 while
improving upon its potassium conductivity.”’ We urge that
flow battery membrane researchers, especially for aqueous
organic RFBs, consider the transport properties of as-received
Nafion as more important benchmarks than those of pretreated
Nafion. Moreover, we emphasize that the properties of Nafion
are extremely pretreatment-dependent, and therefore, all
membrane pretreatments should be clearly reported in the
main text of manuscripts discussing this material.

Active Species Concentration Affects Membrane
Conductivity. Due to the exceptionally low ferricyanide
permeability, we select as-received Nafion and E-620 for
further evaluation of conductivity and electrolyte mass fraction

in representative alkaline RFB electrolytes (Figures 3, S9—S11,
and Tables S4—S6). Ferrocyanide, commercially available as
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Figure 3. Conductivity (A) and electrolyte mass fraction (B) of
Nafion N117 membranes soaked in representative flow battery
electrolytes containing ferrocyanide (active species) and either a 0.01
M (pH 12) or 1 M (pH 14) hydroxide supporting electrolyte.
Corresponding data are listed in Table S4.

sodium and potassium salts, was chosen as the redox reactant
present in the electrolyte, and MOH at either 0.01 or 1 M
(nominally pH 12 and 14) was used as the supporting
electrolyte. Studies with potassium ferricyanide and Nafion
N117 were also performed and showed little difference from
the ferrocyanide results (Figure S9, Table SS). Ferrocyanide
concentrations approaching the solubility limit of each alkali
metal salt in the supporting electrolyte were studied.

Consistent with the results in just MOH supporting
electrolytes, the conductivity and electrolyte mass fraction
values of sodium-exchanged Nafion N117 are greater than
those for potassium-exchanged Nafion N117 for all cases
studied in this section. In all cases, the electrolyte mass fraction
is either approximately constant or decreasing with increasing
ferrocyanide concentration. Additionally, comparing the pH 12
and 14 conditions for each cation form shows that adding the
supporting electrolyte decreases the electrolyte mass fraction in
the membrane. The concentration of supporting salt affects the
water activity in the electrolyte; adding supporting salt to a
concentrated electrolyte lowers the water activity and favors
dehydration of the membrane phase, moving water into the
contacting electrolyte phase.

The trends of conductivity with supporting electrolyte and
ferrocyanide concentration match the electrolyte mass fraction
trend for potassium-exchanged Nafion but not for the sodium-
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penalty for (C) MOH electrolytes (pretreated and as-received membranes) and (D) flow battery electrolytes (as-received membranes) with Nafion

N117.

exchanged cases. Unlike for potassium-exchanged Nafion,
conductivity measurements for sodium-exchanged Nafion at
pH 14 show higher sodium conductivity for ferrocyanide-
containing electrolytes than at pH 12. Furthermore, the
conductivity of sodium-exchanged Nafion increases with
ferrocyanide concentration to a point (0.1 M ferrocyanide at
pH 14 and 0.35 M ferrocyanide at pH 12) before decreasing at
higher concentrations. Nevertheless, the qualitative trends of
conductivity with ferrocyanide concentration in Figure 3 match
the trends of conductivity with MOH concentration in Figure
1 for both sodium- and potassium-exchanged Nafion. These
complementary data sets show that the cationic electrolyte
species strongly influences the electrolyte mass fraction of the
membrane, which, in turn, regulates the effects of ion
concentration on conductivity. Together, these results also
complement previous membrane—electrolyte equilibrium
studies focused on vanadium RFBs, which show that increased
vanadium concentrations in the contacting electrolyte decrease
membrane conductivity.”®?

Overall, the results indicate that a high concentration of
redox reactants, favored for high volumetric capacity batteries,
may trade off against membrane conductivity. They also
indicate that the supporting salt is not always helpful for
increasing membrane conductivity. In fact, conductivity values
for Nafion N117 and E-620 in potassium ferrocyanide without
any supporting KOH (Figure S11) closely match results from
the equivalent experiments at pH 12 (Figures 3 and S7),
demonstrating that the supporting salt is not necessary to

provide conductivity at ferrocyanide concentrations as low as
50 mM.

Membrane Penalty. The relationship between the ionic
conductivity of an electrolyte and of a polymer matrix in
equilibrium with that electrolyte (i.e., a polymer electrolyte) is
complicated because, for a polymer electrolyte, the concen-
tration and composition of dissolved ions affect the
morphology and transport properties of the medium, as we
have shown, e.g., in Figures 1—3. Ionic conductivity of an
electrolyte is also affected by its concentration and
composition, broadly because ion—ion and ion—solvent
interactions of nonideal solutions govern the viscosity,**
which, in turn, has a strong effect on conductivity, which is
also further affected by the constraining influences of ion—ion
and ion—solvent interactions.’”

Figure 4A shows that the ionic conductivity of KOH and
NaOH electrolytes increases with the concentration up to 4 M,
but the increase of conductivity per unit concentration
diminishes as the concentration increases, in agreement with
the literature.”>” Figure 4B shows that the ionic conductivity
of representative ferrocyanide-based battery electrolytes with
either 0.01 M (pH 12) or 1 M (pH 14) MOH increases
linearly with the ferrocyanide concentration approaching the
solubility limit in the given supporting electrolyte. Con-
ductivity values of the ferrocyanide-based battery electrolytes
at pH 12 approach the conductivity values of pH 14
electrolytes at ferrocyanide concentrations approaching the
solubility limits, and the solubility limits for ferrocyanide are
maximized here at minimum supporting electrolyte concen-
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tration due to the common ion effect. These results underscore
that water-soluble ionic synthetic redox reactants for flow
batteries can provide good electrolyte conductivity without
supporting electrolytes.

We introduce a dimensionless metric, the membrane penalty
(eq 1), defined as the conductivity of the electrolyte (O'electmlyte)
divided by the conductivity of the polymer electrolyte or other
separator material (G, embrane) in equilibrium with that
electrolyte for a given membrane or separator. The membrane
penalty is an analogous metric to the previously proposed
dimensionless diffusivity/permeability (D/P or Dy, /D.g) ratio
that accounts for how the membrane constrains the transport
of crossover species compared to the diffusivity of the species
in the electrolyte.””*"%*%? Indeed, both metrics are inverse
examples of MacMullin numbers; °~"* a MacMullin number is
a ratio of the value of a transport parameter (e.g., resistance,
conductivity, diffusivity of a species) in a porous medium (e.g,,
an electrode) to its value in the relevant nonporous medium
(e.g., an electrolyte). We hypothesize that the membrane
penalty of an uncharged porous separator would be a factor in
capturing the porosity and tortuosity of the medium but that
the membrane penalty of a polymer electrolyte depends on the
intricate membrane—electrolyte equilibrium. While high D/P
is desired for low crossover with good mass transport
properties of redox reactants, a low membrane penalty is
desired for low resistance. We have previously reported how
high D/P values may be achieved by leveraging charge
exclusion of crossover species,31 and in this work, we show the
dependence of membrane penalty on counterion and
concentration. Careful choice of electrolyte composition in
conjunction with a crossover-resistant redox reactant and
membrane combination may enable both a low membrane
penalty and high D/P.

O,
electrolyte
membrane penalty = Sl

(1)

The conductivity of potassium-based electrolytes is higher
than that of sodium-based electrolytes with the same MOH

Omembrane

and ferrocyanide concentration, whereas Nafion exhibits higher
conductivity when sodium-exchanged, implying a greater
membrane penalty for potassium than for sodium. The
increase of membrane penalty with concentration is steepest
when increasing the ion concentration increases electrolyte
conductivity but decreases membrane conductivity in contact
with that electrolyte. For these reasons, the highest membrane
penalties we report are for potassium-exchanged Nafion, and
the average slopes of membrane penalty vs concentration
(MOH or ferrocyanide) are also highest for potassium-
exchanged Nafion (Figure 4C,D). The slope of membrane
penalty vs ferrocyanide concentration represents the severity of
the trade-off of resistance, which is inversely proportional to a
battery’s power density, against the battery’s volumetric
capacity.

Total lon Concentration Determines Membrane
Properties. By examining the dependence of membrane
conductivity and electrolyte mass fraction on the total
concentration of ions in the contacting electrolyte using the
data we have introduced, we are able to draw more general
conclusions about this membrane—electrolyte system. We
define the concentration of ions as the sum of the
concentrations of each ion in the electrolyte assuming
complete dissociation of salts, e.g, 0.5 M K,Fe(CN)4 = 0.5
M X § = 2.5 M ions.

In Figure S, where the conductivity and electrolyte mass
fraction of Nafion N117 soaked in MOH or ferrocyanide-based
battery electrolytes are plotted against the concentration of
ions, the data taken with the same membrane pretreatment and
cation exchange are overlapping. Electrolyte mass fraction of
these membranes, in general, decreases with the total ion
concentration of the contacting electrolyte. Meanwhile, cation
exchange and pretreatment are the main determinants of
electrolyte mass fraction across the range of ion concentrations
studied. Overall, the results show that the effect of ion
concentration on conductivity and electrolyte mass fraction is
essentially the same if those ions are M* with OH™ or M* with
Fe(CN)¢*". For a given pretreatment and counterion, the
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effect of adding supporting salt or redox reactant is the same.
This result may be generally true when the redox reactant is a
co-ion of the ion-exchange membrane (i.e,, both anionic or
both cationic), which is the case for anionic redox reactants
paired with cation-exchange membranes and cationic redox
reactants paired with anion-exchange membranes. In these
cases, the redox reactant does not compete with the main
charge-carrying ion for uptake into the membrane, as is known
to occur, for example, with vanadium ions and protons.®®

Finally, we pushed this membrane—electrolyte system to its
limits of ferrocyanide concentration by making use of the
diverse ion effect to maximize ferrocyanide solubility with a
mix of sodium and potassium counterions.”*””® The solubility
of ferrocyanide with various counterions has received attention
in the battery literature due to the relatively low (for a battery
electrolyte) solubility of sodium and potassium ferrocyanide
salts.”’ ™ Although some efforts to boost ferrocyanide
solubility with mixed sodium and potassium counterions
have been reported, here, we systematically vary the Na*/K*
ratio, including for the supporting electrolyte (0.01 or 1 M
MOH). Figure 6A shows that the ferrocyanide concentration is
maximized at a Na*/K" ratio of 1:1 and that the increased
hydroxide concentration decreases ferrocyanide solubility.

We studied E-620 soaked in mixed-cation ferrocyanide
solutions in order to isolate the effect of ferrocyanide
concentration from cation effects, as we have shown that,
unlike Nafion, E-620 does not undergo significant changes in

properties when soaked in sodium vs potassium electrolytes.
Indeed, Figure 6B shows that for a given ferrocyanide
concentration (here, the solubility limit of Na,Fe(CN) in
NaOH supporting electrolyte), varying the Na*/K" ratio has
only a minor effect on the conductivity of E-620.

Figure 6C shows E-620 conductivity vs fraction of potassium
cations for saturated solutions of ferrocyanide in the given
supporting electrolytes. The results show that as the 1:1 Na*/
K" ratio is approached and the solubility limit is maximized,
the conductivity of E-620 drops. The saturated 1:1 Na*/K*
electrolyte holds the most ferrocyanide but gives the lowest
membrane conductivity, reiterating the trade-off of resistance
and volumetric capacity, here, at the extreme of ferrocyanide
concentration for this system. Figure 6D shows E-620
conductivity vs total concentration of ions. Unlike the Nafion
results shown in Figure SA, E-620 conductivity is essentially
constant or decreasing with ion concentration from 1 M and
beyond for both sodium and potassium counterions. E-620
results with MOH supporting electrolyte only, representative
potassium ferrocyanide-based battery electrolytes, and satu-
rated mixed counterion ferrocyanide electrolytes are all roughly
overlaid, following the same trend with concentration. With
the mixed counterion strategy, here, we exceed 8 M total ion
concentration with a saturated ferrocyanide-based battery
electrolyte.
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B CONCLUSIONS

The measurements of conductivity, ferricyanide permeability,
and electrolyte mass fraction of commercially available cation-
exchange membranes soaked in technologically relevant
alkaline electrolytes we report here, and the insights
synthesized from the results, illustrate our membrane—
electrolyte system approach. For the specific system pertinent
to alkaline flow batteries, we make the following conclusions:

1. For Nafion N117, cation species and pretreatment
strongly affect electrolyte mass fraction and conductivity.
We attribute the higher conductivity and higher
electrolyte mass fraction of Nafion when sodium-
exchanged, compared to potassium-exchanged, to arise
from sodium ions bringing more water to form the
membrane pores. Pretreatment (20 min soaked in
deionized water at 80 °C followed by 35 min soaked
in 5% hydrogen peroxide in water at room temperature)
also increases conductivity and electrolyte mass fraction.

2. Unlike Nafion, E-620 exhibits similar properties when
soaked in sodium and potassium-based electrolytes. This
suggests that, unlike Nafion, the polymer E-620
comprises does not undergo significant structural
rearrangement upon cation exchange.

3. Pretreated Nafion exhibits high ferricyanide permeability
of 1077 to 10™® cm?® s™, which is far too high for a
practical battery. In contrast, as-received Nafion and E-
620 exhibit undetectable crossover, enabling projected
decadal lifetimes of flow battery systems.

4. A trade-off between high volumetric capacity and areal
power density (from low resistance) arises for high-
concentration electrolytes. This trade-off may also arise
when, due to cation-dependent active species solubility
and membrane resistance, a given cation provides, for
example, relatively higher active species solubility but
lower conductivity (as is the case with Nafion and
potassium ferrocyanide in this study).

Based on these conclusions, we emphasize that due to
exceptionally low ferricyanide permeability, the properties of
as-received Nafion are important benchmarks to compare
against new membranes tailored for flow batteries and should
be used to set ambitious targets for the development of flow
cells with improved membrane resistance and negligible
crossover rates. We also note that the trade-off we identify
between volumetric capacity and areal power density in flow
batteries may be optimized with careful technoeconomic
analysis. The results of such analysis, however, will be highly
sensitive to the mass production costs of both membranes and
electrolytes, which may not be adequately constrained for
conclusions to be drawn at the present time.

Beyond the specific system reported here, our results suggest
general principles to consider during the design of membrane—
electrolyte systems for diverse electrochemical devices:

1. The qualitative trends of electrolyte conductivity with
the composition and concentration do not necessarily
match the corresponding conductivity trends for a
polymer electrolyte in contact with that solution. The
membrane penalty is a dimensionless metric, the ratio of
these respective values at a given concentration and
composition of the contacting electrolyte that captures
the extent to which the presence of a membrane
impedes ion transport.

2. Increasing the ion concentration of the contacting
electrolyte favors dehydration of the membrane phase,
decreasing the electrolyte mass fraction. The electrolyte
mass fraction of a given hydrated membrane regulates
the influence of ion concentration on conductivity. To a
point, increased ion concentration may increase
membrane conductivity, but ultimately loss of electrolyte
mass fraction may constrain ion transport too severely,
decreasing conductivity.

A membrane in contact with the electrolyte in an
electrochemical device constitutes a system that is driven
toward a two-phase equilibrium. The equilibrium is deter-
mined by the composition of the system. We have used this
understanding to develop a membrane—electrolyte system
approach for performing and interpreting experiments
characterizing the ionic conductivity, permeability, and
electrolyte mass fraction of membranes. The approach and
the insights it provides may benefit the development of an
ever-expanding field of electrochemical flow reactors toward
widespread electrification of chemistry for a more sustainable
future.
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Figure S1: Photograph of the flow cell hardware used for determining membrane conductiv-
ity, showing plastic end plates, manifolds, graphite interdigitated flow fields, gaskets (2.55
cm? windows), and Sigracet GDL 39AA electrodes.

Figure S2: Photograph of assembled flow cell with electrolyte circulated on both sides from
a single reservoir, using a Masterflex peristaltic pump. The clips connect the cell to a Gamry
Reference 3000 potentiostat.
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Figure S3: Photograph of example filter paper used to filter precipitates from a saturated
solution of ferrocyanide with mixed sodium and potassium counterions and then dried in air.
The mass of the precipitates was used to determine horizontal error bars in Figure 6 of the
main text.
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Figure S4: Permeability plots for (a) pre-treated potassium-exchanged NR212 and (b) pre-
treated sodium-exchanged NR212, where the slope gives the permeability, based on a formula
derived from Fick’s Law.! V is the electrolyte volume of each side (10 mL), L is the mem-
brane thickness (50 pum), A is the membrane area (1.979 cm?), c,(¢) is the time-dependent
concentration of crossed-over species, and cy4(0) is the concentration of crossing species in
the donating electrolyte at start of the experiment (0.2 M or 0.6 M). The slopes of the solid
lines are the averages of the three slopes for triplicate H-cells per experimental condition.
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Table S1: Permeability data for pre-treated NR212 broken down by measurements from each

H-cell as well as reported as the average of triplicate H-cells for each donor electrolyte.

Donor electrolyte Permeability from Permeability from R2 from determining
(all pH 12) average of three each H-cell permeability
H-cells (cm? s) (cm? s) for each H-cell
0.6 M NasFe(CN), 5.6 x 108 46x108 1 (two points)
+9.1%x10° .
6.8 x 108 1 (two points)
5.6 x 108 1 (two points)
0.2 M NasFe(CN)g 2.8x 108 3.4 x108 0.990 (three points)
+1.0x%x10° ) :
3.6 x 108 1.000 (three points)
1.4 x 108 1 (two points)
0.6 M K;Fe(CN), 3.1x108 2.0x 108 1.000 (three points)
+9.0x10° :
4.2 %108 1.000 (three points)
3.2x108 1 (two points)
0.2 M K;Fe(CN), 7.3 %109 4.8 x 10° 1.000 (three points)
+1.7 x10° :
8.2 x 109 0.998 (three points)
8.8 x 107 0.998 (three points)
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Figure S5: UV-vis absorbance spectra of undiluted H-cell receiving electrolytes after five
day experiments for triplicate H-cells comprising as-received potassium- (a,c) or sodium-
exchanged (b,d) NR212 and 0.2 M (a,b) or 0.6 M (c,d) donor concentration of ferricyanide.
The absorbance spectra show signal beneath the detection limit for ferricyanide at 420 nm
(corresponding to 1 uM), indicating undetectable crossover. Absorbance spectra for 2.5 uM
potassium ferricyanide from a previously established calibration curve? are included for a

visual guide.
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Figure S6: UV-vis absorbance spectra of undiluted H-cell receiving electrolytes after five
or ten day (as specified) experiments for triplicate H-cells comprising as-received E-620, 0.2
M (a,b) or 0.6 M (c,d) donor concentration of ferricyanide, with either potassium- (a,c) or
sodium-based (b,d) electrolytes. The absorbance spectra in (a-c) show signal beneath the
detection limit for ferricyanide at 420 nm (corresponding to 1 pM), indicating undetectable
crossover. The absorbance spectra in (d) are noisier than in (a-c) - note zoomed-out y axis
to show all of the data - but no clear peak is observed at 420 nm and all absorbance values
at 420 nm in this figure fall below the value corresponding to 2.5 uM ferricyanide from
a calibration curve. See Note S1 for further discussion of the upper limit of ferricyanide
permeability through E-620. Absorbance spectra for 2.5 M potassium ferricyanide from a
previously established calibration curve? are included for a visual guide.

Supplementary Discussion 1 - E-620 crossover

Based on the results reported in Figure S6, upper limits on ferricyanide permeability through

E-620 may be assigned. These upper limits depend on experiment duration, membrane thick-
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ness, and donor concentration, thus we emphasize that a lower reported detection limit does
not necessarily mean a lower actual permeability of the membrane. The ten day experiment
shown in Figure S6a allows us to report an upper permeability limit of 6 x 107!* cm? s~!
with 0.2 M potassium ferricyanide in the donor. Crossover was also undetectable after a
5 day experiment with 0.6 M potassium ferricyanide in the donor, giving an upper perme-
ability limit of 4 x 107'* em? s=!. With 0.2 M sodium ferricyanide in the donor and a five
day experiment, the upper permeability limit is 1 x 107! ecm? s~!. Finally, although the
spectra are noisier in Figure S6d, using the highest measured absorbance at 420 nm among
the three triplicate H-cells gives a permeability value of 2 x 107!% ecm? s7!. All of these

permeability values are low enough to enable extremely stable flow battery capacity under

typical lab scale experiments.

A o1 . . : : B oo01 : : : :
NR212 2.5 pM ferricyanide NR212 2.5 pM ferricyanide
H-cell 1 H-cell 1
H-cell 2 0.6 M donor H-cell 2
52 days H-cell without donor 65 days H-cell 3
o 0.005 1 o 0.005F
8] O
C [
®© @
2 2
o o
(%] l ] (%]
Ee Q
R = L s anse s I
-0.005 . . . . -0.005 . L L -
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure S7: UV-vis absorbance spectra of undiluted H-cell receiving electrolytes after long
duration experiments (as specified) for H-cells comprising as-received potassium-exchanged
NR212 and potassium-based electrolytes. (a) includes a control experiment where the receiv-
ing solution corresponding to the 0.2 M potassium ferricyanide donor was used in both H-cell
chambers, with no donor included in either chamber. These results indicate undetectable
crossover of potassium ferricyanide at both 0.2 M and 0.6 M concentrations, for experiments

lasting longer than 50 days.
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Supplementary Discussion 2 - Estimating capacity loss
from crossover

In this note, we detail an example calculation to estimate capacity loss from crossover. For
simplicity, we assume that species cross from a capacity limiting (donor) electrolyte, driven
only by the concentration gradient, to a receiving electrolyte where the concentration of
the crossed species is always zero (crossed over material does not accumulate). No other
mechanisms of species loss from the donating electrolyte are considered, and the state of
charge does not change.

To specify the discharge duration, the ratio of energy to power, we first determine the
power achievable at 80 % round-trip energy efficiency. Equation S1 gives round-trip energy
efficiency (RTEE) as the square of the quotient of discharge cell voltage (Vyischarge) divided
by open circuit voltage (OC'V') (assuming the voltage efficiency losses are the same upon
charge and discharge and the coulombic efficiency is unity). We further assume that all
voltage efficiency losses are ohmic in nature, so Viischarge is given by OC'V minus the product
of area-specific resistance (ASR) and current density (j), shown in Equation S2. Applying
an ASR of 2 Q cm?, corresponding to 2.5 mS ecm ™! conductivity for a 50 pum thick membrane
(if all resistance came from the membrane), and an OCV of 1 V, we solve Equations S1 and
S2 for a Viischarge of 0.9 V at 0.05 A cm~? current density and 80 % RTEE. The product of

Viischarge and j gives areal power density (p) of 0.045 W cm™2,

RTEE = <M)2 (S1)
ocv
‘/discharge =0CV — ] -ASR (SQ)

We next determine the volumetric energy density (e) of the capacity limiting electrolyte,

using equation S3, where n is the number of electrons transferred per molecule (n = 1 for
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ferri- /ferrocyanide), F' is Faraday’s constant, and C' is molar concentration of active species

(here we choose 0.5 M). Upon converting units, we have e = 0.0134 Wh cm 2.

e=n-F-C-0CV (S3)

Energy divided by power of a flow battery system gives discharge duration in units of
time. Volumetric energy density divided by areal power density gives discharge duration
multiplied by the ratio of membrane area to the volume of the capacity limiting electrolyte,

a ratio we call S, shown in Equation S4.

discharge duration = g S (S4)

S is specified for a given e, p, and discharge duration, and here we select a discharge
duration of 8 h as a practical specification. Finally, we solve Equation S5, which models
crossover by diffusion based on Fick’s Law, where ¢ is time, P is the permeability of the
membrane to the active species, and [ is the membrane thickness.

dC

P
w0

-C (SH)

The ratio of concentration of active species at a given time (as crossover has progressed)
to the initial concentration is equivalent to the capacity of a flow battery normalized to the
initial capacity. Thus, from solving Equation S5, we can estimate 85 % capacity retention
after 10 years when diffusion-driven crossover is the only capacity loss, P = 1 x 107! cm?

s71 1 =50 pum, C = 0.5 M initially, discharge duration is 8 h, and other parameters are as

specified in this note.

S10



09t ™
= ==~
£ 3
g T--
8 0.8F
kel
o)
N
® 0.7
£
o
=

0.6 P=1x 10" cm? s

- = = 0.005 % per day capacity loss
0'5 1 1 1 1
0 2 4 6 8 10

Time (years)

Figure S8: Normalized capacity vs. time in years, determined from the calculation in Sup-
plementary Discussion 2 from solving Equation S5, shows 85 % capacity retention over 10
years when the only mechanism of capacity loss is diffusion-driven crossover with P = 1 X
10713 cm? s L.
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Figure S9: Conductivity (a) and electrolyte mass fraction (b) of as-received Nafion N117
membranes soaked in representative flow battery electrolytes containing potassium ferri-
cyanide (active species) and either 0.01 M (pH 12) or 1 M (pH 14) potassium hydroxide
supporting electrolyte.
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branes soaked in representative flow battery electrolytes containing potassium ferrocyanide
(active species) and either 0.01 M (pH 12) or 1 M (pH 14) potassium hydroxide supporting
electrolyte.
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Figure S11: Conductivity (a,b) and electrolyte mass fraction (c,d) of as-received Nafion N117
(a,c) and E-620 (b,d) membranes soaked in representative flow battery electrolytes containing
potassium ferrocyanide (active species), without supporting electrolyte. Note that Nafion
membranes in this experiment were first potassium exchanged in a separate electrolyte,
rinsed in deionized water, and then transferred to the ferrocyanide electrolyte, to avoid the
protons in as-received Nafion acidifying the ferrocyanide and generating dangerous HCN.
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Table S2: Data from main text Figure 1a,c (MOH concentration abscissa) and main text Fig-

ure 5 (concentration of ions abscissa) including conductivity and electrolyte mass fraction of

Nafion N117 membranes, pre-treated and as-received, soaked in NaOH or KOH electrolytes.

Membrane, Symbol | Concentration | Conductivity Electrolyte Concentration
pre-treatment, (M) (mS cm™) mass fraction | of ions (M)
electrolyte (%)
Nafion N117, 0.1 10.08 £ 0.06 | 20.08 +0.27 0.2
,F\’lraengeated’ 1 14.02+0.29 | 18.44+0.21 2
A 2 15.75 + 0.60 17.85+ 0.33 4
3 15.22 +1.94 17.20 £ 0.21 6
4 10.16 £ 0.95 16.52 + 0.21 8
Nafion N117, 0.1 9.75+0.16 15.16 £ 0.05 0.2
,a\;(r)eﬁei"ed’ 1 10.36 £ 0.07 | 12.99 +0.21 2
A 2 10.39+0.88 | 12.06 +0.07 4
3 9.30 £ 0.91 11.33+0.08 6
4 8.67+£1.14 11.13+£0.26 8
Nafion N117, 0.1 8.31+0.27 12.52 £ 0.62 0.2
ﬁrg':lreated’ 1 8.54+040 | 10.72+0.38 2
\Y4 2 8.34 £ 0.26 10.13 £ 0.49 4
3 7.28 £0.22 9.51+0.28 6
4 5.05+0.29 9.57 £ 0.08 8
Nafion N117, 0.1 5.25+0.03 8.54 +0.13 0.2
ﬁzﬁceived’ 1 3.44+027 | 5.82+0.03 2
V 2 283+ 0.39 5.18 £ 0.01 4
3 2.59 + 0.26 4.72 + 0.08 6
4 3.31£0.82 4.38 + 0.19 8
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Table S3: Data from main text Figure 1b,d (MOH concentration abscissa) and main text Fig-
ure 6d (concentration of ions abscissa) including conductivity and electrolyte mass fraction

of E-620 membranes, as-received, soaked in NaOH or KOH electrolytes.

Membrane, Symbol | Concentration | Conductivity Electrolyte Concentration
pre-treatment, (M) (mS cm™) mass fraction | of ions (M)
electrolyte (%)
E-620, 0.1 2.52+0.17 16.00 £ 0.63 0.2
as-received,
NaOH 1 2.74 +0.12 16.53 £ 0.59 2
A 2 243 +0.15 16.71 £ 0.72 4
3 1.96 £ 0.18 16.99 + 0.64 6
4 0.94 £ 0.08 18.23 £ 0.95 8
E-620, 0.1 2.46 £ 0.08 16.73 £ 1.32 0.2
as-received,
KOH 1 2.89+0.14 18.22 £ 0.16 2
\ 4 2 1.48 +0.15 18.22 £ 2.33 4
3 1.43+0.43 17.55 + 1.30 6
4 1.37 £0.49 20.07 £ 1.17 8
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Table S4: Data from main text Figure 3 (ferrocyanide concentration abscissa, pH 12 and

pH 14 electrolytes), main text Figure 5 (concentration of ions abscissa), and Figure Slla,c

(ferrocyanide concentration abscissa) including conductivity and electrolyte mass fraction of

Nafion N117 membranes, as-received, soaked in ferrocyanide-based electrolytes.

Membrane, Symbol | Ferrocyanide Conductivity Electrolyte Concentration
electrolyte concentration (mS cm-") mass fraction | of ions (M)
(M) (%)

Nafion N117, 0.05 8.72+0.22 14.30 £ 0.38 0.27

Na,Fe(CN)s 0.2 9.69£0.30 | 13.38+0.16 1.02

oH 12 : .69 0. .38 0. :
0.35 9.87£0.42 12.85+0.17 1.77
0.5 9.08 £ 0.11 12.28 £ 0.05 2.52

Nafion N117, 0.05 10.36 £ 0.63 12.67 £ 0.21 2.25

Na,Fe(CN)g

oH 14 * 0.1 11.25+1.00 12.67 £ 0.32 25
0.15 10.89 £ 0.75 12.71 £ 0.09 2.75
0.2 10.89 £ 0.33 12.62 £ 0.25 3

Nafion N117, 0.05 415+ 0.11 5.26 £ 0.21 0.25

K,Fe(CN)g

only 0.2 419+0.12 6.01£0.30 1
0.35 3.68 £ 0.04 5.77 £ 0.06 1.75
0.5 3.45+0.11 5.46 £ 0.11 25
0.6 3.50+0.08 5.36 £ 0.37 3

Nafion N117, 0.05 4.07 £ 0.04 6.40 £ 0.03 0.27

K4;Fe(CN)g

oH 12 0.2 3.99+0.18 6.08+£0.13 1.02
0.35 3.91+£0.19 6.08 £ 0.14 1.77
0.5 3.71+£0.22 5.48 £ 0.10 2.52
0.6 3.49+0.26 492+0.15 3.02

Nafion N117, 0.05 3.43 £ 0.06 442 +0.37 2.25

SliIF?iCN)ﬁ 0.1 3.30+0.08 4.71+0.19 25

‘ 0.15 3.59+0.24 453 +£0.33 2.75

0.2 3.56 £ 0.65 4.75+0.16 3
0.25 2.60 + 0.06 4.56 +0.29 3.25
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Table S5: Data from Figure S9 (ferricyanide concentration abscissa) including conductivity
and electrolyte mass fraction of Nafion N117 membranes, as-received, soaked in ferricyanide-

based representative battery electrolytes.

Membrane, Symbol | Ferricyanide Conductivity Electrolyte
electrolyte concentration (mS cm") mass fraction
(M) (%)

Nafion N117, 0.05 444 +0.13 6.50 £ 0.47

K;Fe(CN)g

oH 12 0.2 3.70 £ 0.06 5.30+£0.19
0.35 4.31+0.11 5.71+£0.30
0.5 3.67 £0.16 4.71+0.33
0.6 3.26 + 0.07 4.59 + 0.67

Nafion N117, 0.05 2.89+0.11 4.90 £ 0.49

K;Fe(CN)g

oH 14 0.1 3.03+0.22 526 £0.12

’ 0.15 2.81+0.06 6.12+1.42

0.2 2.81+0.04 471+0.34
0.25 2.66 £ 0.05 4.82+0.23
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Table S6: Data from main text Figure 6d (concentration of ions abscissa), Figure S10 (ferro-

cyanide concentration abscissa, pH 12 and 14 electrolytes), and Figure S11b,d (ferrocyanide

concentration abscissa, no supporting electrolyte) including conductivity and electrolyte

mass fraction of E-620 membranes, as-received, soaked in ferrocyanide-based representative

battery electrolytes.

Membrane, Symbol | Ferrocyanide Conductivity Electrolyte Concentration
electrolyte concentration (mS cm) mass fraction | of ions (M)
(M) (%)
E-620, 0.05 2.31+£0.02 15.17 £ 0.50 0.25
E;EG(CN)‘S 0.2 2.87 £0.07 14.26 £ 0.60 1
0.35 2.87+0.16 13.06 £ 0.49 1.75
0.5 2.34 +0.03 14.32 £ 1.69 25
0.6 2.36+0.12 12.80 £ 0.42 3
E-620, 0.05 250+ 0.11 14.92 + 0.63 0.27
El‘l'F?éCN)ﬁ 0.2 2.84+0.14 15.60 £ 0.98 1.02
0.35 2.82+0.31 14.40 £ 0.31 1.77
0.5 2.43+0.08 13.60 £ 0.70 2.52
0.6 2.23+0.16 13.76 £ 0.52 3.02
E-620, 0.05 261+0.13 15.62 + 0.62 2.25
EﬁFﬂCN)‘S 0.1 2.36+0.10 15.44 £+ 1.48 25
’ 0.15 2.34+0.24 17.10 £ 1.02 2.75
0.2 2.35+0.09 17.67 £ 1.64 3
0.25 2.23+0.06 16.14 £ 1.21 3.25
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Table S7: Data from main text Figure 6¢ (fraction of potassium cations abscissa) and Figure

S6d (concentration of ions abscissa) including conductivity of E-620 membranes, as-received,

soaked in saturated ferrocyanide electrolytes.

Membrane, Symbol | Ferrocyanide Fraction of Conductivity Concentration
electrolyte concentration potassium (mS cm") of ions (M)
(M) cations

E-620, 0.53 0 3.45+0.10 2.67

saturated

ferrocyanide 1.34 0.4 0.99 £ 0.36 6.72

pH 12 1.5 0.5 0.88 +0.07 7.52
1.33 0.6 0.86 £ 0.28 6.67
0.7 1 292 +0.47 3.52

E-620, 0.2 0 2.65+0.05 3

saturated

ferrocyanide 0.96 0.4 0.89 £ 0.25 6.8

pH 14 o 1.22 0.5 0.74 £ 0.07 8.1
0.98 0.6 0.94 £0.25 6.9
0.34 1 2.27 £ 0.60 3.7
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