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Organic reactants are promising candidates for long-lifetime redox flow batteries, and synthetic chemistry unlocks a wide design
space for new molecules. Minimizing crossover of these molecules through ion exchange membranes is one important design
consideration, but the ways in which the crossover rate depends on the structure of the crossing species remain unclear. Here, we
contribute a systematic evaluation of size- and charge-based effects on dilute-solution small molecule permeability through the
Nafion NR212 cation exchange membrane. We found that increasing the magnitude of charge number z with the same sign as
membrane fixed charges, achieved here by successive sulfonation of quinone redox cores, results in more than an order of
magnitude permeability reduction per sulfonate. Size-based effects, understood by comparing the Stokes radii of the quinones
studied, also reduces permeability with increasing effective molecule size, but doubling the effective size of the redox reactants
resulted in a permeability decrease of less than a factor of three.
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Decarbonization of energy systems is necessary for a sustainable
future, and this transformation motivates growth of electrochemical
energy storage such as redox flow batteries.'> Water-soluble, redox-
active organic molecules (as well as metallorganic species) are
increasingly studied for flow battery applications due to their
potential for long lifetimes, synthetic tunability, and sustainable
feedstocks.”™ In a typical flow battery reactor, electrolytes con-
taining these dissolved redox reactants flow through porous elec-
trodes where charge transfer reactions occur. Ions are conducted
through an ion exchange membrane, completing the internal
electrochemical circuit. The ion exchange membrane is selective
against the transport of redox reactants by a combination of charge-
based, steric, and energetic effects,6’7 but unwanted crossover
contributes to loss of capacity.®'°

The all-vanadium redox flow battery (VRFB) comprises acidic
electrolytes with vanadium ions in all four vanadium oxidation
states. The ion exchange membrane separates the V> and V>
electrode reactions. Despite problematic vanadium crossover rates,
VREFBs are the most developed flow battery technology, in part
because crossover may be recovered by remixing and rebalancing
electrolytes.'' This crossover recovery option is possible because
positive and negative electrolytes both use vanadium as the redox
reactant. Crossover in redox flow batteries occurs by a combination
of diffusion, migration, and (electro)-osmosis transport mechanisms,
which have been characterized in the greatest detail for the all-
vanadium chemistry.'?”'* Migration and electro-osmosis depend on
current density, and all crossover mechanisms depend on the
concentration of crossing species absorbed in the membrane
pores.'>™'® VRFBs were first developed using proton-conducting
cation exchange membranes; more recently anion exchange mem-
branes have been shown to suppress the crossover of vanadium
cations by charge-based exclusion.'®?” This strategy of leveraging
the charge exclusion effect of membrane ionic moieties remains an
opportunity for new redox flow battery chemistries.

“E-mail: maziz@harvard.edu

Unlike the VRFB, most organic-based flow batteries (ORFB) use
entirely different chemicals as positive and negative electrolytes, and
crossover is an irrecoverable loss that, additionally, may result in
parasitic side reactions of the crossed-over molecules.>’ Synthetic
chemistry enables custom design of organic redox reactants, and this
enables crossover mitigation strategies. One such innovation in-
volves tethering redox-active moieties to polymer backbones, using
size-exclusion to suppress crossover.”>*> Oligomerization of redox-
active monomers is a related approach to increase redox reactant
size.*¢ A charge-based strategy was employed to decrease
viologen crossover in aqueous ORFBs: sulfonate or phosphonate
solubilizing groups were attached to the redox active core and paired
with a cation exchange membrane, diminishing crossover compared
to previous iterations of viologens.>”*® An extremely low crossover
rate was recently reported for an anthraquinone derivative with four
sulfonate solubilizing groups in alkaline electrolyte; this may be
attributed to a combination of size (branching carbon linkages
connecting the redox active core to the solubilizing groups) and
charge (four fixed negative charges per molecule).”’

Crossover rates of some ORFB molecules have been estimated to
be very low, but other considerations such as (electro)chemical
stability, solubility, mass transport properties, cell voltage, and
electrolyte material cost are also critical variables for ORFB
development. Consideration of each must be balanced in designing
new and promising flow batteries. For example, mass transport
properties (e.g. electrolyte viscosity and resulting mass transport
coefficients) and solubility may be compromised by a crossover
mitigation strategy based on increasing redox reactant size.”' Here,
we contribute a systematic evaluation of size- and charge-based
effects on crossover rates in order to inform further design of redox
active organic-based electrolytes.

We used quinones soluble in acidic electrolytes as a case study
because of the synthetic accessibility of sulfonated and disulfonated
hydroquinones and anthraquinones. Hydroquinones were studied
instead of benzoquinones due to the chemical instability of benzo-
quinones in water.>° Synthesis and use of sulfonated naphthoquinone
was attempted, but it was found to be too unstable in water for this
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Figure 1. Stick representations of the molecules studied, from top left: 1,4-hydroquinone (HQ), 1,4-hydroquinone-2-sulfonate (HQS), 1,4-hydroquinone
2,5-disulfonate (HQDS), anthraquinone-2-sulfonate (AQS), and anthraquinone-2,6-disulfonate (AQDS).

study (Fig. S1). Figure 1 displays the set of molecules evaluated in
this work, categorized by charge number z and by the number of
aromatic rings as an indicator of size.

In this work, crossover due to diffusion is evaluated based on
permeability through Nafion NR212 cation exchange membranes in
dilute conditions (30 mM quinone) and acidic supporting electrolyte
(1 M H,SO,). Permeability has the same units as diffusivity, but
while diffusivity in a membrane depends on the concentration
gradient of diffusing species within the membrane itself, perme-
ability depends on the concentration difference of diffusing species
between bulk electrolytes on either side of the membrane.
Permeability is more readily accessible through experiments and is
a useful engineering parameter that describes the crossover rate in a
flow battery with a given electrolyte concentration at the zero-
current limit.

Nafion is a benchmark cation exchange membrane widely used in
redox flow batteries. It possesses a hydrophobic perfluorinated
backbone with flexible side chains terminating in hydrophilic
sulfonate moieties. The membrane takes up water when immersed
in aqueous electrolyte: this water clusters around the ionic groups,
and connections between these water domains form pathways for
transport.>! The sulfonate anions of Nafion provide a charge
exclusion effect to suppress crossover of co-ions (of the same
charge), the sulfonated quinones of this study.

The effective sizes of the quinones were evaluated with rotating
disk electrode voltammetry under the same dilute conditions as the
permeability experiments. Stokes radii were calculated from mea-
sured diffusion coefficients as an estimate of solvated size. We found
that the Stokes radii of the hydroquinone species with zero, one, and
two sulfonates do not differ by more than 0.1 nm, whereas the
permeabilities of these species decrease over a three order of
magnitude range with increased negative charge. The permeability
of hydroquinone (HQ) through Nafion NR212 is greater than values
reported for vanadium,'* meaning that increasing the magnitude of
charge number z is an important strategy for the viability of organic
molecules of this size in flow batteries. In contrast, the permeability
reduction from hydroquinone-2,5-disulfonic acid (HQDS) to anthra-
quinone-2,6-disulfonic acid (AQDS), which has over twice the
Stokes radius of the former, is less than a factor of 3. Our results
show that for a given value of z, drastic changes in size might be
needed to have the same effect on permeability as would changing
this charge number. The permeability measurements for the set of
molecules we present here enables a separate assessment of size- and
charge-based effects on crossover rates. By combining these with
electrolyte diffusivity measurements, we evaluate the diffusivity/
permeability ratio, which has been proposed as a figure of merit for
flow batteries, and its dependence on size and charge.

Experimental

Materials.—Nafion NR212 membrane (proton form) was pur-
chased from Ion Power Inc.. Before permeability measurements,
membrane pieces were pre-soaked in 1 M H,SO, for at least
12 h at ambient temperature. Concentrated sulfuric acid (KMG
Electronic Chemicals, Inc., cleanroom grade) was diluted to 1 M
with deionized water (18.2 M -cm) and used as supporting
electrolyte in all permeability and electrochemical measurements.
Potassium sulfate was purchased from VWR. HQ and HQS
(potassium salt) were purchased from Sigma-Aldrich. The sodium
salt of AQS was purchased from Sigma-Aldrich and the sodium salt
of AQDS was from TCI.

The purchased sodium salts of AQS and AQDS were ion
exchanged to potassium before all measurements. First, solutions
of the AQS and AQDS sodium salts dissolved in water were passed
through a chromatography column packed with Amberlyst 15H
resin. In the column, sodium ions in solution exchanged with protons
on the resin. Then, 10 M KOH was added dropwise to the resulting
solutions until potassium salts of the anthraquinones precipitated
from solution. The precipitates were filtered, dried, and used to make
solutions for permeability and electrochemical evaluation.

HQDS was synthesized according to procedures in the literature
(Fig. S2).%°

Permeability.—Quinone permeability through Nafion was mea-
sured in custom-built glass H-cells (Adams and Chittenden). Each
H-cell comprised a “donating” electrolyte solution containing
30 mM quinone potassium salt and 1 M H,SO,, a “receiving”
electrolyte containing 1 M H,SO,4 and a concentration of K,SO, to
balance the total number of ions on each side of the membrane
(Fig. 2a), and Nafion NR212 membrane clamped between the two
electrolytes. The volume of each electrolyte solution was 10 ml.
H-cells were placed on a multi-channel magnetic sir plate
(Scilogex), which kept solutions under agitation for the duration of
the experiments. Three replicate H-cells were constructed for each
experimental condition.

To measure membrane crossover of quinones from donating to
receiving side of the H-cell, aliquots were periodically removed
from the receiving side and absorbance spectra of these aliquots
were taken using UV-vis spectrophotometry (Agilent). These
aliquots were diluted in the cuvette with 1 M H,SO,4 as needed for
the absorbance measurement, and the volume removed from the
receiving chamber was replaced with fresh receiving electrolyte
(Supplementary Note 1). Concentration of crossed-over quinone in
the receiving electrolyte was calculated using a calibration curve for
each molecule (Fig. S3).
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Figure 2. (a) Schematic of H-cell including chemical compositions of donating and receiving electrolytes depending on sulfonation of the quinone, where x
stands for either H (hydroquinone) or A (anthraquinone). HQDS is depicted as an example. (b) Permeability plot showing three replicate H-cells for each
quinone, where the solid lines represent the average permeability from the three replicates.

3-electrode characterization.—Three-electrode measurements
were done at ambient temperature with a glassy carbon working
electrode (Pine, 5 mm diameter), Ag/AgCl reference electrode
(BASi MF-2052) with 3 M NaCl fill solution (0.21 V versus
SHE), and platinum wire counter electrode in a glass electroche-
mical cell (Pine). The working electrode was attached to a rotating
shaft for rotating disk electrode experiments (Pine). Electrolytes
were degassed with nitrogen before measurements. All solutions
studied comprised 30 mM quinone and 1 M H,SO, supporting
electrolyte. Cyclic voltammetry and linear sweep voltammetry were
performed at 50 mV/s scan rate, and all voltammograms shown are
corrected by the subtraction of background current from the same
measurement done on a solution of 1 M H,SO,.

Results and Discussion

Permeability.—Permeability was evaluated from UV-vis absor-
bance measurements of crossed-over concentration in the receiving
side of H-cells over time. Permeability is defined by Eq. 1, derived
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In Eq. 1, P is the permeability (cm?/s), V is the electrolyte volume
of each side (10 ml), L is the membrane thickness (50 pm), A is the
membrane area (1.979 cm?), ¢ is time, C,(¢) is the time-dependent
concentration of crossed-over species, and C,(0) is the concentration
of crossing species in the donating electrolyte at start of the
experiment (30 mM quinone). A finite difference is indicated by
A. A linear plot in which time is the abscissa and permeability is the
slope may be constructed from receiving-side quinone concentration
measurements; the linearity is indicative of steady-state diffusion.
To avoid a gradient in osmotic pressure, H-cell receiving solutions
were designed to balance the total ion concentration on each side of
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Figure 3. Cyclic voltammograms of 30 mM (a) hydroquinones and (b) anthraquinones in 1 M H,SO, with a scan rate of 50 mV/s. The working electrode is

5 mm diameter glassy carbon.
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the membrane (Fig. 2a). After all permeability experiments in this
work, the largest change in the amount of electrolyte in a receiving
chamber was less than 3% by mass. Figure 2b shows all permeability
results from three replicate H-cells for each species studied. The
solid lines represent the average permeability from the three
replicates. Permeabilities are reported as the average and standard
deviation of triplicate experiments for each molecule in Table 1.

3-electrode characterization.—Each molecule studied is redox
active, as is evident from the oxidation and reduction peaks of their
cyclic voltammograms (Fig. 3). Sulfonate is an electron withdrawing
group; the redox potentials of the hydroquinones in Fig. 3a and the
anthraquinones in Fig. 3b become more positive with sulfonation as
expected. Increasing the number of aromatic rings (from hydro-
quinone to anthraquinone) makes the redox potential less positive.
Redox potentials of each molecule, estimated from cyclic voltam-
metry, are provided in Table SI.

To evaluate the diffusion coefficients of each molecule in 1 M
H,SO,4, we used linear sweep voltammetry at a rotating disk
electrode. Linear sweep voltammograms of each species at various
disk electrode rotation rates are given in Fig. S4. Each redox reaction
reaches a mass transport limited current plateau, the magnitude of
which is defined by the Levich equation (Eq. 2).

i = 0.62nFAD*3@'2y~10C [2]

In the Levich equation, n is the number of electrons in the
reaction (2 for all reactions here), F' is Faraday’s constant, A is the
geometric area of the working electrode (0.196 cm?), D is the
diffusion coefficient of the redox reactant (cm? s~ !, to be deter-
mined), w is the rotation rate (s !, experimentally varied), v is the
kinematic viscosity of 1 M H,S0,,*? and C is the concentration of
the redox reactant (30 mM). Thus, the diffusion coefficient of a
redox active species is related to the slope of a Levich plot (i; vs
w'/2, Fig. 4).

Increasing the charge number z of these molecules through
sulfonation without increasing the number of aromatic rings slightly
decreases the diffusion coefficient. The effect may be attributed to a
combination of stronger intermolecular interaction with the polar
solvent (water) and increased molecular weight from the sulfonate
groups. Adding aromatic rings to the molecular structure increases
size without affecting z; this decreases the diffusion coefficient more
appreciably, as visualized in the shallower slopes of the anthraqui-
none traces compared to those of the hydroquinones in Fig. 4.
Diffusion coefficients for each molecule are listed in Table I.

The effect on solvated size of the molecular structure was further
investigated by evaluating the Stokes radius of each molecule, using
the diffusion coefficients measured in dilute conditions with linear
sweep voltammetry. The Stokes radius rg, is defined by Eq. 3, where
kg is Boltzmann’s constant, 7 is absolute temperature (296 K), and n
is the dynamic viscosity of 1 M H2504.32

kgT

= 3
rs, 6D [3]

This equation defines the radius of a hard sphere (i.e. a simple
model of a molecule and its solvation shell) diffusing through a
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Figure 4. Levich plot for each redox reactant. Absolute values of currents
are shown to plot hydroquinone oxidation and anthraquinone reduction in the
same quadrant.

medium without interacting with the solvent or other diffusing
particles. Its assumptions are reasonable for dilute solutions such as
those evaluated in this study. Stokes radii are listed for each
molecule alongside diffusion coefficients in Table I.

Discussion.—The data collected in this study support the
existing heuristics that increasing size and increasing the magnitude
of charge number z (with the same sign as membrane fixed charge)
diminish membrane permeability and thereby suppress crossover.
Further, the systematic variation of size and charge enable assess-
ment of the two effects separately. Each successive sulfonation of
hydroquinone diminishes its permeability by greater than one order
of magnitude while increasing its Stokes radius by less than 0.1 nm,
as shown in Fig. 5a. These data emphasize the benefit of increasing
the magnitude of redox reactant z with the same sign as membrane
fixed charges.

The influence of charge exclusion is further elucidated by Fig. 5b,
which displays diffusivity/permeability ratios for each molecule, a
crossover-related figure of merit proposed in the flow battery
community.”>?® Diffusivity of HQ in the 1 M H,SO, electrolyte is
less than 100 times its permeability through the tortuous membrane
pores. Crossover of HQ is unconstrained by charge exclusion effects,
and may even by accelerated by favorable hydrophobic interactions
with the Nafion polymer. Its diffusivity in electrolyte is therefore
relatively close to its permeability across the membrane phase,
compared to the D/P ratios of the anions studied. The D/P ratios of
the anions increase with z because permeability is sensitive to charge
exclusion whereas diffusivity, by comparison, is not.

Donnan exclusion is a simple model to explain this charge
selectivity. At equilibrium, the electrochemical potential of a given
ionic species is equal between the membrane phase (solution within
the membrane pores) and the contacting electrolyte. For ideal

Table I. Summary of molecule properties and permeabilities.

Molecule z Stokes radius (nm) Diffusivity in Permeability (cm?/s)

1 M H,SO, (cm%/s)
HQ 0 031 6.4 x 10°° 7.0 x 10°%+4.2 x 107°
HQS -1 0.35 5.6 x 107° 50x107°+£83x 107!
HQDS -2 0.40 49 x10°° 1.0x107°+1.7 x 107"
AQS —1 0.88 22 % 107°° 19x107°+2.0x%x 1071
AQDS -2 0.91 22x107°° 37 x 107" +34x 10712
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merit, for each molecule.

solutions of ions, the concentration of a co-ion in the membrane
phase (e.g. a sulfonated quinone in Nafion) may be approximated by
considering the concentration of membrane fixed charges and the
condition of electroneutrality, without involving any other mem-
brane properties (Supplementary Note 2).>** To fulfill this condi-
tion, the co-ion concentration in the membrane phase must be lower
than in the contacting electrolyte: this is the Donnan exclusion
effect. The effect is strengthened when the valence of co-ions is
higher, such that fewer dianions (e.g. HQDS) may enter the pores of
Nafion than single anions like HQS, for a given concentration of the
anionic species in the contacting electrolyte. HQ is not an ion and
thus is not subject to Donnan exclusion, so by the Donnan model it
may have the same concentration in the membrane phase as in the
electrolyte phase (30 mM).

Permeability is directly proportional to concentration of crossing
species in the membrane phase at a given electrolyte concentration.
At 30 mM concentration in the contacting electrolyte, HQDS and
AQDS may have a factor-of-ten lower concentration in Nafion than
HQS and AQS by Donnan exclusion (Fig. S5). As a dilute-solution
first approximation, Donnan exclusion is a useful model. The
measurements show an even larger reduction in permeability
between the mono- to disulfonated species, meaning that additional
selectivity mechanisms must be involved.

Charge exclusion effects are weakened as electrolyte concentra-
tion increases and approaches the concentration of membrane fixed
charges. For a membrane such as Nafion, Donnan exclusion can
have a significant effect on membrane phase co-ion concentration
even at 1 M of co-ions, but the effect would be slight for a
hypothetical 10 M electrolyte (Fig. S5).° The effects of size
exclusion, a different strategy, may be enhanced as the size of the
crossing species approaches the membrane pore size. Pursuing a size
exclusion strategy for small molecules (with a current state-of-the art
ion exchange membrane) will have drawbacks related to mass
transport, and may incur added penalties of higher cost and lower
solubility. The charge exclusion strategy may afford added benefits,
such as improving water solubility and suppressing intermolecular
collisions that cause deleterious side reactions.

For the development of new redox flow battery electrolytes,
electrochemical and transport parameters (including permeability)
are routinely assessed at dilute concentration, but concentrated
solution effects on these parameters may become relevant in a
practical battery where high energy density is desired. To understand
crossover when concentrated electrolytes are involved, concentra-
tion-dependent changes in membrane water content, ion association
equilibria, and interactions between all species in solution should be

considered.®'* Concentrated solution effects are expected to further
complicate the influence of molecular structure on crossover.

This study takes the perspective of molecule design, using Nafion
as a benchmark membrane. However, significant progress may also
be made by approaching the problem from the membrane perspec-
tive. Uncharged size exclusion separators may offer lower cost and
resistance compared with ion exchange membranes,* but in this
case designing molecules for size exclusion is crucial. Moving in the
opposite direction, increasing membrane ion exchange capacity may
enhance charge exclusion, although high ion exchange capacity
membranes tend to face issues related to swelling,35 which can have
a harmful impact on crossover, so designing optimal ion exchange
membrane structures remains a productive research direction. In
addition, polymers of intrinsic microporosity are recently emerging
for flow batteries, and these membranes may offer enhanced size
exclusion compared to traditional ion exchange membranes, and
may also be functionalized with ionic groups for charge
exclusion.**>° There is an opportunity for the synergistic develop-
ment of membranes and molecules to benefit the progress of
sustainable electrochemical technology.

Conclusions

Crossover has been a persistent issue in the development of
electrochemical reactors such as redox flow batteries, but the
growing field of organic-based redox reactants has unlocked
mitigation strategies leveraging charge and size exclusion. We
have presented a systematic study to consider these effects sepa-
rately in order to inform design of new redox active chemistries and
their selection for electrochemical devices.

Quinones are presented as a case study: the number of aromatic
rings (hydroquinone vs anthraquinone) tunes size whereas installa-
tion of sulfonate moieties nearly independently tunes charge number
z. Diffusivity and Stokes radius (effective size) of these molecules
were assessed with voltammetry and combined with permeability
measurements through Nafion NR212 cation exchange membranes
to evaluate size and charge effects. As shown in Fig. 5, for the
hydroquinones and anthraquinones studied, the doubling of Stokes
radius from about 0.4 nm to about 0.8 nm that comes from changing
from a one-ring molecule to a three-ring molecule with the same
charge state cuts the permeability by less than a factor of 3, whereas
adding each negatively charged sulfonate increases the Stokes radius
by <0.1 nm but cuts the permeability by more than an order of
magnitude. For these small molecules in dilute solution, although we
observe both size and charge effects on permeability, the effect of
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size on crossover is marginal compared to the effect of charge-based
exclusion with ion exchange membranes.
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