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ABSTRACT: Nonaqueous redox flow batteries (RFBs) are one economically ) Solvent Solvent dependent
promising solution for meeting grid-scale energy storage needs at discharge Crosslink  exchanges property trends
durations of 10 h or more. However, membrane transport properties in >

nonaqueous systems are not as well understood as in water. Solvent-specific 5

effects complicate efforts to understand transport in nonaqueous systems. g Bl /A /
Changing the solvent used to measure membrane transport properties causes 5

changes in solvent uptake, which can mask other solvent-specific differences and &

trends. This study decoupled these effects by using crosslinked membranes with Conductivity

post-crosslinking solvent exchange steps to vary the membrane solvent uptake of

three solvents that are suitable for RFBs. This approach enabled the independent study of solvent uptake and specific measurement
solvent effects on membrane transport properties. The results revealed differences in polymer solvation between the measurement
solvents, and these differences led to changes in the sensitivity of both ionic conductivity and uncharged active material permeability
to solvent uptake. Additionally, these changes in sensitivity appeared to be independent of each other, e.g., a weak dependence of
ionic conductivity on solvent uptake coupled with a strong dependence of permeability on solvent uptake was observed for some
materials. As a result, the highest-performing membrane, a crosslinked phenoxyaniline trisulfonate-functionalized poly(phenylene
oxide) membrane produced using acetonitrile as the de-swelling solvent and characterized using propylene carbonate, retained a high
conductivity of 0.20 mS cm™" while restricting active material permeability to less than 10™"" cm® s™". The reported solvent-specific
behavior suggests that specific solvent—polymer interactions may provide a route to simultaneously increase ionic conductivity and
decrease active material permeability, which would lead to more selective membranes to enable high-efficiency nonaqueous RFBs.

KEYWORDS: nonaqueous selective membrane, lithium-ion-conducting membrane, separator, functional polymer, flow battery,
energy storage

B INTRODUCTION active materials to prevent crossover that compromises battery
longevity and/or coulombic efficiency.”'®
Different categories of separators have been proposed to

meet these requirements, including micro- or nanoporous

energy storage with long discharge times (e.g, 10+ h) that dq Y but thi & k f p d
| . i Aconnected batteries.!— separators and ceramics, but this wor ocuses on dense
currently are not common in grid-co : polymer ion exchange membranes (IEMs).”'> These IEMs

rely on connected pathways of charged regions to provide ionic
conductivity, and they can restrict small-molecule transport
based on kinetic (e.g., size) or thermodynamic (e.g,, charge

The growing use of renewable, but nondispatchable, power
sources like wind and solar has created a need for grid-scale

Redox flow batteries (RFBs) have been proposed as an option
for grid-scale energy storage, but one limitation for current
aqueous electrolyte-based RFBs is relatively low volumetric

energy density, which results from the electrochemical stability exclusion and/or secondary interactions) factors.'”

window of water and active material solubility'.ﬂ*_6 Electrolytes The properties of IEM separators used with aqueous
prepared using organic solvents have a wider electrochemical electrolytes have been extensively studied,'™"® but solvent-
stability window than aqueous electrolytes, and the chemistry specific effects that are unique to nonaqueous systems are not
of many organic redox active materials can be modified to yet fully understood. Changes in solvent can profoundly
enable very high solubility in organic solvents and higher impact the solvent uptake of the polymer. For example, many

energy density.””'* While many parts of the RFB have an

impact on the overall efficiency and power density of the Received: December 8, 2022 e
battery, the separators in nonaqueous RFBs are a limiting Accepted: March 17, 2023
factor because of the lack of purpose-engineered materials for Published: March 30, 2023

this application.”” The separator must offer high ionic
conductivity to provide high power density and voltage
efficiency, and it must have low permeability of the dissolved
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Scheme 1. Crosslinking of Br-PPO Using ODA
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membranes, which are dimensionally stable in water, may swell
excessively or dissolve upon exposure to organic solvents.'”
Even membranes that do not swell excessively can be subject
to solvent-specific effects, which can lead to conductivity values
much lower than expected based on solvent uptake and pure
solution conductivity properties.”’

Despite these differences, many nonaqueous RFB studies
have used commercially available IEMs that were designed for
use with aqueous systems.”'*~** Conductivity of these
membranes has been reported to be highly dependent on
the solvent and salt used to prepare the electrolyte, with
conductivity for a single membrane varying from 0.001 to 10
mS cm™! in response to changing electrolyte conditions.'"”
Conductivity differences were attributed largely to differences
in solvent uptake because the highest conductivities often
occurred when solvent uptake was 100% or more. High solvent
uptake, however, has coincided with high active molecule
permeability, of order 1077 cm?® s71.* Alternatively, mem-
branes have been prepared to achieve permeability values as
low as 107" cm? 57/, but these low permeability values have
accompanied low conductivity'>** in a manner consistent with
general trade-off relationships between measures of membrane
selectivity and throughput.”* ™’

A few IEMs have been developed specifically for non-
aqueous RFB applications.”® " Increasing the fixed charge
density (or the concentration of ionic charge carriers in the
membrane) is a route for increasing ionic conductivity, but this
approach also has led to increased swelling and therefore to
high permeability.”*** To control swelling, some of these IEMs
have been crosslinked to reduce the ability of the polymer to
swell in solvents.”®*°™*> The swelling control afforded by
crosslinking can keep permeability values low while allowing
access to higher fixed charge concentrations that promote ionic
conduction.”"

For both commercial and novel membranes, solvent uptake
has been shown to be a strong predictor of transport
properties. However, in many prior studies, solvent uptake
was not varied independently of polymer chemistry. The
specific solvent used and the IEC of the polymer may influence
transport properties independently, so it is important to
decouple the relative impact of these factors on solvent uptake.

Our previously reported membranes, which are among the
first CEMs to be targeted toward nonaqueous RFBs, relied on
a high glass-transition temperature backbone polymer to
achieve the swelling resistance necessary to maintain polymer
dimensional stability in a range of organic solvents.">** Herein,
sulfonated poly(phenylene oxide) (PPO) polymers, similar to
those in our prior work,”>** were crosslinked via a strategy that
introduced crosslinks into the noncharged regions of the
membrane, followed by a series of solvent exchange steps to
produce membranes with different solvent uptake from the
same starting material. This strategy was intended to control
organic solvent swelling in the noncharged regions of the
polymer, as opposed to other approaches that crosslink the
charged regions of the polymer.”*”%*’

Our crosslinking procedure yielded different final mem-
branes, prepared from a single starting polymer, with a range of
solvent uptake properties. This approach isolated the effects of
solvent uptake on membrane properties from other exper-
imental variables, e.g, membrane IEC or the measurement
solvent. Additionally, the approach enabled the preparation of
mechanically robust membranes with higher total fixed charge
density (to facilitate ionic conduction) relative to our previous
study that was limited by mechanical properties in the absence
of crosslinking.”® This library of membranes with different
solvent uptake properties characterized using multiple
measurement solvents enabled the study of ionic conductivity
and uncharged small-molecule transport through the mem-
branes. Particularly for nonaqueous RFB applications, it is
critical to understand relevant trade-offs in transport properties
to guide the design of system components including
membrane, electrolyte/solvent, and active material to meet
nonaqueous RFB requirements.

B METHODS

Overall Membrane Preparation Strategy. Crosslinked mem-
branes were formed by blending brominated poly(phenylene oxide)
(Br-PPO) with the ion exchange polymer, phenoxyaniline trisulfo-
nate-substituted PPO (POATS-PPO), prior to film casting. Then, a
bifunctional molecule (oxydianiline, ODA), which reacts with Br-
PPO, was added to crosslink the blend membrane without forming a
fixed charge group (Scheme 1). Photographs of the cast crosslinked
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membranes at different stages of the crosslinking process are shown in
the Supporting Information (Figure S1).

Crosslinking was performed while the cast membranes were
swollen in tetrahydrofuran, THF, (~150% uptake by mass). Swelling
in THF was necessary to allow ODA to diffuse into the membrane
and to permit the subsequent reaction between ODA and the
bromine functional group on Br-PPO. Following the crosslinking
reaction between ODA and Br-PPO, the membranes were not
allowed to dry. Rather, the THF was removed by exchanging it with a
different solvent, called the de-swelling solvent. In this study, the de-
swelling solvent was either water, ethanol, or acetonitrile (ACN).

The solvent exchange process following crosslinking was designed
to take advantage of effects similar to membrane casting by phase
inversion with a nonsolvent. In the phase inversion casting process, a
support coated with polymer dissolved in solution is immersed
quickly in a nonsolvent for the polymer, and mixing of the solvent and
nonsolvent causes the polymer to come out of solution and solidify
rapidly.*® The specific nonsolvent used can affect the final membrane
morphology by changing how quickly the precipitation and solvent
exchange steps occur,®® and we hypothesized that similar morpho-
logical or structural differences could be achieved by swelling our
polymer to a large extent (i.e, ~150% using THF), then quickly
replacing the strongly swelling THF with one of the less strongly
swelling de-swelling solvents.

The de-swelling process led to tunable property differences in the
membranes that persisted even after the de-swelling solvent was
replaced yet again with a measurement solvent, which was selected
from a range of suitable solvents used in nonaqueous flow batteries:
dimethyl carbonate (DMC), propylene carbonate (PC), or ACN.
Measured membrane physical and electrochemical properties
depended on both the de-swelling solvent history and the measure-
ment solvent used for characterization. Membranes were referred to
by the solvents used in these two exchanges. For example, a
membrane that was prepared using ethanol as the de-swelling solvent
and characterized using DMC as the measurement solvent was be
referred to as an ethanol/DMC membrane.

Br-PPO Synthesis. Br-PPO was synthesized via a free radical
bromination reaction of poly(phenylene oxide), PPO (Sigma-
Aldrich).*> The amounts of the bromine source (N-bromo-
succinimide, NBS, >98%, TCI Chemicals) and free radical initiator
(azobisisobutyronitrile, AIBN, 98%, Sigma-Aldrich), relative to PPO,
were varied to obtain different degrees of bromination. In this work,
Br-PPO with bromine substitution of 16.6% at the benzyl position of
PPO repeat units was used for producing POATS-PPO, and Br-PPO
with a bromine substitution of 79% was used for crosslinking,
measured by 'H NMR (Supporting Information, Figure S3); these
materials were referred to as Br-PPO-16.6 and Br-PPO-79.>
Preparation of both materials began by dissolving 6 g of PPO in 75
mL of chlorobenzene and heating in a 110 °C oil bath. For Br-PPO-
16.6, a total of 3.2 g of NBS and 0.179 g of AIBN were pre-weighed,
evenly distributed into 4 glass vials, and stirred to mix the powders.
This amount of NBS could theoretically result in Br-PPO-36, so the
yield of this substitution was approximately 46%. For the Br-PPO-79,
a total of 10.0 g of NBS and 0.561 g of AIBN were used, and divided
into 4 glass vials in the same way. This amount of NBS could
theoretically result in Br-PPO-112, so the yield of this substitution
was approximately 71%. Each vial of mixed NBS and AIBN powder
was then added to the reaction flask containing the PPO solution, at
intervals of 15 min between each addition. Sequential addition of NBS
and AIBN over the course of 45 min, when preparing highly
brominated Br-PPO, limited Br, formation and reduced undesired
bromination at the aromatic positions.””** The reaction proceeded at
110 °C for 30 min after the last NBS and AIBN addition (total
reaction time of 7S min), and the product was collected by
precipitating the reaction mixture in 10-fold excess reagent alcohol.
The polymer was collected by filtration and dried under vacuum to
remove the alcohol. A second purification was performed by
dissolving the polymer in 50 mL of chloroform and repeating the
precipitation in reagent alcohol followed by filtration and drying.

2451

Phenoxyaniline Trisulfonate (POATS) Synthesis. POATS was
synthesized using an aromatic sulfonation of 4-phenoxyaniline,
reported previously.”® Briefly, 2 g of 4-phenoxyaniline was dissolved
in 15 mL of 20% fuming sulfuric acid, under stirring in an ice bath.
Then, over the course of 30 min, the reaction temperature was raised
to 80 °C and held at that temperature for 2 h. To end the reaction,
the mixture was poured slowly over ice made from deionized (DI,
18.2 MQ cm, Direct-Q 3 UV, Millipore) water and then was diluted,
with DI water, to a total volume of 500 mL. Triethylamine (TEA) was
added in an equimolar amount with regard to the theoretical number
of aromatic sulfonate groups (4.5 mL of TEA in this example). Then,
calcium carbonate was added to neutralize the remaining sulfuric acid
(typically ~30 g). The precipitated calcium sulfate was filtered out,
and the collected liquid solution was dried in a rotary evaporator at 70
°C. The remainder of the calcium sulfate was removed by dissolving
the TEA" counter-ion form POATS in 15 mL of DI water and
filtering out the undissolved solids. The POATS solution was then
dried first in an oven at 80 °C for 16 h and then under vacuum at
room temperature for an additional 24 h. The yield of TEA* counter-
ion form POATS was approximately 76%.

POATS-PPO Synthesis. POATS-PPO was produced using an
updated procedure, relative to previous reports,”*>* which resulted in
better yields at higher degrees of substitution. To limit water
contamination, all reactants and glassware were dried under room-
temperature vacuum for 24 h prior to reaction, and all solvents were
stored over 3 A molecular sieve for a minimum of 48 h before use. In
an example procedure, 0.6 g of Br-PPO-16.6 was dissolved in a
mixture of 4 mL of NMP and 4 mL of chlorobenzene, and 1.09 g of
POATS (2 equiv, relative to the moles of Br) was dissolved separately
in 16 mL of NMP. The two solutions were added to a stirred reaction
flask that contained 250 mg NaHCOj3. The mixture was heated in a 60
°C oil bath for 24 h and then precipitated in 300 mL of isopropyl
alcohol. The suspension was centrifuged, and the liquid was decanted.
The solid product was washed first with an aqueous solution
containing 0.1 M HCI and 0.11 M TEA, to ensure the amine groups
in the product were deprotonated and the sulfonate groups were in
the TEA counter-ion form, and then washed with DI water to remove
free salt. The solid product was isolated after each washing step via
centrifugation and decantation. Finally, the POATS-PPO product was
dried under vacuum for 24 h before further use.

Crosslinked Membrane Synthesis. Reactive bromine groups
were required for the crosslinking reaction. The POATS substitution
of Br-PPO to form POATS-PPO, however, proceeded to completion.
To provide bromine groups for the crosslinking procedure, POATS-
PPO-16.6 and Br-PPO-79 solutions were mixed together and cast to
form a blend membrane.

To prepare a typical membrane, 0.167 g of POATS-PPO-16.6 and
0.033 g of Br-PPO-79 were dissolved together in 2 mL of DMF. This
degree of bromination and polymer mass ratio leads to a theoretical
maximum crosslink density of 0.43 mmol crosslinks g~'. The blend
membrane was cast by pouring this solution into 6 cm diameter PTFE
molds, and the polymer was dried first in an 80 °C convection oven
for 4 h and subsequently in an 80 °C vacuum oven for 24 h. After
drying, the sulfonate groups in the blend membranes were converted
to the Li* counter-ion form by soaking the films in a 0.5 M lithium
chloride solution for 8 h. The solution was replaced with fresh
solution following the first 4 h of soaking. Finally, the film was soaked
in DI water for 2 h and then dried under vacuum at room temperature
for 24 h. A typical final membrane prepared via this route was
approximately 60 um thick and had a mass of 0.16 g, due to mass
losses from transferring and casting the viscous polymer solution and
from conversion from the TEA* (102 g mol™") counter-ion form to
the much lighter Li* (7 g mol™") counter-ion form.

Bromine sites on the Br-PPO in the blend membrane were used to
crosslink the material using ODA as the crosslinker. The procedure
began by pre-swelling and removing trace water from the blend
membrane by soaking the film in a solution of 1 mg mL™" ODA in
THEF that was mixed with 2 g of 4 A molecular sieve powder in a glass
jar that allowed the membrane to lay flat for 24 h. The volume used in
this initial procedure was chosen to achieve an equimolar match of the
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Table 1. Electrolyte Solvent Properties

viscosity dielectric density conductivity of ferrocene solution diffusivity 4-hydroxy-TEMPO solution
solvent (cP) constant (g mL™") 1 M LiFSI (mS em™)“ (cm?® s7Y) diffusivity (cm? s™')”
propylene 2.52% 64.9" 120" 6.7 493 x 107° 446 X 107°
carbonate
dimethyl 0.59* 3.1% 106" 6.9 2.00 X 1075 1.80 x 107°
carbonate
acetonitrile 0.34" 359" 0.79" 37 2.33 X 10°° 211 x 10°°

“Measured with conductivity probe at room temperature, 20 °C. “Calculated using the Wilke—Chang correlation (details in the Supporting

Information).

ODA amine groups and the Br groups present in the blend
membrane, e.g, 13.8 mL of ODA in THF solution for a 0.16 g
blend membrane.

The crosslinking reaction was initiated by adding 0.1 g of 60% NaH
in mineral oil to the soaking solution, and the mixture was allowed to
react for 24 h at room temperature. The reaction was quenched by
removing the membrane from the solution and quickly transferring it
to a de-swelling solvent: water, ethanol, or ACN. The membranes
were soaked in the de-swelling solvent for 6 h to remove THF from
the membrane.

Finally, the membranes were moved to the measurement solvent:
DMC, PC, or ACN. This solvent was replaced once after 24 h to
minimize the amount of de-swelling solvent present in the final
membrane. The final membrane thickness, while swollen in
measurement solvent, increased slightly relative to the non-cross-
linked membranes, where membranes de-swelled in water and
measured in PC had the highest average final thickness (75 um).
Membrane samples were stored in the measurement solvent until use,
and this use of three de-swelling solvents and three measurement
solvents resulted in a matrix of nine membrane processing conditions
that were subsequently characterized.

Membrane Solvent Uptake and Solvent Volume Fraction.
Solvent uptake was measured by removing the crosslinked membranes
from the measurement solvent, quickly wiping the surface to remove
excess liquid, and weighing the membrane to determine the solvated
mass. Membrane pieces were then dried for 24 h at room temperature
under vacuum (for DMC and ACN measurement solvents) or 72 h at
80 °C under vacuum (for PC measurement solvent), and the sample
dry (i.e., effectively solvent-free) mass was determined. To ensure the
membranes were fully dried (i.e., solvent was effectively removed),
samples were returned to the vacuum chamber for an additional 24 h
after which their mass was unchanged. Solvent uptake, SU, was
calculated as

solvated mass — dry mass

SU = 100% X
dry mass

(1)
Solvent uptake was converted to solvent volume fraction, @, using
dry membrane and solvent densities and by assuming volume

additivity
® = SU

SU — Lolent

)
where pyopven i the density of the measurement solvent (Table 1) and
Ppoyimer Was taken as the density of the dry non-crosslinked blend
membrane. It was assumed that the density of the polymer did not
change appreciably after crosslinking (since ODA was chemically very
similar to the chemistry of the rest of the polymer), and the dry
density was measured to be 1.38 g mL ™' via the procedure described
subsequently.

Polymer dry density was measured using an Archimedes’ principle
method.*” The mass of the dry non-crosslinked blend membrane was
measured in air while the membrane was submerged in cyclohexane.
The blend membrane sorbed a negligible amount of cyclohexane over
the timescale of the experiment. With the membrane masses
measured in air and cyclohexane (m,;, and Myclohexanes respectively)
and the known densities of air and cyclohexane (p,;, and Peyclohexanes

Ppoylmer
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respectively) at the measurement temperature, dry membrane density,
Ppolymerr Was calculated as

My

@Jolymer = (pcyclohexane - pair) - pair

3)

lon Exchange Capacity (IEC). The fixed charge density of the
polymer was quantified as the IEC, which was reported as milli-
equivalents of sulfonate groups per gram of dry (ie., effectively
solvent-free) polymer (mequiv g '). To measure the IEC of the
membrane via a titration method, samples were soaked in 0.5 M HCI
for 24 h at room temperature to convert the fixed charge groups from
the Li* counter-ion form to the acid (H") counter-ion form. Samples
were then moved to DI water, which was replaced three times and
allowed to soak for 1 h each time.

The secondary amines formed during the addition of POATS and
ODA molecules to the Br-PPO can act as a base during the acid-
soaking process. Therefore, this initial step of the IEC measurement
process may have resulted in more uptake of acidic protons than is
required to replace completely the Li* counter-ions with H" counter-
ions because of acid-base chemistry that can occur with the secondary
amines that connect the crosslinker and side chain to the polymer
backbone. Additional acid uptake via this process would interfere with
the IEC measurement. To ensure that the secondary amines in the
polymer were deprotonated, the pH of the last DI water-soaking
solution was measured and verified to be above pH 6.

Following the DI water-soaking step, the membranes were moved
to a 0.1 M CaCl, solution for 24 h at room temperature to convert the
sulfonate groups to the calcium counter-ion form and release the
protons into solution. This solution was then titrated with 0.01 M
NaOH to measure the amount of H* released by the membrane
during the ion exchange process to the calcium counter-ion form. The
final pH of this solution (after soaking) was typically around 3, so
some of the acid released from the sulfonate groups could have been
absorbed by protonation of the secondary amine groups in the
membrane and thus not be accounted for during the titration. To
account for this retained acid, the membrane was left to soak in the
neutralized solution (following the first titration) for 24 h.
Subsequently, the solution was titrated a second time to measure
the additional acid released from the secondary amines in the
material. The membranes were then dried in an 80 °C vacuum oven
for 24 h, and the dry mass was measured. The IEC was calculated as

air mcyclohexane

Vooim neon X 10 mM

IEC [mequiv gfl] =
™ (4)
where the total volume of titration solution (from both titrations),
Vooim neon (L), and the membrane dry mass, Mgyy (2).
lonic Conductivity. Ionic conductivity was measured usin§
through-plane electrochemical impedance spectroscopy (EIS).”
Membranes soaked in DMC, PC, or ACN measurement solvents
were cut into 0.75-inch diameter circles and moved to a 1.0 M LiFSI
solution made using the same measurement solvent (either DMC,
PC, or ACN solvent, respectively). Membranes were placed in a
BioLogic controlled environment sample holder (CESH), with 0.5-
inch diameter circular electrodes. Impedance was measured using a
potentiostat (BioLogic SP-300) to impose an oscillating potential
with a 20 mV amplitude over a frequency range of 1 MHz to 100 Hz,
an example spectrum can be found in Supporting Information, Figure

ry
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S4. The resulting data were fit to a model circuit, and the high-
frequency intercept with the real impedance axis was used to
determine the membrane resistance.”> This intercept resistance also
included the cell resistance, and the cell resistance was measured
(with no membrane present in the cell) and subtracted from the value
obtained when the membrane was loaded in the cell to determine the
membrane resistance, R (in Q). Cell resistance was low compared to
membrane resistance values (typically 0.5 € for the cell compared to
10—50 € for the membranes). Following the EIS measurement,
membranes were removed from the sample holder, and sample
thickness was measured in three places and averaged. Resistance was
converted to ionic conductivity, o, as

-1y _ L
o [mScm | = IOOO(RA) s)

where [ is the average sample thickness in cm and A is the area of the
electrodes, 1.27 cm®. Membranes evaluated were always larger than
the electrode area.

Permeability. Permeability was measured using a glass H-cell.”**
The cell was assembled with a membrane (pre-soaked in DMC, PC,
or ACN measurement solvent) separating the two halves of the cell.
One half of the cell contained 0.1 M active material (either ferrocene
or 4-hydroxy-TEMPO) in the same measurement solvent used to pre-
soak the membrane, and the other half of the cell (i.e., the blank side)
initially contained pure measurement solvent. The active material
concentration of the solution in the blank side of the cell, which
increased as active material permeated through the membrane, was
measured three times using UV—vis spectroscopy.

The measurement frequency was chosen based on the rate of
crossover so that all three measurements would be within the
calibration range of the UV—vis measurement technique and roughly
evenly spaced in time. Calibration curves and concentration ranges for
ferrocene and 4-hydroxy-TEMPO can be found in the Supporting
Information, Figure SS. In this report, the highest permeability values
were measured using a 2 h measurement interval, and the lowest
permeability values were measured with a 10-day measurement
interval. After the last measurement, the cell was disassembled, and
the thickness of the sample was measured. The permeability was
calculated as

Pt = —V—Llln[l - ZCR—[t]]
2A

Cplo] (6)

where P is permeability in cm” s, V is the volume on each side of
the membrane in mL, [ is the membrane thickness in cm, A is the
cross-sectional area of the membrane exposed to solution in cm?,
Cg[t] is the measured active material concentration of the solution in
the blank side of the cell at time ¢, and Cp[0] is the initial active
material concentration (0.1 M) of the solution on the other side of

the membrane.

B RESULTS AND DISCUSSION

Measurement Solvent Uptake. A series of crosslinked
membranes with varied solvent uptakes were produced via two
solvent exchange steps. First, a de-swelling solvent exchange
step removed the highly swelling THF reaction solvent. Next,
the de-swelling solvent was replaced, via a second exchange,
with the measurement solvent that was used for transport
property evaluation: PC, DMC, or ACN. The measurement
solvents were chosen because they can be used as electrolyte
solvents in RFBs. Cyclic and linear carbonates, including PC
and DMC, have been studied extensively as lithium-ion battery
electrolytes, and ACN is popular as a nonaqueous RFB
electrolyte due to its high ionic conductivity and low
viscosity."”*" These measurement solvents also have different
physical properties, e.g., viscosity and dielectric constant, which
could affect how they solvate the membranes. The relevant

2453

physical and electrochemical properties of the solvents,
electrolytes, and active material solutions are shown in Table 1.

The differences in solvent uptake created by the de-swelling
solvent persisted after the de-swelling solvent was replaced by
the measurement solvent (Figure 1a). In general, the ethanol
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Figure 1. Measurement solvent uptake, expressed as the (a) mass of
measurement solvent sorbed as a percentage of the dry polymer mass
and (b) measurement solvent volume fraction in the swollen polymer.
Measurement solvent uptakes of propylene carbonate (orange),
dimethyl carbonate (gray), and acetonitrile (blue) are reported as a
function of the de-swelling solvent used in the crosslinking procedure.
The reported values are the average of values measured using three
different membrane samples, and the reported uncertainty is the
standard deviation of the average of each set of three membranes.

de-swelling solvent resulted in the highest uptake values
followed by water and ACN, which tended to have similar
uptakes by comparison. This trend was the same as the solvent
uptake trend of the three de-swelling solvents in non-
crosslinked membranes (in the absence of solvent exchange
steps) with solvent weight uptakes of S0, 26, and 20% for
ethanol, water, and ACN, respectively. Within each specific de-
swelling solvent, the measurement solvent PC led to the
highest uptake, whereas ACN (in its role as a measurement
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solvent) resulted in the lowest uptake. Notably, the solvent
weight uptake of ACN de-swelled membranes, with ACN as
the measurement solvent, had a lower solvent weight uptake
than the non-crosslinked membrane ACN uptake (15 vs 20%).
This result suggested that either the crosslinking procedure
lowered equilibrium uptake, or the solvent exchange process
caused the polymer morphology to change to a lower solvent
uptake configuration.

The solvent exchange process from THF to the de-swelling
solvent resulted in visible differences in the membrane that
were de-swelling solvent-specific (photographs in Figure S1).
Solvent exchange from THF to ACN shrank the membrane to
approximately its original size before the THF swelling process.
Exchange from THEF to either water or ethanol had much less
of an influence on membrane swelling, and the resulting
membranes had a larger diameter than both the ACN de-
swelled membrane and the membrane diameter before
exposure to THF.

Solvent volume fraction was also considered because the
measurement solvents had different densities and transport
properties often correlate strongly with solvent volume
fraction, as opposed to mass fraction.*" Solvent volume
fraction generally mirrored the qualitative solvent uptake
results (Figure 1b) and to some extent attenuated differences
between the de-swelling and measurement solvent effects.

The sensitivity of uptake and swelling results to solvent
history may be a result of the glassy nature of the PPO
backbone. The de-swelling solvent may establish a chain
configuration that was then locked into place by the kinetically
trapped nature of the glassy polymer chains. Similar solvent-
based effects have been leveraged in commercial membrane
applications, though many of these details are often regarded as
industrial art.*

Both the de-swelling and measurement solvents affected the
final solvent volume fraction of the membrane, and the de-
swelling solvent most significantly influenced the volume
fraction of PC in the membrane. Membrane swelling was not
as strongly influenced by the use of either DMC or ACN as the
measurement solvent, but the use of ethanol as the de-swelling
solvent did lead to higher measurement solvent uptakes
compared to the other two de-swelling solvents.

The higher measured solvent volume fraction of PC
compared to DMC and ACN may be due to differences in
how the charged regions of the polymer interact with the
measurement solvent. PC had a higher dielectric constant than
either DMC or ACN (Table 1), which may have led to
stronger solvation of the charged sulfonate groups of POATS.
Although the Li* counter-ion form of POATS was not
significantly soluble in any of these solvents, the TEA®
counter-ion form of POATS was soluble in PC, while it was
not soluble in ACN or DMC. This observation further
suggested a greater affinity between POATS and PC compared
to POATS and either DMC or ACN, which could have
resulted in the observed higher solvent uptakes.

The crosslinking and solvent exchange procedures represent
changes to POATS-PPO processing relative to previous
reports.””** To provide evidence of the critical role of the
crosslinking step, materials were also prepared without adding
NaH to investigate the effects of the solvent exchange process
without crosslinking the membranes. However, the non-
crosslinked membranes could not withstand the stress created
by the de-swelling process, and they did not remain intact
(Figure S2). Membrane IECs were also measured before and
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after crosslinking, and the IEC was unchanged by the
procedure (2.5 mequiv g_l) suggesting no charge group
degradation. These control experiments, and consideration of
other possible side reactions, are discussed in more detail in
Supporting Information Section S6.

lonic Conductivity. Membrane ionic conductivity was
measured using 1.0 M LiFSI electrolytes in each of the
measurement solvents (Figure 2a) because of the high solution
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Figure 2. (a) Membrane conductivity and (b) membrane
conductivity as a percentage of the bulk electrolyte solution
conductivity as a function of measurement solvent volume fraction.
The membrane conductivity values were measured using crosslinked
membranes immersed in 1.0 M LiFSI in either propylene carbonate
(orange), dimethyl carbonate (gray), or acetonitrile (blue). All
reported values of membrane conductivity and solvent volume
fraction are the average of the values measured using three different
membrane samples, and the reported uncertainty is the standard
deviation of average for each membrane set.

conductivity and good stability of LiFSL* and the measured
area specific resistance values are also reported in Figure S6.
The POATS-PPO material contained a high concentration of
Li* charge carriers, with an IEC of 2.5 mequiv g_l, and such
materials often have high cation transference numbers.” As
such, ionic conduction in POATS-PPO was assumed to result
primarily from migration of Li'. The ionic conductivity of
membranes soaked in electrolytes prepared using both
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carbonate solvents was relatively independent of solvent
volume fraction, with the DMC values specifically not having
a statistically significant difference. Membranes measured in
ACN had a more significant dependence on solvent volume
fraction, where the ethanol/ACN membranes specifically had a
higher membrane conductivity than the other membranes
measured using the ACN electrolyte. The solution con-
ductivity of the ACN electrolyte was higher than that of either
carbonate electrolyte (Table 1), so the membrane conductivity
may have been more sensitive to ACN electrolyte uptake.

Direct correlation between solvent uptake and conductivity
has previously been observed, but solvent uptake typically
changes as a result of another change to the system, such as the
membrane IEC or electrolyte composition.'”***" In the
present study, changes in solvent uptake were imposed by
the use of different de-swelling and measurement solvents.
Previous POATS-PPO results showed an increase in
conductivity from 0.015 to 0.061 mS cm™" as solvent uptake
increased from 31 to 39%. This change likely was driven by an
increase in IEC from 0.75 to 1.17 mequiv g, and was a larger
relative change in conductivity than was observed using any
measurement solvent in Figure 2. Not all reports in the
literature show as strong a dependence of conductivity on
solvent uptake as these examples, even in systems where
solvent uptake was increased by increasing the IEC. In one
report, conductivity changed from 0.14 to 0.34 mS cm™" with a
solvent uptake change from 12 to 26%,”® and another report
showed a conductivity change from just 0.08 to 0.11 mS cm™
with a thickness ratio change from 2 to 11%,*' where both of
these reports also had changes to IEC.

In our work and that of others, the dependence of
conductivity on solvent uptake appeared to be solvent or
polymer specific. In ACN, the conductivity more than doubled
(comparing the lowest solvent volume fraction to the highest),
but with PC and DMC, no statistically significant change was
observed. Similar solvent-specific behavior has been observed
in Nafion-like membranes, ie. polymers with the same
structure as Nafion, but different equivalent weights (i.e.,
IEC values).*® Generally, Nafion conductivity increases with
solvent uptake when the uptake changes as a result of changing
the solvent, but data of this type in the literature has been
reported with a large amount of scatter."” The solvent uptake
alternatively can be varied by changing the equivalent weight of
the material, and these changes had large impacts on
conductivity for some solvents, but in other solvents, the
changes in conductivity with changing solvent uptake were less
pronounced.*®

For example, comparing 1200 g equiv_' (IEC = 0.83 mequiv
g™') and 800 g equiv’' (IEC = 1.25 mequiv g~') Nafion, the
water uptake of these membranes increased from 25 to 380%
uptake, respectively, and PC uptake also increased significantly
from 30 to 175% uptake as the IEC increased.*® Despite the
increase in water uptake, the Li* conductivity of the two water-
soaked membranes was nearly identical, but in the PC-soaked
membranes, the Li* conductivity of the 0.83 mequiv g’
membrane was approximately 30 times lower than the 1.25
mequiv g~' membrane. In both cases, changes in equivalent
weight (IEC) resulted in different uptake properties, but in
water, those changes did not affect ionic conductivity, whereas
they did in PC. The increased solvent uptake of the higher IEC
membranes results in a lower charge density, due to increased
membrane volume. This decrease in fixed charge density
appears to have different impacts on the membrane
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conductivity depending on the measurement solvent, ie.
conductivity in PC is more affected than conductivity in water.

The fixed charge density of the crosslinked membranes
reported can be found in Figure S7. These differences could be
a result of differences in ion solvation by the different solvents.
Studies of Li-ion battery electrolytes have shown that PC,
DMC, and ACN have different ion solvation characteristics,
i.e., the fraction of ions that exist as free ions, solvent-separated
ion pairs, or contact ion 4pai_lrs changed depending on solvent,
salt, and concentration.”’™>' These differences in the ion
pairing and solvation characteristics may lead to differences in
sensitivity to charged group spacing. Thus, in our work, the
solvent-specific relationship between conductivity and solvent
uptake may be related to the physical fixed charge group
spacing in the membranes and the specific mechanism of
charge transport and solvation in each solvent.

Solvent-specific eftects can be investigated further by
considering the bulk electrolyte conductivity of the different
measurement solvents (Table 1). The membrane ionic
conductivity data were normalized by the conductivity of
bulk 1.0 M LiFSI electrolyte in each of the measurement
solvents (Figure 2b). Normalization in this manner attempted
to account for differences in conductivity that were intrinsic to
a specific solvent, and it emphasized the extent to which the
polymer impeded the conduction process. Figure 2b shows
that the polymer environment leads to dramatically reduced
ionic conductivity (by at least 96%) relative to that of the bulk
electrolyte for all of the measurement solvents considered.

The high ionic conductivity of POATS-PPO observed when
using the ACN measurement solvent (Figure 2a) was
speculated to result largely from the high ionic conductivity
of 1.0 M LiFSI in ACN (as opposed to in PC or DMC) (Table
1). The data in Figure 2b, however, suggest that interactions
between LiFSI, ACN, and the polymer act to restrict
conduction in a manner that overcomes the highly conductive
nature of LiFSI in ACN relative to the other two measurement
solvents. Alternatively, specific polymer/measurement solvent
interactions reduced conductivity to a lesser extent when PC
was used as opposed to the other two measurement solvents.
Ultimately, the data in Figure 2 suggest that the inherent
conductivity of LiFSI in the measurement solvents was
insufficient to explain the ionic conductivity of the membrane.
Rather, solvent-specific effects appear to play an important
role.

One solvent-specific property that could result in these
observations is the dielectric constant since it is often related to
the ability of a solvent to dissociate a salt, necessary for ionic
conductivity.'”>* Of the three measurement solvents, PC had
the highest dielectric constant (Table 1), and the ratio of
membrane conductivity to solution conductivity was greatest
when PC was used (Figure 2b). However, DMC had the
lowest dielectric constant but not the lowest ratio of membrane
conductivity to solution conductivity. This behavior has also
been noted in bulk electrolytes of LiPF4 in mixtures of ethylene
carbonate (EC) and DMC, where despite the difference in
dielectric constant (90 vs 3.1), both EC and DMC participate
in ion solvation.*” An explanation for the ion solvation
properties observed while using DMC (given its low dielectric
constant compared to other common electrolyte solvents) is
the change in conformation of the methyl groups of the DMC
molecule.” Although the more stable cis-cis conformation of
DMC has a low dielectric constant, MD simulations have
suggested that coordination with Li* stabilizes the much more
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polar cis-trans conformer, which causes an increase in the
dipole moment from 0.34 to 3.76.*° This stabilization and
resulting change in the dipole moment likely increases the
DMC dielectric constant in the environment near ions relative
to bulk property measurements.”’ As a result, the ability of
DMC to solvate ions in the membrane may be higher than the
dielectric constant suggested in Table 1, and this difference
could help to promote Li* conduction in the membrane when
DMC is used as the measurement solvent.

Even with high dielectric constant solvents like PC,
dissociation of fixed charge groups in the polymer may be
low. The Li" counter-ion form of POATS was not particularly
soluble (<1 mg mL™") in DMC, PC, or ACN, and this
observation suggested that dissociation of the POATS
sulfonate groups was not favorable in these solvents. Other
work has demonstrated that polymer charge groups which
more easily dissociate in nonaqueous solvents, i.e., triflur-
omethanesulfonylimide, led to higher membrane ionic
conductivity than an equivalent membrane with sulfonate
groups.’s’54

This observation was also consistent with Nafion data;
reported conductivities in PC, DMC, and ACN were all several
orders of magnitude below bulk solution conductivities,
suggesting the low Li* conductivity in these solvents compared
to the ionic conductivity of the bulk electrolyte solution was
not specific to POATS-PPO-based membranes.'” Other
nonaqueous membrane conductivity studies have suggested
that the ability of fixed charge groups to dissociate in the
nonaqueous solvent may be the rate-limiting step for ionic
conduction. In these studies, the use of Li" complexing agents
in solution improved charge group dissociation and membrane
conductivity increased up to 2 orders of magnitude above
membranes soaked in solutions without additives.*® Alto-
gether, these results imply that the ion dissociation in the
polymer phase is low and may be limiting the conductivity of
the membrane. Although the measured IEC of these
crosslinked membranes was high (2.5 mequiv g7'), a low
degree of dissociation would result in a low concentration of
mobile charges in the membranes and could lead to the
observed low fractions of solution conductivity in Figure 2b.

Dissolved Active Material Permeability. RFB mem-
branes need to resist active material crossover to prevent
capacity fade as the battery cycles. Ferrocene and 4-hydroxy-
TEMPO were used as representative active materials because
they have been used in nonaqueous RFBs, and in our previous
work, these compounds had different thermodynamic inter-
actions with the backbone polymer and different permeability
through POATS-PPO membranes.”* Permeability properties
describe the tendency of the membrane to permit or block
active material crossover. Ferrocene and 4-hydroxy-TEMPO
permeability properties for the crosslinked membranes are
reported in Figure 3.

In general, ferrocene permeability was greater than that of 4-
hydroxy-TEMPO, which was consistent with previous
reports,”* but the use of different de-swelling solvents (and
the resulting differences in solvent uptake) appeared to affect
the magnitude of this difference. For example, the ratios of
ferrocene permeability to 4-hydroxy-TEMPO permeability for
high swelling membranes (i.e., membranes made using ethanol
as the de-swelling solvent) were 2.0, 1.8, and 3.4 for PC, DMC,
and ACN measurement solvents, respectively. In membranes
that swell to a lesser extent (i.e,, membranes made using ACN
as the de-swelling solvent), the ratios increased in all cases, but
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Figure 3. Ferrocene (left) and 4-hydroxy-TEMPO (right) perme-
ability of crosslinked membranes made with different de-swelling
solvents, immersed in measurement solvents: propylene carbonate
(orange), dimethyl carbonate (gray), and acetonitrile (blue). The
permeability of 4-hydroxy-TEMPO in the ACN/PC membrane,
represented by *on the plot, was below the detection limit of 107!
cm? 57", All reported values are the average of the values measured
using three different membrane samples, and the reported uncertainty
is the standard deviation of each membrane set.

to different extents: >31.1, 6.5, and 22.6 for PC, DMC, and
ACN measurement solvents, respectively. This difference in
selectivity was consistent with a general trade-off relationship
between permeability and selectivity that has been previously
observed in other systems, where more permeable membranes
tend to be less selective.”***>° In this case, the change in
selectivity was different for each measurement solvent, but this
may be because the change in solvent uptake from ACN de-
swelled membranes to the ethanol de-swelled membranes was
also different for each measurement solvent.

In general, higher uptake of a given measurement solvent
resulted in higher permeability for both active materials. This
trend was expected as permeability often correlates strongly
with solvent uptake.””** However, this general relationship
would also lead one to expect that permeability values would
be highest when PC was used as the measurement solvent
since the PC measurement solvent led to higher solvent uptake
compared to DMC or ACN (Figure la). Comparison of
Figures 1a and 3 revealed that the opposite was true. Ferrocene
and 4-hydroxy-TEMPO permeability values were lower when
PC was used as the measurement solvent compared to the
cases where either ACN or DMC measurement solvents were
used even though solvent uptake was greatest when PC was
used as the measurement solvent.

This unexpected result may be additional evidence that the
higher solvent volume fraction observed with the PC
measurement solvent was due to the preferential solvation of
the charged regions of the polymer. Our previous study found
that uncharged active material permeation may occur primarily
in the uncharged, PPO backbone-rich, regions of POATS-
PPO.** Additionally, changing the IEC of the membrane had a
negligible influence on uncharged molecule permeability
despite changes in solvent uptake.”> Together, these results
suggested that solvent uptake which occurs preferentially in the
charged regions of the polymer may have a smaller effect on
uncharged molecule permeability properties compared to
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changes in the solvent uptake of the uncharged regions of the
polymer. The conductivity as a fraction of solution
conductivity was also higher when PC (as opposed to DMC
or ACN) was the measurement solvent (Figure 2b), and this
observation could also be explained by preferential PC
solvation of the charged regions of POATS-PPO compared
to the other measurement solvents.

The permeability property differences between the three
measurement solvents may be investigated in more detail using
a free volume-based description of transport. In an extension of
the model originally developed by Yasuda et al. (based on the
work of Cohen and Turnbull) 257 the permeability, P, can be
related to the volume fraction of solvent in the polymer, ®, as

P=FP exp[—g}
o )
where P and B are taken as constants.”® These constants are
related to several factors, where P, is a constant related to the
solution diffusivity and sorption coeflicient, and B is related to
the proportionality constant between membrane solvent
uptake and free volume available for transport and the
permeant size, or, more specifically, the minimum free volume
element size required for the permeating molecule to execute a
diffusion step.** Therefore, permeability data correlated with
1/® can provide insight into membrane structural factors that
may be sensitive to the use of different measurement solvents.
The relationship between permeability and solvent volume
fraction is shown as permeability vs the inverse of the solvent
volume fraction in Figure 4. At an inverse solvent volume
fraction of 1, the trend line should pass through the point
equivalent to the diffusion coefficient of the molecule in bulk
solution (Table 1), on the vertical axis. This requirement was
because the product of the diffusion coefficient of the molecule
in bulk solution and the partition coefficient for bulk solution
(equal to unity) was the effective permeability of the bulk
solution, which corresponded to @ = 1. In Figure 4, the
trend lines were constrained to pass through the diffusion
coefficient of the molecule in bulk solution (Table 1) when ®
=1, and the slope was determined via linear regression.

The intercept of the trend line for the PC measurement
solvent at @ = 1 was lower than the intercepts for the DMC or
ACN measurement solvent trend lines in a manner consistent
with the diffusion coefficients of the molecules in bulk solution
(Table 1). These differences stemmed from differences in
solution viscosity; PC had a significantly higher viscosity than
DMC or ACN (2.52 vs 0.59 cP and 0.34 cP, respectively,
Table 1) meaning that diffusion in PC was slower compared to
DMC or ACN. Additionally, although ferrocene had a slightly
higher molecular weight than 4-hydroxy-TEMPO (186 vs 172
g mol™'), the ferrocene molar volume was slightly smaller (123
vs 145 mL mol™') than that of 4-hydroxy-TEMPO
(calculations discussed in the Supporting Information). As a
result, ferrocene diffusion coefficients in bulk solution were
slightly greater compared to the situation for 4-hydroxy-
TEMPO.

When ACN and DMC measurement solvents were used,
permeability properties and the slopes of the best fit lines for
both were similar for both ferrocene and 4-hydroxy-TEMPO.
This result suggested that the solvated sizes of ferrocene and 4-
hydroxy-TEMPO may be similar in the ACN or DMC
solvents. Additionally, it suggested that the ACN and DMC
solvents interacted with and impacted the polymer network
similarly. This result was unexpected given the differences
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Figure 4. Permeability of (a) ferrocene and (b) 4-hydroxy-TEMPO
reported as a function of inverse solvent volume fraction for
electrolytes prepared using different measurement solvents: propylene
carbonate (orange), dimethyl carbonate (gray), and acetonitrile
(blue). Best fit lines are fixed to the diffusion coefficients of the
molecules in bulk solution at inverse solvent volume fraction equal to
1. The permeability of 4-hydroxy-TEMPO in the ACN/PC
membrane was below the detection limit and is reported as an
upper bound of 107" cm® s™". All reported values are the average of
the values measured using three different membrane samples, and the
reported uncertainty is the standard deviation of each membrane set.

between ACN and DMC. ACN and DMC have different
molecular weight and dielectric constant properties that might
lead to differences in the size of the solvation shell of ferrocene
or 4-hydroxy-TEMPO, and therefore differences in the
minimum free volume element size required for diffusion
(i.e., the slope of the trend lines in Figure 4).

While the trend line slopes for both ferrocene and 4-
hydroxy-TEMPO were similar when ACN and DMC were
used as a measurement solvent, the trend lines when PC was
used as the measurement solvent were steeper than ACN and
DMC in both cases. To some extent, the lower permeability
values may result from bulk solution properties (ie., the
diftusivity of ferrocene and 4-hydroxy-TEMPO in PC was
slower than that in ACN or DMC). However, the steeper slope
of the trend line for the PC measurement solvent data
compared to that for the ACN or DMC measurement solvents
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Table 2. Tabulated Data for the Crosslinked POATS-PPO along with Nafion Data That Is Provided for Comparison

de-swelling measurement solvent lithium-ion conductivity ~ ferrocene germeability 4-hydroxy-TEMPO
membrane Solvent solvent uptake (%) (mS cm™!) (em?* s71) permeability (cm® s™*)
crosslinked ethanol propylene 63.5 0.23 8.8 X 107 4.6 x 107
POATS-PPO carbonate
water propylene 453 0.20 1.9 x 107? 7.8 X 1071
carbonate
acetonitrile  propylene 33.7 0.20 3.1 x 107 <1.0 x 107"
carbonate
ethanol dimethyl 332 0.13 9.3 x 107 52 %1078
carbonate
water dimethyl 22.8 0.15 82 % 107° 9.3 X 1071
carbonate
acetonitrile  dimethyl 224 0.14 8.9 x 107° 14 x 107°
carbonate
ethanol acetonitrile 27.6 0.42 2.0 x 1077 58 x107°
water acetonitrile 17.2 0.18 L9 x 107" 1.8 x 1077
acetonitrile  acetonitrile 15.4 0.18 9.8 X 107° 44 x 10710
Nafion 117 propylene 65" 0.02"* 3 x 1078
carbonate
dimethyl 23" 0.008> <1 x 10711
carbonate
acetonitrile 19" 0.005" 9.6 X 107

suggested that larger free volume elements were needed for
ferrocene and 4-hydroxy-TEMPO to execute diffusional jumps
in the membrane when PC was used as opposed to ACN or
DMC, which could be the result of differences in solvation of
either the active materials and/or the polymer.

Combining the permeability and conductivity results, these
membranes had more favorable combinations of transport
properties than Nafion in the same solvents. Comparisons of
the data presented here to literature reports of Nafion are
shown in Table 2. Overall, compared to the crosslinked
POATS-PPO membranes, Nafion has low conductivity for
lithium ions in the solvents used in this study. When measured
in PC, the ACN de-swelled crosslinked membrane showed
improved properties over Nafion, achieving both an order of
magnitude higher conductivity and two orders of magnitude
lower ferrocene permeability. The crosslinked membranes also
had significantly higher conductivity than Nafion 117 in DMC
and ACN, but the ferrocene permeability in ACN was similar
for the crosslinked membranes and Nafion. In DMC, Nafion
had much lower ferrocene permeability than the crosslinked
membranes. Notably, there were crosslinked membranes with
comparable solvent uptake to Nafion for all three measurement
solvents, but in all solvents, the Nafion appeared to have more
restricted transport, ie., lower conductivity and similar or
lower permeability at the same solvent uptake

Finally, although these crosslinked membranes have a much
different synthesis procedure and composition than previously
reported versions of POATS-PPO membranes, they continue
to follow many trends that were noted in previous work.
Ferrocene permeability continued to be independent of IEC
for these crosslinked membranes, and the relation between
IEC and the log of conductivity remains linear for the
crosslinked membranes.”* These trends and other comparisons
to previous versions of the membrane materials are discussed
in further detail in the Supporting Information.

B CONCLUSIONS

A crosslinking method for a sulfonated, PPO-based polymer
was developed using an uncharged crosslinker and post-
crosslinking solvent exchange steps to vary solvent uptake
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without significantly changing the membrane composition.
The combination of crosslinking and solvent exchange steps
revealed membrane properties that depended on both the
specific de-swelling solvent used to prepare the membrane,
which impacted solvent uptake, and the measurement solvent
used to characterize the material.

Ionic conductivity was highest when ACN was used to
characterize the membranes (up to 0.42 mS cm™), and this
result was likely due to the significantly higher bulk solution
conductivity of LiFSI in ACN compared to that in PC or
DMC. The ionic conductivity and active material permeability
were affected by both the de-swelling and measurement
solvents, although with different trends for each solvent.
Interestingly, free volume analysis suggested that the effective
free volume element size required for transport was greater
when PC was used as the measurement solvent compared to
that for DMC and ACN. This observation suggested
differences in the way that PC solvates the active materials
and/or the polymer.

In this system, due to the differing dependence of
conductivity and permeability on solvent uptake, membranes
measured in PC had the most favorable combination of
conductivity (0.20 mS cm™') and permeability (4-hydroxy-
TEMPO, <107"" cm? s7'). However, considering different
redox shuttles, or the other impacts of using PC as the
electrolyte solvent on the battery, could result in another
solvent having the best overall performance in an RFB system.
Also, since these effects appear to be a result of the specific
interactions of PC with the membrane, these favorable material
properties may be sensitive to the specific chemical
composition of the polymer.

The solvent-specific effects reported in this work could be
leveraged to prepare more effective membranes. Compared to
prior versions of POATS-PPO, the membranes reported here
achieved a higher fixed charge density (i.e., IEC) with more
favorable mechanical properties and a combination of
conductivity and permeability properties that was more
desirable for RFB applications. The trends and observations
reported here suggest that solvent-specific behavior will be
critical for engineering membrane separators for nonaqueous
redox flow battery applications.
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Additional experimental details including photographs of
the membranes in several stages through the process,
photographs of non-crosslinked membranes, '"H NMR
spectra of the Br-PPO used in this work, a representative
EIS spectrum used to measure ionic conductivity,
additional experimental details of the UV/vis spectros-
copy method used to measure concentrations, diffusion
coefficient estimations, investigation of the possibility of
membrane degradation or side reactions, discussion of
area specific resistance and fixed charge concentrations,
and comparisons of the membranes reported in this
study to Nafion, as well as properties reported for similar
preparations of these membrane materials (PDF)
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