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Abstract

Sulfonated poly(ether ether ketone) (SPEEK) is a potential low-cost candidate to replace fluorine-based Nafion
membranes in some redox flow batteries (RFBs). In this work, the ionic conductivity of SPEEK membranes is
increased almost fourfold by conducting a well-controlled irreversible swelling of the membrane. Atomic Force
Microscopy images and small-angle X-ray Scattering curves effectively demonstrate that the size of the hydrophilic
nanochannels in the swollen membranes can be precisely tuned by simply varying the solvent concentration. The
modified SPEEK membrane (SPEEK45) is applied in an aqueous organic/organometallic RFB, using 1,1-bis(3-
sulfonatopropyl)-4,4'-bipyridinium (SPr,V) and ferrocyanide salts as anodic and cathodic materials, respectively.
The boosted conductivity of the modified SPEEK membrane enables higher energy efficiencies than in the case of
the Nafion membrane (N212) at various current densities. In addition, a 200-cycle charging-discharging test is
carried out to evaluate the long-term stability of the modified SPEEK membrane. The results show that SPEEK45
exhibits higher energy efficiency than N212 (70.8% and 65.4% at 60 mA cm?, respectively), with comparable
capacity retention. The well-controlled swelling method proves to be a promising and innovative membrane
technology for promoting ion conductivities of membranes used for various RFBs.
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INTRODUCTION

Batteries are crucial elements to mitigate the intermittent nature of renewable energy sources, and thus, they
play a pivotal role in energy transition. Redox flow batteries (RFBs) stand as prime candidates for future
large-scale stationary electrochemical energy storage. This is primarily due to their ability to store energy
over extended periods, and their notably flexible design, which results from their unique capacity to

decouple energy and power!’.

In the cell stack, a membrane is used to prevent the mixing of the negative and positive electrolytes and to
close the electrical circuit through the transport of charge-balancing ions. Perfluorinated membranes such
as Nafion represent the state-of-the-art (SoA) separators for RFBs. However, the European Chemicals
Agency (ECHA) has recently released a restriction proposal that could prospectively ban the manufacture
and use of perfluorinated materials”. In addition, the high cost of Nafion membranes (500-700 $ m?),
which represents almost 40% of the total cost of the cell stack, is a critical bottleneck for the widespread
industrialization of RFBs”". These conditions determine the future of SOA membranes, prompting
researchers to explore alternative polymers.

Sulfonated polyether ether ketone (SPEEK) is a promising material to replace perfluorinated membranes,
considering its low cost, chemical and mechanical stability and ease of processing. Indeed, the cost of
SPEEK membranes could approach 40 $ m?, which represents just 8% of the price of Nafion counterparts,
making them remarkably attractive from the economic point of view!"".

Differences in the microstructure between SPEEK and perfluorinated membrane led to distinct transport
properties”. For dense SPEEK membranes with a moderate sulfonation degree, the lack of a clear
separation between hydrophilic and hydrophobic phases leads to the formation of narrow ion transport
| Introducing a
larger number of fixed charges is a well-known strategy to enlarge the hydrophilic domains of the

10-12

channels with multiple ends. This structural complexity restricts ion transport efficiency'

membranes. However, a high concentration of fixed charges would lead to an excessive swelling of the
membrane, compromising its mechanical stability in the electrolyte. Besides, it has been demonstrated that
in highly oxidative environments, the electron-withdrawing effect of SO, groups reduces the chemical

[13,14]

stability of the polymer backbone!"***.

In contrast, microporous structures can serve to create wide and well-connected ion transport
nanochannels, without compromising the chemical stability of the membrane"*. Microporous membranes
can be relatively easily prepared by several methods, such as via non-solvent induced phase separation
(NIPS), using hydrophilic polymers of intrinsic microporosity (PIMs)"*"", or adding washable pore-
forming templates [phenolphthalein”®, SiO, solid spheres"”, polyethylene glycol (PEG)"*”, or mixed
templates, such as a combination of PEG and dibutyl phthalate®]. In previous works, the ion transport
efficiency of SPEEK membranes was successfully improved by blending with metal-organic frameworks®”
and PIMs"’. In addition, strengthening the phase separation by promoting the rearrangement of polymer
chains has been demonstrated to enhance the ionic conductivity in SPEEK membranes. Such effect was
achieved by a hydrothermal treatment in"", which, in turn, led to the degradation of the mechanical
stability. The controlled swelling method is a different avenue to construct well-connected ion transport
nanochannels in polymer membranes including both ionic and non-ionic types. In this method, the dense
membrane is initially swollen in a solvent/non-solvent bath and then rapidly immobilized in a non-solvent
bath. This process induces irreversible swelling of the polymer chains, enlarging and enhancing the
connectivity of the hydrophilic domains, thereby promoting faster ion transport”*. Since water typically
acts as the non-solvent in this method, it is quite cost-effective. Thus, this approach allows us to produce
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membranes that offer a well-balanced performance at a lower cost.

In this work, dense SPEEK membranes were prepared and immersed in a solvent/non-solvent bath to
promote their controllable irreversible swelling, aiming to enhance the ionic conductivity. The size of the
ion transport nanochannels in wet conditions was investigated by atomic force microscopy (AFM) and
small-angle X-ray scattering (SAXS). The effect of the treatment on the membrane microstructure was
analyzed and correlated with its transport properties. Membranes were tested in a symmetric aqueous
organic/organometallic RFB, using 1,1'-bis(3-sulfonatopropyl)-4,4'-bipyridinium (SPr,V) as anodic active
material, and sodium and potassium ferrocyanide as cathodic active materials. Such redox-active molecules
are based on abundant elements and can be obtained at a considerably low cost, making it worth having
“sleeping” materials in the symmetric configuration®. Overall, solvent controlled swelling method is
presented as an attractive strategy to tune the ion transport nanochannels of SPEEK membranes, enabling
higher energy efficiencies (EEs).

EXPERIMENTAL

Chemical reagents and membranes

SPEEK polymer in K* form (1.65 meq g exchange capacity, 57% sulfonation degree) from Quintech and
dimethyl acetamide 99% (DMAc) from Sigma-Aldrich were used for the preparation of the membranes.
Commercial Nafion™ N212 membrane (50.8 um thick as received, 55 um in water-swollen state) was
purchased from Ion Power, Inc. Sodium ferrocyanide decahydrate (Na,[Fe(CN)],-10H,O) from Sigma-
Aldrich, potassium ferrocyanide trihydrate (K,[Fe(CN)],-3H,O) from Across Organic, and 1,1'-bis(3-
sulfonatopropyl)-4,4'-bipyridinium (SPr,V) were used as redox-active species. The synthesis of SPr,V and
the solubility of the redox-active materials are detailed in Supplementary Material S1. NH,CI from Thermo
Fisher was used as a supporting electrolyte. Distilled water was used throughout the experiments.

SPEEK membrane preparation

SPEEK was dissolved in DMAc (15% w/v) by heating the mixture at 60 °C and stirring for 3 h. The resulting
solution was kept without stirring overnight to release air bubbles. The mixture was then cast on a clean
glass plate with a thickness of 0.5 mm using a doctor blade. Afterward, the solvent was completely
evaporated in a vacuum oven at 80 °C. The dry SPEEK membranes were peeled off from the plate in a water
bath. The average thickness of water-swollen SPEEK membranes was 57 + 6 um. The original dense SPEEK
membrane was named SPEEKo0 hereafter. The solvent-induced swelling method was used to finely modify
the ion transport nanochannel structure in SPEEK0 membranes. For that purpose, SPEEK membranes were
immersed in a mixture of DMAc and water, containing different DMAc concentrations of 40%, 45%, and
50% (v/v), respectively, for 3 h at 30 °C. Afterward, the membrane was immersed in a water bath to
completely remove the solvent, allowing for the solidification of the membrane structure. The solvent-
treated membranes were named according to the percentage of DMAc used (% v/v), e.g., SPEEK45 for a
45% v/v DMAc solution. The modified membranes were stored in wet conditions to avoid the shrinkage of
the ion-transport channels.

Characterization of ion transport channels

The morphology of the nanophase separation and the distribution of the ionic domains of swollen SPEEK
membranes were analyzed by AFM. All the topography images presented in this work were recorded with
Agilent 5500 AFM by applying tapping operational mode. Non-coated silicon cantilevers (App Nano) with
a nominal spring constant of about 40 N m™ and a resonant frequency of 270 kHz were used. To avoid pore
constriction, the membranes were prevented from drying during the analyses. For that purpose, the water-
swollen membranes were immersed in glycerol for 24 h before the analysis. The excess glycerol was
removed from the membrane surface with a tissue prior to the analysis. The high hydrophilicity and low
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vapor pressure of glycerol make this compound very useful for preserving the porous structure of
membranes"””.

SAXS was employed as a complementary technique to study the nanophase separation structure of the
membranes. A Bruker Nanostar instrument was used, composed of a CuK-a source (r = 1.542 A) operating
at 40 mA and 35 kV, three pinhole collimators, evacuated beam path and a Vantec 2000 2D detector of
active surface area 14 mm x 14 mm and 2,048 x 2,048 pixels. A nickel foil was used to filter out KB from the
Cu tube source. The sample-to-detector distance of 108 cm has been used, enabling the determination of the
X-ray scattering intensity I (q) in the range of momentum transfer 0.01 < g < 0.3 A" (0.1 < ¢ < 3 nm™).
Water-swollen membrane samples (4 mm diameter) were loaded to the sample holder and a small amount
of distilled water (5 pL) was added to keep the membrane in wet conditions. The sample holder was
properly sealed using Kapton tape to avoid water evaporation during the measurements. The exposure time
for each sample was 1 h. The measured intensity has then been corrected for all the relevant factors
including sample transmission. The scattering from the sample holder has been subtracted. Then, the g
values corresponding to the ionomer scattering peaks were graphically determined by linear extrapolation,
and the lattice plane spacing (d distance) was calculated from Bragg’s law:

d=— 1
p D

The size of the ionomer clusters was estimated based on approximations described before in"¥ (see
Supplementary Equations 1-4).

Membrane density, water absorption and apparent porosity

Dry membrane density was calculated from the dry mass and volume (i.e., the product of the membrane
area and the membrane thickness) of the membrane. For water absorption studies, the membranes were
swollen in water for at least 24 h, and afterward, the membrane weight, size and thickness were recorded.
Subsequently, the membranes were dried in a vacuum oven at 80 °C for at least 48 h, and the weight, size
and thickness of dry membranes were measured. Water absorption (mass) (4m) was calculated from the
weight difference between the swollen and the dry membrane (Equation 2) and apparent porosity was
calculated considering the volume change of swollen and dry states of the membranes (Equation 3)*,

W, — Wy
Am=——+—— 2
m W, )
. Ww - Wd
App.porosity = ———— X 100% 3)
w VW

where W, and W, (g) are the mass of the wet and dry membranes, respectively, p,, (g cm®) is the density of
water, and V,, (cm®) is the volume of the wet membrane.

Permeability and selectivity of the membranes to the redox-active species

The permeability of a membrane towards a specific molecule is usually studied by measuring the diffusion
constant in an H-shaped cell [Supplementary Figure 1]. The membrane under study (A = 5.31 cm®) was
placed between the two compartments. One of the half cells (i.e., the feed side) was filled with a 0.1 M
aqueous solution of the redox-active material in an uncharged state, dissolved in NaCl, while the other
compartment (i.e., the diluted side) was filled with an aqueous solution of NaCl. The concentration of NaCl
in the feed side was varied to maintain the same ionic strength in both compartments (1 M in the case of
SPr,V and 0.75 M in the case of ferrocyanide salts). In the case of the diluted compartment, the
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concentration of NaCl was kept as 1 M in all the experiments. The solutions were stirred during the
experiments to avoid concentration polarization effects. The concentration evolution of the active materials
in the diluted compartment was monitored by using an ultraviolet-visible (UV-Vis) spectrophotometer
(Varian Cary 5000). At the pseudo-steady state, the permeability of redox-active molecules through the
membrane was calculated from their mass balances and Fick’s first law. Using
Supplementary Equations 1-7 in Supplementary Material, the permeability or the diffusion coefficient of the

redox molecules through the membrane, P (cm”s™), can be calculated as follows™*,

an(1-32) (-4

At

. @)

where C, (mol cm™) is the active material concentration measured at the diluted side at time ¢; C, (mol cm™)
is the initial active material concentration on the feed side (1 x 10" mol cm?, in this case); V, (cm®) is the
initial volume of either the diluted or feed sides (18 cm?®). A (cm?) is the effective area of the membrane
(5.31 cm®); L (cm) is the thickness of the membrane, and ¢ (s) is the experimental time.

The selectivity to redox-active materials (S, mS s cm™) was then calculated as the ratio between ionic
conductivity and permeability of the redox-active molecules.

a
S=3 )
Tensile strength tests
Mechanical properties were tested using a 34SC-5 Single Column dynamometer from Instron equipped
with a 100 N load cell. All samples were kept in water and then cut into 4 x 1 cm?® pieces, following an
internal standard procedure. Strain was determined from the crosshead separation in reference to a 10 mm
initial length, and stress was defined as the ratio between the force (load) and the cross-sectional area tested.
The tensile strength was determined from the stress value at the maximum load before fracture. At least five
samples from each membrane were tested and the average values were obtained.

lonic conductivity and single cell tests

Figure 1 shows a schematic illustration of the symmetric aqueous organic/organometallic RFB. SPr,V served
as the active material in the anode half-cell, and [Fe(CN),]* provided the active material in the cathode half-
cell (Na" or K types). NH,Cl was used as a supporting electrolyte on both sides. The electrochemical
charge/discharge reactions at the anode and cathode are detailed in Figure 1. The employed redox couple
gives a total cell voltage of 0.80 V (see Supplementary Figure 2). Mixtures of 0.25 M Na,[Fe(CN)],
0.25 M K,[Fe(CN),], 0.5 M SPr2V, and 0.5 M NH,CI were used as positive and negative electrolytes (i.e., an
identical composition of the electrolyte in cathodic and anodic chambers aimed at minimizing the
electrolyte crossover). A volume of 18 ml of the mixed electrolyte was added to each compartment, and the
solutions were pumped through the system with a flow of 50 mL min™. Activated SGL Carbon SIGRACELL®
graphite felts and gold-plated copper were used as electrodes and current collectors, respectively. The tested
membrane area was 5 cm’. An 857 redox cell test system from Scribner Associates equipped with an 880
impedance analyzer was used as a potentiostat.

Before the test, the through-plane ionic conductivity of the membranes was measured by Electrochemical
Impedance Spectroscopy (EIS) in alternating current (AC) mode, with 10 mV amplitude, in the frequency
range from 3.2 x 107 to 1 Hz, at controlled room temperature (23.5 + 0.5 °C)"”.. The impedance of the cell
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Figure 1. Schematic illustration of the symmetric aqueous organic/organometallic redox flow battery. The half-reduction potentials are
referred to as saturated Ag/AgCl reference electrodes.

with and without the membrane was measured and determined from the Nyquist plots and the membrane

ionic conductivity (¢) in the working electrolyte was calculated as follows"?,

l

- - 6
7T AR, —Ry) )

where [ (cm) is the thickness of the membrane; A (cm?) is its effective membrane area; and R, and R, (Q) are
the ohmic resistance of the cell with and without a membrane, respectively.

The cell was subjected to continuous galvanostatic charge/discharge sequences. The charge-discharge cut-
off voltages were set at 1.2 and 0.3 V, respectively. The performance was first tested at different current
densities (20, 40, 60, and 80 mA cm™). Then, long cycling tests (up to 200 cycles) were performed at a
constant current (60 mA cm?®). The capacity decay during the long cycling test was calculated with respect to
the first cycle. The experiments were conducted under a constant flux of argon to avoid side reactions
involving oxygen. Before the tests, the membranes were soaked in the supporting electrolyte (0.5 M NH,Cl)
overnight.

RESULTS AND DISCUSSION

Characterization of ion transport nanochannels

The immersion of membranes in solvent-non-solvent baths led to a controllable irreversible swelling of
SPEEK polymer chains, which was reflected in a noticeable volumetric expansion of the membranes
[Figure 2A]. The degree of swelling relied on the concentration of the solvent used in the solvent-non-
solvent bath. In this manner, immersing the membrane in a 40% solvent-non-solvent bath led to a 15%
increase in membrane volume compared to its original state, while use of a 50% mixture resulted in a
volumetric increase of over 340% compared to the original volume. In this membrane (SPEEK50), an
effective modification caused by the swelling of the membrane was visually detected, which may reflect the
enlargement of ion transport hydrophilic nanochannels [Figure 2B-D].
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Figure 2. (A) Volumetric expansion of the membrane after the controlled solvent swelling treatment using different solvent
concentrations, and digital photos of (B) SPEEK40, (C) SPEEK45, and (D) SPEEK50 membranes.

AFM and SAXS were employed to deeply characterize the transformation of the ion transport nanochannels
in the membranes. These techniques can provide essential information about the ionic domains of
membranes in contact with liquid electrolytes. Thus, they offer a closer approach to real working conditions
(i.e., aqueous electrolyte environment) compared with commonly used techniques, such as N, and CO,
adsorption/desorption”¥, and scanning and transmission electron microscopy analyses®*, where
membrane samples are analyzed in dry conditions.

For AFM study, swollen membranes were kept in glycerol during the analyses to avoid structural changes
resulting from the evaporation of water. The AFM phase images served to analyze the hydrophilic and
hydrophobic phase distribution at the membrane surface. Figure 3 shows the phase images of the
membranes under study, where hydrophilic domains can be distinguished as surface grooves (represented
in a darker color), while hydrophobic domains can be recognized as ridges (represented in a lighter

38,39

color)®*!. A considerably homogeneous distribution of the hydrophilic and hydrophobic phase domains
was observed for all the membranes. It was observed that SPEEK0 membranes possessed the smallest
hydrophilic domains; this fact would, in principle, result in a membrane with lower ionic conductivity and
relatively low permeability of redox-active species. From Figure 3B-E, it can be noticed that as the solvent
concentration in the treatment increased, the hydrophilic phase domains at the membrane surface were
expanded. Thus, the dependence of the dimensions of ion transport nanochannels on the solvent
concentration used was verified. In comparison with the reference membrane [Figure 3A], SPEEK40

showed the most similar dimensions of the hydrophilic domains at the membrane surface.

It is worth noting that AFM can only be used to characterize the surface morphology of membranes. We
believe that the channel size inside the membrane differs from the hydrophilic domains present on the
surface. In fact, according to SAXS results, the channel size inside the membrane was smaller. This is why
we used SAXS to determine the channel size throughout the membrane, which has greater relevance to the
ion transport characteristics of membranes. However, it is also important to observe changes in the surface
morphology of the treated membranes. First, the size of the hydrophilic domains on the surface is
quantitatively correlated with the channel size inside the membrane; that is, as the channel size inside the
membrane increases, the hydrophilic domains on the surface also grow. Secondly, larger hydrophilic
domains on the surface are beneficial for high ion conductivity, while smaller channel sizes inside the
membrane contribute to high ion selectivity.
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Figure 3. AFM phase images of the membranes under study, (A) N212, (B) SPEEKO, (C) SPEEK40, (D) SPEEK45, (E) SPEEK50.

SAXS has been successfully employed in previous studies to elucidate the phase separation microstructure
of Nafion and SPEEK membranes">'"****?|. The experimental scheme of SAXS analyses is represented in
Supplementary Figure 3A. Besides, a model developed by Gierke ef al. in® was implemented to correlate
the distribution of the ion transport clusters (i.e., the lattice plane spacing or d spacing) with their actual
dimensions. A graphical representation of Gierke’s model is provided in Supplementary Figure 3B.
Figure 4A shows the scattering curves of the different membranes analyzed in a water-swollen state.
Membranes were prevented from drying during the analysis by tightly sealing the sample holder with
Kapton tape. Besides, one of the samples (SPEEK40) was analyzed in a dry state for the sake of comparison
[Supplementary Figure 4]. No scattering peak was found in the case of the dry membrane, indicating the
shrinkage of the hydrophilic domains, and further corroborating the preservation of water in the rest of the
samples during the analyses.

In the case of N212 membranes, the extremely hydrophobic perfluorinated polymer in contrast with the
hydrophilicity of acidic sulfonic groups results in a well-defined nanophase separation as sulfonic groups
tend to form clusters. In the SAXS analysis, this microstructure is reflected by two distinct scattering peaks
[Figure 4A]. The first peak shows up at low g values and corresponds to the hydrophobic domains of the
polymer backbone. The second peak arises at higher g values and belongs to the hydrophilic domains of the
ionomer clusters'*’. In contrast, no peak was found in the case of the untreated SPEEK0 membrane, which
is in good agreement with the literature reports, and reflects a low electron density contrast between the
ionomer clusters and the PEEK polymer backbone (too low to produce a scattering peak)">'". This
scattering behavior indicates the conformation of small SO, clusters. In turn, the presence of small clusters
arises from the lower acidity of the sulfonate groups due to the less polarizing alkyl chain of PEEK, and
from the higher rigidity of the PEEK polymer backbone that could impede the rearrangement of SO,
groups. The small SO, clusters lead to narrow ion transport channels, as corroborated by AFM images
[Figure 3B]. According to the literature®, these narrow channels could be branched and possess multiple
dead ends, which could slow down the ion transport in comparison with Nafion.

However, after controlled swelling, a single scattering peak emerged in the modified SPEEK membranes,
which may arise from a greater electron density contrast between larger water-filled ionomer clusters and
the polymer backbone, resulting from the strengthened phase separation between the hydrophobic polymer
backbone and the hydrated hydrophilic ionic clusters after swelling"'. Previous research has attributed this
peak in SPEEK membranes to the ionomer domains"*""l. Yet, the presence of a single peak in the modified
SPEEK membranes indicates that the hydrophilic and hydrophobic domains are not so well defined as in
the case of Nafion membranes, again, as a consequence of the lack of the extremely electronegative fluorine
atoms in the polymer. The presence of the scattering peak also indicates that the water content of the
membranes was preserved during SAXS analyses. This was verified by the comparison of the scattering
curves of water-swollen and dry SPEEK40 membranes (see Supplementary Figure 2), provided that no
scattering peaks were found in the dry membrane.
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Figure 4. (A) Scattering curves of water-swollen membranes by SAXS, (B) illustration of ion-transport channel modification due to
controlled irreversible swelling treatment, (C) lattice plane spacing (d distance) calculated from the scattering peaks and relation with
the solvent concentration used in the treatment.

According to Bragg’s law, the peak position of the ionomer cluster is related to the distance between two
adjacent hydrophilic domains, referred to as d distance, with lower g values indicative of a larger d distance.
It was observed that the ionomer peaks of solvent-treated SPEEK membranes were displaced to lower g
values as the concentration of the solvent increased, thus indicating larger d distances [Figure 4A and B].
The d distances for N212 and solvent-treated SPEEK membranes were calculated according to the
corresponding g values (detailed in Supplementary Table 1), and are displayed in Figure 4C. A smooth,
almost linear correlation between the solvent concentration and the d distance was observed. These results
verified that the microstructure of the membranes was finely modified by the controlled-swelling treatment,
as corroborated by AFM images [Figure 3C-E].

Using Supplementary Equations 1-4 reported before by Gierke et al. in”", and based on experimental dry
membrane density, water absorption, and d distances, the diameters of the ionomer clusters (d.) were
calculated, and the results are summarized in Table 1. These equations approximated the ionomer clusters
to spheres with a simple cubic lattice distribution based on d distance. Although the structural model of the
ionomer clusters is yet under scientific discussion"*"*****), the Gierke model® is a generally accepted
approximation that served us to estimate an approximated average size of the ionic clusters. As illustrated in
Figure 4B, a correlation between the d distance and the size of the clusters (d.) can be found in the data
displayed in Table 1. The d, value obtained for the N212 membrane falls within the range of those measured
by Gierke et al. for different Nafion membranes (2.5-5.1 nm, depending on the equivalent weight, counter
ion and pretreatment used)”. The modified membrane SPEEK40 has the most similar size of the ionomer
clusters compared to N212. In the case of SPEEK45 and SPEEKS50, larger clusters can be found, which is in
concordance with AFM results previously presented. The large water absorption and cluster size of
SPEEKS50 suggests that different clusters were merged and interconnected.

In sum, SAXS and AFM characterization of swollen ion transport channels served us to verify that the size
of the ionomer clusters was customized at a nanometric scale by adjusting the concentration of the solvent.

lonic conductivity and permeability

The apparent porosity [Figure 5A] is directly related to the swelling behavior of the membranes. Thus, in
concordance with the volumetric expansion of the membranes, the apparent porosity raised with the
concentration of the solvent used in the treatments [Figure 2A]. In line with previously presented AFM and
SAXS results, the sizeable increase of the apparent porosity indicates the formation of significantly larger
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Table 1. Calculation of approximated ionomer cluster size ( d.) according to Supplementary Equations 1-4, for averaged equivalent
weights (M,) of 1,020 g eq” for N212, and 580 g eq” for SPEEK (57% sulfonation degree). p.,dry membrane density; Am water
absorption (mass)

Membrane p dry membrane (g cm™) Am(gg™ d distance (nm) d.(nm)
N212 1.97 0.14 4.4 3.28
SPEEK40 1.36 0.33 4.2 3.50
SPEEK45 1.36 0.38 6.7 5.80
SPEEK50 1.36 3.46 10.0 1.69
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Figure 5. (A) Apparent porosity, (B) ionic conductivity in the symmetric electrolyte, (C) permeability to ferrocyanide, (D) permeability
to SPr,V, (E) selectivity to ferrocyanide, (F) selectivity to SPr,V.

water-filled hydrophilic ion transport channels. Consequently, the ionic conductivity of the modified
membranes exhibited a substantial boost compared to SPEEKO0 (1.3 mS cm™), reaching almost an eight-fold
increase in the case of the SPEEK50 membrane (10.2 mS cm™) [Figure 5B]. SPEEK40 and N212 membranes
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presented a very similar ionic conductivity, as predicted by AFM and SAXS results, due to the conformation
of ionic domains of very similar sizes. Interestingly, the larger water absorption and lower equivalent weight
of SPEEK40 [i.e., higher ion-exchange capacity (IEC), Table 1] did not contribute to attaining a greater ionic
conductivity at the same size of the ionic clusters, in comparison with N212. This may be attributed to the
higher acidity of the sulfonic acid groups and more concentrated ionic clusters formed due to the phase
separation in the Nafion membrane, both of which contribute to faster mobility of ions through the
membrane. In the cases of SPEEK45 and SPEEKS50, the ionic conductivity of the reference membrane was
surpassed, due to the presence of larger ionomer clusters. It can be noticed that the ionic conductivity of the
reference membrane (N212) is significantly lower than in the case of using a sulfuric acid media (typically
around 25 mS cm™ in 1 M sulfuric acid). This is a consequence of the lower conductivity of the near-neutral
pH electrolyte in comparison with 1 M H,SO, (95 + 2 and 265 = 5 mS cm’, respectively), which in turn
arises from the larger hydrodynamic radius (slower mobility) of the charge carriers in the electrolyte media
(K', Na" and NH,’) with respect to H'*,

Regarding the permeability of the membranes to the redox-active molecules, the SPEEK0 membrane
showed an ultra-low permeability, due to the presence of very narrow ion transport channels in the
membrane. In fact, SPEEKo0 reached one order of magnitude lower permeability than N212 for both active
materials under study [Figure 5C and D]. Increasing the solvent concentration led to a faster permeation of
redox-active materials through the membranes, evidencing the enlargement of ion transport channels. As a
result, SPEEK50 membranes exhibited a relatively high permeability, two and three orders of magnitude
larger than the reference membrane for SPr,V and ferrocyanide ions, respectively. This relatively large
permeability would induce cycling inefficiencies and electrolyte unbalance in the RFB. In general, the
permeability of the organic SPr,V (uncharged at neutral state) is one order of magnitude larger than the
permeability of sodium and potassium ferrocyanide salts, indicating that charge repulsion is an effective
mechanism avoiding the permeation of negatively charged species across cation-exchange membranes.

Membrane selectivity is defined as the ratio between ionic conductivity and the permeability of redox
materials. Therefore, this parameter indicates how well-balanced these performance-determining
parameters are. It was found that the untreated SPEEK0 membrane possessed the best selectivity
[Figure 5E and F], even higher than N212, owing to the ultra-low permeability this membrane exhibited.
The selectivity then declines with increasing concentration of the solvent due to increased permeability to
the redox materials. A predominant effect of permeability on selectivity is clearly observed in the trends of
Figure 5C and D vs. Figure 5E and F, as it is declined even if a continuous increase of the conductivity is
observed [Figure 5B] (i.e., selectivity only drops when permeability increases). Among the modified
membranes, SPEEK45 showed the best selectivity due to the combination of a significantly enhanced ionic
conductivity (5.0 mS cm™) and a moderate permeability of the redox molecules (2.82 x 10® and
4.10 x 10” cm’ s', for SPr,V and ferrocyanide salts, respectively).

Mechanical strength

Proper mechanical strength is essential to ensure processability and durability of membranes for practical
applications. SPEEK polymer dense films are well known for their excellent mechanical stability, which
surpasses that of Nafion polymer membranes of similar thickness'. The stress-strain curves obtained in this
study corroborated this fact, as shown in Figure 6A. It can be noticed that the mechanical strength of
SPEEK membranes was reduced with increasing solvent concentration used in the swelling treatments
(from 29.7 MPa of SPEEK0 membranes to 6.7 MPa in the case of SPEEK50 membranes). Despite that,
except for SPEEK50 membranes, solvent-treated SPEEK membranes showed greater tensile strength than
N212 (16.5 MPa). The reduction of the tensile strength with the increase in the concentration of the solvent
is a consequence of the sizeable expansion of water-filled ion transport channels in solvent-treated
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Figure 6. Mechanical properties of all the membranes tested, (A) stress-strain curves, (B) relationship between tensile strength and
apparent porosity.

membranes”**. Figure 6B shows the relation between mechanical strength and apparent porosity, which
agrees well with previous studies on porous membranes”***.

Single cell performance

In this study, a symmetric configuration of an organic/organometallic (SPr,V and sodium and potassium
ferrocyanide) mixture was used to test the cycling efficiency of the membranes. This implies that both
electrolytes have the same composition in the uncharged state of the battery; thus, chemical and
electrochemical potentials across the cell are minimized (i.e., transport driving forces), resulting in the
mitigation of undesired crossover effects**".. It is worth noting that although the chemical stability is not as
high as perfluorinated polymers, it could be promising for near-neutral pH and lower oxidation potential of
the electrolytes as used in this work.

The performance of the modified SPEEK45 (i.e., the membrane showing the best combination of transport
and mechanical properties) was tested in the RFB and the results were compared with the N212 membrane.
The performance of the membranes in terms of cell efficiency was first analyzed at different current
densities [Figure 7A]. SPEEK45 membranes showed a higher voltage efficiency (VE) than N212 membranes
at all current densities tested (e.g., 72.5% and 68.1% respectively, at 60 mA cm?,), this is ascribed to the
enhanced ionic conductivity of the modified membrane. At the lowest current density (20 mA cm?), the
longer charge-discharge steps expose the difference in permeability of SPEEK45 and N212, which is
ultimately reflected in the CE. Thus, SPEEK45 shows a slightly lower CE. As typically observed, the VE and
EE showed a steady decline with increasing current densities due to greater ohmic losses and concentration
polarization effects™). Using a similar chemistry (i.e., a symmetric cell configuration with
0.5 M (NH,),[Fe(CN),]/(SPr),V in 1.0 M NH,Cl electrolyte), a Selemion CSO cation-exchange membrane
reached 75% EE at 60 mA cm™ in”". The slightly higher efficiency of their setup could arise from the higher
conductivity provided by (NH,),[Fe(CN),] and the supporting electrolyte used.

Besides, SPEEK45 maintained stable efficiency over 200 charge-discharge cycles at 60 mA cm’ [Figure 7B],
consistently achieving a higher EE than the cell using the N212 membrane throughout the test (70.8% and
65.4% after 200 cycles, respectively). The normalized capacity was calculated, as given in Figure 7C, by

Normalized Capacity = (i""—") x 100%, with C, ;... being the discharge capacity at n cycle in Ah and C, ;. being

1,disch.

the discharge capacity at the first cycle. Regarding the capacity retention, both batteries using SPEEK45 and
N212 membranes showed very similar trends, presenting a gradual capacity decay during the experiments.
Capacity decay in this work is defined as
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Figure 7. Single cell battery performance using SPEEK45 and N212 membranes (A) cell efficiencies at different current densities, (B)
long-term cell efficiencies, and (C) evolution of the normalized capacity during long-term cycling.

Cadisch.~Cndisch.

Capacity decay = ( ) x100%, After 200 cycles, a capacity fade of 43.2% and 40% was observed in cells

Cydisch.
using SPEEK45 and N212 membranes, respectively (0.21% and 0.18% capacity fade per hour, respectively).
However, the cyclic voltammetry (CV) analysis of the positive and negative electrolytes after 200 charge-
discharge cycles did not reveal significant differences in respect to the initial electrolyte
[Supplementary Figure 5]. No new peaks were observed, nor was there a great difference in peak intensity,
indicating that the degradation of the electrolyte might not be the main reason for the capacity decay. Since
the capacity decay for both membranes is similar, the crossover of redox-active species in more permeable
SPEEK45 membranes (one order of magnitude higher permeability to both redox mediators than N212
membrane) was substantially reduced owing to the use of a symmetric cell configuration**. In this case, the
significant capacity decay of both batteries using SPEEK45 and N212 membranes may result from the severe
electrolyte migration from the cathode to the anode, which was observed during the tests. Nevertheless, it
was reported that the chemical stability of the anodic active material could also be an issue in the case of the
presence of small oxygen traces'“**”..

These results demonstrated that finely controlled irreversible swelling is a promising strategy for achieving
nanometric control over the ion transport nanochannels, attaining a well-balanced performance and cost in
fluorine-free SPEEK membranes, and promoting a high EE in some RFBs. Yet, it is important to concede
that the increase of permeability to the redox-active molecules in solvent-swollen membranes could pose a
challenge for their large-scale implementation in various RFBs. Indeed, the loss of selectivity is a general
bottleneck of all forms of microporous membranes. In this context, novel strategies still need to be
developed that focus on reducing the transport channel size or enhancing charge repulsion. Asymmetric
microporous structures having a thin dense surface present a bright future to reduce crossover of
microporous membranes. In the case of solvent-swollen membranes, coating the membranes with an
ultrathin dense layer could potentially yield positive results'’. Besides, the modification of battery
chemistry, such as using polymeric redox-active materials™”, or symmetric electrolyte compositions, as in
the case of the present work, are other avenues to mitigate crossover in membranes having wide ion
transport channels. Lastly, it is worth noting that near-neutral pH FBs provide a less harsh environment
than vanadium-based systems, making the employed chemistry more suitable for the implementation of
non-perfluorinated membranes.

CONCLUSIONS

SPEEK is an excellent candidate to replace Nafion materials in some RFBs based on its fluorine-free nature,
mechanical robustness, processability, and remarkably low cost. Controlled irreversible swelling represents
a facile and economic method to finely tune the microstructure of SPEEK at a nanometric scale, creating
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wide and well interconnected ion-transport channels. The size of the ion transport channels was
successfully investigated in wet conditions, revealing that the channels were enlarged proportionally to the
solvent concentration used in the treatment. Consequently, the ionic conductivity of solvent-treatment
SPEEK membranes was significantly boosted. Thus, the modified SPEEK45 membrane exhibited higher EEs
than the N212 membrane across the tested range of current densities, maintaining stable performance over
200 cycles, and demonstrating a similar capacity retention as the N212 membrane. Overall, controlled
irreversible swelling is a facile membrane technology that enables nanometric customization of ion
transport channels in polymer membranes. This allows for tailored conductivity and selectivity based on the
redox pairs, resulting in cost-effective, high-performance membranes suitable for various FBs.
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