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Abstract: Redox flow batteries (RFBs) based on\
aqueous organic electrolytes are a promising technology
for safe and cost-effective large-scale electrical energy
storage. Membrane separators are a key component in
RFBs, allowing fast conduction of charge-carrier ions
but minimizing the cross-over of redox-active species.
Here, we report the molecular engineering of amidox-
ime-functionalized Polymers of Intrinsic Microporosity
(AO-PIMs) by tuning their polymer chain topology and
pore architecture to optimize membrane ion transport
functions. AO-PIM membranes are integrated with
three emerging aqueous organic flow battery chemis-
tries, and the synergetic integration of ion-selective
membranes with molecular engineered organic mole-
cules in neutral-pH electrolytes leads to significantly
enhanced cycling stability. )
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Introduction

The increasing demand for sustainable and renewable
energy resources, e.g., solar and wind power, requires the
development of efficient electrical energy storage (EES)
technologies.!! Redox flow batteries (RFBs) are a promising
EES technology for safe and cost-effective energy storage.”
RFBs typically consist of two compartments, where active
materials undergo reversible reactions, as well as a mem-
brane that provides an electric-insulating, ion-selective
barrier separating the two compartments. Membrane ion
transport properties are the critical parameters that deter-
mine the efficacy of RFB systems by facilitating fast trans-
port of charge-carrier ions while avoiding crossover-mixing
of redox-active species.’! Highly conductive and selective
membranes are particularly desirable for emerging RFB
chemistries that utilize small molecular redox-active
species.!

Commercial perfluorosulfonic acid (PFSA) membranes,
such as Nafion, are expensive and involve the use of
polyfluoroalkyl substances (PFASs, known as “forever
chemicals”) in their production. Significant efforts have
been devoted to the development of alternative membranes
from low-cost hydrocarbon  polymers, such as
polybenzimidazole® and sulfonated poly(ether ether ke-
tone) (SPEEK).”! However, it remains challenging to over-
come the trade-off between ionic conductivity and selectiv-
ity, i.e., highly permeable/conductive membranes possess
low selectivity and vice versa.! Nanofiltration membranes
have also been used as membrane separators for vanadium
flow batteries, but their selectivity is insufficient for aqueous
organic flow batteries due to their relatively large pore
size.®

Microporous materials are emerging materials for mak-
ing membranes with high selectivity based on their well-
defined channels,”! such as Metal-Organic Frameworks
(MOFs)" and Covalent-Organic Frameworks (COFs).['!
However, the poor processability of these crystalline materi-
als makes them difficult to manufacture especially for large
area membranes. In contrast, Polymers of Intrinsic Micro-
porosity (PIMs) combine microporosity and solution-
processability,!' and can be readily processed into robust
membranes that break the trade-off between guest species
permeability and selectivity, particularly for gas separation
applications.™ Recently, PIM membranes have been dem-
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onstrated in electrochemical devices and show promising
performance in fuel cells,™ flow batteries,"™ lithium—
sulfur™ and lithium-metal batteries."” Of particular interest
are PIMs functionalized with ionizable amidoxime (AO)
groups that can be deprotonated at high pH (pK,=13.2).'"l
AO-PIMs have been used as membrane separators in
alkaline aqueous organic RFBs,'” but the degradation of
active materials and mechanical failure of polymer mem-
branes in alkaline electrolytes limit the battery
performance.”! For RFBs to mature as a deployable grid
storage technology, both membrane separators and active
molecules require further engineering to extend the longev-
ity of RFBs.

Here, we report the optimization of the ion-transport
selectivity in AO-PIMs through rational design of polymer
chain topology and pore architecture, as well as their
synergetic integration with redox active species in benign
near neutral-pH electrolyte for long-cycle life, crossover-
free redox flow batteries (Figure la). Spirocyclic and
bridged bicyclic structural units were employed to afford
AO-PIMs composed of either 2D or 3D macromolecular
chains, so as to finely tune the geometry, architecture and
size of the micropores that result from the inefficient
packing of these polymer chains in the solid state (Fig-
ure 1b-d and Figure S1). Ionic and molecular transport
functions of these AO-PIMs were systematically investi-
gated, establishing the fundamental correlations between
polymer chain structure, pore architecture and ion transport.
The size-sieving effect is particularly effective for molecules
with relatively large physical size, while the Donnan
exclusion effect further enhances molecular selectivity based
on the same negative charge properties between activated
AO groups within PIM backbones and active materials
(Figure 1e,f, Figure S2 and Table S1). AO-PIMs are solu-
tion-processed into mechanically robust, self-standing mem-
branes and show high ionic conductivity up to 30.7 mScm™
in 1M KOH and effective blocking of negative-charged
redox-active molecules. AO-PIMs are well positioned to
provide a long-cycling lifetime for aqueous organic RFBs in
benign near neutral-pH electrolytes. Our membrane design
strategy may inspire the development of a new generation of
size-selective ion-exchange membranes for a wide range of
electrochemical processes for energy and environmental
applications.

Results and Discussion

We prepared AO-PIMs through an efficient dibenzodioxin-
forming polymerization reaction followed by a nitrile-to-
amidoxime modification reaction under mild conditions.
Aiming to vary the architecture and topology of micropores
and water clusters in the AO-PIMs, we employed four
different structural units including spirocyclic spirobisindane
(SBI) and spirobifluorene (SBF) units that afford a 3D
polymer chain configuration, as well as highly rigid bridged
bicyclic benzotriptycene (BTrip) and dibenzomethanopenta-
cene (DBMP) units that give a 2D polymer chain config-
uration. These polymers were characterized by
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FTIR,®C NMR, and TGA measurements. The details of
synthesis and characterization are given in the Supporting
Information (Figures S3-S5 and Table S2). All four AO-
PIMs are soluble in polar organic solvents including DMSO,
DMF, DMAc and NMP, allowing ease of fabrication via
solution casting to afford mechanically robust membranes
(Figure S6 and S7 and Table S3) as well as characterization
of molecular weight using GPC (Figure S8).

N, sorption isotherms of these PIMs exhibited high
capacity at low relative pressure and apparent Brunauer—
Emmett-Teller surface area (SAggr) calculated from these
isotherms were in the range of 550-650 m*g~! (Figure 2a,
Figure S9a-d and Table S4). Adsorption of CO, at 273K
displayed enhanced capacities for AO-PIMs relative to the
pristine PIMs (Figure S9e-h), due to the variation in micro-
structure and stronger Lewis acid-base interactions between
CO, and AO groups.”! The pore size of all four AO-PIMs
exhibited a narrow distribution in the range of 4 to 7 A with
the most frequent pore width being 5.6 A (Figure 2b).
Compared with pristine PIMs, AO functionalization led to a
shift in the pore size towards the ultra-microporous range
(<7A) and a reduction in larger micropores (>7 A) (Fig-
ure S9i-1). Importantly, polymer chain topology was found
to have a critical effect on the pore size of these AO-PIMs.
Compared with AO-PIM-1, AO-PIM-SBF with a more rigid
chain structure showed a greater portion of ultra-micro-
pores, which may be beneficial for improving the size
selectivity towards ions. In contrast, AO-PIM-DBMP
showed a significant portion of larger sub-nm pores owing to
the bulky structure of the DBMP structural unit, while AO-
PIM-BTrip exhibited a greater portion of both smaller pores
and larger pores. The variation in pore size distribution and
polymer chain topology will have a significant influence on
the geometry of water clusters formed within the free
volume elements as well as ion transport properties. Charge-
neutral AO-PIM membranes showed a water vapour
sorption capacity in the range of 21-27 wt.%, while deproto-
nated AO-PIM polymers with higher hydrophilicity exhib-
ited higher capacity in the range of 29-37 wt.%. In contrast,
despite high surface areas and high total pore volumes, all
pristine PIM membranes showed very low uptake of water
vapour due to their hydrophobicity and poor wettability
(Figure 2c, Figure S10 and Table S4).

The pore structure in both dry and water-swollen states
was further investigated using small-angle X-ray scattering
(SAXS, Figure S11) and wide-angle X-ray scattering
(WAXS, Figure S12). In SAXS patterns, a broad ionomer
peak at q~0.15 A™! (~4.2 nm in real space) was observed
for wet Nafion 212 membrane, corresponding to the spacing
of hydrophilic water domains.”” In contrast, there was no
significant scattering feature observed for AO-PIM mem-
branes over a wide low-q range from 0.05 to 0.3 A~'in both
dry and wet states, indicating the absence of mesoscale
phase separation. Further, broad scattering peaks were
observed at q~0.9-2.0 A”' (72-32 A in real space) in
WAXS for dry AO-PIM membranes (Figure 2¢), which may
result from their sub-nanometer channels. When fully
hydrated, AO-PIM membranes showed broad peaks with q
position centred on ~1.5 A~! (Figure 2f), presumably arising
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Figure 1. a) Schematic illustration of an aqueous organic redox flow battery for grid-scale energy storage. K,Fe(CN), and 2,6-DPPAQ are shown as
model redox-active materials operated at near-neutral pH electrolytes. Grey and blue balls are described as charge-carrier ions, and red balls as AO
groups, respectively. b) Schematic illustration of interconnected pores with the sub-nanometre size that enable fast transport of charge-carrying
ions (e.g., K" and CI") while blocking relatively large redox-active materials. c) Chemical structures and photographs of corresponding 50-pum-thick
self-standing membranes of AO-PIMs including AO-PIM-1, AO-PIM-SBF, AO-PIM-BTrip and AO-PIM-DBMP, respectively. The membrane diameter
is ~20 mm. d) Molecular model of AO-PIM-1 shows the rigid and contorted PIM backbones with deprotonated AO groups. Electrostatic potential
(ESP) of &) AO-PIM-1 repeating units and f) redox-active molecules including [Fe(CN¢)]*", 2,6-DHAQ"", and 2,6-DPPAQ®".

from the sub-nanometre water domains formed within their
intrinsic micropores, while the sharp scattering peak at q
~1.17 A~ for Nafion corresponded to the crystallinity of its
polymer backbone.

The ion dynamics and conductivity in polymer electro-
lyte membranes depend heavily on the adsorption of salt
electrolytes and the interaction of salt ions with polymers
(Figure 2d). Generally, AO-PIM membranes show signifi-
cant water/electrolytes uptake (51-65 wt.%) with a relatively
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small degree of swelling (10-17 %) (Figure 2g, Figure S13
and Table S5). The low swelling ratio indicates that the sub-
nanometer pores are retained in the membranes and provide
the nanoscale confinement effect on ion transport. The ionic
conductivity of 50-um-thick AO-PIM membranes was meas-
ured by electrochemical impedance spectroscopy (EIS) in
the temperature range of 30-80°C (Figure S14). Fully
deprotonated AO-PIM membranes showed high ionic
conductivity in both neutral and alkaline aqueous electro-
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Figure 2. a) N, adsorption—desorption isotherms of AO-PIMs at 77 K. Solid symbols: adsorption. Open symbols: desorption. b) Pore size
distribution of AO-PIMs based on DFT calculation derived from CO, adsorption-desorption isotherms at 273 K. c) Water vapour uptake isotherms
as a function of relative humidity at 25 °C of AO-PIM (solid symbols) and corresponding parent PIM membranes (open symbols). d) Schematic
diagram showing narrow ion transport channels generated by rigid and contorted PIM polymer chains armed with activated AO groups. ) WAXS
patterns of AO-PIM and Nafion 212 membranes in dry states and f) wet states. g) Electrolyte uptake and linear swelling ratio in 1 M aqueous KCI
of AO-PIM membranes. Error bars are standard deviations derived from three measurements based on three different samples. Temperature
dependence of ionic conductivity in the range of 30-80°C for AO-PIM and Nafion 212 membranes measured in h) 1 M aqueous KCl and i) T M

aqueous KOH using deprotonated AO-PIM membranes.

lytes, with values comparable to those of Nafion 212
membranes in 1 M aqueous KCI (Figure 2h) but higher in
1 M aqueous KOH (Figure 2i). For example, the AO-PIM-1
membrane showed ionic conductivity values of 16.7 mScm™
at 30°C and 30.7mScm™ at 80°C in 1 M KOH solution,
much higher than the values for Nafion 212 (8.3 and
15.0 mScm™" at 30 and 80°C, respectively). A comparison of
ionic conductivity of non-deprotonated (inactivated) AO-
PIMs in 1 M KCl and deprotonated (activated) AO-PIMs in
deionized water suggests that the high ionic conductivity of
fully deprotonated AO-PIM membranes can be attributed
to the combined microporosity resulting from the PIM
structures, hydrophilicity from the AO functionality, and
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interaction between charge carriers and ionizable AO
groups (Figure S15 and Table S6).

The fast and selective salt ion transport in AO-PIM
membranes is demonstrated by concentration-driven dialysis
diffusion of a variety of common salts across 50-um-thick
AO-PIM membranes in non-deprotonation, neutral-charge
form (i.e., —OH) (Figure 3a and Figure S16). All AO-PIM
membranes showed a size-exclusion cut-off of around 7.6 A
with the cation permeation rates being divided into two
groups: small monovalent alkali metal cations (K*, Na™,
Li*) with permeation rates in the range of 10° and
10" molm2h™' and larger divalent alkaline earth metal
cations (Ca®*, Mg’") with slower permeation rates around
102 molm *h'(Figure 3b). The ideal selectivities of K*
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Figure 3. a) Diagram of selective ion transport through membranes. b) lon permeation rates through non-deprotonated AO-PIM membranes with
thicknesses ~50 ym measured by dialysis diffusion H-cells (dash lines as guides to the eye). Error bars are standard deviations derived from three
measurements based on three different membrane samples. Diffusion tests were performed with measured by dialysis diffusion H-cells, using

c) 1 M KOH in deionised water, 0.1 M K,Fe(CN)g and 2,6-DHAQ in 1T M aqueous KOH and d) 1 M KCl in deionised water, K,Fe(CN)q and 2,6-
DPPAQ in 1 M aqueous KCl through AO-PIM and Nafion 212 membranes. e) KOH diffusivity versus KOH/redox molecule selectivity through AO-
PIM and Nafion 212 membranes. Solid symbols: KOH/ K,Fe(CN); selectivity; open symbols: KOH/2,6-DHAQ selectivity. f) KCl diffusivity versus
KCl/redox molecule selectivity through AO-PIM and Nafion 212 membranes. Solid symbols: KCl/ K,Fe(CN), selectivity; open symbols: KCl/2,6-

DPPAQ selectivity.

over Mg?" calculated from these permeation rates were in
the range of 23-55, demonstrating efficient size-sieving
performance of AO-PIM membranes. Despite the subtle
size difference between Li* and Mg** ions (7.60 and
8.56 A), the AO-PIM-SBF membrane still achieved a
reasonably high selectivity of 22. In contrast, the size sieving
phenomenon was not observed for Nafion 212 membrane
with negligible selectivity between different cations (Ta-
bles S7 and S8). Such superior ion sieving properties of AO-
PIM membranes are mainly attributed to the size sieving
based on the precise control over their interconnected ion
channels at the sub-nanometre scale.

We further measured the molecular sieving properties of
AO-PIM membranes using redox-active molecules including
K,Fe(CN), (hydration diameter 0.95 nm) 2,6-DHAQ (0.68 x
1.07 nm) and 2,6-DPPAQ (0.54 x2.30 nm) (Figures S17-S20,
Tables S9-S11). AO-PIM membranes allowed free transport
of small ions in both alkaline and near-neutral aqueous
solution and show high KOH and KCIl permeabilities
comparable to those of Nafion 212 with all values in the
order of 10 °cm’s™!. The diffusion of larger negatively-
charged K,Fe(CN), and 2,6-DHAQ molecules in 1 M KOH
solution through AO-PIM membranes was slower with
diffusion coefficients in the range 107’ to 107"°cm?s™, at
least one order of magnitude lower than those of Nafion 212
membranes. The slow permeation rates of large redox-active

Angew. Chem. Int. Ed. 2022, 61, €202207580 (5 of 9)

molecules through AO-PIM membranes led to a remarkably
high selectivity for KOH over K,Fe(CN), (2.2x10° to 1.2
10%) and KOH over 2,6-DHAQ (5.7x10° to 2.7x10%) (Fig-
ure 3c,e). The high selectivity correlates well with the pore
size distribution of AO-PIMs measured from gas sorption.
Despite a large portion of large micropores (>7A), AO-
PIM-DBMP showed higher ionic/molecular selectivity than
AO-PIM-1, likely due to its greater rigidity reducing thermal
motion of chain segments that form transient large voids.
When applied in near-neutral aqueous KCI (pH=9), AO-
PIM membranes exhibited even stronger blocking ability
towards K,Fe(CN)y and 2,6-DPPAQ molecules with diffu-
sivity in the range of 107"-107"* cm?s™* (Figure 3d,f).

To evaluate their battery performance, 50-um-thick self-
supported AO-PIM membranes were paired with the well-
established 2,6-DHAQ |K,Fe(CN)¢ redox couple in 1M
aqueous KOH (Figure S21). AO-PIM membranes showed
lower resistance in flow cells with values between 0.604 and
0.624 Qcm? relative to that of Nafion 212 (0.672 Qcm?,
Figure 4a). As a result, the power density in RFBs
assembled with low-resistance AO-PIM membranes showed
higher values (370 mWcm™2 at 100 % SOC for AO-PIM-1)
than that of an otherwise identical Nafion 212 cell
(326 mW cm 2, Figure 4b and Figure S19). Energy efficiency
was also high for RFBs assembled with AO-PIM mem-
branes (EE >80 %). For example, a battery configured with
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Figure 4. a) EIS spectra and b) polarization curves at ~100% SOC and 80 mAcm 2 measured in 0.1 M 2,6-DHAQ | K,Fe(CN)¢ RFB cells configured
with AO-PIM and Nafion 212 membranes. c) Apparent ionic conductivity values measured in 1 M aqueous KOH at 30° of fresh and DHAQ
adsorbed AO-PIM and Nafion 115 membranes. Cycling performance and representative charging-discharging curves measured in 0.1 M 2,6-
DHAQ | K,Fe(CN)4 RFB configured with d,e) AO-PIM-11membrane, f,g) AO-PIM-DBMP membrane and h,i) AO-PIM-SBF membrane, respectively.
Inset photographs showing the cycled AO-PIM membranes disassembled from RFB full-cells.

an AO-PIM-1 membrane afforded a coulombic efficiency
(CE) of 99.7% and a EE of 84.6 % at a current density of
60 mA cm 2. The AO-PIM-1 cell also accessed 2296 % of the
theoretical discharge capacity and showed only a small
voltage gap (0.15V, Figure 4d,e). The AO-PIM-DBMP
RFB cell exhibited a high EE but a slightly lower CE
(96.4%) and a capacity decay from 2.44 Ahl™ at the 20"
cycle to 2.33 Ahl™ at the 100" cycle (Figure 4f,g). However,
both AO-PIM-SBF and AO-PIM-BTrip cells showed fast
capacity fading after a few cycles of operation due to
mechanical failure of the membranes (Figure 4h,i and Fig-
ure S23). AO-PIM-1 and AO-PIM-DBMP membranes dis-
assembled from the 100-cycle cells appeared intact, while
obvious cracks could be found for AO-PIM-SBF and AO-
PIM-BTrip at the edge of the active area. These cracks are
likely due to the stress induced by the higher hydration at
the active area and the de-swelling and shrinkage of the
boundary areas that are sandwiched between gaskets.””! No
sign of polymer chemical change or degradation was found
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by FTIR and GPC analysis (Figure S24 and Table S12); the
conductivity of AO-PIM membranes also remained un-
changed during an ageing test of over 180 days (Figure S25
and Table S13). In addition, we also observed severe fouling
of AO-PIM membranes after flow battery tests, suggesting
the excessive adsorption of 2,6-DHAQ (Figures 4e,g,i, and
Figure S23a). Ionic conductivity for AO-PIM membranes
that were soaked in 2,6-DHAQ solutions dropped to around
20% for AO-PIM-1 and AO-PIM-DBMP and around 40 %
for AO-PIM-SBF and AO-PIM-BTrip (Figure 4c, Fig-
ure S26 and Table S14), which may be due to the adsorbed
2,6c-DHAQ occupying the micropores and blocking ion
transport pathways. The small molecular size of 2,6-DHAQ
as well as potential cohesive interactions (e.g., n-n inter-
actions) between the aromatic 2,6-DHAQ and the polymer
membranes may be the dominating driving force of the
undesired adsorption.

For RFBs to mature as a deployable grid storage
technology, their longevity should be enhanced which

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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largely relies on the compatibility of membrane separators
and redox-active components.'"™? Firstly, to alleviate the
adsorption of redox-active molecules, a larger anthraqui-
none-based redox-active molecule with long phosphonate-
functionalized aliphatic pendants (2,6-DPPAQ) was used as
the negative electrolyte; secondly, electrolyte pH was
reduced to the near neutral range so as to minimize
degradation of redox-active molecules. AO-PIM membranes
showed higher area-specific resistance and higher voltage
gap in polarization curves than those of Nafion 212,
presumably due to the partial dissociation of AO function-
ality at pH=9, however, those values are comparable to
commercial Nafion 115 membranes with the thickness being
three-time as thick as AO-PIM membranes (Figure 5a,b and
Figure S27). Encouragingly, RFBs assembled with the redox
couple 2,6-DPPAQ|K,Fe(CN)4 using AO-PIM-1 and AO-
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PIM-DBMP membranes delivered significantly improved
cycling stability with capacity retention of 98.08 and 98.78 %,
respectively, over 1000 cycles at 80 mAcm™2, which are
superior to those obtained from the equivalent RFBs with
both Nafion 212 and Nafion 115 membranes (retentions of
76.20 % and 93.87 %, respectively, Figure 5c). Impressively,
the AO-PIM-1 cell exhibited 96.3% of the theoretical
capacity after more than 8000 cycles (29.1days) at
80 mAcm™?, indicating a capacity decay rate of only
0.00045 % per cycle (0. 13 % per day, Figure 5d). Addition-
ally, the low internal resistance of the AO-PIM-1 membrane
enabled RFB operation at high electrolyte concentration
providing significantly improved peak power density from
73mWem 2 to 240 mWem ™ at ~100% state of charge
(SOC, Figure 5e and Figure S27b). Similarly, stable cycling
performance was also found for the identical cell based on

a b c
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Figure 5. a) EIS spectra and b) polarization curves at ~100% SOC and 80 mAcm 2 measured in 0.1 M 2,6-DPPAQ | K,Fe(CN), RFB cells in near-
neutral condition (pH=9) using AO-PIM, Nafion 212 and Nafion 115 membranes. c) The comparison of cycling performance with the same cycle
number of 1000 using AO-PIM, Nafion 212 and Nafion 115 membranes in 0.1 M 2,6-DPPAQ | K,Fe(CN), RFB cells at pH=9 and a current density
of 80 mAcm ™ Long-term cycling stability using d) AO-PIM-1 and f) AO-PIM-DBMP membranes in 0.1 M 2,6-DPPAQ | K,Fe(CN), RFB cells at

-2

pH=9 and a current density of 80 mAcm

. €) Voltage and power density versus current density at 10, 50, and ~100% SOC measured in high

concentration 0.4 M 2,6-DPPAQ |1 M K,Fe(CN), RFB cells configured with AO-PIM-1 membranes. g) Photographs showing AO-PIM-1 and AO-

PIM-DBMP membranes after long-term cycling tests.
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AO-PIM-DBMP membrane showing 96.6 % of theoretical
capacity after over 6000 cycles (21.7 days), equivalent to a
capacity decay rate of 0.00056 % (0.16 % per day, Figure 5f)
and the cell based on AO-PIM-SBF membrane (Figure S28).
These temporal decay rates are very low compared to those
reported in the literature.'”*! We attribute the long-term
stability of RFBs using AO-PIM membranes to the reduced
crossover, the alleviation of redox molecule adsorption, as
well as improved redox molecule stability at near neutral
pH. The generic application of size-sieving AO-PIM mem-
branes in neutral pH RFBs was also demonstrated with
another redox couple, bis(3-trimethylammonio)propyl viol-
ogen tetrachloride and bis((3-trimethyl-
ammonio)propyl)ferrocene (Figure S29).

Conclusion

Ion-conductive microporous membranes from AO-PIMs are
efficient polymer sieves that enable the long-life cycling of
aqueous organic RFBs. AO functionalization allows the
maintenance of polymer rigidity and high free volume and
also introduces ionizable sites for efficient ion transport,
while variations of polymer chain structure enable precise
control over the geometry and size of ion transport path-
ways. For the operation of 2,6-DHAQ |K,Fe(CN), alkaline
aqueous RFBs, AO-PIM membranes exhibit low area-
specific resistance, high power density and superior energy
efficiency. The durability issue induced by 2,6-DHAQ
adsorption can be circumvented by using the larger 2,6-
DPPAQ redox-active molecule to take advantage of the
excellent size-sieving property of the AO-PIM membranes.
The 2,6-DPPAQ | K,Fe(CN); aqueous RFBs assembled with
AO-PIM membranes demonstrate low temporal decay rate
and high long-term stability. Further development of the
aqueous organic RFBs will also depend on the improvement
of the redox molecules with high chemical stability, low
decomposition rate, and high solubility in electrolytes.”’

Despite the significantly enhanced cycling stability, the
ion-exchanged AO-PIM membranes show relatively high
resistance in near neutral pH electrolytes, which is mainly
attributed to the relatively weak dissociation of the amidox-
ime groups. In principle, membrane resistance can be
reduced in thin film composite (TFC) membranes. PIMs can
also be combined with alternative ion-exchange chemistries
(e.g., sulfonate groups) to achieve high ionic conductivity at
near-neutral pH.* The current methods of synthesis
process make it challenging to scale and implement these
PIM-based membranes in commercial processes. Further
synthetic efforts should focus both on broadening the
structural diversity of PIMs to optimize performance whilst
offering similar synthetic accessibility as that of AO-PIM-1.
Such cost-effective PIM membranes with fast and selective
ion transport may fulfil their technological potential in a
variety of energy-related devices and water purification
processes.
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Experimental Section

Detailed Experimental Procedures and data are provided in the
Supporting Information.

Author Contributions

Q.S. and N.B.M. conceived and supervised the project. C.Y.
synthesized and characterized membranes. A.W. carried out
characterizations of membranes. R.T. performed RFB tests.
J.C., B.C.G,, and C.G.B helped with polymer synthesis. A.
A-F, and S. G. performed SAXS/WAXS measurements and
data analysis, Z. F. and J.W. helped with experiments. C.B.,
and K.E.J. performed modelling. N.P.B and A.R.K partici-
pated in the discussion of results. Q.S., N.B.M., C.Y., and
A.W. wrote the manuscript with contributions from all
authors. All authors discussed the results and commented
on the manuscript at all stages.

Acknowledgements

This project has received funding from the European
Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant
agreement No 851272, ERC-StG-PE8-NanoMMES) and
(grant agreement No 758370, CoMMaD). This work was
also funded by the Engineering and Physical Sciences
Research Council (EPSRC, UK, EP/V047078/1), and
EPSRC Centre for Advanced Materials for Integrated
Energy Systems (CAM-IES, EP/P007767/1) and Energy
SuperStore (UK Energy Storage Research Hub). The
project is partially sponsored by the Department of the
Defense Threat Reduction Agency grant number
HDTRA1-18-1-0054. C.Y. acknowledges a full PhD scholar-
ship funded by the China Scholarships Council/University of
Edinburgh. R.T. acknowledges a full PhD scholarship
funded by the China Scholarship Council. A.W. acknowl-
edges a full PhD scholarship funded by the Department of
Chemical Engineering at Imperial College. C.Y. and A.W.
acknowledge the Royal Society of Chemistry Researcher
Mobility Grant. C.B. acknowledges the EPSRC ICASE
PhD studentship funded by EPSRC and Shell. K.E.J.
acknowledges the Royal Society University Research Fel-
lowship. The authors acknowledge Prof. Daryl. Williams,
Dr. Majid Naderi and Meishan Guo. from Surface Measure-
ment Systems Ltd. for facility support of the DVS measure-
ments, and Meltem Haktaniyan for help with GPC measure-
ments. The authors acknowledge Dr Han Wu at University
College London for her support with WAXS/SAXS meas-
urements.

Conflict of Interest

The authors declare no conflict of interest.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB01] SUOWILLOD) BAITERID) |qedtdde a3 Aq peuse0B a1 S O ‘88N J0 SN 10§ A1 1T UIUO 481 UO (SUONIPUIOD-PUR-SWLBYWIOD" A3 | 1WA U1 |UO//:SA1Y) SUONIPUOD PUe SULB | 8} 885 *[£202/0T/70] Uo Afeiqiaulluo AB|Im ‘KIS BAILN 1P Ad 085202202 @1U/Z00T OT/I0p/L0d AB| I Ae.q1feu JUO//SAIY LU0} POPROUMOQ ‘SE ‘2202 ‘ELLETZGT



GDCh
~~

Data Availability Statement

The data that support the findings of this study are
presented in the paper and Supporting Information and
available from the corresponding author upon reasonable
request.

Keywords: Energy Storage - lon-Exchange Membranes -
Microporous Polymers - Redox Flow Batteries - Separation
Membranes

[1] a) B. Dunn, H. Kamath, J.-M. Tarascon, Science 2011, 334, 928,;
b) B. Li, J. Liu, Natl. Sci. Rev. 2017, 4, 91-105.

[2] M. Park, J. Ryu, W. Wang, J. Cho, Nat. Rev. Mater. 2017, 2,
16080-16097.

[3] Y. Yao, J. Lei, Y. Shi, F. Ai, Y. Lu, Nat. Energy 2021, 6, 582—
588.

[4] P. Xiong, L. Zhang, Y. Chen, S. Peng, G. Yu, Angew. Chem.
Int. Ed. 2021, 60, 24770-24798; Angew. Chem. 2021, 133,
24974-25002.

[5] Z. Yuan, Y. Duan, T. Liu, H. Zhang, X. Li, iScience 2018, 3,
40-49.

[6] Z. Yuan, L. Liang, Q. Dai, T. Li, Q. Song, H. Zhang, G. Hou,
X. Li, Joule 2022, 6, 884-905.

[7] R. M. DuChanois, C.J. Porter, C. Violet, R. Verduzco, M.
Elimelech, Adv. Mater. 2021, 33,2101312-2101329.

[8] W. Lu, Z. Yuan, Y. Zhao, X. Li, H. Zhang, LF.J.
Vankelecom, Energy Environ. Sci. 2016, 9, 2319-2325.

[9] J. Shen, G. Liu, Y. Han, W. Jin, Nat. Rev. Mater. 2021, 6, 294—
312.

[10] S. Bai, B. Kim, C. Kim, O. Tamwattana, H. Park, J. Kim, D.
Lee, K. Kang, Nat. Nanotechnol. 2021, 16, 77-84.

[11] V. A. Kuehl, J. Yin, P. H. H. Duong, B. Mastorovich, B.
Newell, K. D. Li-Oakey, B. A. Parkinson, J. O. Hoberg, J. Am.
Chem. Soc. 2018, 140, 18200-18207.

[12] N. B. McKeown, Polymer 2020, 202, 122736-122744.

[13] a) P. M. Budd, B. S. Ghanem, S. Makhseed, N. B. McKeown,
K. J. Msayib, C. E. Tattershall, Chem. Commun. 2004, 230-231;
b) C. G. Bezzu, M. Carta, A. Tonkins, J.C. Jansen, P.
Bernardo, F. Bazzarelli, N. B. McKeown, Adv. Mater. 2012, 24,
5930-5933; c) M. Carta, R. Malpass-Evans, M. Croad, Y.
Rogan, J.C. Jansen, P. Bernardo, F. Bazzarelli, N.B.
McKeown, Science 2013, 339, 303-307; d) I. Rose, C. G. Bezzu,
M. Carta, B. Comesafia-Gdndara, E. Lasseuguette, M. C.
Ferrari, P. Bernardo, G. Clarizia, A. Fuoco, J. C. Jansen,
Kyle E. Hart, T.P. Liyana-Arachchi, C.M. Colina, N.B.
McKeown, Nat. Mater. 2017, 16, 932-937; e) B. Comesaia-
Gaéndara, J. Chen, C.G. Bezzu, M. Carta, I. Rose, M.-C.
Ferrari, E. Esposito, A. Fuoco, J. C. Jansen, N. B. McKeown,
Energy Environ. Sci. 2019, 12, 2733-2740.

[14] P. Zuo, Y. Li, A. Wang, R. Tan, Y. Liu, X. Liang, F. Sheng, G.
Tang, L. Ge, L. Wu, Q. Song, N. B. McKeown, Z. Yang, T. Xu,

Research Articles

Angewandte

intemationaldition’y) Chemie

Angew. Chem. Int. Ed. 2020, 59, 9564-9573; Angew. Chem.
2020, 132, 9651-9660.

[15] L. S. Chae, T. Luo, G. H. Moon, W. Ogieglo, Y. S. Kang, M.
Wessling, Adv. Energy Mater. 2016, 6, 1600517-1600522.

[16] C. Li, A.L. Ward, S. E. Doris, T. A. Pascal, D. Prendergast,
B. A. Helms, Nano Lett. 2015, 15, 5724-5729.

[17] M.J. Baran, M. E. Carrington, S. Sahu, A. Baskin, J. Song,
M. A. Baird, K.S. Han, K.T. Mueller, S.J. Teat, S.M.
Meckler, C. Fu, D. Prendergast, B. A. Helms, Nature 2021, 592,
225-231.

[18] M.J. Baran, M. N. Braten, S. Sahu, A. Baskin, S. M. Meckler,
L. Li, L. Maserati, M. E. Carrington, Y.-M. Chiang, D.
Prendergast, B. A. Helms, Joule 2019, 3, 2968-2985.

[19] R. Tan, A. Wang, R. Malpass-Evans, R. Williams, E. W. Zhao,
T. Liu, C. Ye, X. Zhou, B. P. Darwich, Z. Fan, L. Turcani, E.
Jackson, L. Chen, S. Y. Chong, T. Li, K. E. Jelfs, A. I. Cooper,
N. P. Brandon, C.P. Grey, N. B. McKeown, Q. Song, Nat.
Mater. 2020, 19, 195-202.

[20] a) E. W. Zhao, T. Liu, E. J6nsson, J. Lee, I. Temprano, R. B.
Jethwa, A. Wang, H. Smith, J. Carretero-Gonzélez, Q. Song,
C.P. Grey, Nature 2020, 579, 224-228; b) C. A. Machado,
G. O. Brown, R. Yang, T. E. Hopkins, J. G. Pribyl, T. H. Epps,
ACS Energy Lett. 2021, 6, 158-176.

[21] S. Yi, B. Ghanem, Y. Liu, I. Pinnau, W.J. Koros, Sci. Adv.
2019, 5, eaaw5459.

[22] a) A. Kusoglu, A. Z. Weber, Chem. Rev. 2017, 117, 987-1104;
b) S. P. Fernandez Bordin, H. E. Andrada, A.C. Carreras,
G. E. Castellano, R. G. Oliveira, V. M. Galvan Josa, Polymer
2018, 155, 58-63.

[23] D. W. Shin, M. D. Guiver, Y. M. Lee, Chem. Rev. 2017, 117,
4759-4805.

[24] a) D. G. Kwabi, Y. Ji, M. J. Aziz, Chem. Rev. 2020, 120, 6467
6489; b) Y. Ji, M.-A. Goulet, D. A. Pollack, D. G. Kwabi, S.
Jin, D. De Porcellinis, E. F. Kerr, R. G. Gordon, M. J. Aziz,
Adv. Energy Mater. 2019, 9, 1900039-1900045; ¢) Y. Liu, M.-A.
Goulet, L. Tong, Y. Liu, Y. Ji, L. Wu, R. G. Gordon, M. J.
Aziz, Z. Yang, T. Xu, Chem 2019, 5, 1861-1870; d) J. Luo, B.
Hu, C. Debruler, Y. Bi, Y. Zhao, B. Yuan, M. Hu, W. Wu,
T.L. Liu, Joule 2019, 3, 149-163; e¢) L. Zhang, Y. Ding, C.
Zhang, Y. Zhou, X. Zhou, Z. Liu, G. Yu, Chem 2018, 4, 1035-
1046.

[25] Y. Jing, E. M. Fell, M. Wu, S. Jin, Y. Ji, D. A. Pollack, Z. Tang,
D. Ding, M. Bahari, M.-A. Goulet, T. Tsukamoto, R.G.
Gordon, M. J. Aziz, ACS Energy Lett. 2022, 7,226-235.

[26] C. Ye, A. Wang, C. Breakwell, R. Tan, C. G. Bezzu, E.
Hunter-Sellars, D. R. Williams, N. P. Brandon, P. A. A. Klus-
ener, A. R. Kucernak, K. E. Jelfs, N. B. McKeown, Q. Song,
Nat. Commun. 2022, 13, 3184.

Manuscript received: May 24, 2022
Accepted manuscript online: July 25, 2022
Version of record online: August 9, 2022

Angew. Chem. Int. Ed. 2022, 61, €202207580 (9 of 9)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB01] SUOWILLOD) BAITERID) |qedtdde a3 Aq peuse0B a1 S O ‘88N J0 SN 10§ A1 1T UIUO 481 UO (SUONIPUIOD-PUR-SWLBYWIOD" A3 | 1WA U1 |UO//:SA1Y) SUONIPUOD PUe SULB | 8} 885 *[£202/0T/70] Uo Afeiqiaulluo AB|Im ‘KIS BAILN 1P Ad 085202202 @1U/Z00T OT/I0p/L0d AB| I Ae.q1feu JUO//SAIY LU0} POPROUMOQ ‘SE ‘2202 ‘ELLETZGT


https://doi.org/10.1126/science.1212741
https://doi.org/10.1093/nsr/nww098
https://doi.org/10.1038/s41560-020-00772-8
https://doi.org/10.1038/s41560-020-00772-8
https://doi.org/10.1002/anie.202105619
https://doi.org/10.1002/anie.202105619
https://doi.org/10.1002/ange.202105619
https://doi.org/10.1002/ange.202105619
https://doi.org/10.1016/j.isci.2018.04.006
https://doi.org/10.1016/j.isci.2018.04.006
https://doi.org/10.1016/j.joule.2022.02.016
https://doi.org/10.1002/adma.202101312
https://doi.org/10.1039/C6EE01371F
https://doi.org/10.1038/s41578-020-00268-7
https://doi.org/10.1038/s41578-020-00268-7
https://doi.org/10.1038/s41565-020-00788-x
https://doi.org/10.1021/jacs.8b11482
https://doi.org/10.1021/jacs.8b11482
https://doi.org/10.1016/j.polymer.2020.122736
https://doi.org/10.1039/b311764b
https://doi.org/10.1002/adma.201202393
https://doi.org/10.1002/adma.201202393
https://doi.org/10.1126/science.1228032
https://doi.org/10.1038/nmat4939
https://doi.org/10.1039/C9EE01384A
https://doi.org/10.1002/anie.202000012
https://doi.org/10.1002/ange.202000012
https://doi.org/10.1002/ange.202000012
https://doi.org/10.1002/aenm.201600517
https://doi.org/10.1021/acs.nanolett.5b02078
https://doi.org/10.1038/s41586-021-03377-7
https://doi.org/10.1038/s41586-021-03377-7
https://doi.org/10.1016/j.joule.2019.08.025
https://doi.org/10.1038/s41563-019-0536-8
https://doi.org/10.1038/s41563-019-0536-8
https://doi.org/10.1038/s41586-020-2081-7
https://doi.org/10.1021/acsenergylett.0c02205
https://doi.org/10.1021/acs.chemrev.6b00159
https://doi.org/10.1016/j.polymer.2018.09.014
https://doi.org/10.1016/j.polymer.2018.09.014
https://doi.org/10.1021/acs.chemrev.6b00586
https://doi.org/10.1021/acs.chemrev.6b00586
https://doi.org/10.1021/acs.chemrev.9b00599
https://doi.org/10.1021/acs.chemrev.9b00599
https://doi.org/10.1002/aenm.201900039
https://doi.org/10.1016/j.chempr.2019.04.021
https://doi.org/10.1016/j.joule.2018.10.010
https://doi.org/10.1016/j.chempr.2018.02.003
https://doi.org/10.1016/j.chempr.2018.02.003
https://doi.org/10.1021/acsenergylett.1c02504

