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Redox flow batteries (RFBs) are promising for large-scale long-duration energy
storage owing to their inherent safety, decoupled power and energy, high
efficiency, and longevity. Membranes constitute an important component that
affects mass transport processes in RFBs, including ion transport,
redox-species crossover, and the net volumetric transfer of supporting
electrolytes. Hydrophilic microporous polymers, such as polymers of intrinsic
microporosity (PIM), are demonstrated as next-generation ion-selective
membranes in RFBs. However, the crossover of redox species and water
migration through membranes are remaining challenges for battery longevity.
Here, a facile strategy is reported for regulating mass transport and
enhancing battery cycling stability by employing thin film composite (TFC)
membranes prepared from a PIM polymer with optimized selective-layer
thickness. Integration of these PIM-based TFC membranes with a variety of
redox chemistries allows for the screening of suitable RFB systems that
display high compatibility between membrane and redox couples, affording
long-life operation with minimal capacity fade. Thickness optimization of TFC
membranes further improves cycling performance and significantly restricts
water transfer in selected RFB systems.

1. Introduction

The development of renewable energy and
efficient energy storage technologies is cru-
cial in achieving net-zero emissions and
global carbon neutrality.'!! Redox flow bat-
teries (RFBs) are a promising technology
for large-scale stationary energy storage due
to their appealing features including cost-
effectiveness, safety, and high efficiency.?!
RFBs comprise two half-cell electrolytes
separated by a conductive and selective
membrane that facilitates the transport of
charge-balancing ions and minimizes the
cross-mixing of redox species. RFB systems
possess decoupled nature of power and en-
ergy and cost-effectiveness, which are in-
herently well suited for mega-to-gigawatt
hour-scale energy storage compared with
other batteries, for example, conventional
lithium-ion batteries.’] The capacity reten-
tion and power of RFBs are substantially af-
fected by the performance of membranes.[*!
Therefore, it is desirable to design and

develop low-cost, highly conductive, and selective membranes,
particularly for RFB chemistries that employ metal ion-based®!
and organic molecule-based!®! redox-active species.
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Perfluorinated sulfonic acid (PFSA) membranes, for exam-
ple, Nafion, are polymer electrolyte membranes with superior
chemical stability and ionic conductivity that have been widely
used in electrochemical devices including RFBs.”] However,
their high cost and poor selectivity for small charge-balancing
ions over larger redox-active species are limiting the widespread
deployment and commercialization of RFBs. Alternative mem-
brane materials have been developed with a focus on low-cost
hydrocarbon-based ion exchange membranes.®] These fluorocar-
bon and hydrocarbon ion exchange membranes, however, are
limited by the trade-off between ionic conductivity and selec-
tivity, and suffer from fast contra-permeation of redox species
and the net volumetric transfer of water in aqueous redox flow
batteries.l]

Water migration is an important yet often overlooked chal-
lenge for the long-term operation of RFB systems. The net vol-
umetric change of the electrolytes can result in the precipitation
of redox species on one side and flooding of the electrolyte reser-
voir on the other, causing operational difficulties and requiring
sophisticated water management in RFB systems.[*] The pref-
erential water transfer across membranes is driven by multiple
factors including osmotic pressure, hydraulic pressure, and the
migration of charged species. From the engineering perspective,
the net volumetric change can be regulated by adjusting liquid
flow rates, tuning the concentrations of redox-active species, or
adding the balancing additives. However, the intrinsic membrane
properties also determine mass transport and water migration.
Particularly, the transfer of water carried by charged redox-active
species is a major factor contributing to the undesired water mi-
gration, while the permeation rate of redox-active species is a
function of solute permeability and membrane thickness follow-
ing Darcy’s law.['!l Therefore, there are two approaches that may
provide effective solutions to water migration, one by designing
new membrane materials that show low values of intrinsic per-
meability for redox active species, and the other by optimizing the
membrane thickness. Lu group demonstrated the development
of charge-reinforced ion-selective membranes with effective mit-
igation of crossover of polysulfides by negatively charged carbon
layer, as well as free water migration due to the hydrophobicity
and narrow size of water channels in membranes.'?]

Polymers of intrinsic microporosity (PIMs) have emerged
as a new class of membrane materials for ionic and molecu-
lar transport that can break the trade-off between permeability
and selectivity due to their rigidity and intrinsic sub-nanometer
pores.[31 PIM membranes have demonstrated promising per-
formance in a range of electrochemical devices, such as solid-
state batteries, ' lithium—sulfur batteries,[*>! and redox flow
batteries!('®! (Figure 1a). Of particular interest are Troger’s base
PIMs (TB-PIMs) that can be solution-cast onto low-cost porous
supports affording thin film composite (TFC) membranes with
tuneable thickness.["”] In comparison to the dense membranes,
using TFC membranes in RFB could effectively decrease the
areal-specific resistance and boost the device performance in
terms of energy efficiency and power. Furthermore, TFC mem-
branes are cost-effective and can be scaled up using industrial
membrane manufacturing processes. TB-PIM TFC membranes
have been utilized as ion conductive and selective membranes in
alkaline aqueous organic RFBs, but these membranes with sub-
micrometer-thick PIM layer suffer from severe water migration
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and fast redox-species crossover, necessitating further membrane
development (Figure 1b,c).

In this work, we propose a simple and novel strategy to tune
the transport performance of PIM-EA-TB TFC membranes by
thickness optimization, and employ these membranes to miti-
gate the net volumetric transfer of electrolytes in selected RFB
chemistries operated at near neutral-pH (Figure 1d). Transport
of water, ions, and redox-active molecules are systematically in-
vestigated for these TFC membranes with PIM layer thickness
ranging from 0.3 to 12 um, establishing the correlation between
the transport properties and selective layer thickness. The perme-
ation of redox species is reduced by 1-2 orders of magnitude and
the water transfer can be effectively controlled by thickness opti-
mization. These PIM-EA-TB TFC membranes show high ionic
conductivity and low permeation rates of redox-active species,
and enable long-life cycling operation of RFBs when paired with
2,6-DPPAQ||K,Fe(CN), redox couple, showing low capacity de-
cay (~0.005% per cycle) over 4500 cycles. Our strategy may serve
as an alternative approach to addressing the electrolyte and water
migration issues in RFBs to further enhance their efficiency and
longevity.

2. Results and Discussion

2.1. Membrane Preparation and Characterization

PIM-EA-TB was selected as a prototypical polymer to demon-
strate our proposed approach of thickness engineering. PIM-EA-
TB possesses highly interconnected micropores with an appar-
ent BET surface area of 1028 m? g~! owing to the hindered pack-
ing of the highly rigid, contorted polymer chains,**] while the
“built-in” hydrophilic TB groups ensure the percolation of water
channels in aqueous electrolytes to afford well-defined ion trans-
port pathways. PIM-EA-TB was dissolved in chloroform at varied
concentrations (2.0, 4.0, 6.0, and 8.0 wt.%) and these solutions
were spin-coated onto porous polyacrylonitrile (PAN) supports
to produce TFC membranes with varied thickness (Figure 2a).
The PAN substrate had abundant meso-/macro pores (Figure S1,
Supporting Information) so that it was highly permeable to guest
solutes and functioned as a robust support for hydrophilic PIM-
EA-TB thin films (Figure 2b). The thicknesses and morpholo-
gies of PIM-EA-TB TFC membranes were investigated by a field
emission scanning electron microscope (SEM) and an atomic
force microscope (AFM). As shown in Figure 2c—f, these mem-
branes featured selective layers of varied thicknesses (0.3-12 ym).
For simplicity, these composite membranes are denoted as PIM-
EA-TB-0.3, PIM-EA-TB-1.3, PIM-EA-TB-4.0 and PIM-EA-TB-12
based on the thicknesses of selective layers (e.g., PIM-EA-TB-4.0
for a TFC membrane with a 4-um selective layer). The nonlinear
increase of selective layer thickness might be attributed to the
solution viscosity change along with the increased concentration
of PIM solutions. We demonstrated our concept and proved the
feasibility of our strategy by focusing on these four typical target
samples. Both cross-sectional and surface SEM images showed
dense and defect-free morphologies, which were also confirmed
by AFM images (Figure 2g—j). As-prepared membranes displayed
smooth surfaces with surface roughness in the range of 0.468-
1.47 nm (R)) and 0.345-1.03 nm (R,) (Table S1, Supporting
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Figure 1. lon-selective PIM membranes for RFBs. a) Schematic illustration of an operating aqueous RFB. b) 3D view of an amorphous PIM-EA-TB cell
generated by protocol and reported in our previous work,['7! and schematic showing the water-assisted hydrophilic ion channels. c) Severe net volumetric
transfer in an RFB with a thinner selective membrane. d) Managed net volumetric transfer in an RFB with a thicker selective membrane.

Information). These results confirmed the successful fabrication
of TFC membranes with defect-free PIM-EA-TB selective layers.

Hydrophilicity and water permeation for PIM-EA-TB TFC
membranes were evaluated by using contact angle measure-
ments, sorption, pervaporation, and nanofiltration tests. PIM-
EA-TB with hydrophilic Tréger’s base units show high wettability,
as evidenced by the low contact angles in water and alkaline so-
lutions, for example, PIM-EA-TB-4.0 in water 44.1° and in 1 M
NaOH solution 55.0° (Figure S2a, Supporting Information). The
water contact angles gradually reduced over time (Figure S2b,
Supporting Information), indicating the certain compatibility be-
tween water and the membranes, which is a critical factor for
the formation of continuous water channels.'8] Subsequently, we
proceeded to evaluate the kinetics and permeances of water va-
por and liquid water transport in and across membranes as well
as the geometry change of wet membranes via a variety of tech-
niques. As shown in the dynamic vapor sorption (Figure 3a,b;
Figure S3, Supporting Information), thicker selective PIM-EA-
TB layers can adsorb more water, for example, 31.4% (wt./wt.) for
PIM-EA-TB-4.0 and 35.3% (wt./wt.) for PIM-EA-TB-12, suggest-
ing the re-arrangement of polymer chains in wet thicker mem-
branes that possibly generate additional nanoscale pores for the
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adsorption of water molecules via the capillary effect. The kinet-
ics of water in membranes were qualitatively compared during
70%-80% RH (Figure 3c), in which thicker PIM-EA-TB required
a longer time to reach equilibrium, indicating a sluggish water
saturation process. All PIM-EA-TB membranes exhibited identi-
cal pervaporation rates of ~ 0.17-0.18 mL h~!, attributing to the
slow evaporation of water molecules which is the rate-limiting
step (Figure 3d). The water vapor sorption and induced geome-
try change of PIM-EA-TB thin films with varied thicknesses were
also investigated using ellipsometry tests (Figure S4, Supporting
Information).

Liquid water permeation across membranes is a more critical
property that directly determines the water migration in RFB sce-
narios. We, therefore, measured the water permeances through
these membranes using a pressure-driven nanofiltration cell at
30 bar (Figure 4a). The water permeance/flux significantly de-
creased with increasing the thickness of selective layers from
0.3 to 12 um (Figure 4b). For example, PIM-EA-TB-4.0 with a 4-
um selective layer presented a significantly lower water flux of
0.20 Lm~% h~! bar~ than that of the TFC membrane with a thick-
ness of 0.3 um (2.30 L m~2 h~! bar~!). Hence, the thick PIM-EA-
TB TFC membranes with sluggish water saturation and reduced
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Figure 2. Membrane preparation and characterization. a) Schemes showing the preparation of TFC membranes with a PIM polymer solution by a spin-
coating method onto a porous substrate. b) Water contact angle of PIM-EA-TB-0.3. c—f) Cross-sectional morphologies of PIM-EA-TB-0.3, PIM-EA-TB-1.3,
PIM-EA-TB-4.0 and PIM-EA-TB-12. g—j) AFM images showing the surface morphologies (top) and roughness (bottom) of PIM-EA-TB-0.3, PIM-EA-TB-1.3,

PIM-EA-TB-4.0, and PIM-EA-TB-12.

permeance may play an important role in mitigating the water
migration and limiting the crossover of redox species.

2.2. Selective Transport of lons and Redox Species

The diffusion of redox species through the PIM-EA-TB TEC
membranes was measured by both concentration-driven dialysis
(Figure 4c) and a convection method with driving forces of salin-
ity concentration and electrical field (Figure 4e). A K,Fe(CN), so-
lution (0.1 M) was used as the feed solution and deionized water
was employed as the permeate solution, from which the perme-
ated Fe(CN),*"-ions were quantified using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The perme-
ation rates of Fe(CN)¢*~ through PIM-EA-TB-1.3, PIM-EA-TB-4.0
and PIM-EA-TB-12 are 0.25, 0.19 and 0.20 mmol m~% h~1, respec-
tively, much lower than that of thin PIM-EA-TB-0.3 (25.8 mmol
m~2 h~!) (Figure 4d). Cation selectivity of PIM-EA-TB TFC mem-
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branes was investigated with K,Fe(CN),, KOH, and KCl solutions
(Figure 4f and Table S2, Supporting Information). Based on the
results of the transference number for KCl solutions, we can con-
clude that the principle for selective ion transport is dominated by
the size-exclusion mechanism rather than the Donnan exclusion
effect since the PIM-EA-TB (pK,~4) could not be protonated to
produce charged functional groups in alkaline and near neutral
conditions.[') With the thickness of the selective layers increased
from 0.3 to 12 pm, the transference number of K* cations in-
creased from 0.847 to nearly 1 for K,Fe(CN), solutions, suggest-
ing the mobility of large-sized Fe(CN),* -ions was restricted by
the extended tortuous ion transport pathways. The ion selectivity
of K* over Fe(CN)¢*~ for PIM-EA-TB-12 was two orders of magni-
tude higher than that of PIM-EA-TB-0.3 (Figure 4g). The immobi-
lization of Fe(CN),*"-ions was also evidenced by the mobility ra-
tios of K* over Fe(CN),*~ increasing from 1.29 to 1.70 (Figure S5,
Supporting Information). These results proved that thicker
PIM-EA-TB TFC membranes exhibited reduced crossover of
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Figure 3. Dynamic water vapor sorption. a) Dynamic vapor sorption isotherms at 0—100% relative humidity (RH). b) Dynamic vapor sorption profiles
against testing time. c) Vapor sorption profiles of PIM-EA-TB-1.3, PIM-EA-TB-4.0, and PIM-EA-TB-12 from 70% RH to 80% RH. d) Pervaporation mea-
surements at 70 °C over 165 h. Selective layers within TFC membranes faced the liquid water side while the supports were exposed to the open air at

20% RH.

redox-active species and improved cation selectivity, which would
be significant for prohibiting redox-species crossover in redox
flow batteries.

We measured the ion transport resistance of our PIM-EA-TB
TFC membranes in 1 M KCI solutions in the temperature range
0f 20-70 °C using electrochemical impedance spectroscopy (EIS)
(Figure 4h; Figures S6-S8, Supporting Information). Compared
with PIM-EA-TB-0.3, thicker PIM-EA-TB-4.0 presented a rela-
tively high overall ohmic resistance of 1.63 Q cm? with a resis-
tance of 0.75 Q cm? as calculated by subtracting the resistance
of the hydrolyzed PAN support (Figure S7, Supporting Informa-
tion). Nevertheless, the thicker PIM-EA-TB TFC membranes still
maintained high ionic conductivity in neutral-pH salt solutions at
room temperature, with values in the range 1.9-3.3 mS cm~" that
are comparable to that of Nafion 212 in 1 m KCI (5.4 mS cm™!)(16]
(Figure S8, Supporting Information). The low activation energy

Adv. Sci. 2023, 10, 2206888

of ion transport in these PIM-EA-TB membranes (3.34-12.5 k]J
mol™!) suggests that charge-balancing ions can smoothly migrate
in the interconnected tortuous micropores.

Area-specific resistance (ASR) and permeability of redox
species are two critical membrane parameters for the efficient
operation of redox flow batteries. Figure 4i shows a comparison
of the combination of redox-species permeation rates and area-
specific resistances for these membranes. Though thicker PIM-
EA-TB TFC membranes exhibit relatively higher ASR (1.48 Q
cm? for PIM-EA-TB-1.3; 1.63 Q cm? for PIM-EA-TB-4.0), their
selective performance against redox species is superior to our
previously reported PIM-EA-TB TFC membranes (1.20 Q cm?;
10.4 mmol m=2 h=1)11®>17] and the benchmark Nafion 212 mem-
brane (1.07 Q cm?; 11.7 mmol m~2 h=1).[1%17] Such improved
performance suggests that thick PIM-EA-TB TFC membranes
with extended diffusion channels allow the fast transport of ions

2206888 (5 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Water and ion transport through PIM membranes. a) Water permeation in a pressure-driven process. b) Water permeance for the membranes
with the varied thicknesses of selective layers. c) lllustration of the concentration-driven dialysis. d) Crossover diffusion of K,Fe(CN)¢ through mem-
branes. e) Schematic showing the convection-diffusion driven by the salinity concentration and electrical field. f) Cation selectivity. g) lonic conductivity
of large anions and the selectivity of cations to anions. h) lon transport resistance of PIM-EA-TB TFC membranes in 1 m KCl solutions at 30 °C. i)
Comparison of specific area resistance and redox-species crossover for different membranes, including PIM-EA-TB TFC with varied thicknesses, AO-
PIM-1°, and PIM-EA-TB-0.3,1'7] Nafion 212 and AO-PIM series (AO-PIM-1°, AO-PIM-SBF®, AO-PIM-BTrip?, and AO-PIM-DBMPP).116b] Redox species:

K4Fe(CN)g. 2Resistance in 1 m KC; PResistance in 1 m KOH.

while slowing down the crossover of water and redox species,
which is beneficial for the stable operation of RFBs.

2.3. Screening of Redox Chemistries and Demonstration of
Long-Cycling RFBs

The compatibility between redox couples and membranes is of
crucial importance for realizing the full potential of our mem-
branes and enabling high device performance. Owing to the in-
stability of PAN supports in alkaline solutions, we selected re-
dox species that are generally used in benign near-neutral pH
aqueous solutions. Figure 5a summarizes the redox potentials
of recently reported redox species!®?%l at the pH 0-16 and the
electrochemical stability window of water. Based on this plot, an-
odic materials, including Zn?*-ion, methyl viologen, BTMAP-Vi,

Adbv. Sci. 2023, 10, 2206388 2206888

and 2,6-DPPAQ, were selected and paired with cathodic materi-
als, TEMPO, ferri/ferrocyanide, and FcNCl according to the redox
potentials and molecular sizes of these redox species (Figure S9a,
Supporting Information). As a consequence, five pairs of redox
chemistries were selected to develop near-/neutral aqueous RFBs
with PIM-EA-TB TFC membranes (Figure S9b, Supporting Infor-
mation). For the sake of experimental simplicity, PIM-EA-TB-0.3
was used for fast screening of the most compatible redox species
in operating devices.

The key performance indicators of device performance were
evaluated in terms of the working plateau, capacity loss
rate, and cycle life (Figure 5b). Though the flow cell with
Zn?*-ion|[TEMPO delivered a high output voltage of 1.51 V
(Figures S10 and S1la,b, Supporting Information), the capac-
ity retention was only ~78% over 50 cycles at 20 mA cm™
due to the fast permeation of small-sized TEMPO radicals

(6 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Redox flow battery performance. a) Summary of recently reported redox species with their redox potentials at the pH 0-14. The blue zone
represents the electrochemical stability window of water, which was derived from the Nernst equation. b) Comparison of cycling performance of paired
redox species with PIM-EA-TB-0.3 in near-/neutral conditions. c) Typical charging—discharging profiles of a 2,6-DPPAQ)]|K,Fe(CN)g battery with a PIM-
EA-TB-0.3 membrane. d) Long-term cycling performance of a 2,6-DPPAQ)]|K,Fe(CN)g battery with a PIM-EA-TB-0.3 membrane. Inset shows the volume
of electrolytes before and after 1000 cycles. e) Long-term cycling performance of a 2,6-DPPAQ||K4Fe(CN)g battery with a PIM-EA-TB-4.0 membrane.

Inset shows the volume of electrolytes before and after 2200 cycles.

(6.5x8.7x9.1A%)2! through the PIM-EA-TB-0.3 membrane. Sim-
ilarly, MV||TEMPO with an output voltage of 1.20 V underwent
fast capacity decay and low-capacity retention of ~86% over 50
cycles at 20 mA cm~2 (Figure S12, Supporting Information). Re-
placing the TEMPO species with larger ferrocyanide mitigated
the crossover issue and enhanced battery cyclability, which was
demonstrated in a Zn||K,Fe(CN), battery with ~77% capacity re-

Adv. Sci. 2023, 10, 2206888

tention after 800 cycles (Figure 5b; Figure S11c,d, Supporting
Information). However, this battery still exhibited noticeable ca-
pacity decay, and despite the lack of metal dendrites formed on
the surface of anodes (Figure S1le,f, Supporting Information).
We assume that the negative potential of Zn?*/Zn might induce
irreversible water electrolysis and cause capacity loss over long-
term operation, making this species inappropriate for anodic

2206888 (7 of 11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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materials. Besides, the reaction between Zn?* and Fe(CN)*~ re-
sults in the precipitation of zinc hexacyanoferrate (Prussian blue
analogues), leading to the loss of redox active species and fur-
ther deteriorating the cycling performance of this battery. Posi-
tively charged BTMAP-Vi with a large molecular size was used as
the substitute for Zn anode, but this redox species undesirably
contaminated the PIM-EA-TB-0.3 membrane and deteriorated
battery cyclability (Figure S13, Supporting Information), due to
the interaction between Troger’'s base and positively charged
species.[??] Negatively charged 2,6-DPPAQ was therefore selected
as the electrolyte due to its relatively higher potential (—0.39 vs
SHE within the water stable window) and relatively large molec-
ular size. Flow batteries using a 2,6-DPPAQ||K,Fe(CN), redox
pair and a PIM-EA-TB-0.3 membrane exhibited a remarkably
improved cycling stability with a low capacity decay of 0.0074%
per cycle over 1000 cycles (~1.9% per day), which was superior
to the performance of benchmark Nafion 212 (0.0236% per cy-
cle) (Figure 5c—e) and much better than our first demonstration
of TFC membrane (3.2% per day).l'””] However, batteries using
PIM-EA-TB-0.3 suffered from a significant water migration from
catholytes to anolytes with a rate of ~#1.3 mL per day as shown in
Figure 5d, which will become a critical issue for practical RFB
applications.

To tackle the issue of electrolyte transfer and further im-
prove battery cycling stability, we prepared PIM-EA-TB-4.0 with
a thicker selective layer of 4.0 um, which has demonstrated com-
parable ion conductivity and significantly limited permeation of
water and electrolyte. As a result, PIM-EA-TB-4.0 with an ASR
of 2.18 Q cm? (Figure S14, Supporting Information), enabled a
long-cycling RFB with an extremely low decay rate of 0.00486—
0.00504% per cycle over 4500 cycles (~14 days, Figure 5e). The
membranes recovered from the cycled cell were crack-free and
clean without evident absorption and fouling by the electrolytes
(Figure S15, Supporting Information). The battery recovered to
the original capacity when after cycling the used electrolytes were
replaced with fresh electrolytes (Figure 5e), suggesting that the
capacity decay was not due to the degradation or fouling of the
membrane. Notably, the net volumetric loss of electrolyte for
PIM-EA-TB-4.0 was only 0.08 mL per day, about one order of
magnitude lower than that of PIM-EA-TB-0.3.

The practical rate of capacity loss for the 2,6-
DPPAQ)||K,Fe(CN), battery with a PIM-EA-TB-4.0 membrane
was evaluated by the battery rate tests (Figure 6a). The capacity
returned to 2.45 Ah L~ at 10 mA cm 2 and the capacity retention
was 91.4% over 3500 cycles, equal to a decay rate of 0.0024%
per cycle. Such decay rate was 10 times lower than that of a
benchmark Nafion 212 (0.017% per cycle) tested by the same
protocol (Figure 6b). At a current density of 10 mA cm™2, the
coulombic efficiency, voltage efficiency and energy efficiency
were 99.9%, 92.4%, and 92.3%, respectively, after the battery
underwent 3390 cycles at 80 mA cm~? and subsequent 100 cy-
cles at 10 mA cm~? (Figure S16, Supporting Information). This
remarkable ratability confirmed the stability of our developed
membranes in selected aqueous organic RFBs. At 80 mA cm~2,
the energy efficiency of this cell maintained a value high up to
~65% with a voltage hysteresis of 0.38 V, slightly lower than that
of Nafion 212 (=72%) over a long cycling duration as shown
in Figure S17 (Supporting Information). After cycling, the
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electrolytes were further tested by cyclic voltammetry to evaluate
the crossover of redox species. The anolyte of the battery using a
Nafion 212 membrane exhibited a high peak current of 0.35 mA,
equal to 1.1x1072 mmol, which could be attributed to the redox
reaction of a large amount of permeated K,Fe(CN),. In compar-
ison, PIM-EA-TB-4.0 restricted the crossover of K,Fe(CN), to
1.4x1073 mmol as shown by a low peak current of ~0.04 mA
(Figure S18, Supporting Information). The electrolyte migration
and electrochemical performance were further investigated in
the high-concentration 2,6-DPPAQ||K,Fe(CN), batteries using
PIM-EA-TB-4.0 TFC membrane in the open air (Figure S19,
Supporting Information). Over the charging duration of 1 h,
the established battery delivered a high capacity of 15.1 Ah L~}
and a minimal volume change of ~ 0.1 mL over 100 cycles
at 20 mA cm~? for 200 h. Hence, the synergetic integration
of PIM-EA-TB-4.0 with 2,6-DPPAQ||K,Fe(CN), redox species
significantly limited the redox-species crossover and mitigated
the net volumetric transfer as well as enhanced the cycling
lifetime for near-neutral RFB systems.

The ion-transport impedance and power densities of 2,6-
DPPAQ)||K,Fe(CN), flow batteries with these PIM-EA-TB TFC
membranes were systematically studied at different states-of-
charge (SOC) (Figures S20 and S21, Supporting Information).
Charged batteries generally possess a reduced ohmic resistance
compared with the resistance at 0% SOC. For example, a bat-
tery with a PIM-EA-TB-4.0 membrane has a lower overall ASR
of #1.94 Q cm? at 20%, 50%, and 100% SOC, than the resis-
tance of the battery at 0% SOC (2.18 Q cm?), suggesting an ac-
tivation process for ion conduction in PIM-EA-TB TFC mem-
branes. Batteries with 0.1 M K,Fe(CN), redox species delivered
power densities of 152.8, 145.4 and 89.3 mW cm~? for PIM-EA-
TB-0.3, PIM-EA-TB-1.3, and PIM-EA-TB-4.0 membranes, respec-
tively (Figure S21a, Supporting Information). Increasing the con-
centration of used redox species boosted the battery power, for ex-
ample, 175.1 mW cm~ for PIM-EA-TB-4.0 with 1.0 m K,Fe(CN),
redox species (Figure 6¢,d compares the key parameters for PIM-
EA-TB TFC and Nafion 212 membranes. PIM-EA-TB TFC mem-
branes generally possess comparable electrochemical properties
and superior cycling performance to Nafion 212 due to the reg-
ulated mass transfer and electrolyte migration (Tables S3 and
S4, Supporting Information). Particularly, the estimated cost of
PIM-EA-TB TFC membranes is only £0.7 m~2 (0.3-um-layer) and
£9.2 m2 (4.0-um-layer) and solution-processable PIM-EA-TB can
be inherently appropriate for the industrial membrane manufac-
turing using a roll-to-roll technology, making it affordable for the
application in large-scale RFB stacks.

Despite the improved cycling life, our developed TFC mem-
branes still present relatively high ion transport resistance, which
is mainly attributed to the resistance from PAN support (x

0.88 Q cm?). These membranes also limit the applications in
benign near-/neutral solutions due to the hydrolysis of unstable
PAN supports in alkaline and acidic conditions. Besides the de-
velopment of alternative support materials with low resistance
and sufficient chemical stability, it is necessary to develop alter-
native PIM chemistries that are hydrophilic, electro-/chemically
stable, and can be easily processed, which is important for fur-
ther expanding applications of these membranes to other battery
chemistries operated in harsher conditions.

2206888 (8 0f11) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Cycling stability of redox flow battery. a) Long-term cycling performance of a 2,6-DPPAQ)]|K, Fe(CN), battery with (a) a PIM-EA-TB-4.0 membrane
and b) a Nafion 212 membrane at 80 and 10 mA cm™2. c) Power density of a 2,6-DPPAQ||K,Fe(CN) battery with a PIM-EA-TB TFC membranes and 1 m
redox species. d) Comparison of key parameters for PIM TFC and Nafion 212 membranes.

3. Conclusion

This work demonstrated a facile approach to regulating the elec-
trolyte crossover and stabilizing the RFB cycling performance
by tuning the selective-layer thickness of PIM-EA-TB TFC mem-

Adv. Sci. 2023, 10, 2206888

branes. PIM-EA-TB TFC membranes with thicker selective layers
possess extended tortuous diffusion pathways that reduce water
migration and redox-species crossover. The use of these mem-
branes was proved by pairing with a variety of redox chemistries
in near-neutral conditions. The 2,6-DPPAQ||K,Fe(CN), redox

2206888 (9 of 11)  © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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species combined with PIM-EA-TB TFC membranes synergis-
tically afforded a long cycling life RFB system with restricted
crossover and water migration. The development of low-cost TFC
membranes to replace the conventional perfluorinated Nafion
membranes is of great significance for reducing the capital costs
of flow battery stack and electrochemical energy storage. We ex-
pect that this approach to the preparation of thin film composite
membranes and the regulation of water migration and crossover
could be extended to the fabrication of better membranes, offer-
ing a simple, low-cost, and enabling technology for low-cost high-
performance RFBs for large-scale long-duration energy storage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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