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Anion exchange membranes (AEMs) are a vital component of aqueous organic redox flow batteries
(AORFBs). Conventional AEMs often suffer from high resistance and typically lack mechanical strength
and durability, particularly when used over large areas. In this work, we report a high-performance
combination membrane (CM) formed by the straightforward adhesion of a hydrophilic porous
polyethylene (HPE) layer to an AEM. The exceptional hydrophilic stability of HPE in the electrolyte
endows this CM with remarkable stability in single-cell operations. Furthermore, the CM effectively
prevents electrolyte crossover while facilitating efficient anion transport, demonstrating long-term
stability in a 52-stack battery, with each CM scaled up to an active area of 830 cm?. This work presents
a facile and scalable method for fabricating highly durable AEMs, offering significant advancements in the

rsc.li/sustainable-energy field of AORFBs.

Introduction

Redox flow batteries (RFBs) are rechargeable systems charac-
terized by the decoupling of energy and power, where redox-
active materials are dissolved in suitable solvents and pum-
ped through the electrodes. RFBs represent one of the most
promising technologies for stationary energy storage due to
their scalability and flexibility.** They are anticipated to be in
high demand driven by global climate initiatives, such as the
European Green Deal, aiming to achieve zero release by
leveraging intermittent energy sources.’ To date, numerous flow
battery systems have been developed, with the vanadium redox
flow battery (VRFB) being the first to be industrialized and
continuing to dominate the market.*” Recently, organic redox
flow battery (ORFB) systems have drawn extensive attention
because of the ever-growing need for sustainable development.
In particular, water-based aqueous organic redox flow batteries
(AORFBs) are viewed as promising alternatives as they omit
critical metals, aligning with eco-friendly energy storage solu-
tions.*® However, given the limited electrochemical stability
window of water (~1.23 V), current research on AORFB devel-
opment primarily focuses on synthesizing redox-active species
that offer high solubility and stability to achieve enhanced
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energy density.>'® As another key component, the development
of membranes is of equal importance. Unfortunately, even
though a number of commercial membranes have been
systematically studied, they all exhibit high resistance or severe
capacity degradation, which significantly hinders their appli-
cation in AORFBs.""> Recently, considerable efforts have been
focused on synthesizing suitable membranes that offer favor-
able conductivity and excellent performance.** For instance,
Song et al. reported the development of intrinsically ultra-
microporous anion exchange membranes (AEMs), with the
optimized MTCP-50 AEM exhibiting superior conduction and
stability in neutral AORFBs."” However, most studies have been
conducted at the single cell level with small membrane areas
(50 cm?), and the stability of these membranes when scaled up
to commercially viable areas has not been explored. This over-
sight may be due to the low mechanical strength and durability
of these AEMs when used over large areas, which limits their
practical application. Similarly, AEMs are also a core compo-
nent in alkaline water electrolysis (AWE) technologies, where
high mechanical strength and durability are essential.”***
While most previous studies have focused on improving the
AWE performance of membranes at the single cell level, the
operability of these membranes in stacked cells has been greatly
overlooked.* Recently, Choi et al reported a thin film
composite (TFC) membrane consisting of an AEM and hydro-
philic porous polyethylene (HPE). The dense and highly anion-
conductive AEM layer effectively prevents electrolyte crossover
while promoting anion transport. Additionally, the high
tenacity and nanosized pores of the HPE support reinforce the
mechanical properties, while its highly porous and thin struc-
ture reduces mass transport resistance across the TFC.

Sustainable Energy Fuels, 2025, 9, 2079-2086 | 2079


http://crossmark.crossref.org/dialog/?doi=10.1039/d4se01720j&domain=pdf&date_stamp=2025-04-04
http://orcid.org/0000-0002-5389-3856
http://orcid.org/0000-0002-6706-8291
https://doi.org/10.1039/d4se01720j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4se01720j
https://rsc.66557.net/en/journals/journal/SE
https://rsc.66557.net/en/journals/journal/SE?issueid=SE009008

Open Access Article. Published on 07 2025. Downloaded on 28/07/25 19:56:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

Consequently, these TFC membranes have significantly
improved performance in both single unit cell and three-stack
cell configurations in AWE.”® This indicated to us that HPE
should similarly be able to improve the performance of AEMs
used in AORFBs.

In this work, we initially examine the physicochemical prop-
erties and battery performance of various commercial
membranes alongside the MTCP-50 AEM in N,N,N-2,2,6,6-hep-
tamethylpiperidinyl oxy-4-ammonium chloride (TEMPTMA) and
methyl viologen dichloride (MV)-based AORFB systems, as
detailed in Table S1.f The commercial membranes, when
compared to the MTCP-50 AEM, display either lower ionic
conductivity or severe capacity degradation. Consequently, we
focus on a combination membrane (CM) based on the MTCP-50
AEM, which consists of the MTCP-50 AEM layer and HPE. This
integration of HPE enables the CM to demonstrate enhanced
stability and superior performance in both single cell and 52-
stack cell configurations, with successful scaling up of the active
CM area to 830 cm” in a single piece. Our findings present a facile
and scalable approach to fabricate high-performance AEMs.

Experimental
Materials

Hydrophilic porous polyethylene (HPE) was purchased from
Henan Chaoli New Energy Co., Ltd (China). Sodium chloride
(NaCl) was purchased from Guoyao Co., Ltd (China). MTCP-50
anion exchange membranes (AEMs) were provided by Zhong
ke & Shidai Energy Storage Co., Ltd (China). N,N,N-2,2,6,6-
heptamethylpiperidinyl oxy-4-ammonium chloride (TEMPTMA)
and methyl viologen dichloride (MV) were provided by Suqian
Shidai Energy Storage Co., Ltd (China). Apart from the AEM, all
chemicals and materials were utilized as received, without
further purification.

Characterization

The "H NMR spectra were recorded on a Bruker 510 instrument
(Germany) in DMSO-d, as the standard solvent to compare the
chemical structure of the MTCP-50 AEMs before and after
1000 h cycles. The chemical functional groups and composi-
tions of the MTCP-50 AEMs before and after 1000 h cycles were
identified using FT-IR (Spectrum Two spectrometer, America).
Scanning electron microscopy (SEM) was conducted on a JSM-
6360LA microscope (Japan) to observe the surface morphology
of HPE and MTCP-50. To measure the ohmic resistance of the
cell, the electrochemical impedance spectroscopy (EIS) was
performed on an electrochemical workstation (DH7000C,
China). For the EIS tests, the frequency range is set from 100
mHz to 10000 Hz at a constant current of 0.3 A. The high
frequency resistance (HFR) at 1-2000 Hz in the Nyquist plot was
selected for quantifying the ohmic resistance of the cell.

Ionic conductivity

The anion conductivity of the MTCP-50 AEM was measured in
an H-type cell using an AC impedance analyzer (DH7000C,
China). The diameter (D) of the connected circular hole and the
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thickness (L) of the AEM sample in Cl” form were quickly
measured using a graduated scale and micrometer caliper,
respectively. Then the H-type cell was fixed with and without the
AEM, respectively. Before testing the resistance of the H-type
cells, the connected circular hole must be completely
immersed in 3.0 M NaCl (aq.). The resistances R, (with the AEM)
and R, (without the AEM) at room temperature (25 £ 0.5 °C)
were collected over the frequency range from 100 mHz to 10
000 Hz. The conductivity (o) was calculated as follows:

4L
77 (R —R)IID? (1)

Ion exchange capacity (IEC)

The IEC value of the MTCP-50 AEM was identified by Mohr
titration. Typically, a thoroughly dry MTCP-50 sample of about
100 mg in CI~ form was weighed (Wqy,) and ion-exchanged in
NaCl (1 mol L™, 60 °C, 24 h). Afterward, it was rinsed with DI
water repeatedly. Subsequently, the sample was immersed in
Na,S0, (0.5 mol L™, 60 °C, 24 h) for another ion exchange.
Lastly, Na,SO, aq. was collected and titrated with standard
AgNO; aq. (0.1 mol L™") using K,CrO, as the indicator. The
consumed volume of AgNO; ag. (Vagno,) Was monitored, and the
IEC was calculated as follows:

(VAgN03 X CAgNO3)

IEC (mmol g') = T
dry

(2)

Pore sizes and porosity of HPE

The pore sizes of the HPE membrane were characterized using
a capillary flow porometer (CFP-1500AEL, America). The
membrane was initially impregnated with the Galwick wetting
solution, which has a low surface tension (r = 15.9 dyn cm %),
and N, gas was then blown through the membrane. As the gas
pressure increased, the Galwick solution in the membrane
pores was displaced with the gas, from the largest to the
smallest pore, until the membrane was completely dried. The
gas flow rate was recorded as a function of the gas pressure to
calculate the pore diameter (Dp) of the membrane using the
Washburn equation:

__4drcosd
p— Ap

(3)

where 0 is the contact angle of the wetting agent and Ap is the
differential pressure.>®

The porosity of the HPE membrane was quantified using the
gravimetric method.?® The support membrane (3 x 3 cm?) was
soaked in EtOH for 3 h, and residual EtOH was then removed
using tissue paper. After measuring the dry (Wa,y,) and wet (Wyye()
weights of the HPE membrane, its overall porosity (¢) was
calculated using the following equation:

(Wwet - Wdry)/pw
(Wwet - Wdry)/pw + Wdry/pm

where p,, and pp, are the densities of EtOH (0.79 ¢ cm™>) and
HPE (0.96 g cm™?), respectively.

x 100% (4)

&=
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Water uptake (WU) and swelling ratio (SR)

The WU and swelling ratio SR of the MTCP-50 membrane were
measured in ClI~ form. Weight and length of dry MTCP-50
samples in Cl~ form were recorded (Wgyy, Lar). Then, the
MTCP-50 samples were immersed in DI water for 24 h at
different temperatures. The wet weight and length (Wiyet, Lwet) Of
MTCP-50 samples were measured after wiping the excess
surface water. Average values were obtained from the results of
at least three tested samples. The WU and SR were finally
calculated from the following equations:

Wwet - Wdry

dry

Water uptake (%) = x 100% (5)

Swelling ratio (%) = x 100% (6)

Mechanical properties

The mechanical properties (tensile strength and elongation at
break) of the membranes were measured using a universal
tensile testing machine (UTM6104, China). The mechanical
properties of the membranes in their wet state were character-
ized as follows: the membrane was immersed in DI water for
24 h, and residual DI water was subsequently removed using
tissue paper. To obtain its strain-stress curve, the wet
membrane (length x width = 100 mm x 6 mm) was loaded into
the UTM equipment with an initial gauge length of 25 mm and
stretched at a constant speed of 50 mm min . Average values
were obtained from the results of at least three tested samples.

Single cells and 52-stack cell tests

Single cells (RFBS Technologies, Suqgian Shidai Energy Storage,
China) were assembled (Fig. S1f) using 50 mL of 1.5 M
TEMPTMA catholyte and 55 mL of 1.5 M MV anolyte in an Ar
environment. The fundamental electrode reactions of
TEMPTMA (positive electrolyte) and MV (negative electrolyte)
are shown in Fig. S2.f The single cells were operated at
a controlled temperature of 23 £+ 1 °C. Two peristaltic pumps
(Kamoer DIPump550) circulated the electrolytes at a flow rate of
35 mL min~ " from polypropylene reservoirs through polyvinyl
chloride hoses into a serpentine flow field across a 50 cm? active
membrane area. Two carbon felt electrodes (Jingu, China,
nominal thickness 4 mm, active area 50 cm?) were positioned
on opposite sides of the membrane and compressed to 80% of
their original thickness. The assembly process for the CM
(Fig. S37) is as follows: the MTCP-50 AEM was first cut into
a square of 10 x 10 cm and then immersed in 1.0 M Nacl (aq.)
for at least 24 hours before use. Meanwhile, the HPE membrane
was also cut into a square of 10 cm x 10 c¢m, wetted with DI
water, and then assembled between the MTCP-50 AEM and the
negative carbon felt electrode.

52-stack cells (RFBS Technologies, Sugian Shidai Energy
Storage, China) were assembled (Fig. S4t) using 60 L of 1.5 M
TEMPTMA catholyte and 66 L of 1.5 M MV anolyte, all within an
Ar environment. The 52-stack cells were operated at 25 + 2 °C,
and two magnetic pumps (DATTO 1.1 Kw) circulated the

This journal is © The Royal Society of Chemistry 2025
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electrolyte at a rate of 30 L min ™" from polypropylene reservoirs
through polyvinyl chloride hard pipes into a serpentine flow
field across an active membrane area of 830 cm”. Two carbon
felt electrodes (Jingu, China, nominal thickness 4 mm, active
area 830 cm?) were placed on opposing sides of the membrane
and compressed to 80% of their original thickness. The MTCP-
50 AEMs were initially shaped into rectangles of 400 x 380 cm
and then immersed in 1.0 M NaCl (aq.) for at least 24 hours
before use. The HPE membranes were also shaped into rect-
angles of 400 x 380 cm and assembled between the AEM and
the negative carbon felt electrode.

For the cell tests, a 1.5 V upper cut-off voltage and a 0.9 V
lower cut-off voltage were set for each unit cell. The long-term
cycling test was performed at a power density of 66 mW cm ™2,
while other power tests were carried out at varied power
densities of 88 and 110 mW c¢m . Moreover, during the single
cell charging process, a constant power charge was applied up
to 1.5V, followed by a constant voltage charge until the current
density decreased to 10 mA cm >, The discharging process
involved a constant power discharge down to 0.9 V.

Discussion on the safety and environmental implications

While MV is known to exhibit toxicity if ingested or improperly
handled, its environmental impact is mitigated by its rapid
degradation in soil and low persistence in ecosystems.*”
Compared to other redox-active materials such as vanadium,
MV is non-volatile under normal operating conditions, signifi-
cantly reducing the risk of inhalation exposure.***' To address
safety concerns, standardized protocols for handling hazardous
materials can be effectively implemented in large-scale battery
systems. These measures include the use of protective equip-
ment, proper containment, and rigorous training for personnel.
By adopting these practices, the risks associated with MV can be
effectively managed, enabling its safe use in advanced energy
storage applications.

Results and discussion
Structure and physicochemical properties of HPE

The HPE membrane is characterized by its thinness (7 pm) and
high tenacity, particularly notable for its high porosity, with an
overall porosity of 44 + 2% and a pore size of 37 £ 2 nm
(Fig. 1(a) and S51). The combination of high tenacity and
nanosized pores effectively restricts electrolyte crossover, while
its porous and thin structure reduces mass transport resistance
across the HPE membrane.**** Moreover, PE was hydrophilized
by ethylene vinyl alcohol (EVOH) modification to enhance its
wettability with aqueous electrolytes, similar to the process re-
ported by Choi et al.*® The hydrophobic ethylene units of EVOH
form strong hydrophobic interactions with the PE surface,
whereas the hydrophilic vinyl alcohol groups are oriented
outward, thereby enhancing the hydrophilicity of PE.>*%

Structure and physicochemical properties of MTCP-50

The synthesis of the MTCP-50 polymer, production of the
polymer solution, and pilot-scale manufacturing of the MTCP-

Sustainable Energy Fuels, 2025, 9, 2079-2086 | 2081
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Fig. 1 Scanning electron microscopy (SEM) surface images of the (a) HPE membrane and (b) MTCP-50 AEM. Scale bar: 0.5 um.

Table1 The tensile strength and elongation at break of the MTCP-50
AEM with various thicknesses

Thickness Tensile Elongation at
Membranes (um) strength (MPa) break (%)
MTCP-50 40 45 (£1.5) 33 (+1)
MTCP-50 50 52 (£2) 36 (£2)
MTCP-50 60 61 (+2) 40 (+2)

50 AEM with the IEC (1.65 mmol g~ ') was performed using the
method described by Song et al.'” To prevent visible defects and
ensure suitable strength for application, the thickness of the
MTCP-50 AEM was set at 60 um. The MTCP-50 AEM displays
a dense surface morphology (Fig. 1(b)), indicative of a flawless
membrane. Furthermore, as demonstrated in Table 1, the
tensile strength and elongation at break of the MTCP-50 AEM
gradually weaken as the thickness decreases. Notably, even at
a thickness of 60 um, the membrane exhibits a relatively low
tensile strength of approximately 61 + 2 MPa. Furthermore, the
elongation at break is limited to 40%, which constitutes only
33% of the value observed in the commercial AEM (FAA50).>*
Additionally, MTCP-50 demonstrates a water uptake of 33% and
a swelling ratio of 5% at 25 °C (Fig. S6t). This behavior is
attributed to the presence of large, highly uniform voids and
well-ordered ionic domains, which facilitate the even dispersion
of water molecules."”

Neutral aqueous organic redox flow battery performance

In this work, we prioritize investigating the MTCP-50 AEM in a 52~
stack cell configuration with the active CM area scaled up to 830
cm” per piece. Prior to connecting the reservoirs, an internal gas
leakage test was performed. For the standard operation of the 52-
stack cell, the pressure difference between the positive and nega-
tive electrodes is less than 0.2 bar. During the test, only the positive
half-cell side is connected to the pressure line, while the negative
half-cell side is connected to a gas collection unit. Normally, the
stack is pressurized under 0.2 bar for 10 minutes, and the internal
gas leakage rate is approximately 0.2 mL s~ . The possible reason
for the leakage is the large pores in the MTCP-50 AEM, a flaw
resulting from the membrane's detachment from the PET
substrate as depicted in Fig. S7.1 Furthermore, Fig. 2(a) and (b)
show the discharge capacity, coulombic efficiency (CE) and energy

2082 | Sustainable Energy Fuels, 2025, 9, 2079-2086

efficiency (EE) of the tested stacked cell recorded at a power
density of 66 mW cm > (2848 W) over time. During a 200-hour
cycling test, the CE gradually decreases from 99.3% to 95%,
showing instability in the end; similarly, the EE gradually
decreases from 81% to 72% with the discharge capacity fading at
arate of about 0.26% per hour. Upon disassembling the stack, the
MTCP-50 AEMs exhibit signs of mild to severe corrosion, with
some membranes severely damaged (Fig. S8a and bf). This
corrosion is identified as the primary reason for stack failure. As
mentioned above, the mechanical strength of the MTCP-50 AEM is
compromised due to large pores that develop during the
membrane's detachment from the PET substrate. In regions with
these flaws, crossover of positive and negative electrolytes occurs,
leading to over-voltage and subsequent chlorine evolution, which
ultimately induces membrane corrosion. To validate this hypoth-
esis, we designed a single cell featuring a membrane with
a 0.5 mm round hole. Following approximately 15 hours of oper-
ation, both the membrane and the blue seal membrane, as
depicted in Fig. S8c and d,f exhibit corrosion similar to that
observed in the disassembled stack, with the inside of the blue
seal membrane appearing bleached. Conversely, the single cell
featuring a CM with the MTCP-50 AEM containing one 0.5 mm
round hole shows no noticeable signs of corrosion after about 90
hours of operation, as evidenced in Fig. S8e and f.T These findings
clearly demonstrate that the large pores are a primary contributor
to the failure of the stack. The oxidative stability of the MTCP-50
membrane material has been previously investigated by Song
et al. Their work demonstrated that the MTCP-50 AEM sample
exhibits a high weight retention of 97.74% after immersion in
Fenton's reagent for 24 hours, which is comparable to that of
Nafion. Additionally, the MTCP-50 samples remained transparent
and maintained mechanical integrity, confirming their excellent
oxidative stability.”” To further evaluate the oxidative stability of
the MTCP-50 membrane in the TEMPTMA catholyte, we con-
ducted mechanical tests. The MTCP-50 membranes were
immersed in TEMPTMA catholyte (1.5 M, 50 °C, under a 100%
state of charge) for 90 days, and the mechanical properties of the
membranes were characterized at different soaking intervals. As
shown in Fig. S9,f the MTCP-50 membrane retained excellent
mechanical strength, with 96% retention of tensile strength and
95% retention of elongation at break after 90 days of oxidative
testing. These results suggest that the MTCP-50 AEM is sufficiently
mechanically robust for long-term applications in AORFBs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The discharge capacity, EE and (b) CE of the 52-stack cell assembled with the MTCP-50 AEMs.

The long-term cycling stability of the TEMPTMA and MV-
based AORFB system using the MTCP-50 AEM has been evi-
denced in aqueous solutions at a concentration of 1.5 M. In this
work, to compare the cell performance of the CM membrane
with the MTCP-50 AEM, a single cell with a 50 cm” active CM
area was assessed. Fig. 3(a) illustrates the discharge capacity, CE
and EE results for a single cell recorded at a power density of 66
mW cm 2 (3.3 W). During the 1500-hour cycling test with
a 1.5 M electrolyte, the cell maintains a relatively stable level of
both CE (~100%) and EE (~80%). The single cell exhibits
excellent cycling performance, with the discharge capacity
fading at a rate of about 0.0034% per hour over 1100 cycles
(equivalent to a capacity retention of 99.9966% per hour), which
is similar to the findings reported by Song et al.’” To address
potential compatibility issues arising from the dual-membrane
design, the single cell was assembled with two carbon felt
electrodes positioned on opposite sides of the membrane and
compressed to 80% of their original thickness. This
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compression provides a pressure of 0.25 atm, ensuring proper
contact between the membranes and electrodes while main-
taining structural integrity. The median discharge voltage of the
single cell during the 1500-hour test, as shown in Fig. S10,f
demonstrates stable ionic conductivity of the CM in the elec-
trolyte. After the 1500-hour cycling test, the HPE membrane
remains completely immersed in water (Fig. S111), indicating
its exceptional hydrophilic stability in the electrolyte. Moreover,
we compare the influence of the MTCP-50 AEM and CM on the
EE in the single cell, showing results at varied power densities of
66, 88 and 110 mW cm 2 (Fig. 3(b)). Due to the highly porous
and thin structure of the PE hydrophilized by ethylene vinyl
alcohol (EVOH) modification, which reduces mass transport
resistance across and permits ion transport through its
pores,**** there is only a small difference in EE between the
MTCP-50 AEM and the CM.

Furthermore, we investigate a CM with a large area (830 cm?)
as a single piece and 52 pieces used in a stacked cell. After
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at power densities of 66, 88 and 110 mW cm™2.

assembling the stack, an internal gas leakage test was per-
formed before connecting the reservoirs to the stack setup with
the same method described previously. Due to the HPE
membrane's small pore size (37 + 2 nm), the normal internal
gas leakage rate of the stack is lower than 0.002 mL s~ ". The
discharge capacity, CE and EE of the stacked cell tested at
a power density of 66 mW cm ™2 (2848 W) over time are shown in
Fig. 4(a). In a 1000-hour cycling test using a 1.5 M electrolyte,
the stacked cell retains high CE (~99.4%) and EE (~82.5%)
values without attenuation. Furthermore, it demonstrates
excellent cycling performance, with the discharge capacity
fading at a rate of about 0.0027% per hour over 1100 cycles,
which is similar to the performance of the single cell with the
CM. Comparative analyses of the MTCP-50 AEM before and
after 1000 hours of cycling using '"H NMR spectroscopy and FT-
IR spectroscopy are shown in Fig. S12.f Both spectroscopic
techniques reveal no significant group degradation. The IEC of
the MTCP-50 AEM, tested before and after 1000-hour cycles,
shows a minimal decrease from 1.65 mmol g~ * to 1.62 mmol
g™', a loss of approximately 1.8%. This minor IEC reduction
likely results from slight degradation involving ring opening
and nucleophilic substitution reactions on the piperidinium
cation.” Moreover, resistance measurements of the single cell
with the CM after 2 and 1000 hours of cycling (under a 50% state
of charge) indicate an increase in cell resistance of about 1.2%,
suggesting stable ionic conductivity of the CM in the electrolyte,
as shown in Fig. S13 (ESIT). Subsequently, we explore the varied
power densities of the CM in the stacked cell. As illustrated in
Fig. 4(b), the EE is 82.5%, 79.6% and 77.3% at power densities
of 66, 88 and 110 mW cm ™2, respectively.

Conclusions

In this study, we introduce for the first time a novel CM that
integrates an anion exchange membrane (AEM) layer with
hydrophilic porous polyethylene (HPE) and its use in aqueous
organic redox flow batteries (AORFBs) with a large active area in
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a single piece. The dense and highly anionic conductive AEM
layer effectively prevents electrolyte crossover while promoting
anion transport. Additionally, the HPE membrane, characterized
by its high tenacity and nanosized pores, restricts electrolyte
crossover, and its highly porous and thin structure minimizes
mass transport resistance across the HPE membrane. In single-
cell applications, the CM exhibits exceptionally stable perfor-
mance, achieving a capacity retention of 99.9966% per hour.
Furthermore, the CM demonstrates long-term stability in a 52-
stack cell configuration, maintaining a capacity retention of
99.9973% per hour, thereby ensuring its great potential for
commercial viability. In future work, we aim to investigate and
develop a CM based on PE substrates, with the goal of reducing
costs, significantly enhancing mechanical strength and
improving reliability. These advancements will focus on opti-
mizing the membrane's structural and functional properties to
meet the demands of scalable energy storage technologies.
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