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branes with tailored interfaces for
high-efficiency anion exchange membrane-based
alkaline water and simulated alkaline seawater
electrolysis
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Miaomiao Liu,a Tongshuai Wang,*ab Jian-Qiang Wang *ab and Linjuan Zhang *ab

Hydrogen production via water electrolysis is considered a cornerstone technology for building

a sustainable and carbon-free energy system. However, current electrolysis technologies face critical

membrane-related issues, especially in seawater environments, such as high ionic resistance, poor

mechanical properties, and low selectivity towards chlorides. Here, we develop a reinforced composite

membrane (RCM) featuring a chloride-blocking surface layer and PTFE support. The RCM exhibits low

Cl− permeability (1.03 × 10−6 cm2 s−1), over ten times lower than commercial membranes, while

maintaining high hydroxide conductivity (118.03 mS cm−1) and low swelling (3.52%). It delivers excellent

performance in both anion exchange membrane water electrolysis (AEMWE) and asymmetrically fed

seawater electrolysis (SWE), achieving 1.68 V at 1 A cm−2 (80 °C) in AEMWE and exceptional Cl−/OH−

selectivity in SWE. Long-term operation tests show negligible performance degradation over 500 hours

under both operation conditions. To the best of our knowledge, this is the first report of a membrane

specifically engineered for asymmetrically fed SWE, addressing the critical challenges of chloride

crossover and membrane deformation. Furthermore, the RCM's high dimensional stability and facile

fabrication conditions enable scalable integration with functional nanomaterials (e.g., NiFe-LDHs, rGO

and Pt/C NPs), while minimizing the risk of nanoparticle detachment. This work establishes a versatile

membrane design framework for advanced electrolysis systems and potential applications in related fields.
Introduction

Hydrogen, a clean energy carrier, has garnered signicant
attention for its superior energy storage and transportation
capabilities.1,2 With an energy density of up to 120 kJ per gram—

three times that of gasoline—hydrogen stands out as a highly
efficient energy source.3 Its unique physicochemical properties
enable efficient production, safe storage, and versatile applica-
tions, either as a direct fuel or for electricity generation through
fuel cells.4 Recent policy initiatives, such as the U.S. Ination
Reduction Act and the EU's Hydrogen Bank, have provided
robust scal incentives and innovative nancing mechanisms,
accelerating the global expansion and strategic deployment of
the hydrogen industry.5 However, the current hydrogen
production landscape remains heavily reliant on fossil fuels.6,7

Although low-carbon alternatives like blue hydrogen, renewable
natural gas from biomass, and methane pyrolysis have
echnology, Shanghai Institute of Applied

, Shanghai 201800, China. E-mail:

sinap.ac.cn

Beijing 10049, China

28546–28558
emerged, they face signicant challenges, including biomass
supply limitations, inadequate carbon capture infrastructure,
methane leakage, and low CO2 capture efficiency. Conse-
quently, water electrolysis powered by renewable energy has
emerged as a critical pathway to achieving net-zero emissions.8

Most low temperature electrolysis technologies, such as
proton-exchange-membrane (PEM), require high-purity water,
limiting their applicability in offshore and water-scarce regions.
In contrast, seawater is readily available, and offshore wind
energy is abundant, making seawater electrolysis (SWE) pow-
ered by renewable electricity a promising strategy for mini-
mizing freshwater consumption and maximizing land use
efficiency.9,10 However, the complexity and variability of
seawater composition pose signicant challenges for SWE,
particularly due to side reactions and electrode corrosion.
Notably, seawater contains a high concentration (∼0.5 M) of
chloride (Cl−) anions, which undergo chlorine evolution reac-
tions (ClER, Cl− + 2OH− / ClO− + H2O + 2e−) at the anode,
especially at high current densities.11,12 With faster kinetics,
ClER competes with the desired oxygen evolution reaction
(OER), reducing OER efficiency and generating highly oxidative
species such as chlorine and hypochlorite.13,14 Worse still, the
This journal is © The Royal Society of Chemistry 2025
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strong binding affinity between Cl− and active sites on elec-
trocatalysts accelerates catalyst degradation, further shortening
the electrolyzer's lifespan.15 To address this issue, considerable
efforts have been made to develop corrosion-resistant electro-
catalysts with high OER selectivity.16–18 While improvements in
OER selectivity have been achieved, the corrosion of conductive
substrates (e.g., nickel) remains a signicant challenge.19,20

To circumvent the potential range limitations, Strasser et al.
proposed an alternative seawater electrolysis strategy based on
an asymmetric electrolyte supply.21 This approach employs an
anion exchangemembrane (AEM), Tokuyama A201, with a NiFe-
layered double hydroxide (LDH) as the OER catalyst and
commercial Pt/C as the hydrogen evolution reaction (HER)
catalyst. Seawater is introduced exclusively into the cathode
chamber, while the anode compartment is supplied with
a chloride-free electrolyte. This strategy signicantly reduces
the ClER rate at the anode and achieves a high OER faradaic
efficiency of over 94% along with relatively stable operation
(∼12 hours) at voltages above 1.7 V. Moreover, NiFe-LDH was
identied as an effective and stable electrocatalyst in this
environment. However, the authors mentioned that traces of
Cl− can still permeate through the commercial membrane into
the anode chamber, inevitably accumulating over prolonged
operation. Therefore, AEMs used in this novel electrolysis
technology should possess high Cl− rejection capability. At the
same time, they should also exhibit sufficient mechanical
strength and high OH− conductivity to ensure long-term dura-
bility and minimize membrane resistance.

Despite the growing interest in asymmetric SWE, to date, no
membrane has been specically designed or modied to meet
the stringent requirements of this application. For such
systems, it is critical to simultaneously suppress Cl− perme-
ation, maintain low area-specic resistance, and ensure excel-
lent dimensional stability under alkaline and ion-rich
environments.22,23 This challenge is further compounded by
the fact that both Cl− and OH− are monovalent anions, making
it even more difficult to achieve a high perm-selectivity.

Compared to traditional polymeric membranes, composite
membranes combine two or more functional materials,
leveraging the complementary advantages of each material to
create synergistic effects.24 This results in superior physico-
chemical properties, permeability, and selectivity. For example,
reinforced membranes like Gore-Select® incorporate ion-
exchange resins (e.g., peruorosulfonic acid resin) into high-
strength porous ber substrates, exhibiting signicantly
higher mechanical properties and dimensional stability than
pure resin membranes. Lv et al. developed a QAPPT/Ni–Fe LDH
hybrid membrane by incorporating NiFe-LDH with high OH−

conductivity into a polymer membrane,25 this membrane
demonstrated a high conductivity of 217.6 mS cm−1 at 80 °C, 1.6
times higher than that of pure polymer membranes.

Inspired by previous advances, we propose an innovative
reinforced composite membrane (RCM) design for both SWE
and AEMWE application. This membrane is based on
a mechanically robust PTFE substrate inltrated with ion-
exchange resin. The use of PTFE allows the RCMs to be fabri-
cated with reduced membrane thickness and lower ion-
This journal is © The Royal Society of Chemistry 2025
exchange resin loading, without compromising structural
integrity. More importantly, the porous PTFE also serves as
a ltration medium, allowing the facile deposition of various
functional nanomaterials onto its surface via a simple vacuum
ltration process. This results in a uniformly distributed,
micron-thick functional layer. Our study shows that when NiFe-
LDH is used as the building block of the functional layer, the
resulting composite membrane can effectively suppress chlo-
ride ion crossover between the cathode and anode. Based on
this design, we constructed an asymmetric SWE cell in which
the cathode chamber is fed with alkaline simulated seawater
and the anode with conventional alkaline electrolyte, achieving
long-term and stable electrolysis performance. To the best of
our knowledge, this is the rst report to use such a membrane
fabrication strategy to regulate interfacial chloride-blocking
properties for asymmetric SWE cells, potentially offering
a new alternative approach to direct seawater splitting. In
addition, we found that the NiFe-LDH-based RCM also provides
excellent electrolyte wettability and high OH− transport capa-
bility, resulting in strong performance under standard AEMWE
conditions. Finally, we explored the compatibility of this
method with different nanomaterials, such as reduced gra-
phene oxide (rGO) nanosheets and Pt/C nanoparticles,
demonstrating that this fabrication strategy is highly adaptable
to different functional layers and can be extended to a broader
range of applications.

Experimental
Preparation of RCM membranes

The RCMs with a NiFe-LDH functional layer (denoted as RCM-
LDH) were prepared as follows. NiFe-LDH powders (synthe-
sized according to a previously reported method26) were
dispersed in a mixed solvent of isopropanol (IPA, $99.8%,
Adamas-beta Inc., Shanghai, China) and deionized water (Milli-
Q, >18.25 MU cm). The suspension was sonicated for 1 hour to
ensure homogeneous dispersion. Subsequently, the suspension
was vacuum-ltered through a porous polytetrauoroethylene
(PTFE) membrane (Jinchun Environmental Protection Tech-
nology Co., Ltd, Changzhou, China). To improve the uniformity
of LDH deposition on the PTFE substrate, a microporous poly-
ethylene (PE) membrane (Asahi Kasei Corporation, Japan) was
placed beneath the PTFE during ltration. The resulting LDH-
coated PTFE membrane was dried in an oven at 60 °C for 30
minutes, aer which the PE membrane was carefully removed.
The dried PTFE-NiFe membrane was then placed on a at PTFE
plate preheated to 50 °C. A commercial alkaline ionomer solu-
tion (Sustainion® XA-9, 5 wt% in ethanol, Dioxide Materials,
USA) was gently poured onto the membrane surface and evenly
distributed. Sustainion® XA-9 was selected as the ionomer due
to its superior hydrophilicity and good compatibility with
alcohol-based solvents, which promote efficient wetting and
uniform dispersion within the porous PTFE matrix. These
properties are critical for achieving a defect-free and mechan-
ically robust composite membrane structure. Although other
commercial ionomers are available, XA-9 offers a favorable
balance of ionic conductivity, lm-forming ability, and
J. Mater. Chem. A, 2025, 13, 28546–28558 | 28547
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chemical stability under alkaline conditions, making it a suit-
able choice for our membrane design. The membrane was
subsequently dried under controlled temperature and humidity
(50–70 °C) for 12 hours, yielding the nal RCM-LDH sample.

RCM membranes incorporating other functional layers,
including reduced graphene oxide (rGO) and Pt/C nano-
particles, were prepared using the same procedure, replacing
the NiFe-LDH dispersion with the respective nanomaterial
suspensions. The control RCM without any functional layer was
fabricated by directly casting the 5 wt% ionomer solution onto
the PTFE substrate and curing at 70 °C for 12 hours. Once the
reinforced membrane was prepared, it was immersed in 1 M
KOH solution at room temperature for 12 hours. Aer soaking,
the membrane remained in a wet state without drying before
electrochemical measurements.

Preparation of electrodes

Both the cathode and anode electrodes were fabricated using
the catalyst-coated substrate (CCS) method. Catalyst inks were
uniformly sprayed onto the respective substrates using an
SCP102 ultrasonic spraying machine (Suzhou Sinero Tech-
nology Co., Ltd, China). For the anode, homemade NiFe-LDH
powder was used as the catalyst, and commercial nickel felt
(60% porosity, Zhejiang Changda, China) served as the
substrate. The cathode was prepared using commercial PtNi
catalyst (50 wt% Pt, Shanghai Jiping New Energy Technology
Co., Ltd, China) deposited on TGP-H-060 carbon paper (Toray
Industries, Inc., Japan). Notably, the NiFe-LDH catalyst used
here was identical to that employed in the fabrication of the
RCM membranes. The catalyst loading for both electrodes was
2.5 mg cm−2, excluding the amount of LDH embedded in the
functional layer of the membrane.

Material characterization

The surface morphology and cross-section of the synthesized
RCM membranes was examined using eld-emission scanning
electronmicroscopy (FE-SEM) combinedwith energy dispersive X-
ray spectroscopy (EDS) (Zeiss Crossbeam 540, Germany). In the
present study, an accelerating voltage of 5 kV was applied for
surface morphology and cross-sectional measurement, while 10
kV was applied for EDS measurement. Cross-sectional samples
were prepared by carefully cutting membrane strips in liquid
nitrogen. X-ray diffraction (XRD) analysis of the RCMs was con-
ducted using a SmartLab X-ray diffractometer (Rigaku, Japan).
The testing range is from 5° to 70°, with a scanning rate of
5° min−1. The X-ray photoelectron spectroscopy (XPS) analysis of
the RCM were carried out on a ESCALAB Xi+ XPS instrument
(ThermoFisher Scientic, Czech Republic), with a mono-
chromatized Al target X-ray source and an energy step size of
0.1 eV. The Ni and Fe L-edge so X-ray absorption spectra of NiFe-
LDHs within themodication layer of RCM-LDHwere collected at
the TLS 11A1 beamline of the Taiwan Light Source. The
mechanical properties of RCMs were tested using a 3366
Universal Testing Machine (Instron, USA). The tensile test was
conducted at a speed of 2mmmin−1 using rectangular specimens
with a width of 10 mm and a gauge length (distance between
28548 | J. Mater. Chem. A, 2025, 13, 28546–28558
clamps) of 20 mm. The hydrophilicity of the membrane surface
was analyzed by conducting static water contact angle tests using
a droplet shape analysis instrument (Kruss DSA30S, Germany),
with a single addition of 5 microliters of deionized water. Light
transmittance of membranes was tested using a visible light
transmittance tester (Linshang LS160, Shenzhen Linshang Tech-
nology Co., Ltd, China). The in-plane ionic conductivity of the
membrane was measured at various temperatures using
a custom-built setup, employing two platinum wires as probes.

To test the swelling ratio (SR) and water uptake (WU),
membrane samples were rst dried at 60 °C overnight in
vacuum oven and then immersed in aqueous KOH solutions (1
M) for 24 hours. The dimensions and weight of the dried and
wet membrane were recorded. SR was calculated using the
following relation:

SR ¼ Lwet � Ldry

Ldry

� 100% (1)

where Lwet and Ldry represent the length of the wet and dried
membrane samples, respectively.

WU was calculated with the following equation:

WU ¼ Ww �Wd

Wd

� 100% (2)

where Ww and Wd represent the weights of the wet and dried
membrane samples, respectively.

The chloride ion permeation test was carried out using
a CH2010-S electrolyte/diffusion cell (Shanghai Ciyue, China).
The open area of the samples was 1.77 cm2 and the volume of
each half cell was 50 mL. During the measurement, the
membrane sample was sandwiched by two half-cell. One cell
was lled with 2 M NaCl aqueous solution while the other was
lled with DI water. The chloride permeation rate of
membranes was determined by periodically recording the Cl−

concentration in the receiving compartment using a chloride
ion content analyzer (Kerui SSWY-810, Shaoxing Kerui Instru-
ment Co., Ltd, China). The analyzer operates based on the ion-
selective electrode method. Prior to each measurement, the
electrode was calibrated using a series of NaCl standard solu-
tions to ensure accurate and linear response. During the
permeation test, samples were taken from the receiving side at
regular intervals and measured immediately to minimize error.
All measurements were performed at room temperature, and
each data point represents the average of at least three inde-
pendent tests.

The chloride permeation rate P was calculated using the
following equation:

P ¼ J � L

A� DC
(3)

where J is the Cl− mol ux (mol s−1), L is the membrane
thickness (cm), A is the active area (cm2), and DC is concen-
tration gradient (mol cm−3).
Electrolysis performance evaluation

All electrolysis tests were performed using the zero-gap ow cell
with serpentine ow eld. The active area of the electrode and
This journal is © The Royal Society of Chemistry 2025
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membrane was 1 cm2 for polarization measurements and 9 cm2

for durability measurements. A smaller active area was chosen
for polarization measurements due to the limited measurement
range of the testing equipment, particularly at high current
densities. All the polarization curves presented in this study are
IR-included. Prior to testing, all samples were pretreated by
immersing the dry membranes in 1MKOH for 24 hours. During
the AEMWE tests, 1 M KOH electrolyte solution was circulated
through the cathode and anode compartments using a LABN1-
III peristaltic pump (Innouid Co., Ltd China) with a ow rate of
12 mL min−1. During the asymmetric SWE test, a simulated
seawater electrolyte consisted of 0.5 M KOH + 0.5 M NaCl was
used as catholyte. The anolyte for SWE test contained 1 M KOH.
The cell temperature was controlled using a STC101
thermocouple-heating element combination (Suzhou Sinero
Technology Co., Ltd China). Before SWE polarization test, a 1-
hour galvanostatic pre-conditioning step was conducted at 200
mA cm−2 to ensure stabilization of electrode–electrolyte inter-
faces and allow sufficient Cl− migration toward the anode side,
better simulating long-term operational conditions.

The polarization and durability tests of the assembled cell
were conducted using a CE-4008Q-5V30A-SR 8-channel battery
analyzer (Neware Technology Limited, China). Initially, the cell
was stabilized by applying a low current density of 0.02 A cm−2

for 30 minutes. Subsequently, galvanostatic steady-state polar-
ization curves were recorded by incrementally increasing the
current density from 0.02 A cm−2 to 2 A cm−2 (SWE condition)
and 4 A cm−2 (AEMWE condition) with a dwell time of 1 minute
at each step. Durability was assessed under galvanostatic
conditions, applying a current density of 1 A cm−2 for the 1 M
KOH electrolyte and 0.2 A cm−2 for the simulated seawater
electrolyte. Electrochemical impedance spectroscopy (EIS)
analysis was employed as a diagnostic tool, using a SP-50e/150e,
potentiostat (BioLogic, France). The EIS measurements were
carried out in a frequency range of 100 kHz–0.1 Hz at 1.7 V, with
a voltage amplitude of 20 mV. The impedance spectra were
tted to the corresponding equivalent circuit using the Zsim
module (Bio-logic EC-lab) to obtain the electrochemical
parameters of the MEA.

Results and discussion
Membrane fabrication and characterization

Fig. 1a illustrates the preparation process of the NiFe-LDH
modied RCM membrane (RCM-LDH), which involves two
major steps: (1) vacuum ltration of the NiFe-LDH suspension
through a porous PTFE substrate, and (2) inltration of the
PTFE substrate and its interstitial spaces with the ion-exchange
resin XA-9. Here, the PTFE substrate serves a dual function:
acting as both a ltration medium and a mechanical support in
the nal membrane. Simultaneously, the ionomer not only
promotes ion transport but also acts as an adhesive, ensuring
strong integration between the surface layer and the substrate.
NiFe-LDH was selected as the surface functional layer due to its
well-documented advantages: it is a well-studied, non-precious
metal catalyst with low cost, mature synthesis methods, and
excellent stability in alkaline environments. Additionally, its
This journal is © The Royal Society of Chemistry 2025
strong hydrophilicity and catalytic activity may enhance the
interfacial properties of the composite membrane and reduce
interfacial resistance.27 More importantly, NiFe-LDH is a highly
effective Cl− adsorbent, potentially acting as a screening layer to
limit Cl− permeation through the membrane.28–30 This
composite membrane design leverages the complementary
strengths of each component, endowing the membrane with
multiple functionalities. Nonetheless, this work primarily
serves as a proof of concept. The material selection remains
highly versatile: vacuum ltration is compatible with a wide
range of candidate materials beyond NiFe-LDH, and both the
substrate and ionomer can be exibly tailored for specic
applications.

The cross-sectional SEM images (Fig. 1b and e) reveal the
internal architecture of the RCM-LDH membrane, comprising
a reinforced layer approximately 8 mm thick and a surface
modication layer of 2–3 mm thickness. In the modied surface
layer, LDH nanoowers are uniformly embedded within the
reinforced matrix and tightly bonded via the ionomer. The top-
view SEM image (Fig. 1c) further conrms that the slow vacuum
ltration process enables a homogeneous deposition of NiFe-
LDHs on the PTFE surface. On the membrane's backside,
PTFE bers are visibly intertwined with the ionomer (Fig. S1a
and b), indicating effective inltration—contrasted with the
pristine PTFE morphology shown in Fig. S1c and d. A more
intuitive indication of polymer inltration is the change in
membrane transmittance. Notably, embedding the ionomer
into PTFE increased membrane transparency, raising trans-
mittance from 8% to 21% (Fig. S2), which serves as an indicator
of the ionomer inltration into the substrate. The enhancement
of transmittance is primarily due to the ionomer lling PTFE's
micropores, as its refractive index closely matches that of PTFE.

Elemental mapping of Ni and Fe (Fig. 1f and g) via EDS
conrms the uniform distribution of NiFe-LDHs throughout the
RCM surface, with no evident aggregation, which is crucial for
maintaining consistent electrochemical performance. The XRD
pattern (Fig. 1h) reveals distinct diffraction peaks correspond-
ing to both the PTFE substrate and the NiFe-LDH phase. The
LDH-related peaks are in good agreement with the standard
reference pattern (JCPDS No. 51-0463), indicating high crystal-
linity and phase purity of the deposited LDHs. Complementary
Raman (Fig. 1i) spectroscopy further corroborates these
ndings.

The chemical composition of the RCM-LDH membrane was
further characterized using XPS and total electron yield so X-
ray absorption spectroscopy (TEY-sXAS). The XPS survey spec-
trum of RCM-LDH (Fig. 2a) clearly displays the characteristic
signals of Ni and Fe, conrming the successful incorporation of
NiFe-LDHs into the RCM framework. High-resolution decon-
volution of the Ni 2p region reveals two prominent peaks at
855.7 eV and 873.5 eV, corresponding to the Ni 2p3/2 and Ni 2p1/
2 states of Ni2+–OH, accompanied by two satellite features,
which are indicative of the Ni2+ oxidation state in a hydroxide
environment. The Fe 2p3/2 region can be deconvoluted into
three components at 709.9 eV (Fe2+), 712.0 eV (Fe3+), and
713.9 eV (Ni LMM Auger peak), suggesting the coexistence of Fe
in mixed oxidation states. To probe the surface electronic states
J. Mater. Chem. A, 2025, 13, 28546–28558 | 28549
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Fig. 1 (a) Schematic illustration of the RCM-LDH membrane preparation process. (b–e) SEM images of the RCM-LDH membrane: (b) cross-
sectional view, (c) top view (modification layer), and (d) back-side view, (e) magnified cross-sectional view. (f–g) EDS elemental mapping of Ni (f)
and Fe (g) composition on the RCM-LDH membrane top surface. (h) XRD patterns of the PTFE substrate, RCM (without LDH), RCM-LDH
membrane, and NiFe-LDH catalyst. (i) Raman spectra of the PTFE substrate, RCM (without LDH), RCM-LDH membrane, and NiFe-LDH catalyst.

Fig. 2 (a) XPS spectra of Ni 2p and Fe 2p for RCM-LDHmembrane. (b and c) sXAS spectra of the RCM-LDH: (b) Ni L3-edge and (c) Fe L3-edge. (d)
Ionic conductivity of RCM (without LDH), RCM-LDH membrane, and non-reinforced recast membrane at different temperatures. (e) Tensile
strength and swelling ratio of the PTFE substrate, RCM (without LDH), RCM-LDH membrane, and non-reinforced recast membrane. (f) Contact
angles of the PTFE substrate, RCM (without LDH), RCM-LDH membrane, and non-reinforced recast XA-9 membrane.

28550 | J. Mater. Chem. A, 2025, 13, 28546–28558 This journal is © The Royal Society of Chemistry 2025
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of the NiFe-LDHs, TEY-sXAS was conducted at the Ni and Fe L3-
edges. As shown in Fig. 2b, the Ni L3-edge spectrum of NiFe-
LDHs closely matches that of NiO, a standard for Ni2+, both in
terms of multiplet features and energy position—indicating
that Ni is in the +2 oxidation state. Likewise, the Fe L3-edge
spectrum aligns well with that of a Fe2+ reference (Fig. 2c),
suggesting that Fe exists at least partially in the +2 oxidation
state within the NiFe-LDHs.

Ionic conductivity is a critical parameter reecting
a membrane's ability to transport ions, directly inuencing the
energy loss associated with ion migration during water elec-
trolysis. We evaluated the ionic conductivities of the RCM-LDH,
RCM (without LDH), and recast membranes over a range of
temperatures (Fig. 2d). Among them, the RCM without LDH
exhibited the lowest conductivity across all tested temperatures.
This is primarily attributed to the non-conductive nature of the
PTFE substrate, which impedes ion transport within the
membrane. In contrast, the incorporation of the LDH layer
signicantly improved ionic conductivity, even surpassing that
of the conventional recast membrane. At 80 °C, the RCM-LDH
achieved a maximum in-plane conductivity approaching 120
mS cm−1. This enhancement can be attributed to two factors:
(1) the LDH layer increases the membrane's wettability toward
the electrolyte—particularly important given PTFE's inherently
hydrophobic surface—and (2) LDHs themselves exhibit
intrinsic ionic conductivity. Notably, the conductivity was
measured using the in-plane method, where the contribution of
the surface LDH layer is more pronounced. However, this may
not fully reect the through-plane ion transport direction
typical in practical membrane operation. Therefore, for layered
composite membranes, surface resistance or area-specic
resistance (ASR) is oen a more relevant and representative
indicator of ion transport capability, as discussed later.

Tensile strength and swelling ratio are key indicators of the
membrane's mechanical stability. High tensile strength and low
swelling ratio are generally desirable, as they reduce the risk of
mechanical failure or dimensional instability during cell
assembly and prolonged operation. As shown in Fig. 2e, the
PTFE substrate signicantly enhances the mechanical robust-
ness of the RCM series, yielding tensile strengths of 21 MPa—
markedly higher than that of the non-reinforced recast
membrane (4.9 MPa). Moreover, the reinforcement drastically
lowers the swelling ratio from 24.5% (recast membrane) to 6.4%
(RCM). The addition of the LDH surface layer further
suppresses swelling, reducing the nal swelling ratio to just
3.5%. Such low swelling behavior is advantageous in practical
applications, as excessive swelling oen leads to embrittlement,
compromising mechanical durability and interfacial adhesion
under electrolysis conditions.

Another important function of the surface LDH layer is to
enhance wettability. As illustrated in Fig. 2f, the pristine PTFE
substrate exhibits a high water contact angle of 169°, indicative
of poor hydrophilicity. Upon ionomer inltration (RCM without
LDH), the contact angle decreases to 107°, yet still remains
relatively high—typically, AEMs exhibit contact angles below
100°,31,32 This suboptimal wettability hinders effective electro-
lyte contact. The introduction of the hydrophilic LDH layer
This journal is © The Royal Society of Chemistry 2025
signicantly improves surface wettability. As the LDH content
increases, the contact angle progressively decreases, reaching as
low as 71°, demonstrating that the LDH surface coating effec-
tively enhances hydrophilicity and promotes better electrolyte
penetration.
Assessment for asymmetric SWE performance

To evaluate the electrochemical performance of RCM-LDH
membranes in seawater electrolysis, we constructed an asym-
metric electrolyzer conguration (Fig. 3a), wherein the catholyte
consisted of 0.5 M NaCl + 0.5 M KOH to simulate alkaline
seawater, the mixed electrolyte of 0.5 M KOH and 0.5 M NaCl was
used without any pretreatment, while the anolyte was 1 M KOH.
To mitigate cross-membrane water transport in the asymmetri-
cally fed conguration, 1 M KOH was applied on the anode side,
while a mixture of 0.5 M KOH and NaCl was used on the cathode
side to better balance the osmotic pressure. This arrangement
helps reduce the driving force for water migration caused by
electrolyte concentration differences. During operation at 200
mA cm−2 for 72 hours (Fig. S10), the liquid levels in the anode
and cathode storage tanks were monitored, revealing a slight
increase in the cathode seawater volume and a corresponding
decrease in the anode alkaline solution volume by approximately
4.6 mL per 500 mL. The calculated water ux across the
membrane was approximately 0.16 L (m−2 h−1), indicating a low
rate of water transport. This water movement is primarily
attributed to electro-osmotic drag and osmotic pressure effects,
where water molecules and hydroxide ions migrate from the
cathode side to the anode side. Prior to detailed performance
testing, the chloride ion blocking capability of RCM-LDH was
systematically investigated via a diffusion-based permeation test.
A commercial membrane, Fumasep® FAA-3-20 (Fumasep BWT
GmbH, Germany), with a comparable thickness (∼20 mm), was
used as a reference. The chloride permeability was quantied by
monitoring the temporal variation of Cl− concentration in the
receiving compartment (Fig. 3b). The RCM-LDH exhibited a Cl−

permeability of 0.71 × 10−5 kmol (m−2 s−1), which is nearly one
order of magnitude lower than that of the unmodied RCM
(1.94× 10−5 kmol (m−2 s−1)) and signicantly lower than that of
the commercial FAA-3-20 membrane (2.18 × 10−5 kmol (m−2

s−1)) (Fig. 3c). This enhancement in Cl− rejection is attributed to
the multivalent Ni and Fe sites in the LDHs, which strongly
adsorb negatively charged Cl− ions,28 as well as the nanoower-
like morphology (Fig. 1c), which provides a high surface area
for ion adsorption. It is important to note that, unlike in elec-
trocatalytic applications—where Cl− adsorption on NiFe-LDHs
impairs catalytic performance—in the RCM-LDH membrane,
the primary role of the LDH layer is to act as a physical and
chemical barrier for Cl− transport while simultaneously
improving surface wettability.29,30

The polarization curves and impedance spectrum of SWE
cells with different membranes were recorded at 60 °C, a typical
temperature adopted in most research. The high-frequency
resistance (HFR) obtained by tting double CPEs equivalent
circuit represents the overall ohmic resistance of the system,
containing contributions from the membrane, electrodes,
J. Mater. Chem. A, 2025, 13, 28546–28558 | 28551
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Fig. 3 (a) Schematic illustration of the asymmetrically fed SWE cell configuration. The catholyte consists of 0.5 M NaCl + 0.5 M KOH (simulated
alkaline seawater), while the anolyte is 1 M KOH. The two compartments are separated by the membrane under investigation. (b) Cl− permeation
profiles of commercial Fumasep® FAA-3-20 membranes, RCM and RCM-LDH, showing the evolution of chloride concentration in the
permeation compartment over time. (c) Corresponding Cl− diffusion rate in the permeation test and high-frequency resistance (HFR) values for
the threemembranes. (d) Nyquist plots of electrolysis cells using RCM, RCM-LDH, and Fumasep® FAA-3-20membranes, measured at 60 °C and
1.7 V. (e) Polarization curves of cells equipped with RCM, RCM-LDH, and Fumasep® FAA-3-20membranes at 60 °C. (f) Polarization curves of cell
equipped RCM-LDH operated at 25 °C, 60 °C, and 80 °C.
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electrolyte, cell body, and external circuit. Since all experimental
conditions except the membrane were identical, the observed
variations in HFR primarily stem from differences inmembrane
properties.

As shown in Fig. 3c and d, the measured HFR for FAA-3-20 is
the highest (0.279 U cm2), followed by the unmodied RCM
(0.228 U cm2). The introduction of a NiFe-LDH modication
layer signicantly reduced HFR to 0.171 U cm2 due to improved
interfacial wettability. In addition to the ohmic resistance (HFR
value), another key parameter inuencing cell performance is
the polarization resistance (Rpol), which primarily governs the
polarization losses associated with the charge transfer
process.33 The polarization resistance (Rpol) also varied signi-
cantly among the membranes (Table S1). RCM-LDH achieved
the lowest Rpol values of 0.260 U cm2, in contrast to the much
higher values observed for unmodied RCM (0.591 U cm2) and
FAA-3-20 (0.406 U cm2), reecting improved electrolyte wetta-
bility and reduced Cl− crossover in themodiedmembranes. As
illustrated in Fig. 3e, the polarization curves revealed that
membranes with LDH layers exhibited the lowest cell voltages,
correlating with their reduced ohmic losses and enhanced Cl−

barrier functionality. Cl− crossover is known to facilitate the
CIER at the anode, which elevates the anode potential and
degrades performance.34 At 1 A cm−2, the RCM-LDH cell ach-
ieved a voltage of∼1.9 V, whereas the unmodied RCM reached
∼2.2 V (Fig. 3f), clearly demonstrating the efficacy of the LDH
coating in mitigating Cl− migration.
28552 | J. Mater. Chem. A, 2025, 13, 28546–28558
Assessment for AEMWE performance

The electrochemical performance of the fabricated RCM
membranes was further evaluated under conventional AEMWE
congurations, as shown in Fig. 4a. In contrast to the previously
discussed asymmetric SWE system, where membrane selectivity
is critical, AEMWE places greater emphasis on minimizing
membrane resistance. To nely adjust the membrane's ohmic
resistance, we systematically tuned the surface loading of LDH
from 0.1 to 0.9 mg cm−2. The corresponding membranes were
denoted as RCM-LDH-0.1, RCM-LDH-0.3, RCM-LDH-0.5, RCM-
LDH-0.7, and RCM-LDH-0.9. Fig. 4b displays the impedance
Nyquist plots of AEMWE single cells operated at 60 °C and 1.7 V.
Fitting parameters obtained using a double-CPE equivalent
circuit model are summarized in Table S1. The commercial
Fumasep® FAA-3-20 membrane showed the highest HFR of
0.185 U cm2, attributable to its relatively low ionic conductivity.
The unmodied RCMmembrane exhibited a slightly lower HFR
of 0.170 U cm2, likely due to the hydrophobic and non-
conductive nature of the PTFE substrate. Upon incorporation
of the LDH surface layer, the HFR values decreased signi-
cantly. Among all modied samples, RCM-LDH-0.5 achieved the
lowest HFR of 0.127 U cm2. However, further increasing the
LDH loading led to a gradual rise in HFR (RCM-LDH-0.7: 0.132
U cm2; RCM-LDH-0.9: 0.137 U cm2), possibly due to the
formation of a thicker interfacial layer that hindered OH−

transport and offset the benets of enhanced hydrophilicity. It
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic for AEMWE cell configuration (b–f) electrolysis performance of AEMWE cells assembled with different membranes, using
1 M KOH electrolyte at both the anode and cathode: (b) Nyquist plot at 60 °C and 1.7 V, (c) polarization curves at 60 °C; (d) cell voltage at 60 °C
and current density of 1 A cm−2 and 4 A cm−2, (e) polarization curves of the AEMWE cell assembled with RCM-LDH-0.5 membrane recorded at
25, 60, and 80 °C, respectively. (f) Comparison of operation voltage with reported works.35–50
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is worth noting that all membranes showed higher HFR values
under asymmetric SWE conditions than under AEMWE. For
example, the HFR of RCM-LDH-0.5 increased from 0.127 U cm2

in AEMWE to 0.171 U cm2 in SWE, mainly due to the lower ionic
strength of the seawater catholyte and the inherently lower
mobility of Cl− ions compared to OH−.

With the incorporation of surface layer, Rpol signicantly
decreases from 0.18 U cm2 (R1 = 0.024 U cm2, R2 = 0.156 U cm2)
for the unmodied RCM to 0.08–0.09 U cm2 for the RCM-0.1–0.9
membranes (Fig. 4b). The reduction in Rpol is likely due to
presences of catalytic NiFe-LDHs on membrane–electrode inter-
face, which provide additional active sites—although this was
not the primary objective of our membrane design. Moreover,
previous results already demonstrated that LDH surface layers
enhance membrane hydrophilicity (Fig. 2d), thereby improving
electrolyte wettability. This, in turn, may shorten the ion trans-
port pathway between the membrane and the catalyst layer.
Nevertheless, as shown in Table S1, Rpol remains largely
unchanged with increasing LDH content, possibly because only
the exposed LDH layer at the surface contributes to reducing Rpol.

The polarization behaviors of AEMWE cells equipped with
the RCM-LDHs and Fumasep® FAA-3-20 are compared in
Fig. 4c. The polarization curves were recorded at an elevated
temperature of 60 °C. Compared to the commercial FAA-3-20,
which has a higher resistance, the RCM-LDH membranes
exhibited signicantly lower cell voltages. Among them, RCM-
LDH-0.5 demonstrated the best water electrolysis perfor-
mance. At a current density of 1 A cm−2—a value of particular
interest to industry—RCM-LDH-0.5 exhibited the lowest cell
This journal is © The Royal Society of Chemistry 2025
voltage of 1.68 V, primarily attributed to its minimal membrane
resistance, as conrmed by impedance measurements. The
superior performance of RCM became even more pronounced
at higher current densities. At 4 A cm−2, the cell voltage for FAA-
3-20 reached 2.42 V, which was 210 mV higher than that of
RCM-LDH-0.5 (2.21 V). To further assess its electrolysis perfor-
mance, the polarization curve of the electrolyzer with RCM-
LDH-0.5 was recorded at various operating temperatures
(Fig. 4e). As the temperature increased, the AEMWE perfor-
mance of RCM-LDH-0.5 improved accordingly. At 80 °C, the
RCM-LDH-0.5 membrane achieved a lower cell voltage of 1.65 V
and 2.05 V at current densities of 1 A cm−2 and 4 A cm−2,
respectively. This enhancement is attributed to improved elec-
trode reaction kinetics, as well as enhanced electron, ion, and
mass transport. Notably, the thermodynamic potential of the
water-splitting reaction decreases by ∼8.5 mV per 10 °C.51 The
25 °C curve shows a slight deviation from the general trend at
high current densities, which might be attributed to increased
mass transport resistance or interfacial impedance under low-
temperature conditions. Moreover, at 25 °C, gas removal from
diffusion layers becomes less efficient due to reduced diffu-
sivity. These factors can lead to gas accumulation and localized
ooding, which in turn increase the parasitic impedance.

Long-term stability evaluation

To assess long-term stability, electrolyzers with the best-
performing RCM-LDH-0.5 membrane underwent 500-hour gal-
vanostatic operation at 1.0 A cm−2 for AEMWE and 200 mA
cm−2 for asymmetric SWE (Fig. 5a). Previous tests conrmed
J. Mater. Chem. A, 2025, 13, 28546–28558 | 28553
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Fig. 5 (a) Cell voltage recorded during 500-hour galvanostatic operation for AEMWE and asymmetric SWE single-cell assembled with RCM-
LDH-0.5 membrane, (b) beginning-of-test (Bot) and end-of-test (Eot) Nyquist plot of the AEMWE cell, (c) Bot and Eot Nyquist plot of the
asymmetric SWE cell. (d) Bot and Eot polarization curves of the AEMWE cell. (e) Bot and Eot polarization curves of asymmetric SWE cell.
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that the membrane can block part of the chloride ions, but
some chloride crossover still occurs over time. At high current
densities, this crossover increases, leading to possible chlorine-
related side reactions. Additionally, the asymmetric-fed SWE
system inherently shows lower electrolysis performance than
AEMWE, and higher current densities cause signicantly
increased cell voltage. Therefore, long-term durability tests for
the asymmetric-fed SWE were performed at 200 mA cm−2 to
balance performance and stability.

Our results demonstrate that the membrane maintained
excellent stability in both environments. In SWE stability test,
the cell voltage gradually increased from 1.56 V at the start to
1.65 V aer 500 hours, exhibiting remarkable stability and
effectively blocking chloride ions. In contrast, the commercial
FAA-3-20 membrane showed a rapid voltage and electrode
corrosion increase aer 48 hours.

Under AEMWE conditions, the voltage increased from 1.71 V
to 1.82 V in the rst 100 hours, likely due to catalyst detach-
ment. However, degradation slowed over the next 400 hours,
with the voltage rising gradually to 1.88 V. Impedance spectra
before and aer the stability tests under both conditions indi-
cate that the HFR remained largely unchanged (Fig. 5b and c),
suggesting minimal membrane resistance variation. The more
signicant change was observed in the Rct. Specically, Rct. in
AEMWE and SWE increased from 0.12 and 0.27 U cm2 before
the test to 0.19 and 0.63 U cm2 aer the test, indicating that
catalyst deactivation or detachment was the primary cause of
performance degradation. Corresponding polarization curves
before and aer the 500-hour test (Fig. 5d and e) showed
a moderate increase in voltage, indicating some performance
degradation but retaining overall electrochemical activity. SEM
images of the electrodes before and aer the 500-hour dura-
bility test (Fig. S11–S14) showed minor catalyst detachment,
while the overall electrode structure remained largely intact.
28554 | J. Mater. Chem. A, 2025, 13, 28546–28558
Broader applicability of the proposed method

A key advantage of the proposed membrane fabrication method
in this work lies in its simplicity and broad applicability. The
modication layer can be introduced through a facile vacuum
ltration process, and the porous substrate used for ltration
does not need to be removed, serving directly as the structural
support of the reinforced membrane.

To demonstrate the versatility of this approach, we fabri-
cated two additional types of modied RCMs using the same
protocol: one incorporating Pt/C nanoparticles, a commonly
used cathode catalyst, and another using reduced graphene
oxide (rGO) nanosheets, which are catalytically inert but possess
a two-dimensional sheet structure. Cross-sectional SEM images
of these membranes (Fig. 6a and b) conrm the successful
formation of well-dened surface layers, suggesting that this
method can be extended to a wide range of material systems.
We further evaluated the Cl− permeation behavior of these
membranes. As shown in Fig. 6c and d, the rGO-modied
membrane (RCM-rGO) exhibited the lowest Cl− permeability,
approximately one-third that of RCM-LDH, highlighting the
excellent barrier properties of the rGO-based surface layer. In
contrast, the Pt/C-modied membrane (RCM-Pt/C) showed
comparatively poor Cl− rejection. As shown in Fig. 6e and f, EIS
results indicate that RCM-rGO exhibits higher HFR than RCM-
LDH and RCM-Pt/C, likely due to reduced OH− transport
through the rGO interlayer. RCM-Pt/C demonstrates lower
resistance but weaker Cl− selectivity and higher material cost.
In comparison, RCM-LDH offers a more balanced performance
in terms of conductivity and selectivity.

These examples are primarily intended to demonstrate the
generalizability of our ‘surface engineering + reinforcement’
strategy. With further exploration, we anticipate that this
approach can be applied to a broader range of functional
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a and b) Cross-sectional SEM image of RCMs modified with (a) reduced graphene-oxide (rGO) nanosheets (RCM-rGO) and (b) platinum/
carbon (Pt/C) nanoparticles (RCM-Pt/C). (c) Time-dependent chloride-ion permeation curves for RCM-LDH, RCM-rGO, and RCM-Pt/C,
showing the evolution of Cl− concentration in the permeate compartment. (d) Comparison of Cl− permeability, high-frequency resistance under
SWE conditions (HFRSWE) and under conventional AEMWE conditions (HFRAEMWE) for the three membranes. (e) Nyquist plots of asymmetric SWE
cells employing the three membranes, recorded at 60 °C and 1.7 V (f) Nyquist plots of AEMWE cells employing the threemembranes, recorded at
60 °C and 1.7 V.
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materials tailored for specic separation and electrochemical
performance requirements.
Conclusions

This study introduces an innovative layered composite
membrane (RCM) design that effectively tackles key challenges
in seawater electrolysis for hydrogen production. By incorpo-
rating a NiFe-LDH-based Cl− blocking layer and a porous PTFE
support, the RCM achieves an optimal balance of ion selectivity,
low resistance, andmechanical durability, making it well-suited
for both asymmetrically fed SWE and AEMWE. In AEMWE, the
RCMLDH-0.5 membrane exhibited outstanding performance,
maintaining a cell voltage of 1.68 V at 1 A cm−2. In SWE, it
effectively suppressed Cl− migration, enabling stable operation
with non-precious metal catalysts. Long-term durability tests
further conrmed its stability, with minimal performance
degradation over 500 hours under both conditions. These
ndings underscore the RCM's potential to advance hydrogen
production, particularly in resource-limited regions. Impor-
tantly, the membrane fabrication strategy demonstrated in this
work can be readily extended to other functional materials. By
simultaneously enhancing mechanical robustness and ion
selectivity, this approach offers a versatile platform to address
persistent challenges such as membrane degradation and
electrolyte crossover—not only in electrolyzers, but also in fuel
cells and ow batteries. The universal design principles
This journal is © The Royal Society of Chemistry 2025
underlying this RCM architecture thus hold broad potential for
advancing next-generation sustainable energy technologies.
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