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With the development of hydrogen energy, there has been increasing attention toward fuel cells and
water electrolysis. Among them, the zero-gap membrane electrode assembly (MEA) serves as an
important triple-phase reaction site that determines the performance and efficiency of the reaction
system. The development of efficient and durable MEAs plays a crucial role in the development of
hydrogen energy. Consequently, a great deal of effort has been devoted to developing ordered MEAs
that can effectively increase catalyst utilization, maximize triple-phase boundaries, enhance mass
transfer and improve stability. The research progress of ordered MEAs in recent advances is highlighted,
involving hydrogen fuel cells and low temperature water electrolysis technology. Firstly, the fundamental
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scientific understanding and structural characteristics of MEAs based on one-dimensional nanostructures
such as nanowires, nanotubes and nanofibers are summarized. Then, the classification, preparation and
development of ordered MEAs based on three-dimensional structures are summarized. Finally, this
review presents current challenges and proposes future research on ordered MEAs and offers potential
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1. Introduction

In the past decades, due to the increasing use of fossil fuels and
greenhouse gas emissions, environmental problems have been
arising on the earth.'” Thus, there is an urgent need to develop
and use sustainable clean energy to solve the environmental
pollution problem caused by the excessive use of fossil
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solutions to overcome these obstacles.

fuels. Hydrogen has potential as an energy carrier due to its
high-energy, environmental friendliness, storability and sustain-
ability.* ™ However, until now, most hydrogen has been produced
through reforming of natural gas or other fossil fuels under certain
conditions, which is called gray or blue hydrogen and is accom-
panied by the production of carbon dioxide byproducts.'*™”
Therefore, exploring efficient green hydrogen production technol-
ogy is a crucial route to reduce carbon emissions and thus achieve
carbon neutrality."® Splitting of water into green hydrogen and
oxygen using electricity transforms water into a sustainable and
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environmentally friendly fuel source, which has attracted the
attention of many researchers and companies.’”*° At present,
there are some problems such as high production costs and
immature production technology. These problems hinder the
development of hydrogen production via water electrolysis and
hydrogen energy utilization.*>

In order to reduce the production cost of green hydrogen and
improve the yield and purity of hydrogen, scientists are com-
mitted to the research of low-temperature water electrolysis (WE)
technology.>* At present, the widely used technologies are
alkaline water electrolysis (AWE), proton exchange membrane
water electrolysis (PEMWE), and anion exchange membrane water
electrolysis (AEMWE) (Fig. 1).*® MEA is a component with a zero-
gap sandwich structure in low temperature hydrolysis technology
which is composed of a polymer membrane in the middle and a
catalytic layer (CL) and liquid/gas diffusion layer (L/GDL) on both
sides. This special structure can effectively reduce mass transfer
resistance and interface resistance, improve the efficiency of WE,
and ensure stable operation.>**° However, the preparation of
MEAs requires materials that can endure high applied voltage
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Fig. 1 Schematic images of WE systems, a cell configuration, the three
types of MEA structures (CCS, CCM, and CCS/CCM hybrid), and the
current densities at 1.8 V for each WE system over the past five years.
Reproduced with permission from ref. 28. Copyright 2024 American
Chemical Society.

(~2.0 V) and high current density. This is bound to bring high
production costs, which can hinder the industrialization and
development of water electrolysis technology.*’** In terms of
MEA preparation methods, both the catalyst coated substrate
(CCS) and the catalyst coated membrane (CCM) will face signifi-
cant challenges in terms of high manufacturing costs and low
catalyst utilization.**?*
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In order to solve the problems of how to improve the
efficiency of electrolysis and reduce the load of noble metals,
scientists have conducted a lot of studies. Designing an ordered
MEA with a maximum triple-phase boundary, a larger membrane/
CL interface and a fast mass transfer channel is an effective way to
solve the above problems. Compared with the traditional MEAs,
the ordered MEAs have good performance due to the advantages
of less catalyst loading, more catalyst active sites, and effective
reduction of mass transfer resistance. The hydrophobic nature of
conventional MEA CLs leads to gas coverage at the catalytic sites,
hindering the triple-phase boundary and reducing efficiency.
In contrast, ordered MEAs exhibit aerophobicity and super-
hydrophilicity, facilitating gas desorption through a defined
path and allowing for easier electrolyte penetration.® This unique
property significantly enhances performance, particularly in high
current density regions where gas evolution is more pronounced.
It has been widely used in the field of fuel cells.**”” Since the year
of 2001, there has been a steady increase in the number of yearly
reports on ordered MEAs mainly for fuel cells (Fig. 2). The MEAs
based on nanostructured Pt-based thin film (NSTF) catalysts
developed by 3M Company are the most typical ordered nanos-
tructured MEAs in the fuel cell field and the first implemented on
a commercial scale.*®*" Nowadays, the ordered MEAs are also
gradually being applied to the field of hydrogen production by
WE, and a variety of nanostructured MEAs is constantly developed
and designed. This is also of great significance for promoting the
development of WE technology, which provides more active sur-
face area, thus increasing the contact area between the electrode
and the electrolyte, increasing the energy density and greatly
improving the hydrolysis efficiency. This optimized ordered
design also leads to better catalyst utilization, reducing material
waste and contributing to cost reduction. It lays a solid foundation
for the future commercial application of WE technology. Despite
the promising benefits of ordered MEAs, their widespread adop-
tion is currently hindered by several challenges. The intricate
fabrication process demands meticulous control over tempera-
ture, pressure, and solution concentration, leading to high equip-
ment and material costs. This complexity also makes large-scale
production difficult, limiting scalability for commercial appli-
cations. Furthermore, maintaining the stability and durability

Publications of ordered membrane electrode
assemblies by year
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Fig. 2 Number of reports of ordered membrane electrode assemblies
over the years from Clarivate. 2024 encompasses Jan-Sep.
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Fig. 3 General framework of the feature article.

of ordered MEAs during long-term recycling remains a signi-
ficant issue.

In this feature article, we review the research and develop-
ment of ordered MEAs, and summarize the advantages and
disadvantages of various preparation methods. The types of
ordered MEAs based on one-dimensional nanostructures in the
early stage of development and their applications in fuel cells
and WE for hydrogen production are briefly introduced. The
classification of the 3D ordered MEAs and domestic and
foreign research status in the field of hydrogen production by
WE is highlighted. Finally, the future developments and chal-
lenges associated with new generation ordered MEAs are dis-
cussed. The framework of this feature article is displayed
in Fig. 3.

2. Nanostructured MEAs based on 1D
nanostructures

Although the conventional MEA performance is very effective
for improving the performance of fuel cells and WE, the prac-
tical application of MEAs needs to solve the problems of low
catalyst utilization, limited catalytic active site, blocked mass
transfer and high ohmic resistance. In the early development
stage of ordered MEAs, with the continuous development of
nanowire materials, researchers tried to combine them with the
preparation of MEAs, mainly including ordered support nano-
tube materials (mainly carbon nanotubes), catalyst nanowires
(mainly Pt nanowires) and high proton conduction nanofibers
(mainly Nafion wires) (Fig. 4).*> The reason why nanowire
materials are widely used in MEAs is that they can increase
the specific surface area of the catalysts and improve the
material transport capacity to a certain extent, so the compre-
hensive performance of the MEAs can be effectively improved.
This section describes the development of nanostructured MEAs
based on 1D nanostructures in the fields of fuel cells and WE.

2.1 MEAs based on nanowires

As an effective electrocatalyst, Pt-based nanowires are widely
used in fuel cells.**** In addition, nanostructured MEAs based
on 1D nanowires have been shown to exhibit improved

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The trend of the development of nanostructured MEAs. Reproduced with permission from ref. 42. Copyright 2019 Royal Society of Chemistry.

MEA performance.*®*’

surface and fewer surface defects, the catalyst nanowires have a
higher specific oxygen reduction activity (1.5 times that of
traditional Pt/C catalysts),*® which can better adapt to the
requirements of large-scale production. Sun et al. developed a
simple wet chemical method for growing single crystal plati-
num nanowires on carbon black nanospheres in an aqueous
solution at room temperature.*® The density of Pt nanowires on
the carbon support was controlled by adjusting the mass ratio
of Pt precursor to carbon support. Furthermore, the length of
the Pt nanowires could be adjusted by controlling the growth
time. The resulting Pt NW/C catalyst demonstrated a 50%
increase in mass activity and a threefold improvement in
specific activity compared to conventional Pt nanoparticle
(NP) catalysts. However, other studies have observed that due
to the lower specific surface area of 1D Pt NWs compared

Specifically, due to its special crystal

to some commercial carbon-supported Pt NPs, MEAs with 1D
Pt NWs exhibit a smaller electrochemically active surface area
(ECSA) than a conventional MEA at low Pt loading.”>”" Yu et al.
compared the prepared Pt NWs with the commercialized
40 wt% Pt/C catalyst (JM) and Pt black using electrochemical
testing methods.”® It was found that although the catalyst
nanowire showed lower ECSA than the commercial NPs, the
ECSA reduction in the potential cycle aging test was much
smaller than that of the ordinary Pt/C catalyst, and it had better
stability.

In the research of hydrogen production by water electrolysis,
Liang et al. constructed a stacked NiFe@NiFeOOH electrode
using a magnetic field-assisted chemical deposition method
(Fig. 5).> Ultrathin (~5 nm) and amorphous NiFeOOH were
in situ formed on the surface of NiFe alloy nanowires. Studies
have shown that oxygen bubbles easily leave the surface of
nanowire arrays at small sizes. The unique micro- and nano-
scale electrode design minimizes contact between the electrode
and bubbles, improving the surface’s hydrophilicity towards
the electrolyte. This optimization leads to impressive perfor-
mance, enabling current densities of 0.5 Acm™ > and 1.0 A cm >
with low overpotentials of 248 mV and 258 mV, respectively.
Transition metal alloys, particularly NiW, exhibit inherent
catalytic activity and abundant surface area, making them

This journal is © The Royal Society of Chemistry 2025

highly effective for hydrogen evolution reactions (HERs) in
alkaline conditions.>* However, these alloys face durability
and corrosion resistance challenges in acidic conditions. Kim
et al. loaded NiW alloy onto Cu nanowires (NWs). This highly
porous structure enhances corrosion resistance and catalytic
activity in HER.>® The Cu NWs, electrodeposited on carbon
paper, provide a large surface area and numerous loading sites
for the NiW catalyst. The resulting NiW/Cu NW electrode
demonstrates exceptional catalytic activity, achieving a current
density of 10 mA cm ™2 at an overpotential of 56 mV.

2.2 MEAs based on nanotubes

Carbon nanotubes (CNTs) have gained widespread use as
catalyst supports in fuel cell applications due to their excep-
tional properties, including high specific surface area, excellent
electrical conductivity, and unique pore structure.>*™° Com-
pared with traditional carbon materials, CNTs offer advantages
in electrode performance, exhibiting a higher electrocatalyst
utilization rate, enhanced electron conduction, optimized mass
transfer pathways, and superior resistance to high-potential
corrosion.®® These attributes make CNTs the optimal choice for
carbon support materials. Hsieh et al. successfully synthesized
Pt/CNTs using a pulsed microwave-assisted polyol method,
resulting in uniformly distributed Pt NPs (2-3 nm) on the CNT
surface.®' This enhanced the mass specific power density of the
Pt/CNT MEA to 5.45 kW gp, ' in an H,/O, PEMFC (80 °C),
almost doubling the performance of commercial MEAs
(1.9 kW gp ). However, achieving stable Pt deposition on
CNT surfaces remains a challenge. Fang and colleagues
addressed this by employing a urea-assisted deposition method
on sodium dodecyl sulfate (SDS)-modified multi-walled carbon
nanotubes (MWCNTs).®* The ECSA of Pt/SDS-MWCNTSs was
83 m” g~ ', about 48% higher than that of conventional Pt/C
(56 m* g~ ). The maximum power density of Pt/SDS-MWCNT
based MEA was 451 mW cm 2, much higher than those of
conventional ones.

CNTs are also being widely studied and applied in the field
of WE. Hu et al. reported a hollow array of FeCo,S, nanotubes
(Fig. 6).°> Due to the unique hollow nanotube structure, the
catalyst exposes more active sites and promotes charge transfer.

Chem. Commun., 2025, 61, 232-246 | 235
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Fig. 5 (a) Schematic of the synthesis of the NiFe; ,—AHNA nanowire array and its function for OER. (b) and (c) SEM images of NiFe; ,—AHNAs at
different magnifications. The inset of (c) is a low magnification TEM image of a single nanowire. Reproduced with permission from ref. 53. Copyright 2020
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Fig. 6 (a) and (b) Schematic illustrations of the synthesis of the FeCo,S,4
nanotube arrays supported on CC through a two-step method by anion
exchange reactions. (c) Schematic diagram of the rapid electron/ion
transportation within the FeCo,S4 NTA/CC electrode during OER process.
Reproduced with permission from ref. 63. Copyright 2019 American
Chemical Society.

The results show that the prepared electrode can provide a current
density of 10 mA em™? under an overpotential of 278 mV, and has
good electrochemical efficiency. Holzapfel et al introduced a
hybrid catalyst [Mo,S;5]”~ cluster (Mo;S;5-NCNT) anchored to N-
doped CNTs for HER under acidic conditions.** In a 0.5 M H,SO,
solution, the catalyst achieved a current density of 10 mA cm™>
at an overpotential of 188 mV and a Tafel slope of about
40 mV dec ', showing excellent catalytic performance.

236 | Chem. Commun., 2025, 61, 232-246

2.3 MEAs based on nanofibers

Similar to carbon nanotubes, carbon nanofibers (CNFs) have
unique electrical and structural properties that have great
potential in the application of ordered MEAs.**™®” Li et al
found that porous CNFs (PCNFs) have a variety of pore sizes
and a relatively rough surface, which enables better loading of
Pt catalysts.®® They synthesized PCNF nanostructured electro-
des by electrospinning and carbonization. The length of the
prepared PCNFs is 0.5 to 2 mm, the average diameter is 150 nm,
and Pt NPs can be evenly distributed on the surface. Compared
with traditional Pt/C electrodes, Pt/PCNF exhibited better elec-
trocatalytic activity and durability, and Pt/PCNF based MEA also
exhibited improved battery performance compared with con-
ventional ones, which provided direction for the development
and utilization of CNFs in ordered MEAs. In order to improve
the efficiency of proton channel transport in MEAs, high proton
conduction nanodimensions were also introduced. Choi et al.
prepared a nanofiber network membrane of proton exchange
polymers by electrospinning technology, which has better pro-
ton transport performance than ordinary proton exchange
membranes.®>’® The nanofiber mat is prepared by electrospin-
ning technology, compressed to form a membrane, and then
the blank area of the membrane is filled with a polymer that
does not affect the mass transfer. Pan et al. prepared Nafion-
silica-HPW electrodes with different concentrations of
Nafion.”* The results show that when the content of Nafion is
less than 30%, the electrode microstructure shows a sequence
of 5-6 nm nanoarrays. When the temperature is 150-200 °C and

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 SEM micrographs of the (a) NiCo,O4/CNF and (b) NiMn,O4/CNF
anode catalysts. TEM micrographs of the (c) NiCo,04/CNF and
(d) NiMn,O4/CNF anode catalysts. Reproduced with permission from
ref. 72. Copyright 2019 Elsevier.

the relative humidity (RH) is 25%, the proton conductivity can
reach 0.082-0.095 S cm ™!, which is better than the traditional
proton exchange membrane conduction efficiency.

Similarly, nanofiber technology has also been widely intro-
duced into the study of ordered MEAs in WE. Busacca et al.
prepared NiMn,0O, and NiCo,0O, electrocatalysts for oxygen
evolution (OER) on carbon nanofibers by electrospinning
(Fig. 7).”* Experimental results show that the nanoscale electro-
catalyst is uniformly dispersed on the nanocarbon fibers, which
is conducive to the catalytic activity of the OER in alkaline
hydroelectrolysis. The NiMn,O, electrode showed high mass
activity (362 A g '@1.8 V) in zero-gap AEMWE. Kang et al. also
reported carbon-coated CoqoFeq; alloy NPs supported on car-
bon nanofibers (CNFs) for the OER.”® The current density of the
MEA with the CogoFe,1/CNF anode catalyst is 794 mA cm >
at 1.7 V, which effectively improves the performance in
alkaline WE.

These studies demonstrate the diverse and promising appli-
cations of 1D nanostructures in WE. Their unique structural
and electronic properties contribute to the design of highly
efficient catalysts, paving the way for the development of more
sustainable and cost-effective hydrogen production methods.

3. Overall design of high performance
ordered MEAs

The methods described above employ 1D nanostructures to
organize the catalyst supports, electrocatalysts, and mem-
branes of MEAs to varying degrees. While these approaches
have led to improvements in MEA performance, significant
challenges remain in achieving the overall ordered structure
necessary for efficient, triple-phase mass transfer within MEAs.
This section emphasizes another type of ordered MEAs that
utilize 3D nanostructures, optimize triple-phase boundaries in

This journal is © The Royal Society of Chemistry 2025
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the CLs, create triple-phase mass transfer pathways, and enhance
the interfaces between membrane/CL and CL/GDL. Compared with
1D ordered MEAs, 3D ordered MEAs boast a more complex
structure with the catalyst, electrolyte solution and GDL precisely
arranged in 3D space. This design results in a more efficient triple-
phase boundary and larger specific surface area, leading to superior
energy conversion, material transport, catalyst utilization, and
overall stability. However, the preparation process of 3D ordered
MEAs is considerably more complex, demanding advanced tech-
nology and stringent control. In contrast, 1D ordered MEAs have a
simpler structure and fabrication process, making them a more
practical option. Therefore, 1D ordered MEAs and 3D ordered
MEAs have different requirements under different conditions of
use. The former is suitable for low requirements for preparation
technology and transmission efficiency, while the latter is more
suitable for high-performance and high-efficiency applications. The
focus includes ordered catalyst supports and catalysts, and ordered
membrane electrodes. Therefore, the overall design of the ordered
MEAs is crucial for improving the electrochemical efficiency and
reducing production costs.

3.1 Ordered design in supports

The introduction of ordering into catalyst supports of MEAs
facilitates the directional arrangement of catalysts, improving
the active site availability and catalyst utilization, while pro-
moting the efficient transport of charges and substances.” For
example, when CNTs are vertically oriented, electrons can move
rapidly along the CNT direction with minimal energy loss.
Electrochemical tests have showed ordered CNTs exhibit higher
performance compared to unordered CNTs and conventional
carbon supports at all current densities.””> Hatanaka et al.
developed a highly efficient fuel cell electrode by growing CNTs
on a silicon substrate. They then deposited Pt NPs onto the
CNT network by spraying and reducing Pt nitrate.”® This
catalyst was subsequently hot-pressed at 150 °C to form a
robust MEA. The I-V curve and impedance spectrum data
confirmed the remarkable material transport performance of
the ordered CNT electrode, attributed to its enhanced diffusion
pathways and efficient electron conductivity. Meanwhile, Chen
et al. developed an ordered nanostructure MEA utilizing verti-
cally aligned CNTs.”” The ECSA of the prepared Pt/VACNT/
Nafion/Pt/VACNT MEA was 78.72 m” gp, ', surpassing the value
of 52.22 m> gy ' typical of conventional MEAs. The mass
specific power density of the ordered nanostructured MEA
reached 1.43 kW gy, ', representing a 50% increase compared
to the conventional MEA (0.70 kW gp, ') in the PEMFC at
0.1 MPa and 80 °C. This innovative approach indicates the
advantages of ordered structures in enhancing the overall
efficiency of MEAs. Xuan et al. synthesized a TiN nanorod array
on an ITO surface by a crystal seed assisted hydrothermal
reaction followed by nitriding treatment, uniformly coating a
Pt catalyst on the TiN support. This process successfully yielded
a double-sided ordered MEA based on the TiN nanorod array.”®
The performance results indicated that with a Pt loading of
0.20 mg cm 2, the double-sided ordered MEA achieved a peak
power of 678.30 mW cm 2. After 200 h of accelerated stress

Chem. Commun., 2025, 61, 232-246 | 237
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testing (AST), the MEA’s peak output decreased by only 4.8%,
demonstrating that the double-sided ordered MEA effectively
provides a specific mass transfer pathway, numerous catalyst
loading sites and improved catalytic activity.

3M Company has developed an ordered array of nanostruc-
tured thin film (NSTF) electrodes with good performance for
PEMWE. However, some studies on CL ordered arrays have only
reported half-cell based performances.” ®" Jiang et al. prepared
an ordered array electrode as a feature of the defective Ir film
decorated on external WO, by electrodeposition nanorods
(WO,NRs) (Fig. 8).* An ordered array of WO,NR was prepared
on W foil by hydrothermal synthesis. Then, the Ir catalyst is
coated on the outside of the WO,NR ordered array using a
combination of chronopotentiometry (CP) and cyclic voltam-
metry (CV). With the number of CV deposits ranging from 25 to
100, the loading capacity of the Ir coating on the ordered array
can be 9-144 pg; cm™ > and the thickness can reach 24-68 nm.
Due to the high dispersibility of the Ir of the electrode, the Ir
showed good catalytic activity. Vertically ordered CL provides
efficient transport channels for substances. Due to the excellent
stability of the WO,NRs, the electrode material can run stably
for 1030 h at 0.5 A cm™”. Song et al. designed an integrated
ultra-low Ptlr CCM (IUCCM). Semi-ordered PtIr nanoflower
arrays grown by wet chemistry were used as catalyst layers.**
When IUCCM was successfully made into PEMWE, the test
results showed that its current density at 1.77 V (2.0 A cm ™ ?)
was greater than that of conventional CCM prepared by
spray coating (1.2 A cm™?). The Tafel slope value of IUCCM
(39.8 mV dec™') is also significantly lower than that of the
conventional CCM (67.5 mV dec ') described above, and the
performance remains stable for 300 h at 0.5 A cm > and 80 °C.
Therefore, IUCCM has faster dynamic properties, better water
electrolysis performance and excellent stability. Zeng et al.
constructed a novel cost-effective nanoporous ultrathin film
(NPUF) OER electrode based on NPG/IrO, composites.®* All the
holes of the NPUF electrode have the characteristics of three-
dimensional interconnection, and IrO, NPs are embedded
in NPG to form composite ultra-thin films. They found that

WO.NRs

Ir@WO.NRs

W foil

e
Ir aggregation

View Article Online

Feature Article

because the electrode has a 3D interconnected nanopore ratio,
the gas can be easily separated, resulting in high mass transfer
efficiency and electrocatalyst utilization. As the anode catalyst,
the loading of IrO, and Au can reach 86.43 and 100.0 mg cm 2,
respectively. Its electrolytic voltage is 58 mV lower than that of
conventional IR-loaded electrodes, and it remains relatively
constant within 300 h (@250 mA cm™?) with good durability.
The new NPUF electrode has a good application prospect
in PEMWE.

In contrast to powder catalysts, self-supported electrodes
do not require the use of polymer binders, which prevents them
from inhibiting the exposure of the catalyst’s active site and
the diffusion of gas liquids. The self-supported electrodes
do not require external support, making them well-suited for
WE catalytic reaction under high current densities and long-
term operation. Additionally, self-supported electrodes display
excellent corrosion resistance and durability. Common self-
supporting electrode materials that can be directly grown on
L/GDL include carbon cloth (CC), carbon paper (CP), metal
mesh (such as Ni or stainless steel mesh), metal felt and metal
foam (Ni foam).®® For example, a FeOOH/NiFe LDH self-
supporting electrode with a vertically aligned nanosheet struc-
ture was synthesized using hydrothermal methods (Fig. 9).%°
Ding et al. reported the preparation of Fe-Ni;S, anodic electro-
catalysts on Ni foam by one-pot hydrothermal reaction in
alkaline conditions.’” They found that as the hydrothermal
temperature increased from 150 °C to 190 °C, the morphology
of the Fe-Ni;S, self-supported electrode transitioned from a
rough irregular structure to a more ordered, layered nanowire
structure. The Fe-Ni3S,/NF electrode has an overpotential of
302 mV at 1.0 A cm >,

Some advanced manufacturing techniques (e.g., 3D print-
ing) also can optimize MEA’s architecture to improve gas
diffusion and reduce mass transport limitations. Recently, 3D
printing has enabled the manufacture of porous electrodes
which cannot be machined using traditional methods. With
micron-scale precision, the pore structure of an electrode can
now be designed for optimal energy efficiency, and a 3D printed

8-

Nafion Membrane

35

,
<

Ordered Array MEA

Fig. 8 Schematic diagram of the preparation and structure of the r@WO,NR ordered electrode. Reproduced with permission from ref. 82. Copyright

2021 American Chemical Society.
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Fig. 9 Schematic illustration of the formation process of the porous VA
FeOOH/NiFe LDH-NF electrodes. Reproduced with permission from ref.
86. Copyright 2016 American Chemical Society.

electrode is not limited to a single uniform porosity. Davis et al.
optimized the electrode structure to reduce the power loss in
the flow reactor.®® The computer-generated structure is then
printed and benchmarked against a uniformly porous elec-
trode. Biu et al. showed how the optimized electrode reduces
the power requirement by 16% and look forward to the future
application of this method to flow cells, electrolyzers and fuel
cells to accelerate their development and implementation.®
They used 3D printing to prepare porous flow electrodes in the
electrolyzer, which is almost entirely manufactured by 3D
printing. These electrodes were 3D printed using fused deposi-
tion modeling (FDM) of a composite material of conductive
carbon and polylactic acid (PLA), and then electrodeposited
on a Ni electrocatalyst. The stability and performance of the
Ni-PLA electrode were tested in 1.0 M NaOH. Although the
efficiency of these electrolyzers may not yet meet the thresholds
required for commercial applications, they offer an innovative
design strategy for new electrode preparation that has the
potential to enhance performance and ensure the reliable
operation of MEAs.

3.2 Ordered design in catalysts

Ordered catalysts, such as Pt nanotubes and Pt nanowires, are
notable for their unique structural characteristics and improved
performance compared to conventional power catalysts. Pt nano-
wires have specific crystal surfaces with fewer defects, leading to a
specific activity that is 1.5 times greater than that of traditional Pt/C
catalysts when employed as a CL. A significant advancement in
the commercialization of ordered catalysts can be seen in 3M
Company’s approach. They utilize single-layer oriented organic
dye whiskers as a catalyst support, onto which Pt is deposited via
physical vapor deposition.”>** The unique structure of whisker-
based catalysts offers several advantages over conventional Pt/C
catalysts. Specifically, the whisker architecture helps to maintain
the active catalyst area over time and withstand high potential
conditions without degradation. Since these electrodes do not
require carbon black or ionomers, they can be manufactured to
be 20-30 times thinner than the ordinary Pt/C CLs. This ultra-thin
design not only minimizes the amount of Pt used, effectively
lowering manufacturing costs, but facilitates proton conduction
under optimal conditions. In addition, the thin structure enhances

This journal is © The Royal Society of Chemistry 2025
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the material transport capacity at high current densities, signifi-
cantly improving the overall efficiency of hydrogen fuel cells.

Pan et al. employed a distinct approach, using electrodepo-
sition to synthesize Pt nanowires with diameters of 60 nm and
25 nm within anodized aluminum oxide (AAO) templates.” CV
tests showed that the Pt nanowire-array catalyst exhibited an
electrochemically active surface area exceeding its geometric
area. This highly ordered Pt nanowire-array catalyst facilitated
both electron conduction and mass transport, resulting in a
significant enhancement in oxygen reduction reaction (ORR)
performance. Shao et al. developed an ordered MEA using a
vertically aligned open-walled PtCo bimetallic NT array.” They
grew vertically aligned Co-OH-CO nanowires on stainless steel
plates by hydrothermal synthesis, and then coated Pt onto the
Co-OH-CO nanowires by magnetron sputtering. Finally, the
materials were annealed in a H,/Ar atmosphere at temperatures
of 300, 400 and 500 °C to obtain the open-walled PtCo bimetallic
NT arrays. The catalytic activity of the as-prepared MEA was
significantly improved in H,/O, PEMFCs operating at 0.2 MPa
and 80 °C, and its power density reached 14.38 kW gp ',
1.7 times that of the traditional MEAs. In addition, the design
of the open-walled structure contributes to exceptional dur-
ability by eliminating the need for carbon supports and iono-
mers, which often degrade over time.

Inspired by fuel cell technology, zero-gap MEA technology
has been adopted for alkaline electrolyzers.”® However, tradi-
tional MEA preparation methods typically involve spraying a
catalytic ink containing catalyst powders, ionomers and sol-
vents onto a porous L/GDL or membrane.®” The CL structure
obtained by this method suffers from several significant draw-
backs: (1) limited mass transfer: the disordered and dense
nature of the CL structure hinders the mass transport.
(2) Reduced active sites: the addition of ionomers leads to a
reduction in the catalyst active site, negatively impacting cata-
Iytic efficiency. (3) Electrolytic instability: the non-conductive,
swellable and thermal instability of the polymer membranes
can cause catalyst electrode detachment, affecting the electro-
lytic stability.”®°® Recent research has concentrated on devel-
oping methods to create uniform and dense CLs on the
membrane surface, aiming to enhance hydrogen production
efficiency. However, directly constructing ordered CLs on the
surface of ion exchange membranes remains a significant
challenge.'*'*" Wang’s group constructed an all-in-one MEA
by using a solvothermal method to intergrow CoNi layered
double hydroxide (LDH) nanosheet arrays on both sides of
polypropylene porous membranes (Fig. 10).'°> They converted
the CoNi LDH nanosheet arrays to CoNiS by a mild vulcaniza-
tion treatment without changing the basic structure of the
nanosheet arrays. The CL of the MEA has a large surface area,
as well as an enhanced 3D ordered channel for gas-liquid mass
transfer. There is no need to use polymer binders in the CLs, so
the local oxygen transport is improved and the catalyst active
site is more exposed. Due to the unique all-in-one design, the
interface resistance between CL and the membrane is greatly
reduced, and the conductivity is improved. The experimental
results show a high current density of 1.0 A cm™? achieved in
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30 wt% KOH at 1.57 V with durability of more than 1000 h. This
provides a new approach for developing high-performance
alkaline WE. A novel 3D ordered MEA based on porous ordered
CL, an ultra-thin ion exchange membrane and 3D CL/
membrane interface structure has also been prepared by
Wang’s research group and applied to AEMWE.'®® The VCoP
porous foams with highly ordered nanostructures were synthe-
sized on aluminum foil (AF) by electrodeposition. This
approach enabled the creation of a 3D interconnected interface
between the CL and the membrane through direct film deposi-
tion technology, preserving the CL’s ordered porous nanostruc-
ture throughout the process. This MEA design benefits from
several key features: (1) a vertically ordered porous CL structure:
facilitates efficient gas and liquid mass transfer. (2) An ultra-
thin ion exchange membrane: minimizes ohmic resistance
during mass transfer. (3) A 3D ordered CL/membrane interface
structure: enhances the transport efficiency of hydroxide ions
at the interface. These characteristics collectively contribute to
the MEA’s exceptional performance, achieving a high current
density of 4.2 A cm > at 2.0 V in 1 M KOH. Recently, Wang’s
group proposed a swell-assisted transfer strategy to construct
an ordered anode catalyst layer (Fig. 11)."* By using a direct
film deposition method to form a 3D interlocked CL/AWE
interface, the ordered CL can be transferred to AEM at low
temperature without damage, thus giving the MEA a vertically
ordered CL structure. The strong bond formed between the
interfaces contributes to the overall stability of the assembly,
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Reproduced with permission from ref. 104. Copyright 2024 Royal Society
of Chemistry.

making it feasible to remove the dense substrate. In a pure
water environment, the AEMWE can reach a remarkable cur-
rent density of 3.61 A cm™? at 2.0 V. Furthermore, the system
maintains stable operation for 700 h at 1.0 A cm 7, indicating
its reliability and efficiency for prolonged use.

3.3 Ordered design in membranes

Membrane ordering strategies can be divided into two categories:
(1) regulating the internal microstructure of the membrane to form
an orderly arrangement of proton transport channels, thereby
improving the conductivity of MEAs. (2) Constructing ordered
nanostructures on the surface of the membrane and expanding
the triple-phase boundary to increase the catalyst active area and

This journal is © The Royal Society of Chemistry 2025
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improve the catalyst utilization rate. Nafion membrane is the most
commonly used solid electrolyte for PEMFC and PEMWE because
of its high proton conductivity and good chemical stability.'*>%
However, in actual production applications, its widespread applica-
tion faces challenges, such as high production costs and sensitivity
to harsh use environments, which hinder its large-scale develop-
ment. In the past decades, various non-perfluorinated ion
PEMs'” ™ and nanostructures PEMs***™*® have been developed
to try to solve the problems existing in Nafion membranes.

3.3.1 Constructing ionic highways in membranes. Elabd
et al. prepared high-purity Nafion nanofibers by electro-
spinning.'"” After testing, the conductivity of the single root
can reach 1.5 S em™ ' when the diameter is 400 nm, which
is higher than the current commercial Nafion membrane
(<0.1S em™"). It was also found that the proton conductivity
increased sharply with the decrease in nanofiber diameter, and
at 30 °C, the RH changed from 50% to 90%, and the proton
conductivity of Nafion nanofibers increased by two orders of
magnitude. It is of great significance to improve the perfor-
mance of PEM. Among the reported nanostructured PEMs,
hydrophilic inorganic NPs (such as silica) have been extensively
studied to modify Nafion membranes."'®""® Wang et al. devel-
oped a composite film composed of a Nafion matrix and nano-
phosphonic acid functionalized silica by a sol-gel process."*°
Due to the synergistic interaction between acidic groups and
porous silica, the nano-silica/Nafion membrane shows good
proton conductivity and water retention, which may be the
result of the synergistic interaction between acidic groups and
porous silica. At 85 °C and 50% RH, the proton conductivity of
the nano-silica/Nafion membrane is 0.026 S cm™*', which is
24% higher than that of the ordinary Nafion membrane.
Constructing mesoporous structures in the Nation matrix is
another representative method for preparing nanostructured
PEMs. The mesoporous Nafion membrane has good water
retention, which simplifies water management and reduces
operating costs.'*' Jiang et al. prepared a highly ordered
mesoporous Nafion (mNafion) film by the micellar template
method.'** With PEO,,,~PPO,s-PEO,,, as a surfactant, it has
excellent water retention, and the proton conductivity and
water retention are significantly improved compared with
traditional Nafion membranes.

In alkaline WE, there are two effective strategies to improve
the conductivity of MEAs by increasing the ion exchange
capacity (IEC) and constructing an ion high-speed channel in
the membrane. However, an excessive increase in IEC can affect
the mechanical properties and stability of the membrane, thus
limiting the practical application of MEAs in alkaline WE.
Although constructing ion fast channels in membranes is a
daunting challenge, this is an ideal approach in comparison.
Many literature reports have reported strategies for construct-
ing high speed channel formation of ion conduction in
AEMs."?*29 Lju et al. proposed a strategy to mitigate mem-
brane degradation by inducing polymer crystallization and
regulating the local hydrophilic environment of organic cations
(Fig. 12)."*° They replaced the alkyl side chain with the hydro-
philic N-oligoethylene glycol (OEG) side chain and linked it
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Copyright 2023 Elsevier.

with the piperidine group (PTP-OEG) to prepare a comb-shaped
poly(terphenyl piperidinium) (PTP) AEM for WE. The experi-
mental and simulation results show that the stability, mechan-
ical properties and electrical conductivity of the membrane are
improved, which opens up a new way for the study of the
ordered MEAs in AEMWE. Crosslinking strategies have proven
effective in constructing high-speed ion channels within AEMs.
Hu et al. demonstrated this by employing rigid crosslinkers to
expand the interchain spacing of polymer chains."*' Replacing
these rigid crosslinkers with shorter, more flexible counterparts
significantly enhanced hydroxide conductivity, increasing it
from 63.2 to 110.3 mS cm™ " at 80 °C.

3.3.2 Constructing ordered structures on the membrane
surface. Constructing a membrane surface ordered nanoarray
is generally through in situ growth on the membrane. The
ordered proton conductor array defines the three-phase mate-
rial transport channel in CL and promotes the efficient and
orderly material transport. The integrated ordered membrane
electrode can effectively maintain the morphology of the
ordered array, reduce the destruction of the ordered structure
caused by hot pressing, and has a small contact interface
impedance, so it has great potential for improvement in all
aspects. Nanoimprint is one of the common methods for
constructing nanostructures on the surface of Nafion films.
The method is simple and controllable, and can effectively
improve the three-phase boundary, so it has been widely used
in the preparation of nanostructured PEMs."*>'** Bae et al.
prepared a nanostructured Nafion film with a linear patterned
surface by thermal imprint lithography (TIL)."** SEM images
showed that the pre-designed template pattern was printed in
high fidelity on the surface of the Nafion film. Due to the
increase in the PEM/CL interface area, the catalyst can better
expose the active site, thereby improving the catalytic perfor-
mance and significantly enhancing the performance of
PEMFCs. In order to improve the triple-phase interface of the
cathode CL, Zhou’s group integrated a Nafion array membrane
with a large specific surface area and high proton conductivity
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into the cathode CL, thereby creating an ordered MEA. They
then filled the Nafion array with Pt NPs by an impregnation
process.”**> However, the sputtering method often leads to the
agglomeration of Pt NPs, which will reduce the proton migra-
tion efficiency.”*® In order to prevent this phenomenon, the
authors utilized the principle that sulfonic acid groups readily
adsorb to the surface of Pt. They covered the Pt NPs with
Nafion, enhancing proton conduction and thereby speeding
up the proton transfer efficiency.””” With a Pt loading of
61.4 ug cm 2, the peak power density of the prepared PEMFC
reached an impressive 843 mW cm ™2, much higher than that of
the PEMFC without Nafion (710 mW cm™?) in the cathode CLs.
In addition, this PEMFC can operate continuously and stably
for 100 h without significant voltage attenuation. In summary,
a proton transfer channel is established at the triple-phase
interface by adsorbing Nafion on the surface of the Pt catalyst
in the cathode CL, offering an effective strategy for the devel-
opment of PEMFCs.

PEM surface ordering is a promising technique for water
electrolysis, which can effectively solve the problems of insuffi-
cient catalyst utilization, limited mass transfer and high ohmic
resistance caused by the degradation of MEAs. Dong et al.
proposed the preparation of a novel ordered MEA based on
an anode 3D membrane/CL interface and gradient tapered
array (GTA) (Fig. 13)."*®* Nano-imprinting technology and a
simple static strategy were used to cast the catalyst ink slowly
on the porous AAO template surface. Then, the cathode catalyst
coated film and the anode CL template are hot-pressed to make
MEAs. Through the overall design, it has a maximum three-
phase interface, fast mass transfer and GTA CL. Compared with
conventional MEA with Ir loading of 2 mg cm™>, the ECSA
with this unique ordered structure is greatly increased, and
the overpotential of mass transfer and ohmic polarization is
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reduced by 13.9% and 8.7%, respectively. Moreover, the MEA
with GTA can work stably for more than 300 h at a current
density of 1 A cm™?, which has excellent stability, and provides
a new strategy for the ordered MEA design of high-performance
PEMWE. Similarly, Zhou’s group employed AAO templates and
magnetron sputtering to fabricate an ordered MEA featuring a
conical Nafion array. This design incorporates a Nafion gradi-
ent distribution, strong CL/PEM interfaces, and vertically
aligned channels, leading to enhanced performance."*® For
this ordered MEA, the Nafion membrane with a cone array
structure on the surface significantly improves the catalyst
utilization efficiency and reduces the Ir loading to 20.0 pg cm ™2,
greatly reducing Ir catalyst usage and cost. Magnetron sputtering
evenly deposits the catalyst onto the Nafion array membrane,
preserving the ordered structure while providing a large number
of high-speed, vertically aligned channels for proton transport. This
design optimizes catalyst utilization and enhances proton conduc-
tivity, contributing to improved overall performance. This ordered
MEA exhibits 8.7 times higher ECSA compared to a conventional
MEA with 1.0 mg cm™? Ir loading. It achieves a remarkable mass
activity of 168000 mA mg, ' cm > at 2.0 V, surpassing the
performance of most reported PEMWEs. This MEA demonstrates
excellent durability at a current density of 500 mA cm™>. However,
existing ordered polymer structures are typically single-component
systems. The proton conductivity of Nafion (0.15 S cm ™) is nearly
100 times lower than that of the Ir catalyst,****** which affects the
PEMWE performance of the corresponding MEAs."**'** While the
ordered proton conductor structure facilitates efficient proton
transport and improves PEMWE performance, the smooth surface
of the Nafion cone array limits contact between the catalysts and
PEMs. This limitation restricts further performance improvements
in PEMWE."*® Therefore, Zhou’s group developed a novel MEA
incorporating TiO, NPs within a conical Nafion array, resulting in a

This journal is © The Royal Society of Chemistry 2025
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roughened surface (Fig. 14)."** This mixed ordered MEA exhibits a
significantly enhanced surface roughness of 3.39 nm, 2.64 times
higher than the ordered MEA without TiO, NPs. This increased
roughness significantly improves the interface contact between the
CLs and Nafion membranes. At 2.0 V, the MEA has a current
density of 2.48 A cm 2 with a catalyst loading of 14.4 ug;, cm 2.
This work paves the way for further research aimed at optimizing
the interface between CLs and membranes, leading to improved
performance in PEMWE.

4. Conclusions and outlook

In this feature article, we describe in detail the development of
ordered MEAs in the field of hydrogen energy, mainly concern-
ing the classification of ordered MEAs and its application in
fuel cells and water electrolysis for hydrogen production. Initial
advancements in ordered MEAs focused on 1D ordered nano-
materials such as nanowires, nanotubes and nanofibers. These
nanomaterials, with their high specific surface area and fast
material transport capacity, effectively address the issue of
limited electrocatalyst utilization in traditional MEAs, boosting
their WE performance. However, creating an entirely ordered
structure for multi-mass delivery remains a challenge, hinder-
ing their use in demanding applications. As a solution, various
3D ordered MEAs have been reported in the applications of fuel
cells and water electrolysis. These can be broadly classified into
ordered supports, ordered catalysts and ordered membranes.
The new generation of ordered MEA designs can significantly

This journal is © The Royal Society of Chemistry 2025

improve the performance of MEAs in all aspects, reduce the
load of precious metal catalyst, enhance the transport at the
triple-phase boundary of CLs and greatly lower the production
cost. The CL’s excellent surface wettability facilitates product
gas release and electrolyte penetration. Although significant
progress has been made in the development of nanostructured
MEAs, challenges remain:

(1) Immature preparation technology: ordered MEA technol-
ogy is still in its developmental stage, with limitations in
preparation processes, material selection, and control, hinder-
ing its scalability for commercial applications. In addition, the
need for precise control during preparation creates a risk of
microscopic defects and structural instability, hindering large-
scale production and adoption of ordered MEAs.

(2) Durability and stability: during long-term operation,
degradation can occur within the MEA, affecting its stability
and performance. Electrocatalysts, catalyst supports, and ion
exchange membranes are susceptible to corrosion and dissolution,
reducing the active area. Fluctuations in temperature and pressure
can cause electrode material expansion, contraction, or deforma-
tion, potentially leading to catalyst detachment. Furthermore,
particle deposition and electrolyte residue can block the GDL,
impeding gas diffusion and electrode performance.

(3) Practical application: current strategies for ordered MEAs
are primarily laboratory-based and face challenges in scaling up for
industrial production. Under operational conditions, vibration and
shock can induce structural loosening or breakage within the MEA.
Moreover, high production costs hinder the attainment of desired
performances in large-scale manufacturing.
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Furthermore, in order to develop high-quality ordered MEA,
we can explore the following aspects (Fig. 15): (i) design and
improve the CL structure: the thickness of CL will affect the
mass transfer effect. A thinner CL, while ensuring adequate
mechanical strength, can enhance mass transfer by reducing
diffusion distances. This leads to faster ion migration and an
increased electrochemical reaction rate. (ii) Reasonable membrane
design: while thicker membranes enhance durability, they also
hinder ion transport due to longer diffusion paths, leading to larger
ohmic impedance and reduced current density. Finding the opti-
mal membrane thickness is crucial for achieving high performance
in ordered MEAs. To address the limitations of traditional homo-
geneous PEMs or AEMs, enhanced composite ion exchange
membranes, such as expanded polytetrafluoroethylene (ePTFE)
reinforced membranes, offer a solution by combining high ion
conductivity with improved durability. (iii) Selection of efficient
catalysts: traditional precious metal electrocatalysts, while highly
active, suffer from high costs and significant dissolution issues
during long-term operation. This has driven intense research into
non-precious metal electrocatalysts, leading to the development of
materials with both excellent durability and high catalytic
activity.'*>'*® These promising alternatives not only enhance the
catalytic activity of reactions such as the ORR and HER but also
enable long-term operation at high current densities, signifi-
cantly improving the stability and durability of ordered MEAs.
(iv) Machine learning (ML): ML may significantly accelerate the
development of ordered MEAs. ML trains big models using known
data, e.g., nanostructures, supports, catalysts and membranes, to
build relationships between complex ordered structures and MEA
performance, which can facilitate the combination of artificial
intelligence technologies for researchers.
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