Open Access Article. Published on 28 Onkololeessa 2025. Downloaded on 09/12/2025 8:34:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis

REVIEW ARTICLE

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5ey00270b

Received 9th September 2025,
Accepted 23rd October 2025

DOI: 10.1039/d5ey00270b

rsc.li/eescatalysis

Broader context

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal

Exploring the degradation of catalyst layer and
porous transport layer in proton exchange
membrane water electrolyzers

Shahid Zaman, (2 { Leila Moradizadeh, Dhinesh Kumar Murugaiah, (=
Mohmmad Khalid, ° S. Roohan Farooq Lala and Samaneh Shahgaldi*

Proton exchange membrane water electrolyzers (PEMWEs) are among the emerging technologies for
hydrogen production due to their high operational current density, low operating temperature, and
ultra-pure hydrogen production. However, industrial scale hydrogen production via PEMWEs is greatly
hindered by the interrelated trio-factor of low performance, limited durability, and high cost. The
iridium-based catalyst layer (CL) and platinum-coated titanium-based porous transport layer (PTL) are
the core components which primarily contribute to the performance, durability and cost of PEMWEs.
The degradation of costly CL and PTL (due to Ir and Pt usage) is a significant challenge for wider
development of PEMWEs. In this review, we discuss the degradation of CL and PTL and provide an
overview of the diagnostic techniques used to investigate the degradation processes. In situ and ex situ
analysis reveal that the future development of CL should be focused on ink properties optimization and
catalyst coated membrane fabrication methods, which affect the CL architecture and performance.
Similarly, the titanium passivation, corrosion and increased interfacial contact resistance are the key
factors that affect the PTL microstructure and performance. Thus, it is crucial to develop corrosion
resistant coating and incorporation of low-cost materials as interlayers to reduce the cost without
compromising the stability of PTL. The understanding of CL and PTL degradation and their characteri-
zation methods along with future perspectives will guide the development of durable and low-cost CL
and PTL for wider applications of PEMWEs.

The global push toward carbon neutrality has intensified the demand for clean hydrogen production technologies. Proton exchange membrane water

electrolysis (PEMWE), when powered by renewable energy, stands out as a promising solution for sustainable hydrogen generation. However, widespread
commercialization remains limited by critical challenges related to performance, durability, and cost—collectively referred to as the TRIO-factor. The two of the

most cost-intensive and performance-critical components of PEMWE are the catalyst layer (CL) and porous transport layer (PTL). By focusing on their

degradation mechanisms, fabrication techniques, and diagnostic tools, this work provides comprehensive insights into extending component lifetimes and

reducing overall system costs. Importantly, the review emphasizes the underexplored yet vital role of the CL-PTL interface in cell degradation. This timely

contribution aims to guide researchers and industry professionals toward the development of next-generation CL and PTL materials, ultimately accelerating the

deployment of PEMWES for economically viable green hydrogen production.

1. Introduction

global energy demands, including industrial (steel production,
ammonia production, etc.), power generation, heating (indus-

Hydrogen produced through water electrolysis serves as an
energy carrier, offering the most sustainable solution for a
complete transition from fossil fuels to renewable energy. Also,
hydrogen as an energy carrier has huge potential to meet the
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trial and domestic), space and automotive applications (avia-
tion, maritime, heavy-duty transportation) due to its high
energy density and zero emissions.! Electrolyzer technologies,
including proton exchange membrane water electrolyzers
(PEMWE), alkaline water electrolyzers (AWE), solid oxide elec-
trolyzers (SOEC) and anion exchange membrane electrolyzers
(AEMWE), are commonly used for hydrogen production.
Among these, AEMWE and SOEC are less mature technologies
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with lower technology readiness levels, limited demonstration
scales, higher costs and relatively high degradation rates of 1.0
and 1.9 pV per hour, respectively.” In contrast, AWE and
PEMWE are more established technologies with higher tech-
nology readiness levels, demonstrating lower degradation rates
of 0.12 pv h™" and 0.19 pv h™", respectively.> While AWEs are
known for their long testing durations, noble metal-free elec-
trocatalysts, and proven stability, PEMWEs stand out for their
high operational current density (1-3 A cm™?) at low operating
temperatures, low voltage losses, higher response times (in
milliseconds), ultra-pure hydrogen (99.99%), and superior ionic
conductivity. PEMWEs are also well-suited for integration with
intermittent renewable energy sources due to its compact
design and higher selectivity, making it a highly promising
technology for hydrogen production.*

Despite the advantages of PEMWE, the high cost of catalysts
and the limited stability of cell components remain significant
barriers to its widespread adoption.>”” Platinum group metals
(PGM) are used in catalyst layers (CL) and porous transport
layers (PTL) coatings to achieve high performance and stability.
However, the use of PGMs significantly increases the overall
cost of PEMWEs. Therefore, reducing PGM loading, especially
in CL and PTL, is crucial for lowering the overall cost. Yet again,
the CL with low Ir loadings and the PTL without noble metal
coatings are prone to degradation and surface passivation,
respectively, which affect cell performance and stability. Thus,
understanding the microstructure of CL and PTL, as well as the
factors that affect their performance and stability, is crucial for
addressing the high cost and limited durability challenges. The
microstructure of the CL plays a critical role, as it directly
affects structural integrity, electrical conductivity, and accessi-
bility of active sites. These properties are associated with CL
degradation processes such as dissolution, migration, and
agglomeration of catalyst nanoparticles. To minimize precious
PGM usage while ensuring durability, it is important to modify
the microstructure through nanostructure engineering, as sim-
ply reducing PGM content could accelerate degradation.®®
Likewise, lowering PGM coatings in the PTL may increase
interfacial contact resistance (ICR) at the PTL/CL interface
due to the formation of an insulating oxide layer. In addition
to these challenges, the porous structures of the CL and PTL are
affected by the distribution of liquid water and bubble
dynamics, which can lead to mechanical degradation. In this
review, we discuss the state-of-the-art CL and PTL degradation,
highlighting the underlying processes and characterization
methods to analyze and mitigate the degradation, followed by
future directions for large-scale development of PEMWE at a
reduced cost.

2. Catalyst layer

Membrane electrode assembly (MEA) is a core component of
PEMWE and constitutes anode and cathode CLs separated by a
solid polymer electrolyte membrane made of perfluorosulfonic
acid (PFSA). Anode CL consists of iridium (Ir) based catalysts
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(IrOx) for oxygen evolution reaction (OER) and platinum (Pt)
supported on carbon (Pt/C) as a cathode catalyst for hydrogen
evolution reaction (HER).'® HER kinetics at the cathode are
extremely fast in acidic conditions, resulting in a negligible
overpotential that has a minimal impact on the overall PEMWE
performance. However, long-term operation still contributes to
cathode CL degradation via catalyst dissolution and catalyst
detachment from the support, which affects the overall dur-
ability of the cell. In contrast, OER kinetics are a complex multi-
step reaction pathway. It requires the continuous splitting of
reactant H,O and the rapid removal of product O, from the
catalyst surface (triple-phase boundary) simultaneously."* There-
fore, anode CL requires a higher Ir loading (1-2 mg;, cm ™ ?) to
facilitate the sluggish OER, accounting for more than 25% of the
total stack cost and dictating the overall cell efficiency."

A typical CL is developed from a dispersion-based catalyst
ink, which consists of catalyst nanoparticles dispersed in
ionomer and solvent. The ink formulation and mixing method
substantially influence the interactions among the ink compo-
nents. The ionomer in the catalyst ink is distributed over the
aggregates and agglomerates that form a multiscale porous
structure through a coating and drying process known as CL
microstructure. Each ink formulation creates a unique micro-
structure in the CL, resulting in varying porosities (meso- and
macro-pores) and plays a crucial role in both reactant flow and
the efficiency of catalytic sites. A distinctive proton transport
phase is carried out by the ionomer in the CL and reactant
water, while the electron transport pathway generally occurs
through the catalyst (support)/PTL/current collector interface.
Thus, a well-designed microstructure increases the interfacial
contact area between CL and the membrane, enhancing the
overall reaction efficiency. Similarly, a good interfacial contact
between CL-PTL facilitates the transport of product gas that
passes through the porous CL and exits through the PTL."?
Therefore, constraints to any of these transport pathways would
directly increase the electrode overpotential, affecting the over-
all cell performance.'**?

2.1. Catalyst layer degradation

The primary degradation mechanisms in CL include the dis-
solution, migration, and agglomeration of Ir-based catalyst
nanoparticles, CL detachment, and support passivation due
to harsh operating conditions (low pH and high anodic
potential).'® The OER on the catalyst surface generally proceeds
via oxide route, where the participation of lattice oxygen atom
facilitates efficient OER.'” However, the lattice oxygen route
leads to mechanical stress on the oxide layer of the catalyst,
accelerating the dissolution rate.'® Depending on the applied
potential and the surface composition of the catalyst, Ir dis-
solution is likely to occur through three different dissolution
pathways.'® At lower potentials (<0.9 V), direct dissolution of
metallic Ir can occur before the formation of a stable oxide layer
(Fig. 1).2° Specifically, under potentiostatic conditions or dur-
ing high-scan-rate cycling, the oxide formation lags behind
the applied potential. In the intermediate potential range
(~0.9-1.4 V), the Ir surface undergoes redox transitions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Simplified scheme showing possible pathways of Ir dissolution.
Green arrows indicate the mechanism that is preferable for electrocata-
lytically active Ir-based materials at lower potentials. Red arrows present
the dissolution route dominating at higher anodic potentials. Blue arrows
show intermediate steps that take place regardless of the electrode
material and potential. Adapted from ref. 22 with permission from Wiley-
VCH, copyrights 2018.

involving metastable species such as ItV (e.g., Ir'0O,0H) and Ir'™"

(e.g, HIrmOZ), which can either dissolve or transform into IrO,
through a place-exchange mechanism that replaces surface OH/O
species with lattice oxygen. At higher potentials (>1.4-1.6 V),
further oxidation leads to the formation of Ir'" species such as
IrO3, a highly reactive and unstable oxide that can decompose into
IrO, and O, or hydrolyze to form soluble IrO,>", contributing

Anode, IrOx/Nafion B } ~2 um

irband | ~ ?E‘;h
(7 PN Al
£
X7
Membrane Irot S S 4

Halfway Ir

distribution

Pt-Ir
Nanoparticle

¥
~90 pm

Ir deposited

Cathode, Pt/C on Pt

—> K

2H* + 2e”

Fig. 2

View Article Online

Review

significantly to catalyst degradation. These mechanisms highlight
the complex interplay between redox chemistry, oxide formation,
and dissolution that governs the stability of Ir-based catalysts
under OER conditions.

In this process, oxygen atoms from water or hydroxide
displace surface iridium atoms, embedding oxygen into the
lattice and pushing Ir atoms slightly outward, forming a true
bulk-like oxide rather than just surface adsorption. This transi-
tion begins around 1.0 V and accelerates at 1.2 V. This marks
the onset of irreversible structural changes that render the
electrode susceptible to further hydration, dissolution, and
oxygen evolution at higher potentials.”’ At high potentials,
OER accelerates the dissolution of Ir due to the formation of
unstable hydrous oxides and high-valent intermediates such as
Ir’"and Ir®". This potential region is associated with the most
severe degradation, driven by oxide hydration, redox instability,
and highly oxidative conditions.'® However, the mechanism
transitioning between Ir>* and Ir*" is considered the dominant
dissolution pathway.?* This dissolution not only leads to
catalyst loss but also drives morphological changes in the CL.

The dissolution of Ir significantly influences the aggregation
and redistribution of catalyst particles. One such process is
Ostwald ripening, in which smaller nanoparticles dissolve into
the electrolyte and subsequently redeposit onto larger particles
(Fig. 2a). Concentration gradients drive this redeposition and is
further affected by local conditions such as pH variations and
supersaturation resulting from metal dissolution. At higher
overpotentials, coalescence may occur, where nanoparticles
collide and merge due to electrochemical energy, forming
bigger particles.”® Furthermore, the dissolved ions migrate to
the IrO band in the vicinity of the CL/PEM interface in the MEA,
and further migration through the PEM leads to redeposition
into Pt-Ir NPs in the cathode (Fig. 2b).>* An unsupported

Detached

(a) Schematic of Ir nanoparticle dissolution, redeposition and coalescence. (b) Diagram depicting the mechanism of Pt—Ir precipitates and Ir band

formation in the membrane, with the distribution of Pt and Ir at different regions of the MEA. Adapted from ref. 24 with permission from Elsevier,
copyrights 2019. (c) Schematic of the mechanical degradation that takes place in the anode CL. Adapted from ref. 33 with permission from American

Chemical Society, copyrights 2024.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ir-based catalyst stands out for its exceptional intrinsic catalytic
activity and simplicity, with no risk of support degradation or
interference. This makes it ideal for high-performance systems.
However, supported catalysts could offer enhanced durability,
better Ir dispersion, and reduced Ir loading on a high surface
area, making them well-suited for long-term operation under
high-current operating conditions and at a lower cost.>
Carbon-based nanostructural materials are commonly used as
catalyst supports in electrocatalysis; however, their corrosion
and oxidation under harsh electrochemical conditions render
these materials unsuitable for anode catalysts in PEMWEs. In
contrast, metal-based supports, such as metal oxides, borides,
and nitrides, provide superior corrosion resistance, improved
conductivity, and long-term stability, which are more suitable
for higher voltage operating conditions of PEWMEs.>® Titanium
oxide (TiO,), with excellent corrosion-resistant properties, is the
only IrO,-supported commercial catalyst (IrO,/TiO,, Umicore).””
Nevertheless, the limited conductivity of TiO, needs higher IrO,
loadings to maintain sufficient conductivity of CL in PEMWEs,
which hinders the fabrication of low Ir loading CL.*® Therefore,
using other conductive and corrosion-resistant materials, such
as metal oxides and metal borides, can eliminate the need for
excess IrOx loading to maintain conductivity due to their
inherent high conductivity properties. Therefore, depositing
Ir nanoparticles on such a catalyst support could significantly
reduce the Ir loadings without compromising durability.”**°
Recently, different metal oxide-supported Ir catalysts have
been reported as efficient and durable anode catalysts in
PEMWEs.?* For example, IrOx-supported niobium oxide
demonstrated exceptional stability as anode CL in PEMWEs
due to the dynamic migration of oxygen species between IrOx
and Nb,O;_,.*° The in situ structural analysis revealed that the
Ir oxidation state is maintained throughout durability testing
due to the spontaneous migration of excess oxygen from IrOx to
the Nb,Os_, support. This stabilizes the active Ir sites, thereby
maintaining the catalyst’s efficiency over an extended time.
Another severe issue is ionomer degradation, which alters the
entire CL microstructure, thereby changing the wettability and
bubble kinetics. When the ionomer degrades, these crucial
interactions are disrupted, leading to a loss of performance,
even if the catalyst itself remains stable. Thus, understanding
the interplay between the support material and ionomer degra-
dation is key to enhancing the long-term stability and efficiency
of PEMWE catalysts. Ionomer degradation generally results in a
higher overpotential (decrease in ion conductivity of CL) when
metal cations occupy the proton exchange sites of ionomers.>
Chemical degradation of ionomer typically takes place at a
lower cathodic potential, resulting in loss of the triple-phase
boundary that increases the activation overpotential at the
cathode and ends up with detachment or coalescence of Pt
NPs due to weak van-der-Waals forces.*® Although ionomer
degradation in anode CL is less pronounced, it affects wett-
ability and bubble detachment, leading to bubble-induced kinetic
and mass transport polarization. Therefore, the bubble coverage
in catalyst active sites and the modified pore structure ultimately
result in explicit mechanical stress on the anode CL. This results
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in ionomer depletion and cracking of the CL, leading to a loss in
the effective electrochemical surface area (Fig. 2c).>**>

Degree of degradation in CLs is also dependent on the
operating conditions, such as, constant current hold at low
current densities (0.1-1 A cm™?) shows a significantly lower
voltage loss as compared to operation at high current densities
(=2 A em ?).*>**% The increase in overpotential during low
current density operation is generally attributed to activation
losses due to intrinsic kinetics of the electrode reactions.*® Over
time, these losses may be exacerbated by degradation of the CL
or ionomer, particularly at the anode, where high oxygen partial
pressure and oxidative species can lead to chemical breakdown.
Under high current density conditions, Ir-based catalysts
experience dissolution, which results in particle growth or
changes in morphology via redeposition, migration, and
coalescence.?” Moreover, the low cathodic potential at high
current densities promotes the formation of peroxide radicals,
contributing to Pt detachment and coalescence due to weaker
van der Waals forces.*®*? CL durability also depends on the
nature of the catalyst and the resultant CL architecture. For
example, a direct comparison reveals that an unsupported Ir-
based catalyst degraded after 208 hours due to surface oxida-
tion, characterized by an increase in electrical resistance (at
1.8 Vrug, 60 °C).*° In contrast, a CL having low Ir supported
nanostructured catalyst support (0.08 mg;, cm™>) operated for
4500 hours at 1.8 A cm > and 80 °C due to enhanced active
site accessibility provided by a nano-porous ultrathin film
electrode.*>*"** The modified CL via incorporation of IrOx
nanofiber interlayers in the anode led to improved surface area
and electron transfer, resulting in better mechanical stability
and a lower overpotential (14 mV vs. 68 mV for nanoparticle-
based MEAs) after 4000 cycles at 2 A cm ™ 2.*3

Under dynamic operation conditions, the frequent removal
of bubbles at the catalytic site enhances the water transport and
prevents reversible degradation. However, it causes severe CL
degradation due to Ir dissolution and ionomer thinning. For
instance, operating under load fluctuation, the accelerated rate
of bubble formation and detachment results in bubble-induced
stress on CL. The accumulation of bubbles on the electrode
surface can lead to localized thermal hotspots due to hindered
heat dissipation and mass transport. These hotspots induce
thermal stress on both the ionomer and catalyst materials in
the CL, potentially accelerating degradation.** Furthermore,
during system shutdown, H, crossover leads to a decreased
electrode potential at the anode, reducing IrOx to metallic
Ir."®*7 Upon startup, the metallic Ir is re-oxidized to an amor-
phous Ir, which influences the electrode’s performance and
stability. Although there is an initial improvement in perfor-
mance, this is followed by rapid CL degradation due to the
dissolution of Ir. This issue could potentially be mitigated by
optimizing the operating parameters during the on/off cycle
intervals. 212345

2.2. Characterization of CL degradation

It is crucial to understand and visualize the changes in CL
microstructure to identify degradation mechanisms. Traditionally,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ex situ characterizations, such as post-durability morphology ana-
lysis were conducted to analyze CL after performance testing.
However, currently, in situ electrochemical analysis, such as real-
time voltage loss (voltage loss as overpotential) monitoring and
increased high-frequency resistance (HFR), provides valuable
information about degradation mechanisms. Fig. 3a illustrates
the voltage breakdown in PEMWE, highlighting the voltage con-
tributions from each component. It demonstrates that the anode
kinetic losses are the largest contributor to the overall voltage loss.
In situ electrochemical characterization techniques, such as
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polarization curves, electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV), provide valuable insights into
the current-voltage relationship. Mass transport losses are not
shown due to the usual insignificant contributions to the overall
voltage losses in PEMWESs."® These insights help elucidate the
underlying reaction mechanisms and increased overpotential.*’
The corresponding polarization curves analysis shows degradation,
demonstrating all the losses at the beginning and end of the test
(EOT) (Fig. 3b). Generally, the lower current density region is
dominated by kinetic overpotential and Ohmic polarization, which

a) . «—Polarization curve b) 22 T C) 60 T
v —Initial A — nitial 1.9V
<+Membrane ohmic L HFR
& Anode ohmic 2 _Aged o~ _Aged
> «Cathode ohmic E 40 CPE1 CPE2
% o S
ol +Anode (OER) kinetics %1'8 % 20 e
5 = < Increased < g
> . Cg;t\?ode(HER) kinetics 21-6 --------- l'é‘ ol HFR \\\.’ll .
~ |R-free curves N / / Increased R Increased R,
1.4 . .
%50 05 1o 15 zo 25 30 0 1 2 4 5 100 150 200 250

jA/cm?

urrent density A/cm?

Z ./mMQ cm?

Non-degraded CL Degraded CL

AC/PEM interface

No Ir band

Initial

Ir0, /ATO

Intensity (a.u) Q
Intensity (a.u)

Intensity (a.u)

72 70 68 66 64 62 60 58 56 72 70 68 66 64 62 60 58 56 72 70 68 66 64 62 60 58 56

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 3 Characterization of CL degradation. (a) Schematics of voltage losses across the MEA (mass transport losses are considered negligible). Adapted
from ref. 61 with permission from American Chemical Society, copyrights 2020. (b) /-V curves at the beginning and end of the test, (c) with
corresponding PEIS at 1.9 V. Adapted from ref. 33 with permission from American Chemical Society, copyrights 2024. (d) (top) SEM images of low-loaded
CL with a representative homogeneous region (1) and some electronically disconnected islands (2) (left). Nanofiber interlayer of the Ir-based hybrid
anode CL (right) (0.2 mg,, cm~2, Nafion-N115) with the corresponding schematic illustration of CL electronically disconnected from PTL and hybrid IrOx
anode CL with nanofiber interlayer that distributes electrons to all regions of the CL and enhances stability (bottom). Adapted from ref. 43 with permission
from American Chemical Society, copyrights 2020. () Comparison of non-degraded and degraded anode CL and the anode/membrane interface with
elemental mapping of Ir band. Adapted from ref. 24 with permission from Elsevier, copyrights 2019. (f) Identical location-TEM images of IrOx/ATO as-
synthesized and after 5000 cycles, highlighting the degradation during OER, (g) corresponding XPS spectra demonstrating the Ir oxidation over the
period of degradation (inset percentage of Ir(0), Ir(v), Ir(in), and Ir(v)). Adapted from ref. 60 with permission from American Chemical Society, copyrights
2019.
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is linearly dependent on interfacial contact resistance, as well as
higher current density due to mass transport limitations (effects of
bubble dynamics and CL surface porosity). Furthermore, the EIS
from Fig. 3c can complement the results from the polarization
curve in terms of charge and mass transfer resistance at the
electrode and ionic resistance at the membrane interface. CV
measurement at intermittent operation provides additional insight
into the electrochemically active surface area (ECSA), thereby
enhancing the understanding of the kinetics and reaction mecha-
nism at the electrode surface.

In addition to conventional techniques such as polarization
curves, EIS, and CV, recent advancements have enabled direct
kinetic loss analysis within MEAs. For instance, a hierarchy-
configured CCM with embedded voltage sensing wires shows
real-time measurement of internal voltages. The data is used to
extract the kinetic parameters such as exchange current density
and charge transfer coefficients.”® This technique enable the
in situ observations of kinetic losses that contribute over 96% to
total electrode voltage loss at low current densities, offering
unprecedented resolution in characterizing CL degradation.
Furthermore, in situ EIS measurements at specific MEA loca-
tions complement traditional methods by isolating ohmic and
kinetic resistances, thereby enhancing degradation diagnostics
and catalyst layer optimization. Nevertheless, characterizing
the CL through in situ single cell measurement does not
necessarily provide complete information on degradation.*’
While these in situ techniques are employed to analyze the
severity of degradation to the CL, a pivotal step in understand-
ing the degradation mechanism is to imitate operational con-
ditions through an accelerated stress test (AST) over a period
of 100-4000 hours."® While this may seem a fraction of what
the actual lifetime operation entails, AST can simulate the
increased stress at a single cell level, either for a particular cell
component (CL degradation) or overall cell components, spe-
cifically under startup and shutdown operations.>® Startup and
shutdown operations can cause thermal cycling and volume
changes, inducing mechanical stresses and microcracking.
High current densities during startup may lead to overheating
and material dissolution, especially at the anode.’“*> AST
focusing on CL degradation is tested by repeated potential
cycling or the stepping potential between a region of activity
(upper potential limit >1.6 Vgyg) and sluggishness (lower
potential limit < 1.3 Vgyg). In relation to the potential limits,
the findings indicate that limited differences are observed for
varied upper potential limits (> 1.4 Vgyg) due to gas blinding of
the CL. Testing at this potential range could significantly
contribute towards understanding the dissolution mechanism
under oxidative conditions.>*>*

Furthermore, a systematic comparison of various durability
protocols including potential holds, triangle- and square-wave
cycling, and renewable energy-mimicking inputs shows the role
of durability protocols on degradation.>® For instance, square-
wave cycling (1.45-2 V) at 0.1 mg; cm 2 resulted in a 30%
performance loss over 525 hours, with an Ir dissolution rate of
10.2 ng cem > h™', compared to 19% loss and 7.1 ng cm > h™"
for triangle-wave cycling. Ramping (potential) profiles revealed
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that ramp rate also influences degradation, with ramp-up
protocol causing 32% loss. Studies showed a constant high
current density operation (e.g.,, 2 A cm ?) lead to significant
degradation, up to 194 uv h™* primarily due to Ti-PTL passiva-
tion. The contamination of the CL with Ti ions also reduces the
anodic exchange current density and
resistance.’® Dynamic cycling, particularly with intermittent
pauses or reduced current intervals, can reduce degradation
by up to 84% compared to constant operation.’” Reversible
degradation effects, such as voltage recovery after current
interruption, account for up to 61% of observed voltage
increase. AST protocols simulating renewable energy profiles
(wind and solar) showed lower degradation (12-13%) over
90 days but followed similar kinetic degradation pathways.>”
Additionally, open-circuit voltage (OCV) periods accelerate the
transformation of crystalline IrO, into hydrous iridium oxide,
which has lower conductivity and contributes to increased
high-frequency resistance (HFR) and interfacial contact
losses.”® Avoiding OCV by applying a small bias (e.g., 1.3 V)
during idle periods effectively mitigates degradation. These
findings underscore the importance of selecting appropriate
AST protocols based on stressor type, severity, and cycling
frequency to accurately assess CL and PTL durability. However,
an additional ex situ postmortem analysis of the CL rationalizes
the intensity of underlying degradation resulting from long-
term AST.

Microscopic imaging, as an ex situ characterization tool
provides both quantitative and qualitative assessments of
degraded CLs, enabling the identification of structural changes
within the CLs. The ex situ analysis focuses on observing the
morphology, cracks, wettability, and porosity at the EOT, which
can provide a qualitative analysis of the CL degradation com-
pared to the beginning of the test (BOT).>* Generally, the
distribution of IrOx nanoparticles in the CL mostly contains
regions with a homogeneous coating (region 1) but also certain
regions where the catalyst materials are agglomerated and
cracked, which are electronically disconnected from the rest
of the CL (region 2) (Fig. 3d). A cross-sectional imaging analysis
divulges a qualitative analysis of the migration of catalyst
nanoparticles from the anode CL to the membrane and further
into cathode CL via Ir dissolution mechanism.”® MEA after
4000 h of PEMWE operation shows the dissolution of Pt and
IrOx, where IrOx is distributed across the MEA with a distinct
IrOx band at the anode CL/membrane interface (10% IrOx)
while retaining just 30% of IrOx in the anode. However, 40% of
the IrOx was found to be deposited in the cathode, and 18%
migrated to the membrane.>* Such significant catalyst migra-
tion and redeposition in the membrane results in increased
ohmic resistance, reduced mechanical integrity, and potentially
higher gas crossover.

Ex situ characterization can be extended to detect ionomer
aggregates that have dissociated from the catalyst surface. This
dissociation leads to void formation within the CL, contribut-
ing to structural degradation. The dissociated ionomer and
migrated catalyst particles can be visualized using scanning
electron microscopy (SEM) combined with energy-dispersive

increases ohmic
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X-ray spectroscopy (EDS). These techniques enable spatial
tracking of catalyst migration across the CL and into the
membrane. This is illustrated in Fig. 3e, where the Ir signal is
shown along the CL/membrane interface. A more obvious
degradation via identical location transmission electron micro-
scopy (TEM) shows the degradation of catalyst support (marked
with red lines), catalyst dissolution/redeposition (green circles)
and crystalline migration (white boxes) after 5000 AST cycles
(Fig. 3f). X-ray photoelectron spectroscopy (XPS) provides more
information on the ionomer in CL, such as the interaction of
the ionomer with the catalyst, the conformal state of the
ionomer (F:S ratios), and the oxidation of Ir over the course
of the degradation period.*® The fresh IrOx/ATO CL contains a
collective of metallic Ir, Ir(m), Ir(wv), and Ir(v) species, which
changes to Ir(m), Ir(wv), and Ir(v) species after AST cycle demon-
strating the oxidation of Ir, that potentially leads to Ir dissolu-

tion pathways (Fig. 3g).>>°

3. Porous transport layer

PTL is an essential multifunctional component of PEMWEs
that facilitates electron conduction between CL and the bipolar
plate (BPP) while managing water and gas transport at the
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CL/PTL interface.’” PTL also dissipates the heat produced during
PEMWE operation and provides mechanical support to the CL,
facilitating the removal of O, gas to prevent mass transport losses.
Thus, a better functional PTL requires high porosity, conductivity,
mechanical strength, and chemical stability in acidic media.®®
Currently, titanium (Ti)-based substrates are used as PTL due to
their high electrical conductivity, sufficient corrosion resistance,
and mechanical strength.®* Metallic Ti felt, sintered Ti powder,
and Ti mesh are among the commonly used commercial PTL
substrates, ensuring effective water and gas transport for the
extended applications of PEMWEs.*>®® However, corrosion, pas-
sivation, or mechanical damage of Ti due to bubble formation
and compression can increase resistance, limit reactant access,
and cause uneven current distribution, thereby accelerating
PEMWESs degradation.®”:%

3.1. Porous transport layer degradation

PTL degradation usually occur through chemical degradation
which primarily results from the corrosion, passivation, and
poisoning of Ti and mechanical degradation which is mainly
driven by the formation of O, gas bubbles and compression.®”
Chemical degradation initiates as Ti develops a thin, corrosion-
resistant oxide layer when exposed to O, or moisture (Fig. 4a).®’
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Illustration of PTL degradation process in PEMWEs, (a) Schematic illustration of PTL surface passivation. Adapted from ref. 89 with permission

from Elsevier, copyrights 2016. (b) Schematic of corrosion mechanism and Ti PTL dissolution. Adapted from ref. 63 with permission from Elsevier,
copyrights 2025. (c) Schematic of bubble formation and progression to detachment, (d) Schematic demonstration of mechanical degradation of PTL due

to excessive compression force.
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This oxide layer, due to its electrostatically insulating proper-
ties, results in significant interfacial contact resistance (ICR) at
the PTL/CL interface, which hampers electron transfer and
leads to higher cell resistance.’® Empirical evidence suggests
that after 1000 hours of operation at 80 °C, a 20% increase in
ohmic resistance is attributed to the ICR due to the passivation
film, resulting in 194 puv h™" voltage losses.®” This demon-
strates the significant contributions (~78%) of anodic PTL to
PEMWESs’ performance degradation. Thus, a thin layer of PGM
(Pt, Ir, or Au) is generally applied to prevent PTL passivation,
which minimizes the ICR at PTL/CL.”° For instance, Ir-coated Ti
PTL reduces ohmic resistance by 60 mQ cm ™2 and cell voltage
by 80 mV compared to uncoated PTL. When operated at a
current density of 2.0 A cm ™2, the Ir-coated Ti PTL achieved a
steady performance for up to 4000 hours without significant
voltage losses.”" Similarly, coated PTL maintains current den-
sities throughout the 4000 h testing period at 2.0 V, which
implies that the Ir coating shields the underlying metal from
corrosive environments.®> However, the application of PGM as
protective coatings on PTLs significantly contributes to the
high cost of hydrogen production in PEMWEs. Although var-
ious non-PGM alternatives have been explored, their long-term
durability remains insufficient.®®

Recent advancements indicate that incorporating an inter-
layer between the PTL substrate and the precious metal top
layer can effectively reduce the noble metal loading without
compromising performance.*®”> For instance, the impact of
tantalum (Ta) interlayer thickness on PTL performance
revealed impressive performance in terms of low Pt loadings.
The PTL with a 320 nm Ta interlayer and only 50 nm of Pt
achieved a 33% higher current density at 2.0 V compared to a
commercial PTL with 200 nm of Pt, thus reducing the PGM
usage by a factor of four.”® Fig. 4a also presents the ICR results
of coated and uncoated PTLs under varying compression
forces, where a significantly low ICR is observed for coated
PTL, which emphasizes the role of thin coatings on PTL in
preventing surface passivation.

Catalyst poisoning due to Ti dissolution through electro-
chemical reactions is another major cause of degradation in
PEMWEs.”® Under high anodic potential (1.4-2.0 V), metallic Ti
is susceptible to oxidation, forming TiO, and TiO,". These ions
further react with fluoride ions (F™), often present in the system
(from membrane degradation or ionic phase) to form soluble
Ti-fluoride complexes (TiF,") (Fig. 4b). Which then migrate
through the ionomer proton transport channels to the cathode,
driven by the electric field and replace protons (H') in the
ionomer or deposit on the CL. This process disrupts the proton
transfer efficiency and can block active sites in CL, thereby
hindering HER.”* Except for PGM coatings that prevent Ti
dissolution, the effective removal of F~ and Ti" in water loops
could also significantly enhance electrolyzer durability, as demon-
strated by recent work. A low-cost ion-exchange resin has been
utilized in the water loop to remove foreign ions, resulting in a
71% reduction in the degradation rate over a 3000-hour testing
period. This highlights the importance of corrosion and poison-
ing management in improving PEMWE longevity.”*

EES Catal.
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The flow of feed water and O, gas (bubble formation) has a
substantial impact on the mass transport characteristics
through the CL/PTL interface. A smooth exit of O, gas bubbles
generated at the anode CL typically progresses through three
stages: nucleation, growth, and detachment.”® If not removed
quickly, bubble formation may hinder the flow of reactants and
products, resulting in the obstruction of active sites and
disruption of thermal management (Fig. 4c).”® Thus, it is an
essential feature of a good PTL to efficiently distribute liquid
water to the CL and facilitate the removal of O, gas. This
phenomenon is particularly severe under high current densi-
ties, where rapid bubble formation creates insulating films at
the PTL/CL interface and clogs the micropores of PTL, thereby
impeding mass transport.”” The excessive bubbles may lead to
increased local pressure, resulting in structural deformations,
cracking, or delamination, particularly in PTL with inadequate
robustness. Additionally, the buildup of an O, gas concen-
tration gradient near the CL, due to restricted mass transport,
decreases the rate of OER.”® In addition to filling the gaps in
CL, a higher concentration of O, gas accelerates the phase
transition from a dissolved to a gaseous state.”® This would also
disrupt the local pH and concentration gradients, affecting
reaction kinetics and raising the risk of localized corrosion or
degradation of CL.** Similarly, from a thermal management
standpoint, O, gas has a significantly lower thermal conductiv-
ity compared to liquid water, which raises the thermal resis-
tance. This causes ’hot spots’ in regions of higher current
density due to the Joule effect and accelerates membrane
degradation if not adequately dissipated by circulating water
or heat conduction.’® Likewise, such localized overheating
contributes to PTL degradation, further compromising PEMWE
performance. Various strategies can be employed to facilitate
the smooth exit of gas bubbles, including the use of
magnetic fields, ultrasound, gravity, and mechanical vibra-
tions, as well as designing and modifying the PTL porosity and
wettability,5278*

Furthermore, wettability plays a critical role in promoting
efficient gas bubble detachment from the PTL surface.
Enhanced hydrophilicity of the PTL improves water transport
and mitigates bubble accumulation, thereby reducing mass
transport losses.®> The progression of bubble formation and
its effects, such as reduced mass transport and increased
temperature, are illustrated in Fig. 4c. Furthermore, appropri-
ate compression is essential to prevent water and gas leakage to
prevent flooding or dry spots and better contact between CL
and PTL to maintain a low ICR. However, the mechanical
stability of the PTL, particularly the PTL with high porosity
(70-80%), is prone to deformation under excessive compres-
sion during cell assembly, due to its porous structure lacking
sufficient mechanical strength. This vulnerability can lead to
pore collapse or structural damage, impairing gas and water
transport.®® The rib-channel structure inherent in the BPP
introduces nonuniform pressure distribution on the PTL,
resulting in nonuniform structural changes, which reduce gas
and water permeability of the PTL.?” Excessive compression can
also cause Ti fibers to break or shift, altering the structural

© 2025 The Author(s). Published by the Royal Society of Chemistry
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morphology and impacting current transport and fluid perme-
ability (Fig. 4d).®® Furthermore, a PTL fiber crack may puncture
the membrane and damage the CL.

3.2. Characterization of PTL degradation

Characterizing the degradation of the PTL is crucial for under-
standing the underlying degradation mechanisms. Since
PEMWE degradation involves contributions from various cell
components, isolating the PTL degradation behavior remains
challenging, necessitating advanced and targeted diagnostic
methods. PTL degradation is commonly characterized by ex situ
microscopic and structural analysis, electrochemical methods,
X-ray techniques and advanced imaging.”” Microscopic chat-
acterizations help to visualize the surface and subsurface
characteristics, while electrochemical analysis aids in diagnos-
ing the PTL behavior during the PEMWEs operation.?>°° SEM
allows for direct observation of surface morphology changes,
such as cracks, delamination, and coating erosion, arising from
mechanical compression and chemical corrosion. For instance,
the corroded surface of Ti-based PTL can be observed when
exposed to a corrosive environment (Fig. 5a).”>°" Coupled with
EDS, SEM can further identify elemental distribution changes
across the PTL, revealing corrosion, essential for pinpointing
degradation initiation sites.”” Microstructural variation is

Au-PTL Prlstlne

PTL before degraation

Pristine uncoated PTL

c)
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further illustrated by pristine and aged Au-coated PTLs, where
Ti fibers, after long-term PEMWEs operation, induced coating
delamination (Fig. 5b).®® Interestingly, the PTL surface at PTL/
CL shows complete dissolution of the coating compared to the
PTL/BPP interface, presumably due to the formation of an
unstable oxide layer. The oxide layer disintegrates at high
voltage (2.0 V), releasing O, gas and detaching the coating
layer, thereby initiating Ti passivation or corrosion. A TiO,
layer (~7 nm, pink) is evidenced on the pristine PTL after
4000 hours on the aged PTL compared with the pristine PTL
(Fig. 5¢ and d). In short, TiO, is both a symptom and a driver of
degradation: it thickens and becomes more insulating over
time, while localized dissolution and O, bubble nucleation
undermine adhesion, jointly triggering passivation and corro-
sion of the Ti substrate.

PTL surface chemistry and oxide formation can be assessed
by XPS to quantify the thickness and nature of Ti oxides formed
on PTLs.”® For instance, PTL after AST has shown a significant
increase in the oxide-to-metal ratio, highlighting the impact of
prolonged exposure of Ti PTL to acidic conditions. The initial
Ti(iv) oxide layer becomes thinner in the pristine PTL, with an
oxide-to-metal ratio of around 12.73: 1, which increases signifi-
cantly (from 20.82 to 23.7:1) due to substantial Ti oxidation
under corrosive conditions (Fig. 6a). It is worth noting that Ti

Fig. 5 PTL degradation and characterizations, (a) SEM images of PTL before and after degradation. Adapted from ref. 72 with permission from Elsevier,
copyrights 2018. (b) SEM images of pristine Au-coated PTL; Au-coated PTL that faces the BPP and CL side after 4000 h. (c) High-angle annular dark-field
scanning TEM images of pristine uncoated PTL and (d) aged uncoated PTL (left), along with elemental distribution (right). Adapted from ref. 65 with

permission from Wiley-VCH, copyrights 2021.
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Society, copyright 2021.

PTL oxidizes to varying degrees depending on the conditions.
For example, degradation analysis during steady operation
thickens the oxide layer owing to trapped oxygen in the pores,
but dynamic cycling improves gas escape, resulting in a thinner
oxide layer. X-ray diffraction (XRD) further reveals phase transi-
tions, indicating that surface oxidation during the degradation
process results in new crystal phases, such as TiO, and Ti,O;
(for Ti PTL), which are generally passive in nature and increase
the ICR.”

Synchrotron X-ray radiography and neutron imaging enable
the real-time observation of PTL degradation by tracking the
progression of corrosion. These techniques can also help in
studying the bubble formation under operational conditions,
providing insights into structural integrity and mass transport
dynamics as they evolve.”>*® Neutron imaging, with its ability
to penetrate metal layers, visualizes the distribution of water
and gas, thereby aiding in the understanding of bubble for-
mation and transport mechanisms. These in situ techniques are
crucial for identifying degradation pathways that impede PTL
efficiency and enable precise adjustments in PTL design.”” A
recent study reported the relationship between bubble trans-
port and PEMWE electrochemical performance by integrating a
visualization window on the anode endplate to observe tailored
PTL bubble movement (Fig. 6b).°® The authors demonstrated
that PTL pore architecture dictates bubble detachment and
release pathways, where optimized structures promote faster

EES Catal.

bubble removal, reduce mass transport resistance, and
enhance cell performance.

Electrochemical diagnostic could also provide insights into
PTL degradation, where the current response to increasing
voltage is measured. It defines oxidation onset points and
indicates the corrosion susceptibility as well as the impact of
the coating layer on the PTL. For instance, uncoated Ti-felts
exhibited a voltage of 1.685 V at 2.0 A cm™> and 80 °C, which
was reduced to 1.649 V with sputtered Au and further reduced
to 1.633 V and 1.638 V for 180 nm and 820 nm electroplated
layers, respectively (Fig. 6¢).°° Changes in charge transfer
resistance and mass transport impedance at the electrode-
electrolyte interface, due to passivation layer formation, raise
ICR and undermine PTL functionality. Based on Fig. 6d, the Au
coatings reduced ohmic resistance in comparison to uncoated
PTL, with the lowest resistance (70 mQ cm?) observed for the
180 nm thick Au sputter-coated PTL. Potentiostatic testing,
conducted over extended periods, monitors the decline in
corrosion current, providing insight into PTL durability under
PEMWE conditions. The sputtered (180 nm) and electroplated
(180-820 nm) Au-coated Ti-felts improved stability and reduced
voltage at 2.0 A cm 2 and 80 °C, with electroplated layers
showing minimal voltage decay over 100 hours (Fig. 6e).”
These methods capture shifts in electrochemical stability,
which is vital for assessing the integrity of PTL coatings and
their functional lifespan.'®”'°! These findings highlight Au’s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectiveness in enhancing the stability and performance of
PTL. ICR serves as an indirect metric for evaluating PTL
degradation, specifically surface passivation. This phenom-
enon occurs as an insulating oxide layer forms on the PTL
surface under PEMWE operation, impeding electron transfer
and resulting in increased voltage losses. Fig. 6f presents the
ICR results for different Ir coating thicknesses on the PTL
across various compression force ranges, where ICR decreased
with increased coating thickness, indicating the benefit of thick
Ir coatings.'® Comprehensive analysis of PTL degradation
provides crucial insights into the mechanisms driving perfor-
mance loss in PEMWEs. These findings underscore the need
for optimized PTL materials and coatings that withstand harsh
electrolyzer environments, promoting stable electron transport
and minimizing interfacial resistance.

Most in situ studies have been performed under steady-state
operation or simplified ASTs protocols. While valuable, such
protocols cannot fully reproduce the stresses experienced in
real applications, particularly when electrolyzers are directly
coupled to intermittent renewable energy sources. In practice,
dynamic operation imposes frequent current ramps, start/stop
cycles, and rest intervals, all of which accelerate unique degra-
dation pathways that are often absent in steady-state testing.'*>
A study on PEMWE testing protocols shows that steady or overly
simplified ASTs can misrepresent field degradation if they
neglect dynamic cycling and intermittent loads.'®® To obtain
representative insights, in situ characterization must therefore
be adapted to account for realistic load profiles and transient
operating states. Recent studies demonstrate that compared to
steady testing, dynamic cycling results in increased fluoride
release from ionomer/membrane, significant Ir and Pt migra-
tion into the membrane.'® Dynamic testing protocols also
evidenced a thin but detectable PTL passivation layers
(~0.4 nm), and partial recovery of activation overpotential
during rest periods. These results highlight the vulnerability
of the CL-PTL-membrane junction under realistic cycling and
highlights the importance of in situ studies to capture the exact
degradation. Another study further showed that the frequency
of dynamic loading is also critical.'®* High-frequency cycling
reduces transient overpotentials and mitigates the degradation
per cycle. Whereas low-frequency cycling allows prolonged
exposure to extreme conditions, promoting bubble accumula-
tion, interfacial stress, and more severe PTL passivation.
Together, these results illustrate that not only the shape but
also the timescale of the applied load profile governs degrada-
tion kinetics.

4. Role of CL/PTL interface

The interface between the CL and the PTL represents a critical
junction in PEMWEs, where electrochemical reactions, mass
transport, and mechanical stresses intersect. This region
directly governs charge transfer and catalyst utilization, parti-
cularly under low Ir loadings (< 0.1 mg; cm™?), where CL/PTL
interface quality becomes the dominant factor in overall

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance. Ir utilization in the anode CL is strongly affected
by the surface properties of the PTL rather than its bulk
characteristics. This behavior arises from two main factors:
(i) the poor electronic in-plane conductivity of typical CLs, caused
by the disruption of their electronic percolation network, and
(ii) localized mass-transport limitations beneath PTL contact
points within the porous CL.'®® Uneven or coarse PTL surfaces
can deform the CL, generate microcracks, and increase activa-
tion, ohmic, and mass-transport overpotentials. The fraction of
catalyst effectively connected to the PTL determines the degree
of catalyst utilization (Fig. 7a-d)."*® Regions lacking electronic
contact remain electrochemically inactive, while optimized
surface coatings and microporous interlayers enhance the
effective contact and facilitate electron transfer.'°® Tailoring
the PTL structure by sintering Ti powders with graded pore
sizes can enhance the interfacial contact and minimize the
mass-transport losses by approximately 60 mV. Uneven or
coarse PTL surfaces can deform the CL, generate microcracks,
and increase activation, ohmic, and mass-transport overpoten-
tials. Similarly, electron-beam-melted Ti meshes provide more
uniform contact and higher catalyst utilization compared to
07 These observations collectively emphasize
that maximizing the effective interfacial contact area between
the CL and PTL is essential for efficient catalyst utilization,
reduced local transport resistance, and enhanced electroche-
mical stability. Optimized coatings through nanostructure
engineering can enhance the performance while reducing the
PGM loadings (Fig. 7e). Development of gas diffusion electro-
des integrated with PTL is another vital strategy to improve the
interfacial conductivity, water bubble dynamics and reduce the
overall PGM loadings.’®® A recent work showcased a thin
catalyst-coated liquid/gas diffusion layer design where Ir coat-
ings are applied on PTLs as the catalyst, eliminating the need
for the anode CL as CCM. Their findings shows superior
performance of these specially designed electrodes compared
to conventional system and proved to be effective specifically
for low Ir loadings. Such smart designs not only improves the
CL/PTL interfacial properties but also controls the bubble
dynamics and Ir loadings.

In summary, the CL-PTL interface is not a passive boundary
but an active, multifunctional region where electronic, mechan-
ical, and degradation phenomena converge. Thus, an opti-
mized interface could facilitate the minimal PGMs loading
while maintaining high effectiveness and efficiency. Rational
engineering of this interface-through optimized morphology,
tailored surface structuring, and controlled porosity is critical
to reducing interfacial resistances, enhancing catalyst effective-
ness, and suppressing failure pathways that ultimately com-
promise the durability of the entire MEA.

woven meshes.

5. Future perspectives

Both CL and PTL are essential components that not only play a
major role in performance but also contribute significantly to
the overall cost of PEMWEs due to PGM catalysts and coating
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Fig. 7 Schematic illustrations showing the influence of MPL on higher utilization of the CL at low iridium loadings in comparison to that of PTLs and the
influence of Pt-coatings. (a) PTL with a CCM using high catalyst loading, (b) PTL with low catalyst loadings, (c) MPL without Pt with low catalyst loading,
and (d) MPL with Pt-layer and low catalyst loading leading to better CL utilization. Adapted from ref. 106 with permission from Royal Society of Chemistry,
copyright 2024. (e) Schematic illustration of CL/PTL interface modifications and their impact on charge transfer and PGM utilization at the CL/PTL
interface. Adapted from ref. 109 with permission from Elsevier, copyright 2024.

on PTL. Therefore, it is essential to understand the degradation
process of CL and PTL and design strategies to mitigate
degradation for the extended performance of PEMWESs. Follow-
ing are key points to optimize the CL and PTL for improved
performance (Fig. 8).

5.1. Ink optimization

Optimizing catalyst ink can play a key role in enhancing the
development of the CL microstructure, which reflects on the
durability and performance of PEMWE. Key macroscopic prop-
erties of the catalyst ink, such as viscosity, surface tension,
material composition, and dispersion stability, should be tuned
for better coating. These factors significantly influence the
coating process and are essential for reducing the PGM load-
ings while improving the stability of the CL. The microstructure
of CL is not only shaped by its inherent material properties but
is also heavily influenced by the fabrication methods used. For

EES Catal.

instance, spray coating can achieve a uniform pore distribu-
tion, but it may result in nonuniform catalyst loading and
poor CL-membrane interphase, which in turn compromises
the overall performance."’®'' By contrast, slot-die/micro-
groove coating ensures better catalyst distribution for large-
scale manufacturing and improves the interface quality.'*?
Sputter coating on PTL, as a porous transport electrode, can
reduce precious metal use and eliminate ionomers, thereby
enhancing durability and kinetics by reducing ionomer-related
degradation.'*® Thus, every coating method has its advantages;
a more effective approach would be to adapt the coating
process by controlling the CL microstructure.

5.2. Ir-supported catalysts

Advanced support materials with high conductivity, high
surface area and higher corrosion-resistance could increase
the catalyst utilization and maintain catalyst integrity through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematics illustration of proposed strategies to improve the performance and durability of CL and PTL.

strong metal-support interaction."** Nanostructured Ir-supported

catalysts significantly improve catalyst utilization through a
higher electrochemically active surface area.'™ Similarly, con-
ductive supports improve charge transfer and electrical con-
ductivity within the CL and aid in improving the OER kinetics.
More importantly, the corrosion resistant catalyst support
inhibits the Ir nanoparticles detachment and retain the cataly-
tic performance over long term stability testing.>> Nanostruc-
tural design of low Ir supported catalyst also provides efficient
mass transport properties due to optimized porosity and pore
size distribution by balancing the water/gas transport and
reduces mechanical stress.''® Additionally, optimizing the CL
morphology by controlling thickness, porosity, and the iono-
mer interface improves proton conductivity and reduces
degradation."

5.3. Corrosion-resistant coating

The surface passivation forms a non-conductive oxide layer,
which negatively impacts PTL conductivity, resulting in higher
cell voltages. These phenomena could be mitigated through
noble metal coatings that inhibit the PTL corrosion.'”” Cur-
rently, PTL is coated with Pt (200 nm thick layer) to prevent
surface passivation; however, it increases the cost per kilogram
of H, generated and makes the total process more expensive.
Using an interlayer between the Ti-based substrate and the Pt
top layer can reduce Pt loading by up to four times without
sacrificing performance.”®> Corrosion-resistant and low-cost
metals such as tantalum and niobium, which as more noble
than Ti but less noble than Pt, act as an electrochemical buffer.
These interlayers could reduce the potential difference between
Ti and Pt, thereby inhibiting the interfacial corrosion and
improve long-term stability.”

5.4. Interfacial contact resistance

The significant variation in particle size of the CL and PTL such
as the nanometer size of catalyst nanoparticles in the CL causes
inadequate interfacial contact between PTL (micrometer size
particles) and CL. Insufficient contact leads to low charge

© 2025 The Author(s). Published by the Royal Society of Chemistry

transfer efficiency. The interfacial contact could be enhanced
by adding a mesoporous layer on top of PTL. For instance, a
laser ablation modified Ti at PTL-CL interface with a uniform
microporous backing layer, offers scalable and efficient
method for PTL fabrication."'® This structural refinement
enhances the mass transport and catalyst utilization in
PEMWES, enabling superior performance at low Ir loadings
without compromising interfacial integrity. Similarly, a proper
compression during assembly plays a crucial role in interfacial
contact resistance, i.e., inadequate or excessive compression
significantly impacts the HFR values, which lead to higher
voltage losses. Optimized compression is also crucial for pre-
venting mechanical damage while maintaining effective water
and gas transport. Thus, it is essential to perform compression
testing for proper compression validation before testing the cell
performance.

5.5. In situ diagnostic

Recent developments in in situ analysis techniques have
brought useful information about CL and PTL degradations
at early stages. For instance, the bubble detachment is a severe
issue that disrupts the PTL microstructure and leads to PTL
degradation during long term testing. Transparent designs of
CL/PTL system with in situ visualizations can track the micro-
structural changes in CL/PTL, bubble dynamics over the course
of time."*® Thus, by in situ visualization, the bubble detachment
could be improved by smart design of PTL microstructure and
its wettability. Similarly, some methods such as vibrations or
ultrasonic waves could also be utilized to mitigate the bubble
induced structural degradation of PTL. In situ durability evalua-
tion is also useful to study the dynamic process happening at
the CL/PTL interface. For instance, coupling durability studies
with advanced operando techniques such as EIS and spatial
ICR mapping, synchrotron/neutron imaging, or XAS/XPS can
directly link transient electrochemical signals to oxide growth,
bubble dynamics, and interfacial chemical changes. Visual
summaries that align load profiles with electrochemical
response and structural/morphological evolution provide a
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powerful way to interpret how dynamic operation accelerates
PTL degradation and propagates failure into the CL and
membrane. Further developments in in situ monitoring and
real-time diagnostics for both CL and PTL could enable the
early detection of degradation towards targeted interventions.
These approaches can help to identify performance losses at an
early stage and enable the support predictive maintenance for
extended operational lifetime of PEMWEs.

5.6. Durability protocols

Overall limitations in the testing framework to isolate degrada-
tion of individual components makes it difficult to compare
the published results. However, future durability studies in
PEMWES should prioritize stressor-specific testing protocols to
isolate degradation mechanisms more effectively. Literature
shows that constant high-current operation accelerates irrever-
sible losses due to Ti-PTL passivation and catalyst contamina-
tion, while dynamic cycling helps distinguish reversible
degradation. Furthermore, OCV-based ASTs uniquely identify
IrOx transformation and contact resistance buildup. These
findings highlight the need for tailored protocols: varying in
current density, cycling frequency, and voltage holds, to decou-
ple mechanical, electrochemical, and material degradation for
next generation electrolyzer design. For PTL, the half-cell test-
ing and ex situ corrosion experiments allow the evaluation of
PTL passivation, coating stability. Similarly, ICR measurements
under controlled compression can identify mechanical or
chemical degradation related to oxide growth and surface
roughening. Dynamic potential cycling mimic renewable
energy-driven load fluctuations, reproducing transient stresses
that accelerate passivation and interfacial degradation.
Although these methods provide useful insights, the establish-
ment of harmonized and component-specific durability test
procedures remains an important priority for the PEMWE
community.

5.7. Advanced manufacturing techniques

The manufacturing methods are aimed to lower (PGM) loading
through controlled deposition which include magnetron sput-
ter and reactive spray deposition technology. The CCMs from
magnetron sputtering usually exhibit superior electrochemical
activity and improved durability. However, this method is
suitable for supported catalyst only, as un-supported IrOx
catalyst results in a thinner CL, which is vulnerable to early-
stage mechanical degradation.’*® Likewise, reactive spray
deposition technology could potentially open a new pathway
in fabricating a CL with low PGM loading for extended applica-
tions in PEMWEs (~ 5000 h). However, dissolution of Ir from
the anode CL still prevails and results in migration of Ir into
membrane, re-deposition at cathode and Oxidation to form
Ir0,."*° While these new CL fabrication techniques show a
promising result, they are only operated at current densities
below 2 A cm 2 at laboratory scale. These studies exhibit
an early-stage implications of technology scaling up for indus-
trial applications. In parallel, emerging manufacturing tech-
niques for durable and functional PTLs include additive
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manufacturing and controlled powder sintering, which allow
fine tuning of pore-size gradients and tortuosity to optimize gas
transport and interfacial contact. Furthermore, laser surface
structuring, magnetron sputtering, and atomic layer deposition
facilitate precise control of surface morphology and chemical
composition, improving corrosion resistance and reducing
contact resistance under dynamic operation. Integrating these
advanced fabrication techniques with standardized durability
testing will be crucial for developing next-generation PTLs that
exhibit both long-term stability and enhanced electrochemical
performance.

6. Conclusion

CL and PTL form the backbone of PEMWEs, shaping both their
performance, durability and cost. To extend the lifetime and
reducing the overall cost of next generation PEMWEs, it is
crucial to understand how these components degrade and find
smarter ways to protect them. The CL performance could be
improved by optimizing catalyst inks composition and meth-
ods, designing stable Ir-supported catalysts for better catalyst
utilization through controlled microstructural engineering. The
PTL durability can be enhanced through corrosion-resistant
coatings, improved interfacial contact with the CL, and micro-
structural designs that mitigate passivation and mechanical
degradation. In situ and operando diagnostics are also essential
to track degradation pathways and establish correlations
between electrochemical behavior and structural changes.
These innovations would make it possible to use less precious
metal for a lower cost and move closer to sustainable and
affordable green hydrogen production.
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AEMWE Anion exchange membrane water electrolyzer
AST Accelerated stress test

AWE Alkaline water electrolyzer

BOT Beginning of test
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ECSA Electrochemical surface area

EDS Energy dispersive X-ray spectroscopy

EIS Electrochemical impedance spectroscopy
EOT End of test

HER Hydrogen evolution reaction

HFR High frequency resistance

ICR Interfacial contact resistance

MEA Membrane electrode assembly

OER Oxygen evolution reaction

PEMWE Proton exchange membrane water electrolyzer
PGM Platinum group metal
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PTL Porous transport layer

SEM Scanning electron microscopy
SOEC Solid oxide electrolyzer cell

TEM Transmission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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