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ABSTRACT: A realistic evaluation of electrocatalyst stability requires experi-
mental setups that accurately reproduce the coupled chemical and transport envi-
ronments of membrane-electrode assemblies. Conventional GDE half-cells,
however, are typically operated without a proton-exchange membrane, exposing
the catalyst layer directly to liquid electrolytes and intensifying dissolution-
migration-redeposition dynamics. Here, we examine how the presence of a
membrane alters degradation in PtCo/C catalyst layers and establish a quantitative
workflow for tracking nanoparticle evolution under realistic conditions. Particle-size
distributions (PSDs) are extracted directly from low-kV identical-location SEM
(IL-SEM) images of intact, micrometer-thick porous catalyst layers and validated
against IL-TEM for surface-accessible particles. Automated segmentation enables
robust, high-throughput analysis across large datasets. Applying this framework to accelerated stress tests reveals that membrane-free
GDEs undergo pronounced coarsening driven by severe Pt dissolution and redeposition under direct acid exposure, whereas mem-
brane-protected electrodes constrain transport pathways and therefore exhibit more moderate, representative degradation behaviour.
These findings underscore the indispensable role of the membrane for realistic half-cell durability studies and demonstrate that automated
IL-SEM-based PSD analysis provides a powerful framework for linking morphological evolution to electrochemical performance in com-
plex, three-dimensional porous electrocatalyst systems.
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1. INTRODUCTION

Proton-exchange membrane fuel cells (PEM FCs) are among
the most promising clean energy conversion technologies due
to their high power density, low operating temperature, and
zero-emission operation.'™® Their long-term performance
depends critically on the structural stability of the cathode cata-
lyst layer, where Pt or Pt-based alloy nanoparticles are dispersed
within a porous carbon-ionomer network that mediates elec-
tron, proton, and gas transport. Even small changes in
particle-size distribution (PSD) or spatial arrangement can sig-
nificantly influence catalytic activity and durability, highlighting
the importance of understanding how these nanostructures
evolve under operating conditions.*~®

The gas diffusion electrode (GDE) half-cell setup has
become an increasingly valuable platform for bridging the gap
between idealised model electrodes and the realistic environ-
ment of membrane-electrode assemblies (MEAs).”~'° GDEs
provide a representative porous catalyst architecture, improved
gas accessibility, and compatibility with advanced ex-situ and
in-situ imaging approaches. However, in most GDE studies
the proton-exchange membrane is intentionally omitted for
simplicity, leaving the catalyst layer fully exposed to liquid elec-
trolyte. This modification alters local chemical gradients and
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removes transport constraints inherent to MEAs, often amplify-
ing dissolution, migration, and Ostwald ripening processes.®'?
As a result, degradation observed in membrane-free half-cells
may significantly overestimate the severity and nature of catalyst
evolution under realistic PEM FC conditions.

Characterising catalyst degradation therefore requires direct
visualisation within intact, micrometer-thick porous catalyst
layers, where transport pathways and the local environment
resemble those in operating fuel cells. Although transmission
electron microscopy (TEM) provides sub-nanometer resolu-
tion, it is limited to ultrathin samples and cannot capture the
hierarchical morphology, depth gradients, and through-
thickness transport present in practical catalyst layers.*>'
Scanning electron microscopy (SEM), when operated under
optimised low-kV conditions, can resolve Pt nanoparticles
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directly on intact electrodes and preserve their native structural
context.">~¢ This capability enables PSD analysis of surface-
accessible nanoparticles on intact, micrometer-thick catalyst
layers, providing information from realistic electrode architec-
tures that are inaccessible to conventional TEM.

To exploit this advantage, we establish an SEM-based meth-
odology for extracting statistically meaningful PSDs directly
from intact catalyst layers. The approach is validated by
identical-location TEM (IL-TEM) and combined with auto-
mated segmentation to enable unbiased, high-throughput
analysis."*'>!'”~*! Using this framework, we compare GDE
half-cells with and without a proton-exchange membrane under
identical accelerated stress testing (AST) protocols. This study
demonstrates that membrane inclusion is essential for realistic
catalyst stability evaluation and establishes IL-SEM-based PSD
analysis as a robust tool for nanostructural characterisation
under conditions relevant to PEM fuel cell operation.”'%>%*3

2. EXPERIMENTAL SECTION
Materials

The PtCo/C electrocatalyst used in this study was supplied by
ReCatalyst d.o.o. (Slovenia). This catalyst was selected as a technolog-
ically relevant, state-of-the-art PEMFC cathode material and because
its physicochemical and electrochemical characteristics had previously
been benchmarked against commercial PtCo/C catalysts from
Umicore (Elyst Pt30 0690 and Elyst PtS0 0690), including MEA-
level evaluation. In addition, its nanoparticle size distribution had pre-
viously been characterised by TEM, making it a suitable reference
material for the present SEM/PSD methodology study.”* Catalyst
layers for IL-SEM studies were prepared by spray-coating, which
ensures uniform deposition and well-controlled loading across the
gas diffusion layer (GDL).”® A platinum loading of approximately
0.5 mgPt cm > was applied, representative of cathode catalyst layers
in MEAs.

For experiments involving a proton-exchange membrane, a mem-
brane’® was laminated onto the GDE by hot-pressing. This yielded sta-
ble interfacial contact and low resistance while preserving the native
catalyst layer morphology.

Details of the materials and preparation steps are provided in the
Supporting Information.

Scanning Electron Microscopy

SEM imaging was conducted using a Thermo Fisher Apreo 2S field-
emission scanning electron microscope operated at an accelerating
voltage of 2 kV in high vacuum. The low accelerating voltage increases
surface sensitivity and restricts the electron interaction volume within
the carbon matrix, thereby enhancing nanoparticle contrast. A low
beam current (~13 pA) was used to minimise beam-induced carbon
deposition and surface charging while maintaining a small, stable probe
suitable for high-resolution SEM imaging. Secondary electron (SE) and
backscattered electron (BSE) detectors were used simultaneously to
provide  complementary  topographical ~and  compositional
contrast.”” %

Under the ultra-low-kV imaging conditions used here, detector con-
trast in the Trinity system depends on both electron energy and trajec-
tory within the column field. At such low landing energies, the electron
interaction volume is strongly reduced, rendering even the BSE-
enriched T1 signal highly surface sensitive and enabling sufficiently
high spatial resolution for reliable nanoparticle identification and seg-
mentation. For quantitative particle segmentation and PSD analysis,
the T1 detector was therefore used, since it preferentially collects
higher-energy BSE and provided the strongest and most reproducible
material-sensitive contrast between PtCo nanoparticles and the carbon
support. For representative IL-SEM figures, a T1 4+ T3 overlay was
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used for visualisation, combining strong nanoparticle contrast from
T1 with enhanced rendering of carbon edges and surface features from
the low-energy SE signal collected by T3.”"~*’

Before imaging, the samples were thoroughly rinsed with Milli-Q
water. Hydrocarbon contamination was minimised primarily through
careful SEM operating conditions, including avoidance of ethanol
washing, high-vacuum imaging, and low-dose acquisition parameters
selected to reduce beam-induced carbon deposition. No conductive
coating was applied to preserve the native catalyst layer (CL) structure,
enabling true surface characterisation and avoiding interference with
electrochemical measurements during IL experiments. Chamber pres-
sure during imaging was maintained below 1 X 10™* Pa.

Identical-location SEM (IL-SEM) was performed by registering dis-
tinctive morphological features, such as scratches, pore geometries, or
carbon agglomerates, as fiducial markers. This enabled relocation of
the same regions before and after electrochemical treatment, following
established protocols.”"*°

Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) was performed
using a JEOL ARM 200 CF microscope equipped with a cold field-
emission gun and a probe Cs corrector. Catalyst powder was
transferred onto an Au holey carbon TEM grid and imaged at 80 kV
to minimise electron-beam damage. High-angle annular dark-field
(HAADF) imaging was used to maximise Z-contrast between PtCo
nanoparticles and the carbon support. Details of the imaging condi-
tions and pre-processing steps are provided in the Supporting
Information.

Image Processing

SEM images were processed using Image] (NIH, USA) to enhance
clarity and enable reproducible particle segmentation. All images within
a dataset were processed using identical parameters, including Gaussian
or median filtering, background correction, and morphological opening
or closing to suppress noise and improve particle boundary definition.

Automated segmentation was implemented to minimise operator
bias and enable high-throughput particle size extraction. The workflow
employed adaptive thresholding to identify nanoparticle features,
followed by a distance-transform watershed algorithm to separate
touching particles. Additional shape- and spacing-based criteria were
applied to avoid artificial splitting or merging of particles. Objects inter-
secting image borders were excluded from analysis.

Particle areas were converted to equivalent circular diameters and
used to construct PSD histograms, violin plots, and box-and-whisker
summaries. Thresholds for minimum and maximum particle size
ensured exclusion of artefacts. Segmentation performance was vali-
dated against IL-TEM and manually segmented datasets.

The full segmentation workflow, including all processing steps and
parameter choices, is described in detail in the Supporting
Information, ensuring reproducibility using standard open-source
image-processing tools.

Electrode Preparation, Cell Assembly, and Electrochemical
Measurements

Electrochemical measurements were conducted in (i) a standard GDE
half-cell conﬁguration31 (Figure 1a) and (ii) a modified floating elec-
trode (MFE) configuration for thin-film TEM grid samples
(Figure 1b)."° In the GDE setup, the catalyst-coated GDL served as
the working electrode, with the catalyst layer facing the electrolyte. A
reversible hydrogen electrode (HydroFlex, Gaskatel) was used as the
reference electrode, and an IrTa-coated titanium mesh served as the
counter electrode. In the MFE setup, a TEM grid with drop-cast cata-
lyst acted as the working electrode.

All measurements were performed at room temperature using a
BioLogic SP-200 potentiostat with EC-Lab software. The electrolyte
was 2 M HCIO, for all experiments except in the study of electrolyte
effect, where 0.5 M and 0.1 M HCIO, were also used.
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Gas outlet

Figure 1. Schematic comparison of (a) GDE and (b) MFE setup configurations. The sample serves as the working electrode (WE), a reversible
hydrogen electrode (RHE, HydroFlex) is used as the reference electrode (RE), and an IrTa-coated titanium mesh functions as the counter electrode
(CE). The 3D schematic of the MFE (part of b) is adapted from ref 16, distributed under a Creative Commons Attribution License (CC BY).

The primary accelerated stress test (Protocol 1), adapted from the
US. DOE AST procedure,” consisted of 30 000 potential steps
between 0.60 and 0.95 V (3 s holds at each potential) under nitrogen.
The severe dissolution protocol (Protocol 2) used the same cycling in
oxygen-saturated electrolyte, resulting in severe Pt dissolution in our
flooded, membrane-free GDE.**** Protocol 2 was used only as a delib-
erately severe stress condition to visualise the effect of beam-induced
carbon contamination in IL-SEM, and not for the membrane-effect
study. The severe ripening protocol (Protocol 3) consisted of 2000
scans between 0.05 and 1.60 V at 500 mV s~ under nitrogen.
Protocol 3 was used to enhance the contrast between samples and
thereby make the effect of acid exposure more visually apparent.

Additional procedural details, including conditioning steps and cell
geometries, are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

To evaluate how the proton-exchange membrane influences
degradation pathways in realistic catalyst layers, we first estab-
lished an SEM-based PSD methodology capable of quantifying
nanoparticle evolution directly within intact, micrometer-thick
porous GDE catalyst layers. Conventional TEM, although offer-
ing sub-nanometer resolution, is inherently limited to ultrathin
specimens and cannot capture the hierarchical architecture or
interlayer transport present in practical electrodes, making it
unsuitable for studying degradation in real GDE catalyst layers.

Architectural Effects—2D versus 3D Ripening in MFE and
GDE Catalyst Layers

To isolate the influence of catalyst-layer architecture on degra-
dation, we compared two systems subjected to the same severe
ripening protocol (Protocol 3): (i) a thin-film PtCo/C catalyst
on a TEM grid evaluated in the modified floating electrode
(MFE) setup, representing a quasi-two-dimensional (2D) sys-
tem, and (ii) a micrometer-thick PtCo/C catalyst layer in a
GDE configuration, representing a fully three-dimensional
(3D) porous architecture.

IL-SEM images recorded before and after cycling reveal strik-
ing differences between the two systems (Figure 2). In the MFE
thin film, coarsening is modest. This behaviour is characteristic
of lateral 2D Ostwald ripening, in which dissolved Pt species
migrate over short in-plane distances and redeposit locally.”
The minimal film thickness effectively confines dissolution-
migration-redeposition dynamics to a quasi-two-dimensional
plane.

In the GDE, smaller particles dissolve and the resulting Pt
species migrate over longer distances before redepositing onto
larger particles located at different depth levels within the
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Before AST After AST

MFE

GDE

300.nm
—

Figure 2. Comparison of PtCo/C catalyst coarsening in MFE and
GDE setups after AST (Protocol 3). IL-SEM comparison: (a,c) before
and (b,d) after AST. Large PtCo agglomerates are much more numer-
ous and vary in size across different depth levels within the GDE cata-
lyst layer, illustrating enhanced “3D” ripening compared to the “2D”
ripening observed in the MFE. Red dashed contours mark identical
fields of view to aid direct spatial correlation.

porous catalyst layer. This extended transport path enables ver-
tically coupled coarsening, resulting in a characteristic shift in
PSD towards significantly larger diameters.

Comparison of the GDE and MFE samples shows that
catalyst-layer thickness and morphology fundamentally deter-
mine the dominant degradation mechanism. In thin-film MFE
samples, Pt dissolution and redeposition occur predominantly
laterally within a single layer, giving rise to 2D Ostwald ripen-
ing. In contrast, micrometer-thick porous GDE catalyst layers
allow dissolved Pt species to migrate through the catalyst-layer
thickness, enabling 3D ripening across different depth levels
that produces far more pronounced particle coarsening.

These observations demonstrate that thin-film model sys-
tems systematically underrepresent degradation severity by sup-
pressing interlayer transport pathways.® Realistic evaluation of
electrocatalyst stability therefore requires catalyst-layer architec-
tures that preserve the vertical ion-transport environment char-
acteristic of PEM FC operation.

Nanoparticle Size Distribution Obtained with SEM

To quantitatively track nanoparticle evolution in micrometer-
thick porous catalyst layers, we developed a PSD analysis

https://doi.org/10.1021/acscatal.6c01369
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Figure 3. SEM characterisation of the catalyst. (a) Representative high-resolution SEM micrograph of Pt nanoparticles supported on carbon (bright
spots). (b) Violin plot of the PSD reported in the literature®*compared with that obtained from SEM analysis. The median diameter is approximately

4 nm, consistent with the nominal catalyst specification.

workflow based on SEM. Low-kV (1-2 kV) imaging provides a
nominal surface-sensitive resolution of approximately 1-2 nm,
which is sufficient to identify Pt nanoparticles of 2 nm or larger
as distinct bright features against the carbon matrix and enables
sampling across representative electrode areas without invasive
thinning.

In SEM images (Figure 3a), the carbon support appears as a
dark matrix, while Pt nanoparticles (approximately 2-S nm in
diameter, occasionally larger) appear as bright, roughly circular
spots due to Z-contrast. To ensure reproducibility, at least five
distinct regions were examined; all showed uniform Pt disper-
sion across the carbon support, and no charging effects were
observed.

The resulting particle size distribution (Figure 3b) is approx-
imately log normal, with a median diameter near 4 nm, closely
matching the nominal catalyst specification and consistent with
prior TEM reports.** The distribution shows a minor tail
towards larger sizes (approximately 8-10 nm), indicating occa-
sional agglomerates, and yields an average particle diameter of
approximately 4 nm.

The SEM analysis revealed several key advantages for charac-
terising platinum nanoparticles in PEM fuel-cell catalyst layers.
First, although SEM generally offers lower ultimate resolution
than TEM,>* the ultra-high-resolution field-emission SEM
(UHR-FEG-SEM) used in this study clearly resolved individual
platinum nanoparticles with diameters of approximately 4 nm
and, in some cases, distinguished features down to about
2 nm under low-voltage imaging conditions. Second,
UHR-SEM enables direct imaging of the intact GDE surface
without the need for laborious sample thinning or transfer to
a TEM grid. As a result, particles are examined in their native
electrode environment, providing a realistic assessment of their
size and spatial distribution. Third, UHR-SEM imaging under
the selected conditions proved non-destructive: identical elec-
trode regions could be subjected to electrochemical testing
without measurable changes in performance, confirming that
the imaging process did not alter the structural integrity or elec-
trochemical behaviour of the catalyst layer.

Unlike TEM, which records signals transmitted through the
entire specimen thickness, UHR-SEM is inherently surface-

sensitive. In TEM, even under ideal conditions, particles from
multiple depth levels overlap in the projection image, causing
distinct particles to appear merged and complicating both
counting and size determination.”’ Although tilt-series imaging
(tomography) and post-processing can mitigate these artefacts,
they greatly increase dataset acquisition time. UHR-SEM avoids
this limitation, enabling high-throughput imaging in which each
field of view contains hundreds of well-separated, easily count-
able nanoparticles. As a result, thousands of particles can be
analysed per sample, yielding statistically robust PSDs that often
exceed the throughput achievable with TEM-based analyses.
This surface sensitivity is particularly advantageous for industri-
ally relevant catalysts with higher Pt loadings, where overlap-
ping is even more pronounced in TEM, making it difficult to
distinguish between agglomeration, coalescence, or mere pro-
jection overlap. By avoiding these ambiguities, UHR-SEM pro-
vides more reliable characterisation of particle size and
distribution under realistic electrode conditions. The reported
PSDs therefore represent the SEM-visible near-surface nanopar-
ticle population, while possible depth-dependent differences in
degradation are not directly resolved.

Validation of SEM-Derived PSDs by TEM

To verify the accuracy of SEM-based PSD measurements, an
identical-location SEM/TEM workflow was developed to
enable a one-to-one comparison of individual nanoparticles
imaged by both techniques. A catalyst region was first imaged
by SEM and subsequently relocated in the TEM using fiducial
surface features such as scratches, carbon grain patterns, or
agglomerates (Figure 4ab). A high-angle annular dark-field
STEM (HAADF-STEM) image was then acquired at 0° tilt to
closely approximate the SEM viewing geometry.

To distinguish particles belonging to the SEM-visible surface
from particles located deeper within the TEM projection, a lim-
ited IL-TEM tilt-series analysis was performed on the same cat-
alyst region (see Supporting Information). Imaging the region
at several tilt angles improved spatial orientation relative to
the carbon support and enabled assignment of particles to the
front-side surface, the back side of the carbon support, or inter-
mediate depth. Only particles confidently assigned to the
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Figure 4. Validation of SEM sizing by TEM. The same catalyst region imaged by TEM (HAADF-STEM) at zero tilt (left column) and by
UHR-SEM (right column). (a) Raw TEM image. (b) Raw SEM image. (c) Processed TEM image with bottom-layer particles removed.
(d) Processed SEM image with enhanced particle resolution. (e, f) Analyzed processed images from TEM (e) and SEM (f).

front-side surface were retained, whereas particles not unambig-
uously belonging to this SEM-visible population were digitally
removed from the processed TEM image. This step was intro-
duced solely to enable an unambiguous one-to-one comparison
of the very same particles imaged by TEM and SEM, and to cal-
ibrate the SEM-based sizing/segmentation workflow. In partic-
ular, the matched TEM-SEM comparison was used to define
the effective particle-edge criterion applied in SEM images
and to establish the practical lower size limit at which particle
boundaries can still be reliably identified and measured by
SEM under the applied imaging conditions. Accordingly, the
TEM images in Figure 4 were not used for independent PSD
determination. Particle diameters were then measured for the
matched particles in the corresponding SEM and TEM images
(Figure 4c,d).

This IL-SEM/TEM workflow provides robust validation of
the SEM-based PSD method. By focusing exclusively on parti-
cles accessible to both techniques, it eliminates geometric arte-
facts arising from the depth-integrating nature of TEM. The
results confirm that SEM can reliably and accurately character-
ise the PSD of SEM-visible surface/near-surface platinum nano-
particle population in PEM FC catalyst layers, even in complex,
realistic environments such as GDE half-cells. Because IL-SEM
in top-view geometry is inherently surface-sensitive, these PSDs
should be interpreted as near-surface PSDs rather than full
through-thickness distributions. It is worth noting that degrada-
tion within the catalyst layer is not necessarily uniform; litera-
ture reports indicate that the membrane-adjacent
(near-surface) region often exhibits more pronounced Pt

depletion, while deeper regions of the catalyst layer can be com-
paratively less affected depending on local transport conditions
and operating regime.” Additionally, top-view IL-SEM could
be complemented by FIB-based cross-sectional analysis to
assess whether the degradation trends observed for the near-
surface population are consistent across different depths of the
catalyst layer, thereby improving confidence in the broader rep-
resentativeness of the observed PSD evolution.

The analysed images (Figure 4e,f) show that particle diame-
ters from SEM and TEM overlap almost completely, with only
minor deviations attributable to operator bias. After excluding
subsurface particles from the TEM dataset, both methods yield
statistically comparable PSDs.

By validating SEM with IL-TEM, we establish confidence in
using SEM alone for PSD measurements. This eliminates con-
cerns that SEM might systematically under- or overestimate
particle sizes due to contrast or resolution limitations. In prac-
tice, SEM imaging can be performed before and after electro-
chemical testing at identical locations, with full confidence
that the PSDs obtained are reliable.

Postprocessing Automation

Quantitative analysis of nanoparticle degradation in realistic cat-
alyst layers requires the evaluation of thousands of particles
across multiple identical-location SEM images. Manual particle
identification is time-consuming and inherently susceptible to
operator bias, particularly when comparing PSDs across differ-
ent degradation states.”® To enable statistically meaningful
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Figure S. Representative example of micrograph analysis with automated nanoparticle segmentation from a high-resolution SEM image of a PtCo/C
catalyst layer. Bright features correspond to Pt nanoparticles. The overlay shows the corresponding segmentation mask used for PSD analysis. The
first step illustrates initial manual image pre-processing, while the second step presents automated segmentation.

and reproducible analysis, an automated segmentation pipeline
was therefore employed.>®3’

Figure 5 shows a representative example of automated nano-
particle segmentation from a high-resolution SEM micrograph.
The automated approach reliably identifies individual Pt nano-
particles and produces consistent particle masks across large
datasets. A typical SEM image was processed within seconds,
enabling high-throughput analysis of thousands of nanoparticles
per sample and allowing PSDs to be constructed with strong
statistical confidence.

The automated results were benchmarked against manually
segmented datasets and showed excellent agreement in all rele-
vant PSD metrics. Minor discrepancies were limited to particles
near the practical SEM detection limit or closely spaced parti-
cles and had no measurable influence on the resulting PSD
trends. Importantly, all qualitative degradation trends reported
in this work were reproduced using manually segmented sub-
sets, confirming that the automated analysis does not influence
the scientific conclusions.

Challenges of IL-SEM in Electrochemical Studies

Although SEM is generally considered less damaging to
specimens than TEM,*®* it remains susceptible to electron-
beam-induced carbon contamination. This effect may arise pre-
dominantly from dissociation and polymerisation of adsorbed
hydrocarbon species introduced during sample handling or
from the microscope environment; however, in carbon-
supported catalyst layers, contributions from carbonaceous
components intrinsic to the specimen cannot be fully excluded.
In the present work, the likelihood of exogenous contamination
was reduced by keeping the samples under high vacuum over-
night before SEM analysis, which promotes desorption of part
of the weakly adsorbed species from both the specimen surface
and its immediate surroundings, including the holder/stage
region. In addition, the SEM chamber was routinely cleaned
using the integrated plasma cleaner and was cleaned prior to
measurement. These precautions reduce the likelihood of con-
tamination arising from the chamber and the direct vicinity of
the specimen. Nevertheless, because specimen-derived carbona-
ceous contributions may still occur under electron-beam expo-
sure, mitigation of this artefact depends not only on limiting
external contamination, but equally on careful beam manage-
ment, including low-dose imaging, short dwell times, stable

11212

high-vacuum conditions, and avoidance of repeated exposure
of identical locations before electrochemical testing. While this
process is well documented in TEM/STEM for its impact on
imaging and analysis quality,'>'”***" its implications for oper-
ando or durability-linked SEM studies are often underesti-
mated. In IL-SEM, where the same region is repeatedly
imaged before and after electrochemical testing, progressive car-
bon build-up can locally alter the wetting and accessibility of the
catalyst layer, thereby perturbing the degradation mechanisms
under investigation. This represents a serious potential artefact
that must be carefully recognised and mitigated.

In the case of platinum-based electrocatalysts for PEM FCs,
such contamination can have significant electrochemical conse-
quences. A nanometer-thin carbonaceous overlayer deposited
during prior SEM imaging may partially or fully encapsulate
individual Pt nanoparticles. This encapsulation serves as a phys-
ical barrier, impeding electrolyte penetration and reactant access
during subsequent electrochemical testing. Consequently,
affected particles may appear artificially stable during ASTs,
not due to intrinsic durability, but because of beam-induced
passivation. This effect can lead to overestimation of catalyst
stability and misinterpretation of degradation pathways.

An illustrative case, shown in Figure 6, was observed during
an IL-SEM investigation of a GDE subjected to a severe degra-
dation protocol designed to induce Pt dissolution (Protocol 2).
The purpose of using this deliberately severe protocol was not
to quantify Pt dissolution, but to create sufficiently strong elec-
trochemical contrast to reveal the artefact caused by prior beam
exposure: non-exposed regions undergo pronounced Pt deple-
tion, whereas beam-exposed, carbon-contaminated regions
may retain Pt and thus appear falsely stable. Under these condi-
tions, most Pt nanoparticles were dissolved or exhibited pro-
nounced morphological changes, consistent with the expected
behaviour under highly aggressive electrochemical cycling.
However, a central region retained a small cluster of Pt particles
that remained entirely intact. This location had been exposed to
prolonged high-magnification SEM imaging during an earlier
session, plausibly resulting in localised formation of a carbona-
ceous overlayer due to electron-beam-induced hydrocarbon
cracking. Such contamination can physically shield catalyst par-
ticles from electrochemical attack, producing a misleading
appearance of stability and, in this case, a “false positive” in
the degradation assessment.

https://doi.org/10.1021/acscatal.6c01369
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Figure 6. IL-SEM images of a PEM fuel cell catalyst layer before and
after a severe Pt dissolution protocol (Protocol 2), highlighting local-
ized resistance to beam-induced carbon contamination. (a, b) Low-
magnification and (c, d) higher-magnification images acquired using
backscattered electron (BSE) detection; (e, f) corresponding second-
ary electron (SE) images. Panels on the right (b, d, f) were acquired
after repeated imaging of the regions indicated by rectangular frames,
which mark areas subjected to increased cumulative electron-beam
exposure. Red dashed contours mark identical fields of view to aid
direct spatial correlation.

These observations highlight the importance of careful beam
management during SEM-based PSD analysis and IL-SEM
studies when results are correlated with electrochemical durabil-
ity. Minimising dwell times, ensuring optimal vacuum condi-
tions before starting an SEM session, avoiding repeated
imaging of identical locations prior to electrochemical testing,
choosing an oil-free vacuum system, and, equally important if
not more so, performing routine chamber or specimen plasma
cleaning can significantly reduce the risk of such artefacts.
This example is presented as a cautionary note, underscoring
the need to account for potential beam-induced artefacts when
coupling SEM-based PSD with IL-SEM in electrochemistry
studies, so that observed changes can be confidently attributed
to genuine catalyst behaviour rather than imaging-induced
effects.

Influence of the Membrane on Durability Studies in Half-
Cell Systems

Having established the SEM-based PSD method and necessary
precautions, we next applied IL-SEM to investigate how the
presence of a proton-exchange membrane influences catalyst
degradation during AST. We conducted identical AST
(Protocol 1) on two sets of nominally identical GDE samples:
one set without a membrane (catalyst layer directly immersed
in liquid electrolyte) and one set with a thin PFSA membrane
hot-pressed onto the catalyst layer (mimicking an MEA-like
environment). By comparing these two scenarios, we can isolate
the effect of the membrane on nanoparticle stability.
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In the absence of a membrane (electrolyte-soaked catalyst;
Figure 7a—c), most small Pt nanoparticles disappear, and the
surface becomes dominated by large agglomerates. In contrast,
the membrane-containing sample (Figure 7d—f) retains a sub-
stantial fraction of fine particles, with markedly fewer large clus-
ters. Quantitatively, the membrane-free GDE exhibits a shift in
median particle diameter from 4.0 nm (IQR: 3.3—4.8 nm) to
5.8 nm (IQR: 4.5—7.1 nm) after AST. In the presence of a
membrane, the median increases only to 47 nm
(IQR: 3.9—5.8 nm). These findings demonstrate that flooding
of the catalyst layer with liquid acid substantially accelerates par-
ticle growth (Figure 7b,e). This interpretation is further sup-
ported by CO-stripping measurements before and after AST.
The membrane-free GDE shows a substantially larger change
in the CO-electrooxidation response than the GDE-PEM,
including pronounced peak broadening and the appearance of
a low-potential shoulder/prepeak, whereas the GDE-PEM
changes less strongly. This trend is consistent with the stronger
particle coarsening observed by IL-SEM in the membrane-free
configuration.!  Quantitatively, the membrane-free GDE
exhibits an ECSA loss of approximately 32% and an estimated
geometrical surface-area loss of approximately 31%, while the
GDE-PEM shows smaller losses of approximately 16.5 and
15%, respectively. The corresponding voltammograms are
provided in the Supporting Information.

This stark difference has a clear physical origin. In the
absence of a membrane, the catalyst layer is directly exposed
to concentrated liquid electrolyte, which promotes Pt dissolu-
tion. Dissolved Pt species can diffuse through the liquid phase
and redeposit onto larger particles, facilitating pronounced
coarsening (Ostwald ripening).>*>** Under such conditions,
proton availability is spatially unrestricted and transport is no
longer dominated by the ionomer network.**~* Together,
these effects indicate that degradation phenomena observed
under membrane-free, electrolyte-flooded conditions may not
fully represent catalyst-layer behaviour in operating PEM fuel
cells. We note that the present analysis is intentionally focused
on the morphological evolution and PSD changes of PtCo/C
catalyst layers under different GDE configurations. Although
alloy-specific compositional changes may occur during AST in
PtCo/C systems, these were not directly assessed here; accord-
ingly, the discussion is limited to the structural degradation
behaviour resolved by IL-SEM/PSD analysis.

As a result, membrane-free configurations may not accurately
reproduce the physicochemical conditions of PEM fuel-cell cat-
alyst layers and can overestimate degradation severity.*” In con-
trast, when a membrane is present, proton transport is confined
to the ionomer-membrane interface and the catalyst layer is not
in direct contact with bulk liquid acid.*® The absence of a con-
tinuous liquid phase restricts long-range Pt transport, resulting
in more localised and representative degradation behaviour.**
In this regime, the membrane acts as a protective barrier that
reduces the severity of degradation processes: membrane-free
tests include a strong chemical dissolution component, whereas
membrane-protected tests predominantly reflect electrochemi-
cally driven degradation.®

The pronounced coarsening observed in membrane-free
GDEs is therefore not an inherent property of the catalyst,
but a consequence of extended Pt migration ranges permitted
by electrolyte flooding. In contrast, laminated GDEs restrict
vertical transport and produce PSDs that more closely resemble
degradation behaviour in operating MEAs.
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Figure 7. Effect of membrane presence on GDE degradation under AST. IL-SEM images of GDEs without membrane (a, c) and with membrane
(GDE-PEM,; d, f), before (a, d) and after (c, f) AST. The membrane-free GDE shows marked particle growth after AST, while the membrane-
protected GDE preserves a more uniform dispersion (red dashed outlines indicate agglomerates). (b, ) SEM-derived particle size distributions
(violin plots): left half before AST, right half after AST. Significant size broadening occurs without membrane, whereas membrane protection limits
particle growth. Red dashed contours mark identical fields of view to aid direct spatial correlation.

To further confirm the role of the acidic environment in driv-
ing coarsening, we performed additional ASTs (Protocol 3) in
which we varied the electrolyte concentration in the no-
membrane configuration (Figure 8). We compared catalyst deg-
radation in GDEs (without membrane) using 0.1 M, 0.5 M, and
2 M HCIO,, and also tested GDEs with a membrane under the
same conditions. In the bare GDEs, higher acid concentration
led to more severe particle coarsening, whereas dilution to
0.1 M significantly reduced the growth, though some ripening
still occurred. This trend is consistent with thermodynamic
expectations from Pt Pourbaix diagrams, which predict
enhanced Pt dissolution kinetics at very low pH, particularly
below pH 1.% In contrast, all the membrane-protected GDEs
showed similarly restrained degradation regardless of acid con-
centration. This comparison confirms that it is the presence of
aggressive pH in liquid acid and relatively fast diffusion of dis-
solved Pt ions that exaggerates the ripening,*’ and that the
membrane’s removal of that liquid exposure yields the more
moderate, realistic degradation behaviour. Although further
electrolyte dilution may in principle promote convergence
between membrane-free and membrane-protected GDEs, the
corresponding increase in HFR and transport limitations
observed at lower acidities (see Supporting Information) indi-
cates that this regime is not experimentally meaningful for the
operating conditions considered here.

In essence, a membrane-free GDE half-cell closely resembles
a floating-electrode-type configuration, in which the catalyst
layer is fully flooded with electrolyte.'* Under such conditions,
oxygen transport limitations are largely alleviated (in contrast to
typical RDE measurements), provided the catalyst layer is suffi-
ciently thin, leading to unusually aggressive electrochemical
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environments.**™*° Our results indicate that such floating-
electrode or fully flooded half-cell tests can substantially overes-
timate catalyst degradation when 3D Ostwald ripening is one of
the operative mechanisms. The harsh chemical environment
(e.g, low pH or presence of chlorides) promotes exaggerated
dissolution,”" long-range diffusion of dissolved species, and
their preferential redeposition on the most exposed regions of
the catalyst layer, leading to coarsening levels that would not
occur in a real fuel cell. By using IL-SEM on GDEs with a mem-
brane, we see that much of the apparent degradation observed
in the flooded case does not occur under more realistic condi-
tions. This prevents misinterpretation: had we only examined
the no-membrane data, we might have concluded that the cata-
lyst was extremely unstable, whereas the membrane-protected
data reveal far more moderate degradation. IL-SEM combined
with SEM-based PSD analysis thus enables us to distinguish
degradation arising from the test configuration from degrada-
tion observed under more realistic conditions.'*

The observed mitigation of coarsening in membrane-
laminated GDEs is not merely a geometric transport effect
but reflects a shift in the local dissolution-redeposition equilib-
rium. In flooded electrodes, rapid diffusion of dissolved Pt spe-
cies into the bulk electrolyte lowers their local concentration at
the catalyst surface, reducing the probability of immediate rede-
position and effectively favouring net dissolution. In contrast,
membrane-imposed transport constraints increase the residence
time of dissolved species within the catalyst layer, thereby
enhancing local supersaturation and increasing the likelihood
of redeposition onto neighbouring particles. As a result, the
thermodynamic driving force for Ostwald ripening remains
operative, but its spatial extent and kinetic expression are
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GDE
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Figure 8. Influence of acid concentration on GDE degradation under severe AST (Protocol 3). (a—c) SEM images of GDEs without membrane after
AST in 2 M, 0.5 M, and 0.1 M HCIO,, respectively. Strong particle coarsening is evident at high acid concentrations, gradually decreasing with dilu-
tion. (d—f) Corresponding GDEs with membrane protection show significantly reduced ripening across all conditions, maintaining a finer and more

uniform particle distribution.

fundamentally altered. Flooded configurations therefore exag-
gerate long-range ripening by decoupling dissolution from rede-
position, whereas membrane-constrained systems preserve the
coupled dynamics characteristic of operating PEMFC catalyst
layers.

It should be noted that introducing the membrane, while
essential for realistic results, also introduces the typical com-
plexities of an MEA environment. For example, the catalyst
layer must have a well-developed ionomer network and be
well-bonded to the membrane to ensure effective proton con-
duction; similarly, proper humidification of the membrane and
ionomer is necessary before high-current operation. These prac-
tical considerations become important when moving towards
more realistic tests.

Ehelebe et al.® previously examined membrane effects using
ICP-MS to monitor dissolved Pt in the electrolyte. While their
conclusions are directionally consistent with ours, electrolyte-
phase Pt signals alone cannot distinguish between genuine mit-
igation of catalyst-layer ripening and altered Pt transport or
temporary retention within the membrane. Our ex-situ micro-
scopic analysis directly quantifies PSD evolution within the
CL, complementing electrolyte analytics and strengthening
the mechanistic understanding. As a further step toward still
more realistic catalyst durability assessment, the present
IL-SEM-PSD methodology could in principle be extended to
full MEAs, consistent with recent demonstrations of identical-
location  electron microscopy in operating PEMEFC
environments.'>>!

Overall, this case study demonstrates that automated IL-SEM
combined with PSD analysis provides a quantitative and realis-
tic view of catalyst degradation in GDE systems. By enabling
direct observation of nanoparticle evolution under conditions
that closely mimic true PEMFC operation, this approach estab-
lishes a robust framework for assessing catalyst durability and
for bridging microscopic characterisation with electrochemical
performance. Beyond this specific application, integrating
high-resolution SEM imaging with identical-location tracking
offers deep, quantitative insight into catalyst nanostructure
and its evolution during operation. By leveraging IL-SEM,
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catalyst ageing can be evaluated in-situ within realistic,
micrometer-thick porous catalyst architectures, thereby guiding
the design of more durable catalysts and more representative
testing protocols. Collectively, these techniques open new ave-
nues for catalyst diagnostics and durability studies by uniting
electron microscopy and electrochemical testing into a single,
comprehensive analytical framework.

4. CONCLUSIONS

This study demonstrates that the presence of a proton-exchange
membrane significantly affects degradation behaviour in PtCo/
C catalyst layers during accelerated stress testing in GDE half-
cell configurations. Membrane-free electrodes allow extensive
redistribution of dissolved Pt species across the catalyst layer,
promoting pronounced three-dimensional coarsening that
spans across the catalyst-layer thickness. We hypothesise that
this behaviour results not only from enhanced Pt ion transport
but also from a shift in the local dissolution-redeposition equi-
librium: rapid dilution of dissolved Pt species reduces their local
concentration, thereby lowering the likelihood of immediate
redeposition and effectively favouring net dissolution. In con-
trast, laminated GDEs introduce additional mass-transport lim-
itations that confine dissolved Pt species spatially, increasing the
probability of local redeposition and thus moderating both net
dissolution and overall coarsening. In practice, the observed
degradation likely reflects a dynamic interplay between trans-
port constraints and thermodynamically governed dissolution-
redeposition processes.

These findings indicate that membrane-free half-cells can
substantially overestimate catalyst degradation and may provide
an incomplete representation of electrocatalyst stability under
realistic PEM fuel cell operating conditions.

Although demonstrated here for PtCo/C catalysts, the mech-
anistic principles identified are not material-specific. Any elec-
trocatalyst system in which degradation proceeds via
dissolution-migration-redeposition dynamics will be intrinsi-
cally sensitive to transport constraints imposed by membrane
or ionomer architecture. The implications therefore extend
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beyond the specific catalyst studied and suggest a broader meth-
odological consequence: half-cell durability tests that omit
membrane confinement may systematically overestimate cata-
lyst instability whenever long-range migration contributes to
degradation. Incorporating realistic transport constraints is thus
essential for meaningful and transferable catalyst benchmarking.

To investigate degradation under more representative struc-
tural conditions, we developed and validated an IL-SEM-based
methodology for quantifying nanoparticle size distributions
directly within intact, micrometer-thick porous catalyst layers.
Comparison with IL-TEM confirms quantitative agreement
for surface-accessible particles, while automated segmentation
enables reproducible, high-throughput analysis across statisti-
cally significant datasets. By preserving the native electrode
architecture, IL-SEM provides access to degradation phenom-
ena that remain inaccessible in thin-film model systems.

The integration of membrane-aware GDE testing with
IL-SEM-based particle size distribution analysis establishes a
realistic and scalable framework for evaluating electrocatalyst
durability. This combined approach enables correlation of
nanoscale morphological evolution with electrochemical perfor-
mance and provides a robust basis for assessing catalyst stability
under PEM fuel cell-relevant conditions.
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