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ARTICLE INFO ABSTRACT

Keywords: Long-term durability remains a critical challenge for Proton Exchange Membrane Fuel Cells (PEMFCs). While
Operando ) degradation mechanisms have been identified, their quantitative contributions to performance loss have not been
X-ray scattering conclusively determined. Here, we systematically investigate the degradation of two Pt/C PEMFC catalysts with
ORR o s . . . . . .

Degradation mechanisms distinct average particle sizes using a newly developed operando cell that combines X-ray total scattering with
Mo%:lelling Pair Distribution Function analysis, X-ray Diffraction, and Small-Angle X-ray Scattering (SAXS). By combining

these techniques, particularly through a sophisticated Monte Carlo analysis of the SAXS data, depth- and time-
resolved particle size distributions are obtained, enabling direct tracking of particle size evolution throughout the
catalyst layer. Coupled with a physico-statistical model, this approach enables the identification and quantitative
separation of system-specific degradation pathways, including particle agglomeration, coalescence, and Ostwald
ripening. The results reveal pronounced depth-dependent degradation, strongest near the catalyst/microporous

transport layer interface, and identify Ostwald ripening as the dominant degradation mechanism.

1. Introduction

Global warming demands urgent reductions in greenhouse gas
emissions, making the development of sustainable energy technologies
imperative [1]. A promising alternative to traditional combustion en-
gines is the Proton Exchange Membrane Fuel Cell (PEMFC), particularly
for heavy-duty vehicles [2,3]. Current state-of-the-art PEMFC catalysts
predominantly use precious metals like Pt or Pt-based alloyed nano-
particles [4]; however, their long-term activity and durability are
limited due to various degradation processes [5-14]. These degradation
mechanisms within the catalyst layer include (i) particle agglomeration
and coalescence, (ii) electrochemical Ostwald ripening, (iii) metal
dissolution, and (iv) particle detachment from the support [5,15-17].
Collectively, these processes give rise to complex, coupled degradation
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behavior within the already heterogeneous catalyst layer environment.
Consequently, disentangling the individual contributions of each
mechanism remains challenging, and a comprehensive understanding of
catalyst degradation is still lacking.

To advance catalyst degradation studies, Accelerated Stress Tests
(ASTs) are commonly employed to mimic long-term operational effects
within experimentally accessible timescales. These tests typically
involve load-cycle or start-stop protocols, such as those recommended
by the Fuel Cell Commercialization Conference of Japan (FCCJ) [18].
Load cycles simulate operating conditions of the fuel cell, in the FCCJ
protocol consisting of alternating potential holds of 3 s between 0.6 and
1.0 V versus the reversible hydrogen electrode (Vryg), whereas start—
stop conditions involve potential sweeps from 1.0 to 1.5 Vgpyg.
Combining both protocols provides more realistic and comprehensive
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stress conditions, enabling improved insight into catalyst degradation
[19-21]. However, our understanding of the underlying processes is
often limited by the characterization techniques used to probe the
catalyst layer under operating conditions. Identical-location scanning
and transmission electron microscopy, combined with ASTs, remain
among the most widely used approaches. These methods provide highly
detailed local information by examining the same region before and
after degradation; however, they inherently suffer from limited statis-
tical representativeness [15,20,22-29]. An alternative approach, ex situ
small-angle X-ray scattering (SAXS) of samples subjected to ASTs in a gas
diffusion electrode (GDE) setup, offers improved statistical sampling
over larger sample volumes [20,30,31]. Nonetheless, its ex situ nature
restricts observations to the beginning and end states, hindering the
direct tracking and modelling of degradation pathways. Therefore,
operando investigations of the catalyst layer during active degradation
are essential for developing more durable and optimized fuel cell
systems.

Recent advances in synchrotron radiation have enabled such studies
through operando and in situ X-ray techniques, allowing catalyst char-
acterization under realistic operating conditions [5,10,11,16,32-35].
These approaches have gained significant traction, particularly the
combination of different X-ray techniques. One example is SAXS and
X-ray absorption spectroscopy (XAS), which enables simultaneous
determination of particle size from SAXS and information on the Pt
oxidation state and local atomic environment from XAS [36,37].
Another powerful combination is SAXS and X-ray diffraction (XRD),
which allows changes in particle size and crystallite size to be distin-
guished. This combination has recently been employed to probe spatial
heterogeneity in catalyst degradation across the gas diffusion layer
(GDL), as demonstrated using micro-focused XRD and SAXS by Schroder
et al. [10] However, these studies did not resolve depth-dependent
degradation in GDE configurations with oxygen supplied from the
GDL side. To address this limitation, we employ operando X-ray scat-
tering measurements in a GDE operated in self-breathing mode,
combining the experimental control of a three-electrode aqueous setup
with mass transport conditions closer to practical devices [38,39]. In
addition, we integrate a physico-statistical modelling framework to
quantitatively analyze the underlying degradation mechanisms.

By employing quasi-simultaneous operando total scattering (TS)
with Pair Distribution Function (PDF) analysis, XRD, and SAXS, we
monitor catalyst degradation across multiple length scales and electrode
layer depths, spanning Angstrom to nanometer regimes [40,41]. XRD
provides insight into crystal structure and crystallite size evolution,
while PDF analysis, obtained via Fourier transformation of TS data [42],
captures both local and crystal structure information. SAXS enables a
comprehensive assessment of particle morphology and size distribu-
tions. Importantly, a Monte Carlo-based analysis of the SAXS data allows
extraction of particle radius distributions (PRDs) without assuming a
predefined functional form, thereby minimizing model bias. The use of a
micro-focused X-ray beam (~5 pm) at the ID31 beamline at the Euro-
pean Synchrotron Radiation Facility (ESRF) enables depth-resolved
measurements with high spatial precision, facilitating detailed analysis
of degradation as a function of electrode depth [43,44].

To complement the experimental observations, the evolution of the
PRDs is analyzed using a physico-statistical model of catalyst degrada-
tion that incorporates dissolution and redeposition (Ostwald ripening),
coagulation (encompassing agglomeration and coalescence), and parti-
cle detachment [45]. The model is fitted to the experimental PRDs using
Bayesian inference, enabling quantitative mechanistic deconvolution
while rigorously accounting for uncertainty. In this framework, model-
ling serves as a complementary interpretative tool to identify which
degradation pathways are most consistent with the observed structural
evolution. This integrated methodology is applied to commercial Pt/C
catalysts with small (~12 A radius) and large (~26 A radius) nano-
particles under identical operating conditions.

Our combined experimental and modelling approach provides
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unprecedented, depth-resolved insight into PEMFC catalyst degrada-
tion. The results demonstrate that the commonly assumed lognormal
particle size distribution does not adequately describe systems under-
going ripening and agglomeration, thereby complicating mechanistic
interpretation [17]. Furthermore, comparison of catalysts with different
initial particle sizes reveals pronounced size-dependent degradation
behavior. Importantly, studies conducted in aqueous or non-breathing
environments may significantly underestimate degradation severity, as
highlighted by the pronounced spatial heterogeneity observed within
the catalyst layer. These findings underscore the critical importance of
depth-resolved catalyst layer design for improving PEMFC durability
and performance.

2. Methods

The catalyst ink and Working Electrode (WE) were prepared
following the method previously described by Schroder et al. [10] The
preparation procedure is briefly reiterated here, as well as described in
greater detail in the SI, section 1. The operando measurements were
conducted at the ID31 beamline at the ESRF.

2.1. Ink preparation

We used ultrapure Milli-Q water (resistivity >18.2 MQ- cm and total
organic carbon <5 ppb) from a Millipore system for the catalyst ink
preparation. To prepare the catalyst ink, isopropanol (IPA, 99.7+ %,
Alfa Aesar), commercial Pt catalysts supported on Carbon (Pt/C)
[TEC10E20A (1-2 nm Pt/C and 19.4 wt % Pt) and TEC10E50E-HT
(4—5 nm Pt/C and 50.6 wt % Pt), Tanaka kikinzoku kogyol, and
Nafion dispersion (D1021, 10 wt %, EW 1100, Fuel Cell Store) were
used. We will refer to the different sized Pt catalysts as ‘small” and ‘large’
systems from now on. The WE was made of a GDL with a microporous
layer (MPL) on top (Freudenberg H23C8, 230 pm thick). The operando
cell was cleaned via boiling in Milli-Q water for 15 min.

As for the preparation of the catalyst ink, the catalysts were dispersed
in a mixture of Milli-Q water and IPA (water/IPA volume ratio of 3:1)
with a Pt concentration of 0.05 mg/mL. The dispersions were sonicated
for 5 min in a sonication bath (Bioblock Scientific, T 310/H, 35 kHz).
Before the vacuum filtration, we added the appropriate amount of the
ionomer Nafion (Nafion/carbon mass ratio of 1:1) and sonicated the
dispersion again for 5 min in the sonication bath.

2.2. Working electrode - vacuum filtration

In a vacuum filtration setup, the Freudenberg GDL + MPL was placed
between a glass funnel and a sand core filter. Following the method
described by Yarlagadda et al., [46] this assembly was positioned on a
collecting bottle. After sonicating the mixture for 1 min in a sonication
bath, the diluted ink was poured into the funnel. The catalyst was then
deposited onto the GDL + MPL using a diaphragm vacuum pump
(Vacuubrand, MZ 2C, with a maximum flow rate of 1.7 m/h and a
pressure of 9.0 mbar). The GDL + MPL was allowed to dry and was
stored in air. This process resulted in a nominal platinum loading of
0.200 mg/cm?. For electrochemical measurements, the GDL + MPL was
cut into narrow slices measuring 12 x 3 mm? after vacuum filtration.

2.3. Electrochemical cell and measurements

An operando cell (Fig. S1) described in more detail by Wiberg et al.
[38] was used with Ar-saturated (BIP ultrahigh purity, Air Liquide)
0.1 M H,S04 as electrolyte (99% H,SO4, Suprapure, Sigma-Aldrich). The
electrolyte was degassed before being introduced from the side, just
above the catalyst layer, then circulated through the cell, and eventually
discarded. Our vacuum-filtrated catalyst layer was used as the WE, a Pt
wire as the Counter Electrode (CE), and an Ag/AgCl electrode (Leakless
Miniature Ag/AgCl Reference Electrode, eDAQ) was used as Reference
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Electrode (RE). The shift of the Ag/AgCl reference electrode compared
to an RHE was determined before and after each measurement. An
overview of the shift can be found in Table S1. All potentials are reported
versus reversible hydrogen electrode (Vgyg) in the following. The elec-
trochemical measurements were conducted using a BioLogic SP-240
potentiostat. The conditioning CVs and potential holds recorded
before and after the AST were compensated for 80% of the solution
resistance, while the AST itself was not. The solution resistance was
approximately 18 Q.

The catalyst was conditioned with 20 CVs between 0.05 and 1.1 Vgyg
using a scan rate of 50 mV/s in air. Afterwards, we applied potential
holds of 0.4 and 0.9 Vryg for 25 min to record the X-ray scattering at the
catalyst's Beginning of Life (BoL). The first cycle of the AST consisted of
50 times applying potential steps between 0.6 and 1.0 Vgyg (3 s holding
per potential). We have then added two CVs from 1.0 to 1.5 Vyyg with a
scan rate of 100 mV/s. These combinations of 50 potential steps with
two CVs were repeated until a total of 2000 load cycles were reached. To
probe the End of Life (EoL) of our catalyst, we again applied a potential
of 0.4 Vryg before another round of conditioning in the form of 5 CVs as
previously described. We concluded the measurement with another final
potential hold of 0.4 Vgyyg. A more detailed overview of the protocol can
be found in Table S2 and Fig. S2, as well as a comparison between the
current densities of the first 50 load cycles to the last for the small and
large systems, respectively, see Figs. S3 and S4.

2.4. Operando measurements

The SAXS, WAXS, and TS data were collected with a 75.0 keV X-ray
beam. The beam was focused to a vertical size of about 5 pm. A Pilatus
3X CdTe 2 M hybrid photon-counting area detector was positioned at
different distances from the electrochemical cell to account for the range
from SAXS to TS. To calibrate the detector sample distance for SAXS, we
used an AgBh standard and a CeO- standard for the XRD and TS detector
positions. The detector distances for the SAXS position, XRD position,
and TS were 6429 mm, 788 mm, and 342 mm, respectively. The mea-
surements were done quasi-simultaneously, i.e., the detector distance
was changed during the measurement sequence.

For each system, we performed a depth profile with one measure-
ment per pm, see Fig. S5. From these scans through the catalyst layer, we
identified the scan with the highest Pt scattering intensity and defined it
as the ‘center’ layer, see Fig. 1, which provides a visual overview of the
measurement protocol. We also defined the ‘bottom’ layer as 5 pm below
the center layer and the ‘top’ layer as 5 pm above the center layer. With
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this setup, there should be no overlap between the bottom, center, and
top layers.

We first measured data from the as-prepared catalyst in the cell, i.e.,
before the impact of any electrochemistry. At this stage (Fig. 1a), we
collected XRD, SAXS, and TS data in 10 scans (steps of 1 pm) from the
top to the bottom layer. After conditioning, i.e., at the catalyst BoL
(Fig. 1b), we collected XRD, SAXS, and TS data from the center layer.
During the AST (Fig. 1c), we collected XRD and SAXS data for the bot-
tom, center, and top layers. Finally, at the End of Life (EoL) of the
catalyst (Fig. 1d), we collected TS, XRD, and SAXS data in the 10 depth
steps.

The collection times for XRD and SAXS were 1 s each and for TS 4 s.
The collected 2D images were masked for dead pixels and detector gaps.
Afterwards, the data were integrated with pyFAI and normalised by the
intensity of the incoming X-ray beam to account for intensity fluctua-
tions [47].

2.5. XRD analysis

The XRD data were corrected by subtracting the background signal, i.
e., the cell, the electrolyte, and the carbon support (Ketjenblack EC-
300J), see Fig. S6. The instrumental parameters were determined
using the diffraction pattern from a CeO, standard. Rietveld refinements
were performed with TOPAS 7 [48]. We refined a model of metallic Pt
with a face-centered cubic (fcc) structure (ICSD 243678) to fit the data
[49]. For the small nanoparticles, the refinement included the scale
factor, lattice parameter, and crystallite size. To account for the back-
ground, we refined a Chebychev polynomial of 9 terms. For the data
from the larger nanoparticles, we included a fixed microstrain as defined
by TOPAS of 0.0018 in the refinement, in addition to the refinement
parameters used for the small nanoparticle sample. Exemplary fits for
the three layers at BoL and EoL are found in Fig. S7-S10, as well as
Table S3-S6.

2.6. Total scattering and PDF analysis

The background correction for the TS measurements was performed
the same way as for the XRD measurements, see Fig. S11 for comparison.
The PDFs were obtained with PDFgetX3 in xpdfsuite using a rpely of
0.9 A, a Gmin Of 2 A’l, and a qmax of 19.5 A~ for the sample with larger
nanoparticles and a gmax of 16.4 and 19.5 A1 for the sample with
smaller nanoparticles at BoL and EoL, respectively [50]. Refinements
were conducted with DiffPy-CMI with a Pt fcc model (ICSD 243678) and
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Fig. 1. The purple blocks in a), b) and d) represent stages of the EC protocol when data for all three techniques (XRD, SAXS and PDF) were measured. The colorbar in
these blocks corresponds to a depth scan through the catalyst layer, where light blue represents the ‘top’ (closer to the electrolyte) and black represents the ‘bottom’
(closer to the GDL; see Fig. S4 for more detail). The blue star symbolizes one measurement at the top, center, and bottom layer. These single measurements were
conducted at the AST BoL at 0.4 Vryg and EoL at 0.4 Vyyg. The pink block c) represents the AST, where only XRD and SAXS data were measured. The colorbars
indicate the AST evolution of the three depths (top, center, bottom), from the start after conditioning at 0.9 Vgyg (light pink), i.e., 0 AST cycles, to after 2000 AST
cycles at open-circuit potential (dark blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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an underlying lognormal distribution of spherical crystalline domains,
similar to Gamez-Mendoza et al. [49,51,52] For the small samples, we
refined the lattice parameter, the average crystalline domain, and the
scale. The standard deviation of the lognormal distribution was set to a
fixed value of 3.5 A and 9 A for BoL and EoL, respectively, as the re-
finements otherwise yielded nonphysical results due to a very high
correlation of the standard deviation and the average of the lognormal
distribution. Further, 85 and Bis, were fixed to 3.5 A and 0.6 10\2,
respectively. The refinements of the larger system included the lattice
parameter, the average crystalline domain, the scale, 8o, and Bis,. They
were also conducted with a fixed standard deviation for the lognormal
distribution, here set to 9 A. Exemplary fits for the three layers are found
in Figs. S12-S15, as well as Table S7-S10.

2.7. SAXS analysis

The data were corrected for background scattering of the cell and the
support, Ketjen Black, see Fig. S16. The Monte Carlo Analysis was done
with McSAS [53]. The analysis was performed over a g-range of 0.03 to
0.4 A~! for the smaller system, 0.03 to 0.25 A" for the large system for
the depth scans throughout the AST and 0.03 to 0.4 A~! for the quan-
titative analysis. The different limits for the large system are because the
higher q limit yielded unphysical results at the lowest catalyst layer.
Hence, we have kept the lower limit for a comparison throughout the
depths but the higher g limit for a better resolution of the polydispersity
of the Monte Carlo analysis. The respective data were rebinned to 100
data points per measurement. The measurement uncertainties were
assumed to follow Poisson statistics. We have chosen a spherical model
with 300 as the maximal number of contributions to the size distribution
over a range of 6 to 70 A and 13 to 70 A for the small and the large
sample, respectively. The lower limits were set to avoid artefacts in the
Monte Carlo analysis. These arise from an intrinsic limitation of SAXS
analysis, namely the scattering intensity scales with the square of the
particle volume. As a result, extremely small particles contribute only
weakly to the overall scattering signal, which can lead to the
non-physical results artefacts in the Monte Carlo optimization for these
[54]. The maximum number of iterations was set to 100000, and the
number of repetitions was set to 50 for both the AST measurement and
depth scans. The convergence criterion y> was set to 10 for the smaller
system and 20 for the larger system. Exemplary fits for the three layers
are found in Fig. S17-520, as well as Table S11-S14.

2.8. Model-based analysis

To support the experimental analysis, a physical-statistical model of
catalyst structural degradation [45,55,56] is fitted to the PRDs obtained
from the analysis of the SAXS data. This allows for the deconvolution of
dissolution and redeposition (Ostwald ripening), coagulation (particle
agglomeration), and particle detachment. In this model, the catalyst is
represented as randomly dispersed solid spherical platinum nano-
particles on the carbon support. The model is spatially invariant, so
gradients along the electrode thickness or locally within the carbon
pores are not resolved.

The evolution of the PRD, fy(r,t), is described with the continuity
equation [45]

ofn(r,t)
Jat

-5 {fw(r, t) Zﬂ L heafu(r,): &

coagulation  detachment

dissolution/redeposition

For dissolution and redeposition, growth rate of a particle is given by
[56].

dr

_ R N R
i VinkrapCrr(t)€XP (_TO) — Vinkaisc exp (7()) , (2)

with the two kinetic rate constants kg and k.4, reflecting the
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assumption that dissolution proceeds via an oxidized Pt surface, while
redeposition occurs on metallic Pt. The reference concentration of dis-
solved Pt in contact with Pt/C surface is ci¥f, V,, is the molar volume of
Pt. The characteristic radius R, depends on the surface tension y,, via
[56]

Vin¥pe
=Pt 3
Ry RT 3)

The concentration of dissolved Pt ¢y (t) is obtained from a mass
balance [55],

i d
dnpp [ P0G dr
0+

© ; @
R

0+

where I, is the water volume fraction in the catalyst layer, m, is the Pt
mass loading per unit volume, My, is the molar mass of Pt, and pp, is the
density of Pt. This work does not include the transport of dissolved Pt
into the membrane [55] due to the nature of the GDE setup and a limited
ability to validate.

Coagulation is described in Eq. (1) with particle creation and
extinction terms, J© and J-, respectively, following the Smoluchowski
equation. For this, we assume random collisions of the particles and a
constant coagulation rate kernel k.. Accordingly, creation and extinc-
tion terms can be written as [56]

1. [ P ~
Jt— Ekcglm m fn((r3 - r3)1/37t)fN(F, t)dr, )
J =keg / fu(r, t)fn(r, t)dr. ©

o

Detachment of Pt particles in Eq. (1) is described with a fixed
detachment rate kge;.

Eq. (1) is solved for fy(r,t), using Eq. (2)-(6), the free parameters R,
kdis, krdp, kegt and kqer, and an initial PRD, fy(r, 0), obtained from the
SAXS data. From the resulting fy(r, t), the temporal evolution of surface
area Sy and mass My can be obtained as

 Joy Pfu(r,t)dr

Sv = Joo P*fn(r,0)dr’ @)
and
. (o ©

B Jou Pfw(r,0)dr’

The physical model was solved with a mass-conserving finite-volume
method [57] on a logarithmic radius grid. Parameter fitting was per-
formed in a Bayesian framework detailed in the SI, Table S15. The model
was fitted by comparing simulated and measured PRDs on the experi-
mental bin grid and the resulting posterior distribution was used to
quantify parameter uncertainty. This approach yields both
best-supported parameter values and uncertainty ranges for the corre-
sponding model predictions. It is based on established methods from the
literature and was chosen because it is robust to experimental noise,
low-signal regions, and detection limits.

3. Results and discussion
3.1. Small Pt/C catalyst — BoL and EoL

We begin the discussion by focusing on the small nanoparticle sys-
tem, i.e., the Pt/C catalyst with an average particle radius of ~12 A,
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emphasizing the advantages and limitations of the individual operando
characterization methods applied in this study, i.e., XRD, PDF analysis,
and SAXS. We first compare the operando data collected at the BoL and
the EoL stage of the AST at the center of the catalyst layer, ensuring a
consistent basis for comparison. In addition to discussing the advantages
and limitations of the individual techniques, we also highlight our
analysis strategy for the obtained data.

We first consider the XRD data. XRD provides crucial insights into
the crystalline structure of the catalyst particles. Comparing the XRD
data of the small Pt nanoparticle system at BoL to those obtained at EoL,
see Fig. 2a, it can be seen that the positions of both the BoL and the EoL
diffraction peaks agree well with the bulk Pt fcc reference. However,
while at BoL the Bragg peaks are very broad and on top of a large
background signal, the Bragg peaks in the diffraction patterns of the EoL
data are sharpened. This is a clear indication of crystallite growth.
Applying Rietveld refinements (Figs. S7 and S8, and Tables S3 and S4) of
the scale, lattice parameter, and crystallite size to a Pt fcc model, we
determined an approximate constant lattice parameter which refines to
3.906(5) A at BoL and EoL, and an increase of the average volume-
weighted crystallite radius from around 5 to 11 A during the AST. We
note, however, that for such small nanoparticle sizes, especially at BoL,
the XRD method is at its limit due the nanostructure problem. Changes
in strain that also contribute to peak broadening were not accounted for
in the refinements, as a reliable separation of strain and size was not
possible [54]. The quantitative results may thus have a large
uncertainty.

PDF is well-suited for characterizing very small nanoparticles (and
amorphous and disordered materials) [40-42]. From the PDFs in Fig. 2b,
we observe that the most intense peak in the BoL PDF appears at around
2.75 A, which falls within the expected range of the first Pt-Pt distance

1e7
1.0
a) BoL at 0.4 Vrye
—— EolL at 0.4 Vgrye
0.84 — Ptfcc
3 A
© 0.6 ,‘A
>
2
S 0.4
=
0.2
0.0 T | T T | |
60 65 70 75 80 85 9
26 (°)/0.1653 A
c)
10°
S
)
>
G 10’ ;
Q
c
10"
107"
q(A™)
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in metallic bulk Pt with an fcc structure (2.77 A). Real-space refinement
of the scaling, average particle size with an underlying lognormal dis-
tribution, and the lattice parameter to a Pt fcc model shows a lattice
parameter of 3.897(2) A (Figs. S12 and S13, and Tables S7 and S8). This
value is slightly smaller but comparable to the lattice parameter deter-
mined from XRD measurements (3.906(5) ./°\) and that of bulk Pt
(3.92316(2) A) [49].

Upon comparison of the BoL and EoL PDFs, we observe the emer-
gence of peaks at higher r, which correspond to larger Pt-Pt distances in
the fcc structure within a coherent crystalline domain. This shows a
growth of the crystalline domain, as expected from the XRD analysis.
The real-space refined average crystallite size with an underlying
lognormal distribution of fixed width (Figs. S12 and S13, and Tables S7
and S8) supports this hypothesis, as the crystallite size grows from ca. 6
to9 A. At EoL, the refined lattice parameter has increased to 3.913(2) A.
Hence, the PDF analysis at EoL is in good agreement with the XRD
results.

With respect to particle size, PDF and XRD analyses provide infor-
mation on the nanoparticle crystalline domain size, and are not sensitive
to, e.g., agglomerates that are not coalesced into a single crystalline
phase. This limitation is especially critical in electrocatalysis, where
catalytic performance is largely governed by the electrochemically
active surface area of agglomerates rather than the properties of indi-
vidual crystallites. Furthermore, XRD and PDF have limited sensitivity
to crystallite size distributions [53]. In operando SAXS the signal depends
on the size of regions with uniform electron density, representing par-
ticle and agglomerate size rather than crystallite size. Conventional
SAXS analysis typically assumes a fixed size distribution profile of the
particles, such as the Schultz-Zimm, lognormal, or Gaussian distribu-
tions [58]. However, as the system degrades, this assumption in the
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Fig. 2. Data collected at BoL (light pink) and EoL (blue) of the AST measurements. All data were collected at 0.4 Vryg in the center of the Pt/C catalyst layer prepared
with the small Pt nanoparticles. a) XRD data, b) PDF data normalised to the highest intensity, to be able to compare the difference in coherent domain size, c) SAXS
data, and d) the results from the Monte Carlo analysis of the SAXS data. (For interpretation of the references to color in this figure legend, the reader is referred to the
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models may become inadequate, failing to accurately capture evolving
PRDs. We therefore implemented a Monte Carlo-based analysis of the
SAXS data [53]. This approach models the system using spherical scat-
terers (representing individual nanoparticles) and iteratively adjusts
their parameters until the model optimally fits the experimental data
based on a predefined figure of merit (3%). No prior assumptions about
the PRD profile are required. A comparison of the conventional analysis
to the Monte Carlo-based approach is shown in Fig. S21 and Table S16,
highlighting the need for a non-biased distribution for this. Using the
Monte Carlo-based approach, we are able to track dynamic changes in
PRD. In Fig. 2c, the SAXS data at BoL and EoL exhibit an apparent shift of
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the scattering signal to lower g, indicating an increase in average par-
ticle size. Additionally, the nanoparticles exhibit a high polydispersity
based on the absence of distinct scattering features beyond the main
feature. The results from the Monte Carlo analysis depicted in Fig. 2d
reveal that the average volume-weighted nanoparticle size increased
from 12 A to 22 A. Hence, from the comparison of the BoL and EoL of the
small system with XRD, PDF and SAXS, we can conclude that the crys-
tallite and particle radii are approximately doubled in size between BoL
and EoL.
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detachment from support (iv) Metal
GDL + MPL PP dissolution
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Fig. 3. a) A sketched overview of the degradation mechanisms in the GDE: (i) particle agglomeration followed by coalescence, (ii) Ostwald ripening, (iii) particle
detachment, and (iv) particle dissolution. b) SAXS and c) XRD collected for the center layer from a potential hold at 0.9 Vryg after conditioning, i.e., at AST cycle 0,
until after the final AST cycle 2000. d) Overview of the results of the Monte Carlo analysis tracking the changes in the particle size radius and the results of the
crystallite radius from Rietveld refinements for the XRD of the center catalyst layer. For the first two measurements at AST cycle 0 and 50, the obtained crystallite
radii were smaller than the lower minimum of the SAXS analysis and thus not visible.
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3.2. Small Pt/C catalyst — during the AST

To continuously monitor these changes and identify the dominant
degradation mechanisms, we employed SAXS with Monte Carlo analysis
and XRD with Rietveld refinement throughout the entire AST. This
multi-scale approach enables us to distinguish between (i) particle
agglomeration and coalescence (referred to as coagulation in the
modelling), (ii) particle dissolution and redeposition, referred to as
Ostwald ripening, (iii) particle detachment, and (iv) particle dissolution
without redeposition, as illustrated in Fig. 3a. In particle migration (i),
smaller nanoparticles move across the carbon support and agglomerate
before they coalesce into larger particles. Agglomeration is expected to
appear in the SAXS data as an increased signal corresponding to particles
approximately twice their original size, manifested as a tail toward
larger radii in the size histograms. In contrast, XRD cannot detected
agglomeration; it only reveals coalescence, which is observed as an in-
crease in crystallite size [5]. Ostwald ripening (ii) involves the dissolu-
tion of smaller nanoparticles and the redeposition of ionic Pt species
onto larger ones. This would result in a concurrent increase in both
SAXS- and XRD-derived sizes. Particle detachment from the support (iii)
means that catalyst particles are released into the electrolyte, and thus
out of the X-ray beam, resulting in a reduced overall scattering intensity
and diminished SAXS and XRD signals. Finally, particle dissolution (iv)
entails the loss of Pt ions without their subsequent redeposition,
reducing both crystallite and particle size as well as the overall scat-
tering signal [5,14,15].

For the small Pt/C system investigated here, the SAXS data presented
in Fig. 3b reveal a continuous shift of the scattering profile toward lower
q during the AST, indicating particle growth. This aligns with the XRD
data presented in Fig. 3c, which shows peak sharpening throughout the
AST, indicating continuous crystallite growth. The size histograms
derived from the Monte Carlo analysis of the SAXS data combined with
the crystallite size from the Rietveld refinements confirm this trend, see
Fig. 3d. With increasing AST cycles, a clear shift in the particle radius
distribution toward larger radii emerges, most apparent as an extension
of the tail of the size distribution toward larger radii from AST cycle 50
onward, ultimately doubling the initial particle radius. Particle growth
appears to slow as the AST cycles progress beyond 1500. By comparison,
Rietveld refinements of the crystallite size in the XRD data reveal a
delayed onset of crystallite growth appearing only after 500 AST cycles,
seen Fig. 3c and Fig. S22. This delayed onset of crystallite growth rela-
tive to the increase in particle size observed from SAXS is a clear indi-
cation of agglomeration and subsequent coalescence [5].

As the number of AST cycles exceeds 1500, the growth trends of
crystallite size and particle size begin to align - both slowing down and
evolving at a similar rate. Finally, an examination of the volume fraction
of the size histograms throughout the entire AST reveals a noticeable
decrease in overall volume. Fig. S23 illustrates this phenomenon in
terms of particle number density, calculated by dividing the volume
fraction by the particle volume, indicating an overall decrease of
approximately 70% in particle numbers during the AST.

Taken together, these findings suggest that the very early stages of
the AST are dominated by particle migration, leading to agglomeration.
In this first degradation phase, small nanoparticles migrate across the
carbon support and agglomerate, resulting in an initial rapid increase in
particle size (observed by SAXS), while the crystallite size (from XRD)
remains relatively unchanged, see (i) in Fig. 3a. Only subsequently does
particle coalescence occur, as evidenced by the sharp increase in the
growth of the crystallite size after 500 AST cycles. After approximately
1500 AST cycles, a shift in the dominant degradation mechanism occurs.
As the larger, agglomerated nanoparticles become less mobile on the
carbon support and the overall number of particles decreases, the
average distance to the nearest neighbour increases. Consequently,
Ostwald ripening becomes more significant, with smaller nanoparticles
dissolving in favor of larger ones, (ii) in Fig. 3a. This results in the
observed simultaneous increase in both particle and crystallite size;
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however, the associated growth rate remains significantly lower
compared to the rates previously observed during particle agglomera-
tion and coalescence. These observations agree well with findings of
Martens et al., who followed the changes of a similar Pt/C system with a
particle radius of ca. 15 A during an AST in a fuel cell using a similar
combination of SAXS and XRD. They were able to decouple the degra-
dation mechanism, going from particle agglomeration and eventual
coalescence to Ostwald ripening [5].

However, particle agglomeration, coalescence, and Ostwald ripening
do not result in a decrease in the overall scattering volume as observed in
the histograms from our Monte Carlo analysis. The trends observed in
the histograms, as well as in the overall number density, suggest an
additional degradation mechanism. Of the change of approximately
70% in number density, only around 50% can be attributed to particle
agglomeration. The remaining loss is likely due to particle detachment, a
phenomenon proposed from location transmission electron microscopy
studies of a similar system [15].

To support these experimentally observed trends and provide a
quantitative assessment of the individual degradation mechanisms, a
physico-statistical degradation model was fitted to the PRDs obtained
from the Monte Carlo analysis. As Fig. 4a shows, the fitted distributions
reproduce the experimentally derived PRDs across all AST cycles and
over the full relevant particle-size range. Note that deviations in the
smallest particle regime below 1 nm are weighted less strongly because
this range is particularly susceptible to artefacts in the SAXS-based
analysis. Simultaneously, the fit also reproduces the evolution of nor-
malised surface area and captures the normalised Pt mass within
experimental uncertainty (see Fig. 4b). Posterior uncertainty is repre-
sented by the 25 to 75% and 10 to 90% credible intervals across all plots.
Together, these results demonstrate that the model offers a consistent
description of the PRDs and integral observables.

Based on this fit, the contributions of the individual degradation
mechanisms are deconvoluted with respect to their influence on surface
area and Pt mass, as shown in Fig. 4c. The modelling indicates that
indeed, Ostwald ripening is the dominant degradation mechanism (see
Fig. 4c) as it accounts for nearly the entire surface loss and for most of
the Pt mass loss. In contrast, coagulation, which is mass-conserving in
the model, does not contribute to mass loss and has only a negligible
overall influence. Detachment contributes only a minor fraction of the
mass change.

To assess the robustness of this mechanistic interpretation and
whether the data can be described with only coagulation and detach-
ment, the fitting was repeated with Ostwald ripening disabled. As shown
in Fig. 524, the decrease in surface area is still reproduced reasonably
well; however, the evolution of the Pt mass is no longer captured
satisfactorily. Furthermore, the agreement with the PRDs is visibly
poorer for the most relevant particle radii. The same pattern is reflected
by predictive metrics based on the posterior predictions (Table S17).
Compared to the full model, the probabilistic prediction error increases
significantly for the PRDs, the surface area, and roughly doubles for
mass. Consistently, for nearly the same width of the model uncertainty
band, 83% of the measured PRD values fall within the central 25-75%
range of the full model, compared with only 52% for the “Ostwald
ripening-off” variant. From this comparison, we can conclude that the
analysis of the change in surface area alone, as for example by using
cyclic voltammetry, does not distinguish reliably between the two model
variants. However, when Pt mass evolution and PRDs are considered
together, the full model describes the data substantially better than the
“Ostwald ripening-off” variant. Hence the modelling supports that Ost-
wald ripening is the dominant mechanism with respect to loss in surface
area and Pt mass.

This conclusion should nevertheless be interpreted with caution. The
fitted PRDs are reconstructed from SAXS by Monte Carlo analysis and
therefore carry uncertainty, particularly for small particles. In addition,
the model assumes a homogeneous particle population of spherical
nanoparticles and simplified effective kinetics for the individual
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degradation mechanisms. The discrepancy with the experiment-based
interpretation may therefore reflect both preprocessing uncertainty
and model limitations.

3.3. Small Pt/C catalyst — degradation throughout the depth of the
catalyst layer

Having successfully decoupled the degradation mechanism at the
center of the catalyst layer during the AST, we now turn to investigate
depth-dependent trends — specifically, variations as a function of dis-
tance from the electrolyte interface. In our previous work by Schroder
et al., using a cell with no oxygen flow from the bottom of the GDL, we
observed that the depth-dependent degradation of a bimodal Pt/C fuel
cell catalyst was most pronounced in the layer closest to the electrolyte
[10].

With the more advanced analysis and the new GDE setup operating
under high mass transport conditions, we re-investigate depth-depen-
dent changes in the catalyst layer. We first compare the top layer, close
to the electrolyte, and then the bottom layer, near the oxygen gas flow
from the GDL, see Fig. 5a and b. These layers are positioned 5 pm above
and below the center layer. In both the upper and lower layers, the

observed general trends are consistent with those in the center layer
(Fig. 3c). This is further supported by the trends in the results from the
Rietveld refinements and the Monte Carlo analysis, see S25 and S26,
respectively. A closer examination of smaller radii in the histograms of
Fig. 5a and b, particularly at advanced AST cycles (>500 cycles), reveals
a higher volume fraction of smaller particles in the top layer as
compared to the bottom layer, as highlighted in the qualitative differ-
ence plot in Fig. S27. This difference in the histograms towards the end
of the AST suggests a depth-dependent degradation, with the most sig-
nificant degradation occurring in the bottom layer, i.e., closest to the
oxygen gas flow through the GDL. Fig. 5c presents the average particle
radius for the three layers throughout the AST supporting a depth-
dependent degradation. Hence, our results show the same phenome-
non observed in our previous work, however, in opposite layers when
operating in a GDE cell.

To further investigate the depth-dependent degradation, we con-
ducted an EoL scan across the catalyst layer and analyzed the particle
and crystallite sizes (see Fig. 6 and 5S28-531). The EoL SAXS scan reveals
a small but significant gradient in particle size with values ranging from
23 A in the layer furthest from the electrolyte to 22 A in the layer closest
to it. In contrast, the crystalline properties exhibit a different trend. The
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crystallite sizes obtained from XRD and PDF remain essentially constant
across the catalyst layer, with average radii of approximately 11 A and
9 A, respectively. The observed particle size gradient compared to the
constant crystallite size suggests enhanced agglomeration in the lower
layers of the catalyst film, accompanied by a delayed coalescence of
crystallites. However, a longer AST would be required to confirm this
trend conclusively. To exclude the possibility that the observed gradient
arises from the catalyst layer preparation, an additional depth scan was
performed at the beginning of the experiment, at open-circuit potential
(OCP), immediately after electrolyte addition, and before the condi-
tioning step (Fig. S32-534). No significant gradient was detected at this
stage, confirming that the catalyst layer was initially homogeneous.

As mentioned above, these findings differ from those reported by
Schroder et al., who observed pronounced degradation in the layers
closest to the liquid electrolyte [10]. In this respect, it is important to
note that in the study by Schroder et al., the oxygen mass transport was
significantly lower as it occurred as dissolved gas through the electro-
lyte. In the present work, a direct oxygen mass transport was established
through the GDL. Thus, the comparison between these two results sug-
gests more pronounced catalyst degradation in the catalyst layer frac-
tion most exposed to the reactant.
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3.4. Large Pt/C catalyst

In addition to the small system, we examined a commercial Pt/C
catalyst with an average particle radius of about 26 A to determine
whether the trends observed in the small system are size-dependent. We
followed the same procedure as for the small system, beginning with an
analysis of the XRD, PDF, and SAXS measurements collected at BoL and
EoL at 0.4 VRHE-

Comparison of the BoL and EoL XRD data of the center catalyst layer
in Fig. 7a reveals only small changes, mainly evident as a loss in intensity
over the course of the AST. This indicates stable sizes with only material
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loss occurring. The stable crystallite and particle sizes are confirmed by
Rietveld refinements of the XRD data, which show only a slight crys-
tallite growth from 23 A to 25 A, as seen in Fig. 7d-S35, and $36. The
PDF data, as seen in Fig. 7b, confirm this observation, and real-space
refinements indicate a small increase in average domain from approxi-
mately 22 A to 24 A. A similar trend is observed in the SAXS data,
Fig. 7c, where only a small shift to lower g is detected when comparing
BoL and EoL, in contrast to the more pronounced changes seen in the
small-particle system. Monte Carlo analysis of the SAXS data indicates
particle growth from ca. 27 A to 28 A for the center layer, see
Fig. 7d-S35 and S37. Some minor artefacts are observed in the histo-
grams at smaller radii, likely due to the low scattering from smaller
particles. Fig. 7d also reveals a decrease in overall volume fraction from
BoL to EoL, which appears to affect all particle sizes uniformly. This
decrease in volume fraction corresponds to a loss of approximately 20%
in relative particle number, as shown in Fig. S37.

The trends in particle and crystallite sizes obtained from the Monte
Carlo analysis and Rietveld refinement for the center layer, Fig. 7d,
indicate that both increase simultaneously. This observation is in
contrast to the behavior of the smaller particles discussed above, and the
difference may be attributed to the lower mobility of the larger Pt
nanoparticles on the carbon support due to their overall larger contact
area with the carbon support, making them less prone to migration and
agglomeration than smaller Pt particles [14]. It should be noted that
these are commercial catalysts for which the synthesis route is not dis-
closed; thus, differences in degradation mechanisms may additionally
arise from the underlying synthesis method. A colloidal synthesis
approach would provide a more controlled and homogeneous platform
for studying such effects [59]. Interestingly, the extent of particle
detachment from the support appears to be similar to that observed in
the small particle system. Furthermore, Ostwald ripening alone cannot
account for the observed decrease in volume fraction (Fig. 7d and S37).

Next, we turn to the comparative analysis of degradation across the
different catalyst layer depths. A comparison between the center layer
and the top layer, shown in Fig. 7d and e, respectively, reveals only
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minimal differences at both the BoL and EoL. These differences are
primarily associated with a reduced overall volume fraction in the top
layer, rather than with local deviations at smaller or larger particle radii.
The EoL bottom layer, Fig. 7f, exhibits a similar trend, closely matching
the top and center layers. An overview of the results is provided in
Figs. S37-S39. Notably, in the BoL data, the Monte Carlo analysis per-
forms poorly for the bottom layer. This is likely because only a few
particle sizes are sufficient to model the scattering curve, which makes
the advanced analysis unstable. A contributing factor may be the
complexity of background correction in this region, particularly for
layers adjacent to the carbon-rich MPL, where the increased carbon
background further complicates the analysis.

These minor differences between the layers, mainly related to the
overall volume fraction, are further supported by the qualitative dif-
ference plot across the AST (see Fig. S40), which shows only subtle
variations within the error margins. This further reinforces the conclu-
sion that there are no significant local deviations in the PRDs across the
different depths. A more detailed quantitative analysis of the top layer
reveals similar trends in particle growth, with the average particle
radius being approximately 1 A smaller than that of the center layer.
Additionally, a ~20% decrease in relative particle number density is
observed, consistent with the center layer, see Fig. S39. However, a
different trend emerges for the bottom layer. Instead of a decrease, an
increase in relative particle number density is observed after around
1000 AST cycles. This may indicate a downward displacement of the
catalyst layer, with the center layer, the region of highest Pt scattering
intensity, shifting downward and artificially enhancing the apparent Pt
signal in the lower layer, an effect that is plausible given the mechanical
and chemical complexity of the environment. Consequently, it is not
possible to reliably quantify particle detachment for the large-particle
system, as was done for the small-particle case. Similarly, the overall
extent of depth-dependent particle degradation throughout the AST
cannot be determined conclusively.

For a comprehensive understanding of catalyst degradation
throughout the entire layer at EoL, we performed a depth-resolved scan,
analogous to that conducted for the small Pt system, see Fig. S42-545.
Compared to the pre-AST depth scan, see Fig. S46-549, the EoL results
reveal clear layer-dependent degradation. Fig. 8 presents the final depth
profile from the bottom (—5 pm) to the top (+5 pm) layer, incorporating
data from PDF, XRD, and SAXS analyses. The SAXS analysis shows a
negative gradient in particle size of approximately 1 A from the bottom
to the top layer, with further details provided in Fig. S44. A similar
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Fig. 8. Overview over the different particle size from SAXS and crystallite size
from XRD and PDF throughout the catalyst layer of the large system at the EoL.
The bottom is closest to the Carbon and the top to the electrolyte.
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gradient in crystallite domain size - also around 1 A - is observed in the
XRD data, see Fig. S43. In contrast, the PDF data exhibits a more con-
stant trend across the layers, see Fig. S44.

Overall, the observed downward trend in both particle and crystallite
sizes in the large-particle system partially mirrors the behavior of the
small-particle system. However, in the large-particle, only the particle
size exhibited a depth-dependent gradient, while crystallite size
remained unchanged. This distinction likely reflects a fundamental
difference in degradation mechanisms: in the large system, no initial
nanoparticle migration across the carbon support is observed before the
increase in crystallite size. Nonetheless, the results confirm that the
degradation in the large-particle system is also depth-dependent, rein-
forcing our earlier conclusion that catalyst degradation occurs prefer-
entially in regions most exposed to the reactants, where reaction rates
are highest.

Following the same approach as for the small-particle catalyst, we
used the physico-statistical model to provide a quantitative assessment
of the individual degradation mechanisms. The full model was fitted to
the PRDs obtained from the Monte Carlo analysis and, consistently, to
the normalised surface area and normalised Pt mass. Since the pre-
processed data shows an unexpected loss of particles compared to the
bottom layer toward the end of the experiment (see Fig. S37), the fitting
was restricted to the first 1000 AST cycles to avoid capturing potential
experimental artefacts. As shown in Fig. 9a and b, the model reproduces
the PRDs, as well as the decreases in surface area and mass within
experimental uncertainty. However, the good agreement of the model
should not be overinterpreted mechanistically. Because the total
degradation is small, the data provide only weak constraints on the
relative importance of the individual mechanisms. Accordingly, the
mechanistic deconvolution shows broad posterior ranges, i.e. large un-
certainties, for the contributions of the different mechanisms (see
Fig. 9¢). Although the posterior medians tend to favor Ostwald ripening,
a robust quantitative separation of the mechanisms from the model fit is
not possible for the large Pt/C catalyst.

4. Conclusion

The combination of operando SAXS, XRD, and PDF, along with Monte
Carlo analysis, Rietveld, and real-space refinements, and a model-based
analysis, provides unprecedented details into the dominant degradation
mechanisms of commercial Pt/C catalyst systems in GDEs, as summa-
rized in Fig. 10.

For catalysts composed of small Pt nanoparticles (here ~12 A
average radius), we observe a progressive transition in degradation
mechanisms: beginning with particle migration and agglomeration
during the early stages of the AST, followed by particle coalescence and
ultimately Ostwald ripening. In addition, we detect signs of particle
detachment. The model-based analysis supports Ostwald ripening to be
the overall dominant mechanism with respect to surface area and Pt
mass loss. Depth-resolved analysis shows that catalyst degradation is
depth-dependent, with the most pronounced degradation occurring in
the layers closest to the oxygen gas flow. Comparison with previous
results suggests that experimental setups lacking reactant mass transport
through a gas diffusion layer may underestimate the full extent of
catalyst degradation across the entire catalyst layer.

For larger Pt nanoparticles (here ~26 A average radius), no initial
particle agglomeration is observed. Instead, Ostwald ripening is the
dominant degradation pathway from the onset of the AST. While the
trend in depth-dependent degradation mirrors that of the small-particle
system, the degradation appears more uniformly governed by ripening.
As with the smaller system, particle detachment is observed, potentially
having a more pronounced effect on the overall surface area loss. The
model-based analysis for the larger Pt nanoparticles has a high uncer-
tainty due to the relatively small overall degradation. It suggests the
contribution of various degradation mechanisms, giving Ostwald
ripening only a slightly higher probability than detachment.
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the whole layer indicated by the arrow.

Together, these findings offer a nuanced understanding of the
interplay between particle size, degradation mechanism, and catalyst
layer depth -highlighting the importance of studying catalyst systems
under realistic, high-mass-transport conditions. Based on these findings,
we propose a gradient catalyst architecture, with a layer of larger Pt
nanoparticles positioned closer to the gas flow and a layer of smaller Pt
nanoparticles located closer to the electrolyte/membrane interface.
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