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This study investigates the effect of the ionomer-to-carbon (I/C) weight ratio in polymer electrolyte membrane fuel cell (PEMFC)
cathode catalyst layers (CCLs) on carbon corrosion during high-potential accelerated stress tests (ASTs). Membrane electrode
assemblies (MEAs) with I/C ratios of 0.5, 0.85, and 1.2 were analyzed using polarization curves, cyclic voltammetry, limiting
current measurements, and electrochemical impedance spectroscopy. Impedance data analysis, based on distribution of relaxation
times and transmission line modeling, showed that higher I/C ratios (0.85 and 1.2) exhibit superior beginning-of-life (BoL)
performance due to lower ionic resistance in the CCL. However, the MEA with a lower I/C ratio (0.5) exhibited a performance
improvement of up to 35% during initial AST cycles and enhanced carbon corrosion resistance. Compared to BoL, performance
improved significantly due to a 28%—46% reduction in charge transfer resistance and a 91% reduction in ionic resistance. These
findings emphasize the trade-off between BoL performance and long-term durability when determining the optimal I/C ratio. They
also underscore the need for further investigation into how the I/C ratio influences CCL structure and electrochemistry. Optimizing
the I/C ratio has the potential to substantially improve PEMFC electrode performance and durability, guiding the design of more
resilient catalyst layers.
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The future success of polymer electrolyte membrane fuel cells
(PEMFCs) is strongly dependent on further improvements in
durability and efficiency, as well as cost reductions.! One particu-
larly critical operating condition for PEMFC systems is the start-up/
shut-down (SU/SD) process. Here, high potentials can occur locally
in the cathode catalyst layer (CCL) due to a hydrogen-oxygen front
at the anode, leading to corrosion of the carbon support structure
within the cathode catalyst layer.>~ The CCL corrosion occurs due
to carbon oxidation by water:”*

C+ 2H,0 - COy + 4H' + 4e™; Ey=0.207V vs RHE  [1]

Severe carbon corrosion can induce changes in the electrode
microstructure, porosity, thinning of the catalyst layer, and ionomer
redistribution.®’ Additionally, carbon corrosion can alter the hydro-
phobicity of the carbon surface,*® leading to water management
issues within the MEA.®® These combined adverse effects can
significantly decrease the performance and lifetime of PEMFC
systems. The severity of the carbon corrosion can be affected by
the intrinsic material properties of the catalyst layer, carbon support,
catalyst layer composition, platinum/ionomer distribution on the
carbon surface, and operating conditions such as voltage, holding
time, humidity, and temperature.”'°

The main components of PEMFC electrodes are the catalyst
particles, the structural carbon support, and the ionomer. Catalyst
particles, just a few nanometers in size, are anchored to the electron-
conducting carbon support, which features a porous structure to
facilitate transport of the gas reactants, oxygen, and hydrogen. The
proton-conducting ionomer covers the platinum particles and carbon
structure, forming the interface of ionomer, carbon, and catalyst,
known as the triple-phase boundary (TPB), where electrochemical
reactions occur. The ionomer-to-carbon (I/C) weight ratio is a critical
parameter that significantly affects the electrode’s microstructure,
performance, and durability."'™'* A high I/C ratio improves protonic
conductivity'® but can hinder oxygen transport to reactive sites.'®
Conversely, a low I/C ratio may lead to insufficient ionomer

*Electrochemical Society Member.
“E-mail: abel.chuang@ucmerced.edu; andre.weber @kit.edu

coverage, reducing proton conductivity and promoting local non-
uniform current distribution and thermal stress on the carbon
support. The optimal I/C ratio also depends on factors such as the
catalyst layer thickness,'" catalyst loading,'” and gas humidity.'3~>°
Given the unavoidable and harsh operation conditions of PEMFCs,
such as hydrogen starvation or start-up/shut-down operations, a
fundamental understanding of the I/C ratio’s impact on carbon
corrosion is essential. Optimizing the I/C ratio is crucial for
balancing performance and durability, thereby enhancing catalyst
layer resilience and extending overall system efficiency and lifetime.

Several studies have analyzed the influence of the I/C ratio on
beginning-of-life (BoL) performance under various operating
conditions,'*!>!721=26 jts impact on catalyst layer degradation,'®*">
and catalyst layer morphology.* Only a few publications have focused
on the influence of the I/C ratio on carbon corrosion.**'** Young et al.®
have analyzed the carbon corrosion behavior of CCLs with cathode I/C
ratios of 0.3 and 0.49 (23/33 wt% ionomer) using a graphitic carbon-
supported platinum (50 wt% Pt/C) during potential cycling accelerated
stress tests (ASTs) (0.1-1.5 V, Hy/N,). They concluded that the rate of
carbon loss was independent of the ionomer or catalyst content but
reported a drastic CCL thinning (15 to 5pm). Babu et al.** have
examined the carbon corrosion behavior by applying high-potential
cycling ASTs (1.0-1.5 V, Hy/N5) to various CCL material combinations.
They observed that the cumulative percentage of lost carbon is
independent of catalyst type (Pt/PtCo), catalyst loading, I/C ratio, and
equivalent weight, but is strongly affected by the carbon support type
(HSAC/graphitized carbon). Alink et al.*' identified an optimal cathode
I/C ratio of 0.7-0.8 based on the BoL performance and investigated the
effects of high-potential cycling (0.6-1.2 V, H,/N,) on various cathodes
with I/C ratios ranging from 0.29 to 0.86. Their study revealed that high-
potential cycling led to performance improvements, particularly at lower
cathode I/C ratios. The performance enhancement was attributed to
improved proton conductivity within the bulk CCL and at the CCL-
membrane interface. As possible underlying mechanisms, they proposed
an ionomer redistribution within the CCL and changes in carbon
wettability.

Previous studies examining the impact of the I/C ratio on carbon
corrosion in PEMFCs have yielded conflicting results, with some
indicating that carbon corrosion is independent of the I/C ratio, while
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others suggest a significant influence related to catalyst type, loading,
and operational conditions. Additionally, existing literature often
lacks detailed electrochemical characterization under conditions
representative of start-up/shut-down events. To address this gap,
this study aims to systematically investigate how varying the cathode
catalyst layer I/C weight ratio can influence carbon corrosion
behavior in PEMFCs. Specifically, we hypothesize that optimizing
the I/C ratio can improve the tradeoff between initial performance
and long-term durability, particularly under accelerated corrosion
conditions mimicking realistic start-up/shut-down scenarios.

In this study, the effect of the cathode catalyst layer I/C ratio on
carbon corrosion behavior during high-potential cycling ASTs
(1.0-1.5V, Hy/N,), based on the U.S. Department of Energy
(DOE) testing protocol,* is analyzed. The DOE protocol is a
commonly used AST designed to emulate high-potential degradation
during start-up/shut-down operation.** The main focus of this
analysis is the separation and quantification of polarization resis-
tances by electrochemical impedance spectroscopy (EIS) under both
Hoy/air and H,/N, conditions. The impedance data is further analyzed
by the distribution of relaxation times (DRT) method, along with a
physico-chemically meaningful equivalent circuit model including a
transmission line model.>> This in-operando analysis enables the
separation and quantification of the resistances attributed to charge
transfer, mass transport, and ionic transport in CCL. Additional
diagnostic techniques, such as cyclic voltammetry (CV) and limiting
current measurements, are also employed. This approach expands the
understanding of the degradation mechanisms during carbon corro-
sion and the effect of the cathode I/C ratio, thereby enabling the
development of more reliable PEMFC electrodes.

Experimental

Testing setup.—In this study, differential single cells with an
active cell area of 1 cm? were tested. The PEMFCs were operated at
high gas stoichiometries with a constant gas volume stream of 200
sccm to ensure a gradient-free environment in the gas channels. The
minimum gas stoichiometry at 2 A cm™> on the anode and cathode
side was Agnode = 9.7 and Acaymode = 6.1, respectively. The anode and
cathode gases were humidified by combustion humidification in two
catalytic burner chambers,*® which enables a dynamic adjustment of
the gas humidity on the anode and cathode sides as well as the supply
of oversaturated gases (RH >100%). Four combined humidity and
temperature sensors, SHT41 (Sensirion, Staefa, Switzerland), were
integrated in the gas lines before and after the cell housing to monitor
the relative humidity and temperature of the inlet and outlet gases. A
Zennium E potentiostat (Zahner, Kronach, Germany) was used for
the electrochemical characterizations with a four-point measurement
configuration. The cell housing was developed in-house®® and allows
precise adjustment of the active-area contacting pressure, which was
set to 0.5 MPa for all tests. All experiments were conducted under

atmospheric gas pressure. The anode and cathode flow fields
consisted of a parallel channel design with a channel/rib width and
a channel depth of 1 mm. To minimize the contact resistances, gold
was used as the flow field material. For all tests, the gas diffusion
layer (GDL) H14CX483 (Freudenberg, Weinheim, Germany) was
used on the anode and cathode sides.”

Catalyst ink preparation and coating.—To prepare the catalyst
ink, the appropriate amount of Pt/C catalyst powder (46.8 wt% on
high-surface-area carbon, TEC10ESOE, Tanaka Precious Metals,
Japan) was first weighed into a 12 ml container. Separately, the
required amount of Nafion ionomer (20 wt%, D2020, The Chemours
Company, USA) was measured in a 10 ml glass vial and diluted
sequentially with isopropanol (IPA) and deionized (DI) water,
maintaining an IPA/water weight ratio of 1.5. The mixture was
then sonicated in a bath at room temperature for 2-3 min to ensure
proper mixing. Afterwards, both the catalyst powder and diluted
Nafion solution were cooled in an ice bath for 20 min to prevent
ignition of the Pt/C powder during ionomer addition. Then the
Nafion solution was completely transferred to the Pt/C, containing
12 ml. Eight zirconia balls (~5 mm diameter) were added, and the
container was sealed and mixed at 2000 rpm for 3 min using a high-
shear mixer (AR-100, Thinky, Laguna Hills, USA) equipped with a
100AD-NAN-U adapter. For the anode catalyst ink, an I/C weight
ratio of approximately 0.85 and a total solid content of ~14 wt%
were used. For the cathode catalyst layers, three inks were prepared
with I/C ratios of 0.5, 0.85, and 1.20. The catalyst layers were
fabricated by coating onto 4 mil PTFE decal substrates using Mayer
rods of various sizes to achieve the desired loadings. After coating,
the substrates were left to dry naturally at room temperature.

Membrane electrode assembly.—Three membrane electrode
assemblies with varying I/C weight ratios of the cathode catalyst
layer (CCL) were tested. The specifications of the MEASs are listed in
Table 1. The catalyst layers and the reinforced Nafion membrane
NC700 (The Chemours Company, USA) were assembled by a hot-
pressing process at 130 °C and 300 psi (~2.06 MPa) for 5 min.*® The
platinum loading of the catalyst layers was determined gravimetri-
cally by weighing the dry catalyst layer on the decal substrate prior
to transfer and calculating the platinum mass fraction from the ink
solids composition (Pt wt% in Pt/C and I/C), then dividing by the
coated area. The platinum loadings of the anode and cathode were
0.12 £ 0.04 mg, em™2 and 0.19 = 0.02 mgy, em™2, respectively. The
I/C weight ratio of the anode catalyst layer (ACL) was kept constant
at 0.85, while that of the CCL was varied (I/C = 0.5/0.85/1.2). In this
study, one sample with a low, medium, and high I/C ratio were
tested. The electrochemically active surface area (ECSA) at BoL was
estimated by using the standard hydrogen adsorption and desorption
(HAD) measurement method. The measured charge per mass of
platinum corresponding to the H-adsorption peak in the cyclic

Table I. Membrane electrode assembly (MEA) and gas diffusion layer (GDL) specifications of I/C ratio variation (I/C = 0.5/0.85/1.2) of the cathode

catalyst layer.

Material parameter Unit MEA I/C-0.5 (low I/C) MEA T1/C-0.85 (medium I/C) MEA I/C-1.2 (high I/C)
I/C weight ratio (cathode) — 0.5 0.85 1.2
I/C weight ratio (anode) — 0.85 0.85 0.85
Solid content (cathode) wt% 12.5 14.1 15.6
CCL thickness (BoL) pm 5.7 6.8 6.1
ACL thickness (BoL) pm 3.5 4.2 5.7
Pt loading (cathode) Mgy €M “geq 0.207 0.17 0.196
Pt loading (anode) mgp CmM “geo 0.129 0.08 0.148
ECSA cathode (BoL) m’y g 73.2 70.6 72.4
Catalyst/Carbon — Tanaka TEC10ESOE (Ketjenblack EC)

CL Ionomer — Chemours Nafion D2020

Membrane — Chemours NC700 (reinforced, 15 pm)

Gas diffusion layer —

Freudenberg H14CX483 with microporous layer (MPL)
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voltammograms was divided by the surface charge density of H-
adsorption on polycrystalline platinum (210 pC cm™"). The thickness
of the cathode catalyst layer was determined via cross-sectional
analysis using the digital microscope VHX-7000 system (Keyence,
Osaka, Japan).

Accelerated stress test—The applied accelerated stress test
(AST) zprocedure was based on the protocol published by the U.S.
DOE,* emulating start-up/shut-down conditions by applying trian-
gular wave cycles in a voltage range of 1.0-1.5V at a rate of
500mVs~'. The ASTs were conducted under H,/N, (anode/
cathode) conditions at 80 °C and 95% RH, specifically aimed to
corrode the carbon support structure in the CCL. These experimental
parameters were deliberately selected to simulate the realistic
conditions encountered during PEMFC start-up/shut-down events.
The test conditions were chosen to replicate aggressive carbon
corrosion scenarios commonly observed during transient operating
states, thereby enabling the identification of material-specific degra-
dation mechanisms and ensuring the practical relevance of the
findings. Prior to the initiation of the AST, multiple BoL character-
izations were conducted to ensure the reproducibility and stability of
the tested samples. Characterization was subsequently repeated at
AST cycle intervals ranging from 10 to 300 cycles. The end of life
(EoL) was defined as the point when a maximum current density of
0.475 A cm™2 could no longer be reached.

Electrochemical characterization.—Electrochemical characteri-
zation included a recovery procedure, polarization curves, EIS under
Hy/air conditions at multiple current densities, EIS under H,/N,
conditions, cyclic voltammetry (CV) at both anode and cathode, and
limiting current measurements using different inert gases (He/N,).
Before each electrochemical characterization, a recovery procedure
was conducted, which involved reducing the cell temperature to
40 °C at 80% RH. Subsequently, the cell potential was set to 0.85 V
for 5min, 0.6V for 10 min, and 0.3V for 60 min for two full
cycles.39 Testing conditions such as humidity and temperature were
selected based on typical automotive operating conditions.
Specifically, humidity levels (70%-95%) were chosen to examine
their effect on ionomer hydration and proton conductivity, a
temperature of 80 °C was used to reflect realistic PEMFC operating
conditions impacting reaction kinetics and carbon corrosion rates. A
constant gas flow was set with a minimum gas stoichiometry of 6.1
at 2 A cm 2 to minimize mass transport limitations and isolate local
degradation phenomena.

Electrochemical impedance spectroscopy.—Electrochemical im-
pedance spectroscopy (EIS) was conducted using hydrogen (anode)
and synthetic air (cathode) for in-operando analysis (T = 80 °C,
RH = 70% sym., pos.ary = 0.315, atmospheric pressure) of electro-
chemical resistances and loss processes. EIS was performed galva-
nostatically at current densities from 0.025 A cm ™ to the maximum
current density achievable at 0.3 V (up to 2.0 Acm™2). A constant
reactant gas flow of 200 sccm was supplied, corresponding to high
gas stoichiometries, which allows gas conversion along the gas
channel to be neglected. Prior to EIS measurements, all cells were
conditioned at the maximum current density reached at 0.32'V for
120 min to ensure stable operating conditions. Impedance spectra
were recorded in a frequency range from 1 MHz to 500 mHz with a
perturbation amplitude of 1-50 mA cm™>. Polarization curves were
derived from the current density and voltage during EIS measure-
ments. The ionic resistance of the CCL was determined separately by
EIS (T = 80 °C, RH = 30%) under hydrogen (anode) and nitrogen
(cathode) conditions, with a reactant gas flow of 200 sccm. A
holding time of 30 min was implemented prior to measurement to
ensure stable operation. EIS was measured potentiostatically at 0.5 V
between 500 mHz and 1 MHz, with a perturbation amplitude of
20 mV.

Impedance data analysis.—The validity of the impedance data
was ensured by applying the Kramers-Kronig test.*” The residual
error for all EIS measurements was low (« 1%), indicating high data
quality. To deconvolute the electrochemical processes and their
characteristic time constants,*'"*? impedance spectra were analyzed
by the distribution of relaxation times. The allocation of the DRT
peaks to specific loss processes was achieved by a systematic
variation of the operating conditions, as introduced by Heinzmann
et al.¥® The resistances associated with each loss process were
determined by fitting an equivalent circuit model to the EIS (Hy/air)
and DRT data using a complex nonlinear least squares fit (CNLS)
approximation.**

The cathode catalyst layer was modeled using a transmission line
model (TLM), taking into account the ionic transport resistance and
the charge transfer resistance at the triple phase boundary.*>** In
series with the TLM, the membrane resistance was represented by an
ohmic resistance (Ry), and the gas diffusion resistance (through the
CCL, GDL, MPL) by a generalized, finite-length Warburg element
(GFLW).* The ohmic resistance was corrected by 0.014 Q cm? to
account for the electrical resistance of the PEMFC setup, including
housing and wiring. Overall, the TLM impedance of a porous CCL
(Zrm) can be described as follows:>>4°

XX 2K
Znm(w) = —"2— | L+ 7
ntan sinh (—)
K
2 2
+
+K.u. COth(é) [2]
ntan K
o= | 31
xntan

This TLM expression considers the resistances of the ionic path
n m™), the electrical path p (Q m™), the complex TLM
expression of the charge transfer resistance & ({2m) between both
paths, and the CCL thickness L (5.7-6.8 pm). A negligible and
constant electronic resistance (y, ~ 0) was assumed due to the high
conductivity of the carbon support in pristine electrodes.*” However,
this assumption may not be valid under severe carbon corrosion.
Nevertheless, this simplification enables comparative trend analysis.
The complex TLM expression of the charge transfer resistance & is
represented by an R-Q element, considering the thickness-specific
charge transfer r., ({2 m) and the characteristic time constant of the
charge transfer 7., ().

Ter

O = oy

[4]

Symmetrical cell tests (H,/H, conditions) revealed a negligible
polarization resistance of the hydrogen oxidation reaction on the
anode (<0.011 © cm?) for the given testing conditions, which is
below 4% of the overall polarization resistance of the cell.*® Thus,
the anode contribution was neglected in the further analysis. The
TLM parameters of the charge transfer resistance r. and ionic
resistance in the CCL 1, (=) are determined by fitting the ECM to
the measured EIS and DRT data. The overall charge transfer
resistance Ry, (2 ecm?) of the cathode, with a CCL thickness L and
an active cell area A (1 cm?), was calculated according to Eq. 5.

(51

The theoretical ionic resistance (£2 cmz) in the CCL can be
calculated by Eq. 6.
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R = ripy - L - A [6]

However, the local ionic current density is not constant
throughout the complete cathode catalyst layer thickness, decreasing
from the membrane towards the catalyst layer surface.** To account
for this decline, the effective ionic resistance is calculated by adding
a factor of 1/3*® to Eq. 6.

-1
R =~ rin-L-A (7]
3
In this study, all ionic resistances in the CCL were calculated

using Eq. 7. To improve readability, this value will be referred to as
ionic resistance (R;o,) throughout this publication.

EIS under H,/N, conditions.—The ionic resistance from EIS
measurement under H,/N, (anode/cathode) conditions was calcu-
lated by fitting the data to a modified version of the previously
described ECM/TLM. The modification included the removal of the
charge transfer resistance (7,) from the TLM described in Eq. 4, as
no charge transfer takes place under H,/N, conditions.

Cyclic voltammetry.—Cyclic voltammetry (CV) was used to
determine the ECSA, roughness factor (RF), and double-layer
capacitance (DLC) of the CCLs. CV was conducted at 50 °C and
95% RH between 0.05V and 1.2 V for 10 cycles with scan rates of
50, 150, and 400 mV s~ ', respectively. The gases of 200 sccm (H,)
and 50 sccm (N) were supplied for 5 min before the start of the
measurement. Shortly before the measurements, the N, flow was
switched off. The roughness factor was determined using the standard
HAD (hydrogen adsorption and desorption) method by integrating the
hydrogen adsorption area between 0.05 V and 0.4-0.5 V, and corre-
lating it with the geometrical MEA area (1 cm?). Furthermore, the
hydrogen crossover current density was calculated from the cyclic
voltammograms.

Limiting current measurements.—Limiting current measure-
ments were conducted with two inert gases (He/N,) to separate the
molecular diffusion resistance (GDL substrate and gas channel) from
the sum of the Knudsen (MPL and CCL) and film diffusion
resistance (ionomer and water films). Measurements were conducted
at oxygen concentrations of 1%, 2%, 3%, 4%, and 5% in the
respective inert gas on the cathode side. The potential was decreased
from 0.4 V to 0.1 V in 20 mV steps, with a holding time of 1 min at
each potential. The limiting current value was determined at 0.12 V.
All measurements were conducted at 80 °C, 95% RH, and a constant
gas flow of 200 sccm at the anode and cathode. Before each
measurement, the operating conditions were held for 5 min to ensure
stable operation. The separation of molecular and Knudsen/film
diffusion resistances by Eqs. S1-S4 is detailed in the supplementary
material *>->

The described characterization techniques and modeling ap-
proaches were utilized to analyze the influence of the cathode
catalyst layer I/C ratio on the carbon corrosion behavior and cell
performance during high-potential ASTs. All samples were subjected
to the same characterization and carbon corrosion AST procedures.
To strengthen these electrochemical interpretations, future studies
should incorporate microstructural analysis, such as scanning elec-
tron microscopy (SEM) or transmission electron microscopy (TEM).

Results and Discussion

Initially, we present the electrochemical BoL characterization
results, establishing the reference state for all subsequent analyses.

Beginning-of-life (BoL) characterization.—The polarization and
power curves (Fig. 1a) show that I/C-1.2 and I/C-0.85 have similar
overall BoL performances, with power densities at 0.6V of

0.687 W cm™ and 0.689 W cm™>, respectively. In contrast, I/C-0.5
exhibits a significantly lower BoL performance of 0.239 W cm™.
The lower performance of I/C-0.5 is likely a result of low platinum
utilization due to poor proton conduction in the CCL.’' The
difference in BoL performance does not correlate with the differ-
ences in cathode catalyst layer loading, which vary between
0.17 mgy cm g, (medium I/C), 0.196 mg, cm ™~ ., (high I/C),
and 0.207 mg, cm2 geo (low I/C). For the catalyst/carbon type used
in this study (TECIOES0E, 46 wt% Pt/C), previously regorted
optimal cathode I/C ratios include 0.75,°% 0.72,'® and 1.0.°” For
other high-surface-area carbon supports, optimal I/C values vary
depending on catalyst and operating conditions, for example, 0.71
under wet conditions and 1.11 under dry conditions for a 40/60 wt%
Pt catalyst,'” and 1.0 (30 wt% ionomer) for a 57 wt% Pt catalyst
(Hispec 9100).%® While Song et al.>* reported an independence of the
optimal I/C ratio from operating conditions (temperature, RH) and
platinum loading (0.1-0.37 mg, cmfzgeo), other studies highlight the
dependency on catalyst type, loading, and operating conditions,
especially the gas humidity."”

The electrochemically active surface area (Table SII) determined
from the cyclic voltammograms (Fig. 1c) at the first BoL character-
ization was similar for all three samples (70.6-73.2 m? gfl p0- These
values were slightly higher than literature values of 46 wt% Pt catalyst
(TEC10ES0E), which range from 35-66 m”> g ', (I/C = 0.16-1.14)'°
to 57-59 m* g~ ', (/C = 0.6-0.9).>” Note that the ECSA value can be
influenced by differences in preparation processes,”* catalyst layer
thickness and loading,”> measurement conditions,”® and manufac-
turing procedure.’’>® In the literature, an increase in ECSA with
increasing 1/C ratios has been reported,'>>°°! with a plateau
observed at I/C ratios larger than 0.625 (corresponding to 20 wt%
Nafion)®® and 0.41.'"® This plateau is attributed to the complete
formation of continuous proton transport pathways at higher ionomer
contents. In contrast, low I/C ratios can lead to low ECSA due to poor
ionomer coverage on the Pt/C surface'®® and the disconnection of
active sites from the proton conduction network.” Additionally, it has
been reported that a large fraction of platinum can reside in mesopores,
which are inactive under dry conditions but become activated at high
RH due to the presence of liquid water.®’ The high RH during CV
measurements (95%) could have led to an activation of platinum
within mesopores, contributing to a high ECSA of the low I/C ratio
sample.

The double-layer capacitance (DLC) of the CCL (Table SII),
determined by CV, can be directly correlated with the ionomer
distribution,* which in turn depends on pore size distribution,
surface area, and the utilized carbon type.> At low RH, the DLC
primarily represents the platinum-ionomer and carbon-ionomer
interfaces, while at high RH, additional contributions arise from
the platinum-water and carbon-water interfaces.®” The significantly
lower DLC of the low I/C sample, despite a comparable ECSA and
similar CCL humidification, suggests that the platinum-ionomer and
carbon-ionomer interface area is significantly reduced. This reduc-
tion could be attributed to the combination of inhomogeneous
jonomer distribution and low ionomer coverage.®>

The Nyquist plots of the EIS data (Fig. 1b) show that all samples
have similar high-frequency resistances (HFR), indicating that the
variation of the I/C ratio does not affect the membrane conductivity'’
and the contact resistances. All spectra show similar low-frequency
behavior, whereas the main differences are observed at intermediate
frequencies. The total resistance is largest for I/C-0.5 (0.55 € cm?),
followed by I/C-0.85 (0.28 Q2 cm?) and I/C-1.2 (0.26 2 cm?). The
higher polarization resistance of I/C-0.5 is the main contributor to its
lower performance observed in Fig. la.

The distribution of relaxation times approach was employed to
deconvolute the individual loss processes (Fig. 1d) contributing to
the overall polarization resistance. Each peak (P1-P5) represents a
distinct loss mechanism, while the area under the peak corresponds
to its associated resistance. Heinzmann et al.* attributed the DRT
peaks to the mass transport resistance (P1) in the low-frequency
range (2-10Hz), the charge transfer resistance of the oxygen
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Figure 1. Beginning-of-life (BoL) characterization of three I/C ratio (0.5/0.85/1.2) samples by polarization/gower curves (T = 80 °C; RH = 70% sym.; poz,ary =
0.315atm;V = 2QO sccm) (a), electrochemical impedance spectra under Hy/air conditions at 0.475 A cm™~ (b), cyclic voltammetry of the cathode (T = 50 °C;
RH = 95% sym.; V = 200 sccm) (c), and distribution of relaxation times (DRT) (d).

reduction reaction (ORR) (P2) at medium frequencies (20-200 Hz),
and the ionic resistance in the cathode catalyst layer as well as the
overlapping anode processes such as the hydrogen oxidation reaction
(HOR) (P3-P5) in the high-frequency range (300 Hz-30 kHz). Due
to the nature of the spatially distributed processes in the finite-length
Warburg element and TLM, the DRT of such equivalent circuit
elements consists of a main peak and a number of smaller sub-peaks
at higher frequencies.** Thus, a direct quantification of the polariza-
tion resistance contribution from the area underneath the DRT peak
is not meaningful, and appropriate ECM elements considering the
coupling of transport and reaction have to be applied in complex
nonlinear least squares fitting. Nonetheless, the DRT provides a
meaningful qualitative visualization of underlying dependencies.
The ORR charge transfer resistance (DRT peak P2) at BoL
increases with decreasing I/C ratio. It has been reported that the
charge transfer resistance is directly affected by the ECSA, porosity,
and thickness of the CCL.%*%> Okumura et al.'® reported increased
activation overpotential at both low (I/C = 0.16) and high (I/C =
1.14) Nafion contents, attributing it to insufficient ionomer coverage
or excessive ionomer blocking active sites, respectively, leading to
reduced Pt utilization. Therefore, the significantly higher charge
transfer resistance at a low I/C ratio can be attributed to the
insulation of platinum particles from the proton-conducting network,
either due to insufficient ionomer coverage of the Pt/C surface® or
the placement of platinum particles within carbon micropores.®® Ott
et al.%" reported that 85%-90% of platinum particles (P/KB, I/C =
0.66) were located on the exterior surface of the carbon support,
regardless of the high-surface-area carbon type. However, platinum
particles, which are not in contact with the ionomer, can remain
inactive under low RH>*® conditions but can be connected to the

proton-conducting network through liquid water formation at high
RH. The difference in RH between EIS (70%) and CV (95%)
measurements may explain the observed discrepancy between the
similar ECSA values at BoL and the significantly different charge
transfer resistance (R.,) for different I/C ratios (Table SII).

The ionic resistance of the CCL (DRT peak P3) was identified
as one of the main reasons for the reduced BoL performance of the
low I/C sample. At BoL, the ionic resistance of the low I/C sample
was significantly higher (0.315 £ cm? at 0.475 A cm™2) compared to
the medium (0.051 © cm?) and high I/C (0.021  cm?) samples. The
increase in ionic resistance with decreasing I/C ratio has been
reported in several publications.'>?°*S! The elevated ionic resis-
tance of the low I/C sample is likely due to insufficient ionomer
coverage® and the formation of disconnected ionomer domains on
the mesoporous Pt/C surface.’’ The small difference in ionic
resistance between the medium and high I/C samples can be
explained by the complete formation of a well-connected proton-
conducting network, which has been reported to form at I/C ratios
larger than 0.6 and 1.07.%° Alink et al. *' reported a higher proton
resistance of the bulk CL and the CL-membrane interface for low I/C
ratios, resulting in the primary reaction zone shifting towards the
membrane-CL interface. While this shift reduces the length of
protonic pathways, it also increases the oxygen diffusion path
through the catalyst layer, thereby increasing the mass transport
resistance.

The mass transport resistance (DRT peak P1) rises with
decreasing I/C ratio. It has been widely reported that an increase in
the I/C ratio leads to a decrease in CCL porosity and mean pore size,
coupled with an increase in tortuosity,>**° leading to an increase in
mass transport resistance.'®>>> Contrarily, Okumura et al.'® observed
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an increase in concentration overvoltage at low I/C ratios (0.16) at
02A cmfz, but did not further discuss this finding. Yakovlev et al>
also reported the largest total gas transport resistance for low (0.1) and
high (1.0) I/C ratios at all tested current densities. Besides the
mentioned microstructural parameters (porosity, tortuosity, and pore
size), the ionomer layer characteristics can also influence the mass
transport resistance. Low I/C ratios can lead to lower ionomer layer
thickness and coverage,*> which can result in a high proton transport
resistance at the CL-membrane interface. This can shift the primary
reaction zone closer to the membrane-CL interface,31 leading to a
longer oxygen diffusion pathway within the catalyst layer. Moreover,
this effect could be amplified by additional water generation, inhibiting
oxygen transport. It is hypothesized that the rising mass transport
resistance with decreasing I/C ratio stems from a shift of the primary
reaction towards the CL-membrane interface, increasing the oxygen
diffusion pathway. Furthermore, the low I/C sample had the greatest
increase in mass transport resistance with increasing current densities
(Fig. S2), which can be attributed to pore blockage from condensed
water.

Limiting current measurements enable a deeper understanding
of the origin of mass transport resistance by separating and
quantifying the contributions of Knudsen/film diffusion and mole-
cular diffusion. Oh et al.”' analyzed the oxygen transport resistance
under high relative humidity (RH = 90%), attributing the total
resistance to the MPL (36%), catalyst layer (30%), ionomer film
(18%), and GDL substrate (16%). At BoL, the molecular diffusion
resistance among the different I/C samples does not differ sig-
nificantly (Table SII). As molecular diffusion mainly takes place in
the GDL and, to a lesser extent, the MPL and catalyst layer,”' the
influence of the I/C ratio on the larger pores, which mainly contribute
to molecular diffusion rather than Knudsen diffusion, in these three
layers can be neglected at BoL. In the literature, an increase in
Knudsen diffusion resistance with increasing ionomer content has
been attributed to a decrease in mean pore diameter and
porosity.'®3>%° The ionomer film resistance rises with higher 1/C
ratios due to complete ionomer coverage, leading to an increase in
ionomer layer thickness covering the Pt surface.”>®® On the other
side, Ott et al.%” reported an inhomogeneous distribution of ionomer
for Pt/KB (I/C = 0.66), with the Pt-ionomer interface resistance
playing a larger role than the Knudsen diffusion in pressure-
independent mass transport resistance. They concluded that the
inhomogeneous ionomer distribution leads to a locally reduced
oxygen resistance at the Pt-ionomer interface, as significant portions
of the platinum surface are not covered by ionomer. Simultaneously,
Knudsen resistance increases due to partial micro- and mesopore
blockage and ionomer accumulation around primary carbon
particles.”” In Fig. 7b, the Knudsen and film diffusion resistance
at BoL of all three samples only differ slightly. This observation may
be explained by a trade-off between lower Knudsen diffusion
resistance and elevated ionomer film resistance due to inhomoge-
neous ionomer distribution with decreasing I/C ratios. However,
since the individual contributors were not separately resolved in this
work, these interpretations remain hypothetical.

Evolution of cell voltage with carbon corrosion.—In Fig. 2, the
medium (I/C-0.85) and high (I/C-1.2) I/C ratio samples show similar
trends of the cell voltage evolution across all three current densities,
with degradation rates increasing over the course of AST cycles. In
contrast, the low I/C sample (I/C-0.5) initially shows improved
performance up to 500 AST cycles, followed by a sharp voltage
decline. The complete set of polarization curves for all three samples
throughout the ASTs is presented in Fig. S4.

During high-potential cycling, the low I/C sample demonstrated
superior carbon corrosion durability, outperforming the medium and
high I/C samples. The total number of high-potential cycles
required to reach the EoL criteria (jmax < 0.475 A cm™ %) was highest
for the low I/C sample (1700 cycles), compared to the medium (590
cycles) and high I/C samples (800 cycles). This durability was

reflected in the power density degradation rates at 0.475 A cm™2,

which were lowest for I/C-0.5 (—55% per 1000 cycles), followed by
1/C-1.2 (—66% per 1000 cycles) and I/C-0.85 (—106% per 1000
cycles). The elevated degradation rate of I/C-0.85 could have been
induced by the lower platinum loading compared to the other
samples.”” The notable initial performance improvement of the
low I/C sample in the first 500 AST cycles might have resulted
from a beneficial redistribution of the ionomer within the CCL and/
or improved Qroton connectivity between the membrane and the
CCL ionomer.>" Alink et al.>' reported an increase in performance at
low I/C ratios (0.29-0.56) during high-potential cycles with a
simultaneous decrease in ECSA and DLC. In our study, the
performance improvement was more pronounced at lower I/C ratios,
attributed to a significant enhancement in proton conductivity.
Considering only voltage degradation does not allow for a compre-
hensive assessment of the effect of the cathode I/C ratio on carbon
corrosion during accelerated stress tests.

One of the main contributors to the performance loss during AST
was the increase in ohmic resistance. At BoL, all samples had
similar values (0.039-0.040 Q cm?), indicating that the membrane
properties were not affected by the I/C ratio. During high-potential
cycling, the open circuit voltages and hydrogen crossover currents of
all I/C samples remain relatively stable (Fig. S7a), while their ohmic
resistances increase steadily. The increase in ohmic resistance can
therefore be attributed to a decline in electrical conductivity in the
CCL*™ due to the severe corrosion of the carbon structure. In
addition to electronic resistance, part of the apparent resistance rise
likely originates from the proton-transport resistance in the cathode
catalyst layer, which becomes evident in the high-frequency region.
The assumption of constant electronic conductivity in severe
corrosion conditions, though common in the literature, warrants
careful reconsideration. Future work should experimentally validate
this assumption or investigate potential conductivity changes under
extended corrosion scenarios. Even within the first 500 cycles, the
low I/C sample demonstrated a gradual increase in ohmic resistance,
but with a significantly lower degradation rate compared to the other
samples. The results suggest that the initial performance enhance-
ment was not due to improvements in ohmic resistance but was
driven by other electrochemical processes, which will be discussed
in the following sections.

Before the start of the first ASTs, several BoL characterizations
were performed to ensure cell stability and reproducibility. In Fig.
S3, all samples exhibited stable cell voltages before the initiation of
AST cycles. I/C-0.85 and I/C-1.2 showed a progressive decline in
performance with the AST cycles, while I/C-0.5 demonstrated an
initial increase in cell voltage up to 93 h (500 cycles), followed by a
subsequent decrease. This behavior clearly indicates that the early-
state performance improvement of I/C-0.5 was triggered by high-
potential cycling. To support these findings and identify the origin of
the initial voltage increase, while linking it to specific loss processes,
an electrochemical analysis was conducted using electrochemical
impedance spectroscopy combined with additional electrochemical
analysis techniques.

Electrochemical impedance spectroscopy and distribution of
relaxation times.—To isolate and quantify the loss processes
contributing to changes in cell voltage during carbon corrosion
AST cycles, EIS was performed under Hy/air conditions at multiple
current densities. EIS enables a direct quantification of the ohmic and
polarization resistance. Additionally, the distribution of relaxation
times approach and an equivalent circuit model (ECM) were utilized
to further separate and quantify the charge transfer resistance, ionic
resistance in CCL, and mass transport resistance.

In the following sections, the ECM fitting results from the EIS
measurements at 0.475 A cm ™2, as well as the results of additional
electrochemical measurement techniques, such as cyclic voltam-
metry, limiting current measurements, and EIS under H,/N, condi-
tions, are discussed.

In Fig. 3a, the impedance spectra of the high I/C sample (I/C-1.2)
up to 800 AST cycles are shown. The high-frequency resistance
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(HFR), polarization resistance (Ryo), and DRT peaks (Fig. 3c)
remain stable until 200 AST cycles, after which they increase
significantly. Based on the DRT analysis, the substantial increase in

Ry can be attributed to a significant increase in charge transfer
resistance (P2), accompanied by a decrease in relaxation frequency.
The mass transport peak (P1) is increasingly overlapping with the
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charge transfer peak (P2), making the separation of the two
resistances challenging. To overcome this issue, the quantification
by ECM fittings was validated by cyclic voltammetry and limiting
current measurements, as discussed in the following sections.

In Fig. 3b, the medium I/C sample (I/C-0.85) reached a maximum
of 590 AST cycles at 0.475 A cm 2. High-frequency and polariza-
tion resistance increased sharply with the AST cycles (Fig. 3b). In
the DRT analysis (Fig. 3d), a pronounced increase of the mass
transport (P1) and charge transfer (P2) peaks can also be observed. In
comparison to the I/C-1.2 sample, the relaxation frequency of P2
decreases to a minor extent, while P1 and P2 are clearly separated
over the entire test duration.

Since the low I/C sample (I/C-0.5) showed a distinct behavior
before (Figs. 4a, 4c) and after 500 cycles (Figs. 4b, 4d), the EIS and
DRT at 0.475 A cm 2 of these two phases are plotted separately.

Different from the other two samples, the impedance spectra of I/
C-0.5 show a decreasing polarization resistance in the first 500 AST
cycles (Fig. 4a). Analysis using the DRT (Fig. 4c) indicates that this
reduction is mainly associated with processes >100 Hz, especially
the charge transfer (P2) and ionic resistance in the CCL (P3),
suggesting modifications in protonic transport pathways in the
cathode catalyst layer, which affect the charge transfer (P2) as
more reaction sites become accessible via the improved ionomer
network. Although these two peaks partially overlap, a clear decrease
in both can be observed. After 500 cycles, the charge transfer and
ionic resistance peak values are comparable to the BoL values of the
medium and high I/C samples (Fig. S6). The mass transport
resistance (P1) does not change significantly in the first 500 cycles.
It is hypothesized that the high-potential cycling may have induced a
beneficial redistribution of ionomer within the CCL of the low I/C
sample. After 500 cycles, both polarization and ohmic resistance
increase, a trend observed for all samples, due to the continuous
carbon corrosion (Fig. 4b). Similar to the I/C-0.85 and I/C-1.2
samples, the increase in polarization resistance is mainly driven by a

1/C-0.5 (< 500 cycles)
a)
~ -05 ©0 ¢ 100 = 500
g 0.4 = 10 © 200
G -03¢f
= 02} o92he

0 02 04 06 08 1 12
Re(Z) / 2 cm?

) 15

N 0
E 4} —10
o —100
z P2 |50
€ 0.5 /

@ P17

0 2
10 10" 10% 10® 10* 10°
frequency / Hz

rise in charge transfer resistance (P2), which is increasingly over-
lapping the mass transport peak (P1) at high AST cycle numbers.

The distribution of relaxation times analysis for all samples
reveals a shift of the characteristic frequency of the charge transfer
peak (P2) toward lower frequencies. This behavior can be attributed
to the structural deformation of the carbon support, the formation of
oxygen-containing functional groups, and water management
issues.”> Notably, despite the reduction in charge transfer resistance
and improvement in performance, the charge transfer peak (P2) in
the low I/C sample still exhibited a similar shift towards lower
frequencies during the first 500 AST cycles, suggesting that the same
mechanisms remain active.

The ECM fitting results are summarized in Fig. 8 for all three
samples. This includes the series resistance Ry, ORR charge transfer
resistance R, ionic resistance Ry, in the CCL, and mass transport
resistance R, evaluated from P1. In the following, these impedance-
based values will be discussed and correlated to other measurement
results.

Charge transfer resistance and cathode roughness factor.—In
Fig. 5, the evolution of the charge transfer resistance at
0.475 A cm ™2 and the cathode roughness factor normalized to the
beginning-of-test (BoT) values are shown as a function of the AST
cycles. As several electrochemical characterizations (polarization
curves, EIS, cyclic voltammetry, and limiting current measurements)
were conducted before the initiation of the AST, BoT refers to
the last characterization before the start of the AST. The plots of the
cyclic voltammograms for all three samples, the evolution of the
absolute values of the cathode roughness factor, and the cathode
ECSA are presented in the supplementary material (Figs. S5 and S9).

The charge transfer resistance increased similarly for the
medium and high I/C samples with the number of AST cycles. In
contrast, the charge transfer resistance of the low I/C sample
decreased during the first 200 cycles and increased afterward. This
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Figure 4. EIS (Nyquist plot) and distribution of relaxation times (DRT) of I/C-0.5 at 0.475 A cm™ before (a, c), and after 500 (b,d) AST cycles (T = 80 °C; RH

= 70% sym.; poz,ary = 0.315 atm; V = 200 sccm).
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trend aligns well with the evolution of the roughness factor and
ECSA, both of which remained stable up to 200 cycles. The cathode
catalyst layer roughness factor, which describes the ratio of the
electrochemically active platinum surface area and the geometrically
active MEA area, was determined from the CVs (H-adsorption) and
normalized to the BoT values of 111 cm2pt cm’zgeo I/C-1.2),
96 cm’, cm Zgeo (I/C-0.85), and 148 cm’, cm g, (I/C-0.5). The
roughness factor and ECSA of the medium and high I/C samples
decrease steadily, which can be attributed to the detachment and
agglomeration of platinum, as well as carbon corrosion and ionomer
degradation.”* However, these degradation mechanisms do not fully
explain the initial behavior observed in the low I/C sample.

The double-layer capacitance (Fig. S7b) of the low I/C sample
increased over the first 500 cycles before steadily decreasing.
The double-layer capacitance, determined by CV, is dominated by
the surface of carbon, platinum, and hydrophilic oxides that cover
the carbon.”® Here, the carbon surface contributes much more to the
DLC than the platinum surface.>' In addition, the water and ionomer
at the carbon/Pt interface influence the DLC.”” Higher ionomer
coverage can mask electrochemically accessible carbon area and
lower DLC,”® whereas increased ionomer hydration and swelling can
increase DLC.” The initial increase in DLC could be attributed to
the formation of oxides on the carbon surface resulting from high
potentials,’® while the carbon corrosion leads to a subsequent
decrease in DLC.”*7°

Comparing the degradation rates of power density, ECSA, and
charge transfer resistance in Table II, no clear correlation between
the cathode I/C ratio and the degradation rates of these parameters
could be identified. The observed differences can result from the
differences in the CCL platinum loading (Table I).

Due to the initial performance improvement of I/C-0.5, its total
degradation rate is lower than the rate calculated solely for the
interval after 500 cycles alone. Nevertheless, both degradation rates
are the lowest among all three samples.

Ionic resistance in the cathode catalyst layer.—The reduction in
charge transfer resistance, as well as the stable cathode roughness
factor (Fig. 5b) and ECSA (Fig. S9a), are key contributors to the
initial performance increase observed from the low I/C sample.
Furthermore, the decrease in peak P3 (Fig. 4c) from the DRT
analysis, attributed to ionic resistance within the CCL, suggests an
improvement in ionic conductivity.

In Fig. 6, the ionic resistance at three current densities is shown as
a function of AST cycles. The ionic resistance decreases with
increasing current density due to the increased water formation
and humidification of the CCL.

The ionic resistance in the CCL at BoT is the highest for I/C-0.5
(0.401 © cm? at 0.475 A cm™>), followed by 1/C-0.85 (0.024 © cm?)
and I/C-1.2 (0.020 2 cm?). The lower resistance of the high I/C ratio
sample can be attributed to a high ionomer volume fraction in the
CCL, resulting in improved ionomer percolation and lower ionic
resistance. The initially poor protonic conduction of I/C-0.5 may
have inhibited carbon corrosion, resulting in lower initial carbon
corrosion rates. However, we did not directly quantify carbon loss in
this study, so this remains a hypothesis.

After 500 cycles, the ionic resistance of the low I/C sample (I/C-
0.5) decreased from 0.401 © cm” (BoL) to 0.036 2 cm’, which is
comparable to the BoT values of the medium and high I/C samples.
The development of R;,, of I/C-0.5 was observed at all measured
current densities (Fig. 6). One possible explanation for the initial

Table II. Degradation rates of power density, ECSA, and charge transfer resistance (R, at 0.475 A cm™> normalized to 1k AST cycles for the I/C

ratio samples.

Power density at 0.475 A cm™
(%/1k cycles)

Cathode I/C ratio Range of cycle number

2 ECSA cathode

(%/1k cycles)

R, at 0.475 A cm ™2
(Qem?/1k cycles)

0.5 BolL-EoL

500-EoL
0.85 BoL-EoL
1.2 BoL-EoL

-25 -20 +0.29
—55 =35 +0.37
—106 —63 +0.69
—66 —64 +0.68
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Figure 6. Ionic resistance in CCL at (a) 0.325 A em™2, (b) 0.475 A cm ™2, and (c) 0.775 A cm™ of all I/C ratio samples (0.5/0.85/1.2) as a function of the AST

cycles (T = 80 °C; RH = 70% sym.; poz,ary = 0.315 atm; V = 200 sccm).

reduction in ionic resistance could be microstructural changes, such
as the widening of the carbon micropore surface due to carbon
corrosion, leading to improved connectivity through ionomer mobi-
lization and redistribution.®*®° Additionally, the high potentials
could have led to a decreased hydrophobicity®' of the carbon surface
due to the formation of hydrophilic oxide surface groups’®** and an
improved humidification by retained liquid water within the CCL,
resulting in an increased ionic conductivity. Babu et al.** reported an
initial performance increase in a high-surface-area carbon (HSAC)
CCL (30PtA9029X, 30 wt% Pt, I/C: 0.77) during the first 200 cycles,
though this improvement was not discussed in detail. In contrast, the
low-surface-area  carbon  (LSAC/graphitized carbon) CCL
(ElystPt200380, 20 wt% Pt, I/C: 0.77) exhibited stable performance
with no significant changes until the end of the test (5000 cycles).*
Given that both CCLs examined by Babu et al.** shared identical I/C
ratios and differed solely in carbon type, it can be concluded that the
observed initial performance improvement was primarily driven by
the carbon support material and structure. These effects may stem

a) EIS (H,/air) @ 0.475 A cm™2
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Knudsen/film diffusion resistance

from beneficial microstructural changes, which are more pronounced
in high-surface-area carbon. The initial performance improvement
observed at low I/C ratios may thus result from structural reorgani-
zation in the carbon support accompanied by improved proton
connectivity within the catalyst layer. Additional targeted experi-
ments, such as in situ microstructural analysis or dynamic humidity
studies, are needed to further clarify the underlying mechanisms.

After 500 AST cycles, the ionic resistance of the low I/C sample
(I/C-0.5) decreased moderately, a trend similar to the high I/C
sample (I/C-1.2), which can be explained by a thinning of the CCL
due to carbon corrosion, thereby decreasing the length of proton
pathways. In contrast, the ionic resistance of the medium I/C sample
(I/C-0.85) increased steadily with the AST cycle number. The
opposite trends observed for I/C-0.85 and I/C-1.2 were confirmed
by additional EIS measurements in H,/N, (0.5V, RH = 30%).
However, the underlying reasons for this development remain
unclear. The H,/N, Nyquist plots (Fig. S10) and ionic resistances
(Fig. S11) are provided in the supplementary material.

Limiting current measurements
Knudsen/film diffusion
350
300
250
T
£
o 200
=
3150
14
100
50
0
0 500 1000 1500 2000
AST cycles

Figure 7. Total mass transport resistance at 0.475 A cm™2 from ECM fitting (T = 80 °C; RH = 70% sym.; poz.ary = 0.315 atm; V =200 sccm) (a), and Knudsen/
film diffusion resistance from limiting current measurements (T = 80 °C; RH = 95% sym.; V = 200 sccm) (b) of all three I/C ratio samples (0.5/0.85/1.2) as a

function of AST cycles.
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Figure 8. Comparison of all resistances at beginning of test (BoT) and end of test (EoT) at 0.475 A cm ™2 (T = 80 °C; RH = 70% Sym.; poz,ary = 0.315 atm; V=

200 sccm).
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Figure 9. Cathode catalyst layer thicknesses of all three I/C samples at
beginning of life (BoL) and end of life (EoL).

Mass transport resistance—Mass transport resistances were
determined by (i) hydrogen/air EIS coupled with DRT analysis
and ECM fitting, yielding the low-frequency mass transport resis-
tance R, and by (ii) limiting-current measurements, providing the
molecular oxygen diffusion resistance R, as well as the sum of the
Knudsen and film diffusion resistance Ry,/fim. The mass transport
resistance Ry, obtained from the Warburg element within the ECM,
represents oxygen transport across the GDL, MPL, and inactive
regions of the CCL before reaching the ionomer-covered Pt/C
surfaces. The molecular diffusion resistance R, originates pre-
dominantly from oxygen diffusion through the gas channel, GDL,
and MPL, and to a minor extent, from the macropores in the CCL. In
contrast, the Knudsen and film diffusion resistance Rg,/q1m describes
transport limitations within the micropores of the MPL and CCL, as
well as through the thin ionomer and water films surrounding the
active reaction sites in the CCL.

In Fig. 7a, the total mass transport resistance (R,,) determined by
ECM fitting of the EIS (Hy/air) of all three I/C ratio samples is
shown as a function of the AST cycles. Additionally, the develop-
ment of the Knudsen and film diffusion resistance (Rgp/q1m) 1S shown
in Fig. 7b. The molecular diffusion resistance (R.) did not
change significantly during AST cycling for the low and high I/C
samples (Fig. S12), leading to the conclusion that the oxygen
transport through the GDL is not affected by the ASTs. The increase
of the medium I/C ratio at progressed corrosion states can be
attributed to changes in the molecular diffusion in the CCL.

The mass transport resistance (R, at BoT (Table SII) is
in good accordance with the area under the DRT mass transport
peak (P1) in Fig. 1d. The mass transport resistance decreases with
an increasinzg I/C ratio from I/C-0.5 (0.079 Q cm?) to I/C-0.85
(0.063 © cm?) and I/C-1.2 (0.051 Q cm?). The sharp increase in mass
transport resistance (Fig. 7a) of the medium and high I/C samples
can be attributed to a collapse of the carbon support structure leading to
significant microstructural changes and a decrease in porosity,”
indicated by a decrease in CCL thickness in Fig. 9. Furthermore, a
decrease in pore size of the carbon support structure can impede mass
transport to the reactive sites.** Additionally, a change in CCL
thickness and additional liquid water can cause a shift in local current
distribution and the penetration depth of protons in the catalyst
layer.®** For the low I/C sample, the sharp increase occurs only after
500 cycles, indicating that the reduced ionic resistance in the CCL
leading to the initial performance increase did not affect the mass
transport resistance.

The Knudsen and film diffusion resistances (Rg,/s1m) at BoT
are similar in magnitude for all samples with I/C-0.5 (80 s m™ "), I/C-
1.2 (76 sm™Y), and I/C-0.85 (72 s m ™~ !). The value of I/C-1.2 and I/
C-0.85 increased steadily with the AST cycles, with the rate of
increase accelerating over time. In contrast, Rgygim of 1/C-0.5
remained stable until 500 cycles and then increased progressively
afterward. This behavior of I/C-0.5 is in good agreement with the
trend of mass transport resistance from ECM (R,,). A recent study
by Eppler et al.®® found that platinum particles located in micropores
contributed significantly more to total mass transport resistance than
those situated outside the pores and in contact with ionomer. They
also reported a significant increase of platinum in contact with
ionomer from 30% to 85% during AST aging (H,/N,, 80 °C, 30k
cycles, 0.6-0.95V). This increase was attributed to platinum-
catalyzed carbon corrosion, which caused the widening of micro-
pores, ionomer redistribution, and ultimately a reduction in mass
transport resistance.®®*® Such microstructural changes could explain
the observed decrease in ionic resistance within the CCL while
maintaining stable mass transport resistance in the early stage of
AST.

Figure 8 summarizes the resistances determined by EIS and ECM
fitting at the beginning of test (BoT) and end of test (EoT) for all
three 1/C ratio samples at 0.475 A cm™ 2.

At BoT (Fig. 8a), the ionic resistance (R;,,) is notably higher for
the low I/C ratio (0.5), while charge transfer resistance (R.) and
mass transport resistances (R, are similar across all three I/C ratios.
At EoT (Fig. 8b), substantial increases in R, and R, are observed
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for all I/C ratios. These trends suggest that the initial differences in
ionic resistance at low I/C ratios are overshadowed by the acceler-
ated degradation of the carbon structure resulting in a increase in
charge transfer and mass transport resistance. No clear correlation is
observed between cathode I/C ratio and carbon corrosion behavior in
the distribution of resistance before and after high-potential cycling
ASTs.

Cross-section analysis.—The thicknesses of the cathode and
anode catalyst layers, as well as the membrane, were measured at
BoL and at EoL (Table SI). Figure 9 shows the thickness of the
cathode catalyst layer for all three samples, which reduces signifi-
cantly due to carbon corrosion. Although the samples vary slightly in
their BoL values (5.7-6.8 um), their EoL values showed a similar
range (3.1-3.4 pm). Considering the total number of AST cycles, the
rate of thickness reduction is highest for I/C-0.85 (—2.66 pm per
1000 cycles), followed by I/C-1.2 (—1.93 pm per 1000 cycles) and I/
C-0.5 (—1.25 pm per 1000 cycles). Neglecting the first 500 cycles of
I/C-0.5 results in a thinning rate of —1.67 pm per 1000 cycles, which
is similar to the other two I/C ratio samples.

It is not quite clear to what extent the carbon structure of I/C-0.5
is corroded during the initial performance improvement up to 500
cycles. Since the reduction of CCL thickness is mainly attributed to
the densification of the catalyst layer and, to a much smaller extent
(<20%), to the loss of carbon mass,” the lower thinning rate of I/C-
0.5 can be attributed to a delayed structural collapse of the carbon
support. This hypothesis is supported by the later increase in mass
transport resistance of I/C-0.5 (Fig. 7) in comparison to the other two
samples. Additional experiments, such as online CO, detection to
directly correlate carbon loss with electrochemical data, could help
validate these findings.

Conclusions

This study systematically investigated the effect of the cathode
catalyst layer ionomer-to-carbon (I/C) weight ratio on carbon
corrosion behavior during high-potential cycling ASTs. MEAs
with I/C ratios of 0.5, 0.85, and 1.2 were evaluated using a
combination of diagnostic techniques, including electrochemical
impedance spectroscopy, distribution of relaxation times, equivalent
circuit/transmission line modeling, and additional electrochemical
characterization methods such as cyclic voltammetry and limiting
current measurements.

At BoL, the high I/C sample (I/C-1.2) achieved the highest
performance, attributed to its low ionic resistance due to a higher
ionomer volume fraction. In contrast, the low I/C sample (I/C-0.5)
exhibited the poorest initial performance but showed a significant
improvement of up to 35% during the first 500 high-potential cycles.
This performance increase was correlated with a reduction in charge
transfer resistance (~ —37%) and ionic resistance in the CCL
(—91%), likely due to microstructural rearrangements and improved
ionomer connectivity under cycling conditions.

Despite its lower BoL power density, I/C-0.5 demonstrated
superior durability, exhibiting the slowest degradation in charge
transfer resistance, Knudsen/film diffusion resistance, and electro-
chemical surface area. These results suggest that low I/C layers may
delay the onset of structural collapse within the CCL, providing a
temporary suppression of carbon corrosion mechanisms.

Nevertheless, all samples eventually exhibited increases in ohmic
resistance and declines in ECSA. Furthermore, the alignment in
performance degradation trends for medium and high I/C samples
indicates a shared structural failure mechanism, independent of
initial ionic properties. The similar degradation trends of the medium
and high I/C samples suggest that, at least for I/C ratios above 0.85,
the carbon corrosion mechanisms during ASTs are not crucially
affected by the cathode I/C ratio.

These findings underscore the importance of evaluating not only
BoL performance but also long-term degradation behavior when
optimizing the I/C ratio in CCL design. Future work should

incorporate microstructural analysis to confirm the structural evolu-
tion during ASTs and to better assess how microstructural reorga-
nization in low I/C ratios contributes to temporary performance
recovery. Expanding the study to include a broader range of I/C
ratios and alternative materials, such as short-side-chain ionomers,"-
highly oxygen-permeable ionomers (HOPIs),% or alternative carbon
support like carbon nanofibers®” and graphitized carbon supports,®®
could offer additional insights and new pathways for improving
carbon corrosion resistance and mass transport properties.

Overall, these findings provide important guidance for the design
of PEMFC catalyst layers, emphasizing the need to optimize
ionomer content not only for initial performance but also for long-
term structural stability and resistance to carbon corrosion.
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