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H I G H L I G H T S

• In-operando EIS with DRT separates kinetic, ionomer, and mass transport losses.
• TLM quantifies charge transfer, ionomer and mass transport resistances during ASTs.
• Low-potential cycling primarily raises kinetic losses consistent with ECSA loss.
• High-potential cycling raises kinetic/transport losses due to structural degradation.
• Ex-situ diagnostics validate impedance-derived resistance evolution and mechanisms.
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A B S T R A C T

Degradation of the cathode catalyst layer (CCL) limits the durability of polymer electrolyte membrane fuel cells 
(PEMFCs) by reducing the electrochemically active surface area and impairing oxygen transport. These co- 
occurring effects are difficult to disentangle with standard electrochemical diagnostics. In this study, we used 
impedance-based analysis to quantify the individual contributions of catalyst and carbon support degradation in 
PEMFCs subjected to accelerated stress tests (ASTs): low-potential cycling (0.6–0.95 V, 55 000 cycles) and high- 
potential cycling (1.0–1.5 V, 50 000 cycles).

In-operando electrochemical impedance spectroscopy under H2/air and impedance data analysis using the 
distribution of relaxation times and transmission line modeling were combined with complementary diagnostic 
techniques. This approach separated the ohmic, charge transfer, CCL ionomer, and mass transport resistances and 
tracked their evolution during ASTs.

Low-potential cycling increased the charge transfer resistance by 29–56%, consistent with a loss of active 
surface area. High-potential cycling resulted in increased charge transfer, mass transport, and ohmic resistances, 
with a 77% reduction in CCL thickness, indicating severe carbon corrosion and collapse of the CCL structure. The 
resulting framework provides a practical tool to screen cathode materials and operating strategies by quanti
tatively linking specific degradation modes to electrochemical loss processes.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) can have a sig
nificant impact on the future of sustainable energy conversion. Due to 
their low operating temperatures, short start-up times, and high gravi
metric and volumetric energy densities, PEMFCs can play a key role in 
decarbonizing the mobility sector, especially for heavy-duty applica
tions [1]. For the future success of the PEMFC technology, further im
provements in performance, cost, and durability are crucial [2].

Over the past few decades, advances in PEMFCs have significantly 

improved performance and lifetime [2]. Today, standard PEMFC cata
lyst layers are composed of a carbon support structure with finely 
dispersed platinum (Pt) catalyst particles and an ionomer film. The 
catalyst layers can account for 30–40% of voltage degradation during 
urban driving cycles [3] and for half the costs of automotive PEMFC 
systems [4]. The platinum-group metal (PGM) catalyst is central to 
PEMFC performance, durability, and cost [5]. To maximize PGM utili
zation, these metals are finely dispersed on the carbon support structure. 
However, such fine dispersion can accelerate degradation during oper
ation [6–9], ultimately reducing PEMFC durability.
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Accelerated stress tests (ASTs) are widely used to analyze and 
quantify PEMFC degradation [10]. These protocols reduce testing time 
and costs and are specifically designed to degrade certain components of 
PEMFCs (membranes, electrodes, etc.) or to mimic specific operating 
conditions, such as start-up/shut-down (SU/SD) operation or driving 
cycles [11]. The AST protocols published by the U.S. Department of 
Energy (DOE) [11] have been widely used and include protocols to 
specifically degrade the PEMFC catalyst by square-wave low-potential 
cycling (0.6–0.95 V) and the carbon support structure by 
triangular-wave high-potential cycling (1.0–1.5 V). All protocols are 
conducted under H2/N2 (anode/cathode) conditions.

Numerous studies have used potential cycling AST protocols under 
H2/N2 conditions to assess cathode catalyst layer (CCL) degradation. 
Low-potential cycling ASTs have been applied to analyze catalyst 
degradation in CCLs, considering various catalyst materials and com
positions [12], platinum loadings [13], and layer thicknesses [14]. 
Other studies investigated how low-potential cycling affects different 
carbon supports (Vulcan/Ketjenblack) [15], the relationship between 
H2/air performance and roughness factor [16], and the effects of cath
ode gases (air/N2) and humidity [17]. Stariha et al. [10] explored the 
effect of high- and low-potential cycling, as well as high-potential 
holding, on different carbon support types (Pt/HSAC, Pt/V, Pt/LSAC). 
They found much stronger degradation under square-wave cycling than 
under triangular-wave cycling in similar voltage ranges (0.6–1.0 V).

High-potential cycling ASTs, emulating critical SU/SD operations, 
have been applied to examine the effect of various catalysts and catalyst 
layer compositions on carbon corrosion [18], the evolution of cathode 
catalyst interfaces [19], and the effect of the CCL ionomer-to-carbon 
(I/C) weight ratio on carbon corrosion [20,21]. Among others, they 
have also been deployed to examine the in- and through-plane 
non-uniformity of carbon corrosion [22] and the corrosion of carbon 
nanofibers [23].

Electrochemical impedance spectroscopy (EIS) is a well- 
established technique for analyzing PEMFC degradation. EIS under 
H2/air (anode/cathode) conditions is a non-invasive, in-operando 
analysis technique that captures all faradaic processes and the effect of 
intrinsic humidification. However, the separation and quantification of 
the various electrochemical loss processes can be challenging due to 
overlapping in the characteristic frequency range and reciprocal in
terferences [24].

A powerful method for analyzing impedance data is the distribution 
of relaxation times (DRT), which enables the precise identification and 
separation of various electrochemical processes based on their charac
teristic relaxation times and their dependence on operating conditions, 
without prior knowledge of the processes [25–29]. The DRT has been 
applied in multiple publications to analyze the degradation of PEMFC 
stacks and to identify defective cells [30–36]. Other publications have 
deployed DRT to analyze degradation in single PEMFCs, focusing on 
carbon corrosion during low-potential cycling [37], the effect of the I/C 
weight ratio in the CCL on carbon corrosion behavior [20,21], the in
fluence of cathode gas recirculation on PEMFC durability [38], and the 
effect of high-potential holding [37,39]. Others have used the DRT to 
analyze degradation during idling conditions [40], degradation of 
high-oxygen-permeability ionomers (HOPIs) during catalyst ASTs [41], 
and the impact of microporous layers (MPLs) on gas diffusion layer 
(GDL) degradation [42].

Some studies used the DRT to analyze carbon corrosion behavior via 
high-potential holding tests [37,39]. Because the carbon corrosion rate 
increases exponentially with the cathode potential [43], holding tests at 
fixed potentials are difficult to compare and do not capture the dynamic 
SU/SD potential swings up to 1.6 V [44,45]. The DOE high-potential 
cycling AST (1.0–1.5 V), which typically induces much higher corro
sion rates than high-potential holding [10,11], was therefore chosen in 
this study to emulate the dynamic SU/SD conditions.

The resolution of AST-induced catalyst and carbon degradation in 
CCLs is achieved through combined impedance data analysis using DRT 

and a transmission line model (TLM). This enables a comprehensive in- 
situ and in-operando assessment of the effects of the degradation 
mechanism on electrochemical processes. DRT enables the deconvolu
tion of characteristic relaxation frequencies of impedance spectra. 
However, peak fitting is ambiguous when processes overlap or when a 
complex coupling between transport and charge transfer processes re
sults in TLM behavior. Here, DRT is applied to establish a physico
chemically meaningful TLM and to provide initial values for complex 
nonlinear least squares (CNLS) fitting. This approach enables quantifi
cation of ohmic, charge transfer, ionomer, and mass transport re
sistances under different operating conditions and aging states. The 
obtained results are compared with complementary ex-operando di
agnostics (CV, EIS under H2/N2, and limiting current measurements). 
Such combined diagnostics strengthen the interpretation of the under
lying degradation mechanisms and support the distinction between 
catalyst- and carbon-support-related degradation pathways. To the best 
of the authors’ knowledge, DRT and subsequent TLM fitting have not 
been applied to analyze the effect of carbon-corrosion-induced degra
dation from high-potential cycling under the DOE protocol [11]. Anal
ysis of impedance spectra measured during standardized DOE low- and 
high-potential AST protocols provides a controlled basis for dis
tinguishing catalyst-related degradation from carbon-support-driven 
structural degradation.

In this study, we exposed commercial 1 cm2 PEMFCs to low- and 
high-potential cycling ASTs [11] and applied EIS, DRT, and subsequent 
transmission line modeling, complemented by cyclic voltammetry (CV), 
EIS (H2/N2), limiting current measurements, and cross-sectional anal
ysis, to separate catalyst- and carbon-corrosion-related loss processes. A 
detailed three-dimensional analysis of microstructural changes within 
the catalyst layers (e.g., by tomography or electron microscopy) is 
beyond the scope of this study. Instead, we inferred microstructural 
evolution indirectly from the combined evolution of the electrochemical 
resistances (Rct, Rion, Rmt, R0), the distribution of relaxation times, and 
the cross-sectional thicknesses of the MEA layers. The combination of 
in-situ and ex-situ techniques for analyzing degradation behavior pro
vides a holistic picture of how catalyst and carbon corrosion affect 
electrochemical loss processes under real-life operating conditions.

2. Experimental and modeling

Testing setup. ‒ Differential single PEMFCs with an active cell area 
of 1 cm2 were operated at high gas stoichiometries and a constant 
volumetric flow rate. This setup ensured a gradient-free environment in 
the gas channels. At 2 A cm− 2, the minimum gas stoichiometry was 9.7 
for the anode and 6.1 for the cathode. Anode and cathode humidifica
tion were provided independently via combustion humidification in two 
catalytic burner chambers [24]. During operation, synthetic air (O2/N2) 
was fed to the cathode at a total pressure of 1.0 bar. The dry oxygen 
partial pressure was adjusted to 0.315 atm, which corresponds to 
ambient air at 1.5 bar absolute. Four combined humidity/temperature 
sensors, SHT41 (Sensirion, Staefa, Switzerland), were placed upstream 
and downstream of the cell housing to monitor inlet and outlet condi
tions. Electrochemical measurements were performed with a Zennium E 
potentiostat (Zahner, Kronach, Germany) in a four-point configuration. 
The test bench and cell housing, developed in-house [24,46], enabled 
precise control of the active cell area contacting pressure, which was set 
to 0.5 MPa in all experiments. Both the anode and cathode flow fields 
consisted of a parallel channel/rib design (rib width, channel width, and 
depth: 1 mm). The flow fields were manufactured from gold to minimize 
contact resistance. Commercial, state-of-the-art MEAs were used, with 
estimated catalyst loadings of 0.41 mgPt cm− 2 (cathode) and 0.07 mgPt 
cm− 2 (anode). The gas diffusion layer H14CX483 (Freudenberg, Wein
heim, Germany) was used for both electrodes [47].

Testing procedures. ‒‒ A detailed description of all applied elec
trochemical characterization techniques is provided in Table S1. The 
break-in procedure consisted of multiple potential holds and cycles 
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between open-circuit voltage (OCV) and various potentials down to 0.6 
V at 80 ◦C. The break-in procedure was performed at 95% and 32% 
relative humidity (RH), each applied symmetrically (anode/cathode), as 
described in Ref. [48].

Electrochemical characterizations were performed immediately 
following the break-in procedure to ensure sample stability. The com
plete electrochemical characterization sequence was repeated at AST 
cycle intervals ranging from 10 to 5 000 cycles. Prior to each charac
terization, a voltage recovery procedure was performed at 40 ◦C and 
80% RH. The characterization protocol included polarization curves 
(80 ◦C, 70% RH), EIS under H2/air and H2/N2 conditions (both at 80 ◦C, 
70% RH), cyclic voltammetry of the cathode (50 ◦C, 95% RH), and 
limiting current measurements (80 ◦C, 70% RH) with nitrogen and he
lium as inert gas on the cathode side.

Polarization curves were recorded galvanostatically with a Key
sight DC Power Supply E3644A and a Keysight Data Acquisition/Switch 
Unit 34970A (Keysight, Santa Rosa, USA). The current density was 
ramped up to the maximum value defined by a cut-off cell voltage of 0.3 
V, then ramped down [49]. Unless noted otherwise, only the 
down-sweep (decreasing current density) polarization curves are re
ported below.

EIS under H2/air conditions was recorded with a Zahner Zennium E 
potentiostat. All spectra (H2/air) were recorded galvanostatically at 
several current densities (0.25–1.4 A cm− 2) in the frequency range of 
0.5 Hz to 1 MHz and with a perturbation amplitude of 1–10 mA. EIS 
under H2/N2 conditions was recorded potentiostatically at 0.5 V in the 
frequency range of 0.5 Hz to 1 MHz, with a perturbation amplitude of 20 
mV.

Cyclic voltammetry [50] was performed to determine the rough
ness factor (RF) of the CCL, the double-layer capacitance (DLC), and the 
hydrogen crossover current density. Each CV was performed between 
0.05 V and 1.2 V for 10 cycles, at slew rates of 150 and 400 mV s− 1. 
Unless otherwise stated, only the data from the final cycle at 150 mV s− 1 

were analyzed and shown in the figures. Prior to the measurements, the 
cathode was purged with nitrogen for 5 min, then the cathode nitrogen 
flow was stopped. The roughness factor was calculated using the 
standard HAD (hydrogen adsorption and desorption) method by inte
grating the hydrogen adsorption area (0.05 V to 0.4–0.5 V) and refer
encing it to the geometrical MEA area (1 cm2). The DLC was determined 
from the difference in current density between potential sweeps at 150 
and 400 mV s− 1 in the 0.4–0.5 V range [51]. The area-specific DLC (mF 
cm− 2) was then calculated by normalizing the slope of current density 
difference versus scan rate by the geometric cell area (1 cm2).

Limiting current measurements were performed to evaluate mo
lecular diffusion resistance and the combined Knudsen and film diffu
sion resistance. Measurements covered cathode oxygen concentrations 
of 1%, 2%, 3%, 4%, and 5% in nitrogen and in helium as the inert gases. 
A detailed description of the approach is provided in the supplementary 
material [52,53].

The electrochemical characterization combined in-operando 
methods (polarization curves, EIS with H2/air, limiting current mea
surements) and ex-operando methods (EIS with H2/N2, CV). In H2/air 
operation, product water improves membrane hydration but can hinder 
gas access, while ex-operando tests lack water generation and thus 
operate at lower internal hydration. Table S2 provides an overview of all 
techniques, including their characteristics and limitations.

Accelerated stress tests. – The ASTs followed U.S. DOE protocols 
[11] with two approaches: square-wave low-potential cycling (0.6–0.95 
V, 16 s dwell time) and triangular-wave high-potential cycling (1.0–1.5 
V, 3 s cycle time), both under H2/N2 conditions at 80 ◦C and 95% RH. To 
accelerate catalyst degradation, 55 000 low-potential cycles (LPCs) were 
used. To emulate SU/SD-induced carbon corrosion, 50 000 
high-potential cycles (HPCs) were applied.

MEA layer thicknesses were determined via cross-sectional anal
ysis with a VHX-7000 digital microscope (Keyence, Osaka, Japan).

Impedance data analysis. ‒‒ The impedance spectra were validated 

by Kramers-Kronig validity tests [54], where all spectra showed residual 
errors below 1%. To separate the electrochemical processes by their 
characteristic relaxation times [55,56], we analyzed the spectra using 
DRT with the Tikhonov regularization (λ = 0.001, 20 time constants per 
decade). The regularization parameter (λ) was adopted in accordance 
with Heinzmann et al. [24], who showed it provided stable peak sepa
ration for PEMFC spectra in a comparable frequency range. The regu
larization parameter was kept constant across all datasets to ensure 
consistent trend analysis during aging. The allocation of the DRT peaks 
to specific loss processes was achieved by systematically varying the 
operating conditions, as introduced by Heinzmann et al. [25].

The CCL was modeled using a transmission line model that couples 
the electronic and ionic paths via charge transfer at the triple-phase 
boundary (TPB) [25,46]. In series, the membrane resistance was 
modeled as an ohmic resistance (R0), and the mass transport resistance 
(CCL, GDL, and MPL) as a generalized finite-length Warburg element 
(GFLW) [57]. The ohmic resistances were corrected by 0.014 Ω cm2 to 
remove the setup contributions, determined from ex-operando mea
surements. Overall, the TLM impedance of a porous CCL (ZTLM) can be 
described as follows [25,58]: 

ZH2/air
TLM (ω) = χionχel

χion + χel
⋅

⎛

⎜
⎜
⎝L +

2κ(ω)

sinh
(

L
κ(ω)

)

⎞

⎟
⎟
⎠+ κ(ω)

⋅
χion

2 + χel
2

χion + χel
⋅coth

(
L

κ(ω)

)
[1] 

This TLM expression accounts for the length-specific resistances of 
the ionic (χion, Ω m− 1) and electronic (χel, Ω m− 1) paths. An overview of 
all relevant TLM parameters, their descriptions, and units is provided in 
Table S3. κ(ω) is the frequency-dependent characteristic length (pene
tration depth of χion ≫ χel) of the TLM, set by the ratio of charge transfer 
impedance (ξ, Ω m) to the sum of length-specific resistances in the TLM 
(χion and χel). 

κ(ω)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ξ(ω)

χion + χel

√

[2] 

The charge transfer impedance is modeled by an RQ element, ac
counting for the thickness-specific charge transfer resistance (rct, Ω m) 
and the characteristic relaxation time of the charge transfer (τct, s) [25]. 

ξ(ω)= rct

1 + (i ω τct)
n [3] 

Regarding the CCL thickness (L), the beginning-of-life (BoL) value of 
15.8 μm was determined by optical microscopy. CCL thickness was 
measured only at BoL and end of life (EoL), while its evolution during 
cycling is unknown. Therefore, L was kept constant at the BoL value for 
all equivalent circuit model (ECM) fits. As a result, thickness-dependent 
parameters are interpreted as effective values referenced to the BoL 
geometry. Area-specific charge transfer and ionomer resistance are 
calculated using the BoL thickness (Eqs. (5) and (6)) for consistent 
comparison across all aging stages. Table S4 shows that, after converting 
to area-specific values, charge transfer and ionomer resistance calcu
lated for BoL (15.8 μm) and EoL (3.7 μm) thicknesses are identical 
within the fitting uncertainty. Parametric variations of the CCL elec
tronic resistance (χel) in the TLM (see Table S5 and Fig. S1) showed that 
only substantial increases in χel (>100 Ω m− 1) produced a noticeable rise 
in the high-frequency intercept. These changes are several orders of 
magnitude larger than the typical CCL electronic resistances reported in 
the literature (1.65 to 83.3 mΩ m− 1) [59,60]. A pronounced increase in 
electronic resistance could occur in severely corroded CCLs if carbon 
corrosion collapses the support structure and disconnects parts of the 
carbon network. However, other mechanisms could also raise the 
high-frequency intercept, such as CCL delamination or increased contact 
resistances. Furthermore, the 77% reduction in CCL thickness (Table S8) 
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shortens the geometric through-plane path length. Thus, attributing the 
entire rise of the high-frequency intercept to a distributed electronic 
limitation would require an extreme drop in effective CCL conductivity. 
This effect cannot be distinguished from interfacial or contact contri
butions based solely on impedance data. For these reasons, we set the 
CCL electronic resistance to zero in the TLM (χel ≈ 0) and attributed the 
observed increase in the high-frequency intercept to a collective ohmic 
contribution, including membrane, contact, and interface resistances, 
rather than a uniquely identifiable distributed electronic resistance 
within the corroded CCL. Assuming negligible electronic resistance in 
the CCL (χel ≈ 0), this simplifies the complex TLM in Eq. (1): 

ZH2/air
TLM (ω)= κ(ω) ⋅ χion⋅coth

(
L

κ(ω)

)

[4] 

In the DC limit (ω→0), the expression becomes purely real and can be 
interpreted as the charge transfer resistance in series with the CCL 
ionomer resistance. This approximation is applicable only to well- 
designed PEMFC electrodes, where the penetration depth is compara
ble to the electrode thickness, ensuring that the applied catalyst is 
effectively utilized [46]. Symmetrical cell tests (H2/H2 conditions) 
showed negligible polarization resistance of the hydrogen oxidation 
reaction (HOR) and mass transport within the anode (<0.0118 Ω cm2) 
under the applied testing conditions (Fig. S2). This anode resistance 
accounts for less than 6% of the cell's overall polarization resistance, in 
good agreement with our previous study [24]. The anode's contribution 
to the total resistance was therefore neglected in the further analysis. 
Ohmic resistance, mass transport resistance, charge transfer resistance, 
and ionomer resistance in the CCL were determined by fitting the ECM 
to the EIS and DRT data using CNLS fitting [61]. The overall 
area-specific charge transfer resistance (Rct, Ω cm2) of the cathode, 
considering the thickness-specific charge transfer resistance (rct, Ω m), 
the CCL thickness at the BoL (L), and the active cell area (A) of 1 cm2, 
was calculated using Eq. (5). 

Rct =
rct⋅A

L
[5] 

The effective area-specific ionomer resistance (Reff
ion, Ω cm2) in the 

CCL can be calculated using the length-specific ionomer resistance (χion, 
Ω m− 1) of the TLM by Eq. (6). 

Reff
ion =

1
3

⋅χion⋅L⋅A [6] 

The local ionic current density is not constant throughout the entire 
CCL thickness, decreasing from the membrane towards the catalyst layer 
surface [46]. To account for this non-uniformity, a factor of 1/3 [62,63] 
is considered in Eq. (6).

In this study, all ionomer resistances in the CCL were calculated 
using Eq. (6). To improve readability, this value is hereafter referred to 
as CCL ionomer resistance (Rion) throughout this publication. The 
effective area-specific capacitance (Cct, F cm− 2) was calculated from the 
characteristic frequency of the charge transfer resistance (fct, Hz) and 
the charge transfer resistance (Rct) [64,65]: 

Cct =
1

2⋅π⋅fct⋅Rct
[7] 

For EIS under H2/N2 conditions, the cathode was treated as blocking 
(without Faradaic charge transfer). Accordingly, the charge transfer 
impedance (Eq. (3)) was simplified to represent only the double-layer 
response by replacing it with a pure constant phase element (CPE). 
Subsequently, this term was inserted into Eq. (2) and the simplified TLM 
expression (Eq. (4)). This substitution leads directly to the expression in 
Eq. (8) [62]. An ECM consisting of a series of an ohmic resistance, an 
inductive element, and the TLM described in Eq. (8) was used to fit the 
H2/N2 impedance spectra. Here, Q and n denote the CPE coefficient and 
exponent, respectively. 

ZH2/N2
TLM (ω)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅χion

Q⋅(j⋅ω)n

√

⋅coth
(

L ⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

χion⋅Q⋅(j⋅ω)n
√ )

[8] 

3. Results and discussion

3.1. Polarization curves and cyclic voltammetry

During low-potential cycling, the polarization curves (Fig. 1a) and 
the areas under the hydrogen desorption/adsorption peaks of the CV 
curves (Fig. 1c) exhibit a steady decrease. This decrease is attributed to 
the dissolution and agglomeration of catalyst particles, which reduces 
the electrochemically active surface area (ECSA) [66]. During high-
potential cycling, two phases with varying severities of degradation 
can be identified. In the first phase, up to 10 000 HPCs, the polarization 
curves (Fig. 1b) show only a slight decrease. A drastic decline follows in 
the second phase. This evolution can be attributed to the collapse of the 
carbon support structure due to continuous carbon corrosion at high 
potentials [22,67–69]. This leads to a significant increase in internal 
losses, resistances, and overvoltages, ultimately resulting in decreased 
performance. Severe microstructural changes in the CCL, such as a 
reduction in carbon support structure pore size, have been reported 
during high-potential cycling between 1.0 V and 1.5 V [22] and during 
high-potential holding at 1.4 V [37]. The decrease in hydrogen 
desorption and adsorption peaks in the CV curves with HPCs (Fig. 1d) is 
due to ongoing carbon support loss. Additionally, CCL thinning removes 
catalyst particles located on the corroded carbon particles [19]. 
Although carbon support ASTs are designed primarily to accelerate 
carbon corrosion and thus minimize catalyst degradation, Pt particle 
growth can still occur. High potentials and corrosion-induced loss of 
anchoring sites can promote Pt detachment, dissolution/redeposition, 
and coalescence, leading several studies to report increased particle size 
even under carbon corrosion protocols [70,71]. Neither the measured 
contacting force of the active cell area nor the cell temperatures changed 
significantly during low-potential (Table S6) and high-potential cycling 
(Table S7).

The polarization curve hysteresis between up- and down-sweeps 
decreases strongly during the first 10 000 LPCs (Fig. S3). This may 
result from degradation in water management and in the ability of the 
MEA, MPL, and GDL to retain produced liquid water [72].

3.2. Cell voltages and ohmic resistances at various current densities

During low-potential cycling (Fig. 2a), the cell voltages decrease 
steadily at all current densities. The voltage degradation rates range 
from 1.1 mV per 1 000 LPCs (0.2 A cm− 2) to 5.6 mV per 1 000 LPCs (1.8 
A cm− 2). The ohmic resistance (R0) in Fig. 2c remains relatively constant 
with the number of LPCs. This behavior indicates no significant mem
brane degradation or delamination of the catalyst layers. The integrity of 
the membrane was confirmed by the evolution of the OCV and the 
hydrogen crossover current density (Fig. S4a), which showed no long- 
term degradation during the LPCs.

In contrast, during high-potential cycling (Fig. 2b), the cell volt
ages remain relatively stable or even increase slightly until 5 000–10 
000 cycles. After this point, the cell voltages decrease significantly at all 
current densities. Notably, the decrease is most pronounced at higher 
current densities, where mass transport losses in the GDL and CCL 
dominate. This trend may arise from severe microstructural changes, 
such as a collapse of the carbon structure, leading to a decrease in CCL 
porosity [67,69,70]. Consequently, oxygen transport to the TPB be
comes increasingly impeded, resulting in a significant increase in mass 
transport losses. The ohmic resistance (Fig. 2d) remains relatively con
stant until 2 000 HPCs, but increases significantly afterward. The pro
nounced increase in ohmic resistance during high-potential cycling is 
not related to membrane degradation. Both the OCV and the hydrogen 
crossover current remain essentially constant over the entire AST 
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(Fig. S4), ruling out significant thinning or pinhole formation of the 
membrane. Instead, the observed behavior is consistent with 
carbon-corrosion-induced losses in electronic and interfacial conduc
tivity, such as increased contact resistance at the CCL/MPL and 
CCL/membrane interfaces, or partial disconnection of the carbon 
network [71,73–75]. TLM simulations (Table S5 and Fig. S1) show that 
only very high electronic resistances of the CCL [59,60] can reproduce 
the experimentally observed increase in R0, supporting the hypothesis of 

increased interfacial resistances.

3.3. Distribution of relaxation times at various current densities

EIS under H2/air conditions was employed to determine the contri
butions of the various electrochemical loss processes to the performance 
degradation. Because the distribution of loss processes varies with cur
rent density, EIS measurements were recorded galvanostatically at 

Fig. 1. Polarization curves (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) and cyclic voltammograms of the cathode (H2/N2, 150 mV s− 1, T 
= 50 ◦C, RH = 95%, V̇ = 200 sccm) during (a, c) 55 000 low-potential cycles (LPCs) and (b, d) 50 000 high-potential cycles (HPCs).

Fig. 2. Evolution of the cell voltage at 0.2–1.8 A cm− 2 (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) and ohmic resistance at 0.48–1.4 A 
cm− 2 as a function of (a, c) low-potential cycles (LPCs) and (b, d) high-potential cycles (HPCs).
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various current densities. The resulting Nyquist plots (Fig. S5), along 
with a magnified view of the high-frequency region (Fig. S6), are pro
vided in the supplementary material. Notably, the polarization resis
tance increased significantly during both low-potential and high- 
potential cycling.

After collecting the EIS data, we used the distribution of relaxation 
times to separate mass transport (P1), oxygen reduction reaction (ORR) 
charge transfer (P2), and high-frequency peaks (P3–P5). The high- 
frequency peaks are commonly attributed to proton transport within 
the CCL ionomer phase [20]. They are also linked to subordinate anode 
processes [24], as supported by the DRT of EIS under H2/H2 conditions 
(Fig. S2b). The DRT analysis of EIS under H2/air conditions supports 
process identification and enables tracking of the evolution of charac
teristic frequencies. It is important to note that quantitative resistance 
values reported in this work are extracted from ECM fitting of the 
impedance spectra rather than from integrating DRT peaks.

During low-potential cycling, the DRT (Fig. 3a, c, e) show a com
parable evolution for all current densities: In the first 10 000 LPCs, the 
mass transport resistance peak (P1) decreases slightly (Figs. S7b, d, f), 
which suggests changes in the water management leading to the 
observed decrease in polarization curve hysteresis (Fig. S3a). The 
decrease in mass transport resistance is identified as the primary reason 
for the initial decrease in polarization resistance up to 10 000 LPCs. This 
initial decrease in mass transport resistance and polarization losses is 
consistent with reduced water retention.However, this interpretation is 
inferred from electrochemical trends and is not supported by direct 
measurements of liquid water content. It should therefore be regarded as 
a plausible explanation rather than definitive proof. After 10 000 LPCs, 
the mass transport peaks show no significant changes, indicating that 
oxygen transport in the GDL and CCL is not affected by the LPCs. The 
ORR charge transfer resistance peak (P2) remains relatively un
changed up to 10 000 LPCs. Afterward, it increases strongly, while its 
peak frequency at 0.48 A cm− 2 shifts from 135 Hz (10 000 LPCs) to 192 

Hz (55 000 LPCs). The increase in charge transfer resistance can be 
attributed to a reduction in the TPB area in the CCL due to catalyst 
particle dissolution and agglomeration. Kwon et al. [37] also reported a 
decrease in specific relaxation time of the charge transfer (τo = Rct ⋅ Cdl) 
from 0.0077 s (129 Hz) to 0.0043 s (232 Hz) after 30 000 cycles 
(0.4–0.95 V) at 0.3 A cm− 2. They attributed the negative relaxation time 
shift to a deformation of pore depth and size in the CCL, resulting from a 
significant decrease in DLC but only minor changes in charge transfer 
resistance. In our case, a decrease in capacitance during LPCs (Fig. 5a) is 
also observed, suggesting possible structural changes in the CCL pore 
structure.

During high-potential cycling, the DRT (Fig. 3b, d, f) do not show 
significant changes until 5 000 HPCs. Afterward, the mass transport 
resistance peak (P1) increases strongly, indicating a deterioration of 
oxygen transport in the diffusive media, potentially due to a decrease in 
hydrophobicity and subsequent water management issues [37,72,76]. 
Chun et al. [42] tested GDLs aged via an ex-situ acid-immersion test to 
facilitate carbon corrosion. They reported decreases in charge transfer 
and ionomer resistance, accompanied by an increase in the mass 
transport resistance peak, due to water accumulation in the GDLs. The 
ORR charge transfer resistance peak (P2) increases and shifts to 
lower frequencies. This increase in charge transfer resistance is most 
likely driven by a loss of TPB due to carbon corrosion and a reduction in 
CCL thickness, as well as by a loss of active catalyst particles. The peak 
frequency (P2) at 0.48 A cm− 2 decreases from 65 Hz (5 000 HPCs) to 44 
Hz (40 000 HPCs), while the associated capacitive contribution de
creases from 13.5 mF cm− 2 to 5.2 mF cm− 2. The evolution of the ca
pacitances calculated using Eq. (7) is shown in Fig. 5, and the 
corresponding trend of the characteristic charge transfer frequency fct is 
provided in Fig. S8. A comparable decrease in frequency was also 
observed during high-potential cycling (1.0–1.5 V) for various CCL I/C 
weight ratios (0.5/0.85/1.2) [20,21]. Kwon et al. [37] reported an in
crease in specific relaxation time of the charge transfer (τo) at 0.3 A cm− 2 

Fig. 3. Distribution of relaxation times (DRT) at 0.48, 1.0, and 1.4 A cm− 2 (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) during (a, c, e) 55 
000 low-potential cycles (LPCs) and (b, d, f) 10 000–50 000 high-potential cycles (HPCs).
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from 0.0076 s (132 Hz) to 0.0134 s (74 Hz) after 5 h of high-potential 
holding testing (1.4 V). They attributed this trend to a rapid increase 
in charge transfer resistance resulting from deformation of the carbon 
support structure and the formation of oxygen functional groups, 
coupled with water management issues.

In summary, the DRT shows that low-potential cycling first reduces 
mass transport losses, likely due to changes in water management. Later, 
kinetic degradation dominates, and the charge transfer peak shifts to 
higher frequencies. In contrast, high-potential cycling results in a 
delayed yet apparent increase in both mass transport and charge transfer 
resistance, with the peak shifting to lower frequencies. These changes 
align with water management issues, TPB loss, and CCL structural 
changes.

3.4. ORR charge transfer resistance and roughness factor

Fig. 4 clearly shows that the ORR charge transfer resistance, deter
mined by ECM fitting to the EIS under H2/air conditions, decreases with 
increasing current density, as expected for Butler-Volmer-type behavior 
[24]. Focusing first on low-potential cycling (Fig. 4a), the charge 
transfer resistance remains nearly constant up to 10 000 LPCs. After this 
point, it steadily increases by 29% (0.48 A cm− 2), 31% (1.0 A cm− 2), and 
56% (1.4 A cm− 2) until 55 000 LPCs. This evolution correlates well with 
the increase in the charge transfer resistance peak (P2) in the DRT 
(Fig. 3a, c, e). Meanwhile, the RF decreases sharply by 40% up to 10 000 
LPCs. This drop may be due to the finely dispersed catalyst particles at 
the BoL, which result in initially high performance but also accelerate 
particle agglomeration and initial degradation [77,78]. It has been re
ported that small catalyst particle sizes lead to a large surface area but 
lower stability [78]. The steady charge transfer resistance and the sig
nificant decrease in RF within the first 10 000 LPCs suggest that the 
finely dispersed catalyst particles result in a surplus of catalyst surface 
area at the BoL, which is not fully utilized during the faradaic reaction. 
Therefore, the substantial initial decrease in RF can be observed in the 
CVs, but it does not affect the charge transfer resistance. After 10 000 
LPCs, the decrease in RF flattens, which is likely driven by advanced 
particle degradation in the form of an increase in the average catalyst 
particle size and the dissolution of the initially finely dispersed catalyst 
particles.

In contrast, during high-potential cycling (Fig. 4b), the ORR charge 
transfer resistance remains nearly constant across all current densities 
until 10 000 HPCs, while the RF decreases significantly. According to 

Topalov et al. [79], the dissolution of platinum can almost entirely be 
suppressed by increasing the lower potential limit to 1.05 V. Never
theless, high-potential cycling can reportedly lead to significant plat
inum particle growth [67] due to the loss in carbon volume, decreasing 
the distance between Pt particles [71]. After 10 000 cycles, the charge 
transfer resistance increases by 366% at 0.48 A cm− 2 until 50 000 HPCs, 
while the RF decreases only moderately. This evolution is in good 
agreement with the substantial decrease in cell voltage (Fig. 2b) and the 
increase in the charge transfer resistance peak (P2) in the DRT (Fig. 3b, 
d, f). The simultaneous substantial increase in mass transport resistance 
(Fig. 7b) and only moderate decrease in RF suggest significant micro
structural changes in the CCL and/or a collapse of the carbon support 
structure, leading to thinning of the CCL [69].

Considering both cycling conditions, the RF follows a similar pattern 
during LPCs (Fig. 4a) and HPCs (Fig. 4b), characterized by an initial 
sharp drop, followed by a slower degradation rate. This behavior has 
been reported in the literature for both low- and high-potential cycling 
[16,19]. It likely results from finely dispersed catalyst particles that 
initially dissolve or agglomerate quickly before stabilizing. Quantitative 
analysis of catalyst particle size or evolution is beyond the scope of this 
study. In addition, the sharp initial RF decrease does not necessarily 
translate into an immediate loss of the effectively utilized ORR active 
area under in-operando conditions, because RF is determined from 
H2/N2 at high humidity, whereas Rct is extracted under H2/air at lower 
humidity during faradaic operation. Pt surface located in micro- and 
mesopores can contribute to the CV signal via water-mediated protonic 
connectivity, while being only weakly utilized for ORR under the 
in-operando conditions.

In conclusion, these results indicate that the ORR charge transfer 
resistance (determined in-operando) remained nearly constant during 
the first 10 000 low- and high-potential cycles but increased signifi
cantly thereafter. In contrast, the RF (determined ex-operando) exhibits 
a pronounced initial decrease followed by a more moderate decline.

3.5. Charge transfer process capacitance and double-layer capacitance

In Fig. 5, the evolution of the double-layer capacitance determined 
(ex-operando) by CV (Fig. 1c and d), as well as the progression of the 
charge transfer process capacitance obtained (in-operando) by EIS (H2/ 
air), ECM fitting, and calculated according to Eq. (7), are shown as a 
function of LPCs (Fig. 5a) and HPCs (Fig. 5b).

The double-layer capacitance determined by CV primarily reflects 

Fig. 4. Cathode roughness factor (H2/N2, 150 mV s− 1, T = 50 ◦C, RH = 95%, V̇ = 200 sccm) and charge transfer resistance from ECM fitting at 0.48–1.4 A cm− 2 (H2/ 
air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) as a function of (a) low-potential cycles (LPCs) and (b) high-potential cycles (HPCs).
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the capacitance at the carbon and platinum interfaces, as well as oxides 
on the carbon surface [80]. In contrast, capacitance from the charge 
transfer process, determined by ECM fitting, accounts for DLC, 
pseudo-capacitance, and bulk capacitance, thereby capturing both 
interfacial and bulk processes [81]. As a result, the measured capaci
tances differ between techniques. Although their absolute values vary, 
the qualitative trends from CV and EIS agree well, validating the 
observed evolution. Differences in the applied methods, as well as in 
temperature and RH, can explain the discrepancy. CV was performed at 
50 ◦C and 95% RH to ensure complete hydration and to achieve more 
clearly defined voltammogram peaks, whereas EIS was measured at 
80 ◦C and 70% RH to reflect typical PEMFC operating conditions and to 
suppress flooding at high current densities. Lower RH during EIS reduces 
proton conductivity in the ionomer, thereby lowering capacitance [82]. 
In contrast, higher RH during CV helps maintain ionomer hydration, 
promoting better proton conductivity and resulting in higher 
capacitance.

During 55 000 low-potential cycles (Fig. 5a), the capacitances from 
CV and EIS decrease with the number of cycles. This decrease is driven 
by a loss of active catalyst sites, which reduces the available surface area 
for hydrogen adsorption and desorption [80]. Hu et al. [83] separated 
the various DLC contributions during low-potential cycling and reported 
a significant decrease in capacitance attributed to the carbon/water and 
Pt/water interface. They suggested a reduction in the accessible plat
inum inside the carbon support, either due to a collapse of the internal 
carbon structure or a decrease in the hydrophobicity of the carbon pores. 
While they reported a relatively constant Pt/ionomer interface contri
bution, they hypothesized that the increase in carbon/ionomer interface 
capacitance resulted from a widening of pores and/or the migration of 
ionomer into the carbon mesopores. Consistent with Hu et al. [83], the 
observed capacitance (CV and EIS) decay supports a mechanism of 
reduced accessible Pt as well as altered carbon porosity and hydropho
bicity, aligning with our broader degradation analysis.

During the first 7 500–15 000 high-potential cycles (Fig. 5b), the 
capacitances from both methods increase sharply, then decrease until 
the end of life. This evolution can be attributed to two competing 
mechanisms [69]. The dominant mechanism in the first phase, up to 7 
500–15 000 HPCs, is the accumulation of hydrophilic carbon corrosion 
products with oxygen functionalities at the carbon support surface [69,
80,81,84] or the cracking of the carbon, increasing the effective carbon 
surface [85]. The simultaneous decrease in catalyst surface area, as 

indicated by the RF (Fig. 4b), suggests that the increase in capacitance 
(EIS) is primarily attributable to an increase in carbon surface area. In 
the second phase, after 7 500–15 000 HPCs, carbon support corrosion 
becomes the dominant mechanism, leading to a loss of effective carbon 
and platinum surfaces [69,86]. The decrease in capacitance (CV and EIS) 
during HPCs corresponds well with the assumed collapse of the carbon 
support structure after 10 000 cycles, further exacerbating the decline in 
DLC as the remaining active sites become less accessible, resulting in a 
reduced overall capacitance.

Considering the differences in operating conditions, the obtained 
capacitance values ranging from 38.8 to 74.5 mF cm− 2 (CV, 50 ◦C, 95% 
RH) and 3.0 to 20.1 mF cm− 2 (EIS, 80 ◦C, 70% RH) are in good agree
ment with capacitance values from the literature [81,85–89].

3.6. Ionomer resistance in CCL determined by EIS (H2/air) and EIS (H2/ 
N2)

Fig. 6 shows the evolution of the CCL ionomer resistance (Rion), 
determined from ECM fitting of EIS under H2/air conditions (in-oper
ando) at various current densities and under H2/N2 conditions (ex- 
operando), as a function of LPCs (Fig. 6a) and HPCs (Fig. 6b). Nyquist 
plots of the high-frequency region of the spectra for both conditions 
during low- and high-potential cycling are shown in Fig. S6 and Fig. S9, 
respectively.

The ionomer resistance in the CCL from ex-operando EIS (H2/N2) 
follows the same qualitative trends as that from in-operando EIS (H2/ 
air), but is consistently higher. Although both measurements are con
ducted at 80 ◦C and 70% RH, the additional product water during H2/air 
operation enhances ionomer hydration and lowers Rion [90,91].

During 55 000 low-potential cycles (Fig. 6a), the ionomer resis
tance remains nearly constant at 24–31 mΩ cm2 (H2/air) and 35–37 mΩ 
cm2 (H2/N2) until 10 000 LPCs, indicating a certain resilience of the 
ionomer structure during the initial LPCs. However, between 10 000 
LPCs and 25 000–30 000 LPCs, the ionomer resistance increases 
significantly, suggesting a gradual ionomer degradation, structural 
changes in the CCL, or possibly additional degradation due to Co 
leaching [92,93]. After 25 000–30 000 LPCs, the ionomer resistance 
reaches a plateau at 35–37 mΩ cm2 (H2/air) and 47–49 mΩ cm2 

(H2/N2), respectively. Notably, the ionomer resistance changes uni
formly for all current densities, indicating that the evolution in ionomer 
resistance is primarily driven by structural or chemical degradation of 

Fig. 5. Charge transfer process capacitance determined from ECM fitting at 0.48–1.4 A cm− 2 (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) 
and double-layer capacitance obtained by CV (H2/N2, T = 50 ◦C, RH = 95%, V̇ = 200 sccm) as a function of (a) low-potential cycles (LPCs) and (b) high-potential 
cycles (HPCs).
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the ionomer, rather than by changes in the proton-conducting network 
or water management, which can vary with current density. In the 
literature, the reported evolution in ionomer resistance during 
low-potential cycling has been ambiguous. Some publications have re
ported no significant change in the ionomer resistance of the CCL 
[15–17,19], while others have reported a decrease [12,41], attributing it 
to a faster ionic response [37] or to electrode thinning [92]. Other 
studies have observed an increase due to inhomogeneities of the re
sistances within the CCL [94] or due to Co contamination of the cathode 
ionomer [92,93].

In contrast, during 50 000 high-potential cycles (Fig. 6b), the 
ionomer resistance declines steadily. This evolution likely reflects pro
gressive structural changes in the CCL due to advanced carbon corro
sion, leading to reduced CCL thickness and compaction [70], and shorter 
ionic pathways [19,86]. It has also been reported that high-potential 

cycling increases the tortuosity of ionic pathways due to changes in 
ionomer and water distribution within the CCL [95], which, in principle, 
counteract this trend. The observed decrease in ionomer resistance, 
therefore, suggests that the thickness reduction dominates over any 
opposing tortuosity effects under the present conditions. Furthermore, 
microstructural changes, such as the widening of carbon pores, can 
improve connectivity by mobilizing and redistributing the ionomer [96,
97]. In the literature, the reported changes in ionomer characteristics of 
the CCL during high-potential cycling (1.0–1.5 V) have been ambiguous. 
While some have reported a monotonic increase in CCL ionomer con
ductivity attributed to a CCL thinning resulting in a shortening of ionic 
pathways [19], others have found a decrease in ionic conductivity due to 
higher proton transport path tortuosity as a result of changes in ionomer 
discontinuity and water distribution in the catalyst layers [95]. Saha 
et al. [86] observed an initial decrease in CCL resistance attributed to 

Fig. 6. Ionomer resistance of the cathode catalyst layer (CCL) determined from in-operando EIS at 0.48–1.4 A cm− 2 (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry =

0.315 atm, V̇ = 200 sccm) and ex-operando EIS (H2/N2, T = 80 ◦C, RH = 70%, V̇ = 200 sccm) as a function of (a) low-potential cycles (LPCs) and (b) high-potential 
cycles (HPCs).

Fig. 7. Mass transport resistance determined by ECM fitting at 0.48–1.4 A cm− 2 (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) and 
combined Knudsen/film diffusion resistance determined by limiting current measurements (LCM, T = 80 ◦C, RH = 70% sym., V̇ = 200 sccm) as a function of (a) low- 
potential cycles (LPCs) and (b) high-potential cycles (HPCs).
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CCL thinning, followed by an increase due to drastic changes in the 
ionomer network and pore structure. Chun et al. [42] reported a 
decrease in ionomer resistance after pre-aging of GDLs via 
acid-immersion tests, attributing it to improved wetting of the ionomer 
and membrane due to water accumulation. The current density depen
dence of Rion and R0 can serve as an indicator of local humidification. 
Rion decreases with current density due to increased water production, 
while R0 remains largely current independent. The corresponding trends 
during low- and high-potential cycling are shown in Fig. S10.

Across all tests, the ionomer resistance of the CCL was obtained from 
EIS (H2/air) using the same equivalent circuit model for all current 
densities. The small scatter and occasional intersections between curves 
are within the fitting uncertainty and mainly reflect the limited sensi
tivity of the ECM to the ionomer resistance rather than measurement 
noise. As the ionomer resistance decreases,accurate fitting becomes 
increasingly challenging. The lowest values are therefore likely fitting 
artefacts rather than meaningful physical changes and should be inter
preted with caution.

3.7. Mass transport resistances determined by EIS/ECM and limiting 
current measurements

Mass transport resistances were quantified by two complementary 
approaches: (i) EIS (H2/air) combined with DRT analysis and ECM 
fitting, yielding the low-frequency mass transport resistance (RECM

mt ), and 
(ii) limiting current measurements (LCM), providing the molecular ox
ygen diffusion resistance (RLCM

mol ) and the combined Knudsen/film diffu
sion resistance (RLCM

Kn/film). In the ECM, RECM
mt corresponds to the oxygen 

transport across the GDL, MPL and inactive regions of the CCL before 
reaching the TPB. The molecular diffusion resistance (RLCM

mol ) arises 
mainly from oxygen diffusion through the gas channel, GDL, MPL and, 
to a lesser extent, the macropores of the CCL. In contrast, RLCM

Kn/film cap
tures transport limitations within the micropores of the MPL and CCL 
(Knudsen diffusion), as well as through the thin ionomer and water films 
surrounding the active sites in the CCL.

Fig. 7 illustrates the evolution of the mass transport resistances 
(RECM

mt , left axis, mΩ cm2), determined by ECM fitting for various current 
densities, and the combined Knudsen and film diffusion resistance 
(RLCM

Kn/film, right axis, s m− 1), derived from limiting current measurements, 
as a function of LPCs (Fig. 7a) and HPCs (Fig. 7b). Although RECM

mt and 
RLCM

Kn/film use different units and are not combined directly, both quantify 
the oxygen mass transport resistance in the CCL. In Fig. 7, we therefore 
compare their evolution, and the consistent trends from ECM and 
limiting current measurements corroborate the identified changes in 
mass transport resistance. The molecular diffusion resistance (RLCM

mol ) of 
oxygen with nitrogen or helium as the inert gas did not show significant 
changes attributable to degradation (Fig. S11), indicating negligible 
structural degradation of the GDL during both AST protocols.

In Fig. 7a, the mass transport resistance (RECM
mt ) during low-potential 

cycling initially decreases slightly during the first 10 000 LPCs, aligning 
with the initial decrease of the mass transport resistance peak (P1) in the 
DRT (Fig. 3a, c, e). In the same range, neither the combined Knudsen and 
film diffusion resistance (Fig. 7a) nor the molecular diffusion resistance 
(Fig. S11a) shows a significant decrease, indicating that the liquid water 
formed by the fuel cell reaction is evacuated more efficiently with pro
gressing LPCs. This inferred change in the water management is sup
ported by the observed reduction in polarization curve hysteresis 
(Fig. S3a). An initial decrease in mass transport resistance during the 
catalyst ASTs was also observed by others [98].

Between 10 000 and 55 000 LPCs (Fig. 7a), the mass transport 
resistance 

(
RECM

mt ) increases with a rate of 0.03 mΩ cm2 (0.48 A cm− 2), 
0.17 mΩ cm2 (1.0 A cm− 2), and 0.42 mΩ cm2 (1.4 A cm− 2) per 1 000 
LPCs, while the Knudsen and film diffusion resistance (RLCM

Kn/Film) increases 

with a rate of 0.33 s m− 1 per 1 000 LPCs. Since the molecular diffusion 
resistance (RLCM

mol ) remains essentially unchanged, this behavior indicates 
that the additional mass transport losses originate predominantly from 
changes in the MPL and CCL, including the ionomer and water films, 
rather than from degradation of the GDL substrate. During low-potential 
cycling, the amount of electrochemically active catalyst decreases 
significantly (Fig. 4a), leading to an increase in pressure-independent 
mass transport resistance, particularly a rise in the specific resistance 
of the platinum catalyst surface [13,99].

In Fig. 7b, the mass transport resistance (RECM
mt ) during high-poten

tial cycling remains nearly constant up to 2 000 HPCs (1.4 A cm− 2) and 
7 500 HPCs (0.48 A cm− 2), indicating no significant changes in water 
management or the CCL carbon structure. Afterward, RECM

mt increases 
significantly at all current densities with a rate of 8.23–8.25 mΩ cm2 per 
1 000 HPCs. The overlap of various processes in the frequency range 
becomes more pronounced as carbon corrosion progresses (see Fig. 3b), 
thereby affecting the separation of processes and, consequently, the 
fitting results. This led to the observed fitting inaccuracies of RECM

mt , 
shown in Fig. 7b, at 0.48 A cm− 2 between 30 000–40 000 HPCs. The 
Knudsen and film diffusion resistance (RLCM

Kn/Film), shown in Fig. 7b, in
creases slightly from 64.8 to 70.7 s m− 1 until 7 500 HPCs. Afterward, 
RLCM

Kn/Film increases with a rate of 5.5 s m− 1 per 1 000 cycles, which co
incides with the substantial increase in RECM

mt . This trend can therefore be 
attributed to significant changes in the MPL, CCL structure, or the 
characteristics of the CCL ionomer film. This evolution is in good 
agreement with the literature, where the increase in mass transport 
resistance during carbon structure ASTs has been attributed to a collapse 
of the carbon support structure [67–69] and a decrease in CCL porosity 
[67]. Furthermore, a decrease in hydrophobicity of the CCL surface [76] 
and GDL degradation [100–102] can impede oxygen transport by 
accumulating liquid water within the pores of the CCL and GDL.

3.8. Distribution of the electrochemical resistances during ASTs

In Fig. 8, the distribution of all resistances (ohmic, charge transfer, 
CCL ionomer, and mass transport) determined by ECM fitting is shown 
at the beginning and end of life for low-potential cycling (a, c) and high- 
potential cycling (b, d) at 0.48 A cm− 2 and 1.4 A cm− 2.

During low-potential cycling, the total resistance (Rtotal) increases 
by 20% (0.48 A cm− 2) and 27% (1.4 A cm− 2). At the BoL, the total 
resistance (0.48 A cm− 2) consists of the ORR charge transfer (60%), 
mass transport (20%), CCL ionomer (12%), and ohmic resistance (8%). 
At 1.4 A cm− 2, the contribution of the mass transport resistance makes 
up 45%, while the charge transfer resistance only accounts for 36% of 
the total resistance. After 55 000 LPCs, the total resistance at 0.48 A 
cm− 2 is dominated by the ORR charge transfer resistance (69%), while at 
1.4 A cm− 2 it is approximately equally shared between the ORR charge 
transfer and mass transport resistances (40%). Overall, these results 
indicate that low-potential cycling primarily increases catalyst-related 
charge transfer losses while leaving mass transport pathways essen
tially unchanged. As a result, the total resistance is more strongly gov
erned by kinetics, especially at moderate current density.

During high-potential cycling, the total resistance increases by 
384% (0.48 A cm− 2) and 35% (1.4 A cm− 2) with significant changes in 
the individual contributions. After high-potential cycling, the total 
resistance at 0.48 A cm− 2 is composed of charge transfer resistance 
(72%), mass transport resistance (25%), and ohmic resistance (3%). In 
contrast, at 1.4 A cm− 2, mass transport resistance dominates at both the 
BoL (46%) and after 10 000 HPCs (56%). Therefore, high-potential 
cycling leads to significant deterioration of the cathode catalyst layer, 
thereby greatly amplifying charge transfer and mass transport losses. 
Consequently, the total resistance is even more dominated by charge 
transfer at low current density and by mass transport limitations at high 
current density.

To relate these resistance changes to structural modifications in the 
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MEA, cross-sectional analysis of the MEAs before and after the ASTs 
(Fig. S12 and Table S8) was performed. Notably, no significant changes 
in the membrane, anode catalyst layer, or CCL thickness were detected 
during low-potential cycling. In contrast, at high-potential cycling, the 
CCL thickness decreased significantly from 15.8 μm to 3.7 μm, corre
sponding to a 77% reduction (about 1.5% per 1 000 HPCs), while the 
membrane and anode catalyst layer thickness were unaffected. The 
combination of a 77% reduction in CCL thickness and the substantial 
increase in charge transfer and mass transport resistance during HPCs 
indicates that the CCL compaction not only reduces the available TPB 
area but also lengthens and/or narrows the effective oxygen transport 
pathways. Under these conditions, even small residual inhomogeneities 
in water distribution or local hydrophobicity can lead to pronounced 
transport bottlenecks, consistent with the sharp rise in Knudsen and film 
diffusion resistance. Although the present analysis does not resolve local 
through-plane or in-plane non-uniformities, the trends in thickness and 
resistance strongly support a scenario of severe carbon support collapse 
and loss of accessible porosity in the CCL/MPL. Direct visualization of 
the pore structure (e.g., via FIB-SEM or X-ray tomography) is beyond the 
scope of this study, but our findings are consistent with microstructural 
observations reported in Refs. [22,67,70] under similar high-potential 
cycling conditions.

4. Conclusion

This study provides a detailed analysis of the effects of accelerated 
stress tests (DOE protocols) comprising 55 000 low-potential cycles and 
50 000 high-potential cycles on the degradation of PEMFC cathode 
catalyst layers. We used in-operando H2/air electrochemical impedance 
spectroscopy, distribution of relaxation times, transmission line 
modeling, limiting current measurements, and complementary ex- 
operando diagnostics to separate and quantify the evolution of ohmic, 
charge transfer, CCL ionomer, and mass transport losses during catalyst- 
and carbon support structure degradation.

In the case of low-potential cycling (0.6–0.95 V), the charge 
transfer resistance remained stable for up to 10 000 cycles, while the 
ohmic, CCL ionomer, and mass transport resistances changed only 

modestly. After 10 000 cycles, the charge transfer resistance increased 
by about 1.1 mΩ cm2 per 1 000 cycles at 0.48 A cm− 2, accounting for 
most of the performance loss by the end of life. Increases in ohmic and 
mass transport resistance remained comparatively small. Therefore, 
low-potential cycling mainly increased kinetic losses associated with 
catalyst degradation, while electronic and transport pathways within 
the CCL and gas diffusion media remained largely unaffected.

High-potential cycling (1.0–1.5 V) showed a qualitatively different, 
two-phase behavior. An initial quasi-steady regime up to about 7 500–10 
000 cycles was followed by a rapid deterioration in which charge 
transfer and mass transport resistances rose synchronously by about 
16.9 and 6.0 mΩ cm2 per 1 000 cycles (at 0.48 A cm− 2), respectively. 
Limiting current measurements showed a pronounced increase in 
Knudsen and film diffusion resistance, indicating that oxygen transport 
in the CCL and MPL became the dominant limitation. At the end of life, a 
77% reduction in CCL thickness coincided with a measurable increase in 
ohmic resistance of about 0.3 mΩ cm2 per 1 000 cycles. This behavior 
indicates severe degradation of contact resistance and electronic path
ways, a collapse of the carbon support structure, and a significant 
decrease in TPB area.

These results align with previous studies showing that high-potential 
and SU/SD conditions primarily cause carbon corrosion, catalyst layer 
collapse, and transport issues, whereas low-potential cycling primarily 
accelerates catalyst degradation with a minor impact on transport 
properties. Building on this, the present study extends prior EIS and DRT 
research by applying both low- and high-potential cycling protocols 
(DOE) to otherwise identical cells and by quantifying loss contributions 
as a function of cycle number and current density. Furthermore, the 
findings underscore the impact of operational factors on CCL properties 
and the need for realistic in-operando testing conditions to properly 
assess PEMFC degradation. The use of EIS, distribution of relaxation 
times, transmission line modeling, and complementary in- and ex- 
operando diagnostic methods provides a comprehensive picture of the 
degradation within the cathode catalyst layer.

Beyond the mechanistic insights, the EIS, DRT, and TLM framework 
provides practical value for engineering tasks. By separating ohmic, 
charge transfer, CCL ionomer, and mass transport resistance, along with 

Fig. 8. Distribution of all resistances determined from ECM fitting (H2/air, T = 80 ◦C, RH = 70% sym., pO2,dry = 0.315 atm, V̇ = 200 sccm) at 0.48 and 1.4 A cm− 2 

during (a, c) low-potential cycling and (b, d) high-potential cycling.
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their characteristic frequencies, from a single in-operando EIS dataset, 
this approach enables rapid screening of advanced carbon supports and 
low-PGM cathode catalyst layers with respect to their dominant loss 
modes. In addition, the approach increases AST diagnostic efficiency by 
distinguishing kinetic, ionic, and transport limitations without requiring 
multiple complementary measurements at each aging step. Finally, 
because EIS can be implemented intermittently during operation, the 
extracted resistances and frequencies provide suitable observables for 
state-of-health monitoring and early warning of shifts in the prevailing 
degradation mechanism. These use cases are particularly relevant for 
catalyst layer concepts with strongly modified local oxygen transport, 
such as HOPI-based systems.
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