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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Impact of load cycling on degradation of 
cathode catalyst layer.

• Pt/C catalyst degradation results in 37% 
active area loss.

• Pore size reduction and local porosity 
loss results in denser CL structure.

• Increased ionomer concentration leads 
to 10% increase of O2 transport 
resistance.

• Macroscopic ionomer migration as rele
vant degradation mechanism.
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A B S T R A C T

Fuel cells can be a solution for carbon-free transport, but are affected by high price and limited lifetime. Material 
level degradation mechanisms are understood but structure changes require more analysis. This study in
vestigates the degradation impact on material, transport and structural properties in the cathode catalyst layer. A 
500 h AST using automotive load cycle and conditions (80 ◦C, 2.5/2.3 barabs, 50%/30% relative humidity, 1.3/ 
1.5 stoichiometry at anode and cathode) is applied and alterations of these properties are discussed. Whilst the 
membrane's influence appears to be minor, Pt/C degradation mainly caused the performance decay on the 
material level (− 37% active area). The structural analysis revealed local pore size reduction and a 0.6 μm thick 
layer at the interface cathode catalyst layer (CCL)/membrane with collapsed porosity. Besides carbon and 
catalyst degradation, ionomer migration within the catalyst layer during wet/dry cycles cause the pores to fill 
with ionomer. The local ionomer concentration increased more at humid conditions at air outlet (+59%) and 
results in decreased proton transport resistance (− 38%) and increased oxygen transport resistance (+10%). 
Consequently, this work reveals that the ionomer macroscopically migrates into the CCL pores during fuel cell 
operation and this represents an important additional degradation mechanism.
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1. Introduction

The transition to carbon-free transport and energy sectors requires 
the use of a carbon-free energy carrier and an efficient energy conver
sion for different applications. It is widely agreed that hydrogen can be 
such an energy carrier and fuel cells can convert the chemical energy of 
hydrogen molecules to electrical energy required to power e.g. electric 
motors for transport applications. Polymer electrolyte membrane fuel 
cells (PEMFCs) have proven to be applicable to the dynamic re
quirements in road transport applications [1]. During the last decades, 
several barriers have been overcome to enable commercialization [2]. 
Nevertheless, there are still two main challenges remaining for the 
PEMFC technology: (i) durability under relevant conditions, such as 
dynamic conditions in light and heavy-duty vehicles or similar and (ii) 
targeted costs to be competitive with internal combustion engines (ICE) 
[3].

One of the main contributions and limitations regarding PEMFC 
stack cost and lifetime is the catalyst layer (CL) [4]. This CL is composed 
of carbon supported catalyst and proton conducting ionomer in a porous 
structure and represents the location where the electrochemical re
actions take place. It must provide continuous access of different species 
to the catalytically active sites, which should be located as much as 
possible in the so-called triple phase boundary (TPB). Thus, the CL 
should enable (i) an efficient proton transport via ionomer or water, (ii) 
a continuous pore network for the transport of reactant gases and 
product water, and (iii) an electron conducting network [5]. As a result, 
the CL is heterogeneous and complex and the lifetime targets [6] of 7, 
000 h for automotive and even 30,000 h for heavy-duty road applica
tions represent additional challenges regarding material and structure 
stability under various operating conditions.

The operating conditions at the PEMFC cathode are characterized by 
high temperature, high humidity and an oxygen-containing atmosphere. 
In combination with a relatively high cathode potential (typically 0.6 – 
0.9 V), degradation processes therefore are more pronounced in the 
cathode catalyst layer (CCL) than in other MEA components [7]. For this 
reason, the CCL is the focus of most degradation investigations and is 
also examined more closely in the presented work.

The associated degradation phenomena are well understood at the 
material level and include both reversible and irreversible processes [8] 
[9]. These include damage to the catalytically active material (e.g. Pt) 
and its support material (e.g. carbon) as well as the ionomer used in the 
CCL and in the membrane. CL degradation has been widely studied 
including the importance of spatially heterogenous aging of the CL 
structure and of the evolution of the CL/membrane interface [10] [11] 
[12]. Different local operating conditions result in uneven distribution 
of current density, temperature, radical concentration and water content 
in the CL and impacts carbon corrosion, Pt sintering and dissolution, 
ionomer degradation, and CL structure evolution [10]. The ionomer can 
degrade under high local temperatures, losing the connectivity of 
proton-conducting pathways and ionomer films can expand and shrink 
accordingly with the change in its hydration levels. This may lead to the 
delamination at the three-phase boundary, deactivating the active 
catalyst sites [13]. Pt/C and ionomer agglomeration, pinholes, and 
cracks are found in aged CLs [14] [15], which impacts the proton 
transport or electric network. Furthermore, CL/membrane interfacial 
delamination can significantly increase the proton transport resistance 
through this interface [10]. Guilminot et al. [16] reported that delami
nation and crack formation at the interface is intensified by relative 
humidity and temperature changes during load cycles. Additionally, the 
local variation in radical concentration can create localized degradation 
hotspots resulting in heterogeneous reduction of proton conductivity, 
formation of voids and cracks, and delamination of layers at interfaces 
[17].

Regarding structural changes in the CCL, the loss of porosity and the 
increase of water uptake in the CCL are often referred to a result of 
carbon corrosion [18] [19] as well as Pt dissolution and redeposition 

[20], while changes in protonic conductivity are typically referred to 
ionomer degradation [21] [22] [23]. However, recent publications have 
shown that the ionomer in the CCL is mobile and can move within the 
layer. Most publications regarding ionomer mobility are focused on 
property changes of nanoscale thin-films at catalyst agglomerate level 
and catalyst/ionomer interactions [15] [24] [25] [26]. But additional 
publications have shown that ionomer migration is also an important 
factor for changes of the macroscopic CL structure, like crack formation 
and propagation, pinhole formation and changes in the porosity. He 
et al. have demonstrated that the importance of different degradation 
mechanism can vary upon the operation time under dynamic testing 
conditions. While catalyst degradation is dominant during the first 
100 h, the loss of proton connectivity caused by changes in the ionomer 
network becomes a main factor for longer fuel cell operation [27]. Wang 
et al. have shown that fuel cell operation under stationary condition 
induces also the ionomer/catalyst interface in the CL and state that the 
mechanism leading to this phenomenon needs further investigation 
[28]. Additionally, Zhao et al. have performed ex-situ experimental 
observations of microstructure changes under wet-dry cycling and found 
considerable growth of the catalyst agglomerates, together with the 
formation of pinholes and cracks in the CL [14]. The study of Xiao et al. 
[29] reveals how ionomer degradation contributes to the loss of proton 
transport networks and pore structures within the CL. Beside crack 
formation in the CL, it was shown that the volume of primary and sec
ondary pores reduced drastically during 3,000 h fuel cell operation, 
which was indicated to be a result of a partial CL structure collapse. 
Consequently, it was stated that ionomer migration and aggregation are 
the key factors leading to the loss of pore structure. The increase in 
proton transport resistance is attributed to the loss of a homogeneous 
network distributions of the ionomer, decreased ionomer thin layers at 
the catalyst surfaces and chemical degradation of the ionomer.

The study of Yin et al. based on AST measurements targeting CL 
changes during RH cycling in a climate chamber is of particular interest 
[30]. It has demonstrated that humidity cycling can induce apparent 
changes in the CL structure, with ionomer aggregation and migration 
leading to crack growth and subsequent crack propagation and attri
butes these changes to ionomer migration.

The work presented here is focused on the identification of degra
dation phenomena in a technical PEMFC single cell under load cycling 
conditions including significant gradients in the cathode conditions 
from air inlet to air outlet regarding oxygen concentration and relative 
humidity. Local changes in material properties and structural properties 
are characterized in detail and their impact on electrocatalytic and 
transport properties are discussed. This includes the consideration of 
potential ionomer migration depending on the local operating condi
tions and their influence on the ionomer distribution and the pore 
structure in the CL as well as on the performance of the analyzed fuel 
cell. Hence, this work provides new insight into ionomer migration as a 
mechanism of CL degradation by investigating this phenomenon linked 
to application relevant local operation conditions.

2. Experimental

2.1. Membrane electrode assembly (MEA)

NC700, a discontinued, ePTFE reinforced membrane with scavenger 
from Chemours, is used as membrane. The cathode and anode catalyst 
layers are prepared by a decal method using a knife coater on a PTFE 
substrate and subsequent hot pressing of the CL to the membrane. 
Thereby, TEC10E50E (46.2 wt.-% Pt on high surface area carbon) from 
Tanaka Kikinzoku and D2020CS (20 wt.-% Nafion® dispersion) from 
Chemours are used as catalyst and ionomer to create catalyst layers with 
an ionomer to carbon ratio of 0.8. The catalyst loading is set to 0.1 mgPt 
cm− 2 for the anode and to 0.2 mgPt cm− 2 for the cathode. On both sides, 
Sigracet 22BB from SGL Carbon with a thickness of 215 μm, a 5 wt-.% 
PTFE treatment and a MPL is used as gas diffusion layer (GDL).
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2.2. Test cell and test equipment

The test cell consists of graphite composite plates equipped with a 
single serpentine flow field (rib width 0.8 mm, channel width 1.4 mm, 
channel depth 1.4 mm) and an active area of 22.5 cm2 (4.5 × 5.0 cm2). 
Thus, the used cell represents a technical single cell and the single 
serpentine flow field results in a significant gradient in the cathode 
conditions from air inlet to air outlet. While the cell temperature is kept 
constant, the oxygen concentration decreases due to oxygen consump
tion and the relative humidity increases due to produced water along the 
flow channel. The flow plates are integrated in a liquid cooled quick
CONNECT qCf FC25 cell and cell fixture from balticFuelCells GmbH. The 
compression force on the MEA is pneumatically controlled to achieve 
1 MPa. Hydrogen (5.0 quality by Linde AG) and air (dried, filtered, and 
compressed ambient air) are supplied in counter flow configuration. 
Additionally, nitrogen (5.0 quality by Linde AG) is used for electro
chemical characterization.

The in-house developed test stand controlled by programmable logic 
controllers allows automatic control of the test conditions, such as the 
pressure, temperature, gas flow rates and humidity. The commercial 
electronic load ZS506-4NV-SV5 from Höcherl & Hackl GmbH was used 
to control cell current density. The gasses are humidified by bubblers 
according to the respective dew point temperature. The reactant pres
sures are measured and controlled at the cell outlets.

2.3. Degradation test protocol and test conditions

The durability test is performed according to the EU Harmonized 
Test Protocols for PEMFC MEA testing in single cell configuration for 
automotive applications [31]. The related reference operating condi
tions are summarized in Table 1.

The durability is evaluated by imposing the Fuel Cell Dynamic Load 
Cycle (FC-DLC) as shown in Fig. 1a for 500 h including start-up and shut- 
down cycles. This test cycle consists in 35 load steps defined as per
centage of the maximum current density [20], which is determined to 
1.05 A cm− 2 from the current response at 0.65 V in the BoT polarization 
curve (Fig. 2a and Table S1). The degradation rates during the test are 
determined at 3 different load levels (0.05, 0.44, and 1.05 A cm− 2), 
indicated in Fig. 1a. Each FC-DLC is about 20 min (1181 s) and the test is 
structured in test blocks interrupted by short stops after 6 cycles and 
long stops after 4x6 cycles to simulate a realistic drive cycle (Fig. 1b).

The short stops last 10 min without cell cool down and include load 
disconnection, pressure reduction to ambient pressure, stopped air flow 
(hydrogen flow maintained to assure cell voltage decrease). The long 
stops last 4 h with cell cool down to 20 ◦C. Again, the load is discon
nected, the pressure is reduced, and the air flow is stopped. Additionally, 
the hydrogen flow is stopped after 10 min, but the cell voltage still re
mains below 0.1 V. An example for short and long stop is shown in 
Fig. 1c.

It should be mentioned that nitrogen purges are not used in this 
degradation test protocol to enable degradation behavior close to 
automotive application. Nevertheless, it is well known that the cell 
degradation is accelerated by this test protocol due to fast and frequent 
load, pressure and temperature variations [32] as well as present 

hydrogen/air fronts in the cell during start-up [33].

2.4. Electrochemical characterization

The electrochemical properties of the examined MEA are determined 
at begin-of-test (BoT) and end-of-test (EoT) including measurements for 
performance (polarization curve), electrochemical impedance spec
troscopy (EIS), high frequency resistance (HFR), and hydrogen cross- 
over as well as for effective proton transport resistance (Reff,H+) and 
roughness factor of the catalyst (RF) in the CCL. In addition to the used 
test stand, electrochemical analysis was realized using a combination of 
IM6 and PP241 potentiostats from ZAHNER-elektrik GmbH & Co. KG. 
Data acquisition and analysis were carried out using the Thales XT 5.8.2 
software.

Polarization curves and EIS are measured applying the same condi
tions as used for the degradation test (Table 1). The polarization curve 
protocol is following the EU-harmonized protocol [17] using galvano
static steps with dwell times of 60 s below 0.1 A cm− 2 and 120 s above 
0.1 A cm− 2. Resulting voltage values are extracted as the average value 
during the last 30 s. EIS measurements are also realized galvanostati
cally applying various DC load levels and AC amplitudes (Table 2) be
tween 50 kHz and 100 mHz (varied from high to low frequency). The 
presented parameters of HFR, oxygen reduction reaction (ORR) charge 
transfer resistance and O2 mass transport resistance are extracted from 
the EIS data using Thales XT 5.8.2 and the equivalent circuits presented 
in Fig. S1.

All EIS measurements (in H2/air and H2/N2) are realized after at least 
5 min stabilization. Measurements were realized using 10 steps per 
decade and 20 measure periods above 66 Hz as well as 5 steps per 
decade and 4 measure periods at lower frequencies. Linearity and sta
bility are checked according to Kramers-Kronig relations. EIS results are 
presented in the main document via Nyquist plot. Related Bode plots are 
included in the supplementary information to present frequency- 
dependent behavior.

The hydrogen cross-over is estimated from a chronoamperometric 
measurement of the oxidation current caused by permeating hydrogen 
from anode to cathode using different conditions. Thereby, the cell is fed 
by 113 mL min− 1 (5 mL min− 1 cm− 2) hydrogen to the anode and 
45 mL min− 1 (2 mL min− 1 cm− 2) nitrogen to the cathode while polar
izing the cathode to 0.4 V for 5 min. The cross-over values are extracted 
by the average value during the last 2 min.

Reff,H+ and HFR are measured using the same gas flows as used for 
hydrogen cross-over. The measurements are realized at 80 ◦C, 1500 
mbarabs on anode and cathode side, and variable relative humidity (RH) 
of 50%, 80%, and 100%. Reff,H+ is extracted from potentiostatic EIS 
measurements at 0.4 V with an amplitude of 5 mV between 25 kHz and 
10 Hz (varied from high to low frequency) using the transmission line 
model suggested by Pickup et al. [34] [35] (see Fig. S2). It can be ob
tained from the magnitude of a Warburg-like region projected onto the 
x-axis (xwar) corrected by HFR in a Nyquist plot using Eq. (1). 

Reff,H+ =3 * (xwar − HFR) Eq. 1 

The RF of the platinum catalyst in the CCL is determined by cyclic 
voltammetry (CV). CVs are measured using the same gas flows as used 
for hydrogen cross-over at 30 ◦C, 1000 mbarabs, 100% RH. The scan rate 
was varied to 20, 50, 100, and 200 mV s− 1 and the RF was calculated 
using Eq. (2). 

RF=qH− ads
/ (

Γ * Ageo
)

Eq. 2 

qH-ads represents the charge determined by integration of the hydrogen 
adsorption peaks (see Fig. S3) and Ageo is the geometric active area of the 
examined electrode (22.5 cm2). The charge Γ = 210 μC cm− 2

Pt is required 
for the electrochemical adsorption of one monolayer hydrogen on a 
polycrystalline platinum surface, also applicable for carbon supported 
platinum nanoparticles [36] [37].

Table 1 
Test conditions applied for durability test, polarization curve and EIS 
measurements.

Conditions

Cell temperature/◦C 80
Gas composition H2/Air
Pressure at anode and cathode outlet/barabs 2.5/2.3
Gas inlet temperature at anode and cathode/◦C 85/85
Relative humidity at anode and cathode inlet/% 50/30
H2 and O2 stoichiometry/- 1.3/1.5
Min. gas flow according to current density/A cm-2 0.4
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Additionally, the double layer capacity Cdl was extracted from the 
same CVs [38] [39]. Cdl was determined according to Eq. (3). 

Cdl = Idl / v Eq. 3 

Idl represents the current in the double layer region at 0.45 V (see 
Fig. S3) corrected by the hydrogen crossover current (average between 

up-scan and down-scan) and v is the voltage scan rate of the CV 
measurement.

2.5. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) measurements were performed 
using a Jeol 7200F FE electron microscope with E-T detector. Prior to 

Fig. 1. (a) Load profile of one single FC-DLC sequence including 3 marked load levels used for the calculation of the degradation rates in Fig. 2c. (b) Flow chart of 
applied 500 h degradation test. (c) Example for short and long stop in the applied test profile.
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the measurements, the samples were cut with Jeol ionmilling device at 

6 kV through the whole MEA while the stage was swinging. The samples 
were in addition sandwiched between two silicon wafers to increase the 
stability while cutting. The measurements were performed with 5 kV 
and a WD of 10 mm. In addition, FIB-SEM was performed using Zeiss 
Crossbeam 350 microscope with Gallium FIB. The area of examination 
was covered with platinum using gas injection system and tracking 
marks for drift compensation were added and then covered with carbon 
also using the gas injection system. With 3 nA a coarse trench was cut 
into the electrodes, then the fine trench was prepared with 700 pA. The 
milling beam for tomography was chosen to be at 30 kV/300 pA with a 
slice thickness of 5 nm, same as the pixel size. Imagin of each slice was 
performed using SE detector at a WD of ~5.1 mm (coincidence point of 
FIB and electron beam) with acceleration voltage of 2 kV. Drift 
compensation was done every 3 slices. Evaluation of the volumes was 
performed with GeoDict 2026 using the included AI algorithm in the 
module ImportGeo for import and segmentation. Porodict was used to 
evaluate the pore space.

2.6. Atomic Force Microscopy

Atomic Force Microscopy (AFM) measurements were performed 
using Multimode 8 and Icon XR AFMs on the same samples used for SEM 
measurements. NCH-Pt (Nanosensors) tips with a nominal spring con
stant of 42 N/m were used to measure the cross-sections and surfaces in 
PF-TUNA mode, which measures the mechanical properties in addition 
to the electronic conductivity. For measuring the surface, it was con
nected with an additional carbon tape to ensure conductivity of the top 
layer to the sample puck. In addition, for high resolution mapping of the 
porosity and detecting ionomer at the nanoscale supersharp tips with 
5 N/m were used (SHR150, Budgetsensors).

An algorithm developed specifically for this purpose processes AFM 
height images to extract surface porosity. It subtracts a Gaussian- 
smoothed background from each image to isolate surface depressions, 
identifies pores using a threshold-based method, and calculates porosity 
as the fraction of pore pixels relative to the total image area.

3. Results and discussion

3.1. Performance decay during fuel cell operation

Fig. 2 shows the degradation behavior of the MEA during the applied 
500 h load cycling degradation test. The performance decay is demon
strated by the comparison of the BoT and EoT polarization curves in 
Fig. 2a. Obviously, the MEA degraded significantly due to the AST 
approach of the applied test. A voltage loss up to 110 mV at 2.0 A cm− 2 

was detected. Both polarization curves are measured after cell shut- 
down and cool-down as well as electrochemical characterization. 
Therefore, it can be assumed that reversible voltage losses from the 
500 h degradation test are fully recovered and the demonstrated voltage 
decays are only caused by irreversible degradation processes [8].

Fig. 2b represents the voltage decay during the 500 h FC-DLC test 
including both, reversible and irreversible degradation processes. 
Voltage values at 3 different load levels were extracted from the test 
data, without considering the 3 s before and after each load change to 
exclude capacitive effects. The relatively high total degradation rates in 
the range − 42 up to − 122 μV h− 1 also demonstrate the AST character of 
the applied test. The resulting voltage decay is non-linear and therefore 
time-dependent degradation rates during each 50 h interval are pre
sented in Fig. 2c.

A closer look on the polarization curves in Fig. 2a reveals a voltage 
decay already in the ORR charge transfer dominated regime below 
0.1 A cm− 2, which suggests that the catalyst is impacted by the applied 
test. The voltage decay at 0.05 A cm− 2 is included in Fig. 2b and the total 
degradation rate during the 500 h test is about − 42 μV h− 1, resulting in a 
voltage loss of about 21 mV during 500 h. This is in good agreement with 
the difference between BoT and EoT performance in Fig. 2a. Due to the 

Fig. 2. Degradation behavior of PEMFC MEA during the 500 h load cycling 
test. (a) Polarization curves Begin-of-Test (BoT) and End-of-Test (EoT) in 
automotive conditions (Table 1) after recovery of reversible voltage losses. (b) 
Voltage values and degradation rates at different load levels during FC-DLC 
durability test. (c) Time-dependent degradation rates during each 50 h inter
val calculated from (b).

Table 2 
DC load and AC amplitude parameters applied for EIS measurements.

Current density/A cm− 2 DC load/A AC amplitude/A

0.025 0.563 0.03
0.2 4.5 0.2
0.5 11.3 0.5
1.0 22.5 1.0
1.5 33.8 1.0
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mentioned recovery of the reversible voltage losses before polarization 
curve measurements, the performance loss at low current density seems 
to be caused by irreversible degradation phenomena. The corresponding 
time-dependent degradation rates extracted from the durability test data 
(Fig. 2c) show an almost linear decrease from 66 to 24 μV h− 1.

In contrast, the voltage decays at 0.44 and 1.05 A cm− 2 in Fig. 2b are 
clearly not linear and higher compared to 0.05 A cm− 2. In general, the 
voltage decay and thus the performance loss are more pronounced with 
increasing current density. At 0.44 A cm− 2, -98 μV h− 1 results in a 
voltage loss of about 49 mV during 500 h, which is again in good 
agreement with the difference between BoT and EoT performance 
(Fig. 2a) and thus should be caused by irreversible degradation phe
nomena. Fig. 2c demonstrates that the time-dependent degradation 
rates at this load level decrease non-linearly from 160 to 64 μV h− 1.

At 1.05 A cm− 2, which is defined as maximum current density during 
the FC-DLC protocol, the total degradation rate corresponds to 
− 122 μV h− 1 resulting in a voltage loss of about 61 mV during 500 h, 
which seems to be partially reversible. This reversible voltage recovery 
is typically based on the removal of oxides and impurities from the 
catalyst surface, varied water management within the membrane and 
electrodes, and the associated structural changes in the membrane and 
the catalyst layer [8]. The voltage decay and the trend of the degrada
tion rate over time show clearly non-linear behavior. Furthermore, the 
degradation rates decrease significantly from 262 to 66 μV h− 1. It is well 
known that the performance in this load range is also limited by the 
oxygen mass transport in the cathode [40]. It can be assumed that the 
change in the corresponding transport properties is also not linear with 

time and is more pronounced at the beginning of the test. These trans
port properties are typically dominated by the CL structure. Thus, 
changes in this structure are of high importance for the understanding of 
the appearing degradation mechanisms and are an essential part of the 
presented work. The impact of the degradation test on the different 
materials and on the CL structure will be discussed in the following.

3.2. Impact on membrane properties

Fig. 3a and b show cross-section images of a pristine CCM samples 
(BoT without compression in the used single cell) and after the 500 h 
degradation test (EoT including compression in the test cell) recorded by 
SEM, respectively. The latter shows 50-100 nm platinum particles 
formed in the membrane near the cathode/membrane interface during 
the test (Fig. 3c).

Thereby, significantly more and larger platinum particles are formed 
at the air outlet (hydrogen inlet) which is in agreement with previous 
studies [41]. The existence of these particles, also known in the litera
ture as platinum band [42] [43], enables the chemical recombination of 
hydrogen and oxygen inside the membrane. This reduces the hydrogen 
crossover current (Fig. 3d), which is particularly evident at an increased 
pressure of 2300/2500 mbarabs with a reduction of about 0.7 mA cm− 2 

(7.5%) between BoT and EoT. Furthermore, the formation of these 
particles near the cathode/membrane interface, especially close to the 
air outlet, indicates that parts of the catalyst in the CCL undergoes Pt 
dissolution and migration into the membrane which is consistent with 
the RF loss discussed later.

Fig. 3. Impact of 500 h degradation test on catalyst coated membrane (CCM) and membrane properties: (a) BoT and (b) EoT cross-section SEM images of the CCM. 
(c) Visualization of Pt band via SEM at cathode/membrane interface. (d) Hydrogen crossover current density under different conditions. (e) HFR measured in H2/N2 
atmosphere at 80 ◦C and 1500 mbarabs using variable RH.
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The change of CL and membrane thicknesses observed in Fig. 3a and 
b need to be taken with care, since the pristine cell was not compressed. 
Nevertheless, a thinning of the membrane by 5% and a thinning of the 
cathode thickness by 11% was determined, while the anode thickness is 
not affected (3.6 μm). Hence, it is not sufficient to state that the change 
in the CCL thickness is caused by cell compression alone. On the other 
hand, the reduced membrane thickness should lead to a reduction in the 
HFR during fuel cell operation. However, no significant reduction was 
detected in the corresponding measurements as shown in Fig. 3e. 
Nevertheless, it is noted that HFR is not only a property of membrane 
thickness; it represents the sum of all ohmic resistances in the cell. In 
addition to the membrane thinning, HFR can be impacted by: (i) water 
content in the membrane [44], (ii) chemical membrane degradation 
resulting in loss of sulfonic acid groups of the ionomer [45], and (iii) 
increase of the contact resistances between the cell components [46].

Generally, it can be concluded that the increase of voltage loss with 
increasing current density in the polarization curves shown in Fig. 2a 
cannot only be caused by increased ohmic resistance. Hence, membrane 
degradation seems not to be the main reason for the performance loss. 
Additional analysis such as the determination of the fluorine emission 
rate could allow further conclusions about the membrane behavior. 
However, this was not the focus of the presented study. On the other 
hand, the loss of CCL thickness and the formation of a Pt band close to 
the cathode/membrane interface suggests that degradation effects of the 
catalyst and/or of the CCL structure occurred. This will be discussed in 
the following.

3.3. Impact on catalyst properties

The decreased performance at low current density, i.e. in the ORR 
charge-transfer dominated regime, as well as the formation of the 
platinum band in the membrane suggests that the catalyst degraded 
during the 500 h test. CVs at different scan rates of 20, 50, 100, and 
200 mV s− 1 (Fig. 4a) are used for further investigation. The resulting RFs 

in the CCL (Fig. 4b) at different scan rates are very similar and thus the 
RF values can be considered as independent from the used scan rate. 
This demonstrates that the integrated peaks (Fig. S3) are caused by the 
complete electrochemical adsorption of a hydrogen monolayer on the 
platinum catalyst and that there is no limitation due to mass transport or 
reaction kinetics. In addition, the integration result is thus not super
imposed by faradaic reactions such as hydrogen evolution and the 
determined RFs can be considered reliable [47]. The averaged RF values 
are reduced from (134.1 ± 2.4) to (84.6 ± 1.3) cm2

Pt cm− 2
geo by about 37% 

during the 500 h test. This loss in active catalyst surface can be caused by 
growth of the catalyst particles in the CCL, by Pt dissolution and rede
position in the membrane [38], and by changes in the CCL structure with 
impact on accessibility of the catalytic sides to the oxygen and/or the 
protons [48].

EIS measurements at very low current density of 0.025 A cm− 2 

(Fig. 4c and Table S2) confirm the significant loss of catalyst activity 
during the 500 h test by an increase of about 24% in the ORR charge- 
transfer resistance from 1307 to 1622 mΩ cm2.

The impact of the degradation test on the double layer capacity Cdl of 
the CCL is shown in Fig. 4d. Again, the Cdl is independent of the scan rate 
and not superimposed by faradaic reactions. The difference between the 
averaged Cdl at BoT and EoT is negligible and changes from (36.0 ± 1.4) 
to (36.3 ± 1.3) mF cm− 2

geo. According to Iden and Ohma [49], the 
determined Cdl is the result of four interfaces within the CCL, which are 
Pt/ionomer, Pt/water, carbon/ionomer, and carbon/water. Thus, it is 
not possible to evaluate, if one of these interfaces changed, but it can be 
stated that the summation of the Cdl of these four interfaces is not 
affected by the durability test.

It can be summarized that the electrocatalyst in the CCL is strongly 
degrading during the 500 h test. The RF reduction by 37% and the 
resulting 24% increase of the ORR charge-transfer resistance causes the 
occurring performance loss, especially at low and medium current 
density. Due to the reduced RF, the Cdl caused by the Pt/ionomer and Pt/ 
water interfaces can be expected to decrease. However, since the total 

Fig. 4. Impact of 500 h degradation test on catalyst properties: (a) BoT and EoT cyclic voltammograms at 30 ◦C, 1000 mbarabs, 100% RH and different scan rates and 
(b) resulting roughness factors as well as (d) resulting double layer capacitance. (c) BoT and EoT EIS measurements at 0.025 A cm− 2 using automotive test conditions 
presented via Nyquist plots (Bode plots are presented in Fig. S4).
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Cdl remains unchanged, the Cdl caused by the carbon/ionomer and 
carbon/water interfaces presumably increases. This could have two 
reasons. Firstly, the carbon support in the CCL could be corroded, which 
reduces its hydrophobicity and increases the contribution from the 
carbon/water interface [50]. Secondly, the structure and the ionomer 
distribution in the CCL could have changed, which influences the 
contribution through the carbon/ionomer interface [51].

3.4. Impact on catalyst layer structure

There were already hints during the evaluation of the impact of the 
500 h degradation test on the performance and on the catalyst properties 
that the CCL structure might be impacted as well. In order to confirm 
this hypothesis, investigations were first carried out on CCM cross- 
sections (Fig. 5). This revealed clear differences between the BoT and 
EoT samples, although these were mainly limited to the CCL structure 
near the cathode/membrane interface and were more pronounced close 
to the air outlet. The cross-section analysis at air inlet is based on SEM 
(Fig. 5a) as well as AFM height profiles (Fig. 5b). While the CCL structure 
of the BoT sample is quite homogeneous, the EoT sample shows a denser 
layer close to the membrane interface. This layer is visualized in the 
cross-section analysis using SEM and AFM by the red, dashed line. To 
enable a more quantitative analysis, Fig. 5c shows line scan sections in x 
and y direction following the lines indicated in Fig. 5b. The position of 
the cathode membrane interface is marked in the resulting y-sections by 
the black arrows. It is obvious that the pores are homogeneously 
distributed in the BoT sample and extend to the membrane. In contrast, 
the EoT sample shows no clear porosity of the CCL at distances up to 
0.6 μm from the membrane, representing the mentioned denser layer. 
Additionally, the x-sections of Fig. 5c enable the determination of the 
pore size distribution in the CCL close to the membrane. Height differ
ences of about 50 nm were detected in the BoT sample. In contrast, the 
height differences at EoT correspond to only 30 nm. Thus, the 500 h test 
resulted in a local reduction of the pore size by ~40%. Related to the 
entire CCL thickness (6.3 μm), the thickness of this local degraded areas 
(0.6 μm) corresponds to about 10% of the CCL thickness.

Fig. 5d shows a detailed investigation by AFM deformation and 
height analysis of this phenomenon at the membrane/CCL interface. The 
distribution of ionomer and catalyst in the BoT CCL is very homoge
neous and shows no gradient towards the membrane. In contrast, the 
ionomer concentration in the EoT CCL is significantly higher near the 
membrane, and the formation of the dense layer with low porosity close 
to the membrane can be confirmed.

In order to assess the changes in the pore structure during the 500 h 
degradation test more in detail, FIB-SEM analyses of the CCL structure in 
the immediate vicinity of the membrane were carried out (Fig. 6). The 
reconstructed 3D structures in Fig. 6a already demonstrate that the 
porosity of the CCL decreases significantly in this region and that this 
decrease is more pronounced at the air outlet. The pore size distribution 
determined from these measurements and shown in Fig. 6b also in
dicates that the average pore diameter decreases at the air outlet and 
that only very small pores remain available for gas transport. This 
further confirms the formation of a very compact layer near the mem
brane. It also affects the determined porosity (Fig. 6c), which decreases 
from 0.435 to 0.271 at the air inlet and to 0.141 at the air outlet. This 
significant reduction in porosity of 38% and 68% respectively increases 
the transport limitation for oxygen in the CCL and appears to contribute 
significantly to the performance decay.

The distribution of the catalyst layer components, which were 
already examined by the cross-sectional analysis, were further investi
gated by AFM measurements of the CCL surface (interface CCL/GDL). 
Fig. 7 shows high resolution AFM analysis of the CCL surface at BoT (a) 
as well as EoT at air inlet (b) and EoT at air outlet (c). In each case, an 
AFM topological image is shown along with a contact current distribu
tion map as well as binarization of the contact current map into 
conductive and non-conductive areas using a threshold of 5 nA. Based on 

the height mapping, differences between BoT and EoT are not significant 
on the surface. For instance, only a slight change of surface porosity can 
be detected. From the surface porosity analysis, the BoT sample showed 
22%, the air inlet sample 20% and the air outlet sample 17% surface 
porosity. However, when evaluating the electrical current mapping, the 
BoT sample (Fig. 7a) shows a conductive area of 54%, which becomes 
significantly reduced upon the degradation test. This results in 
conductive areas of 40% for the EoT sample near the air inlet (Figs. 7b) 
and 22% near the air outlet (Fig. 7c). The decrease of conductivity can 
be attributed to higher local ionomer concentration in the CCL because 
the ionomer is not conductive while the catalyst materials (Pt and car
bon) are. Consequently, the ionomer concentration in the CCL increases 
relative to the Pt/C amount in the CCL during the 500 h test and the 
extent of the increase appears to depend on the operating conditions. 
The dry conditions near the air inlet (air feed with 30% RH) result in an 
ionomer concentration increase of about 26%. In contrast, the condi
tions at the air outlet are very humid due to the accumulation of product 
water along the air flow field. Here, the ionomer concentration increases 
by around 59%. This relative increase can have different causes. On the 
one hand, carbon corrosion and Pt loss (for example due to Pt dissolution 
and Pt band formation) can reduce the amount of catalyst material. On 
the other hand, a certain degree of ionomer mobility can result in a 
movement of ionomer chains within the CCL or from the membrane to 
the CCL.

It is well known, that the carbon corrosion rate increases with 
increasing relative humidity and with the presence of liquid water [52] 
[53]. Thus, a higher carbon corrosion rate can be expected close to the 
air outlet where the loss of the conductive area observed via AFM is 
particularly high. This aspect and the detected reduction of CCL thick
ness suggest that carbon corrosion could at least partially cause the 
compositional change in the CCL. However, the increase in ionomer 
concentration in the CCL by 26-59% is significantly higher than the 
decrease in CCL thickness by 11% would suggest. Thus, ionomer 
mobility also appears to contribute to this change, as existing pores in 
the CCL could be felt with migrating ionomer. Yin et al. [19] have shown 
that ionomer migration plays an important role in the structure changes 
of the CL and is influenced by changes of the humidity in the CL. The 
ionomer hydrates and dehydrates when the humidity in the CL increases 
and decreases. The resulting swelling and shrinking can induce ionomer 
migration due to irreversible viscoelastic strain [54]. It was found that a 
high amplitude of the humidity change promotes the ionomer migration 
and thus structural changes. The work of Yin et al. [19] was focused on 
the impact of this ionomer migration on the crack growth and propa
gation within the CL. Even without fuel cell operation, it was demon
strated that the electrochemical active surface area (ECSA) decreases 
and ORR charge transfer resistance increases due to hindered electro
n/ion pathways and detachment of catalyst/ionomer interfaces as a 
result of structural changes. Additionally, an increase of the O2 mass 
transport resistance indicated a deterioration in mass transfer pathways 
in the CL due to ionomer migration and agglomeration in the CL pores.

In the experiments of the present work, the degradation test was 
realized by fuel cell operation in a technical cell, with low relative hu
midity at the air inlet and high relative humidity at the air outlet. Due to 
the different load levels in the FC-DLC and the included start-up and 
shut-down cycles, humidity is changing during the experiment. This 
enables the ionomer migration mechanism proposed by Yin et al. [19] 
and suggests that it is more pronounced at the air outlet. These aspects 
support the hypothesis that a significant part of the performance 
decrease in the 500 h test is caused not only by catalyst degradation but 
also by structural changes in the CCL due to ionomer migration. The 
corresponding ionomer mobility leads to an accumulation of the ion
omer in the CCL, especially near the cathode/membrane interface and 
close to the air outlet. Consequently, the porosity is impeded there. 
However, it is not clear whether the additional ionomer in the CCL pores 
originates from the CCL or from the membrane. Additional ionomer 
from the membrane would lead to a reduced porosity and electronic 
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Fig. 5. BoT and EoT cathode (air inlet) catalyst layer structure evaluation based on cross-section analysis via (a) SEM and (b) AFM height analysis. The inset of the 
EoT SEM and the red dashed area in EoT SEM and AFM indicate the area with increased density. (c) Height profiles (line scans) are extracted from AFM by x- and y- 
sections as marked in (b). The vertical arrows in the y-section plots label the position of the membrane/CCL interface. (d) AFM deformation and height analysis of 
MEA cross-sections BoT and EoT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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conductivity at a large portion of the CCM, while a migration of the 
ionomer only in the catalyst layer would lead to ionomer depletion 

zones and zones with ionomer agglomeration. But neither of these two 
effects could be proven beyond doubt.

Fig. 6. FIB-SEM analysis of the CCL structures close to the membrane. (a) 3D reconstruction of CCL structure BoT and EoT at air inlet and air outlet. Y-direction 
represents gradient from membrane (bottom) towards GDL for a thickness of 3 μm. (b) Resulting pore size distribution in the examined CCLs. (c) Resulting porosity in 
the examined CCLs.

Fig. 7. Structural analysis of the cathode catalyst layer surface via AFM using height sensor (left), contact current (middle) and visualization of conductive area 
(right, blue: conductive, black: non-conductive using 5 nA threshold). Results are presented for (a) pristine BoT cathode as well as EoT samples located at (b) air inlet 
and (c) air outlet. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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As shown in Fig. 8a via EIS at 1.5 A cm− 2, the O2 mass transport 
resistance increases during the test from 107.0 to 117.8 mΩ cm2 by 
about 10% (also see Fig. S1 and Table S2), which might be caused by the 
decreased porosity in the CCL and by the increase of the ionomer film 
thickness on the Pt/C catalyst.

3.5. Impact on proton conductivity

The increase of the local ionomer concentration in the CCL affects 
additionally the proton conductivity of this layer. This aspect is analyzed 
by EIS measurements in hydrogen/nitrogen at variable relative humid
ity as shown in Fig. 8b. The resulting effective proton transport re
sistances are shown in Fig. 8c and it is obvious that these values decrease 
significantly during the 500 h test. The more humid the measuring 

conditions are, the more this resistance decreases, by about 25% at 50% 
RH, over 34% at 80% RH, up to 38% at 100% RH. This very significant 
decrease in the effective proton transport resistance demonstrates that 
the ionomer network in the CCL has become much denser, which fa
cilitates proton transport but hinders oxygen transport.

It should also be mentioned that the work of Yin et al. [19] has shown 
that the proton transport resistance can also increase when cracks form 
and propagate in the CCL, interrupting the proton transport pathways. 
However, since CCLs used in the present work did not show any cracks 
(see Fig. 3), this effect does not occur here.

4. Conclusion

This work presents a detailed study regarding the impact of a 500 h 
FC-DLC degradation test on transport and structural properties in the 
CCL. A 22.5 cm2 technical single cell with significant differences in the 
operating conditions at air inlet and air outlet is used to evaluate local 
effects. The examined CCM uses a commercial Pt/C catalyst and a 
cathode platinum loading of 0.2 mg cm− 2.

This test resulted in significant performance degradation of up to 
110 mV at 2.0 A cm− 2. The detailed analysis of the degradation pro
cesses firstly focused on the used materials. Membrane degradation was 
not the main focus of the presented work and demonstrated a minor 
effect on the performance loss.

As known from the literature [55], the low current density regime in 
polarization curves is dominated by the ORR charge transfer resistance. 
The performance decay analyzed in this regime at 0.05 A cm− 2 showed a 
degradation rate of − 42 μV h− 1. This can be attributed to irreversible 
catalyst degradation as indicated by the ECSA loss of 37% and Pt 
redeposition in the membrane as platinum band. These changes resulted 
in 24% increase in the ORR charge-transfer resistance. In general, oxy
gen transport limitation becomes more important with increasing cur
rent density [55]. The analyzed voltage decay in this regime is more 
pronounced with increasing current density and the degradation rates of 
− 98 μV h− 1 at 0.44 A cm− 2 as well as − 122 μV h− 1 at 1.05 A cm− 2 

cannot only be attributed to material changes, but also to increased 
oxygen transport limitations. Thereby, the oxygen transport is primarily 
affected by the CL structure. A closer look on the pore structure in the 
CCL reveals that an about 0.6 μm thick layer with drastically reduced 
porosity by 40% has formed at the CCL/membrane interface.

The combination of FIB-SEM and AFM deformation and height 
analysis confirms the formation of this dense layer and the loss of 
porosity at the CCL/membrane interface by 38% and 68% at air inlet 
and air outlet, respectively. Supplementary to the potential collapse of 
the pore structure due to carbon corrosion and catalyst degradation, 
ionomer migration was identified by these AFM measurements to cause 
the changes at the CCL/membrane interface by filling the pores with 
ionomer. Thereby, pore diameter and the pore volume are significantly 
reduced. In addition to the effect at the CL/membrane interface, an in
crease of the local ionomer concentration relative to the Pt/C amount 
was observed at the surface of the CL which, in contrast to the dense 
layer at CL/membrane interface, does not lead to topography changes. It 
is well known that changes in humidity results in swelling and shrinking 
of the ionomer and this can induce ionomer migration in the CL. Due to 
the more humid local conditions at air outlet, the ionomer seems to be 
more mobile there. On cell level, this increased ionomer concentration 
in the catalyst layers results in a reduction of the effective proton 
transport resistance by up to 38% and an increase of the O2 transport 
resistance by about +10%.

The presented work reveals that the ionomer migrates in the CCL 
during application relevant fuel cell operation on a macroscopic level. 
The impact of ionomer mobility on property changes of nanoscale thin- 
films and catalyst/ionomer interactions or CL morphological changes is 
well known. But this effect is strongly influenced by local operating 
conditions and thus required in-situ examination regarding CCL prop
erties changes including the porosity. Thereby, it is shown that the local 

Fig. 8. Impact of 500 h degradation test on transport properties in the CL by 
BoT and EoT analysis via: (a) Nyquist plots of EIS at 1.5 A cm− 2 in hydrogen/air 
using automotive test conditions (80 ◦C, 2.5/2.3 barabs, 50%/30% RH and 1.3/ 
1.5 stoichiometry at anode and cathode, respectively); Bode plots presented in 
Fig. S5, (b) Nyquist plots of EIS at 0.4 V in hydrogen/nitrogen at 80 ◦C and 
1500 mbarabs using variable relative humidity; Bode plots presented in Fig. S6
as well as (c) resulting effective proton transport resistances.
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humidity level in the CCL is of high importance to evaluate the impact of 
this important performance degradation mechanism during fuel cell 
operation.
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Acronyms

AFM Atomic Force Microscopy
AST Accelerated stress test
BoT Begin-of-test
CCL cathode catalyst layer
CCM catalyst coated membrane
CL catalyst layer
CV cyclic voltammetry
ECSA electrochemical active surface area
EIS electrochemical impedance spectroscopy
EoT End-of-test
FC-DLC Fuel Cell Dynamic Load Cycle
GDL Gas diffusion layer
ICE internal combustion engines
MEA Membrane electrode assembly
O2 Oxygen
ORR oxygen reduction reaction
PEMFC Polymer electrolyte membrane fuel cells
Pt Platinum
Pt/C Platinum on carbon catalyst
PTFE Polytetrafluoroethylene
SEM Scanning Electron Microscopy
TPB triple phase boundary

Symbols
Ageo geometric active area of the examined electrode/22.5 cm2

Cdl double layer capacity/mF cm− 2
geo

HFR high frequency resistance/mOhm cm2

Idl current in double layer region at 0.45 V corrected by 
hydrogen crossover current/A

qH-ads charge of the hydrogen adsorption peaks in CV/C
Reff,H+ effective proton transport resistance/mOhm cm2

RF roughness factor/cm2
Pt cm− 2

geo
RH relative humidity/%
v voltage scan rate of the CV measurement/mV s− 1

xwar magnitude of a Warburg-like region projected onto the x-axis 
in a Nyquist plot/mOhm cm2

Γ charge for the electrochemical adsorption of one monolayer 
hydrogen on a polycrystalline platinum surface/210 μC cm− 2

Pt
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C. Bas, L. Flandin, N. Caqué, A review of PEM fuel cell durability: materials 
degradation, local heterogeneities of aging and possible mitigation strategies, 
WIREs Energy Environ. 3 (2014) 540–560, https://doi.org/10.1002/wene.113.

[51] T. Soboleva, K. Malek, Z. Xie, T. Navessin, S. Holdcroft, PEMFC catalyst layers: the 
role of micropores and mesopores on water sorption and fuel cell activity, ACS 
Appl. Mater. Interfaces 3 (2011) 1827–1837, https://doi.org/10.1021/ 
am200590w.

[52] K.H. Lim, H.-S. Oh, S.-E. Jang, Y.-J. Ko, H.-J. Kim, H. Kim, Effect of operating 
conditions on carbon corrosion in polymer electrolyte membrane fuel cells, 
J. Power Sources 193 (2009) 575–579, https://doi.org/10.1016/j. 
jpowsour.2009.04.006.
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