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The operation related degradation processes of high temperature polymer electrolyte membrane fuel cell

operated with hydrogen-rich reformate gas are studied. CO impurities from the reformate gas are strongly

adsorbed by the catalyst surface, leading to poisoning and thus, reduction of the overall performance of

the cell. Most of the studies are performed in a laboratory set-up by applying accelerated stress tests. In

the present work, a high temperature polymer electrolyte membrane fuel cell is operated in a realistic

configuration for 12 000 h (500 days). The fuel cell contains as electrocatalyst Pt in the cathode and a Pt–

Ru alloy in the anode. The study of the degradation occurring in the functional layers, i.e. in different

regions of cathode, anode and membrane layer, is carried out by scanning electron microscopy, (scan-

ning) transmission electron microscopy and energy dispersive X-ray spectroscopy. We observed a thinning

of the functional layers and a redistribution of catalyst material. The thinning of the cathode side is larger

compared to the anode side due to harsher operation conditions likely causing a degradation of the

support material via C corrosion and/or due to a degradation of the catalyst via oxidation of Pt and Ru. A

thinning of the membrane caused by oxidation agents is also detected. Moreover, during operation, cata-

lyst material is dissolved at the cathode side and redistributed. Our results will help to design and develop

fuel cells with higher performance.

1. Introduction

Climate change is nowadays one of the biggest challenges of
our society. The effects of elevated concentrations of CO2 in
the atmosphere include the raise of global temperature,
altered precipitation and increased frequency of extreme cli-
matic events. Therefore, there is a strong need to reduce CO2

and other greenhouse gas emissions. Electricity/heat pro-
duction and transport are the two sectors that emit most CO2,

1

and as such it is key to reduce greenhouse gas emissions in
those sectors. A promising technology to replace combustion
engines in electricity generation and transport applications is

based on fuel cells (FCs).2,3 FCs are electrochemical devices
which continuously convert the chemical energy of an exter-
nally supplied fuel and oxidant to electrical energy.4 If H2 is
used as a fuel, the main product generated is water, and no
greenhouse gases are emitted during FC operation. Thus, FCs
are highly efficient and clean energy converting devices. Other
advantages of FCs include their high power density, safe oper-
ation, low noise generation, and low maintenance
requirements.5

In this work, the focus lies on high temperature proton
exchange membrane FCs, so-called high temperature polymer
electrolyte membrane FCs (HT-PEMFCs). These devices are
particularly attractive for home-based power generation, trans-
portation and other portable applications.6 Some of their
appealing features include high efficiency, rapid start-up, and
a higher tolerance to impurities in the reactants.6 This last
point is especially remarkable, since the HT-PEMFCs studied
in this work used reformate gas as a fuel. Reformate is a hydro-
gen-rich gas originating from the steam reforming of carbo-
hydrates, and contains traces of CO. CO is an impurity that is
known to adsorb strongly onto the surface of Pt, poisoning it
and impacting the overall performance of the cell.7 Pt is the
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most commonly used electrocatalyst in PEMFCs due to its
high efficiency.8 A catalyst is needed in both the cathode and
anode to enhance the oxygen reduction reaction (ORR) and the
hydrogen oxidation reaction (HOR), respectively. Since the CO
present in the fuel can poison Pt in the anode, anode catalysts
can combine Pt with other transition metals to mitigate this
effect. It has been reported that alloying Pt with Ru enhances
notably the CO tolerance by two different effects, namely the
electronic and the bifunctional effect.9 In the electronic effect,
Ru modifies the band structure of Pt, reducing its affinity
towards CO, while in the bifunctional Ru helps in the catalysis
of CO oxidation to CO2, which has a lower affinity for the
catalyst.

One of the biggest challenges for the widespread commer-
cialization of PEMFCs is their limited durability, since their
efficiency decreases during operating time as a consequence of
different degradation processes. There are many studies that
try to understand the mechanisms behind such degradation
processes. A lot of these studies focus on the catalyst
degradation,10–13 since catalyst particles agglomeration or dis-
solution are well known phenomena that decrease the active
surface area of the electrode and impact the cell performance.
Other studies focus on the carbon corrosion, especially on the
cathode, where the higher potential makes the oxidation of the
C support to CO2.

14

However, most of these studies are done in laboratory set-
ups, where only the catalyst particles themselves and the
support material are analysed.15–18 In other studies, the whole
membrane electrode assembly (MEA) is studied after applying
some sort of accelerated stress test (ASTs).19–22 Thus, not many
studies analyse PEMFC degradation after operation in realistic
conditions for thousands of hours.23 Furthermore, in these
long-term studies, the inhomogeneities in the degradation
process (e.g. how it varies among different positions in the
cell) are typically not considered. It is well known that
different positions in a PEMFC present different degrees of
degradation which depend on their relative position to the O2

and H2 supply (cathode and anode inlet, respectively).20,24

Obermaier et al.25 addressed the degradation under realistic
automotive conditions of a low temperature PEMFC stack,
studying the inhomogeneities between different cells in the
stack and within a given cell. However, under automotive con-
ditions fuel starvation events associated with the start-up and
shutdown of the cell are more common than under a constant
load. Furthermore, in the system investigated by Obermaier
et al.25 Pt catalyst is used as electrocatalyst for both electrodes.

In the present work, the operational related degradation
suffered by a HT-PEMFC operated in a realistic FC configur-
ation for 12 000 h (500 days) is analysed. The studied cells con-
tained Pt as electrocatalyst in the cathode and a PtRu alloy in
the anode. Special focus lied on studying locally the changes
in the functional layers during operation, to assess the inho-
mogeneities in the degradation suffered. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) are used to determine the morphological and compo-
sitional changes of the functional layers (FLs) (cathode and

anode catalyst and membrane layer). Furthermore, the compo-
sitional and structural changes of the catalyst nanoparticles
(NPs) are investigated at higher magnification by coupling
(scanning) transmission electron microscopy ((S)TEM) with
EDX and electron diffraction (ED). Understanding the degra-
dation at various length scales is key to the development of FC
with better performance and increased lifetime.

2. Results
2.1. Fuel cell system

A single HT-PEMFC has a voltage below 1 V in a real operation,
hence, for its application several single cells are combined to a
macroscale fuel cell stack. A schematic top-view on a single
HT-PEMFC from such a stack is shown in the ESI, Fig. SI1.†
The functional parts of the fuel cell are enclosed by a frame. A
bipolar plate is placed on top of the cell to provide oxygen at
the cathode and one bipolar plate on bottom of the cell to
provide hydrogen at the anode. Furthermore, gas in-/out-let
pipes run through the cut-outs on the frame of fuel cells and
bipolar plates.

The HT-PEMFC have been subjected to long term oper-
ation. The durability is shown in Fig. 1, where the voltage
change at constant current is plotted. The small slop of the
curve indicates that the HT-PEMFC has some performance
loss over the time span of 12 000 h, but it is not severe, and
the fuel cells can be still operated. The observed changes in
performance with time are due to microstructural changes as
discussed below.

2.2. SEM characterization

2.2.1. HT_non_operated. The first sample investigated is
the HT_non_operated, which shows the microstructure and
condition of the HT-PEMFC before operation. The backscat-
tered electron (BSE) image displayed in Fig. 2 shows a cross
section taken close to the cathode inlet. The other two studied
regions of the same cell (centre of the cell and close to the
anode inlet) did not show any significant difference from the
region depicted in Fig. 2, as is expected by the fact that this
cell had not been operated.

Fig. 1 Voltage response at constant current during HT-PEMFC
operation.
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Regarding the structure of the FC, the gas diffusion layers
(GDL) can be readily distinguished since it is made up of
carbon fibres and constitutes the outer-most layer of the elec-
trode. BSE images were recorded to distinguish cathode and
anode. In this regard, the cathode appears brighter than the
anode in BSE images which is attributed to the different com-
position and loading of the anode. Pt has a higher atomic
number than the Pt–Ru alloy and thus appears brighter in the
BSE images (Z contrast). The thickness of all three layers, i.e.
cathode, membrane, and anode fluctuate in a range of ±10%
along the cross-sectional surface due to the fabrication
process.

The membrane has the largest layer thickness (51%) of the
total FLs thickness. The anode and the cathode catalyst layer
accounts for 31% and 18%, respectively of the total thickness.
All differences in the average layer thickness are within the
measurement uncertainty and hence, a spatially constant layer
thickness is estimated.

2.2.2. HT_operated. The second sample investigated by SEM
is the HT-PEMFC operated for 12 000 h. The structure of
HT_operated cell can be compared to the reference of the
HT_non_operated cell as it contains all functional layers even after
operation of 12 000 hours. The BSE images obtained from the
HT_operated cell showed that there were significant differences
between the three different regions as is apparent from Fig. 3.

The BSE images of Fig. 3 shows that all the FLs have
become thinner due to the FC operation. Additionally, several

differences were observed between all the layers and the
different regions. In some regions, gaps were found between
the membrane and the cathode side, which suggests that the
membrane degrades on the cathode side. Two different
reasons are responsible for the gap between membrane and
cathode: (i) during the operation the membrane partially lost
phosphoric acid and shrank. The loss of phosphoric acid is
more pronounced on the cathode side due to product water
generation. (ii) The thinning of the cathode catalyst layer due
to carbon corrosion.

After operation of the FC for 12 000 h the cathode suffered
a pronounced degradation and is not as well defined as it was
in the HT_non_operated (compare Fig. 2 and 3). In some
regions the width of the cathode does not change during oper-
ation, whereas in other positions the cathode was practically
completely removed. This phenomenon is especially relevant
in the specimen taken from the cathode inlet region (Fig. 3c).
Moreover, the thickness of the anode layer appears to have less
degradation even if it is slightly thinner than before operation.

In order to achieve quantitative results on the degradation
of the HT_operated cell, the thinning of the membrane was
measured together with the change in width of the anode and
the cathode (Fig. 4).

For the non-operated HT-PEMFC, the thickness of the FLs
is constant along the fuel cell. During regular operation, the
cathode thickness decreases to values between 15–65% of the
initial thickness. The degree of thinning is stronger on the
region closer to the cathode inlet of the HT-PEMFC. Moreover,
the anode thickness decreases to values between ∼65% and
∼85% of the initial thickness. Moreover, on the anode, the
thinning is more pronounced on the region closer to the
cathode inlet of the HT-PEMFC as well.

The measurements pertaining to the cathode have the
highest standard deviation: 76% in the anode inlet side, 84%
in the center and 81% in the cathode inlet side. Furthermore,
the cathode closer to the cathode gas inlet region is not as well
defined as the rest of the components. In some sections, a

Fig. 2 SEM cross section image using BSE of the HT_non_operated
cell. GDL: gas diffusion layer, MPL: microporous layer and CL: catalyst
layer.

Fig. 3 BSE images from the HT_operated fuel cell after 12 000 h. The
images correspond to samples taken from: (a) closer to the anode inlet,
(b) center region and (c) closer to the cathode inlet.

Fig. 4 Average thickness of the functional layers cathode, membrane
and anode of the HT_operated cell. The thickness is given in a.u. The
relative position is related to anode inlet (left) and cathode inlet (right).
The lines are only to guide the eye and are no related to experimental
data points.
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thin layer can still be detected, while in others it is completely
removed. Thus, the standard deviation from the measure-
ments of the cathode (CL) increases considerably in this case.
Fig. 3 shows the average thickness of the FLs along the FC.

The EDX spectrum (ESI Fig. SI2†) from the
HT_non_operated cell shows the presence of C, O, F, P, Pt and
Ru. The C signal originates from the membrane, which is com-
posed of the organic polymer polybenzimidazole (PBI), a high
surface area carbon (HSAC) support of the catalyst layer, and
from the carbon fibres constituent of the GDL. The MPL
consist of a low surface carbon and polytetrafluoroethylene,
which explains the presence of C and F in that layer. Moreover,
the CL is made up of a fluoropolymer which acts as a hydro-
phobic binder material. This explains the presence of F as well
in the map. The P signal is due to the phosphoric acid doping
of the PBI membrane. The acid doping is done in order to
enhance proton conductivity. Finally, Pt and Ru are present in
the cell as they are used as catalysts material.

EDX maps of Pt and Ru were recorded to better understand
the catalyst distribution and degradation process after
12 000 h operation. The EDX elemental maps of the non-oper-
ated cell (Fig. 5a and b) show that Pt can be found in both CL
with a higher loading in the cathode side as was expected
Furthermore, the EDX analysis allows to distinguish the distri-
bution of Ru and Pt, confirming that Ru is found exclusively in
the CL of the anode of the non-operated cell. The EDX analysis
allows only a qualitative analysis of Pt instead of quantitative
due to the overlapping lines of P Kα (2.013 keV) (membrane
component) and Pt M (2.048 keV). Nevertheless, it can be used
to distinguish between anode and cathode. The anode catalyst
layer contains the alloy made up of PtRu. The counts for Pt
and Ru detected in the membrane and MPL were attributed to
noise.

The EDX maps of the HT_operated cell is depicted in
Fig. 5c and d. The EDX mapping of Pt shows the thinning of

the catalyst layers after 12 000 h operation time. Especially, for
the cathode catalyst layer which contains the highest amount
of Pt, it can be observed that the layer thickness is significantly
thinner compared to the non-operated HT-PEMFC (Fig. 5a).
However, Pt can only be detected within both catalyst layers.
Even after 12 000 h of operation, there is no area with a high Pt
concentration outside the catalyst layers. From the Ru EDX
mapping, no high level of thinning can be detected at the
anode catalyst layer.

The anode catalyst layer contains both catalyst materials, Pt
and Ru. Compared to the non-operated HT-PEMFC, the ratio
Pt/Ru differs. Specifically, after 12 000 h of operation, the
content of Pt is 7 times higher than the content of Ru.
Moreover, a PtRu band can be detected in the membrane close
to the cathode side, formed by the dissolution and reprecipita-
tion of catalyst material during operation.

2.3. STEM characterization

STEM-HAADF images and EDX elemental distribution maps
from the anode and cathode region of the HT_non_operated
(Fig. 6a–d) show RuPt alloy NPs and pure Pt NPs with an
average size of 5.1 ± 0.6 nm and 2.0 ± 0.5 nm, respectively. No
Ru signal was detected on the cathode side of the
HT_non_operated cell. The HT_operated cell shows significant
differences in the size distribution and composition of the
NPs in comparison with the HT_non_operated cell (see
Fig. 6e–h). Firstly, the size distribution of PtRu alloy NPs on
the anode is reduced leading to a bimodal system with two
different average sizes: 4.4 ± 1.1 nm and 1.8 ± 0.5 nm
(Fig. SI3†). Moreover, the average size of the Pt NPs on the
cathode is increased to 8.1 ± 1.6 nm. Secondly, the PtRu alloy
NPs lost 25% of the initial Ru. Furthermore, we found an
increment of 3% of Ru at the cathode side. As visible in
Fig. 6h, Ru single atoms (red) segregated on the surface of the
pure Pt NPs of the cathode. Finally, Ru from the anode
diffuses through the membrane and forms a PtRu alloy band.
The average size of these NPs is 4.2 ± 0.8 nm with an Ru
content up to 33%.

2.4. TEM characterization

TEM images and ED patterns from the anode and cathode
region of the HT_non_operated (Fig. 7a–d) and HT_operated
(Fig. 7e–h) cells were recorded to study the crystalline structure
of the catalyst NPs. ED has the advantage over other diffraction
techniques (such as X-ray diffraction) of being able to analyse
the crystalline structure locally. Furthermore, with ED the crys-
talline structure of the NPs forming the PtRu band within the
membrane after operation could be resolved.

The PtRu alloy NPs present in anode of HT_non_operated
were found to have or hexagonal close packed (hcp) (Fig. 7a
and b) (d(010) = 2.38 Å, d(002) = 2.141, d(01−1) = 2.082, d(01−2) =
1.592)15 or face centered cubic (fcc) structure (d(111) = 2.265,
d(020) = 1.962, d(220) = 1.387, d(113) = 1.183) depending on the
Ru amount. On the other hand, the Pt NPs of the cathode of
this cell were (fcc) (Fig. 7c and d).15

Fig. 5 EDX maps acquired across the different functional layers
showing Pt (in green) and Ru (pink) distribution in HT_non_operated (a
and b) and HT_operated (c and d). Close to the cathode layer, a band
containing Ru and Pt is visible.
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Besides the compositional changes observed in STEM-EDX
(Fig. 6), significant structural changed also take place in the
catalyst NPs during the 12 000 h of operation time, especially
on the anode.

The PtRu alloy NPs present in this electrode are found to be
only fcc in HT_operated (Fig. 7e and f). Moreover, in the
cathode the catalyst NPs remain fcc after operation (Fig. 7g
and h). Additionally, for PtRu band NPs both fcc and hcp
reflections were detected in their ED patterns (Fig. 7i and j).

3. Discussion

The results show that two different degradation mechanism
occur during operation of the HTPEMFC: (i) thinning of the
FLs and (ii) catalyst material redistribution. These degradation
process can be attributed to the 12 000 h operation time.

Thinning of the catalyst layers during HT-PEMFC operation
has been reported in real operation as part of a fuel cell stack

with HT-PEMFC similar to the cells investigated in this work.
Hengge et al.11 found comparable results for the phenomena
of catalyst layer thinning with a stronger effect on the cathode
side. However, the authors did not specify the operating time
of the cell, and did not study if such degradation was position
dependent within a given cell. There are different mechanisms
that can lead to a stronger degradation process on the region
closer to the cathode than the anode side:26,27 (i) degradation
of the carbon support material and (ii) degradation of the cata-
lyst material itself:

Related to (i): at the anode and cathode catalyst layers, the
Pt (cathode) or PtRu alloy (anode) catalyst material is present
as nanoparticles on the surface of HSAC. At the cathode, the
HSAC is exposed to strong oxidizing conditions (e.g. H2O2,
HO2

−, among other subproducts generated during ORR) which
can lead to carbon corrosion.28,29 With water as an oxidation
agent, C can be oxidized to produce CO2.

30 Thus, the reaction
is possible at the cathode during operation of the HT-PEMFC
since the thermodynamic potential of this reaction can be

Fig. 6 STEM-HAADF-EDX characterization of the catalytic NPs before and after operation. HAADF images of HT_non_operated cell from anode (a)
and cathode (c), and corresponding EDX measurements (b) and (d), respectively. HAADF images of HT_operated cell from anode (e) and cathode (g),
as well as the corresponding EDX (f and h). In (i) and ( j) HAADF images and EDX maps from the NPs forming the PtRu band within the membrane,
close to the cathode after HT operation.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 11543–11551 | 11547

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

4 
8:

15
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2NR02892A


below the operation voltage. Even if the kinetics of this reac-
tion are slow at the operation temperatures of the HT-PEMFC,
during the start/stop cycling process potential excursions can
occur leading to an increase of the reaction rate.30

Furthermore, Pt can catalyze the C corrosion reaction as well
generating a loss of the catalyst material attached to the
support material.31 The removed catalyst material can be redis-
tributed to other areas of the HT-PEMFC or leave the FC (e.g.
with the discharged water that is produced during fuel cell
operation). Moreover, these oxidizing agent can play an impor-
tant role in the thinning of the membrane that could lead to
an increase leakage current through it.32

Regarding (ii) dissolution and redeposition of catalyst par-
ticles are well known mechanisms which occur during FC
operation.33 Under the working conditions, e.g. low pH value,
high voltage potentials and temperatures, etc., the oxidation
and dissolution of the catalyst material can take place. Due to
the higher potential on the cathode side the dissolution and
redeposition of catalyst material is stronger.34 STEM-HAADF
images in Fig. 6g show a severe Ostwald ripening effect of the
Pt NPs after 12 000 h operation time. In addition, often the for-
mation of a catalyst band within the membrane is observed
which consists of PtRu alloy NPs.11 The EDX maps also indi-

cate the formation of such a band in the present sample
(Fig. 5 and 6). Moreover, in the anode side, the degradation of
the PtRu alloy NPs is also observed. The Ru amount is
decreased as well as the average NPs size. We find a bimodal
average size distribution which confirm the dissolution effect.

TEM-ED characterization demonstrates a phase transition
on the hcp PtRu alloy NPs at the anode side to fcc after
12 000 h operation. This phenomenon can be related to the
loss of Ru during operation. Moreover, the variation in crystal-
line structure (hcp and fcc) within the PtRu band NPs can be
as well explained by their differences in composition. During
operation Pt species from the cathode and PtRu species from
the anode get dissolved and reprecipitate within the mem-
brane.11 Depending on the composition of individual particles
(i.e., they have a higher or lower Ru content), the hcp or fcc
crystalline structure will be the most thermodynamically stable
one and forms within the membrane.15

During FC operation, the temperature, O and H supply or
the externally applied pressure should be constant for all
areas. However, in real FC operation inhomogeneities occur
which lead to fluctuations in the degree of degradation along
the FC stack.35,36 Local inhomogeneities in HT-PEMFC oper-
ations were investigated in previous studies.37 The level of

Fig. 7 TEM-ED characterization of the catalytic NPs before and after operation. TEM images of HT_non_operated cell from anode (a) and cathode
(c), as well as the corresponding ED measurements (b) and (d), respectively. TEM images of HT_operated cell from anode (e) and cathode (g), as well
as the corresponding ED measurements (f ) and (h), respectively. TEM image (i) and corresponding ED measurements ( j) from the NPs forming the
PtRu band.
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degradation is found to differ depending on the operation con-
ditions (e.g. it can be stronger close to the cathode inlet and
anode outlet). Durst et al.28 reported that during an aging test
of PEMFC operation in start-up and shutdown conditions, a
higher performance loss was found combined with a stronger
thinning of the cathode catalyst layer close to the cathode inlet
and anode outlet.

Inhomogeneities in performance losses and the level of CO
poisoning were found during an aging test at constant load.
Stronger losses were observed close to the cathode inlet and
anode outlet, but cathode catalyst degradation was found to be
stronger close to the cathode outlet.38 These effects lead to
possible degradation mechanisms, which can be influenced by
the gas flow. Close to the cathode inlet, the O partial pressure
is the highest, while it decreases towards the area close to the
cathode outlet. Thus, the current density generated during fuel
cell operation is higher close to the cathode inlet. This may
increase the level of degradation closer to the cathode inlet.38

The HT-PEMFCs investigated in this work are operated
using H2 generated by steam reforming which contains CO
impurities. The effect of CO poisoning is expected to occur in
regions closer to the anode inlet. This effect may lead to a lower
efficiency of the anode catalyst due to its degradation close to the
anode inlet and hence, to a lower overall fuel cell
performance.38,39 Furthermore, it is known that a significant part
of degradation is caused during start or stop cycles of the FC.40

During start of the fuel cell operation, a reverse-current decay
mechanism was proposed to describe an observed stronger degra-
dation.41 Degradation can be caused by the anode catalyst layer
being partially filled with H2 and O2.

42 The O2 crossover from the
cathode side is enough to fill the anode catalyst layer with O2

before startup. Moreover, when H2 is led to the anode catalyst
layer from the anode inlet, it can divide the fuel cell in two
different parts (one active part close to the anode inlet and one
passive part close to the anode outlet). At the passive part, reverse
currents are generated, that leads to a significant drop of the
anode potential while at the active part, the fuel cell is operating
regularly. The increased potential difference between anode and
cathode difference can lead to rapid O evolution and C corrosion,
damaging the cathode electrode structure.

4. Experimental details
4.1. Investigated samples

The fuel cells were operated under constant load at a current
density of 0.2 A cm−2 at 160 °C. Reformed natural gas on the
anode with a stoichiometry of 1.4 and air at the cathode with a
stoichiometry of 2.0 were used for the long-term operation.
HT-PEMFCs before and after operation are compared on the
microscale down to the nanoscale to understand operation
related degradation. Cross-sectional samples from the fuel cell
samples are investigated by SEM, while the changes of the
individual particles are studied by STEM and TEM.

Two different HT-PEMFCs were studied: (i) HT-PEMFC non-
operated (HT_non_operated). This FC has not suffered any

operational-related degradation and will be used as reference
(as-produced state). (ii) HT-PEMFC operated (HT_operated)
which was operated for 12 000 h in a FC stack.

Moreover, three different regions from each cell were ana-
lysed in order to study the degradation rate across the cell. The
samples were cut with a scalpel from each region of the FC:

(i) The first sample was taken close to the cathode inlet of
the cell.

(ii) The second region is located in the middle of the FC
(equidistant from both inlets).

(iii) The third sample was taken from the anode inlet region
of the cell.

The scale bar of the SEM images cannot be displayed as
well as the at% composition since some components of the
investigated HT-PEMFC are protected by a patent. Nevertheless,
all the images were taken with the same magnification, thus the
relative thickness of the different layer can be compared.
Furthermore, all SEM images are oriented with the cathode cata-
lyst layer on top and the anode catalyst layer on bottom.

4.2. SEM characterization

SEM allows the characterization of the surface, structure, topo-
graphy and microstructure of the FCs while EDX is used to
analyze the elemental composition. Using secondary electrons
(SE) the thickness and the topography of the layers from the
FCs can be evaluated. Moreover, BSE imaging is based on the
atomic number contrast (Z-contrast).43 Since the catalyst par-
ticles in the anode and cathode are different they can be easily
distinguished by BSE imaging. The SEM micrographs and EDX
compositions maps were acquired in a Zeiss Sigma 500 oper-
ated at 15 kV.

4.3. STEM characterization

STEM allows the in-depth characterization of morphology, size and
composition changes of the catalytic NPs. Titan Themis micro-
scope (Thermo Fisher Scientific) operated at 300 kV, equipped with
a probe corrector was used. STEM data was recorded on a metal–
oxide–semiconductor (CMOS) camera (4k × 4k pixels). High angle
annular dark field (HAADF) images (72–352 mrad) and EDX
measurements were achieved with currents of 100 pA using a con-
vergence semi-angle of 23.8 mrad (beam size ∼ 0.1 nm). For each
catalytic layer up to 100 NPs were analysed.

4.3. TEM characterization

TEM images and corresponding selected area electron diffrac-
tion pattern were taken to correlate the size and crystalline struc-
ture from the different catalytic NPs. A Titan Themis microscope
(Thermo Fisher Scientific) operated at 300 kV, equipped with an
image corrector was used. TEM data was recorded on a metal–
oxide–semiconductor (CMOS) camera (4k × 4k pixels).

5. Conclusions

Microscale degradation mechanisms in HT-PEMFC by SEM,
STEM and EDX were studied. HT-PEMFC operated during
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12 000 h inside a fuel cell stack was investigated and compared
with a non-operated HT-PEMFC. Two operation-related degra-
dation mechanisms were found: thinning of the functional
layers and catalyst material redistribution. A thinning of the
CLs with a significantly higher level of degradation on the
cathode side compared to the anode side was observed, due to
the harsher operation conditions at the cathode side. The CLs
deterioration can be a result of a degradation of the support
material via carbon corrosion or/and to a degradation of the
catalyst material due to the oxidation of Pt and Ru.
Furthermore, a thinning process was detected for the mem-
brane layer which is as well affected by the oxidation agents
such as H2O2 or/and HO2

−. Moreover, during HT-PEMFC oper-
ation, catalyst material was dissolved from the CLs and redis-
tributed within the fuel cell.
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