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Understanding the aging of proton exchange membrane electrolyzer cells (PEMECs) is essential for

durability enhancement. Therefore, a large-scale and long-term operated (>5000 h) web-woven

reinforced membrane electrode assembly (MEA) anode was investigated using nanomechanical and

nanoelectrical atomic force microscopy (AFM) techniques and nanoindentation. Web-woven fibers

locally increase the reduced modulus and hardness and proved to be a suitable reinforcement for long-

term operation. Interestingly, both pristine and operated anodes show slightly diminished electrically

conductive surface areas above reinforcement fiber intersections. The homogeneous pristine anode

heterogenizes with operation. Additional porous transport layer (PTL) related domains and increased

statistical deviations are observed. Nanoindentation revealed a generally increased reduced modulus and

hardness with operation, accompanied by a stiffening of the near surface catalyst shown by AFM. This

effect is promoted by a loss of low stiffness ionomer, confirmed by the increase of electrically

conductive anode surface area. The most significant anode aging effects were observed only at a small

surface fraction—at certain PTL related marks. This study firstly analyzes a web-woven fiber reinforced

MEA and enhances the understanding of anode aging related to reinforcement fibers and PTL.
1 Introduction

Membrane electrode assemblies (MEAs) are the core of proton
exchange membrane electrolyzer cells (PEMECs) and their opti-
mization is crucial for the efficient production of green hydrogen.
Durability is the most critical constraint for the PEMEC
commercialization as it relates to the cost and reliability.1

PEMEC's harsh acidic and oxidative environment requires costly
precious metal catalysts,2–4 and affect the MEA and other compo-
nents.5 Postmortem analysis of the cell stacks revealed that
utilized membranes were the weakest parts in a PEMEC regarding
the long-term performance.6,7 The performance decay and dura-
bility restriction of membranes are attributed to membrane
poisoning,8 chemical (e.g. hydrogen peroxide related radical
attack),9–11 thermal,12 or mechanical degradation.13 Especially, the
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complete immersion in water results in an increased swelling and
a decrease of the mechanical strength and integrity.1 Recent
reports even highlighted the use of thinner membranes, yielding
lower ohmic resistance and thus, allowing higher current densi-
ties to achieve higher electrolysis efficiency.14 As a downside,
utilization of thin membranes increases the gas crossover and
lowers the mechanical strength. The lower mechanical strength of
thin membranes is overcome by the utilization of membrane
reinforcements.15–18 Apart from covalentmembrane crosslinking,19

materials such as woven web structures,20 expanded polytetra-
uoroethylene (ePTFE) layers,21–23 PTFE bers,24 electrospun
bers,25,26 glass-bers,27 or various others are utilized as integrated
reinforcement. Beside the typical tensile tests,28–30 MEA's or
membrane's mechanics are alternatively characterized by high
resolution advanced methods, such as nanoindentation,31–35 or
force–distance curve based atomic force microscopy (AFM)
techniques.22,23,36–42 While there are many reports on proton
exchange membrane fuel cell (PEMFC) MEAs, only a few
force–distance curve based AFM studies are present for PEMEC
MEAs.43,44 In one of these studies the authors report a loss of
ionomer and catalyst in the anode aer high current density
operation.43 Ir catalyst loss was reported to occur to an extent due
to dissolution and reprecipitation aer migrating through the
J. Mater. Chem. A, 2025, 13, 6347–6356 | 6347
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membrane on the cathode.45 Moreover, the catalyst loss is also
associated with ionomer loss,1which serves as a catalyst binder. In
another PEMEC study, utilization of a coated PTL resulted in
a reduced ionomer loss and a reduced restructuring of the anode,
indicating the importance of the interface of porous transport
layer (PTL) and catalyst layer.44

In this work, for the rst time a web-woven ber reinforced
PEMEC MEA anode, which was long-term operated (>5000 h), is
investigated by means of nanoindentation and PeakForce
tunneling atomic force microscopy (PF-TUNA),46,47 a current
sensing and force–distance curve based AFM mode. The
anode's nanomechanical and nanoelectrical properties with
respect to its unique structural features are analyzed. As anode
PTL a Ti hierarchically structured metal grid was utilized, which
is favourable due to low manufacturing costs,48,49 and no need
for additional ow elds. At weld seems of the hierarchically
structured anode PTL, the cross-formation of crystalline Ir
laments was reported on the sameMEA as herein investigated.
These laments, initiated at the anode, grew towards the
cathode and, might ultimately sap efficiency due to parasitic
currents.50 The goal of this study is to resolve the interplay of
web-woven reinforcement bers and the PTL with the anode to
understand local aging phenomena and thereby, contribute to
the rational design of efficient PEMECs.
2 Experimental section
2.1 Membrane electrode assembly

The for laboratory purpose prepared large-scale MEA sample
was taken out from a MW-scale research test-bench using a full-
size sample module specically manufactured for durability
testing. The proprietary MEA was provided by Siemens Energy
consisting of a reinforced peruorosulfonic acid (PFSA)
membrane with a Pt-based cathode and an Ir-based anode.
Operation hours were cumulated over more than 5000 h with an
arbitrary operation prole given by the availability of cheap
electricity including more than 150 cycles of load changes with
varying intensity. The cell voltage was below 2 V aer the stop of
the durability test run. A Ti hierarchically structured expanded
metal grid was used as PTL on the anode (see Fig. S1†). Pristine
and operated MEAs were cut at equivalent positions for anal-
ysis. The cut samples were positioned equally distanced from
water inow and outow (see Fig. S2†). Furthermore, two
pieces, equally distanced from the MEA center were analyzed to
enhance the statistics. Operated samples were dried in ambient
air for more than seven days before characterization. The
anodes of the pristine and long-term operated MEAs are
subsequently referred to as pristine and operated anodes.
2.2 Ion beam polishing

A MEA cross section was ion beam polished with an IB-19530CP
(JEOL, Japan). To minimize thermal damage of the
membrane,51 the polishing was performed at −120 °C. An
acceleration voltage of 3 kV, resulting in a sensed current of
around 10 mA, was applied for a duration of 26 h.
6348 | J. Mater. Chem. A, 2025, 13, 6347–6356
2.3 Scanning electron microscopy and energy dispersive
spectroscopy

Scanning Electron Microscopy (SEM) investigation was per-
formed with an AMBER X (TESCAN, Czech Republic) at high
vacuum mode and room temperature. 1 cm × 1 cm samples
xed with conductive carbon tape were imaged with a Field of
View (FoV) of 1.5 mm using the secondary electron detector
(Everhardt–Thernley, E–T) detector with a beam acceleration of
5 keV and a beam current of 300 pA at a scan speed of 4 ms.
Energy Dispersive Spectroscopy (EDS) was conducted utilizing
a 70 mm2 Elite Super EDS detector (EDAX, USA) integrated
within the AMBER X system. The acquired data was analyzed
using the EDAX Apex Advanced Soware suite. The FoVs of the
elemental maps are 180 mm with a resolution of 125.7 eV.
Compared to SEM, the beam acceleration was changed to
20 keV with a beam current of 3 nA.
2.4 Nanoindentation

The nanoindentations were performed with a Hysitron TI 980
(Bruker, USA) with a Berkovich tip at ambient conditions.
1 cm× 1 cm samples were cut and glued with cyanoacrylate glue
onto a stainless steel substrate ensuring there was no air
between MEA and substrate. 360 mm × 360 mm maps were
acquired by performing 18 × 18 indents with 20 mm spacing
between each indent, preventing an overlap of indented areas.
Indents were performed force controlled with constant load and
unload rates of 160 mN s−1 for 5 s. The resulting maximum load
of 800 mN was hold constant for 2 s in between unload and load
phases. Reduced modulus and hardness were determined by
TriboScan Analysis soware (Bruker, USA) with the Oliver–Pharr
Model.52 The individual indents were categorized based on
optical microscope images (see Fig. S3–5†). Reduced modulus
and hardness of indents of the same domain type were subse-
quently averaged.
2.5 PeakForce tunneling atomic force microscopy

AFM measurements were performed with a Dimension Icon
(Bruker, USA) in the current sensing and force–distance curve
based PeakForce tunneling atomic force microscopy mode
(PF-TUNA, Bruker, USA) at ambient conditions. The cathode
side was mounted with double sided tape onto a steel disc.
Additional conductive carbon tape, mounted on top of one
anode side of the 1 cm2 samples, ensured good electrical
contact. The applied bias voltage was 20 mV and the current
sensitivity was 1 nA V−1. PPP-NCSTPt cantilevers (Nanosensors,
Switzerland) with determined spring constants between
16 N m−1 to 20 N m−1 and an electrically conductive PtIr5
coating on the silicon tip have been individually calibrated
performing ve ramps onto a sapphire sample (Bruker, USA).
The deection sensitivities and spring constants were calcu-
lated using the Nanoscope soware (9.4r2, Bruker, USA) from
the retraction part of each ramp and averaged. 5 mm × 5 mm
maps for statistical analysis were measured with a constant
maximum normal load of 40 nN and a slow scan rate of 0.3 Hz.
The scans consists of 256 × 256 Pixels. The recorded contact
This journal is © The Royal Society of Chemistry 2025
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current is the current averaged over the tip-sample contact
duration during each tapping cycle. The 0.5 mm × 0.5 mm high
resolution scan was acquired with a scan rate of 0.5 Hz, while
the residual parameters were the same as for the 5 mm × 5 mm
maps. The stiffness was calculated from the force–distance
curves with the Derjaguin, Muller, Toporov (DMT) model.53 To
recalculate the tip radius, which is needed for DMT model
calculations,54 the polystyrene of the PS-LDPE-12M sample
(Bruker, USA) with a nominal stiffness of 2 GPa was utilized as
reference. The stiffness histograms were derived from analysis
of the 5 mm × 5 mm stiffness maps and display the pixel counts
and their respective stiffness. The classication was performed
with 200 bins, with logarithmically equal size, between 10 MPa
to 5000 MPa. As a basis for the AFM data processing, the
pySPM package (v0.2.20) for python was utilized.55 The shown
0.5 mm× 0.5 mm topographymap was Gaussian ltered and rst
order slope corrected. All shown typography maps were rst
order slope corrected.
Fig. 1 (a) An ion beam polished cross section of a pristine MEA exhibits
the web-woven structure of reinforcement fibers in the bulk of the
ionomer membrane. (b–d) The PF-TUNA maps were acquired at the
dashed box, indicated in (a), and reveal the topography, the stiffness, and
the contact currentmaps of an areawith reinforcement fiber (RF), proton
exchangemembrane (PEM), anode catalyst layer (CL), and a small part of
the protective foil. The reinforcement fiber exhibits a much higher
stiffness compared to the ionomer membrane and the catalyst layer. An
electrical current is only observed at the anode's catalyst layer. (e) The
scheme indicates the top view structure of the membrane's web-woven
reinforcement fibers. (f) The cross section A–A of a fiber reinforcedMEA,
located at a position such as indicated in (e), represents a comparable
scheme of the right side of the optical microscope image (a).
3 Results and discussion
3.1 Cross section of a web-woven ber reinforced MEA

To evaluate the inuence of reinforcement bers on the local
anode aging, their location and properties were rst analyzed
within the pristine MEA's bulk. Fig. 1a shows an optical micro-
scope image of an ion beam polished pristine MEA cross section,
exhibiting the catalyst coated ionomer membrane with protective
foils (KAPTON®) on both, anode (top) and cathode (bottom) side.
The ionomer membrane exhibits three bers of circular cross-
sectional dimensions which point into the image plane. Another
ber is in plane with the cross section, passing the orthogonal
oriented bers below and above in an alternating pattern, indi-
cating the web-woven structure. Fig. 1b–d exhibit the PF-TUNA
topography, stiffness and contact current map of the area, which
is indicated by the dashed box in Fig. 1a. From bottom to top, the
reinforcement ber, the ionomer, the catalyst layer, and a small
part of the protective foil are displayed. The stiffnessmap in Fig. 1c
reveals the mechanical properties of the MEA components
(ber, ionomer, catalyst layer). The ionomer membrane exhibits
the least, the catalyst layer an increased, and the reinforcement
ber the highest stiffness. Fig. 1d shows the simultaneously
acquired contact current map, clearly indicating, that only the
catalyst layer is electrically conductive, while the ionomer and the
reinforcement bers are electrically non-conductive. The scheme
in Fig. 1e indicates the top view structure of the web-woven rein-
forcement bers. Cross sectioning a MEA at a spot such as indi-
cated with A–A, results in the schematical depiction in Fig. 1f,
which represents the right side of the optical microscope image
(Fig. 1a).
3.2 Scanning electron microscopy analysis

The intersections of reinforcement bers located in the
membrane bulk are also observed on the pristine (Fig. 2a) and
operated (Fig. 2b) anode's surfaces, enabling a precise nano-
electrical and nanomechanical investigation of the anode
depending on reinforcement ber positions later-on. Both
This journal is © The Royal Society of Chemistry 2025
images show the alternating pattern of the vertically and hori-
zontally oriented reinforcement bers at intersections, that are
located as web-woven structure underneath the anode. The
intersecting ber closer to the anode determines the visible
orientation. Additionally, the operated anode, shown in Fig. 2b,
exhibits features that are related to the utilized expanded metal
grid PTL. Typical expanded metal grid structures are shown in
Fig. S1.†49,56 X-like areas are associated with a direct PTL inter-
face, while the triangular-like areas are associated with PTL
channel interfaces during electrolysis. Typically, one side of
each PTL interface area shows a more prominent mark
appearing like a slightly bowed line.
3.3 Nanomechanics

To evaluate the nanomechanics of the specic domains,
described in Fig. 2, nanoindentations were performed spatially
resolved on a pristine and an operated anode. It was found that
J. Mater. Chem. A, 2025, 13, 6347–6356 | 6349

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta07367c


Fig. 2 (a) The SEM image of the pristine anode exhibits the anode
surface with underlying reinforcement fiber intersections. The red
dashed lines indicate the axis of underlying fibers. (b) Additionally, the
SEM image of the operated anode exhibits specific features, that are
associated with the expanded metal grid PTL features. Typical
expandedmetal grid structures are shown in Fig. S1.†Domains labelled
as PTL interface are associated with a direct PTL contact, while PTL
channel interface domains are associated with feed water contact
during electrolysis. Furthermore, a prominent PTL mark on the anode
at one side of each PTL interface is observed.

Fig. 3 (a) The optical microscope image of a pristine anode surface
exhibits the location of the underlying web-woven reinforcement fiber
intersections. The black box indicates the nanoindented area. (b) The
reduced modulus map shows higher values in the vicinity of the
reinforcement fiber intersections. (c) The hardness map shows
a qualitatively similar result as the respective reducedmodulusmap. (d)
The optical microscope image of the operated anode exhibits, addi-
tional to the underlying reinforcement fiber intersections, PTL marks
between the upper two reinforcement fiber intersections and one on
the right side, outside of the indented area. (e) The reduced modulus
map of the operated anode exhibits increased values above the rein-
forcement fiber intersections, and additionally increased values at the
PTL mark. (f) The hardness map shows qualitatively comparable results
than the respective reducedmodulus map. All 360 mm× 360 mmmaps
consist of equally distanced 18 × 18 indents performed with
a maximum load of 800 mN resulting in indentation depths of a few
mm. Data of the white point in (b) and (c) is not available.
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the mean anode's reduced modulus and hardness increase with
operation and are further locally increased if there are under-
lying reinforcement ber intersections. PTL interface and PTL
channel interface areas are not clearly distinguishable, while at
PTL marks a signicant increase in reduced modulus and
hardness is observed.

Fig. 3a shows an optical microscope image of the pristine
anode. The reinforcement ber intersections in the bulk, such
as displayed in the cross section (Fig. 1a) are observed in each
corner of the image.

Fig. 3b shows the respective 360 mm × 360 mm nano-
indentation map, that is acquired at the area indicated by the
black box in Fig. 3a. In the vicinity of reinforcement ber
intersections, a higher reduced modulus is observed. The
respective hardness map, displayed in Fig. 3c, exhibits
a comparable trend.

The optical microscope image of the operated anode, shown
in Fig. 3d, also exhibits intersections of the underlying rein-
forcement bers in each corner. Additionally, one PTL mark is
observed between the two ber intersections on the top and one
on the right, outside of the indented area indicated by the black
box. In contrast to the SEM images (Fig. 2), the PTL interface
6350 | J. Mater. Chem. A, 2025, 13, 6347–6356
area is not clearly distinguishable from the PTL channel inter-
face area, while the prominent PTL mark is well visible in the
optical microscope and the nanoindentation maps. Fig. 3e,
shows a higher reduced modulus around the reinforcement
ber intersections stretching over a larger area compared to the
pristine sample. Reinforcement bers on the operated reduced
modulus map might be more pronounced compared to the
pristine map due to a thinner anode or membrane at these
spots. While thinning might occur upon operation, local
thickness variations might have already been present on the
pristine sample. Furthermore, a high reduced modulus is
observed at the PTL mark between the top ber intersections.
Similarly, the hardness map in Fig. 3f indicates an increased
hardness around the reinforcement ber intersections and
additionally, around the PTL mark between the top bers. The
change in mechanical properties at the PTL mark indicates
a signicant structural or compositional change.

The in-depth nanoindentation analysis of a selective anode
position, shown in Fig. 3, is extended by the analysis of multiple
other positions across the pristine and operated anodes
This journal is © The Royal Society of Chemistry 2025
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(see Fig. S2†). The results, displayed in Fig. 4, clearly show that
incorporated reinforcement bers locally increase the hardness
and the reduced modulus. The operated anode became more
heterogeneous. Strikingly, around the PTL marks the most
signicant increase in mean hardness and mean reduced
modulus is observed, highlighting the structural or composi-
tional change of the anode layer at such spots. Subsequently,
the details about the evaluation are given.

The indents of each nanoindentation map were categorized
into different domains depending on the position of rein-
forcement ber intersections and PTL mark positions. More
Fig. 4 (a) The mean reduced modulus of different domains across
multiple anode positions is presented for the pristine and operated
anode. Values are higher above reinforcement fiber intersections and
for the operated anode. The operated anode heterogenized, indicated
by large statistical deviations of the domains and the occurrence of
additional PTL marks. (b) The mean hardnesses exhibit a similar trend
as the reduced moduli. The prominent PTL marks were clearly iden-
tifiable with the nanoindenters optical microscope, while PTL channel
and PTL interface areas were not clearly distinguishable and are
therefore displayed as average labelled as ’operated – no PTL mark’.
The mean values were calculated with indents segmented into the
different domains (Fig. S5†) from 360 mm × 360 mm nanoindentation
maps of four pristine and eight operated nanoindentation maps. Each
data point includes at least 70 individual indents from at least 4
different positions.

This journal is © The Royal Society of Chemistry 2025
details on the domain categorization are displayed in
Fig. S3–S5.† Themean hardness and reduced modulus values of
the same domain types were averaged across multiple positions
and are shown in Fig. 4. In general, the results are in the same
range as nanoindentation results from MEA catalysts layers
reported in literature.57–59 Domains above reinforcement ber
intersections show a higher mean reduced modulus (Fig. 4a)
compared to positions between reinforcement ber intersec-
tions. Low statistical deviations for the pristine anode indicate
the high degree of homogeneity for each domain. The anode
became more heterogeneous with operation as shown by the
large statistical deviations. Compared to the pristine anode, the
mean reduced modulus above and between reinforcement ber
intersections slightly increased. However, the statistical devia-
tions indicate spots with lower hardness or reduced modulus
compared to the pristine sample, which might be due to void
formations inside the MEA,60 or due to a locally signicantly
thinned or detached catalyst layer.1 Furthermore, domains
associated with the prominent PTL mark show the highest
mean reduced modulus. PTL marks, that are above ber inter-
sections show a clearly higher reduced modulus compared to
pristine positions, and likely an even higher reduced modulus
than other operated domains without PTL marks.

In different measurements, the indenter probe centering
above reinforcement ber intersections might have slight
offsets due to the 20 mm indent spacing. Thus, increased
statistical deviations at such spots might result. Moreover, at
anode positions without PTL marks, the statistical deviations
might be higher because PTL and PTL channel interfaces are
averaged as these are not clearly distinguishable with the
nanoindenter optical microscope.

The hardness analysis, shown in Fig. 4b, yields qualitatively
similar results as the reduced modulus analysis, shown in
Fig. 4a. The mean hardness increases with operation, with the
highest increase at the PTL marks. The hardness statistical
deviations of the different domains exhibit less overlap
compared to the reduced modulus results and thereby, clearly
show that the domains differ in their nanomechanical proper-
ties underlining the importance of the PTL-anode interplay
history during electrolysis.

The MEA's nanomechanical response is an interplay of
catalyst particles, ionomer binder, pores, ionomer membrane,
and reinforcement bers. Thus, multiple mechanisms might
contribute to the generally increased hardness and stiffness
upon operation. First, a loss of so and lower-stiffness ionomer
within the anode might alter the nanomechanical behaviour,
causing it to more align with the mechanical response of harder
and stiffer catalyst. Second, MEA densication due to compac-
tion of the MEA,61 especially at PTL contacts,62 increases the
load-bearing cross section area, and thus might increase hard-
ness and stiffness. Third, the ionomer's structure is reported to
change upon hydration and induced current during electrol-
ysis.37,39,63 This effect might alter the nanomechanical response
as well to a yet not investigated extent. While reported Ir catalyst
dissolution,45,64 is expected to rather reduce hardness and
stiffness, recent reports highlight the possible agglomeration of
J. Mater. Chem. A, 2025, 13, 6347–6356 | 6351
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Ir at certain spots,50,65 which might lead to a locally elevated
hardness and stiffness.

As the nanoindentation results indicate a structural or
compositional change of the anode bulk, PF-TUNA was per-
formed to verify, if a nanomechanical change also occurs on the
anode surface. In contrast to the nanoindentation maps of
360 mm × 360 mm, which were acquired with an indentation
depth of a few mm, the PF-TUNA results were derived from
5 mm× 5 mmmaps, that were acquired with an indentation depth
of only a few nm. As the anode layer consists of Ir catalyst parti-
cles and ionomer, the PF-TUNA resolves the distribution of these
species on the surface by analyzing their nanomechanical and
nanoelectrical properties. Quantitative analysis reveals an
increase in the catalyst particle stiffness with operation. To obtain
these results, rst the qualitative appearance of the PF-TUNA
maps is described, and second, the quantitative analysis of
such maps is elaborated.

Fig. 5a–c show an exemplary scan of a pristine anode surface
located above a reinforcement ber intersection. The topog-
raphy, shown in Fig. 5a, exhibits particle agglomerates and
a few plateau-like structures. The respective stiffness map,
shown in Fig. 5b, shows low stiffness areas, e.g. in the bottom
middle area. The respective contact current map (Fig. 5c)
exhibits the electrically insulating nature of this low stiffness
areas, while other parts are electrically conductive. The
magnied scan, shown in Fig. 5e and f, underlines the presence
of distinct species on the surface. A few high stiffness particles
are observed, although not all of them exhibit measurable
electrical currents. The matrix surrounding these particles
exhibits a low stiffness, while another area at the bottom right of
the image exhibits even lower stiffness. Both of these low
Fig. 5 (a) The topography of the pristine anode surface above an underly
plateau-like structures. (b) The respective stiffness map reveals high stiff
The corresponding contact current map exhibits electrically conductive a
at the area indicated by the dashed box in (a). (e) The respective magn
catalyst particles and low stiffness surrounding ionomer. (f) While the re
nature of the ionomer, the catalyst particles are partly electrically con
associated with catalyst particles with missing percolation paths to the v
The 3D map shows the 3D topography (d) with the stiffness (e) as skin o
observed currents above background noise (10 pA).

6352 | J. Mater. Chem. A, 2025, 13, 6347–6356
stiffness areas correspond to the electrically non-conductive
areas in the contact current map.

The high stiffness and electrically conductive particles
indicate the presence of Ir catalyst. High stiffness catalyst
particles, that are electrically non-conductive, are present due to
two possible reasons: either there is a thin insulating ionomer
lm surrounding the particle's surface, or there is no electron
percolation path to the bulk catalyst particles. The low modulus
and electrically non-conductive areas are associated with ion-
omer. Fig. 5g shows a 3D representation of the PF-TUNA maps,
displayed in Fig. 5d–f, to underline the spatial correlation of
stiffness and contact current. The 3D structure of the topog-
raphy map has the stiffness map as overlay. Furthermore, the
white striped areas display the electrically conductive particles,
on which a contact current above background noise was
observed (10 pA).

For statistical analysis of the in-depth PF-TUNA results
shown in Fig. 5, six individual PF-TUNA stiffness maps across
the anode were evaluated for each domain—above and between
ber intersections and additionally with respect to visible PTL
marks for the operated anode (see Fig. S7–S12†). This catego-
rization of different domains aligns with the categorization for
the nanoindentation results, utilizing the AFM optical micro-
scope as allocation tool. More details about the analyzed posi-
tions are displayed in Fig. S2.†

Fig. 6a shows a histogram of the previously discussed
examplary 5 mm × 5 mm stiffness map of the pristine anode
(Fig. 5b). The peak deconvolution reveals two small peaks, one
located around 20 MPa, and another located around 80 MPa. A
larger peak is observed at around 100 MPa. As the large peak
includes the high stiffness spots and mostly the electrically
ing reinforcement fiber intersection exhibits particle agglomerates and
ness surface areas embedded in a low stiffness surrounding matrix. (c)
nd non-conductive areas. (d) The magnified topography was acquired
ified stiffness map exhibits the nanoscale distribution of high stiffness
spective contact current map shows the electrically non-conductive
ductive. High stiffness but electrically non-conductive domains are
oltage source or particles with a covering insulating ionomer layer. (g)
verlay. White striped areas indicate electrically conductive areas with

This journal is © The Royal Society of Chemistry 2025
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conductive areas (see Fig. S6†), it is associated with the catalyst
particles. As described in Fig. 6, the lower modulus areas are
associated with the ionomer. The sharp peak 2, which is asso-
ciated with the ionomer, is only observed at some pristine
positions (see Fig. S8a–c†) and not at operated (Fig. S9–S12†).
Therefore, to enable a quantitative and comprehensive
comparison of pristine and operated samples, only the as
catalyst associated peak is utilized. Such a catalyst peak is
observed at all pristine and operated positions. Fig. 6b show the
catalyst peak positions that were derived frommultiple stiffness
map histograms acquired across the anode. The catalyst peaks
of the pristine anode's surface are located around 126± 67 MPa
and 141 ± 60 MPa between and above reinforcement ber
intersections, respectively. Therefore, no clear difference is
observed depending on the location of the underlying rein-
forcement ber intersections. Analysis of the operated sample
indicates a high statistical deviation across the sample. Aver-
aged catalyst peak positions at PTL marks are located at
244 ± 80 MPa and 336 ± 115 MPa between and above ber
Fig. 6 (a) The stiffness histogram was derived from the 5 mm × 5 mm
stiffness map, shown in Fig. 5b. The peak deconvolution (R2 = 0.995)
reveals two low stiffness peaks. A larger peak is associated with the
catalyst, as it includes the high stiffness and electrically conductive
pixels (Fig. S6†). (b) The stiffness histograms of maps acquired at
multiple positions (see Fig. S2†) were deconvoluted and the averaged
catalyst peaks are presented for the pristine and operated sample and
its various domains (see Fig. S3 and S4†). The average catalyst stiffness
increases with operation. The operated anode surface exhibits a more
heterogeneous stiffness, shown by the statistical deviations.

This journal is © The Royal Society of Chemistry 2025
intersections, respectively. The analysis of other operated spots
yielded catalyst peak positions at 231 ± 114 MPa and
274 ± 36 MPa between and above ber intersections, respec-
tively. A stiffening with operation is observed.

As the measured stiffness rather resembles those of typical
PFSA ionomers,66,67 and not of iridium,68 the ionomer or
underlying pores dominate the anode's nanomechanical
response. Statistical deviations might be related to local varia-
tions of pore sizes and ionomer layer thickness, that surround
the catalyst particles. In contrast to the nanoindentation
results, the inuence of underlying reinforcement bers is not
clearly observable in the nanomechanical PF-TUNA results. The
mean catalyst peak positions above reinforcement ber inter-
sections are only slightly higher above compared to spots
between reinforcement ber intersections, with overlapping
statistical deviations. As the PF-TUNA tip indents only a few nm,
the inuence of the several mm deep bers is less observable,
compared to the nanoindentation experiments. At PTL posi-
tions above reinforcement ber intersections the highest mean
stiffness is observed, which is also observed in the nano-
indentation results. The interplay of reinforcement bers and
PTL might lead to a different contact during electrolysis
compared to other spots, which might result in a locally
increased aging.

The PF-TUNA results indicate an increasing mean stiffness
with operation, as already indicated by the nanoindentation
results in Fig. 4. Therefore, the topmost nm of the anode surface
may contribute to the results acquired by the mm deep nano-
indentations. The stiffening of the catalyst might be promoted
by a thinning of the covering or underlying ionomer that
entangles the catalyst particles, and contributes to the local
mechanical properties of the composite material. Ionomer
thinning is already reported in the literature.23 Moreover, the
stiffening and hardening shown by nanoindentation results
might also be promoted by stiff contaminations, which are
partially observed at PF-TUNA stiffness histograms of the
operated anode (e.g. Fig. S9e†). Energy dispersive spectroscopy
(EDS) analysis hints at traces of Ti and Fe contaminants
(Fig. S13†) on the operated sample. While the Ti most likely
originates from the PTL, the Fe might originate from the feed
water which is in contact with the piping or other process
related components.1,69
3.4 Nanoelectrics

Aer quantifying and statistically analyzing the nano-
mechanical PF-TUNA results, herein, the simultaneously
acquired contact current maps are evaluated. Thus, a more
complete insight into the anode surface composition is
provided. The observed increase in electrically conductive
surface area with operation is discussed in the following.

Fig. 7 shows the statistical analysis of the 5 mm × 5 mm
contact current maps. The conductive surface area fraction
indicates the fraction of pixels, at which a contact current above
background noise (10 pA) is observed. The average conductive
surface area fraction is higher between compared to above
reinforcement ber intersections. The pristine sample exhibits
J. Mater. Chem. A, 2025, 13, 6347–6356 | 6353
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the least conductive surface area fraction with 50 ± 2%, and
62 ± 13% for positions above and between ber intersections
respectively. With operation the conductive surface area frac-
tion at positions without PTL marks increased to 68 ± 10% and
84 ± 6% above and between ber intersections, respectively.
The mean conductive surface area fraction is the highest at the
PTL marks with 89 ± 8% and 93 ± 6% for positions above and
between ber intersections respectively.

An increase in conductive surface area fraction is in agree-
ment with literature.43 In a PEM electrolysis degradation study,
the authors show an increase of conductive surface area fraction
of around 50% on the anode aer degradation. The authors
associate this increase with a loss of electrically non-conductive
ionomer-rich areas. Herein, a decrease of ionomer with opera-
tion is additionally in line with the stiffness results. The oper-
ated samples' stiffness histograms reveal no sharp peaks
(Fig. S9–S12†), that are associated with the ionomer (such as in
Fig. 6a). Another reason for an increase of conductive surface
area fraction might be a loss of ultrathin ionomer lms that
surround the catalyst particles and prevent electron percolation
paths to the subsurface bulk catalyst for the pristine samples.
Such a thinning of the ultrathin ionomer lm was shown
already for PEMFCs.23 Thereby, new electrical percolation paths
to previously non-contacted surface catalyst particles might
form. EDS data (Fig. S13†) underlines the vast Ir (catalyst) and F
(ionomer) concentration on the operated anode, highlighting
that mostly Ir contributes to the electrical signal. Contaminants
are only found to a small extent. While contaminants were re-
ported as cations at ion exchange sites of the ionomer,1 the
presence of contaminants as solid agglomerates might be
indicated by high stiffness peaks in the histograms (e.g. Fig. S9e
Fig. 7 The conductive surface area fraction of an individual contact
current map indicates the fraction of pixels with a contact current
above background noise (10 pA). With operation, the mean values
increased. The highest conductive surface area fractions are observed
at the PTL marks. The results of six 5 mm × 5 mm contact current maps
were averaged for each data point, except for the domains between
reinforcement fiber intersections at PTL marks, where one contact
current map was left out due to a general missing electrical contact
(Fig. S9b†).

6354 | J. Mater. Chem. A, 2025, 13, 6347–6356
or S11b and d†). The electrical analysis of such high stiffness
peaks indicate the possibility of both: high stiffness electrically
conductive contaminants (e.g. Fig. S11d†) or high stiffness
electrically non-conductive contaminants (e.g. Fig. S9e†).

Lastly, the in Fig. 7 observed inuence of reinforcement
bers is discussed. Locations between reinforcement ber
intersections show an increased mean conductive surface area
fraction compared to locations above reinforcement ber
intersections for the operated and pristine anodes. The differ-
ence at PTL marks becomes small, as the conductive surface
area fraction approaches 100%. A reason might be the varying
mechanical, conductive, or swelling properties of the bulk
reinforcement bers, which lead to different electrical surface
properties aer manufacturing or which further inuence the
catalyst properties during operation.

4 Conclusion

There is an urgent need to optimize PEMEC MEAs for
competitive electrochemical hydrogen production, requiring
the analysis of long-term operated MEAs. Through nano-
electrical and nanomechanical analysis of pristine and operated
web-woven ber reinforced MEAs signicant insights into their
longevity have been gained.

The web-woven reinforcement bers improve the local
nanomechanical properties of the MEA and mitigate critical
membrane failure over a long-term operation of more than
5000 h. Interestingly both, pristine and operated anodes exhibit
a slightly diminished electrically conductive surface area above
reinforcement ber intersections indicating a potential ber
inuence on the nanoelectrics. The pristine anode exhibits
homogeneous nanomechanical properties on a large scale with
variations only arising at specic points where reinforcement
ber intersections are located. With operation, an increase of
reduced modulus and hardness is observed. The increase is
likely promoted by a loss of low stiffness and so ionomer in the
catalyst layer, which is indicated by the AFM stiffness histogram
analysis and the large observed fraction of electrically conduc-
tive surface area on the operated anode. Moreover, operated
anode analysis reveals varying domains depending on the PTL
expanded metal grid contact history. While PTL and PTL
channel interface areas remained largely indistinguishable,
a strikingly high increase of reduced modulus, hardness and
conductive surface area is systematically observed at prominent
PTL marks, located at one side of each PTL and PTL channel
interface area.

The question is raised if structural or compositional change
mostly occurred at these comparably small PTL marks, because
the PTL had only signicant contact at these spots or because
the direct additional interface to a PTL channel plays a crucial
role. Furthermore, contributions of ionomer loss and catalyst
dissolution/reprecipitation to the observed structural or
compositional changes are of interest for future research.
Moreover, it is important to evaluate how these alterations
impact the macroscopic behavior, potentially leading to hot-
spot formation or passivated areas that could affect efficiency
or provoke MEA failures.
This journal is © The Royal Society of Chemistry 2025
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9 M. Chandesris, V. Médeau, N. Guillet, S. Chelghoum,
D. Thoby and F. Fouda-Onana, Int. J. Hydrogen Energy,
2015, 40, 1353–1366.

10 H. Liu, F. D. Coms, J. Zhang, H. A. Gasteiger and
A. B. LaConti, Polymer Electrolyte Fuel Cell Durability, 2009,
pp. 71–118.

11 S. Grigoriev, P. Millet, S. Volobuev and V. Fateev, Int. J.
Hydrogen Energy, 2009, 34, 4968–4973.

12 Y. Kobayashi, K. Kosaka, T. Yamamoto, Y. Tachikawa, K. Ito
and K. Sasaki, Int. J. Hydrogen Energy, 2014, 39, 16263–16274.

13 F. Lapicque, M. Belhadj, C. Bonnet, J. Pauchet and
Y. Thomas, J. Power Sources, 2016, 336, 40–53.

14 P. Shirvanian and F. van Berkel, Electrochem. Commun., 2020,
114, 106704.

15 F. Liu, B. Yi, D. Xing, J. Yu and H. Zhang, J. Membr. Sci., 2003,
212, 213–223.
This journal is © The Royal Society of Chemistry 2025
16 T. R. Ralph, D. E. Barnwell, P. J. Bouwman, A. J. Hodgkinson,
M. I. Petch and M. Pollington, J. Electrochem. Soc., 2008, 155,
B411.

17 C. J. Linnartz, A. Rommerskirchen, J. Walker,
J. Plankermann-Hajduk, N. Köller and M. Wessling, J.
Membr. Sci., 2020, 605, 118095.

18 A. Kusoglu and A. Z. Weber, Chem. Rev., 2017, 117, 987–1104.
19 S. Auffarth, W. Danger, J. Mehler, V. Ardizzon, P. Preuster,

P. Wasserscheid, S. Thiele and J. Kerres, J. Mater. Chem. A,
2022, 10, 17208–17216.

20 J. Kink, M. Ise, B. Bensmann, P. Junker and R. Hanke-
Rauschenbach, J. Electrochem. Soc., 2023, 170, 114513.

21 Y. Xing, L. Liu, Z. Fu, Y. Li and H. Li, Int. J. Hydrogen Energy,
2024, 50, 79–90.

22 T. Morawietz, M. Handl, C. Oldani, K. A. Friedrich and
R. Hiesgen, Fuel Cells, 2018, 18, 239–250.

23 T. Morawietz, M. Handl, C. Oldani, P. Gazdzicki, J. Hunger,
F. Wilhelm, J. Blake, K. A. Friedrich and R. Hiesgen, J.
Electrochem. Soc., 2018, 165, F3139–F3147.
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