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Driven by the increasing demand for green hydrogen, proton exchange membrane (PEM) water

electrolyzers are positioned as a key technology in the sustainable energy market. A primary concern for

electrolysis cells remains the aspect of PEM durability. For durability testing, researchers often resort to

accelerated degradation procedures utilizing ex situ Fenton reactions, exposing the PEM to high

concentrations of Fe2+ and H2O2 to emulate prolonged exposure that mimics electrolysis conditions.

However, these investigations often yield discrepancies compared to degradation occurring under actual

long-term operation. The presented work elucidates and contextualizes ex situ Fenton testing by

studying the transformations and reactions occurring across different length scales in state-of-the-art

long- and short-side-chain PEM materials, revealing that the different weighting of chemical and

morphological reaction pathways yields distinct degradation results for the two studied ionomers. PEM

degradation mechanisms were classified into two pathways: chemical reactions, consisting of uniform

polymer chain unzipping without significant preferential scissoring of polar moieties; and morphological

transformations from the formation of voids, driven by pressure build-up inside the gas-impermeable

membranes due to the breakdown of peroxide into oxygen. Both pathways operate in conjunction to

affect crystallinity and ion conductivity, revealing that accelerated Fenton procedures require

modification for transferable durability testing.
Introduction

Green hydrogen is emerging as a crucial climate-neutral
resource for industry, transportation, and the energy sector in
global efforts to reduce CO2 emissions.1,2 However, the limited
availability of high-purity green hydrogen remains a major
challenge, especially given its demand in chemical, steel,
petroleum, and fertilizer industries.3 Proton exchange
membrane (PEM) water electrolysis offers a promising route by
converting renewable energy into high-purity hydrogen. Despite
its advantages, widespread deployment of PEM water electro-
lyzers (PEMWEs) is hindered by their limited operational life-
time.4,5 In particular, the membrane is highly vulnerable to
mechanical, thermal, and chemical degradation, which
compromises long-term reliability.6–10 The benchmark
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membrane materials utilized for PEM water electrolysis are
long- and short-side-chain (lsc- and ssc-) peruorosulfonic acid
(PFSA) ionomers.11 Incorporation of transition metal ions into
these ionomer membranes during electrolyzer operation has
been reported in long-term studies.12,13 In operating electro-
lyzers, cationic impurities such as Fe2+ can enter the membrane
via two pathways: (i) exogenous contamination from the feed
water, where even ASTM (American Society for Testing and
Materials) Type II–compliant water contains residual ions, and
(ii) endogenous contamination from stack component degra-
dation or leaching during manufacturing and maintenance.
Over time, such impurities can block a signicant fraction of
−SO3H groups in the membrane.14,15 While this direct degra-
dation pathway of ionomers may impact proton conductivity, it
is fully reversible.

However, PEM literature concurs that transition metal
cations strongly impact chemical degradation indirectly by
catalyzing irreversible PEM decomposition mechanisms.13,16 Of
thesemechanisms, the Fenton reaction is considered as a major
pathway, where the breakdown of H2O2 to highly reactive radi-
cals is catalyzed on transition metal ions with exible oxidation
state such as Fe2+ or Ti3+.17–19 In PEMWEs, H2O2 is present in low
concentrations by in situ formation. During operation, O2 is
This journal is © The Royal Society of Chemistry 2026
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generated at the anode and may permeate through the PEM to
the cathode side in small amounts, particularly at high current
densities20 and under large anodic–cathodic pressure differen-
tials.21,22 Permeated O2 is then electrochemically reduced at the
platinum cathode in presence of absorbed H2 on the platinum
catalyst via a two-electron pathway (eqn (1)):

2H+ + O2 + 2e− / H2O2 (1)

A recent study by Rui et al. also suggests direct oxidation of
water to H2O2 in the anode compartment at high voltages.23

Another relevant source for volatile renewable energy sources
may also be the formation of H2O2 during system shutdown
processes.24 In the Fenton mechanism, H2O2 reacts catalytically
with Fe2+/Fe3+, HOc, Hc, and HOOc radicals through sequential
redox steps (eqn (2)–(4)):25–27

Fe2+ + H2O2 / Fe3+ + OH− + HOc (2)

HOc + H2 / Hc + H2O (3)

Fe3+ + H2O2 / HOOc + Fe2+ + H+ (4)

Among the radicals formed, HOc was reported to contribute
to major degradation pathways in PEM ionomers despite
signicantly lower concentration compared to Hc and HOOc.
HOc initiates backbone unzipping, cleaving of sulfonic acid
groups, and breaking of ether linkages, thereby disrupting the
hydrophilic network and reducing conductivity.17,28–30 These
pathways diminish structural integrity and ion-exchange
capacity, ultimately accelerating PEM failure (Fig. 1c and d). A
detailed overview of additional radical-driven mechanisms is
available in the literature.17,25,27

Although radical-induced degradation pathways are central
to membrane failure, they typically evolve over thousands of
operating hours in PEMWEs. The high cost of electrolysis test
rigs and the long test durations make systematic screening and
direct observation under real conditions unfeasible, especially
when multiple membrane variants are compared. Therefore,
Fenton degradation is usually studied using accelerated ex situ
tests. Ex situ Fenton tests are performed either by immersing
membranes in Fe2+/H2O2 solution (solution method,
Fig. 1a),19,25,31–34 or by exchanging –SO3H moiety protons of the
membrane with Fe2+ prior to H2O2 exposure (ion-exchange
method, Fig. 1b).32,35 Consequently, ex situ conditions oen
differ substantially from those in operating PEMWEs. A study by
Fiedler et al. suggests an upper limit of 1 ppm Fe2+ in operating
PEMWE,36 compared to 10 to 100 ppm in reported ex situ Fenton
studies.31,32,35,37–45 Simultaneously, Fenton procedures utilize 10–
30% H2O2 solutions, where PEMWE or PEM fuel cells exhibit
several orders of magnitude lower levels.31,32,35,37–45 While the
high concentrations of reactants in ex situ testing accelerates
PEM degradation, it also represents a limitation of current
state-of-the-art testing methodology, as the impact of the stark
difference in radical availability has been insufficiently
addressed. In combination with substantially higher educt
concentrations, the contrasting and competing reactions of
radical generation and attacks may not only result in altered
This journal is © The Royal Society of Chemistry 2026
reaction kinetics, but also qualitatively different degradation
processes. Thus, degradation of the ionomer may proceed
differently, e.g., favoring backbone vs. side chain degradation.
Furthermore, the studies of Gubler et al. highlight the rate
dependencies of radical recombination reactions, that may
result in signicant production of O2 inside the ionomer at high
radical concentrations, which has been insufficiently explored
yet.46

Nonetheless, various analytical techniques have been
utilized for the investigation of Fenton induced degradation in
PEMs under ex situ test conditions. Both solid state and solu-
tion NMR spectroscopy provides molecular-level insight, but
reports are highly inconsistent. In one study, pronounced signal
loss was detected for SCF2 groups, followed by OCF2 and CF2
side-chain resonances, while main-chain signals remained
largely unaffected, thus indicating preferential cleavage of
ether-linked side chains rather than the PTFE backbone.31 A
subsequent quantitative investigation conrmed that the
concentration of backbone CF2 groups remained constant,
whereas side-chain functionalities degraded in the order SCF2
z a-OCF2 > CF3 > b-OCF2, supporting the higher radical resis-
tance of the polymer backbone.37 In contrast, a separate study
revealed that both backbone and side-chain integrals remained
stable for approximately 12 h but began to shi upon extended
exposure, suggesting that under prolonged oxidative stress,
degradation of main and side chains may proceed
concurrently.35

ATR-FTIR spectroscopy offers surface-sensitive information
by probing specic bond vibrations and capturing local chem-
ical changes of the membrane that is complementary to bulk
sensitive NMR studies.38 In line with NMR observations, ATR-
FTIR studies report divergent ndings regarding the chemical
stability of PFSA membranes under Fenton treatment. In one
investigations, normalized PTFE backbone vibration intensities
remained constant, while SO3 and C–O–C side-chain signals
decreased with treatment time, indicating preferential attack at
sulfonic acid groups and ether linkages.39 Another study simi-
larly observed a greater reduction in SO3-associated bands than
in C–F stretching bands, suggesting side-chain decomposition
and an increased C–F/S–O peak ratio.40 In contrast, several
studies found no detectable variation in the relative intensities
of backbone and side-chain vibrations, concluding that the
overall chemical structure of the ionomer surface remained
largely unchanged under both ion-exchange and solution
method conditions.32,41,42

Despite inconsistencies in spectroscopic observations, Fen-
ton treatment induces pronounced morphological changes in
PEMs across the micrometer to millimeter scale, distinct from
the membrane thinning typically reported in laboratory-scale
PEMWE studies subjected to radical attack.47,48 Scanning elec-
tronmicroscopy (SEM) provides the necessary spatial resolution
to capture these features within the relevant size range, offering
direct visualization of morphological degradation that
complements chemical analyses. SEM analyses reveal that both
solution- and ion-exchange-treated membranes develop surface
blisters that grow, coalesce, and eventually form pinholes, while
cross-sectional imaging shows a progressive appearance of
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21153
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Fig. 1 Schematic illustration of radical generation pathways in (a) a proton-exchange membrane (PEM) water electrolyzer via the Fenton
mechanism and (b) an ex situ Fenton test setup employing the ion-exchange method. Arrow widths represent relative transport and reaction
rates. Panels (c) and (d) show the chemical structures of long side chain (lsc) and short side chain (ssc) PEMs with highlighted radical attack sites.
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internal voids, which are absent in pristine membranes.32,39,43–45

Minor variations, such as slightly larger blisters or increased
foaming in one protocol, do not alter the central observation
that Fenton treatment causes severe morphological deteriora-
tion.32 Although the molecular effects of Fenton's reagent on
PEMs remain debated, Fenton ex situ studies generally attribute
the observed morphological changes to radical. A detailed
overview of further characterization techniques and corre-
sponding observations for ex situ Fenton treated PEMs is
additionally provided in SI (Table S1).

The presented contrasting analytical studies highlight the
absence of methodological standardization, thus complicating
interpretation of ex situ Fenton studies. It is important to note
that variations in test design (ion-exchange vs. solution
methods), Fe2+/H2O2 concentrations and solution replacement
intervals may severely impact degradation behavior.31,32,35,37–45

Post-treatment variability adds further uncertainty. Drying
procedures can signicantly affect results such as ATR-FTIR
spectra, while incomplete iron removal may affect certain
techniques, e.g. broadening of NMR signals and distortion side
chain amplitudes in ATR-FTIR.31,49,50 Such artifacts risk mis-
representing chemical degradation pathways, particularly the
relative rates of side chain versus backbone cleavage.
21154 | J. Mater. Chem. A, 2026, 14, 21152–21169
These inconsistencies highlight the need for systematic,
multimodal analysis of ex situ Fenton treated PEMs to clarify
degradation pathways. To address this, the present study eval-
uates the effectiveness and limitations of ex situ Fenton tests for
probing chemical degradation and provides a new perspective
on how accelerated degradation protocols should be inter-
preted. Rather than proposing new mitigation strategies for
PEM degradation, this study assesses the state-of-the-art
assessment of chemical durability using complementary char-
acterization techniques. Long- and short side chain PEMs were
treated with Fenton's reagent by the ion-exchange method,
whichmaximizes radical formation through Fe2+ incorporation.
Following Fenton treatment, residual Fe2+/Fe3+ was removed
using a dedicated protocol, quantitative removal was conrmed
by electron paramagnetic resonance (EPR) spectroscopy, while
uoride release was quantied by ion chromatography (IC).
Chemical changes at the molecular scale were examined by 19F
NMR, ATR-FTIR, and Raman spectroscopy to identify prefer-
ential bond cleavage. Morphological changes at the nano-to
mesoscale were probed by SEM, SAXS, and 19F T1 relaxation to
monitor domain contraction, crystallinity, and chain mobility,
complemented by contact angle and adhesion force measure-
ments for surface properties. Finally, the macroscopic impact
This journal is © The Royal Society of Chemistry 2026
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on PEM performance was evaluated at the device level through
current–voltage measurements to quantify ionic permeability.
Methods
Membrane preparation and Fenton treatment

Pristine long side chain PEMs (lsc-PEM; Naon 115) were
purchased from Fumatech BWT GmbH (Bietigheim-Bissingen,
Germany), and short side chain PEMs (ssc-PEM; Aquivion
E98-15S) fromMSE Supplies, LLC (Tucson, Arizona, USA). PEMs
were mounted in a home-built sample holder (Fig. S1) and
placed in a 200 mL glass beaker. Heating was performed on
heating and stirring plate in an oil bath. Prior to use,
membranes were pretreated in 0.5 M H2SO4 at 80 °C for 5 h,
followed by two neutralization steps in deionized (DI) water at
80 °C for 1 h each. Aer every step, samples were rinsed with DI
water.

For the Fenton treatment, the PEMs were immersed in 0.5 M
H2SO4 containing 1 M FeSO4 at 80 °C for 5 h. Without removing
the membrane from the holder, the assembly was rinsed with
DI water and directly transferred into 30% v/v H2O2 solution in
water preheated to 80 °C. The H2O2 solution was refreshed every
24 h, and samples remained immersed for the specied treat-
ment duration.

Following Fenton treatment, PEMs were immersed in 0.5 M
H2SO4 (100 mL) at 80 °C for 1 h, then treated in fresh 0.5 M
H2SO4 containing disodium EDTA dihydrate (Na2–EDTA; 7 mg
per 50 mg PEM) for 1 h at 80 °C to remove residual iron.

Finally, PEMs were treated twice in fresh DI water at 80 °C for
1 h each.
Solid-state NMR spectroscopy (19F MAS-NMR, T1 relaxation)
for molecular scale analysis

The 19F magic angle spinning-nuclear magnetic resonance
(MAS-NMR) spectra were recorded on a Bruker Avance III HD
spectrometer using a Bruker Ascend 400WB (9.6 T, 400 MHz for
1H) Magnet and a dual channel 1.3 mm MAS probe (PH
MASDVT 400W1 BL1.3 N-P/H NO-I/E). The experiment temper-
ature was maintained at 25 °C and the MAS spinning frequency
was set to 40 kHz.

The 19F center frequency was referenced to the (CF2)n signal
at −121 ppm, using a spectral width of 199.213 ppm. The
recycle delay was set between 1 and 10 s, depending on the T1
and 90° pulse lengths were set to 1.1–1.2 ms at 45 W.

Raw data were processed with a custom Python (Python
v.3.9) script, applying 1 Hz exponential apodization and base-
line correction using an Asymmetric Least Squares Smoothing
algorithm.51 The peak tting was performed using LMFIT
version 1.3.3 for Python 3.13 (64 bit), utilizing a non-linear least-
squares algorithm.52 Pseudo-Voigt functions were implemented
to evaluate the integral, center frequency, full width at half
maximum and the Pseudo-Voigt fraction of the signals. For the
ssc-PEM, OCF2, SCF2 and CFb signals were tted using single
Pseudo-Voigt functions. The (CF2)n signal was tted using three
Pseudo-Voigt plus one Lorentzian prole37 (center frequencies
within the range from −121 to −123 ppm), which reduced the
This journal is © The Royal Society of Chemistry 2026
maximum residuals between data points and t from >2% (with
one Pseudo-Voigt prole used) to <1.5%, referenced to the
amplitude of the (CF2)n signal. For the lsc-PEM, the OCF2 signal
was tted using two Pseudo-Voigt components while the CFs
signal at −144 ppm was tted using a single Pseudo-Voigt
prole.

The relative intensities of the SCF2/CCF2, OCF2 and CFb
signals were normalized to the (CF2)n integral i.e., the sum of its
tted components. Errors were estimated by Gaussian error
propagation with the root mean square of the noise per ppm
determined from the range between −100 ppm and −90 ppm.
Using

nsignal = 4snppm (5)

, the noise of each signal was calculated with s being the
half-width at half maximum of a signal and nppm being the
noise per ppm.

The 19F T1 relaxation time experiments were conducted
utilizing the same experimental parameters as for the MAS
experiments. The T1 relaxation time constant was determined
using a saturation recovery pulse sequence with 16 logarith-
mically spaced delays ranging from 0.008 to 7.5 s. The satura-
tion train consisted of 256 equispaced pulses with 0.5 ms delay.

The data were analyzed by plotting the signal integrals as
a function of delay time and tting an exponential recovery
function:

Mz ¼ M0$

0
@1� e

� t
T1

1
A (6)

The T1 error was derived from deviations of the exponential
t from the integral values.

Electron paramagnetic resonance (EPR) spectroscopy for iron
detection

PEMs were cut into slices of approximately 15 × 2 mm and
loaded into 4 mm EPR tubes under air. Continuous-wave EPR
spectra were recorded on a Bruker ELEXSYS E580 spectrometer
operating at 9.40 GHz. Measurements were performed at 20 K,
with spectra acquired as rst derivatives of the absorption
function using a modulation amplitude of 0.15 mT, a modula-
tion frequency of 100 kHz, and amicrowave power of 4.743 mW.

ATR-FTIR spectroscopy for chemical bond analysis

Attenuated total reectance Fourier-transform infrared (ATR-
FTIR) spectra were recorded on a Spectrum 3 FT-IR/FIR spec-
trometer (PerkinElmer, UK) equipped with a Universal ATR
accessory. 32 scans were averaged over 650 to 4000 cm−1 at
4 cm−1 resolution. For each PEM (pristine and Fenton treated),
ve different surface locations were measured to minimize
inhomogeneity. Raw transmittance (%) data were converted to
absorbance using:53

Absorbance ¼ �log10
�
Transmission

100

�
(7)
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21155
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and baseline-corrected using an asymmetric least-squares
algorithm l = 1 × 105, p = 0.001, 10 iterations).51 Each spec-
trum was normalized to the PTFE backbone band at 1143 cm−1

(ns(CF2)).54 For each sample, the ve normalized spectra were
averaged, and mean peak amplitudes were extracted and
plotted versus Fenton treatment time. All data processing was
performed using a custom Python script employing NumPy and
pandas for numerical operations, and Matplotlib and Seaborn
for plotting.55–58

Raman spectroscopy for backbone and sulfonic group analysis

PEMs were measured in a dry state; wet samples were air-dried
overnight prior to measurement. Raman spectra were acquired
on an Alpha 300R Raman microscope (WITec/Oxford Instru-
ments, Ulm, Germany) equipped with a UHTS 300S spectrom-
eter, a 300 g mm−1 grating, and a back-illuminated deep-
depletion CCD camera. Measurements were performed using
a Zeiss EC Epiplan-Neouar Dic 20x/0.5 objective and a 785 nm
laser (20 mW, 60 s acquisition).

For each sample, three spectra were recorded, background-
corrected using the shape background subtraction tool in
WITec Project 6.2, normalized to the CF2 symmetric stretching
vibration at 731 cm−1, and averaged. In cases of strong uo-
rescence, time series of ten spectra were acquired to induce
photobleaching; the nal spectrum was then used for
averaging.

Fluoride release quantied by ion chromatography (IC)

Fluoride release during Fenton treatment was quantied by IC.
At each treatment time (0.25, 0.5, 1, 4, 8, 24 and 48 h), two
500 mL aliquots were taken from the liquid phase of the Fenton
reagent for both membranes. Measurements were performed
on a Metrohm IC 850 system (Metrohm AG, Herisau, Switzer-
land) using a Metrosep A SUPP 7-250 column with 3.6 mM
Na2SO3 as eluent.

Fluoride concentration in solution (bF−, mg mL−1) was
determined, and the corresponding uoride mass relative to
membrane mass (wF

−) was calculated as:

wF� ¼ bF�$
V

meff

(8)

where V is the liquid phase volume and meff is the PEM mass in
direct contact with the liquid phase. Errors were estimated by
Gaussian error propagation, using DbF− (standard deviation of
two-fold determination), DV (1% of liquid phase volume), and
Dmeff (5% of effective membrane mass). The higher error
margins reect evaporation losses and uncertainties in
membrane hydration state.

Scanning electron microscopy (SEM) for morphology
investigation

SEM imaging and cross-sectioning were performed on a Plasma
FIB-SEM (AMBER X, TESCAN, Brno, Czech Republic). PEMs
were mounted on aluminum stubs, dried at ambient conditions
for 24 h, and degassed in the microscope chamber for 30 min.
Surface micrographs were acquired at 2 keV accelerating voltage
21156 | J. Mater. Chem. A, 2026, 14, 21152–21169
and 0.3 nA beam current using an Everhart–Thornley (E–T)
secondary-electron detector. Cross-sections were prepared by
trench milling with a 30 keV, 25 nA Xe+ beam, followed by
polishing at 30 keV, 5 nA, and imaged under the same 2 keV/0.3
nA conditions.

Quantitative blister-size analysis was carried out in ImageJ
(v1.54p).59 Individual blisters within a 3 mm eld of view were
manually segmented to measure diameters. Between 50 and 120
blisters per treated sample were analyzed to ensure represen-
tative statistics. The resulting diameters were processed using
a Python script incorporating NumPy, Pandas and SciPy, and
visualized as kernel density distributions using
Matplotlib.55–58,60

Small angle X-ray scattering (SAXS) for nano structural
analysis

SAXS experiments were performed on a XEUSS 3.0 UHR system
(Xenocs, Sassenage, France) equipped with a Cu Ka source (l =

1.5418 Å). Pristine and Fenton treated PEMs were clamped into
4 mm-diameter sample holders. Measurements were acquired
at sample-to-detector distances of 42.5, 300, 1800, and 4500 mm
with corresponding exposure times of 300, 300, 1800, and
1800 s. The measurements from the different sample-to-
detector distances were merged to yield a total q-range of
0.0006–3.92 Å−1 and evaluated regarding peak position and
intensity using the proprietary soware tool XSACT Pro (v.
2.10.3, Xenocs, Sassenage, France). Domain spacings (d) were
calculated using the following relation for Bragg's distance:61

d ¼ 2p

q
(9)

Contact angle (q) measurements for surface wettability

Sessile-drop contact angles of pristine and Fenton treated PEMs
(stored in DI water prior to measurement) were recorded at
room temperature on an OCA 200 goniometer (DataPhysics
Instruments, Germany) using 4 mL water droplets. Contact
angles were evaluated with SCA 20 soware (DataPhysics
Instruments) andmeasured immediately aer the water droplet
was placed on the sample surface. For each sample, ve
measurements were taken at different positions and averaged;
results are reported as mean ± standard deviation (SD).

Adhesion force (F) measurements for interfacial properties

Adhesion forces (F) between the PEM and the analyte (4 mL of
water droplets) were measured using a DCAT 25 tensiometer
(DataPhysics Instruments GmbH, Germany) equipped with
a CCD camera. PEMs were stored in DI water prior to use. The
analyte was suspended on a ring holder (inner diameter 6.2
mm, outer diameter 6.6 mm) connected to a microbalance, and
the balance was zeroed before measurement. The measure-
ments for water adhesion were performed in air. The PEM
approached the water droplet at 0.03 mm s−1, compressing it by
0.3 mm. Three locations per sample were probed, and adhesion
forces were calculated from the recorded force data.
This journal is © The Royal Society of Chemistry 2026
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Current–voltage (I–V) characterization

Current–voltage (I–V) measurements were performed to eval-
uate transmembrane ion transport. Pristine and Fenton treated
PEMs (stored in DI water prior to use) were mounted in
a custom-built two-compartment electrochemical cell with
a circular opening of 0.28 cm2 (sample area under investigation,
Fig. S9). Each compartment was lled with 20 mL of 100 mM
H2SO4 electrolyte, and the transmembrane potential was
measured using Ag/AgCl reference wires (1 mm diameter)
inserted into each compartment.62,63

Measurements were performed at ambient conditions (22 °
C) on a VSP-300 potentiostat (BioLogic, France). Ionic current
ow throughout the PEMwasmonitored by applying a scanning
triangle voltage from +100 mV to −100 mV in 10 mV steps. The
last of 10 cycles was used for analysis. For visualization, a y-shi
correction was performed.
Results
Molecular scale degradation probed by 19F MAS-NMR

The 19FMAS-NMR spectra of pristine, hydrated lsc-PEM (Fig. 2a)
and ssc-PEM (Fig. 2b) are in line with their reported structures
(Fig. 2e and f, respectively) and with literature studies.37,64 Due
to their identical PTFE backbone, the spectra only differ in their
polar side chain contributions. For the ssc-PEM, the signal at
−80 ppm is weaker and shied to −79 ppm, reecting the
absence of a CF3 group and the presence of only one OCF2
moiety. Moreover, the component at −143 ppm is missing due
to the lack of a branching point in the short side chain.

The 19F MAS-NMR spectrum of the ssc-PEM signicantly
changes aer 0.5 h of Fenton treatment (Fig. 2c). At this stage,
no H2SO4 purication was conducted to remove catalytic iron.
In the presence of the paramagnetic Fe2+ and Fe3+ ions, a strong
broadening of the side chain signals OCF2, SCF2/CCF2, and CFb
was observed. In particular, the OCF2 and CFb signals disappear
almost completely. This is due to strong interactions between
the nuclear spins and unpaired electron spins, leading to
a signicant reduction in T2 relaxation time and thus to line-
broadening.65

However, spectra can be restored aer subsequent washing
with H2SO4 to remove Fe2+/Fe3+-ions quantitatively. The post-
treated ssc-PEM (Fig. 2d) showed comparable signal intensity
and linewidth to the pristine ssc-PEM with only minor varia-
tions. This indicates that signicant parts of the spectral
changes between Fig. 2b and c reect the paramagnetic inu-
ence of the foreign ions rather than changes in the chemical
structure of ssc-PEM.
Removal of residual iron veried by EPR spectroscopy

Clear evidence of the effectiveness of this post-treatment
method is provided by the EPR spectra of the post-treated and
non-post-treated ssc-PEMs (Fig. 3a). While the EPR spectrum of
the Fenton treated ssc-PEM exhibited evidence of paramagnetic
Fe3+-ions, whereas the Fenton and post-treated ssc-PEM did not.
A corresponding EPR spectrum demonstrating the post-
This journal is © The Royal Society of Chemistry 2026
treatment effectiveness for the lsc-PEM is provided in the SI
(Fig. S2).

The impact of Fenton treatment time on iron coordination is
further explored in Fig. 3b. Both ionomers exhibited three
major signals: g = 1.99 (Fe3+ dipole–dipole interactions),66 geff =

4.21 (isolated Fe3+ in tetrahedral coordination),66 and geff = 8.56
(high-spin Fe3+ in a strong eld ligand site with low
symmetry).67 The lower intensity of the signal at g= 1.99 and the
higher intensity of the signals at geff = 4.21 and geff = 8.56
indicate that Fe3+ ions in the lsc-PEM were more isolated. In
comparison, the ssc-PEM exhibited more of a clustered Fe3+

environment aer 24 h.66 Aer 48 h, geff = 4.21 and geff = 8.56
intensities remained constant, while g = 1.99 intensities
switched, suggesting an inuence of the catalytic activity on the
arrangement of the Fe3+-ions in the ionomer structure.

Molecular scale insights from 19F MAS-NMR signal ratios

Based on the deconvolution of the 19F MAS-NMR spectra, the
relative signal contributions of each molecular site were deter-
mined relative to the backbone signal intensity to study prefer-
ential degradation reactions of the lsc-PEM (Fig. 4a–d) and the
ssc-PEM (Fig. 4e–g). While the SCF2/CCF2 signal of the lsc-PEM
decayed by about 18% during Fenton treatment, the other
signals remained constant over the entire period, considering the
statistical error of each t. This suggests preferential loss of
sulfonic acid functionality. However, the other functional groups
of the side chain do not appear to be degraded to the same extent.

In contrast to the lsc-PEM, for the ssc-PEM the relative signal
intensity of no particular group was reduced within the margins
of error. Thus, in the ssc-PEM the spectra suggest sequential
rather than targeted side chain degradation. Therefore, 19F
MAS-NMR reveals a higher resistance against preferential side
chain degradation for the bulk of ssc-PEM compared to the lsc-
PEM.

Chemical degradation probed by ATR-FTIR and Raman
spectroscopy

ATR-FTIR spectroscopy was used on pristine and Fenton treated
PEMs to verify and support the NMR-based assessment of
chemical degradation. For both pristine lsc- and ssc-PEMs,
vibrational bands corresponding to COC (969 cm−1; 982 cm−1,
lsc-PEM-specic) and SO3

− (1056 cm−1) were detected (Fig. 5a
and c, respectively).54

For the lsc-PEM, normalized peak amplitudes remained near
pristine values across all treatment times, showing only minor
transient uctuations (Fig. 5b). The ssc-PEM displayed similarly
small variations for treatment times up to 1.5 h, but at 24, 48,
and 72 h the mean amplitudes at 969 cm−1 and 1056 cm−1 were
slightly lower than those of the pristine membrane, suggesting
loss of the corresponding chemical groups aer prolonged
exposure (Fig. 5d). In both PEMs, values of treated samples were
generally close to the standard deviation range of the pristine
sample, indicating that any loss of C–O or S–O bonds under the
applied Fenton treatment conditions was minimal. Raman
spectroscopy provided complementary conrmation, with no
signicant changes detected in the relevant vibrational modes
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21157
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Fig. 2 19F MAS-NMR spectra of hydrated (a) lsc-PEM and (b) ssc-PEM in the pristine state, and of (c) ssc-PEM after 0.5 h of Fenton treatment and
(d) after additional post-treatment with 0.5 M H2SO4. Spectra were recorded at a spinning frequency of 30 kHz. Experimental data are shown as
black dots, the fit as an orange line, and individual Lorentzian and Pseudo-Voigt components in the colors indicated in the legend. Panels (e) and
(f) show chemical structures with 19F signal assignments for lsc-PEM and ssc-PEM, respectively.
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aer treatment (Fig. S3 and S4). The normalized, averaged ATR-
FTIR spectra of pristine and treated PEMs are provided in the SI
(Fig. S5 and S6).
Fluoride release as a marker of chemical breakdown revealed
by IC

To classify the qualitative alterations of the PEM structure
derived from 19F MAS-NMR and ATR-FTIR quantitatively, the
uoride release rate of both ionomers as a function of Fenton
treatment time (Fig. 6) was determined using IC. For both PEMs,
the amount of uoride in the liquid phase of the Fenton reagent
increased rapidly within the rst hour of treatment. During the
21158 | J. Mater. Chem. A, 2026, 14, 21152–21169
next 23 h, the levels of released uoride remained nearly
constant. However, replacing the Fenton reagent with a fresh
30% H2O2 solution aer 24 h increased the uoride release by
more than one order of magnitude for both PEMs. This may
reect transport limitations due to steric hindrance from ion-
omer fragments. By the addition of a fresh, highly concentrated
hydrogen peroxide solution, these sterically demanding frag-
ments may also have been broken down into smaller units,
enabling the release of increased amounts of uoride.

Assuming the membrane was completely dehydrated during
weighing, the proportion of uoride release in the total uorine
contained in the sample was calculated as 7.14% (48.138 mg
mgsample

−1) for the lsc-PEM and 19.26% (130.67 mg mgsample
−1)
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Continuous-wave EPR spectra of (a) ssc-PEM after 24 h of Fenton treatment (red) and after additional post-treatment with 0.5 M H2SO4

(black), and (b) lsc-PEM (blue) and ssc-PEM (red) after 24 h (solid lines) and 48 h (dashed lines) of Fenton treatment. Vertical dashed lines at g =
1.99, geff = 4.21 and geff = 8.56 indicate reference positions.
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for the ssc-PEM. At this proportion of released uoride, the
inuence of Fenton degradation can certainly be regarded as
signicant. Notably, the ssc-PEM released nearly three times
more uoride than the lsc-PEM.

Overall, IC complements the information drawn qualitatively
from the 19F MAS-NMR spectra with a quantitative assessment
of degradation. While spectroscopy collectively indicates that
Fenton treatment induces only minor or negligible degradation
on the molecular level, IC reveals signicant uoride release.
Morphological changes revealed by SEM

Upon Fenton treatment, both lsc-PEM and ssc-PEM changed
from clear, transparent sheets to light yellow, opaque lms.
Fig. 4 Relative intensities of SCF2/CCF2 (red), OCF2 (grey), CFb (orange)
and (e–g) ssc-PEM. Data are shown for pristine hydrated membranes
estimated by Gaussian error propagation as described in the methods.

This journal is © The Royal Society of Chemistry 2026
Although subsequent iron removal eliminated the yellow
coloration, the membranes remained opaque, indicating irre-
versible bulk structural and morphological changes. Similar
transparency loss has been reported in other ex situ Fenton
studies.39,43

SEM analysis (Fig. 7) revealed progressive blister formation
in both membrane types, with overall blister density increasing
with treatment time, consistent with ex situ Fenton studies.39,43

In the lsc-PEM, blister nucleation occurred rapidly, followed
by growth and coalescence. The size distribution shied toward
larger radii and broadened substantially at longer treatment
times, reecting the merging of adjacent blisters into irregular
structures with poorly dened borders. This trend mirrors
and CFs (teal) signals calculated from the 19F spectra of (a–d) lsc-PEM
and after 24 h, 48 h, and 72 h of Fenton treatment. Error bars were

J. Mater. Chem. A, 2026, 14, 21152–21169 | 21159
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Fig. 5 ATR-FTIR analysis of (a and b) lsc-PEM and (c and d) ssc-PEM before and after Fenton treatment. Panels (a) and (c) show normalized
absorbance spectra in the 900–1350 cm−1 region for pristine membranes, with highlighted vibrational bands (969 cm−1 (ns(COCbb)), blue);
982 cm−1 (ns(COCbb)), orange; lsc-PEM only); 1056 cm−1 (ns(SO3

−)), green). Panels (b) and (d) present the corresponding normalized peak
amplitudes as a function of Fenton treatment time. Error bars represent standard deviations.

Fig. 6 Fluoride release rate via IC as a function of Fenton treatment
time for lsc-PEM (blue) and ssc-PEM (red). Data are normalized to
sample mass (mg mg−1). Time points include 0.25, 0.5, 1, 4, 8, 24 h (left
y-axis), and 48 h (right y-axis). Shaded areas represent error ranges
estimated by Gaussian error propagation as described in the methods.
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previous observations of defect enlargement during extended
Fenton treatment.39,44

In contrast, ssc-PEM developed blisters more slowly, which
remained uniformly smaller throughout exposure. The size
21160 | J. Mater. Chem. A, 2026, 14, 21152–21169
distribution stayed narrow, with little shiing and no signi-
cant broadening, indicating limited coalescence. Individual
blisters retained well-dened borders, and this stability was
consistent across independently treated samples, suggesting
greater resistance to blister merging under prolonged Fenton
treatment.

Close inspection of surface protrusions in both membranes
(Fig. S7) revealed four recurring morphologies: intact rounded
blisters, burst-cap blisters, slit-like tears, and collapsed
“volcano” structures, all previously documented.39,43,44 Cross-
sectional cuts through these features (Fig. S8) exposed under-
lying voids, in agreement with earlier ex situ Fenton studies.32,39

In summary, Fenton treatment induced pronounced blis-
tering in both membranes. Lsc-PEM exhibited rapid blister
growth, distribution broadening, and extensive coalescence,
whereas ssc-PEM maintained smaller, discrete blisters with
a consistently narrow distribution, likely reecting differences
in side chain length.

Crystallinity, nano- and mesoscale structure by SAXS

SAXS was used to examine changes in crystalline and hydro-
philic domain (d)-spacings in pristine and Fenton treated
membranes (Fig. 8a, lsc-PEM; Fig. 8b, ssc-PEM).

In the pristine state, the matrix knee, corresponding to
intercrystalline d-spacings, appears at q = 0.058 Å−1 (d = 108 Å)
This journal is © The Royal Society of Chemistry 2026
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Fig. 7 SEM analysis of surface blistering in (a) lsc-PEM and (b) ssc-PEM before and after Fenton treatment. Micrographs show surface
morphology at increasing exposure times. Blister size distributions are presented for both membranes, with lsc-PEM shown in blue and ssc-PEM
in red.
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for the lsc-PEM and q = 0.056 Å−1 (d = 112 Å) for the ssc-
PEM.61,68 The slightly smaller d-spacing of the lsc-PEM is
consistent with its longer nonionic backbone, which promotes
the growth of larger crystallites.61 The ionomer peak, correlating
to the hydrophilic d-spacings, occurs at q= 0.22 Å−1 (d= 28.6 Å)
for lsc-PEM and q = 0.27 Å−1 (d = 23.3 Å) for ssc-PEM, with
lower intensity in the latter, likely due to its shorter ionic side
chains.61,68 In the WAXS region, both membranes exhibit
reections at q = 1.20 Å−1 (d = 5.2 Å, intermolecular chain
spacing, WAXS Peak 1) and q = 2.75 Å−1 (d = 2.3 Å, intra-
molecular distance, WAXS Peak 2), with comparable peak
positions and intensities.68,69

Fenton treatment progressively attenuates thematrix knee in
both membranes, indicating a loss or disordering of crystalline
domains.61 In the lsc-PEM, this feature partially recovers at 72 h,
suggesting recrystallization. In the ssc-PEM, a slight upturn
emerges at low q (∼0.003 Å−1), consistent with polymer aggre-
gation.69 The ionomer peak, correlating to the hydrophilic d-
spacing, of the lsc-PEM shis from q= 0.22 Å−1 (d= 28.6 Å) to q
This journal is © The Royal Society of Chemistry 2026
= 0.24 Å−1 (d = 26.2 Å), indicating shorter distances between
the hydrophilic domains, while the ionomer peak of the ssc-
PEM remains unchanged and becomes no longer visible aer
extended Fenton treatment. This observation supports the
assumption of an increasing loss of mesoscale order in the
membrane.

In the WAXS region both membrane types retain their orig-
inal reection positions and intensities, exemplifying that
Fenton treatment does not alter the crystallinity of the polymer
backbone itself.

Overall, Fenton treatment leads to a loss of mesoscale order
in both the crystalline hydrophobic domains—evidenced by
complete attenuation of the matrix knee—and the hydrophilic
domains, as shown by a shi and reduction of the ionomer
peak. It is observed that hydrophilic domain crystallinity
decreases more strongly in the lsc-PEM than in the ssc-PEM.
Feature assignments for pristine membranes are given in
Table S2, and changes aer Fenton treatment are summarized
in Table S3.
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21161

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta01360k


Fig. 8 j SAXS profiles of the lsc-PEM (a) and ssc-PEM (b) in the pristine state and after 0.5, 24, and 72 h of Fenton treatment. (c) 19F T1 relaxation
times of selected fluorine environments in the lsc-PEM (solid bars) and ssc-PEM (hatched bars) for pristine membranes and after 24, 48, and 72 h
of treatment. Shown are the (CF2)n (blue), SCF2/CCF2 (red), OCF2/CF3 (grey), CFb (orange), and CFs (teal) environments. Error bars represent
deviations of the exponential fit from the integral values. The T1 error was calculated by regression analysis of the exponential fit of the integral
values.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 8
:4

8:
05

 P
M

. 
 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
Polymer-chain mobility probed by 19F T1 relaxation
19F spin-lattice relaxation (T1) measurements were performed
on pristine and Fenton treated membranes to correlate
polymer-chain mobility and crystallinity changes inferred from
SAXS. As shown in Fig. 8c, 19F T1 across all groups evolved with
Fenton treatment time for both PEMs, reecting the impact of
Fenton treatment on the short-range order of the ionomers. In
the pristine state, the lsc-PEM exhibited uniformly shorter T1
compared to the ssc-PEM, which can be correlated with lower
crystallinity70 and higher water uptake71 of the lsc-PEM.

For the lsc-PEM, T1 across all groups decreased by ∼20%
(∼30% for the SCF2/CCF2 signal) to 24 hours but recovered at
longer treatment times. This trend indicated that there is an
evolution of crystallinity in the lsc-PEM, with a decrease in order
observed at the beginning of conditioning. Additionally, while
T1 of SCF2/CCF2 differed signicantly for the pristine lsc-PEM, it
aligned with the other functional groups aer 72 h of Fenton
treatment. It indicates a modication of spin diffusion
behavior, which describes the equilibration of magnetic polar-
ization along a polymer chain. For the pristine state, the
regimes of the backbone and the polar sulfonic acid moieties
were weakly coupled. With increasing Fenton treatment time,
21162 | J. Mater. Chem. A, 2026, 14, 21152–21169
the coupling increased due to decreased separation between
both regimes, resulting in equilibration of T1. The evolution of
the average T1 of the ssc-PEM followed a similar trend to the lsc-
PEM, but with a more pronounced initial decrease (∼60%),
indicating a greater loss of crystallinity. In contrast to the lsc-
PEM, the SCF2/CCF2 T1 fully equilibrated with the other func-
tional groups regardless of Fenton treatment time, indicating
a decreased separation between the regimes of the backbone
and the short polar sulfonic acid moieties compared with the
lsc-PEM.
Surface properties from contact angle and adhesion
measurements

Building on molecular-level insights into mobility and crystal-
linity, contact angle (q) measurements revealed distinct wetta-
bility trends during Fenton treatment (Fig. 9a and b).

The lsc-PEM displayed a progressive decrease in qH2O, cor-
responding to increasing surface hydrophilicity, with a total
reduction of ∼20% over the treatment period. In contrast, the
ssc-PEM demonstrated no consistent trend. The smaller
apparent changes in the ssc-PEM are likely inuenced by
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta01360k


Fig. 9 j Effect of Fenton treatment on wettability, interfacial adhesion, and ionic permeability of lsc-PEM (blue) and ssc-PEM (red). (a) Water
contact angles and (b) adhesion forces for water droplets measured on pristine membranes and after 1 and 6 h of treatment. Error bars represent
standard deviations. (c and d) I–V curves of lsc-PEM and ssc-PEM in the pristine state and after 2, 6, and 48 h of Fenton treatment.
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measurement variability, amplied by its higher inherent
hydrophilicity and rapid swelling.

Adhesion force (F) measurements showed a pattern consis-
tent with wettability. For lsc-PEM, water adhesion increased by
∼21% aer Fenton treatment, whereas ssc-PEM exhibited no
statistically signicant change.

Overall, Fenton treatment increased surface hydrophilicity
and enhanced water adhesion strength in the lsc-PEM, while
ssc-PEM remained largely unaffected. Results are summarized
in Table S4 and S5.
Functional impact on ionic permeability from I–V
measurements

I–V measurements (Fig. S9)62,63 revealed comparable ionic
permeability of pristine lsc-PEM and ssc-PEM membranes,
while Fenton treatment reduced transmembrane ion current in
both (Fig. 9c and d).

For lsc-PEM, current decreased moderately by ∼5% at
100 mV aer short exposure (2 h), followed by a pronounced
∼46% drop at intermediate times (6 h) and partial recovery to
∼37% below the pristine value aer prolonged exposure (48 h).
In contrast, ssc-PEM remained nearly stable initially, then
declined gradually to ∼30% at intermediate and ∼41% at pro-
longed exposure.
This journal is © The Royal Society of Chemistry 2026
Overall, Fenton treatment reduced ionic permeability in
both membrane types. Lsc-PEM experienced an early, sharp loss
with partial recovery, while ssc-PEM underwent a gradual, sus-
tained decline.

These electrochemical trends, together with the structural,
morphological, and interfacial changes observed earlier, form
the basis for the following discussion on the multi-scale
degradation behavior of PEMs under Fenton treatment. In
particular, they support a mechanistic picture where intrinsic
chemical structure changes are relatively minor, while oxygen
accumulation drives morphological failure, reframing the
interpretation of Fenton tests.
Discussion

Based on the portfolio of analytical techniques, the impact of
accelerated Fenton degradation on PEMs can be grouped into
chemical and morphological processes. The impact on PEM
chemistry was assessed at the molecular scale by 19F MAS-NMR,
ATR-FTIR, and Raman spectroscopy, as well as IC. The impact
on PEM morphology was examined at the nano- and mesoscale
using SAXS, SEM, and 19F T1 relaxation, complemented by
surface wettability and adhesion measurements. Finally, the
functional impact of these chemical and structural changes was
evaluated at the device level through I–V measurements.
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21163
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Table 1 j Summary of PEM chemistry, morphology/structure, PEM surface and ion transport properties after ex situ Fenton accelerated stress
testing

Category Metric Lsc-PEM Ssc-PEM Interpretation

Chemistry F− release (% of total F, IC) 7.14% 19.26% Absolute chemical
breakdown products
released to liquid

Spectroscopic ngerprint
(NMR)

Slight drop in relative side
chain signal (18% aer 72 h)

No change in relative
intensities signal

No clear selective peak loss;
mainly uniform degradation

Morphology Surface blister evolution
(SEM)

Rapid growth; strong
coalescence; distribution
broadens to larger blisters

Slower growth; smaller,
more uniform blisters;
narrow distribution

Defects mainly due to O2

evolution (side reaction
under ex situ Fenton
conditions)

Nano/meso structure Ionomer peak (hydrophilic
d-spacing) (SAXS)

q: 0.22 / 0.24 Å−1 (d: 28.6
/ 26.2 Å)

Unchanged initially;
disappears aer long
treatment

Hydrophilic domain change/
contraction; possibly linked
to transport properties

Matrix knee attenuation
(SAXS)

Decreases during treatment;
partial recovery later

Decreases; low-q upturn
indicates aggregation

Reduced order in
hydrophobic/crystalline
regions

Surface properties Adhesion force (F) and
contact angle (q)

Increased surface
hydrophilicity and water
adhesion

Largely unchanged Changes likely
morphological not chemical

Transport Ion current change aer 48 h
(I–V)

−37% vs. pristine −41% vs. pristine Impact on through-plane ion
transport
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On the molecular scale, spectroscopy indicated only minor
preferential degradation of polar side chain groups in case of
lsc-PEM, as 19F-NMR spectra indicated a slight decrease in the
relative SCF2/CCF2 signal intensity, while at the same time
a signicant uoride release was determined quantitatively by
IC. In contrast, the ssc-PEM 19F spectra exhibited no relative
signal intensity changes, but still a signicant uoride loss was
determined by IC as well. Therefore, by exclusion, chemical
degradation during Fenton treatment must have occurred in
a mainly sequential fashion, in which all chemical groups were
eliminated uniformly. However, lsc- and ssc-PEM exhibited
different degradation behaviors. First, bulk degradation, as
indicated by NMR, and surface degradation, as indicated by
optical spectroscopy, occurred at different rates for the two PEM
materials. Second, overall chemical degradation emerged at
signicantly higher rates for the ssc-PEM. However, preferential
degradation of the polar moieties was enhanced for the lsc-PEM
in the bulk, while accelerated degradation of the sulfonic acid
groups on the surface occurred mainly for the ssc-PEM. This
behavior may result from different phase separations of
hydrophilic and hydrophobic domains in the two ionomers.
Here, as indicated by the spin diffusion behavior in the 19F T1
relaxation results, the pristine lsc-PEM exhibits a strong sepa-
ration between the water-bearing percolation network and the
polycrystalline PTFE-backbone phase. This, in turn, may lead to
a hindrance of radical attack progression originating from the
polar moiety. This separation and therefore steric hindrance is
not as distinct in the ssc-PEM and therefore, degradation is
more uniform and pronounced in the ssc-PEM. In addition, the
slightly preferential radical attack on the polar end groups
which was supposed from the 19F signal ratios of the lsc-PEM
could be associated with the contraction of hydrophilic
domains which was derived from the shi of the ionomer peak
21164 | J. Mater. Chem. A, 2026, 14, 21152–21169
in the SAXS spectra. A loss of SO3H groups is associated with
a decreasing stability of the hydrophilic channels.

While molecular scale degradation was limited, ionomer
morphology was strongly affected. On the nano-to mesoscale,
early Fenton treatment caused loss of crystallinity in both ion-
omers, seen by attenuation of the SAXS matrix knee and
decreasing T1.61 With ongoing treatment, behaviors diverged. As
the aforementioned features recover, the lsc-PEM recrystallizes,
which is likely driven by the loss of amorphous hydrophilic
segments. In addition, the formation of cross-linkings within
the ionomer backbone from radical end groups formed by
molecular degradation is also conceivable, although there is
a lack of direct experimental evidence.72 In contrast, the ssc-
PEM experiences no recrystallization; however, a polymer
aggregation occurs as implied by SAXS, suggesting partial
reorganization of polymer chains.69

The accumulation of nano- and mesoscale alterations ulti-
mately manifests as more pronounced mesoscale degradation.
In the lsc-PEM, the surface developed a pitted topology that
enhanced wetting, possibly shiing towards a Wenzel or partly
impregnated regime.73 Water penetration is further facilitated
by features such as burst caps and slit-like tears. Overall, these
morphological changes lower the apparent contact angle
despite the intrinsic hydrophobicity of the lsc-PEM surface.
Furthermore, the increase in water adhesion likely originates
directly from the enhanced effective hydrophilic contact area
due to the degraded topology. In contrast, ssc-PEM maintained
constant contact angle and unchanged adhesion forces,
consistent with less pronounced blistering.

Ultimately, the combined impact of chemical, morpholog-
ical, and functional degradation governs ionic permeability.
Both PEMs experienced an initial drop in transmembrane ion
current, yet their long-term trends diverged. While the ssc-PEM
exhibited a steady, monotonic decline, the lsc-PEM displayed
This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Proposed mechanism of PFSA membrane degradation during an ex situ Fenton test employing the ion-exchange method. (1) Fe2+

cations are incorporated into the membrane by exchange with sulfonic acid protons. (2.a.1) Exposure to H2O2 generates radicals via the primary
Fenton reactions. (2.a.2) Radical-induced reactions affect the polymer backbone and side chains. (2.b.1). Side reactions produce gaseous oxygen
within the membrane. (2.b.2) Internal gas accumulation leads to void and blister formation. (3) Prolonged Fenton treatment increases both
chemical and morphological changes, with distinct responses in the lsc-PEM and ssc-PEM.
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partial current recovery aer extended Fenton treatment.
Permeability loss likely originated from increased ionic resis-
tance due to nano- and mesoscale morphological changes,
including amorphization and hydrophilic domain contraction,
as only minor preferential breakdown of –SO3H charge carriers
occurred. The partial recovery observed for lsc-PEM coincided
with recrystallization of the ionomer, possibly restoring ion-
conductive pathways.

Table 1 compiles the main observations for the lsc-PEM and
ssc-PEM under identical conditions to facilitate comparison
across the applied methods. It is intended to separate chemical
indicators (e.g., uoride release) from morphology/transport
indicators (e.g., blisters/voids and I–V response) and to
summarize trends.
This journal is © The Royal Society of Chemistry 2026
Conclusion

The cross-scale observations from multi-technique analyses,
ranging from chemical changes at the molecular scale (loss of
functional groups and uoride release), through morphological
alterations at the nano- and mesoscales (loss of crystallinity,
chain mobility, and surface restructuring), to functional
consequences at the device level (reduced ionic permeability),
reveal a degradation pathway linking structure and perfor-
mance across multiple length scales, summarized in Fig. 10.

Fenton treatment employing the ion-exchange method
begins with the replacement of sulfonic acid protons in the
membrane by Fe2+ cations through soaking in an acidic FeSO4

solution (Fig. 10(1)).32 Aer exposure to H2O2, Fe
2+ is oxidized to

Fe3+, producing highly reactive HOc and Hc radicals
J. Mater. Chem. A, 2026, 14, 21152–21169 | 21165
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(Fig. 10(2.a.1); see also eqn (3) and (4)), which can initiate –SO3H
group cleavage, side chain scission, and backbone degradation
(Fig. 10(2.a.2)). This leads to decreased ion-exchange capacity
and crystallinity as revealed by I–V-measurements and SAXS.
The occurrence of these radical-driven processes is supported
by uoride release measured via IC, which provides direct
evidence of chemical breakdown.38

However, despite this chemical degradation, the observed
surface blistering cannot be explained by chemical degradation
alone. While H2O2 exposure alone has been reported to induce
minor structural changes in PFSA membranes, the literature
consistently shows that severe morphological damage,
including internal void formation, occurs predominantly in
simultaneous presence of transition metals, such as Fe2+.35,39

Therefore, in the present work, side reactions are hypothesized
to dominate the physical alterations by generating O2

(Fig. 10(2.b.1); eqn (10)–(12)):17

HOOc + H2O2 / HOc + H2O + O2 (10)

2HOOc / H2O2 + O2 (11)

Fe3+ + HOOc / Fe2+ + H+ + O2 (12)

Gas formation was evident as bubbling during Fenton
treatment. O2 then accumulates within the membrane, as low
gas permeability inhibits rapid diffusion.

Because Fe2+ is introduced directly into the membrane,
oxygen evolution occurs throughout the PEM. As pressure
builds up internally, the membrane inates, forming blisters
that ultimately rupture (Fig. 10(2.b.2)), as conrmed by SEM.
This ination leads to the loss of the structural integrity of the
membrane, as structured domains are displaced as indicated by
SAXS.

For the lsc-PEM, recrystallization is hypothesized to occur
once amorphous domains are degraded or removed, allowing
the remaining backbone segments to align and pack efficiently.
In addition, higher crystallinity could be promoted by the
formation of new cross-linkings within the ionomer backbone
from the interconnection of radical end groups. Moreover, if
amorphous degradation fragments initially obstruct hydro-
philic channels, their removal during extended treatment could
clear these pathways, contributing to the observed partial
recovery in ionic permeability. The aspects depicted in
(Fig. 10(3)) are weighted differently for the ssc-PEM than for the
lsc-PEM. A higher uoride release provides evidence of
enhanced membrane thinning. Additionally, the lack of
recrystallization indicates a difference in the microstructure of
hydrophilic and hydrophobic domains, as discussed in the
literature.74 These observations highlight the different degra-
dation behaviors between long- and short-side-chain PEM
materials during Fenton testing.

However, as ex situ Fenton tests induce additional morpho-
logical changes not evident in conventional PEM operations,
conclusions regarding the effect of Fenton degradation on
membrane properties, when based solely on ex situ Fenton
tests, should be drawn with caution. The observed changes may
21166 | J. Mater. Chem. A, 2026, 14, 21152–21169
not exclusively reect the chemical degradation mechanisms
relevant under actual PEMWE conditions due to the increased
reagent concentration in the ex situ Fenton tests.

These multi-technique insights highlight the limitations of
ex situ Fenton protocols in accurately representing degradation
under operational conditions. The results pave the way for the
development of applicable durability testing protocols and thus
new synthesis strategies for stable ionomer membranes. To
improve the relevance and effectiveness of these tests, the
concentration of the Fenton reagent should be adjusted to
ensure sufficient reaction rates while suppressing unwanted
side reactions. Beyond reagent concentration, the experimental
setup affects the type and interpretability of observed degra-
dation features. Therefore, the value of ex situ testing can be
increased by implementing in operando approaches. For
example, a liquid SEM cell design could be utilized to monitor
oxygen and blister formation. This design includes a contin-
uous low-concentration supply of H2O2 and Fe2+, which is also
suggested in EU harmonized accelerated stress test protocols.75

Such adjustments would better mimic in operando degrada-
tion processes, enabling more accurate assessments of PEM
durability. Beyond PEMs, these guidelines will support the
development of standardized accelerated stress tests for
ionomer-based materials in a broad range of electrochemical
energy devices.
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