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Abstract

Perfluorosulfonic acid (PFSA) membranes are key components for the operation of Polymer
Electrolyte Membrane Fuel Cells (PEMFC). They undergo harsh conditions in terms of
chemical environment and mechanical fatigue leading to irreversible degradations, up to their
failure and to the Fuel Cell (FC) shutdown in worst cases. Through an ex-situ approach, this
study aims to provide new insights about the impact of conjoint mechanical and chemical
stresses on the structure and the functional properties of PFSA membranes. In this regard,
various aging tests have been carried out using a custom-made device able to combine the
application of a mechanical stress (sinusoidal profile) and the exposure to an environment
containing free radicals (i.e. Fenton’s reagents). After about twenty hours of accelerated aging
test the analysis of the aged membranes permitted to demonstrate that the exposure to the
combined stress significantly altered the morphology of Nafion”™ XL membrane, with the
appearance of bubbles close to the membrane surface and even delamination at the
PFSA/reinforcement interface. On the other hand, and rather paradoxically, the water sorption
and self-diffusion properties of the aged membranes as well as their cell performances
remained satisfactory.
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1. Introduction

Perfluorosulfonic-acid (PFSA) membranes used in Proton Exchange Membrane Fuel Cells
(PEMFC) still suffer from severe damages after long-term operation [1-4]. They are
particularly sensitive to some specific operating conditions like low currents or Open Circuit
Voltage (OCV) as well as rapid humidity cycling because of the mechanical fatigue it can
engender: such stressors affects the membrane stability and leads to polymer chemical
decomposition, membrane thinning, and/or formation and growth of creeps, cracks, or
pinholes [5-7]. In addition, PFSA membranes are exposed to aggressive environments
resulting from the formation of hydrogen peroxide and its decomposition into free radicals
such as hydrogen (H"), hydroxyl (HO") or hydroperoxyl (HOO") radicals [4,8,9]. These
species attack the weakest bonds of the polymer chains (backbone and/or side chains) and
alter the structure and the mechanical integrity of the membrane, leading to its thinning and
the appearance of defects [10-13]. The repeated swelling/shrinkage events imposed by the
humidity cycling generates alternatively compressive and tensile stresses in the membrane
[14-17] and the accumulation of these residual stresses can then generates the growth of
cracks and pinholes [12,13,18,19]... which, in turns, increases gas crossover and the
generation of radicals.

Despite innumerable studies focusing independently on chemical or mechanical degradations,
only a few recent works were related to the effect of the coupled mechanical and chemical
degradation on PFSA membranes [20-28]. Kusoglu et al. analyzed the effect of compressive
stress on the chemical degradation of Nafion' membrane through an ex-situ approach [21].
They demonstrated that polymer decomposition increases in a non-linear way with the
compression level, suggesting a synergistic nature of chemical and mechanical stresses.
Thanks to SAXS measurements, their work also showed that under compression, the chemical
degradation led to a significant modification of PFSA microstructure with an increase of the
spacing between water domains in the membrane. However, Kusoglu et al. exposed
membranes to a static mechanical pressure, which represents only one aspect of the
solicitations exerted in fuel cell.

Recently, specific in-situ accelerated stress tests (AST) were developed to study the impact of
coupled mechanical and chemical stress on PFSA membranes and better replicate field
operating conditions [23-28]. They consist in applying alternatively OCV phases — to induce
chemical stress — and periodic wet/dry cycles — to induce mechanical stress — thus allowing to
evaluate membrane durability with a significantly reduced time to failure [23]. In-situ cyclic
open circuit voltage (COCV) AST significantly accelerate the overall membrane degradation:
fluorine emissions and membrane thinning increase with the number of COCV cycles [23—
25]. In addition, an important decay of the membranes’ mechanical properties, i.e. fracture
strain and elastic modulus, was observed as a result of combined mechanical/chemical AST:
the polymer structure tends to become stiffer, more brittle, and thus more vulnerable to
cracks/pinholes initiation [23,24,28]. Venkatesan et al. [25] observed localized membrane
degradation induced by COCYV at the mesoscale, believed to evolve into macroscopic damage.
The authors identified localized regions depleted from fluorine, carbon and oxygen,
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suggesting ionomer loss, as well as ion-cluster voids growing into microcracks. More
recently, Ramani et al. [28] developed a novel non-destructive method for 3D analysis of
membrane failure using X-ray computed tomography (XCT). They thus identified a new
membrane failure mode due to COCV: the development of cracks through the membrane’s
thickness which were structurally independent from catalyst layers cracks. Furthermore, in
order to understand the effect of conjoint chemical-mechanical degradations compared to
conventional isolated stresses, Mukundan et al. [26] studied three types of in-situ AST in
comparison with field testing: OCV AST, relative humidity cycling (RHC) AST and OCV
RHC AST. OCV AST induced a significant change in ionomer crystallinity and membrane
thinning, but no crack was observed. RHC AST replicated mechanical failure with observable
PEM cracks but no further damage or gas crossover were detected. With OCV RHC testing,
membrane failure was reached after only few hundred hours and led to PEM cracking,
membrane thinning and gas crossover. Moreover, the degradations observed after OCV RHC
were similar to those undergone by MEA during in-field operation, while, on the one hand,
OCV AST overestimates the chemical degradation impact during the test and RHC AST may
not be aggressive enough to provide accelerated degradation.

Finally, it must be kept in mind that the membranes functional properties are strongly related
to their microstructure and morphology [29,30] so that the fundamental understanding of their
aging mechanisms may also help to improve their performance as well as water management
in FC [31-33]. Among the different aging mitigation strategies developed in recent years, the
use of a microporous polytetrafluoroethylene (PTFE) reinforcement layer on the one hand,
and the use of cerium-based radical scavengers on the other hand have improved the
mechanical and chemical stability of membranes, while maintaining sufficient proton
conductivity [34-36]. Nevertheless, such composite membranes still undergo significant
degradations during operation [26,37,38].

In a previous work, we designed a specific device able to couple the exposure to an aggressive
chemical environment (i.e. free radicals) with a cyclic compressive stress — in conditions
representative of FC operation — through an ex-situ approach [39]. First results showed an
acceleration of Nafion" membranes degradation: an increase of the fluorine emission rate and
of the hydrogen permeation current was observed, suggesting that some microstructural
changes may appear through the membranes during the experiments. However, the aging tests
consisted only in the application of a 5 MPa cyclic compressive stress coupled to the exposure
to H,O, or Fenton solutions. Additional aging tests were performed in the present work to
further investigate the impact of coupled chemical-mechanical stress on membranes by
varying the type of compressive stress (static or cyclic), the pressure level (0, 5 or 10 MPa),
the chemical stress level (H,O, or Fenton solution) and the aging duration (8 or 20 hours).
Cyclic compression was applied to reproduce the swelling/shrinkage sequences imposed by
the membrane water-uptake during transient FC operation while a static compressive stress
was applied for comparison, and to reproduce the stack clamping pressure. Furthermore,
deeper analyses were carried out to examine more specifically the effects of a conjoint
mechanical and chemical stress on the morphology, the structure, and the functional
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properties of Nafion" membranes. Analyses by Scanning Electron Microscopy (SEM) and
E.NMR spectroscopy were performed to study the evolution of the morphology and
chemical structure of aged membranes at the microscopic and the polymer repeat unit scales,
respectively. The water sorption capacity and the self-diffusion coefficient were also
measured in order to evaluate the impact of the chemical-mechanical aging on functional
properties of membranes.

2. Experimental

2.1 Material and preparation

Nafion” NR211 and Nafion”™ XL were purchased from lon Power Inc. Both are PFSA
membranes elaborated from the copolymerization of perfluoro(4-methyl-3,6-dioxa-7-octene-
1-sulfonyl fluoride) and tetrafluoroethylene (TFE) with similar lon Exchange Capacity (IEC)
— 0.98 +0.03 meq.g* for the NR211 and 0.92 + 0.03 meq.g™ for the XL — and nominal
thicknesses — 25.4 um for the NR211 vs. 27.5 um for the XL —. The XL membrane differs
from the NR211 by the presence of additional PTFE-rich reinforcement and cerium-based
radical scavengers.

The membrane samples were pretreated using a procedure comparable to the one established
by Xu et al. [40] In addition, after the acidification step proposed by the authors, the cleaned
membrane samples were washed in deionized water at 80 °C for one hour to remove eventual
excess of acid solution, then dried in an oven at 60 °C for 24 hours.

2.2 Experimental setup

The specific device (Fig. 1) and the operating conditions used for the mechanical-chemical
aging tests performed in this study are identical to that described in our previous work [39].

To induce chemical degradation, a solution (H,O, or Fenton solutions) circulates at a
continuous flow rate of 3.0 mL.min™* through the two half-cells, ensuring a residence time of
about 10 seconds per half-cell. This value was chosen for three main reasons:

e to guarantee a sufficient pre-heating of the solution before it reaches the membrane.

e to be able to store enough solution in the upstream and downstream containers (5 L
each) so that the degradation protocols could be performed during 8 hours without
human intervention.

e to guarantee fast renewal of the solution in contact with the membrane: the solution was
renewed every two cycles, i.e. every 20 seconds.

The mechanical stress was either static or cyclic compressive stress. In the case of cyclic
solicitations, the frequency of 0.1 Hz was chosen to be significantly higher than the
characteristic diffusion time of water through the membrane, estimated to be approximately
1.0-1.2 seconds assuming a water self-diffusion coefficient of about 6.10™° m2.s™ in fully
hydrated membranes. Such a cyclic mechanical stress can be considered as quite severe:
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0.1 Hz during 8 to 20 hours is roughly equivalent to 8 to 20 years of daily operation, assuming
a fuel cell startup and shutdown per day (i.e. 360 swelling/shrinkage cycles).

Adapter

Compression
ball

— () :
1\ Angular ,
contact bearing
/ Heating

Fenton |
solution cartridge
‘\ . Centering pin

==Y Aging cell
—/

Recovery Compression area =
pot 19.5 x 39.5 mm?

Fig. 1 — Schematic representation of the chemical-mechanical aging device and of the lower part of the aging
cell [39]. The two symmetric half-cells — or flow field plates — were made in 316L stainless steel because of its
excellent mechanical properties (great corrosion resistance and chemical inertness against diluted H,O, solution).
Single serpentine channels similar to those used in fuel cells were machined at their surface — with land and
channels of 1 mm wide and 0.7 mm deep — to ensure the distribution of the solution on each side of the
membrane. The system can accommodate 40— 45 mm wide and 60—70 mm long membrane samples, the area

exposed both to the solution and the compressive stress is 19.5 x 39.5 mm? per half-cell.

The mechanical stress exerted on the membrane during fuel cell operation induces a
significant increase of local stresses, which could reach up to 10 MPa according to the
modelling work of Khattra et al. [17]. On the other hand, Kusoglu et al. [21] showed that a
5 MPa static compressive stress was sufficient to considerably enhance the chemical
decomposition of Nafion membranes. Consequently, the force was set to 3610 N and
7220 N, which corresponds to 4.75 and 9.5 MPa for a compression area of about
19.5x 39.5 mmz2. For the sake of simplicity, aging tests will be referenced as 5 MPa and
10 MPa thereafter. In addition, since only the channel ribs are in contact with the membrane —
their effective area being of about 400 mm2 —, it must be kept in mind that the actual pressure
applied to the polymer in the absence of gas diffusion layer is rather close to 9 or 18 MPa.
The compression area is only used here as a reference, as commonly done with fuel cell active
area.

An EPDM (Ethylene Propylene Diene Monomer) O-ring gasket was used to guarantee the
aging cell sealing. The cell temperature (80 °C) was regulated thanks to cartridge heaters and
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thermocouples introduced into each half-cell, close to the membrane. The half-cells were
inserted between the clamps of an electromechanical MTS testing machine (load frame model
312.21). A specific adapter (Fig. 1) was designed to ensure a homogeneous distribution of the
pressure — controlled thanks to a pressure measurement film (Prescale Super Low Pressure
sheet, Fujifilm) — on the compression area of the membrane during the aging tests. Prior to
each aging test, a preliminary measurement aiming at defining the minimal pressure required
to press the gasket and guarantee an optimum sealing was performed. This minimal pressure
was assumed to correspond to the 0 MPa reference level seen by the membrane.

2.3  Ex-situ coupled mechanical and chemical aging tests

Various tests were carried out to investigate the impact of chemical and mechanical stress on
XL and NR211 membranes. The solution flow rate (3.0 mL.min™) and the temperature
(80 °C) remained constant for all these tests.

As a first step, preliminary tests were carried out by applying the 0 MPa reference pressure
(82.2) while circulating a 3 vol% H,0; solution (control aging test #1) or a Fenton solution
containing 3 vol% of H,0, and 1 ppm of ferrous ions Fe®* (control aging test #2). All the
aging tests consisting in the circulation of Fenton solution were carried out with these
concentrations, determined thanks to previous works [39,41].

The second step consisted in applying a cyclic compressive stress of 5 MPa combined with
the circulation of degrading solutions for 8 hours: a first experiment (short-term aging test
#1) was performed with only H,O, to simulate moderately aggressive conditions while a
second experiment was performed in more aggressive conditions with a Fenton solution
(short-term aging test #2).

Additionally, an aging test similar to short-term aging test #2 was performed for 20 hours to
study the effect of exposure time. This aging test will be referred to as long-term aging test
#2 in the following. Complementary tests were also carried out by coupling the circulation of
a Fenton solution and the application of a static 2.5 MPa compressive stress on the one hand
(static aging test) and a 10 MPa cyclic compressive stress on the other hand (high pressure
aging test). These tests were believed to provide some information on the effect of stack
clamping pressure and high compression level which can be locally experienced by the
membrane during fuel cell operation.

Table 1 summarizes the main operating conditions used for the aging tests discussed in this
study.

After the tests, the samples were removed from the cell, immersed in distilled water, then
soaked in EDTA-Na, solution (0.01 mol.L™") at room temperature overnight to remove a
possible cationic contamination due to the iron ions used in Fenton solution. After that, the
samples were re-acidified in HNO; solution (1 mol.L™) at 80 °C for two hours and washed in
distilled water at 80 °C for another two hours. They were finally dried in an oven at 60 °C
during 20 hours before being analyzed.
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Table 1 — Summary of the operating conditions of the ex-situ tests coupling mechanical and chemical stresses.

. Mechanical Chemical . Number of
Name of the experiment . Duration tests
strength conditions

performed
Control aging test #1 Static 0 MPa H,0, solution 8 hours 2
Control aging test #2 Static 0 MPa Fenton solution 8 hours 2
Short-term aging test #1 5 MPa cycling H,0, solution 8 hours 2
Short-term aging test #2 5 MPa cycling Fenton solution 8 hours 4
Long-term aging test 5 MPa cycling Fenton solution 20 hours 2
Static aging test Static 2.5 MPa Fenton solution 8 hours 2
High pressure aging test 10 MPa cycling Fenton solution 8 hours 2

2.4 Physico-chemical characterizations
2.4.1 Fluoride ions release

The solutions having circulated through the cell were collected and analyzed to determine the
amount of fluoride ions released during the aging tests. The Fluoride Emission Rate (FER) is
expressed here in pg of fluoride ions released per gram of dry membrane per hour (g.Onafion’
' h™). The concentration of fluoride ions released was measured using a pH/millivolt meter
(SevenCompact S220, Mettler Toledo) and a fluoride ion-selective electrode (DX219, Mettler
Toledo). The electrode was calibrated over the 0.057 — 19 ppm range using various calibration
solutions prepared from a commercial standard solution (ISE standard F 1000 ppm, Mettler
Toledo).

2.4.2 Characterization of the PFSA chemical structure

To characterize the impact of conjoint chemical and mechanical stress on Nafion
membranes chemical structure, only the compression area (19.5 x 39.5 mm?2) was scrutinized.
Aged XL and NR211 membranes were analyzed thanks to ATR-FTIR and solid-state '°F-
NMR spectroscopies to investigate the evolution of the chemical structure at the scale of the
PFSA repeat unit. The acquisition of ATR-FTIR and solid-state *’F-NMR spectra were
carried out following in identical conditions as described in ref. [42].

2.4.3 Characterization of the functional properties of membranes

A dynamic vapor sorption analyzer (IGAsorp, Hiden Isochema) with a mass resolution of
about £ 0.2 pug was used to establish the membrane samples’ sorption isotherms. To determine
the dry mass of the samples, they were first dried at 60 °C under a nitrogen flow rate of
250 mL.min™. Sorption isotherms were recorded at 30 + 0.1 °C for water activities comprised
between 0.05 to 0.95, with an increment of 0.05. 3 to 10 hours were necessary to reach the
equilibrium at each step, with a mass variation threshold lower than 1 %.
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Liquid-state *H-NMR spectroscopy was used to study the evolution of the water self-diffusion
coefficient. *H-NMR spectra were acquired at 600.13 MHz using an Avance Il 600 WB
spectrometer and a 5 mm Diff30 probe (Bruker) with a gradient system delivering a
maximum intensity of 1800 G.cm™. 256 scans were recorded and averaged using a recycle
delay of 3s and a dwell time of 25 s, at 24 °C. The water-self diffusion coefficient was
measured using a Pulsed-Gradient STimulated spin-Echo (PGSTE) sequence with unipolar
gradients. The measurements were carried out with a gradient pulse duration 6 =1ms, a
diffusion delay A = 6.9 ms and a gradient strength g between 40 and 1000 G.cm™. The water
self-diffusion coefficient was then determined by fitting the signal attenuation as a function of
the gradient strength thanks to the Stejskal — Tanner equation [43]. Water self-diffusion
coefficient of pristine and aged membrane (2 x 4 cm2 samples) were measured for different
water contents: some samples were fully immersed in distilled water at room temperature for
several hours while others were directly analyzed in dry state, depending on the
measurements campaign. In the case of immersed membranes, the hydrated samples were
quickly pressed between two layers of absorbent paper once out of water to remove residual
droplets, before being rolled and packed into 5 mm airtight NMR tubes. In both cases, the
samples were equilibrated at least overnight before being weighted and analyzed. The
hydration level of each sample was then adjusted by exposing them to a water-saturated
environment or to the ambient atmosphere to increase or decrease the water content, as
needed. It is important to note that no discrepancy has been observed in water self-diffusion
coefficient evolution as a function of the membrane water content between the two operating
modes, i.e. whether membrane samples were first hydrated and then dehydrated, or the other
way.

2.4.4 Electrochemical tests in single cell

Aged membrane samples were hot-pressed to Gas Diffusion Electrodes (Sigracet SGL
29BCE, Hyplat) to make MEA that were then tested in a single cell with a geometry identical
to that of the aging cell (8 2.2). The assembling protocol and FC operating conditions are
described in ref. [39].

2.4.5 Macroscopic and microscopic morphology analysis

To highlight the membranes defects, their surfaces were observed using a three-dimensional
measurement apparatus: MICROVU Vertex410. This machine was used as an optical
microscope in coupling reflection and transmission modes. Lighting in reflection mode,
composed of light emitting diodes, was employed at 30 % of its maximum capacity (32 W)
and lighting in transmission mode was adjusted at 20 % of its maximum capacity. Each
640 x 480 pixels image was taken at a x21 magnification (i.e. 8.78 x 6.59 mm?), at (23 £ 1) °C
and (50 £ 5) %RH. 24 images were required to carefully reconstruct the samples area. The X
and Y position of the machine was controlled with a motorized table, while the Z axis was
slightly varied to optimize the sharpness. The whole set was finally assembled using the
ImageJ software.
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In addition, aged membranes used to make MEA were analyzed by Scanning Electron
Microscopy (SEM) after the electrochemical tests in single cell. For comparison, pristine
NR211 and XL membranes — pretreated following the protocol described in section 2.1 —
were also assembled with Gas Diffusion Electrodes (GDE) and analyzed by SEM, as
references for the pristine state. SEM images of fresh/aged MEA cross-sections were acquired
with a Field Emission Gun-Scanning Electron Microscopy (FEG-SEM, Zeiss Gemini 500
microscope) to monitor morphological variations of the Nafion" membranes upon the
different aging tests. For the preparation of the cross-sections, the MEA were first embedded
in Epoxy® resin, dried under ambient air for 1 day, polished using SiC polishing disk with
small grain size (4000) and finally covered by a thin carbon film.

3. Results
3.1 Membranes changes after conjoint mechanical and chemical stress

3.1.1 Fluoride Emission Rates

a) as0 b) 4s0
0 XL membrane - mean 0 XL membrane - mean
400 + ©NR211 membrane - mean 400 | ©INR211 membrane - mean e
= * XL measurements = ® XL measurements
= 350 r *NR211 measurements % 350  «NR211 measurements
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(static 0 MPa + H,0, solution) (static 0 MPa + Fenton solution) (5 MPa cycling + H,0, solution) (5 MPa cycling + Fenton solution)
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Fig. 2 — Fluoride emission rates (FER) of Nafion™ XL and NR211 membranes under (a) static 0 MPa and (b)
cyclic 5 MPa compressive stress coupled to moderate (H,0, solution) and aggressive (Fenton solution) chemical
stress. FER presented in Figure 2b correspond to data already published in a previous work [39] that have been
corrected in this study by subtracting a parasitic contribution in fluoride concentration coming from the TISAB
Il solution employed for measurements. (c) and (d) illustrate the evolution of the XL membrane morphology at
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different scales after the various aging tests. It is noteworthy that SEM images were not acquired in specific area
(i.e. in the bubbles area) but taken randomly through the membranes cross-section.

Control aging test #1 and control aging test #2 (Table 1) were carried out to define reference
levels of fluoride emission rate (FER) after chemical stress exposure, without significant
mechanical pressure. A periodic sampling of the solution was performed during the aging
tests in order to evaluate the evolution of fluorine concentration as a function of exposure
time: unfortunately, it was below the detection limit of our electrode, thus only the time-
average value can be discussed. The trend was similar for both membranes, with FER 2.5 to
3.5 times higher when exposed to the Fenton solution than with hydrogen peroxide (Fig. 2a).
This trend was already observed in a previous work for aging tests coupling a cyclic
compression of 5 MPa and the circulation of H,O, or Fenton solutions (Fig. 2b) as well as in
the case of ex-situ chemical degradation [39]. Higher degradation rates in Fenton solution
than in H,O; solution were expected since the H,O, decomposition and thus the formation of
radicals is enhanced/catalyzed by the addition of iron ions, whatever the mechanical stress
applied.

The FER of XL membranes under 5 MPa cycling are about 20 % lower than without
mechanical stress for both control aging test #1 (H,O; solution) and control aging test #2
(Fenton solution). Conversely, no significant variation of the FER can be observed with
NR211 membranes, even though no definitive conclusion can be drawn due to the large error
bars. Moreover, the appearance of bubbles and blisters was observed at the membrane surface
(Fig. 2¢) as well as in the cross-section (Fig. 2d) in the case of XL whereas no such evolution
was detected with NR211. This point will be discussed in section 3.1.2.

Table 2 shows the fluoride emissions as functions of the exposure time (20 hours vs. 8 hours)
for both XL and NR211 membranes in the case of aging tests associating 5 MPa cyclic
pressure and Fenton solution (mentioned as long-term aging test vs. short-term aging test #2
in Table 1). Fluoride emissions vary non-linearly with time: much more ions are emitted
between 8 and 20 hours than between 0 and 8 hours for both membranes. This suggests an
increase of the degradation rates throughout the testing period. It can also be observed that the
FER of XL membranes during the 8-20h period approaches that of NR211, despite the
presence of supplementary radical scavengers and a reinforcement layer, while it was
significantly lower during the 0-8h period. This could indicate that the reinforcement layer
and/or radical scavengers no longer allow to limit or slow down the polymer decomposition
once a certain level of mechanical stress is reached.

Table 2 — Fluoride emission rates of XL and NR211 membranes after short-term and long-term aging tests

XL membrane NR211 membrane

0-8h solution  8-20h solution  0-8h solution  8-20h solution

Fluoride emission

-1 197 +£70 668 + 42 270+ 129 6237
rate (g.gnafion -N™)
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The comparison of the mechanical stress applied to a membrane (i.e. static at 0 or 2.5 MPa, 5
or 10 MPa cycling) simultaneously exposed to a Fenton solution shows two distinct
behaviors: on the one hand, the FER of NR211 does not seem to be greatly affected, with
values comprised between 224 and 324 ug.gnafion .h™ (Fig. 3). On the other hand, the
behavior of XL membrane is different: doubling the mechanical strength (high pressure
aging test vs. short-term aging test #2 in Table 1) leads to a significant increase of the FER,
i.e. from 197 to 316 Hg.gnafion ~h™. In addition, the FER of XL membrane with no or
negligible mechanical pressure (i.e. 0 MPa) is strikingly high compared to more severe
solicitations. This result cannot be simply explained in the view of our current results and
deserve further investigations to shed light on this singular behavior.
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Fig. 3 — Fluoride emission rates (FER) of Nafion™ XL and NR211 membranes under various mechanical stress
coupled to the Fenton solution exposure.

The slightly better behavior of XL membranes vs. NR211 — in terms of FER — may be
explained by the presence of a reinforcement layer [26,36]. The improved mechanical
durability of XL membranes was already discussed in the literature and could be due to a
higher strength and toughness as well as a better resistance to creep and fatigue [44-48]. One
can also imagine that when mechanical stress becomes too high, the reinforcement layer of
XL membrane does no longer impede polymer decomposition, so that FER reach similar
orders of magnitude as non-reinforced NR211 membrane. Furthermore, XL membrane also
contains radical scavengers — as opposed to NR211 membrane — which contributes to prevent
chemical degradation by radical attacks on polymer chains: their positive impact may be less
significant after long-term aging. In the view of our current results, the respective
contributions of the mechanical reinforcement layer and radical scavengers cannot be
discriminated.

3.1.2 Morphological modifications at macroscopic and microscopic scales
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Short-term aging test #2 and control aging test #2 led to the appearance of tiny localized
bubbles close to the surface of XL membranes, mostly in the channels area: i.e. where the
membranes were in direct contact with the Fenton solution but without mechanical stress
(Fig. 2c). On the contrary, such defects are not observed with NR211, neither to the naked eye
nor with a stereo microscope, regardless of the conditions. Although the image presented in
Fig. 2c show bubbles and blisters localized on one side of the membrane, abundance of
bubbles in this area was not systematically found in the reproducibility tests: we can see in
Fig. 4 that this phenomenon is not observed. In the view of all tests performed, there does not
seem to be preferential localization area(s) for the bubbles, apart from the channel/land
discrepancy. Note that the appearance of such morphological changes in regions that are not
directly subjected to mechanical stress (the channels) may suggest the existence of indirect
degradation mechanisms.

Such defects have already been observed in the case of pure chemical exposure to Fenton
solutions but in harsher conditions (higher H,O, and ferrous ions concentration) for both
reinforced [19,39] and non-reinforced membranes [39,49-53]. This may indicate that
additional mechanical stress (static or cyclic compression) could induce more severe
morphological changes than the exposure to Fenton solution only. However, the conditions in
which the chemical stress is applied in these studies are not directly comparable: i.e.
membranes were immersed in a static solution in one case vs. a fresh and flowing solution in
the other case. Furthermore, it is worth noting that such morphological changes have never
been reported after fuel cell operation (neither regular operation nor accelerated stress tests).

SEM analysis allows to investigate the impact of conjoint chemical and mechanical stress on
XL membrane morphology at the microscopic level. In the case of short-term aging tests #1
and #2 (Fig. 2d), and contrary to the observations made at the macroscopic scale, localized
deformations are observed in the external PFSA layers of the XL membrane, even with an
H,0O, solution. The exposure to a Fenton solution appears to exacerbate theses morphological
changes while the central PTFE-rich reinforcement layer does not seem altered, neither with
H.O, nor with the Fenton solution. However, it is worth noting that no clear correlation can
be established between the observation of bubbles and blisters at the macroscopic level and
the presence of localized deformations at the microscopic level.

Further investigations were carried out to study the impact of more severe solicitations — i.e.
up to 10 MPa or during 20 hours of aging (high pressure aging test and long-term aging test,
respectively) — on the XL membrane morphology. Exposing the XL membrane
simultaneously to cyclic 10 MPa compression and Fenton solution (high pressure aging test)
led, as previously observed, to the appearance of many tiny bubbles and blisters, in the
channel area, and close to the membrane surface (Fig. 4).
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Fig. 4 —Top view analysis of the bubbles and blisters formed at the Nafion™ XL membrane surface (a) to the
naked eye and (b) using the non-contact MicroVu device.

When the duration of the 5 MPa cycling and Fenton exposure test was extended from 8 to
20 hours (long-term aging test), the fluoride emissions increased considerably (8 3.1.1 and
Table 2) — indicating an acceleration of the degradation — and became similar for both NR211
and XL membranes. The higher FER measured with XL after 20 hours is consistent with the
more significant morphological changes observed (Fig. 5a): many bubbles and blisters were
present close to the XL membrane surface with an inhomogeneous distribution along the
channel area. At the microscopic level, SEM analyses of the cross-sectional microstructure of
XL membrane (Fig. 5c) also revealed many local defects close to the membrane surface,
which is consistent with the strong morphological changes already observed to the naked eye
(Fig. 5a). Additionally, SEM images show the appearance of some cracks at the interface
between the external PFSA layer and the central PTFE-rich reinforcement layer, as well as
into the external PFSA layer: when they appear at the interface, those cracks may be
considered as the beginning of a delamination process, although this was not directly
observable to the naked eye.

Conversely to XL membrane, and similarly to the observations made for short-term aging
test #2 and control aging test #2, no morphological changes were observed to the naked eye
for the NR211 membrane, whether the mechanical solicitation was increased to 10 MPa or the
duration extended to 20 hours (Fig. 5d). However, SEM images showed a “foamy” structure
through the entire NR211 thickness, accompanied by the formation micron-sized holes within
the membrane.

Although the chemical-mechanical stress on XL and non-reinforced NR211 membranes is
strictly identical, the resulting morphological changes differ: unlike NR211 membrane, XL
membrane does not have a foam-like appearance through its whole thickness but local defects
close its surface, as well as microcracks along the PTFE/PFSA interface.
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XL membrane NR211 membrane

Fig. 5 — Macroscopic surface morphology of Nafion™ (a) XL and (d) NR211 membranes after long-term aging
test and comparison of SEM cross-sections for pristine and aged (b, ¢) XL and (e, f) NR211 membranes. SEM
images were performed on MEA made with aged membranes and after conducting the electrochemical tests in
single cell (more details are given in section 2.4.5).

To the best of our knowledge, no such interfacial delamination of the XL membrane has been
reported in the literature after neither in-situ fuel cell operation nor ex-situ aging protocols.
Nonetheless, Zhang et al. recently showed that during fatigue experiments, cracks were
initiated and propagated in external PFSA layers without affecting the PTFE reinforcement
layer, while delamination occurred at the interface between external PFSA and PTFE
reinforcement layers [48]. They suggested that the presence of delamination between the
different layers helps to alleviate the stress experienced by the membrane by transferring the
mechanical stress through the bridging PTFE fibers: there is indeed no evidence of a decrease
of the membrane/fuel cell performance due to such delamination. Furthermore, Shi et al.
recently showed that crack propagation mechanisms were identical with pristine and
chemically aged XL membrane, i.e. crack growth in external layers and interfacial
delamination [19]. In the present study, the cyclic 5 MPa compressive stress may have led to
interfacial delamination like those observed in the literature.

3.1.3 PFSA chemical structure

Solid-state **F-NMR spectroscopy analyses were performed after short-term aging tests #1
and #2. The NMR spectra are displayed in Fig. S1 of Supplementary Information (SI). The
resonance peaks of Nafion" and the predicted peak areas have already been identified and
assigned in the literature [54-56]. In addition, several works established a relationship
between the number of moles of tetrafluoroethylene (TFE) per moles of comonomer unit and
the integral of the resonance peaks associated to the PFSA chain fragments, thus permitting to
determine the ion-exchange capacity (IEC) [38,57] (Table 3). The experimental values
determined for pristine XL and NR211 membranes are in good agreement with the supplier
datasheet and literature values [57,58].

Table 3 — Experimental values of the lon-Exchange Capacity (IEC) deduced from the NMR spectra for XL and
NR211 membranes after short-term aging tests #1 and #2 in comparison with pristine membranes.
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—_— Short-term aging test  Short-term aging test
Pristine membrane ging ging

#1 (H,0,) #2 (Fenton)
XL NR211 XL NR211 XL NR211
lon-Exchange 0.90 + 0.99 + 0.90 = 1.01+ 0.90 = 1.01+
Capacity (meq.g%) 0.02 0.02 0.02 0.02 0.02 0.02

Regardless of the degrading solutions, no significant evolution of the intensity of the side
chain resonance peaks (Fig. S1) or of the IEC (Table 3) are observed for both membranes.
This indicates that the global membrane degradation does not seem to affect the PFSA
chemical structure. This observation matches those made after an ex-situ chemical stress
induced by Fenton’s reaction in a previous work [42], with:

e aconstant intensity ratio between the side chain and the CF, groups,
e no significant IEC change,
e but still significant fluoride emissions in the solution.

This leads the conclusion that the polymer decomposition occurs most probably in similar
proportion for both main and side chains. Since solid-state “*F-NMR spectroscopy only
permits to analyze the global chemical structure of aged membranes, ATR-FTIR spectroscopy
was also employed to analyze the evolution of the PFSA chemical structure close to the
surface, thus excluding the PTFE reinforcement of XL membrane. No significant variation of
the relative intensity of side chain vibration bands are visible in the IR spectra for both
membranes and regardless of the aging test performed. These results are consistent with the
conclusion made after the NMR measurements: ATR-FTIR and NMR spectroscopies both
suggest that conjoint chemical and mechanical stresses do not significantly alter the chemical
structure of the PFSA repeat unit.

3.2 Impact of conjoint mechanical and chemical stress on the functional properties and cell
performances

3.2.1 Water sorption capacity

Fig. 6 illustrates the evolution of water sorption isotherms as well as those of the adsorption
mechanisms in XL and NR211 membranes. The results of all tests performed (Table 1) are
shown in Fig. 6, with the exception of the long-term aging tests for which aged membranes
were assembled with GDE in order to detect possible hydrogen permeation and evaluate their
cell performances. In the case of XL membranes, similar behaviors are observed in all cases:
the sorption isotherms differ from that of the pristine membrane by a significant increase of
the cluster contribution after degradation. A hygrothermal test, consisting in immersing the
XL membrane in deionized water at 80°C for 24 hours (Fig. S2), was performed and led to an
identical increase of the cluster contribution. This phenomenon has also been observed by Shi
et al. [59] for pre-heated XL membranes (i.e. pristine XL heated in deionized water at 70 °C
for one hour prior to sorption measurement) and, as stated by the authors, it can be attributed
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to nanostructural changes bringing the membrane closer to its quasi-equilibrium state as a
consequence of high temperature. In our case, it can be therefore concluded that this behavior
does not result from the degradation induced by chemical or chemical-mechanical solicitation.

As a reminder, the cluster contribution corresponds to the aggregation of water molecules in
the pores of the membrane at high water activities, resulting in its macroscopic swelling. On
the contrary, Langmuir and Henry contributions — describing the solvation and further
hydration shells formed around sulfonate groups — do not seem to be affected, even though
FER can be highly different from one case to the other, i.e. between static 2.5 MPa and cyclic
10 MPa, for example.

With NR211 membranes, the sorption isotherms do not seem greatly impacted over the whole
water activity domain. This is consistent with the absence of significant changes in the *°F-
NMR spectra or IEC discussed in section 3.1.3. These results are in agreement with those
obtained in a previous work, when membranes were exposed to purely chemical stress tests
[42]: this suggests that the severe additional mechanical stress experienced by the membranes
has no significant impact on the water sorption capacity of Nafion" membranes. This
assumption is also supported by the absence of significant evolution of the FER with NR211
membranes exposed to a static or cyclic compressive stress of 0, 2.5, 5 or 10 MPa (Fig. 3).
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Fig. 6 — Water sorption isotherms (30 °C) of (a) XL and (b) NR211 membranes after various aging tests in
comparison with pristine membranes. The plots at the bottom illustrate the evolution of the different adsorption
mechanisms for XL (to the left) and NR211 (to the right) membranes. Five measurements were performed on the
pristine XL to control the repeatability of the measurement and of the pretreatment process. The water sorption
isotherms of pristine XL and NR211 membranes have been already published in a previous work [42].
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3.2.2 Water self-diffusion coefficient

Water transport property was investigated by liquid-state *H-NMR spectroscopy. Fig. 7
illustrates the evolution of water self-diffusion coefficient in XL and NR211 membranes as
functions of the water uptake after various aging tests: no significant variation is observed
over the whole range of water-uptake probed, whether the membranes were exposed to static
or cyclic compressive stress. However, the values obtained with aged XL and NR211
membranes are generally very close to the lower limit of those measured with pristine
samples, which may suggest that the mechanical-chemical aging involved in our conditions
has no significant impact on water self-diffusion property. Again, this trend has already been
observed in the case of membranes submitted to a chemical stress only [42]. This shows that
the introduction of an additional mechanical stress does not affect the water diffusion
behavior of membranes, whether they are reinforced or not.

In the light of these results, it can be concluded that the addition of a mechanical stress to a
chemical stress increases significantly the FER (§ 3.1.1) but does not alter further the Nafion™"
membranes chemical structure (repeat unit, IEC) and functional properties (water sorption and
self-diffusion). However, due to the presence of the flow-field plates, the membrane surface
has not been exposed to identical mechanical and chemical stresses under the lands and under
the channels. It can thus be argued that the polymer decomposition may be heterogeneous. As
the measurements made in this work only reflect the overall degradation of Nafion"™
membranes, characterizing separately PFSA chemical structure and properties with a
localized approach would help to discriminate the degradation behaviors between regions
located under the lands and under the channels.
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Fig. 7 — Water self-diffusion coefficient evolution after various aging tests as a function of water uptake in (a)
XL and (b) NR211 membranes (diamond symbols for static compression and triangle symbols for cyclic
compression) in comparison with pristine membranes (circles).

3.2.3 Fuel cell performances

Finally, some aged membranes were used to make MEA and tested in a single cell to evaluate
their functional properties and detect possible hydrogen leaks. The results obtained in the case
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of short-term aging test #2 has been already presented in a previous work [39] and only XL
and NR211 membranes submitted to the long-term aging test have been tested in the present
study. Table 4 displays the permeation current, high frequency resistance and Open Circuit
Voltage (OCV) measured for the aged membranes in comparison with the values obtained for
pristine ones. As observed in our previous work for the short-term aging test #2, no
significant permeation current measured. Only a slight increase of the high frequency
resistance is observed for both membranes, which could indicate a slight loss of the proton
conductivity because of the membrane degradation. Such a behavior was not expected in light
of the considerable morphological changes in XL membranes (8 3.1.2). Nonetheless, it may
be possible that the MEA hot-pressing process led to the closing of some of the blisters near
to the membrane surface. In any case, the low hydrogen permeation currents clearly mean
that, in this case, none of the blisters led to a membrane failure.

As a complement, polarization curves were also measured with aged XL and NR211
membranes (Fig. S3) and a trend similar to that reported in our previous work for short-term
aging test #2 was observed [39] i.e. no significant change is perceptible in the case of aged
NR211 while only a slight increase of resistive losses is detected for aged XL membrane. As
previously proposed in ref. [39], it might be possible that this increase of resistive losses was
at least partly related to the modification of the membrane surface, making it difficult to
ensure a good electrical contact with the electrodes.

Table 4 — Characterization parameters of cell performances for Nafion™ XL and NR211 membranes exposed to
cyclic 5 MPa compression and Fenton solution for 8 and 20 hours in comparison with pristine membranes.

Pristine membrane  Short-term aging test #2 Long-term aging test

XL NR211 XL NR211 XL NR211
Permeation current 1.80 = 1.94 + 116 129+
] 1.68+£0.26 2.54+0.20
(MA.cm’) 111 0.75 0.05 0.07
High Frequency 78.7 £ 67.9 % 1134+ 826+
; 107.1+£52 72757
Resistance (mQ.cm 2) 10.8 2.7 3.8 2.3
Open Circuit Voltage  0.917 0.907 £ 0.906 £ 0.895 + 0.922 £ 0.920 £
V) 0.018 0.017 0.006 0.004 0.004 0.005

4. Discussions

4.1 Comparison with ex-situ chemical stress test

The changes in water sorption properties of the composite Nafion XL membrane after
mechanical-chemical aging tests is compared to that of a purely ex-situ chemical stress test in
Fig. 8. The trends are similar without any significant change except for a slight increase of the
cluster contribution in both cases, a phenomenon already described and attributed to a thermal
effect by Shi et al. [59] (8 3.2.1). This indicates that the water sorption of XL membrane is
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not greatly affected by the exposure to coupled mechanical and chemical stress. In a recent
study [42], we suggested that the addition of a mechanical fatigue to a chemical stress would
lead to solicitations and degradation mechanisms closer to those occurring during fuel cell
operation. In this work, however, it seems that combining a rather important compressive
stress with a chemical stress does not significantly alter Nafion” degradation mechanisms,
nor its functional properties (water sorption capacity and self-diffusion coefficient). This
conclusion is supported by some results of this study (e.g. increasing the cyclic pressure
applied to NR211 membrane from 0 to 5 or 10 MPa during 8 hours has no impact on fluoride
emissions), which is in agreement with our previous results [42]. Nonetheless, this conclusion
is not consistent with the results of Kusoglu et al. [21], who observed an increase of polymer
degradation by applying a static pressure to the membrane. However, their work was
performed in conditions significantly different from ours:

e They used a thicker Nafion'~ 117 membrane (178 pm) previously exchanged with
ferrous ions Fe?* and a 6 vol% H,0, solution vs. 3 vol% H,O, concentration in our
case,

e Contrary to the present work, the stress cell designed by Kusoglu et al. did not contain
single serpentine flow channel, implying a homogenous exposure of the mechanical
stress.

Despite these a priori more aggressive conditions, they observed degradation rates more
than 50 times lower than ours, so that their results and ours are not easily comparable.
Finally, we imposed a cyclic compressive stress while Kusoglu et al. maintained a static
compressive stress during several days (i.e. 7 days in total). However, the combination of
cyclic compression and Fenton exposure, as studied in the present work should be
considered as a rather severe solicitation (8§ 2.2) and we can only notice that it has a mild
impact on the degradation.
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Fig. 8 — Evolution of water sorption isotherms in XL membranes (a) after ex-situ conjoint degradation (short-
term aging test #2) and after ex-situ chemical degradation only (Fenton solution exposure) in comparison with
the evolution (b) after long-time fuel cell operation [38].

4.2  Comparison with fuel cell operation

To this point, it may be worth comparing the evolutions of water sorption isotherms after ex-
situ stress tests with those measured after long-time fuel cell operation (Fig. 8) in a previous
work [38]: the cluster contribution was not impacted while the Langmuir contribution was
strongly reduced. This trend was attributed to a significant IEC reduction, because of a partial
loss of sulfonic groups, which differs considerably from that observed after the present ex-situ
stress tests, with fairly unaltered functional properties. However, measurements performed
after FC operation were focused on specific areas [37] — inlet/outlet of reactant gases — that
were visually degraded and known to be exposed to severe conditions: high hydrogen
crossover [60,61], low relative humidity [62,63] and air starvation [64]. Moreover, the
membranes are — mostly, at least — exposed to a gaseous environment in FC systems which
differs significantly from the conditions involved in this study, the membranes being in direct
contact with aqueous solutions. This may be representative of the conditions experienced by
some specific areas submitted to water flooding during FC operation [57,65]. In this regard,
the most probable explanation for the discrepancy between the degradation of XL membranes
observed after long-time fuel cell operation [38] and those we observe in this work would lie
mostly in the difference of operating conditions/time scales or in the nature of the chemical
stress — with possibly chemical conditions that were not aggressive enough to have significant
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impacts on Nafion" membrane functional properties — despite the clear chemical degradation
evidenced in a previous work [42].

Ex-situ accelerated stress tests are useful to decorrelate the various stressors and aging
mechanisms occurring during fuel cell operation. In this work, although a significant increase
of FER was observed with the stress level, no thinning and no full-thickness cracks — through
the measurement of hydrogen permeation current and SEM images — were observed in the
membrane, which differs from the failure modes reported in the case of in-situ COCV AST
[23,26-28]. Additionally, we noticed the appearance of bubbles and blisters for XL membrane
whereas this phenomenon has never been observed — or at least reported — in the literature
after FC operation. Since this study only focused on one type of conjoint stress experienced
by membrane during operation, it is conceivable that our ex-situ stress tests (chemical or
mechanical + chemical) do not accurately replicate the more complex chemical conditions
encountered by the membranes in actual PEMFC. More particularly, these results can suggest
that the use of humidified gases during FC operation and/or the presence of the other FC
components — and of the interface between them and the membrane — play an important role
on the degradation mechanisms. Nevertheless, it must be kept in mind that the FER values
measured in this work were significantly lower than those reported for in-situ COCV AST
[23,24]. Therefore, modifying the operating procedure by exposing the membrane to a
Fenton’s environment with gaseous H,O, instead of aqueous solution or introducing Gas
Diffusion Layers (GDLs) between the membrane and the flow field plates are natural
perspectives to this work, to better mimic FC operating conditions.

5. Conclusions

This study aimed to investigate the impact of coupled mechanical and chemical stress on
Nafion" membranes through an ex-situ approach. In that respect, a custom-made device able
to reproduce conditions close to that experienced by the membranes during FC operation was
developed. Accelerated aging tests were performed to provide some understandings on the
influence of mechanical stress — either static or cyclic with varying pressure — on the chemical
degradation of Nafion" membranes, and its impact on their chemical structure and functional
properties. As a general conclusion, and from a qualitative point of view, the membranes
response to a chemical stress was similar when static or cyclic mechanical stress was added:
more severe degradations were observed after Fenton exposure, compared to H,O,, both from
chemical and morphological points of view. Despite evidence of chemical decomposition and
of morphological evolution, aged XL and NR211 membranes did not fail after chemical-
mechanical ex-situ aging tests — and this regardless of the stress level imposed — since their
functional properties were maintained and their fuel cell performances still satisfactory. In
addition, the results permitted to highlight the following points:

e Although Fenton’s reagent concentrations were low to be as close as possible to real
fuel cell operating conditions — i.e. without inducing drastic morphological changes —
the combination of mechanical stress and Fenton solution exposure led to the
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appearance of bubbles and blisters in the case of aged XL membranes. Conversely,
no such morphological modifications were observed for NR211 membranes.

e Higher fluoride emission rates were generally obtained with NR211 than with XL.
The PTFE reinforcement layer, providing better mechanical strength and
dimensional stability to XL membranes [21,25], can explain its better behavior
against conjoint degradation. The higher resistance of XL was confirmed by the
absence of significant increase in the hydrogen permeation current after the stress
tests. Moreover, an increase of FER with the applied pressure was observed in the
case of XL for cyclic compression while mechanical stress had no significant impact
on the chemical degradation of NR211.

e Long-term aging tests demonstrated that membranes are strongly affected, both from
chemical — through the fluoride emission rates — and morphological points of view.
SEM analysis revealed that the degradation behavior differs between a reinforced
membrane and a non-reinforced one: local deformations and delamination at the
interface between PFSA external layer and PTFE-rich reinforcement layer were
observed in the case of aged XL while a more homogenous morphology alteration
with a foam-like appearance was observed for NR211.

e Despite sometimes severe morphological changes, and rather paradoxically, no
changes in the chemical structure or in the water sorption and transport properties of
both NR211 and XL Nafion™ membranes were observed.

e Finally, and in agreement with our previous results [39], adding important
compressive stress to a chemical stress did not strongly modify Nafion” membranes
FER nor their functional properties, suggesting that even though mechanical stress
had an impact, the degradation mechanisms remained — in our case — mostly
governed by chemical stress.

The custom-made device and the associated accelerated aging tests developed for the present
study constitutes a first step towards a better understanding on chemical and mechanical
degradations phenomena of PFSA membranes and open a large variety of perspectives. For
instance, one can imagine extending the experiment duration to several tens of hours to deeply
challenge the mechanical durability of the membranes. On the other hand, supplementary
investigations and reproducibility tests are needed to understand the morphological changes
experienced by the reinforced membranes, and more particularly the origin and location of
bubbles and blisters formed during conjoint stress tests. Furthermore, performing more
localized analysis of aged membranes would help to clarify the contribution of the mechanical
stress on membrane chemical degradation as well as the impact of conjoint stress on the
chemical structure and functional properties of Nafion' membranes. Finally, the mechanical
stress resulting from humidity cycling in FC may also be of tensile-compressive nature, and it
may be worth developing a new experimental set-up able to mimic such stress, coupled with
chemical attacks.
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