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ARTICLE INFO ABSTRACT
Keywords: Enhancing the lifetime of polymer electrolyte fuel cells (PEFCs) is a key factor in accelerating their application in
Polymer electrolyte fuel cells heavy-duty vehicles (HDVs). A major contributing factor to their worsening performance over time is chemical
Polymer electrolyte membranes degradation of the polymer electrolyte membrane (PEM). This is largely caused by the generation of reactive

Gas barrier property
Chemical durability
Biomaterial

Cellulose nanocrystals

oxygen species such as hydroxyl radicals (¢OH) or hydrogen peroxide (H203), which break down the polymer
structure. This radical attack results in a loss of ionic conductivity and thus an increase in cell resistance over the
operational lifetime. Here we show that adding an interlayer with suitable gas barrier properties can effectively
suppress the generation of reactive oxygen species, slow the rate of membrane thinning, and extend the lifetime
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of the cell. We found that cellulose nanocrystals (CNC) blends with poly(vinyl sulfonic acid) (PVS) are suitable
composite materials for the interlayer, combining low oxygen permeability with reasonable proton conductivity.
Accelerated degradation of the PEMs was investigated via open circuit voltage (OCV) holding tests, in which the
device lifetime was reproducibly extended by the incorporation of the CNC/PVS interlayer. Post-mortem analysis
revealed that the rate of membrane thinning at the anode side of the PEM after 100 h test was just 30 nm/h,
compared with 80 nm/h without an interlayer. Our results clearly confirm that the incorporation of CNC/PVS
interlayers with low oxygen permeability into PEMs can suppress chemical degradation and significantly
improve the durability of PEFCs. The obtained results also indicate that the concept of the gas barrier PEM for the
improved chemical durability of PEMs can be widely and universally applied. We anticipate that this will
contribute to the development of next-generation devices with sufficient lifetime for efficient use in fuel cell
electric vehicles (FCEVs), including heavy-duty FCEVs.

1. Introduction

Hydrogen-related technologies that can effectively store and convert
renewable energy are required to bring about the decarbonization of
various industrial sectors [1-4]. In particular, the transition to fuel cell
electric vehicles (FCEVs) will significantly contribute to achieving
net-zero carbon dioxide emissions targets in the automotive industry
[5]. While applications for heavy-duty vehicles (HDVs) are especially
anticipated, the requirements for PEFCs in HDVs are more stringent [6].
According to Japan’s New Energy and Industrial Technology Develop-
ment Organization (NEDO) roadmap, the target durability of PEFCs for
HDVs needs to increase tenfold to > 50,000 h by 2030 [7]. To achieve
this goal, innovative approaches are required to enhance the durability
of PEFCs for commercialization.

The degradation of PEFC performance over time is related to the
performance drop of the materials consisting of PEFC such as catalysts
and polymer electrolyte membranes (PEMs) during the fuel cell opera-
tion. In this study, we focused on the PEM issue. PEM is a core compo-
nent to conduct protons from anode to cathode, insulates against
electron conduction to prevent short circuits, and provides a gas barrier
of hydrogen and oxygen. At present, sulfonated fluoropolymers such as
Nafion or Aquivion are commonly used as PEMs due to their high pro-
tonic conductivity and excellent stability in the harsh oxidizing and
reducing conditions of a fuel cell [8,9]. However, sulfonated

fluoropolymers are classed as per- and polyfluoroalkyl substances
(PFAS), which are also known as “forever chemicals” due to their
persistence in the environment, and are subject to increasing regulation
due to their toxicity to both humans and wildlife [10]. Furthermore,
sulfonated fluoropolymers are expensive, contributing significantly to
the capital cost of PEFC systems [11-13]. Therefore, as well as sup-
porting the development of decarbonized HDVs, improving the dura-
bility will also address the above issues by extending the device lifetime.

The main mode of performance loss in PEMs is chemical degradation.
This occurs due to the diffusion of oxygen molecules into the PEMs,
where they can form reactive oxygen species (ROS) such as hydrogen
peroxide and associated hydroxyl radical species (-OH). These radical
species can then break down the polymer structure, resulting in a loss of
ionic conductivity. Polymer breakdown is also manifested macroscopi-
cally as membrane thinning, eventually leading to pinhole formation.
There are three proposed mechanisms for the formation of hydrogen
peroxide in PEFCs (Fig. 1, a). The first is the diffusion of oxygen mole-
cules through the PEM from the cathode to the anode, where they then
directly react with hydrogen [14,15]. The second is the migration of
platinum particles or ions into the PEM from the electrocatalyst layer,
which then act as catalyst sites for peroxide formation from oxygen [16].
The third is the generation of hydrogen peroxide at the cathode via
2-electron oxygen reduction, usually catalyzed at transition metal sites
arising due to e.g. iron contamination [17,18].
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Fig. 1. (a) Three major mechanisms of reactive oxygen species generation during PEFC operation. (b) Schematic diagram showing the function of a gas barrier
interlayer in a PEM. (c) Multilayer PEM preparation process via spray deposition, hot pressing, and transfer. (d) Chemical structure of CNC, PVS, and Nafion.
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Various methods have already been explored to improve the dura-
bility of PEMs against chemical degradation, including the development
of alternative hydrocarbon-based polymers with high inherent stability
[19-22]. For example, sulfonated poly(phenylene) PEMs have demon-
strated superior durability compared to Nafion in open circuit voltage
(OCV) holding tests [19,20]. Another method to improve durability is to
incorporate radical scavengers such as cerium oxide into polymers,
which intercept reactive species before they can damage the polymer
[21,22]. Whilst the above methods have resulted in moderate successes,
additional approaches are desirable to make further gains in lifetime,
towards HDV applications.

In response to this, we have developed an alternative strategy,
focusing on the suppression of radical formation in the first place. Gas
permeation is a key factor in radical formation, therefore we aim to
prevent oxygen diffusion through the PEM. To realize this concept, we
explored poly(vinyl alcohol) (PVA) as a general-purpose polymer with
excellent gas barrier properties. PVA has lower proton conductivity than
Nafion. Therefore, poly(vinyl sulfonic acid) (PVS), known as a proton
conductive polymer, was used to improve the proton conductivity as
PVA/PVS blends. These two materials are hydrophilic, and not stable in
water or humidified conditions. Thus, a free-standing membrane
composed solely of the PVA/PVS polymer blend dissolves during PEFC
operation. To address this issue, we developed a new material design
concept of fabricating multi-layer PEM. Multi-layer PEMs consist of a
hydrophilic PVA/PVS interlayer and two water-stable Nafion outer
layers to prevent the interlayer dissolution in the humid environment of
a PEFC, note as sandwiched PEM in this study. This method successfully
resulted in decreased oxygen permeation through the PEM as confirmed
in ex situ tests and no delamination occurred in the water uptake test,
suggesting that the interlayer was protected [23]. Meanwhile, in OCV
holding tests the multilayer PEMs were found to have a significantly
extended lifetime (by a factor of 1.7 compared with Nafion 212),
attributed to the suppressed radical formation (Fig. 1, b) [23].

To further expand on the concept proven with PVA, we applied
cellulose nanocrystals (CNC) as an alternative gas barrier material in this
study. Previously, we pioneered the investigation of pure CNC and cel-
lulose nanofibers (CNF) as membrane materials. Cellulose is a fibrous
biopolymer material which is generated at a vast scale by plants and
bacteria. It is the basis for important goods such as paper, textiles,
packaging, food additives, and pharmaceutical products. Nanocellulose
can be extracted from cellulosic materials (including waste products) by
breaking down the cellulose fibers into smaller dimensions via me-
chanical or chemical treatments. By their nature, nanocellulose mate-
rials are biodegradable, inexpensive, and have minimal environmental
impact [24,25]. Nanocellulose has already been applied extensively as a
reinforcing additive in PEMs at low concentrations [26,27]. We instead
focused on applying pure nanocellulose as a PEM in its own right,
demonstrating that the gas permeability of nanocellulose membranes is
several orders of magnitude lower than Nafion, and fabricating PEFCs
based on CNF and CNC PEMs [25,28]. We also performed sulfonation of
CNFs to increase proton conductivity, and deposition of ultrathin
membranes to minimize the cell resistance [28]. Furthermore, we
investigated crosslinking of CNCs to improve the mechanical properties
and durability of cellulose-based PEMs [29].

In related work, we also explored pure graphene oxide as a promising
membrane material with extremely low gas permeability, but these were
found to have insufficient conductivity or chemical stability for PEFC
applications [30-32]. Instead, to take advantage of the excellent gas
barrier properties, we sandwiched thin graphene oxide films (~200 nm)
between layers of Aquivion, resulting in significantly reduced hydrogen
crossover [33]. However, durability tests were not performed.

The utilization of PEMs with inexpensive gas barrier interlayers of-
fers several merits compared to conventional PEM designs. Firstly, the
amount of required sulfonated fluoropolymer can be potentially
reduced, resulting in lower materials costs and minimizing the reliance
on PFAS chemicals. Secondly, the simple preparation method is
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promising for practical industrial applications, since the multilayer
PEMs can be fabricated through additive manufacturing techniques such
as spray deposition, simply followed by hot pressing (Fig. 1, ¢). Thirdly,
the preparation process of conventional catalyst-coated membranes
(CCM) does not need to be changed or re-optimized, since the outer
layers of the PEM are still based on commercial electrolytes such as
Nafion [34,35]. As such, fabricating multilayer PEMs with high gas
barrier interlayers is a highly promising approach for future PEFC design
for FCEV and HDV applications.

In this study, we combine our previous work on gas barrier PEMs and
nanocellulose-based PEMs and verify that our material design concept
for gas barrier PEMs is available for different gas barrier materials other
than PVA. CNC exhibits a low percolation threshold due to its high form
factor, which suggests high gas barrier properties [36,37]. Additionally,
during the production process of CNC, acid treatment converts some
hydroxyl groups into ester-sulfate acid or ester-sulfate salt, which may
result in weak proton conductivity [38,39]. However, compared to
Nafion, the proton conductivity of CNC is significantly lower [25,28,40].
Therefore, we blended CNC with proton conductive PVS to create a
composite electrolyte with high gas barrier properties combined with
reasonable ionic conductivity. This blend is then incorporated as an
interlayer sandwiched between two commercial Nafion 211 layers and
assembled into a PEFC (Fig. 1, d). The PEFC performance and durability
are then systematically investigated using accelerated OCV holding
tests.

2. Experimental
2.1. PEM fabrication

Cellulous nanocrystal (CNC) powder (CelluForce NCC®, Montreal,
QC, Canada) comprises needle-shaped crystals with nominal particle
sizes of 7.5 x 150 nm, a specific surface area of 550 m?/g, a degree of
crystallinity of 89.9 %, and a bulk density of 0.7 g/ecm® [29]. CNC was
dispersed in deionized (DI) water and magnetically stirred at 50 °C for at
least 24 h to obtain a 10 mg/ml dispersion. Meanwhile, a 25 wt%
aqueous solution of the sodium salt of poly(vinyl sulfonic acid) (PVS)
was converted to its ionic form via ion exchange in 1M HCI solution for
3 h, using a dialysis membrane (Spectra/Por®6 1kD) with deionized
water as a solvent which was regularly replaced until the pH was
neutral. The resulting PVS solution was then adjusted to 10 mg/ml. The
CNC dispersion and PVS solution were then combined under magnetic
stirring in varying ratios of the solids content (100:1, 10:1, and 1:1 wt
%).

For membrane preparation (Fig. 1, ¢), a 3 x 3 cm? Nafion 211
(Chemours) substrate was placed onto a hot plate maintained at 65 °C. A
poly(ethylene terephthalate) (PET) mask was used to exposea 2 x 2 cm?
square area of the underlaying substrate. The CNC dispersion, or the
CNC/PVS mixtures were loaded into a hand-held spray gun (Tamiya,
Spray-work HG), mounted in an auto spray machine with a controllable
moving stage (C-3 J, Nordson K.K.), and connected to an air compressor
(HG air compressor, Revo II, Tamiya). The mass of the sprayed material
was tracked by placing carbon gas diffusion layers (GDL, EC-TP1-060T,
Toray) with an area of 1 x 1 cm? on the PET mask on either side of the
target area, which could be removed and weighed. Using this method,
the error in mass calculations was kept to within +3 wt%. After spraying
a suitable amount of CNC/PVS material onto the Nafion 211 surface, the
mask was removed and a second layer of Nafion 211 placed over the top.
This multilayer structure was then hot-pressed at 140 °C and 0.3 kPa for
5 min (Digital Press CYPT-10, Sinto). A double-layer reference PEM with
no interlayer was also prepared by simply placing two Nafion 211
membranes together and hot pressing under the same conditions (noted
as Nafion 211DL in this study). Furthermore, free-standing CNC and
CNC/PVS membranes with the same mass ratios were fabricated by
casting. In this case the prepared CNC/PVS solutions were cast into
polytetrafluoroethylene (PTFE) petri dishes (Sigma Aldrich) and dried at
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40 °C for 24 h before being removed and stored in sealed bags to prevent
moisture ingress. The sample names of the resulting PEMs investigated
in this study are summarized in Table 1.

2.2. PEM characterization

The resulting PEMs were characterized via X-ray diffraction with Cu
Ka (1.54 f\) (SmartLab 9 kW AMK X-ray Diffractometer, Rigaku), proton
conductivity measurements (MTS-740, Scribner associates Incorpora-
tion and SI-1260, Solartron), gas permeability tests (GTR-11A/31A gas
permeability tester, GTR TEC Corporation), as reported in our previous
works [23]. Descriptions of dimensional stability, water uptake, and
wide-angle X-ray scattering (WAXS) can be found in the Supporting
Information.

2.3. Membrane electrode assembly (MEA) fabrication and cell assembly

Electrocatalyst ink was prepared by combining 120 mg of platinum-
decorated ketjen black (Pt-KB, 46.8 wt%, TEC10ES0E, Tanaka Kikin-
zoku Kogyo K.K.), 0.952 mL of 5 wt% Nafion dispersion (FUJIFLIM
Wako Pure Chemicals Corporation), 5.699 mL of ethanol (FUJIFLIM
Wako Pure Chemicals Corporation) and 0.570 mL of DI water and ho-
mogenizing in ice bath for 30 min via ultrasonication (NR-50M,
Microtech CO). The obtained electrocatalyst ink yields to 28 wt% of
Nafion ionomer in the electrocatalyst layer [23]. This was quickly
loaded into the reservoir of an auto-spray machine (C-3 J, Nordson K.K.).
Catalyst coated membranes (CCM) were then fabricated by placing the
PEM on a controllable hot stage at 65 °C, covering with a PET mask
leaving an area of 1x1 cm?. To track the deposited mass to within +3 wt
%, a1 x 1 cm? GDL was placed on either side of the target, which could
be removed and weighed. The target loading on both sides of the PEM
was 0.3 mgp/cm? After catalyst deposition, the coated PEM was
hot-pressed at 132 °C and 0.3 MPa for 180 s (Digital Press CYPT-10,
Sinto). Membrane electrode assemblies (MEAs) were then prepared by
sandwiching the PEM between two GDLs (EC-TP1-060T, Toray). These
were then placed into a Japan Automotive Research Institute (JARI) cell
holder with a 1 cm? electrode area, and this was tightened to 0.4 N m
using a torque wrench (QL5SN-MH, Tohnichi).

Table 1
Summary of the sandwich PEMs investigated in this study.

Sample Weight ratio Areal density of interlayer Total thickness

name (CNC:PVS) (mg/em?) (km)

Nafion Reference Membranes

Nafion 212 - - 50

Nafion 211 - - 25

Nafion - - 50
211DL

CNC/PVS Membranes

CNC - - 28.6

R1 1:1 - 33.4

R10 10:1 - 26.8

R100 100:1 - 31.2

Nafion | CNC | Nafion Sandwich Membranes

CNC-0.25 - 0.25 51.7
mg

CNC-0.5 - 0.5 53.4
mg

CNC-1mg - 1.0 55.2

Nafion | CNC/PVS | Nafion Sandwich Membranes

R1-1 mg 1:1 1.0 55.5

R10-1 mg 10:1 1.0 55.4

R100-1 mg 100:1 1.0 55.3

Journal of Power Sources 629 (2025) 235833
2.4. PEFC performance evaluation

Fuel cell tests were conducted at 80 °C and 95 % RH, using a fuel cell
test station (AUTOPEM-CVZ01, Toyo Corporation) connected to an
electrochemical interface system and impedance analyzer (SI-1287, SI-
1255B, Solartron). Before measuring fuel cell performance, 3 h aging
process at 0.6 V was carried out under hydrogen gas flow (139 ml/min)
at the anode and air flow (332 ml/min) at the cathode. Under the same
test setting, polarization curves (IV curves) and impedance spectroscopy
were carried out, IV curves were obtained by sweeping the potential
from the OCV to 0.2 V, at a scan rate of 20 mV/s, and impedance spectra
were also recorded by varying the frequencies from 10 to 100,000 Hz, at
current values of 0.05, 0.1, 0.2, 0.4, and 0.6 A. Hydrogen crossover
current density (HCCD) was obtained by then changing the gases at the
anode and cathode to 70 ml/min hydrogen, and 166 ml/min nitrogen,
respectively, and the potential was swept from 0.2 V to 0.5V at 5mV/s.
Finally, the gas flow at the cathode was stopped and the gas flow at the
anode was maintained at 70 ml/min, and cyclic voltammograms (CV)
were obtained by cycling between 0.05 V and 0.9 V at 50 mV/s. De-
scriptions of the calculation from electrochemical surface area (ECSA)
from CV spectra can be found in the Supporting Information.

2.5. Accelerated durability tests

Chemical durability was evaluated using open circuit voltage (OCV)
holding tests. The cell was maintained at 90 °C and 30 % RH, with
hydrogen gas flow of 139 mL/min at the anode, and an air flow of 332
mL/min at the cathode. At regular intervals of 72 h the cell conditions or
significant voltage drop happening were changed to 80 °C and 95 % RH
for fuel cell evaluation as described above. The cell conditions were then
returned to 90 °C and 30 % RH to continue the OCV holding test. The
end-of-life of the cell was defined at the point at which the OCV dropped
to 0.6 V, at which point the measurement was stopped for safety reasons.

Post-mortem analysis was performed after aging the cells, after 100
h, and at end-of-life. The cell holder was disassembled, and the MEA
removed. For the cross-section image of the samples, the MEA was cut
and filled with cold setting epoxy resin (NER-814M, NISSHIN EM Cor-
poration)/epoxy resin hardner (NER-814B, NISSHIN EM Corporation)
mixture, which ratio of resin to hardner was 3 to 1 (vol.), by using the
flexible rubber mold (TAAB Laboratories Equipment Corporation), then
dried at room temperature (25 °C) for at least 3 days. After drying
process, the solid resin samples were cut by using microtome (EM UC6,
Leica) and coated with gold under 5 Pa pressure and 0.8 V for 3 min (SC-
701 MKII ECO, Sanyu Electron). The prepared samples were observed
via scanning electron microscopy (FIB/SEM Dual Beam Versa3D LoVac,
FEI Company Japan Ltd.), and elemental mapping performed via energy
dispersive spectroscopy (EDS) (FIB/SEM Dual Beam Versa3D LoVac, FEI
Company Japan Ltd.).

3. Results and discussions
3.1. The effect of sandwich structure for PEMs

In this study, high gas barrier CNC and proton conductivity enhancer
PVS were used. Since these two materials are hydrophilic, free-standing
membranes are not suitable for PEFC operation conditions. CNC mem-
branes that have not undergone crosslinking or hydrophobization easily
swell, rupture, and disperse in water. Similarly, PVS dissolves in water.
This would be detrimental in the humid environment of a PEFC. Instead,
choosing the sandwiched fabrication, in which a CNC/PVS blend
interlayer is sandwiched between two water-stable Nafion 211 layers as
the multilayer membranes, noted as sandwiched PEM, expected to be
stable in humified condition or aqueous media. This method has been
proved in our previous study [23]. For these reasons, the sandwiched
PEMs of CNC/PVS blend interlayer were prepared by the method
mentioned above, and the sandwiched PEM without an interlayer,
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Nafion 211 double layers (Nafion 211DL), was also prepared as the and S-2). The membranes were first immersed in water at room tem-
reference. perature for 24 h. After that, it was confirmed visually that no delami-

To confirm whether the sandwiched PEMs stabilize in the humified nation occurred, suggesting that the water-soluble interlayer was
condition of a PEFC, we performed water uptake test as the preliminary protected from water by two Nafion outer layers. The overall increase in

test to understand the effect of sandwich structure on PEMs (Table S-1 water uptake as the ratio of CNC in the CNC/PVS interlayer increased
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from 1 to 100 reflects the hydrophilic natures of the interlayer materials.
Areal swelling (i.e. the relative change in diameter) was negligible for all
samples. On the other hand, there was a significant relative increase in
thickness change, compared to Nafion 211DL. These results indicate that
the outer Nafion layers help to restrict swelling in-plane but have little
impact on through-plane swelling. This is as expected given the geom-
etry of the multilayer PEMs. As above preliminary test, the concept of
sandwich structure for PEMs was confirmed that they were stable in
water without delamination behavior, expected to be stable in the
humid condition of a PEFC.

3.2. Molecular structure

XRD was performed on free-standing CNC/PVS membranes to eval-
uate the effect of relative proportions on the structure (Fig. 2a). Nafion
211DL displays a major peak at ~17°, corresponding to an average inter-
chain distance of 0.52 nm [41]. CNC and CNC/PVS display major peaks
at 15° (d = 0.59 nm) and 22.5° (d = 0.40 nm), corresponding well with
overlapping (110), (110) and (200) crystallographic planes previously
reported for CNC [42]. The peak at 22.5° is attributed to hydrogen
bonding between adjacent hydroxyl groups in CNC, and it has been re-
ported that the polymer chains in CNC are tightly packed and stabilized
by a strong hydrogen-bonding network [42]. This close-packed crys-
talline structure provides an explanation for observed low gas perme-
ability of CNC membranes relative to Nafion. Meanwhile, it has
previously been reported that the sulfonic acid groups of PVS can disrupt
the crystalline structure of CNC [43], but in this case no trend is
observed with PVS ratio.

Furthermore, the WAXS profile of Nafion 211DL (Figs. S-1a) displays
two major peaks at ~1.17 A~! and 2.70 A}, corresponding to an
amorphous peak and a superimposed crystalline peak, respectively [44].
No change is observed between dry and wet conditions, suggesting that
these peaks are not related to the hydrophilic domains formed by the
sulfonic acid group [41,45]. Meanwhile, CNC and CNC/PVS
(Figs. S-1Db), have major peaks at corresponding to the (110) and (110)
planes of CNC (1.17 A1), the (200) plane of CNC (1.41 A™1), the (040)
plane of CNC (1.59 1°\’1), and, the (102) plane (2.40 }o\’l), respectively
[46-48]. Again, no significant changes are observed between the dry
and wet states (Fig. 2b).

3.3. Gas permeability

The main objective of introducing an interlayer into the PEM in this
work is to reduce the gas permeability and thereby suppress peroxide
formation and radical attack. Here, the hydrogen and oxygen gas per-
meabilities are evaluated under dry conditions at 80 °C (Fig. 2¢ and d).
For Nafion 211DL, the Hy, and O, gas permeabilities are 64.6 and 8.9
barrer, respectively. Introducing the interlayer decreases the perme-
ability in all cases. Increasing the thickness of the interlayer (i.e.
increasing the areal mass density) results in a corresponding decrease in
permeability, with the thickest interlayer reducing the permeability by
around an order of magnitude to values of 4.1 and 0.3 barrer, respec-
tively. Meanwhile, increasing the PVS content of the interlayer signifi-
cantly increases the permeability, with a 1:1 ratio corresponding to
permeabilities of 49 and 7.3 barrer, respectively. This is attributed
disruption of the hydrogen bond network in CNC due to interactions
with the sulfonic acid groups of PVS, or alternatively simply because
PVS has higher permeability compared with CNC. This result showed the
same trend as observed with the PVA-based gas barrier PEM [23].
Overall, these results clearly confirm that the inclusion of CNC or
CNC/PVS interlayers in Nafion PEMs significantly reduces both
hydrogen and oxygen gas permeability.
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3.4. Proton conductivity

Whilst the gas permeability has been confirmed to decrease when
adding an interlayer, the proton conductivity must also be sufficient to
allow for reasonable PEFC performance. We have previously shown that
CNC is a proton conductor, but the hydroxyl groups of CNC are weakly
acidic, limiting their effectiveness for ion transport, and resulting in
relatively low proton conductivity [25]. This can be compensated by
reducing the thickness of the interlayer, or by blending with a
high-conductivity material (such as PVS). Fig. 2e shows the proton
conductivity for PEMs with different CNC/PVS ratios measured at 80 °C
and a range of RH values. Nafion 212DL has a maximum conductivity of
85 mS/cm, which is comparable to reported values [9]. Adding a CNC
interlayer significantly decreases the proton conductivity (~43 mS/cm
at 95 % RH), due to the relatively low conductivity of CNC itself. Adding
a CNC/PVS blend interlayer increases the proton conductivity in pro-
portion to the amount of PVS. Interestingly, the highest proportion
(CNC/PVS = 1:1) results in even higher conductivity than Nafion
212DL. The reasons for this are not immediately clear, but the addition
of PVS may assist with lowering the contact resistance between the two
Nafion layers. These measurements clearly confirm that CNC/PVS
blends are highly suited to be used as interlayers in Nafion PEMs without
compromising the conductivity.

3.5. Fuel cell performance

From the results of gas permeability and proton conductivity, when
CNC increases in the interlayer, gas barrier property can be improved,
but proton conductivity deceases at the same time. Therefore, consid-
ering the balance of gas barrier property and proton conductivity, we
selected R100-1 mg as a PEM for fuel cell performance and durability
test since 1 mg/cm? areal loading amount has better gas barrier property
than 0.25 and 0.5 mg/cm? areal loading, and CNC:PVS = 100:1 (note as
R100) can show proton conductivity in blend interlayer without losing
gas barrier property so much.

The resulting gas barrier PEMs were incorporated into MEAs and
assembled into a cell holder for PEFC testing at 80 °C and 95 % RH
(Figs. S-2 and Fig. 3). For Nafion 211DL, the results are comparable with
those reported in the literature for similar thickness under similar con-
ditions. The slightly lower performance can be attributed to the inter-
facial resistance between the two Nafion layers. For pure CNC
interlayers the performance drops considerably (Figs. S-2a). This is
attributed to the relatively low proton conductivity of CNC compared
with Nafion, and this is confirmed by the slope of the I-V curve in the
ohmic region, and by impedance measurements (Figs. S-2a). However, a
clear trend of improving performance with decreasing thickness is
observed. The hydrogen crossover current density is much lower when
adding a CNC interlayer (Figs. S-2c), confirming the gas barrier prop-
erties of the interlayer. However, a relatively low OCV is observed,
which is attributed to lower ECSA (Figs. S-2d). This is discussed further
below.

Meanwhile, adding CNC/PVS interlayers still results in lower overall
performance than Nafion 221 DL. However, there is a clear trend in
increasing performance as the PVS ratio increases (Fig. 3a). For the
highest PVS content (CNC: PVS = 1:1) a similar slope is observed in the
ohmic region compared with Nafion 221 DL. Similar membrane resis-
tance is obtained by impedance spectroscopy (Fig. 3b). This shows that
blending PVS with CNC has a significant impact on proton conductivity.
Furthermore, the PEMs with CNC/PVS interlayers have significantly
lower hydrogen crossover compared with Nafion 221 DL (Fig. 3c),
confirming that the gas barrier properties are retained, despite blending
with PVS.

Again, the OCV is lower than the case of Nafion 221 DL, which
presents a significant challenge for gas barrier PEMs. Since the hydrogen
crossover current is lower (Fig. 3c), this is attributed to lower electro-
chemically active surface area (ECSA) (Fig. 3d). We propose that the
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Fig. 3. Performance of PEFCs fabricated using Nafion 211DL and CNC/PVS interlayers with varying ratios, measured at 80 °C and 95 % relative humidity: (a) I-V
curves, (b) impedance spectra, (c) hydrogen crossover current density, and (d) ECSA results.

lower ECSA is due to poisoning of the Pt catalyst due to leaching of the
decomposed sulfuric acid from PVS during MEA preparation at 132 °C
[49-51]. In addition, there is a possibility that a small amount of sul-
fonic acid may leach from the CNC. Current mass production of CNC
generally uses sulfuric acid, leading to a partial esterification of the
hydroxyl function groups on CNC, forming a strong ester-sulfate acid [1,
2,52-54]. The ester-sulfate acid could easily decompose into sulfuric
acid again by aqueous acidic hydrolysis in fuel cell operation, and
decomposed sulfuric acid may poison the Pt catalyst, leading to less
active Pt in the catalyst layer, resulting in lower ECSA performance and
lower OCV. To investigate this further, the duration of the PEFC con-
ditioning step was varied (Figs. S-3). A clear improvement in I-V per-
formance is observed when the conditioning step is increased from 3 to
12 h, and this is attributed to the removal of sulfur-based adsorbents
from the platinum surface.

3.6. Accelerated durability tests

Based on the above results, a PEFC was assembled using a gas barrier
PEM with a CNC/PVS interlayer at a ratio of 100:1, and an areal density
of 1.0 mg/cm? for OCV holding tests (Fig. 4a). This choice was made
because of the balance between reasonable initial I-V performance and
the need for low gas permeability, to test our hypothesis that a gas
barrier interlayer will improve the chemical durability. The OCV hold-
ing test is an accelerated stress test conducted at 90 °C and 30 % RH. A

PEFC using a Nafion 211DL PEM survived for 184 h before end-of-life
was reached (i.e. the potential dropped to <0.6 V). The average
voltage dropped over the first 125 h was 1.54 mV/h, and then a much
rapid drop was observed, indicating membrane failure. Meanwhile, the
PEFC fabricated using a CNC/PVS interlayer survived for a much longer
time. In this case, a much lower average voltage drop of 0.66 mV/h was
recorded up until 252 h, followed by a similar rapid voltage drop until
end-of-life at 295 h. A second test was also performed and end-of-life
values of 183 and 292 h were obtained (Figs. S-4), respectably, con-
firming reproducibility. Meanwhile, for Nafion 211DL, the hydrogen
crossover current density increased from 3.1 mA/cm? at the beginning
of the test to a very large value of 392.2 mA/cm? after 184 h (Fig. 4c and
d). In contrast, the CNC/PVS interlayer resulted in lower initial
hydrogen crossover (2.4 mA/cmZ), which increased at a slower rate,
finally reaching 178.0 mA/cm? after 295 h (Fig. 4c and d). This confirms
that incorporating a CNC/PVS interlayer suppresses hydrogen crossover,
even under harsh accelerated testing conditions.

The cell resistance was also determined at regular intervals (72 h)
throughout the OCV holding test via impedance measurements (Fig. 4b).
For Nafion 211DL, the cell resistance increased at a relatively constant
rate throughout the measurement, attributed to conventional chemical
degradation by reactive oxygen species, resulting in a loss of ionic
conductivity. In stark contrast, for the CNC/PVS interlayer, the cell
resistance undergoes an unexpected decrease during the first part of the
test, before increasing as expected until end-of-life. This bell-shaped
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change of the resistance would be related to membrane thinning and
chemical degradation of the sulfonic acid group in the membrane from
radical attacks. First, the cell resistance decreases due to membrane
thinning caused by radical attacks, especially the anode side Nafion
layer. Subsequently, the increase in resistance due to the decomposition
of sulfonic acid would be more prominent than the decrease in resistance
caused by membrane thinning, resulting in a bell-shaped change. We
consider that this behavior is changed by the change of experimental or
material conditions, such as the composition, thickness, and gas barrier
properties of the interlayer, etc. [23].

3.7. Post-mortem characterization

Finally, SEM and EDS observation was performed on MEA cross-
sections before and after OCV holding tests. For Nafion 211DL, the
initial thickness of the PEM is 50 pm, corresponding to two Nafion 211
layers (Fig. 5a). After compression and 3 h of cell conditioning, no dif-
ference is observed (Fig. 5b). After 100 h of the OCV holding test, the
anode-side Nafion 211 layer decreased significantly to 17 pm whilst the
cathode-side layer decreased slightly to 22 pm (Fig. 5c). This corre-
sponds to thinning rates of 80 nm/h at the anode, and 30 nm/h at the
cathode. At end-of-life, the anode-side Nafion layer is just 4 pm and the
cathode-side layer is 18 pm (Fig. 5d). These results show that Nafion
undergoes severe thinning during OCV holding tests, as has been re-
ported in numerous previous studies [18,23,55,56]. Furthermore, it
clearly shows that thinning occurs predominantly at the anode side of
the membrane by OCV holding test.

Meanwhile, for MEAs incorporating a CNC/PVS interlayer, the total
thickness of the PEM after fabrication is ~55 pm (Fig. 5e). This is slightly
thicker than Nafion 211DL due to the added thickness of the interlayer
(5.1 pm). The interlayer decreases to 3.8 pm after the cell assembly with
compression and a 3-h aging process, while the thicknesses of the Nafion
do not change (Fig. 5f). After 100 h, the total thickness of the cell is
reduced to 45 pm (Fig. 5g), corresponding to an interlayer thickness of
1.9 pm, an anode-side Nafion thicknesses of 22 pm, and a cathode-side
Nafion thickness of 23 pm. The corresponding Nafion 211 thinning
rates are 30 nm/h at the anode and 20 nm/h at the cathode, both values
being slower compared with the Nafion 211DL PEM, especially at
anode-side Nafion. Finally, at end-of-life, the total thickness decreases to
24 pm, corresponding an anode-side Nafion thicknesses of 7 pm and a
cathode-side thickness of 17 pm (Fig. 5h). The interlayer is too thin for
the thickness to be clearly determined from SEM images, and EDS im-
ages (Figs. S-5) suggest that the interlayer is no longer continuous.

These post-mortem results confirm that the addition of a CNC/PVS
interlayer significantly reduces the rate of membrane during OCV
holding tests, in agreement with the electrochemical data. The interlayer
itself also clearly undergoes thinning from the beginning of the test,
providing further explanation for the initial decrease in cell resistance
observed in impedance measurements. Eventually, the interlayer is
largely consumed and is longer effective as a gas barrier. At this point
the rate of thinning of the Nafion layers increases as they are exposed to
reactive oxygen species and undergo conventional chemical degradation
until end-of-life. It should be noted that the number of hours taken to
reach end-of-life is much longer than for the Nafion 211DL PEM, which
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is why the final states of both cells look similar in SEM images.
4. Conclusions

In this study, we investigated the suppression of chemical degrada-
tion of PEMs by the incorporation of CNC/PVS interlayers with high gas
barrier properties. Ex-situ measurements confirmed that adding an
interlayer significantly decreased the gas permeability, without signifi-
cantly compromising the proton conductivity, and the effect of inter-
layer thickness and composition was also investigated. PEFCs were
fabricated using an interlayer with a CNC/PVS ratio of 100:1 and an
areal density of 1 mg/cm? (~5 pm), sandwiched between two com-
mercial Nafion 211 membranes. In OCV holding tests the incorporation
of the interlayer extended the cell lifetime by a factor of 1.6 times

compared to a double layer of Nafion 211 with no interlayer. Post-
mortem analysis revealed that the rate of thinning was significantly
slower in the interlayer-containing PEMs. This work confirmed that
incorporating CNC/PVS interlayers with high gas barrier properties in
PEMs suppresses the generation of reactive oxygen species, significantly
improving durability. Although some challenges remain in the appli-
cation of such multilayer PEMs in real-world systems, the results of this
study are expected to have significant implications for the development
of next-generation PEFCs. Additionally, the results of this study
demonstrate that the concept of gas barrier PEMs can be widely and
universally applied to various materials. The observed improvements in
durability are especially relevant to heavy-duty fuel cell electric vehi-
cles, in which durability is particularly important.
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