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Research focusing on catalyst layers is critical for enhancing the performance and durability of proton
exchange membrane fuel cells. In particular, the role of the ionomer is pivotal but remains poorly explored
due to the difficulty to access complex electrode structures. Moreover, perfluorosulfonic acid (PFSA)
polymers are usually employed in catalyst layers but their drawbacks have spurred interest in aromatic
compounds, which promise improved conductivity and performance. Here we investigated the structure-to-
function relationship and interactions in novel catalyst layers using non-perfluorinated sulfonic acid
ionomers, e.g. multiblock poly(arylene ether sulfones) bearing perfluorosulfonic acid side chains. By
combining dynamic vapor sorption, small-angle neutron scattering and synchrotron humidity-controlled
infrared spectroscopy, we accessed the water uptake, nanostructures, and molecular structures in a series of
catalyst layers prepared with different loadings of aromatic polymer, as well as reference compounds, e.g.
pure membrane and polymer—carbon systems. Our measurements show that the water sorption mechanism
in catalyst layers differs from pure ionomers due to catalyst-induced structural changes. We observed that
most of the formed ionic species interact primarily with the platinum catalyst and probably locate at the
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particle—ionomer interface. These results emphasize the need for continued research to advance aromatic-
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Introduction

Proton exchange membrane fuel cells (PEMFCs) represent an
emerging technology of significant interest for current and
future applications in clean, highly efficient power generation
with low emissions. At the core of a PEMFC lies the membrane
electrode assembly (MEA), which comprises a proton exchange
membrane (PEM) sandwiched between two catalyst layers
(CLs). These CLs, in turn, consist of three essential compo-
nents:" (i) a nano Pt catalyst with an exceptionally high specific
surface area, aimed at accelerating the electrochemical reactions
that drive the cell’s power generation, (ii) a Pt carbon support
that provides a porous structure facilitating the diffusion of
gases and ensuring effective conductivity within the cell, and
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type ionomers in fuel cell technology under realistic conditions.

(iii) an ionomer, which serves the dual purpose of conducting
protons and establishing a critical interface between the catalyst
and the proton exchange membrane.

Traditional CLs for proton exchange membrane (PEM) fuel
cells typically consisted of Pt catalyst supported on carbon
black and the Nafion ionomer. The effectiveness of electro-
chemical reactions in the CL hinges on the surface area of Pt
that interacts with the reactant gas and the proton-conducting
phase. A high surface area of the carbon support is essential to
effectively disperse Pt nanoparticles, while support porosity is
crucial for ionomer integration and facilitating gas access to
reaction sites.” Accordingly, significant progress in the devel-
opment of catalyst layers (CLs) for PEMFC has been made by
replacing Pt black with Pt supported on high-surface-area
carbon. Improvements have been further enhanced by introdu-
cing the proton-conducting ionomer directly into the catalyst
ink, extending the reaction zone, and increasing catalyst utili-
zation. Comprehensive reviews of these advancements can be
found in existing literature.”

The nature, content and organization of the ionomer plays a
key role in the CLs properties. It is widely acknowledged that
the ionomer content within the catalyst layer significantly
influences gas transport properties,® with high ionomer loadings
reducing available pore space for gas transport. An optimal value
of approximately 30 wt% ionomer content is often employed to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical formula of the multiblock aromatic ionomer composed of ps-PES and FPES blocks. The material investigated in this study, labeled as

In1515, corresponds to n and m equal to 15.

provide an adequate ionomer network for proton conduction
while maintaining sufficient pore space for effective gas trans-
port. The distribution of ionomer depends on factors such as
pore size distribution (PSD), surface area, specific carbon sup-
port used and processing methods.

Currently, perfluorosulfonic acid (PFSA) polymers, such as
Nafion, dominate as the most widely used ionomer in PEMFCs
as both the membrane and in catalyst layers,”” primarily due
to their high proton conductivity, as well as their thermal and
chemical stability. However, these PFSA polymers come with
several drawbacks, including their high cost and the relatively
negative environmental impact associated with their high
fluorine content. Consequently, there is growing interest in
developing alternative ionomers to address these issues. Aro-
matic compounds are promising candidates in this direction.
Multiblock structures comprising hydrophilic polyethersulfone
(PES) and hydrophobic fluoropolyethersulfone (FPES) blocks,
along with perfluorosulfonic side chains,'®'" have demon-
strated superior conductivity compared to state-of-the-art PFSA
membranes. Their tailored chemical architecture (see Fig. 1
showing the archetypal high-performance In1515 material,
where the molecular weight of both blocks is 15000 kg mol ')
favors a well-connected hierarchical phase-separated morphol-
ogy, as revealed by small-angle neutron scattering (SANS)
measurements.™* Nanosized ionic domains composed of PES
backbone layers are separated by clusters of perfluorosulfonic
side chains, while block domains comprising FPES blocks
separate from the PES blocks regions, yielding alternated
percolating structures that expand upon water absorption,
leading to increased membrane conductivity. Some MEA with
In1515 were fabricated and their tests in fuel cell exhibited
relatively good performances.'?

Herein, we extend these investigations to evaluate the behavior
of an aromatic ionomer within a catalyst layer. Unlike PFSA-based
MEAs, the development of hydrocarbon-based catalyst layers and
MEAs has not benefited from decades of optimization, and little is
known on the complex interactions driving materials performance.
To fill this gap, we have conducted a comprehensive study of the
structure-to-function relationship in In1515-based catalyst layers.
We focused on understanding the mechanism of water vapor
sorption and local interactions between catalysts, carbon and
ionomer, by applying a combination of complementary techni-
ques. Dynamic vapor sorption measurements and SANS analyses

© 2024 The Author(s). Published by the Royal Society of Chemistry

were used to resolve the intricate multicomponent bulk structure
of the catalyst layers and separate the different water uptake
regimes behaviors. Using synchrotron infrared spectroscopy, we
also probed the atomic-scale behavior of the polymer during
hydration, to elucidate the ionization mechanisms of sulfonic acid
groups and track the formation of protonated species, such as
hydronium and Zundel ions. To discriminate the contribution of
the various components, we compared normal catalyst layers, Li"
catalyst layers, and catalyst layers without platinum.

Experimental
Materials

The aromatic block ionomer labeled IN1515 was synthesized as
described elsewhere.'® The chemical formulas of the hydrophilic
ps-PES blocks (molar mass of PES backbone 15 kg mol )
and hydrophobic FPES blocks (molar mass 15 kg mol ') of
IN1515 are presented in Fig. 1. Nafion D520 suspension were
purchased from Dupont and Vulcan XC-72 carbon were received
from Cabot Corp. Catalyst powders with 46 wt% Pt on Vulcan
XC-72 (TEC1050E) were received fromTanaka Kikinzoku Kogyo.

Membrane preparation. The IN1515 membranes were pre-
pared as described in this ref. 12 and 13. The membranes were
fabricated by depositing a 7 wt% Li'-form In1515 solution in
DMSO onto a glass substrate using a casting knife (Elcometer
4340 Automatic Film Applicator). The solvent was then evapo-
rated in an oven at 60 °C, and the resulting membranes
were thermally annealed at 150 °C for 24 hours in a closed
vacuum chamber (after evacuating the air from the chamber,
the vacuum valve was closed during the thermal treatment).
Subsequently, the annealed membranes were acidified ina 2 M
HCI solution.

Catalyst layers. Catalyst inks for spray deposition, which
were utilized in the preparation of MEAs, were formulated
by blending Pt/carbon (Pt/C) catalyst powder in a water and
methanol mixture (1:1) at a ratio of 0.70 g Pt/C per 100 g
of the water/methanol solution. During the dispersion
process, ultrasonication was applied for 30 minutes while
gradually adding a 1 wt% IN1515 or D520 solution to achieve
ionomer loadings of 20 wt%, 50 wt%, and 70 wt%, respectively.
The final mixture was further sonicated at room temperature
for 2 hours.

Energy Adv., 2024, 3,1594-1611 | 1595
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Table 1 Proportions of each component of the catalyst and composite
layers

Proportion

(Wt%) CL20 CL50 CL70 CL50Li CL70Li CL50NoPt CL70NoPt
Ionomer 20 50 70 50 70 50 70
Carbon 42.9 264 16.4 26.4 16.4 50 30
Platinum 37.1 23.6 13.6 23.6 16.6 0 0

The inks were cast onto silicon or quartz substrates for specific
characterization methods, resulting in catalyst layers denoted as
CL20, CL50, and CL70. To ensure adequate thickness for signal
detection, a deposition was repeated 10 times for dynamical vapor
sorption (DVS) and small angle neutron scattering (SANS) mea-
surements, and 3 times for mid infra-red (MIR) synchrotron
spectroscopy. Subsequently, these casts were dried at 60 °C in
ambient air to remove the solvent before further processing.

For comparison purposes, a similar type of ink was created
using an IN1515-based ionomer solution exchanged with
lithium to evaluate the differences in behavior between H'
and Li'. These two inks led to the formation of catalyst layers
referred to as CL50Li and CL70Li. To investigate the role of
platinum in the water transport mechanism, analogous inks
were developed with a focus on carbon alone, resulting in
composite layers designated as CL50NoPt and CL70NoPt. The
proportions of carbon, platinum, and ionomer in each of these
catalyst and composite layers are presented in Table 1.

Membrane electrode assembly (MEA) preparation and
operation. MEAs consisting of Nafion D520/C/Pt anodes and
cathodes and IN1515 polymer electrolyte membranes were
prepared as described in ref. 12. To prepare the electrodes,
the catalyst ink containing D520 with an ionomer loading of
30 wt% was sprayed onto the IN1515 membranes. The catalyst
loading was 0.4 mgp. cm ™~ on both the anode and cathodes,
covering an area of 5 cm”. The membrane thickness was 37 yum,
and the gas diffusion layer (GDL) used was Sigracet 24BC.

Water vapor sorption measurements

Water vapor sorption measurements were conducted using
a dynamical vapor sorption (DVS) instrument provided by
Hidden Isochema. As the catalyst layers were applied to silicon
substrates, the layer thickness was initially measured through
profilometry to determine the dry mass of the studied catalyst
layer accurately. The sorption measurements were carried out
at 25 °C, covering a range from 0% to 90% relative humidity
(RH). Before the measurements, the samples underwent a
drying process of 10 hours at 80 °C under 0% humidity
conditions. Each moisture step involved a 5-hour equilibration
period. For comparison, the ionomer-based membrane IN1515
and the catalyst (TEC1050E) in powder form, along with Vulcan
XC-72 carbon in powder form, underwent the same measure-
ment procedure. Due to their nature, these materials were
simply placed in a basket for analysis. The water uptake (WU,

Zwater/Zsample) 1s determined by the following equation:'*"®
Ww — Wy
WU=———
Wy
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With W, and Wy the masses of wet and dry samples. Water
uptake (WUy, %) can be normalized to the amount of ionomer
in the sample based on the following relationship:

With w;, the mass proportion in ionomer (see Table 1). One can
also establish the hydration number, denoted as 4, which
represents the ratio of water molecules to acid groups. This
parameter was assessed for catalyst layers to gain deeper
insights into how carbon or the catalyst influences the water
transport mechanism. The determination of this parameter is
carried out as follows:'*"*

~ WUy x 10

;”_IECXMW

where IEC (meq H' g ') is the ion-exchange capacity of
the IN1515 ionomer (1.34 meq H' ¢~ ') determined by analyzing
NMR spectra and M, is the molecular weight of water
(18.01 g mol™*). The measurements were performed on iono-
mer dissolved in solution immediately after synthesis.

Synchrotron infrared spectroscopy

Measurements were performed at the SOLEIL synchrotron16 on
the AILES beamline."” FIR and MIR spectra were obtained by
averaging 200 and 400 scans respectively. All measurements
were done at 23 °C. A specific homemade cell was used to
measure hydration/dehydration processes in situ.'® The catalyst
layer deposited on Si wafers were dried in air at 60 °C to remove
solvent before mounting perpendicularly to the incident beam
with the surface exposed to the humidified air/pumping allowing
the hydration/dehydration processes. Samples were first dried at
80 °C under vacuum. Sample temperature is controlled by a
cryostat (precision 0.05 K) while the water vapor pressure (p) in
the cell is monitored by a thermostatic gauge (0-100 mbar with a
precision of 0.02 mbar). The relative humidity (RH) of the
membrane can be set to the value (p/p,) x 100, with p, the water
vapor pressure equal to 28.1 mbar at 23 °C. All spectra are
displayed in absorbance units as —log(Z/Iy), where I and I, are
respectively the sample and empty cell transmissions. To com-
pensate for the varying amounts of polymer in each sample the
MIR spectra are normalized to the ionomer backbone peak at
~1570 cm . This allows the intensities of each peak to be
compared across samples and hydration levels.

Small angle neutron scattering

SANS measurements were conducted using the D22 spectro-
meter at the Institut Laue-Langevin (ILL) in Grenoble, France.
The measurement procedure closely followed the approach
outlined in previous works.""*® Three different configurations
were employed to cover a broad Q-range, spanning from 2 x
107% to 0.6 A™". The isotropic 2D patterns recorded in these
configurations were subjected to radial averaging to derive
the 1D scattered intensities, denoted as I(Q). Subsequently,
these intensities underwent standard corrections, including
adjustments for detector efficiency, background noise, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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subtraction of empty cell signal. To create an unified profile for
each sample, the I(Q) plots obtained from data acquired in the
three different configurations were merged. IN1515 mem-
branes and catalyst layers deposited on Si wafers were prepared
with different contents of water by exposing the samples to
atmospheres with relative humidity (RH) levels of 52% and 98%
as well as by immersing the samples in water at temperatures of
20 °C and 60 °C. RH-equilibrated samples were prepared in
sealed mobile glove boxes that contained saturated salt solu-
tions. After 4 days the samples equilibrated at the desired vapor
pressures were carefully inserted into round neutron cells
within the glovebox to prevent any contamination from expo-
sure to the air. These cells were sealed hermetically and only
removed from the mobile glovebox shortly before the SANS
measurements. High /4 values samples were obtained by direct
immersion in water (at 20 and 60 °C) for 24 h and then
extracted from water and placed into quartz Helma cells, with
a few drops of water added. The measurements were performed
at room temperature. The scattering intensities obtained were
absolute; however, for clarity in presentation, the data points
were occasionally shifted, and therefore, the resulting plots are
shown in arbitrary units. Each membrane and catalyst layer
underwent four measurements with varying water content.

Generally, the 1D I(Q) profiles present two correlation peaks,
respectively related to the block and ionic domains organiza-
tion in the ionomer. To extract some pertinent parameters
related to the microstructure, the data were fitted using a
polynomial background and Gaussian functions. Initially, the
background was fitted with a single power law expression;
however, due to difficulties in analyzing the entire Q-range
with a single function, the profiles were then split into two
sectors, with each part fitted using different background func-
tions. In every case the block and ionomer peaks were each
fitted with a single Gaussian function. The Q values for each
peak derived from these two fitting methods were then aver-
aged and the characteristic length scales of each domain, dpjock
and dionomer, calculated.

Results & discussion

All catalyst layers and their individual components, including
the membrane-based ionomer, carbon, and Pt/C, underwent
DVS measurements. Analyzing sorption isotherms for these
diverse catalyst layer constituents yields critical insights into
their interactions with water vapor across varying relative
humidity (RH) levels. Additionally, drawing from existing lit-
erature, sorption isotherm data can reveal any potential con-
flicts or synergistic interactions among the various catalyst
layer components, including the ionomer, Pt/C particles, and
carbon support materials. Such insights are pivotal when
designing catalyst layers to enhance both stability and perfor-
mance. In Fig. 2(a), we present the raw data of all sorption
isotherms, with water uptake (WU) calculated relative to the dry
sample mass. Notably, due to the ionic functions within IN1515
ionomer, a considerable water uptake is observed during the

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

sorption process. Furthermore, the shape of the sorption iso-
therm curve provides valuable clues about the material’s water
transport mechanisms, shedding light on how moisture is
absorbed, stored, and released within the catalyst layers.

Regarding the carbon components, it is evident that the Pt/C
exhibits significantly greater water uptake compared to carbon
alone (WU = 0.17 at 90% RH, ~ 3-4 times higher than carbon).
Carbon powders inherently possess hydrophobic characteris-
tics, whereas the Pt/C mix displays considerably greater hydro-
philicity due to the wetting properties of platinum (Pt). Existing
literature demonstrates that carbon (C) and Pt/C isotherms
exhibit minimal sorption at low relative humidity (RH) levels,
followed by an exponentially increasing sorption at higher RH
ranges.”® This behavior can be attributed to a multi-stage
process: at low RH conditions, water molecules are primarily
adsorbed onto hydrophilic sites like Pt particles, as well as oxygen-
containing functional groups on carbon and the edges of carbon
crystallites.”" In the intermediate RH range, multiple layers of
water form around hydrophilic sites through hydrogen bonding.
At elevated RH conditions, water clusters form, and capillary
condensation occurs.” Literature also indicates that the fraction
and size of mesopores capable of undergoing capillary condensa-
tion significantly affect the sorption mechanism.*?

The results obtained for catalyst layers CL50 and CL70
confirm this mechanism, as they exhibit higher water uptake
than the ionomer alone at various humidity levels (Fig. 2(a);
+30% and +12% for CL50 and CL70 at Rh = 70%). It suggests
that the Pt/C contributes to water retention and transport
mechanisms. This phenomenon is confirmed by the trend of
samples without Pt (CL50NoPt and CL70NoPt) presenting lower
water uptakes than the ionomer alone.

To gain a deeper insight into how the Pt/C and carbon affect
the water transport mechanism within the catalyst layer, we
employed relatively straightforward models, initially drawing
upon existing literature models and subsequently employing
analytical models. Typically, when examining sorption iso-
therms, a standard representation is used, which is indepen-
dent of ion exchange capacity (IEC). For instance, we observe
variations in the local hydration parameter (1), defined as the
quantity of water molecules absorbed per sulfonic acid group,
in relation to the water activity (ay), as depicted in Fig. 2(b).
In the context of catalyst layers, we calculated /A based on the
ionomer content present within the catalyst layer (as described
in the Experimental section). While we acknowledge that both
carbon and the Pt/C influence the overall sorption mechanism,
this simplified approach enables us to better comprehend their
respective impacts.

Examining the component ratios and their sorption char-
acteristics in their pure states, it appears that the curve
obtained for CL70NoPt aligns with that of the standard iono-
mer below 70% RH. In this case, the high ionomer content
likely diminishes the role of carbon. However, beyond 70% RH,
an increased 4 is observed, possibly due to the carbon’s
influence.

Conversely, the CL50NoPt sample exhibits greater A than the
50% standardized ionomer, indicating that in this composition,

Energy Adv, 2024, 3,1594-1611 | 1597
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Fig. 2 Water vapor sorption mechanisms analyzed by DVS. (a) Water vapor sorption isotherms: water uptake WU as a function of relative humidity (RH%)
at 25 °C; (b) representation of the same water vapor sorption isotherms using the hydration number / relative to the number of water molecules per acid
group of the ionomer as a function of water activity a,, — the experimental data are represented as closed symbols, while the lines represent the
approximations obtained with the New Dual Sorption (NDMS) model; (c) analytical simulation of WU as a function of RH for CL5S0NoPt and CL70NoPt
("lonomer” and “Carbon” indicate the WU respectively by lonomer and Carbon in catalyst or composite layer); (d) analytical simulation of WU as a
function of RH for CL50 and CL70 (“lonomer”, “Carbon” and “Platinum” indicate the WU respectively by ionomer, carbon and Pt/C in catalyst or
composite layer); representation of the water uptake by ionomer, Pt/C and platinum in (e) CL50NoPt and CL70NoPt and (f) CL50 and in CL70.

carbon may enhance the CL’s water-absorption capacity. These
observations underscore the influence of the carbon network
structure on the water uptake of the ionomer/carbon mixture.
With a higher proportion of carbon in CL50NoPt than in
CL70NoPt, it is likely that carbon aggregation and percolation
are more pronounced, potentially enhancing water absorption or
impacting the hydrophilicity of the ionomer. In CL50NoPt, the
presence of a well-defined carbon network contributes to the

1598 | Energy Adv, 2024, 3,1594-1611

formation of an optimal ionomer structure, leading to greater
water sorption. Conversely, in the CL70NoPt blend, the excessive
amount of ionomer may prevent such structuring, potentially
resulting in the observed limited water sorption. Note that
ionomer structuring phenomena have been extensively studied
in existing literature.">>** It has been shown, for instance, that
enhancing ionomer structuring through variations in chemical
composition or annealing procedures can facilitate increased

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Extracted parameters of the NDMS model: k; C; A

Materials k C A

IN1515 0.81 4 0.006 1.64 + 0.03 173 £ 1.3
CL50 0.86 + 0.004 4.20 + 0.07 5.4 4+ 0.3
CL50NoPt 0.88 &+ 0.007 2.32 £+ 0.06 10.3 £ 1.2
CL70 0.92 4+ 0.008 2.09 + 0.08 9.0 £ 1.7
CL70NoPt 0.93 £+ 0.009 1.46 £ 0.07 6.5 = 1.3

water sorption. This often involves a clustering phenomenon
that enhances ionic conductivity while preserving mechanical
properties.

Ionomers employed in catalyst and composite layers exhibit
a sigmoidal isotherm pattern, resembling a Brunauer-Emmett—
Teller (BET) type II isotherm. As discussed in the literature for
ionomers, this curve can be divided into three segments: the
initial section at low a, corresponds to the formation of
the primary hydration sphere of acid groups (Langmuir sites),
the second section is a linear portion associated with Henry’s
sorption, and the final one is a partially convex segment
corresponding to the formation of water clusters.”® To compare
the transport mechanisms in the material, we can fit the
experimental data with various established analytical models
found in the literature.”” It appears that the New Dual Mode
Sorption (NDMS) model proposed by Li et al.*” is better suited
for this particular type of polymer, considering the presence of
distinct phases or sites that can interact with water. The model
is grounded in a multilayer sorption theory and essentially
characterizes sorption as the combination of two distinct
modes: one associated with the polymer matrix, denoted as
/1, and the other occurring within micro voids, denoted as 4,.
The overall hydration number / within the polymer is simply
the sum of 4, and 4, and is defined according to eqn (1):

k X ay
1 —kx

(A-1)xk x ay
Iy, 1+ (A4-1)xkxay

ey

where C, k and A are the key parameters of the model and a,, the
water activity. C is the average value of the sorption capacity of
the material for the considered penetrant. Parameter & mainly
relates to the interactions between water vapor molecules and
the material (the strongest the interactions, the higher are the
values of k). Parameter A is a measurement of the interactions
between water vapor molecules and micro voids.

For the IN1515 ionomer, Table 2 illustrates that the C
parameter is approximately 2. This parameter is predominantly
influenced by the ionic functionalities and the nature of the
polymer backbone. In the case of IN1515, which boasts an
aromatic structure, this value is lower than that of Nafion,
which is a polymer with a more flexible backbone conducive to
enhanced water vapor sorption."> When IN1515 is combined
with carbon or Pt/C, we observe an increase in this parameter,
except for CL70NoPt, which exhibits a behavior like the pristine
ionomer. Consequently, it appears that the addition of these
compounds substantially enhances the material’s sorption
capabilities. Notably, this property experiences more significant
improvement with the inclusion of Pt/C, underscoring the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pivotal role of platinum. Indeed, for a 30% addition (CL70),
we observe a 43% increase in C related in sorption capacity,
while a 50% addition (CL50) increases by 92% the sorption
capacity, indicating a synergistic effect of the two compounds,
likely attributable to interface effects.

Turning to the interactions between the polymer and water
vapor, the k parameter appears to be higher for catalyst layers.
As reported in the literature for various ionomers,*>?” this
parameter is typically close to 0.8 and primarily relies on the
ionic functionalities within the ionomer. Here, the presence of
carbon appears to enhance these interactions compared to
the ionomer, and they appear to be stronger in the absence
of Pt (0.88 for CL50NoPt instead of 0.86 for CL50). As noted
by Li et al.,”” the A parameter serves to quantify the interactions
between the polymer microvoids and water vapor. The value
determined for ionomer IN1515 aligns with existing literature
and is generally elevated.'® For example, in our previous work,
this parameter was close to 11 for Nafion."> Consequently,
A parameter is slightly higher in IN1515. As elucidated by
Li et al., the curvature of the sorption isotherm at high values
of a, is linked to the clustering phenomenon of water
molecules in multiple layers around the ionic sites, thus con-
tributing to matrix inflation, and can directly be correlated with
the A value. Therefore, larger A values correspond to more
pronounced swelling/clustering phenomena. However, it is
noteworthy that this parameter decreases for catalyst layers,
both with and without Pt. This decrease is more pronounced
for the Pt/C-IN1515 mixture (respectively 5.4 and 9 for CL50
and CL70 compared to 17.3 for IN1515). Hence, in these
materials, the processes of clustering and swelling appear to
be less prominent.

Drawing insights from the literature,
this clustering mechanism is crucial for ion conduction within
ionomers. By extrapolating this, it seems plausible that the
conduction mechanism within the ionomer is likely not optimal
in the catalyst layers. Yet, once combined in the mixture with
carbon and platinum, it appears to become substantially more
effective. This reaffirms that the transport mechanism of water
molecules differs from what is observed in the ionomer alone.

It is now widely acknowledged that carbon and Pt/C play a
key role in the water transport mechanism within catalyst
layers. In our quest for a deeper understanding of this phe-
nomenon, we employed an alternative model-based approach.
Initially, we employed an additive model, presuming that
the water uptake by the catalyst layer can be expressed as the
cumulative effect of the contributions from the ionomer, the
carbon and/or the Pt/C, scaled to their respective component
proportions. This concept is encapsulated in the following
equation:

2829 it is evident that

WU, = Xjo X WUj, + (1 - xio)WUC or C/Pt (2)

By employing the least squares method, the ionomer mass
proportion can be accurately estimated, denoted as xj,. This
model was applied to all four samples under investigation.
However, it appears to be better suited for carbon-based
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materials, as visually demonstrated in Fig. 2(c). Notably, for
CL50NoPt and CL70NoPt, we obtained proportions of 54% and
70%, respectively, along with excellent regression coefficients.
It is worth noting a slight deviation between the model and the
high humidity experimental results for both these samples.
This discrepancy indicates that the mechanisms involved in
low and medium relative humidity (RH) sorption, such as water
molecule adsorption onto hydrophilic sites and the creation of
water layers around these sites, are essentially additive pro-
cesses. Furthermore, it appears that the clustering, swelling,
and capillary mechanisms, typically observed in carbon materi-
als, are somewhat enhanced when carbon is present within the
mixture. With the help of this analytical model, it is possible to
decouple and estimate the proportions of water absorbed by the
ionomer and the carbon, respectively (see Fig. 2(e)). It can be
observed that very little water is absorbed by the carbon in
CL70NoPt. With a significant proportion of ionomer, this
material tends to behave like the ionomer membrane.

Interestingly, this cumulative model does not align well with
Pt/C-IN1515 blends. As alluded earlier, there appears to be an
interface phenomenon that leads to additional water absorp-
tion in these materials. Since the primary distinction between
these mixtures and the ones studied previously is the inclusion
of Pt/C, it is reasonable to suppose that this phenomenon is
partially linked to the presence of platinum. To quantify it, we
employed another additive model. In this case, we postulated
that the water uptake within the catalyst layer containing Pt was
equivalent to the water uptake within the layer without Pt
corresponding to water uptake by ionomer and carbon, aug-
mented by the contribution from the interface mainly induced
by the presence of platinum. This concept is encapsulated in
the following equations:

WUcLso = WUcLsonopt T WUcLso_mterface = Xio X WU,

+ (1 - xio)WUC + WUCLSO_Interface (3)
With x;, = 0.54

WUcL70 = WUcL7onort T WUcL70_mterface = Xio X WUijo

+ (1 - xio)WUC + WUCL70_Interface (4)

With x;, = 0.70.

The outcomes of this estimation are depicted in Fig. 2(d).
Notably, the water absorption within the interface becomes
more prominent under high humidity conditions. At lower
and moderate humidity levels, the interface’s contribution to
the water transport mechanism appears to be minimal. It is
worth noting that the water absorbed by the interface in CL50
surpasses that of CL70, likely due to a more pronounced
interface effect in CL50. Considering that application-
designed catalyst layers are typically constructed with even
lower levels of ionomers (between 20 and 30%), we can antici-
pate that the interface effects will be even more pronounced in
realistic formulations. The respective proportions of water
taken up by the ionomer, carbon, and platinum were estimated
and are presented in Fig. 2(f). For the two catalyst layers
studied, there is a decrease in the proportion of water up-
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taken by the ionomer as a function of humidity, in favor of
water being absorbed by the platinum, while the proportion
taken up by the carbon remains fairly stable, confirming the
significant role of platinum at high humidity levels. It is also
observable that, again, the proportion of water absorbed by
platinum is much higher in CL50, indicating the decisive role
of the catalyst/ionomer interface. Note that the enhanced water
sorption in the three-phase samples carbon-platinum-ionomer
may also relate to additional sorption sites introduced during
synthesis, as the surface of carbon particles in the full catalyst
layer may be modified with respect to Pt-free samples.

The preliminary findings from macroscopic analyses sug-
gest that the water sorption mechanism of the aromatic iono-
mer when it is part of a catalyst layer differs from its typical
behavior in a membrane composed solely of the same ionomer.
As shown by the NDMS model, it seems that the presence of the
Pt/C appears to induce structural changes such as a reduction
of the swelling/clustering phenomenon of the ionomer in the
catalyst layer, likely due to both steric hindrance and interface
effects. To gain a more comprehensive understanding of these
structural changes and water uptake, detailed measurements at
lower scales are imperative. Accordingly, we conducted comple-
mentary characterizations on the different samples by (i) small-
angle neutron scattering (SANS) which allow to probe the
microstructure of the ionomer within the catalyst layer, and
(ii) humidity-controlled infrared (IR) spectroscopy to investigate
the interface effects and the structural arrangement of water
molecules during the sorption process at the molecular level.
The analysed samples consist of the same catalyst layers (CL50
and CL70) as previously examined, compared alongside the
IN1515 membrane used as a reference compound, as well as
standard catalyst layers containing Nafion ionomer. This com-
parison aimed to assess the impact of variation in ionomer
moisture behavior between the membrane and the catalyst layer.

The 1D SANS profiles of membrane based on the IN1515 and
extracted from an MEA are shown in Fig. 3(a) at varying
hydration levels, while those for catalyst layers are shown in
Fig. 3(b). In each case the high-Q incoherent background
arising mostly from structural protons has been subtracted.
Each of the I(Q) profile shows two scattering peaks indicating
long-range structural ordering at two distinct length scales. The
low Q maximum, (the block peak), has been previously identi-
fied as representing the mean separation between the self-
assembled hydrophobic FPES block domains, while the high
Q peak, (the ionomer peak), is caused by well-defined ionic
clusters formed by the perfluorosulfonic side chains in the
hydrophilic (ps-PES) blocks.

In the data shown in Fig. 3(a) the two peaks are less well
defined as compared to the SANS data for pure ionomers
reported by Nguyen et al.® This is likely due to some presence
of carbon nanoparticles from the MEA catalyst layers, which
could not be completely removed during sample preparation,
leading to a higher background. In the case of the CL20 and
CL70 catalyst layer, the peaks are further diminished with
respect to the background as would be expected from the much
larger amount of carbon.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hydration-dependent nanostructures analyzed by SANS. (a) 1D SANS profiles of MEAs containing IN1515 at varying hydration levels at room
temperature and immersed in water at 20 °C and 60 °C; (b) 1D SANS profiles of CL20 and CL70 catalyst layers at varying hydration levels at room
temperature and immersed in water at 20 °C and 60 °C; mean separation distances d of hydrophobic block domains (c) and ionomer domains (d) derived
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(e) and ionomer domains (f), respectively, with dg values extrapolated to 4 = 0, as a function of the hydration number for IN1515 membrane, PEM (IN1515
membrane extracted from an MEA) and CL70 catalyst layers. The data for “pure” IN1515 samples are taken from works of Nguyen et al.*®

In general, the positions (gmax) of SANS scattering maxima
can be related to the average mean separation distance (d)
between scattering objects by the formula d = 2n/gnax. It can
clearly be seen in Fig. 3(a) that the two peaks shift to lower Q
values as the hydration level of the membranes increases,
giving an increase in d and indicating swelling of the polymer
domains due to water uptake. In Fig. 3(b) the same trend can
be seen for the ionomer peak; however, the block peak does
not appear to shift as the hydration level increases, meaning
that the superstructure due to hydrophobic blocks domains
repetition remains mostly unchanged. This observation could
indicate that blending the ionomer with carbon induces novel
interactions of the polymer chains with the large amount of

© 2024 The Author(s). Published by the Royal Society of Chemistry

carbon particles in the catalyst layer samples, potentially favor-
ing water uptake at the hydrophilic interfaces.®® We can
hypothesize that the hydrophobic carbon nanoparticles cluster
in and around the hydrophobic FPES blocks, thereby prevent-
ing their expansion as in the pure compound, where the
superstructure can swell by block chains reorganisations.

As shown in Fig. 3(a) and (b), the hydrophilic domains in the
IN1515 membranes undergo swelling when the hydration level
increases from A = 4 to 40. To further investigate this behavior,
the spectra were fitted to precisely determine the size of the
domains allowing the swelling laws to be extracted. Due to their
low intensity, the peaks for the 20% IN1515 catalyst layer casts
could not be fitted.

Energy Adv, 2024, 3,1594-1611 | 1601
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The values of dyjock and dionomer derived from the fits are
plotted against A in Fig. 3(c) and (d) respectively. Also shown are
the respective values for the pure IN1515 membrane reported
by Nguyen et al.’® As the low A points lie close to a straight line,
by extrapolating by to 4 = 0 a theoretical value for the initial
(dry) size of the domains d, can be found for each case. By
subtracting these values from the original dpjock and dionomer it
is possible to plot the swelling solely due to increasing 4,
independent of the d, values, as represented in Fig. 3(e) and
(f). The figures clearly show that, in most cases, increased
hydration levels lead to an increase in both dpjock @and dionomer
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indicating both extension of PES hydrophilic backbone and the
swelling of the ionic channels containing the side chains.

In comparison to the pure ionomer IN1515, these PEM have
a relatively low dpocc and high dionomer (Fig. 3(c) and (d));
however, when the initial domain size is considered (Fig. 3(e)
and (f)) the expansion behavior is largely consistent, with a
matching slope of =&~1 indicating similar 1-dimensional
swelling but from varying initial d, values. These differences
in the d, values are perhaps due to the presence of some carbon
nanoparticles in the samples that limit the movement of
the FPES block domains which form around them thereby

T T T T of FEEEH L1
b) ‘ | ) 1 C) ! | £|Q! Q!
CL50] ol ol o“: o1 'I | 1|z : B
Fall ARE il 1 1
- ! 100 4[CLEONoPY} 4 e :
I ! 1 ! 1
8 I 3 (AN : {
c
: | fo AP
2 1 2 / [ NN 1
s I k] A \ 1 : |
4 | ° /! i |
E g 050 I N i
k- | N\ ! |
£ E /e 1 NN {
z Alas
Z 025 s anINSAL | !
d 4 Bnadham|
| / ! e
1 . I ! 1
! [ !
1
: 0.00 ‘ I | T
H T | L
4000 3800 3600 3400  3: 4000 3800 3800 3400 3200 3000 2800 2600
125 . 12 : A : 12 : T .
1 I 1
a) i Vet H © ] [ ! © 1 : 1 :
IN1515] | o o' s 5! = ' . = i
o~ ~1 St 20 S 10 3 10 t t
ko T | ] =)
100 1 LT T, ® \ o ! = [ 1
1 o i ° | H ! P ; [N i
! P ! B 08 ] i ! 8 08 ' L !
1 g g 1 1
° /\ B | 8
Bo7s 1 IR I g I : : ! 2 d\ (R 1
& ES (R 1 E \ ! ! E /N v !
£ JINN 1 RH(%) o 00 f o 08 : Tt T
2 / | 1 1 1 e i ! 1 | 2 b 1 |
AN : 2 A . PN !
2 f \ g 04 P S 04 H S L
= I \‘\ ) 1 8000 o Voo [N ] 4 7T Th )
g fii (AN | s R 1 1 s i W i
S o025 A ) ! A 3 1 o~ ! ! 3 Pl AN |
z Ay ] 1 7000 £ 02 ¥ T So2 r‘l‘ T T
A== g / - NN \\ |
s 1 s i . \ 1
0,00 ot 47 % 6000 = OOM Z 00 Ju . ==
I = i ! | Al i A T B W == >
L 4000 3800 3600 3400 3200 3000 2800 2600 4000 3800 3600 3400 3200 3000 2800 2600
4000 3800 3600 3400 32 50.00 Wavenumber(cm'") Wavenumber (cm)
1 1
I 126 - - 1.25
[i4 : : 40.00 d) °«: oI gT o1 e) S, 3 s S
s 11901 © s 9 e
g 10 T i CL70 z e =l T S =
s 1 3000 1 o : i v !
H ] ! T i 1.00 +{CL70NoPt}— T I
o8 A 20.00 el 1 ! o !
£ N I - @
3 i\ 1 [N | 3 1 vl i
E] ' 1 g - ! S 07 A U !
208 N 1000 § T [ < T [N T
S /([ A :\ 2 I ! © P (R !
S e A N 0000 8 ! | 2 050 NG i
2 i | 3 T ] N ] T
8 f ! i T
1)Y= ' B ! g ! !
o £
3 S g 1 £ f i 1
22 T s | 2 3 1
g J'*} //j;\ N K 025 A :
= " o 1/ U
2 eIy H |
00 ; T ' \ =
T T + T T e !
4 3800 3600 3400 3200 3000 2800 25! T ‘“’“*— 1 T
Wavenumber (cmr) F 1 T T L T f —t + — +
4000 3800 3600 3400 3200 3000 2800 2600 4000 3800 3600 3400 3200 3000 2800 2600
1
B ' &
\ X . ol :
= = 100 ' oy |
S 2 1 [ 1
5
1 (R 1
o
3 2 | | | !
8 £ 075 ! LR |
% B [N ]
E H 1 1 1 1
@ o | (R 1
8 e S [N 1
@ © 050 ST T T T
£ £ /
£ 5 Lo N 1
8 2 RN i 1
g 2 1A NN N i
° 2 025 (R (NN N 4
= N J A (RSN 1
© © o ' i \
£ E ?‘ Al RN !
] H . | S 77% Yo e N A DN :
00088 f 1 f B 5
4000 3800 3600 3400 3200 3000 2800 2600 4000 3800 3600 3400 3200 3000 2800 2600

Wavenumber (cm-1) Wavenumber (cm-1)

Fig. 4 Hydration-dependent molecular structure probed by IR. In situ MIR spectra of (a) IN1515, (b) CL50, (c) CL50NoPt, (d) CL70, (e) CL70NoPt in the

range 2800-3800 cm™! (top) spectra normalized to ionomer backbone band at 1588 cm

~1, (bottom) subtracted spectra from its value at 0% RH): the

characteristic bands of specific species (H,O, HzO*, HsO,* and SOzH) relative to the exposition of materials to humidity are indicated by dotted lines.

1602 | Energy Adv, 2024, 3,1594-1611

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00164h

Open Access Article. Published on 13 June 2024. Downloaded on 2/19/2026 3:22:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

restricting expansion of the PES chains on solvent evaporation
leading to lower dy_piock in the dry state. This may then require
an increase in dy_jonomer to preserve the overall volume of the
PES chains.

In contrast to the above, the catalyst layer sample exhibits
significantly different behavior. As can be seen in Fig. 3(c),
dpiock 1s much lower in the catalyst layer than the other samples
(~225 A). This is likely due to the much higher proportion of
carbon than in the other samples. Additionally, dpjocc does not
increase with hydration, rather remaining constant over the
entire range studied. This means that the large numbers of
carbon particles changes the FPES block domains organisation.
All these results appear to confirm that the presence of Pt/C,
even in small quantities within the catalyst layer, alters the
interactions between the ionomer and water, with the carbon
particles inducing new interactions, and/or inducing morpho-
logical changes at the local scale, undetectable with the present
bulk-averaged nanoscale data. Further investigations would be
needed to disentangle these possible effects and probe the
localization of water sorbed at the level of carbon particles, as
reported in Chabot et al.*° using advanced contrast variation
techniques, which is beyond the s cope of this study.

SANS results partially confirm the findings of the DVS.
Nevertheless, we need a better understanding of the mechan-
isms of water sorption and transport at molecular level to
access the details of local interactions, which can be obtained
using infrared (IR) synchrotron spectroscopy. The IR analyses
were performed on the IN1515 membrane in acidic form as well
as and various catalyst and composite layers.

Several IN1515-based composite (ionomer/carbon) materials
and catalyst layers (ionomer/C/Pt) deposited as thin films on a
wafer substrate. We used different ratios of acidic IN1515
ionomers at 50 and 70 wt% with Pt/C and (labeled CL50 and
CL70), and their analogues prepared with IN1515 in lithiated

@
1

—=—IN1515

--0-- IN1515_50%
CL50 n "
CL50NoPt

H,O band integration at 3500 cm
h

RH (%)

—a— IN1515
--o-- IN1515_70% A
4—CL70 o
-2 CL7ONoPt A

H,0 band integration at 3500 cm!

RH (%)

Fig. 5

View Article Online

Energy Advances

form (CL70Li and CL50Li). Composites with acidic IN1515 and
carbon black were measured as Pt-free references (CL50NoPt
CL70NoPt). The synchrotron IR spectra were recorded in the
range of 600-4000 cm ', where it is possible to scrutinize
the intermolecular and intramolecular vibrational modes. We
examined the influence of hydration through an in situ investi-
gation employing a custom-designed vapor pressure control
cell.®* For all samples, each experiment begins with a meticu-
lously prepared dry state, achieved by subjecting the sample to
12 hours of vacuum treatment (10> mbar) at 60 °C. The in situ
data, shown in Fig. 4 and 6, correspond to various relative
humidity (RH) levels imposed by the vapor pressure, ranging
from dry conditions (defined as 0% RH) to full hydration
(100% RH).

In these figures, we have presented absorbance spectra and
difference spectra, which were obtained by subtracting the
spectra at specific hydration states by the reference dry spec-
trum. To provide a quantitative description of the initial stages
of the hydration process, it was essential to assign the main
vibrational modes. Our analysis of the mid-infrared (MIR) data
was supplemented by leveraging the knowledge gained from a
prior in situ investigation of the IN1515 membrane using the
same protocol and experimental techniques.'**' Given our
primary objective of exploring proton dissociation mechanisms,
the formation of protonic species, and the role and state of water
molecules, particularly in the early stages of hydration, our focus
was primarily directed toward the vibrational bands associated
with H,0: bending at 1740 cm™'; stretching at 3250 and
3500 cm™ ', protonic species: stretching of OH bond in H;0"
between 2600-2800 cm™*, in HsO," at 3100 cm™*, inter-molecular
signature for SO; -H;0"/H,O interactions at 1057 cm™'; Zundel,
ion (H50,") bands at 1740 cm™.**** An assignment of the various
observable bands in the MIR spectrum of the IN1515 membrane is
provided in Fig. S1 and S2 (ESIt), as well as in Table S1 (ESIT).
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Interactions of water with the ionomer, carbon, and platinum analyzed by IR. (a) Band integration at 3500 cm™ (band normalized to ionomer

backbone band at 1588 cm™?, integration subtracted from its value at 0% RH) versus (humidity for: above) (CL50 and CL50NoPt and below) CL70 and
CL70NoPt compared to IN1515 membrane (IN1515_50% and IN1515_70% correspond to 50% and 70% of the integration values within these bands,
respectively), (b) analytical simulation of water (corresponding to FTIR band at 3500 cm™) in interaction with ionomer, carbon and platinum in CL50 and
CL70.
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Fig. 4 displays the in situ absorbance spectra of the IN1515
ionomer alongside various catalyst layers within the 3800-
2800 cm ™' range. In this spectral range, it is possible to track
the characteristic stretching bands of H,O at 3500 and 3250 cm™ %,
as well as the OH band in H;0" and Zundel ions respectively
between 2600-2800 and at, 2930 cm™ " as a function of humidity
(see attribution of FTIR bands in IN1515 in ESIf). Regarding
the water bands, since the spectra have been normalized to a
characteristic ionomer band, it allows for a comparison of the
quantities of water formed. It becomes evident that the water
bands are much more pronounced and narrower in the case of
catalyst layers, particularly in CL50, when compared to the
reference IN1515 membrane. Notably, CL50 exhibits a more
prominent band at 3500 cm ™" than in CL50NoPt, indicating the
significant role of Pt in the water transport mechanism. On the
other hand, CL70 and CL70NoPt demonstrate similar behaviors,
suggesting a reduced impact of platinum, likely due to the higher
proportion of ionomer in the material and, potentially, poor Pt/C
percolation. For the additional characteristic bands of H;0" and
Zundel ions, an increase in intensity is observable for Zundel ions
with respect to humidity level across all materials, unlike the
relatively broad band characteristic of H;O" functions around
2600-2800 cm ™', This indicates that H;0" ions are already well
formed in the dry state, with minimal evolution observed with
changes in humidity level. Further investigation into Zundel ions
will be conducted, focusing on a more readily observable band at
1770 em ™.

For a more quantitative analysis of these data, the integral of
the characteristic water band at 3500 cm™" was calculated and
plotted against moisture content for the various materials, as
shown in Fig. 5. After adjusting the spectra to account for the
quantity of IN1515 present, we included additional data that
illustrates the behavior of IN1515 normalized to the ionomer
content within the catalyst layer (IN1515_50% and IN1515_70%).
The figures reveal that, at most humidity levels, the catalyst
layers absorb more water than the relative amount of pure
ionomer. This confirms the DVS results, which indicated that
the catalyst layers absorb more water due to interface effects
induced by the presence of carbon.

At very high humidity levels, within the range associated
with water clustering behavior, we observed a significant
change in the gradient of the sorption curves for the catalyst
layers (CLs) as compared to the pure ionomer, indicating that
they begin to uptake additional water. This abrupt shift in
the gradient is also consistent with the previous water sorption
measurements shown in Fig. 2. Furthermore, CL50 and
CL50NoPt exhibit relatively consistent trends along the sorp-
tion isotherm, except at high humidity levels where CL50
demonstrates an additional formation of water. This suggests
a potential role of platinum in promoting this extra water
formation. It can also be observed that the bands at 3500 and
3250 cm ™" are very structured in the materials CL50 compared
to those that can be observed for the membrane IN1515, which
may indicate that the form of water present in the catalyst
layers is probably different from that present in the ionomer.
The latter is probably bulk-like while that present in the catalyst

1604 | Energy Adv., 2024, 3,1594-1611
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layer might rather be linked to an interface. This phenomenon
being less marked for platinum-free materials (CL50NoPt), it
seems that this interaction is related to the presence of
platinum.

In contrast, the behavior of the 70% catalyst layers is slightly
different. CL70NoPt closely resembles the ionomer’s behavior
normalized at 70%, indicating few interface effects. CL70 exhibits
significantly higher water molecule formation, especially at high
humidity levels, compared to CL70NoPt. This indicates that the
water uptake at the catalyst-ionomer interface is again influenced
by the presence of platinum in the catalyst. This seems to be
confirmed by the work of Iwasita et al.,>® in which the vibrational
modes of water on platinum surfaces were studied. Indeed,
different characteristics have been demonstrated for the two water
bands at 3150 and 3270 cm™ *; the first one appears to correspond
to water adsorbed on platinum (Pt-H,0), while the second one
would correspond to water dissociated on platinum (Pt-OH).

As previously, it is possible to distinguish the various inter-
actions of water: (i) with the ionomer estimated from a ratio of
the IN1515 membrane curve (IN1515_50% or IN1515_70%),
(ii) with the carbon, corresponding to the difference between
this curve and that of the ionomer/carbon mixtures (CL50NoPt
and CL70NoPt), and (iii) with the platinum, corresponding to
the difference between the latter curve and that of the catalyst
layer (CL50 and CL70). A schematic representation is provided
in Fig. 5(a), and an estimate of the different proportions of
these interactions is shown in Fig. 5(b). The results obtained
are somewhat different from those obtained with gravimetric
sorption measurements, probably because there are different
forms of water: H,0O, H;0', H;0,"... and the advantage of
FTIR spectroscopy is to be able to probe these different con-
tributions. For CL50, the DVS and FTIR results are quite
similar, with just the absence of water/Pt interactions at low
RH in FTIR. For CL70, a similar behavior is also observed, even if
no water/carbon interaction is visible in FTIR. These differences
can be explained either by the existence of an interaction with
another type of water molecules, often ionic, or by the fact that
the band probed here corresponds to the stretching vibration
of OH in water, often involving a significant number of water
molecules with different environment and with various number
of hydrogen bond with their neighbor. We will see in the
following a different method to probe these different contribu-
tions of the O-H stretching.

To delve deeper into the mechanism of water sorption
within the materials under investigation, we directed our
attention toward the bending motion of water molecules
around 1650 cm ™. The spectral range spanning from 1900 to
1500 cm ™' provides insights into the presence of various
species, including H,0, H;0", and Hs0,", all of which are
involved in the hydration mechanism. As illustrated in Fig. 6,
for the IN1515 membrane and further elucidated in Nguyen
et al.’s work," the formation of H;O" species is observed from
the initial stages of sorption. With the increase in relative
humidity (RH), the bands associated with this isolated entity
diminish because of water absorption and the emergence of
more complex hydrated protonic species. A noticeable transition

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be observed, with the gradual replacement of the hydronium
band at 1680 cm ™" by the Zundel band at 1730 cm™". Conse-
quently, this ionomer’s behavior closely resembles that of
Nafion, given their shared composition of Nafion-like side
chains terminated by the same SO;~ groups.

The spectral region in the catalyst layers exhibits a markedly
different profile. In these instances, the peak in the region
associated with H;O" is notably intense even under dry condi-
tions. As the level of hydration increases, this peak undergoes a
distinct shift towards lower wavenumbers, converging with the
Zundel band, as hydronium ions and additional H,O molecules
combine to form more complex species. The presence of H;0"
peaks even in the dry state suggests that the drying process may
have been incomplete, a phenomenon previously documented
in earlier studies.>* However, an alternative explanation could
be that these peaks stem from another species with a similar
bond energy. Given these uncertainties and the atypical shape
and behavior of these peaks, further confirmation is required to
attribute them definitively to H;O'/Zundel species.

Hence, we conducted a comparison of these spectra with
catalyst layer samples containing Li" as the cation. In this
scenario, a dual peak is observed within the region where both
H;0" and Zundel bands are anticipated. Interestingly, these
two bands exhibit high intensity in the dry state and gradually
decrease in intensity as hydration levels rise, but their shape

© 2024 The Author(s). Published by the Royal Society of Chemistry

remains consistent, and there is no observable transition from
one to the other. Since no protons are present in this sample,
we hypothesize that these peaks are associated with the
presence of the catalyst. As elucidated in the studies by Maillard
et al.,>**® CO molecules adsorb onto the platinum surface, and
during the operation of PEMFCs, platinum can play a pivotal
role in the corrosion of carbon, leading to the formation of
oxidized species. These oxidized species may include phenol,
ether, carboxylic and carbonyl groups on the carbon surface.
Therefore, it is plausible to assign these observed bands to
carbonyl groups adsorbed onto platinum or possibly onto
carbon. While carbonyl species should also be present in the
protonated samples, it is likely that they are obscured by the
presence of hydronium/Zundel species.

Spectra from the catalyst layer (CL) samples lacking Pt
exhibit no discernible peaks within this specific region, Fig. 6
and Fig. S2, S3 (ESIT). This observation serves as confirmation
that the observed peaks can be attributed to species adsorbed on
Pt, whether they are H;0'/Zundel or carbonyl species. It suggests
that Pt creates an environment conducive to water absorption
even under low humidity conditions. It is plausible that Pt
interacts with certain sulfonic acid groups in IN1515, providing
the protons necessary for the formation of hydronium ions. As
humidity levels increase, these hydronium ions initially transform
into Zundel ions and, potentially, other more complex species.

Energy Adv, 2024, 3,1594-1611 | 1605
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Fig. 7 Interactions of water with the ionomer, carbon, and platinum analyzed by IR. Band integration at 1770, 1730 cm™* (band normalized to ionomer
backbone band at 1588 cm™, integration subtracted from its value at 0% RH) versus humidity for (a), (c) CL50, CL50Li and CL50NoPt and (b), (d) CL70,
CL70Li and CL70NoPt compared to the IN1515 membrane (IN1515_50% and IN1515_70% correspond to 50% and 70% of the integration values within
these bands, respectively), (e) integration of bands at 1640 cm™ versus humidity for (above) IN1515, CL50, CL50NoPt, and IN1515_50%, and (below)
IN1515, CL70, CL70NoPt, and IN1515_70%, with indications of water proportions absorbed by ionomer, carbon, and platinum, (f) analytical simulation of
water (corresponding to FTIR band at 1640 cm™) in interaction with ionomer, carbon and platinum in CL50 and CL70.

At the highest humidity levels, water molecules begin to adopt a
bulk-like behavior within the Pt environment. Spectra for those CL
samples without Pt show no peaks of any kind in this region.
To gain deeper insights into the water sorption mechanism,
we monitored the integration of bands at 1730 and 1770 cm ™"
throughout the sorption process, as depicted in Fig. 7(a)-(d).
As shown in Fig. 7(a), initially, at the onset of sorption, the band
at 1770 cm ™' is present in CL50 but absent in the membrane,
affirming the association of this band in CL50 with carbonyl
species found in Pt/C. Subsequently, a consistent decline in the
intensity of this band is observed with increasing moisture
content. Conversely, the band at 1730 cm ™" exhibits a sudden
increase in intensity up to 20% humidity and then remains

1606 | Energy Adv, 2024, 3,1594-1611

stable throughout the isotherm (see Fig. 7(b)). For the band at
1730 em™ ", particularly at RH inferior to 70%, CL50 demon-
strates behavior similar to that of the membrane, albeit at a
lower intensity. In the case of CL50NoPt, the intensity of the
zZundel and H;0" bands is minimal and remains constant. Based
on these observations, it can be inferred that very few ionic
species (specifically Zundel and H;0") are formed within the
catalyst layers compared to the ionomer in the membrane.
Furthermore, the absence of ionic species in catalyst layers
without platinum suggests that the few ionic species formed in
CL50 likely emerge in the proximity of platinum.

In the case of CL70, as illustrated in Fig. 6 and Fig. S3 (ESIf),
the band at 1730 cm ™" exhibits relatively stable behavior with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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changing moisture content. To gain further insights into this
pattern, we delve into a more detailed analysis as presented in
Fig. 7(b) and (d). Similar to CL50, there is a discernible band at
1770 cm™ ! in CL70, in contrast to what is observed in the
membrane. This suggests that this band in CL70 is indicative of
carbonyl species near platinum. The behavior of CL70 closely
parallels that of CL50, while for CL70NoPt, the formation of
H;0" species is observed, a phenomenon not observed in
CL50NoPt. As for the band at 1730 cm™?, the trends observed
in the catalyst layers are somewhat akin to those in the
membrane, although with lower intensity. However, there is a
greater formation of H;0" and Zundel species in CL70NoPt,
suggesting a behavior more in line with that of the membrane,
due probably to excess of ionomer and the formation of bulky
ionomer that is not in interaction with the carbon. The amount

View Article Online
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of ionic species is smaller in CL70 as compared to the
membrane. In conclusion, it appears that the hydration mecha-
nism within the catalyst layers differs significantly from that
observed in the membrane. Very few ionic species are formed,
likely predominantly at the catalyst-ionomer interface, with the
primary product being water molecules. This could be a pivotal
factor in understanding the conduction mechanism.

As the hydration mechanism primarily involves the for-
mation of water molecules within the catalyst layers, we con-
ducted a more comprehensive examination of the 1640 cm™*
band, as illustrated in Fig. 7(e) and (f). Our findings reveal that
the formation of water molecules in CL50 and CL70 closely
resembles that in the ionomer, with a slight upward trend
noted at high humidity levels. Furthermore, we observed a
reasonably comparable behavior in composite layers without

250

2.25 4

2.00

1.75 4

1.50

1.25 4

1.00

0.75

Normalized intensity

0.50 4

RH(%)

$=0 in $05...H;0'/H,0
80.00
70.00

60.00

50.00

. 40.00

30.00

g 20.00

i 10.00
0.000

A

T T T T T T T
1400 1350 1300 1250 1200 1150 1100 1050 1000 950 900

Wavenumber (cm™")

250

$=0 in $0,..H,0'/H,0

b) 2.25 4
2.00
1.75 4

1.50 4

1.25 4

1.00 4

Normalized intensity

Normalized intensity

o -
N o
o S
-

250 T

225 $=0 in SO,...H,0"/H,0

2.00 4

~
o
1

Normalized absorbance
© 2 =
S o
& 3 o
L

T T
1200 1100 900

TT T T T T T T
1400 1200 1100 1000 900 1400 1300 1200 1100 1000 900
Wavenumber (cm™) Wavenumber (cm-1)

Fig. 8 In situ MIR spectra of (a) IN1515, (b) CL50, (c) CL50NoPt, (d) CL70, (e) CL70NoPt in the range 1400-950 cm™* (spectra normalized to ionomer
backbone band at 1588 cm™2, subtracted spectra from its value at 0% RH): the characteristic bands of specific species (H,O, HzO, HsO,") relative to the
exposition of materials to humidity are indicated by dotted lines, in inset zoom of the band at 1057 cm™?, characteristic of the S=O function in
SO5 - --Hs0*/H,0.

© 2024 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2024, 3,1594-1611 | 1607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00164h

Open Access Article. Published on 13 June 2024. Downloaded on 2/19/2026 3:22:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

4.0+

a) = 15
O IN1515_50%

—'E 354| » cLs0 - s 1.2 S

5 CL50NoPt » b 1
~ -’

& 3.0

) "

% 25 X,

c

S |

® 20 B

[

3 o a
£ 15 » S
- ...

=

® 1.0+ &

o -

w o 1w |8

Qo5

0045

RH (%)

View Article Online

Paper

b m INT515

)_ 3541 0 IN1515_70% 5

e A CL70 orm

S 304l 2 cLronopt :

2 3

8 ] A
T 25 SETLE N
® S-Ta ]

[ =3 -
2 20+ o A C

o

2 A

L 15 L - %

£ A &

= il

& o

Qo A

'™

o

%)

0.0

0 10 20 30 40 50 60 70 80 90 100
RH (%)

Fig. 9 Hydration-dependent characteristic functions of the ionomer. Band integration at 1057 cm~* (band normalized to ionomer backbone band at
1570 cm™%, integration subtracted from its value at 0% RH) versus humidity for CL50 and CL50NoPt (a), and CL70 and CL70NoPt (b), compared to the
IN1515 membrane (IN1515_50% and IN1515_70% correspond to 50% and 70% of the integration values within these bands, respectively).

catalysts, albeit partially mirroring the pure ionomer’s beha-
vior. However, the integration of the band in CL70NoPt is even
lower, indicating that the surplus of water molecules generated
at high moisture levels in the CL50 and CL70 layers is bound to
the catalyst platinum. As previously and as presented in
Fig. 7(e), it is possible to distinguish the different interactions
of water with the ionomer, carbon, and platinum. From this,
the various proportions can be assessed, as presented in
Fig. 7(f). In comparison with the results obtained by DVS, it is
noted that for CL50, there are lower proportions of hydronium
with platinum and higher proportions, in contrast, with car-
bon, confirming the previous results indicating a strong inter-
action of platinum with SO, /H". For CL70, the results are quite
similar, confirming the low proportion of ionic species formed
during the hydration.

To explore this further, we depicted the difference in band
integration between layers with and without catalysts and
compared it to the water uptake at the simulated interface
using sorption data. While this remains a hypothetical analysis,
the trends closely align, providing strong evidence for interface
effects in the CL50 and CL70 layers, which are in part attributed
to the presence of platinum particles on the carbon’s surface.

Our investigation have been completed by studying charac-
teristic functions of the ionomer, notably the S=O stretching
band at 1057 cm™ ' characteristic of SO;~ functions in inter-
action with water and H;0",*! the SO, stretching in SO;~ at
1215 em™',*? the C-C stretching at 1245 cm™'*° and the C-C
and C-O-C stretching in backbone at 1296 cm *,*' which
appear sensitive to moisture as shown in Fig. 8 for ionomer
IN1515 based membrane. The effects of humidity are much less
marked for catalyst layers CL50 and CL70 and even less marked
for layers without platinum. An effect of the ionomer level can
also be observed, since CL50 appears to be more sensitive to
moisture effects than CL70. Thus, the presence of carbon in the
catalyst layer seems to modify the dissociation mechanism of
ionic function at the interface. The singular behavior of CL50
can perhaps be explained by the more pronounced catalyst-
ionomer interface effect for this material. To confirm this, the
1057 cm™* band characteristic of the SO;~ function was studied

1608 | Energy Adv, 2024, 3,1594-1611

more closely in Fig. 9. For CL50, the dissociation phenomenon
with respect to humidity level is much faster than what is
observed in the membrane. Since the behavior of CL50NoPt is
very similar to that observed for IN1515_50%, it can be
assumed that this acceleration is likely induced by the presence
of platinum in CL50. As for CL70, the behavior is very similar to
that observed for CL70NoPt and IN1515_70%, indicating that
the high proportion of ionomer within the catalyst layer leads
to behavior similar to what is typically observed in bulk
ionomers.

Conclusions and perspectives

To advance fuel cell development, it is crucial to focus on
stability and comprehend the inner working principles of these
devices, particularly within the membrane-electrode assembly
(MEA). Although significant strides have been made in recent
years to enhance the performance and stability of membranes,
there has been limited research dedicated to the catalyst
layers. However, these layers are integral for facilitating electro-
chemical reactions, which convert chemical reactions between
fuel and oxidant (typically hydrogen and oxygen) into electri-
city. They do have certain vulnerabilities, such as stability
issues, susceptibility to poisoning, and the challenge of effec-
tive water management.

Novel catalyst layers composed of non-perfluorinated sulfo-
nic acid ionomers are holding promises towards enhanced
properties, but little is known on the ionomer-carbon-catalyst
interactions and their hydration-dependent properties. Here,
we have investigated new catalyst layers made of carbon,
platinum, and aromatic ionomers designed to advance electri-
cal and mechanical properties, as well as stability. The mecha-
nism of water vapor sorption and nanostructuration has been
studied in a series of pure ionomer, carbon-ionomer compo-
sites, and three-phase catalyst layer systems bearing different
amounts of ionomer (20% wt to 70% wt), by combining
dynamic vapor sorption, small angle neutron scattering and
in situ synchrotron infrared spectroscopy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The dynamic vapor sorption (DVS) results indicate that
water sorption within the ionomer in a catalyst layer differs
from the typical behavior observed in the pure ionomer
membrane. The presence of the catalyst appears to induce
structural changes in the ionomer, likely attributable to both
steric and interface effects. Three distinct forms of water uptake
can be distinguished: one by the ionomer, another by the
carbon, and the last one by the platinum. Through analytical
simulations, it was possible to assess the proportion of each
population during a sorption isotherm. As anticipated, the
share taken by the ionomer tends to decrease with increasing
relative humidity (RH), in favor of platinum. This underscores
the crucial role of interfaces.

The results of microstructural analyses conducted by SANS
also appear to align with the findings from macroscopic
analyses. Indeed, we found that the ionomer swelling process
in catalyst layers deviates from the pure ionomer membrane
behavior, as the hydrophobic blocks repeated structure
remains unchanged on increasing hydration level. This may
indicate that the hydrophobic ionomer regions inside the
catalyst layer could be confined in the vicinity of the Pt-free
carbon black particles, while the hydrophilic blocks occupy the
space surrounding Pt, as represented in the scheme of
Fig. 10(a). During water sorption, the presence of carbon could
restrict the extension of the hydrophobic blocks, unlike the
hydrophilic blocks. Other aspects, however, as the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

modified surface groups on the carbon surface due to the
manufacturing process could also play a role, which would
need to be further investigated.

FTIR coupled with humidity measurements allowed to shed
light on the molecular structures and their evolutions during
controlled water uptake. We have successfully identified all
distinctive bands associated with the molecular framework,
ionic functionality and water content, within the range of
600-4000 cm~'. By normalizing the spectra using a specific
framework-related band, we have been able to infer the quan-
tities of functional groups formed during the sorption process.
This involved employing deconvolution calculations and area
measurements of the most pertinent bands. The observed
sorption kinetics closely resemble those encountered in DVS,
bringing information into the various forms of water (mole-
cules/clusters) and ionic species (H;0'/Zundel) in relation to
humidity levels. The use of different catalyst layers, including
those with and without catalysts, allowed us to extract the
changing proportions of interactions between water, the iono-
mer, carbon, and platinum. In the range between 3000 and
4000 cm ™" a distinct water band was quantified to analyze the
amount of water sorbed in the system, while the region span-
ning 1600-2000 cm ™' enabled us to discriminate various water
forms. We discovered that most of the water absorbed by the
catalyst layer exists in its liquid form, which is at odds with the
membrane where a wealth of ionic species and water clusters

Energy Adv., 2024, 3,1594-1611 | 1609
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are generated. Furthermore, it appears that most of the formed
ionic species interact primarily with the platinum catalyst and
may locate at the particle-ionomer interface, as sketched in
Fig. 10. This could be compatible with the existence of a thin
water layer at the interface, as observed in PFSA CLs by
contrast-variation SANS. Importantly, we note also that the
dissociation of ionic functions occurs notably faster in the
catalyst layer than in the membrane.

These findings highlight the peculiar behavior of the
ionomer phase within high loaded catalyst layers and the
importance of hydration-dependent comprehensive studies to
unravel the interplay between chemical architecture, composi-
tion, structure and transport in these complex systems. We may
expect even larger effects in commercial catalyst layers that use
lower ionomer proportions. Recently, stack tests have been
conducted using proton exchange membranes (PEMs) and
catalyst layers based on 20% wt IN1515."% These layers exhibit
performance levels similar to those achieved with perfluoro-
sulfonic acid materials. Hence, the addition of the aromatic
ionomer in the CLs seemed not to significantly enhance
the interactions between catalysts and ionomers. However,
aromatic polymer-based catalyst layers and MEAs have not
been optimized yet. Further evaluation of IN1515-based MEAs
under more realistic and demanding fuel cell operating condi-
tions is warranted to sustain the development of solid polymer
electrolytes as advantageous alternative ionomers for fuel cell
membrane-electrode-assemblies.
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