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ABSTRACT

Polymeric ionomers are essential to the catalyst layer (CL) of proton-exchange membrane fuel cells (PEMFCs). This study com-
pares two ionomers: the short-side-chain (SSC) N+125D and a high-oxygen-permeability experimental ionomer grade (EIG), the
latter intended to enhance oxygen mass transport and the oxygen reduction reaction (ORR). The research evaluates ionomer-

solvent interactions across various water/1-propanol mixtures to ensure structural integrity and homogeneous distribution of the

electrocatalyst. Multiple ink formulations were analyzed using advanced physical-chemical characterization to determine sta-

bility and quality. These insights guided the optimization of the electrode’s microstructure for integration into membrane elec-

trode assemblies (MEAs). By employing a multidisciplinary approach, the study correlates ink formulation and electrode

morphology with electrochemical performance. This integrated methodology provides a robust framework for optimizing

next-generation PEMFC electrodes through a deeper understanding of ionomer behavior and structural influence within the CL.

1 | Introduction

Proton-exchange membrane fuel cells (PEMFCs) are leading low-
temperature (<100 °C) electrochemical energy converters for
automotive propulsion [1-3]. The core polymer electrolyte mem-
brane (PEM)—typically a perfluorinated sulfonic acid (PFSA)
ionomer—selectively conducts hydronium ions (H;O%) while
maintaining electronic insulation and preventing reactant cross-
over [4, 5]. Electrochemical conversion is localized within the
composite catalyst layers (CLs). At the anode, carbon-supported
platinum (Pt/C) catalyzes the rapid hydrogen oxidation reaction
(HOR) [6, 7]. Conversely, the cathode governs the kinetically
sluggish oxygen reduction reaction (ORR) [8, 9]. The severe
activation overpotential of the ORR serves as the primary ther-
modynamic bottleneck limiting overall PEMFC power density
[1]. Consequently, current electrocatalysis research focuses on
carbon-supported platinum-alloy nanoparticles (Pt-M/C, where

M =Ru, Co, Ni) to optimize oxygen-binding energy, accelerate
ORR kinetics, and minimize noble metal loading [10-12].

The core of a PEMFC is the membrane electrode assembly
(MEA), which consists of a solid-state PEM symmetrically lami-
nated with CLs and gas diffusion layers (GDLs). The porous,
nanostructured anode and cathode CLs (5-15 pm) are deposited
directly onto the PEM faces [13-15]. They consist of platinum
nanoparticles supported on carbon black (Pt/C) electrocatalysts
and an ionomer binder (e.g., perfluorosulfonic acid or PFSA).
This configuration establishes the essential three-phase bound-
ary (TPB), where the electronic pathway (carbon support), pro-
tonic pathway (ionomer), and fluidic channels (pores delivering
H,/0,) intersect to sustain electrochemical reactions [16, 17].
The CLs are coupled to the GDLs, which feature a dual-layer
architecture: a macroporous carbon-fiber substrate (100-300 pm)
and a microporous layer (MPL) (10-50 pm) made of a carbon
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black-fluoropolymer composite at the CL interface. The GDL
optimizes reactant gas diffusion and governs multiphase water
management, preventing electrode flooding by expelling excess
water while maintaining PEM humidification [18, 19]. Within
the catalyst matrix, the localized ionomer network serves
three functions: a structural binder securing the Pt/C particles
and adhering the CL to the PEM, a proton-conducting network
establishing continuous ionic pathways for H* transport, and a
gas- permeation barrier controlling local mass transport resis-
tance as reactants diffuse through the film to reach catalytic
Pt sites [20-22].

State-of-the-art ionomers utilize PFSA copolymers with a highly
phase-segregated morphology: (i) hydrophobic backbone: a
polytetrafluoroethylene (PTFE)-like matrix imparting chemical
resistance, thermal stability, and mechanical strength; (ii) ether-
linked side chains: pendant groups whose length and spacing
dictate the polymer’s equivalent weight (EW). This param-
eter directly influences the glass transition temperature (Tj),
mechanical stability, and microphase segregation [23-25]; and
(iif) hydrophilic termini: acidic sulfonic acid groups (—SOsH) that
dissociate upon hydration, forming interconnected aqueous
domains that facilitate rapid proton transport via Grotthuss
(hopping) and vehicle (hydronium diffusion) mechanisms [23, 24].
A general structure of the PFAS is shown in Scheme 1A.
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SCHEME 1 | (A) Generic structure of PFSA ionomers [24].
(B) Different side-chain length for Nafion and Aquivion [25].
(C) Example of the general structure of experimental ionomer grades
(EIG). Scheme 1 was rearranged from ref. [25] with permission from
the American Chemical Society, Copyright 2022.

Equivalent weight (EW, g mol ™" —SO;H) dictates PFSA ionomer
properties. Lowering EW increases sulfonic acid site density,
enhancing proton conductivity (¢) via greater charge-carrier con-
centration, but increases hydrophilicity—causing excessive water
uptake, dimensional swelling, and mechanical degradation.
High-EW ionomers offer superior mechanical stability but
lower . Thus, EW optimization is critical for balancing proton
transport and mechanical durability, particularly in CLs where
low-EW ionomers enhance Pt/C-ionomer interactions and high-
current-density performance [25-27]. Nafion and Aquivion are the
benchmark PFSA ionomers for PEMFCs [28-31]. Nafion features a
long-side-chain (LSC) architecture (EW =2 1100 g mol "), balanc-
ing ionic conductivity and durability under fully humidified con-
ditions [1, 32]. However, it suffers severe transport limitations
under low relative humidity (RH) or elevated temperatures due
to dehydration [33, 34]. Conversely, Aquivion employs a
short-side-chain (SSC) structure with lower EW (790-980 g mol ™)
(Scheme 1B), yielding denser proton-conductive domains that
sustain high conductivity under dehydrated or high-current-den-
sity operation [32].

Aquivion’s stiffer backbone and higher crystallinity enhance
mechanical and dimensional stability—even in thin-film config-
urations—and elevate the glass transition temperature (Tj) to
~140°C. This enables higher-temperature, low-RH PEMFC
operation while maintaining water retention [32]. As the ORR
is rate-limiting, CL design must optimize the TPB to facilitate
mass transport and mitigate electrode flooding [35, 36]. The
TPB comprises the electrocatalyst (Pt/C), ionic conductor (ion-
omer), and gaseous reactants (O, or H,). Consequently, ionomer
thin-film (IL) morphology and spatial distribution are critical; the
IL must uniformly encapsulate the electrocatalyst particles to
balance proton transport and gas diffusion [37, 38]. Excessive
IL thickness introduces local oxygen-transport resistance (R, ),
whereas discontinuous or ultra-thin ILs cause severe ohmic
proton-transport limitations. This balance is governed by ink
formulation, fabrication processes, and ionomer characteristics
(architecture and EW). For instance, low-EW ionomers boost
local proton conductivity but exhibit excessive swelling that
triggers water flooding, blocking gas-transport pathways.
Furthermore, specific adsorption of sulfonic acid (—SOs—) groups
onto Pt active sites poisons the electrocatalyst, altering its elec-
tronic environment and hindering ORR kinetics. State-of-the-art
CL designs focus on maximizing the electrochemically active sur-
face area (ECSA) and minimizing local Ro,, particularly under
high-current-density or dry operating conditions [35-38].

Within the CL, the ionomer-to-carbon (I/C) mass ratio is a primary
parameter governing charge and mass transport. Suboptimal I/C
ratios yield insufficient electrocatalyst coverage, isolating active
sites due to proton-transport limitations and decreasing platinum
utilization. Conversely, excessive I/C ratios lead to thick ionomer
films that block the porous carbon network, exponentially increas-
ing local Rp, and promoting electrode flooding [39, 40]. Beyond the
nominal I/C ratio, performance is highly sensitive to the nanoscale
distribution and interfacial interactions of the ionomer with the
Pt/C phase [39, 40]. Consequently, catalyst ink formulation—
specifically solvent polarity and dielectric properties—is critical
to achieving colloidal stability. Preventing severe Pt/C agglomera-
tion in the liquid phase maximizes the accessible ECSA in the solid
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state [41]. Ink rheology dictates the final CL morphology. Tailoring
the shear viscosity and viscoelastic properties of the ink suppresses
phase separation, flocculation, and particle coalescence. This rhe-
ological control prevents mud-cracking during drying, ensuring a
mechanically cohesive film. Thus, solvent selection and dispersion
media ratios are leverage points to control ink microstructure,
rheological stability, and subsequent CL homogeneity [40-42].
Ultimately, CL engineering requires a holistic design framework.
Balancing ionomer molecular architecture (EW), I/C ratio, interfa-
cial thin-film morphology, and ink-colloid rheology is essential to
optimize both the power density and operational lifetime of the
PEMFC [41-43].

The ORR ideally proceeds via a direct four-electron (4e™) path-
way; however, a parasitic, less efficient two-electron (2e™) path-
way yielding hydrogen peroxide (H,0,) can occur. Mitigating
this 2e” pathway typically requires high platinum group
metal (PGM) loadings, which substantially increases PEMFC
stack costs [44, 45]. Compounding this, mass- transport kinetics
are hindered by local R, within the CL. Because conventional
PFSA ionomers exhibit low oxygen permeability and form dense
mass-transport barriers over the Pt/C active sites, engineering the
electrocatalyst-ionomer interface to enhance local O, flux is crit-
ical [20, 46, 47]. Recent paradigms focus on synthesizing
high-oxygen-permeability ionomers (HOPIs) to alleviate these
transport bottlenecks [48, 49]. A primary strategy incorporates
bulky, amorphous ring-structured monomers—such as per-
fluoro-(2,2-dimethyl-1,3-dioxole) (PDD)—into the PFSA back-
bone. The rigid, nonplanar cyclic structures prevent tight
chain packing, increasing the fractional free volume (FFV)
and boosting gas diffusivity [50, 51]. The general chemical archi-
tecture of these experimental ionomer grades (EIG) is shown in
Scheme 1C. In the CL, HOPIs form ultra-thin, highly permeable
interfacial films that lower local Ry, while maintaining high pro-
ton conductivity (o) (Figure S1) [52]. This study investigates new
ink formulations for PEMFC cathode fabrication utilizing two
structurally distinct ionomers: a commercially available SSC
PFSA (N+125D 251/612) and a proprietary, high-oxygen-perme-
ability polymer named EIG that is not commercially available.
We evaluated various solvent-dispersion systems to optimize
colloidal stability, ink rheology, and the resulting solid-state micro-
structural homogeneity of the electrode. Comprehensive physico-
chemical characterization of the liquid inks was correlated with
structural and compositional analyses of the fabricated CLs.
Finally, the electrodes were integrated into MEAs for in situ
electrochemical evaluation. This holistic approach establishes
clear structure-processing-property—-performance relationships,
correlating ink-colloidal properties and electrode morphology
with FC polarization behavior to guide next-generation PEMFC
cathode optimization.

2 | Materials and Methods
2.1 | Electrode Preparation
2.1.1 | Electrode Fabrication and Ink Formulation

The CL was fabricated via the colloidal dispersion and subse-
quent deposition of an electrocatalyst ink containing the active

phase (Pt/C), an aqueous ionomer dispersion, and a binary
solvent mixture. Solvent evaporation during drying yields a
defined, porous transport network. The electrocatalyst employed
was a commercial Pt/C (TEC10V50E, Tanaka Kikinzoku Kogyo
K.K.), consisting of Pt nanoparticles (10-12 nm) supported on
Vulcan XC-72R carbon (47 wt% Pt).

CLs were cast from low-boiling solvent mixtures of water (H,0)
and 1-propanol (1-PrOH), comparing two polymeric binders:
commercial SSC N+125D 251/612 and experimental EIG.
Formulations were adjusted to optimize (i) spatial homogeneity
of the electrocatalyst, (ii) interfacial Pt/C—ionomer electronic/
ionic coupling, and (iii) pore network distribution while mitigat-
ing mud-cracking. Mechanical press tests evaluated whether
microcracks (which restrict the ECSA and accelerate MEA deg-
radation) consolidated during the high-pressure hot-pressing
step of MEA lamination.

To isolate the impact of ionomer architecture, the ionomer-to-
carbon (I/C) ratio was fixed at 0.54, and the platinum loading
was targeted at 0.3 mgp, cm ™2 (quantified via X-ray fluorescence,
XRF). Conversely, the H,O/1-PrOH mass ratio was varied to
regulate ink rheology and colloidal stability. This was highly crit-
ical for the N+125D system, where ionomer swelling in alcohol-
rich phases increases shear viscosity. The fabrication process
(Figure S2) initiated with wetting the dry Pt/C with a minimum
threshold volume of H,O, followed by a 15-min ball-milling pre-
mix (MM500 Nano ball mill, zirconia media, 8 Hz) to mitigate
pyrophoric ignition. Separately, the ionomer solution was pre-
pared via magnetic stirring (500 rpm, 2 h) to achieve a total solid
content (TSC) of 5wt%, verified gravimetrically using a Mettler
Toledo HX204 thermogravimetric balance. The wetted catalyst
and ionomer dispersion were then co-milled (8 Hz, 2 h) to deag-
glomerate the carbon support and promote uniform ionomer
adsorption. The ink was wet-cast onto a glass-fiber-reinforced
PTFE decal substrate using a BYK BYKO-DRIVE XL doctor
blade at 3 mm s™. Solvent evaporation was carried out in a ven-
tilated oven under vacuum, utilizing a controlled thermal ramp
from 40 to 100 °C at 1°C min~'. This gradual ramp suppressed
capillary-force-driven cracking. Fabricated decals were sealed
under inert conditions prior to testing.

2.1.2 | MEA Integration via Decal Transfer

MEAs were integrated using the decal transfer method. The elec-
trodes and a reinforced Aquivion membrane (720 gmol™* EW)
were laser-cut to 25 cm? active areas. The membrane was sand-
wiched between the anode and cathode decals, placed between
silicone cushioning pads, and hot-pressed at 160 °C and 20 bar.
Following cooling to room temperature, the PTFE backing decals
were peeled off and weighed gravimetrically to determine the net
transferred platinum loading (Lp).

2.2 | Physics-Chemical Characterization
2.2.1 | Micro-XRF
Bruker Nano GmbH micro-XRF M4 Tornado was employed to

analyze the structure of the electrodes; evaluate the homogeneity
of elements such as platinum, calcium and sulfur; and estimate

ChemElectroChem, 2026

3 of 18

95U9D17 SUOWIWOD dA1TeER1D) e dde au Aq pausenob aJe sapIe YO ‘8sN Jo 3. J0j Aeiq i auljuo A8]1/W UO (SUOIPLOI-PUE-SWBIW0D AS 1M Aleiq 1 |Bu 1 JUo//:Sc1L) SUONIPUOD PUe SIS 1 8y} 89S "[9202/0T/82] Uo Ateiqiauluo A8|iM * 90Q % MediQ IWSISIS a1y - 0I0UeS 0|k Aq 2820/ 9189/200T 0T/I0p/i0d’ A8 | Areiq1jpui|uo-adone-Als Iwsyd//:sdny Wwoj papeojumoq ‘9T ‘9202 ‘9TZ096TZ



the platinum loading. Area analysis allowed to identify the dis-
tribution of elements within a defined sample region and yields
two main outputs: the spectrum and the element-distribution
map. Pixel dimensions below 20 pm were used to create high-
resolution maps, while larger pixels above 100 pm were employed
for preliminary measurements.

2.2.2 | Digital Optical Microscope

Digital optical microscopy provides an initial overview of the
material macrostructure. Keyence VHX-7000 Series digital opti-
cal microscope was employed to acquire high-resolution images
using both reflected and transmitted light-enabling rapid and
nondestructive evaluation of surface features such as cracks,
voids, or large inclusions. Observations were carried out in
bright-field and dark-field modes to enhance contrast and high-
light subtle structural details.

2.2.3 | Dynamic Light Scattering

Dynamic light scattering (DLS) analyses were performed using a
Malvern ZS Explorer, in accordance with the normative ISO
22412 standard. DLS was employed to determine the hydrody-
namic radius, zeta potential, and polydispersity index (PDI) of
the samples. Multiple measurements were conducted for each
sample, enabling the calculation of the standard deviation and
assessment of measurement reproducibility.

2.2.4 | Rheological Analyses

Viscosity is a key parameter when formulating an electrode ink,
and it needs to be fully balanced to ensure uniform application to
the substrate. Ink viscosity needs to be (i) not too high (spreading
hindering), (ii) nor too low (negative homogeneity and stability
of the film). The rheometer was used for studying the rheological
properties of materials, measuring the relationship between the
applied shear stress and the response in terms of deformation
and flow.

Specifically, an RFS III rheometer in a flat-cone configuration
with a diameter of 25 mm was used. The analysis was performed
by examining the rheological behavior of the ink over a shear rate
range from 0 to 300s™", while maintaining the thermostat tem-
perature at 25 °C. In addition to viscosity of the ink, the swelling
properties of the ionomers in the solvents were investigated to
optimize the overall suspension viscosity since ionomer-solvent
interactions play a crucial role in determining the stability of
the ink.

Rheological measurements were conducted using a Rheolab QC
rotational rheometer (Anton Paar) equipped with a double-gap
geometry. Each 5 mL sample was analyzed using a programma-
ble protocol set on the instrument. Two types of measurement
were performed for each sample: a shear rate sweep from 0 to
1000s" and 10 measurements at a fixed shear rate of 100s™".
Viscosity was evaluated at 100 s because the shear stress under
these conditions corresponds to that experienced during film
application using the film coater. The temperature was precisely
controlled throughout all measurements using the instrument’s
Peltier system and maintained at 25 °C.

2.2.5 | LUMlIsizer

The LUMiSizer analytical photocentrifuge (LUM 650 dispersion
analyzer GmbH) is a cuvette-based centrifuge that operates using
STEP-technology. The instrument was used to study the kinetic
stability of the inks, with a particular focus on determining their
clarification rate. Kinetic stability is used for evaluating the colloi-
dal properties of inks because it describes the resistance to phase-
separation processes arising from aggregation, flocculation, and
sedimentation [53]. Experimentally, the analyses were carried
out by diluting the sample in vial (10 mm OD) with 1 mL of solvent.
The transmitted light was monitored by scanning the entire sample
volume for 35h at 25 °C. Measurements were performed using the
870 nm light source during centrifugation at 32 g-force.

2.3 | Electrochemical Characterization

The in-cell characterization was performed using a series of stan-
dardized tests aimed at evaluating the overall PEMFC perfor-
mance. These tests were carried out at Syensqo Lab in Bollate,
Milan, Italy.

2.3.1 | Cyclic Voltammetry (CV) Studies

CV is used in PEMFC studies to evaluate the ECSA, which is a
key parameter that reflects the number of effective active sites in
the CL. The ECSA can be calculated using the following equation
(Equation (1)):

cm? Pt) QL)

= 1
gpht 210 (L) x catalyst loading(£2) @

cm?Pt cm?

ECSA(

Q is the charge obtained by integrating the hydrogen adsorption/
desorption peaks during the CV. The value of 210 uCcm™ Pt
represents the charge associated with hydrogen adsorption on a
smooth platinum electrode, while the electrocatalyst loading corre-
sponds to the total number of reactive surface sites in the CL.
The integration excludes the contribution from the double-layer
charging/discharging. During the experiment, the reference elec-
trode was subjected to a triangular voltage sweep within a potential
range where the charge transfer is governed by the hydrogen
adsorption/desorption reactions at the active sites. The measured
charge density is then used to calculate the roughness factor
(r.f., cm? cm™2), which represents the active surface area of the cat-
alyst per unit of geometricelectrode area, and the ECSA (cm® mg ™),
defined as the active catalyst surface area per unit mass of
electrocatalyst.

The test was conducted at 100% RH and 30 °C, using the follow-
ing parameters:

» Anode mass flow: 1 NLPM H,,

+ Cathode mass flow: 0.1 NLPM N,

» Temp. anode endplate: 30 °C,

« Temp. anode inlet = Temp. cathode inlet =35 °C, and

« Temp. bipolar plates anode =Temp. Bipolar plates cathode =
30°C.
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2.3.2 | Polarization Curve

Polarization curves were measured at 80 °C and at RH of 35%,
65%, and 100% [53]. The measurements were performed with
H,/air feeds at the anode and cathode, under operating pressures
of 50kPa (anode, relative) and 50 kPa (cathode, relative), using
mass-flow stoichiometries as follows: For current densities above
0.2Acm™2 a fixed stoichiometric ratio was applied; for lower
current densities, a fixed flow rate was maintained, correspond-

ing to the flow at 0.2 Acm™2

2.3.3 | Electrochemical Impedance Spectroscopy (EIS)

The following protocol outlines the method used to measure EIS,
which assesses the kinetics and mass-transport impedance under
operational conditions:

« Anode endplate temperature: 80 °C (cell temperature),

« Anode inlet temperature: 85 °C,

« Cathode inlet temperature: 85 °C,

» Anode inlet pressure: 50 kPa (gauge), and

«+ Cathode inlet pressure: 50 kPa (gauge).
The tests were carried out at three different RH levels: 35%, 65%,
and 100%. The corresponding dew-point temperatures (T_DP) for
the anode and cathode saturators were set as follows to achieve
the desired RH values:

+ 35% RH: T_DP anode =T_DP cathode = 56.1 °C

+ 65% RH: T_DP anode =T_DP cathode =69.7 °C

« 100% RH: T_DP anode =T_DP cathode =80.0 °C.
Between different humidity conditions, the cell was conditioned
for 1h under H,/N, flows (0.45 NLPM/1.1 NLPM, respectively)
prior to testing to ensure proper MEA stabilization. EIS measure-
ments were performed at low and high current densities, specifi-
cally 0.02 and 0.8 Acm™. Gas flows were set to maintain a

stoichiometric ratio of 1.5/2 H,/air at high current density, while

at low current density, the flows were calculated to achieve the

same stoichiometric ratio at 0.2 A cm™2.

The specific mass flows used for EIS measurements were as
follows:

« i=0.02Acm™%
« Anode mass flow = 0.048 NLPM
« Cathode mass flow =0.15 NLPM
« i=0.8A cm™ %
« Anode mass flow =0.19 NLPM

« Cathode mass flow =0.61 NLPM.

The protocol for measuring ion-transport resistance under equi-
librium conditions is detailed here:

« Anode endplate temperature: 80 °C (cell temperature),
« Anode inlet temperature: 85 °C,
« Cathode inlet temperature: 85 °C, and

« No back pressure applied.

The tests were carried out at four different RH levels: 30%, 50%,
90% and 100%. Between different humidity conditions, 1-h period
is waited to allow cell conditioning.

2.3.4 | Limiting Current Measurements

Limiting current measurement is a well-established method for
evaluating mass-transport resistance in PEMFCs. The limiting
current is defined as the maximum current density at which
the oxygen concentration at the cathode electrocatalyst interface
approaches 0, which corresponds to the mass-transport region of
the polarization curve. The corresponding oxygen-transport
resistance can be calculated as follows:

AC AC
RMT= e =4F—
NO l

2
where AC is the concentration difference between oxygen in the
gas channel (Co,gc) and oxygen at the electrocatalyst interface, is
the oxygen flux, and Ryt is the total mass transport resistance.
Under limiting current conditions, the oxygen concentration at
the Pt interface tends to 0, and therefore the total mass transport
resistance can be expressed as follows:

in,d
Co,cc _ 4FZch)12 ryp_pw

Ryt =4F — -
b lim hm  RT

where p is the total cathode pressure, py is the water-vapor par-
tial pressure, and ;(ic')lz’dry is the dry oxygen mole fraction at the
cathode inlet. Ryt represents the combined contribution of mul-
tiple transport resistances within the cell. These can be grouped
into two categories: pressure-dependent resistances, associated
with intermolecular diffusion through the gas channel, GDL
and MPL up to the CL interface; and pressure-independent resis-
tances, associated with Knudsen diffusion and diffusion through
liquid water or the ionomer film at the Pt interface [54, 55] as
schematized in Figure S3.

The tests were performed under the following operating
conditions:

« Cooling temperature: 80 °C,

« Cooling gas flow: 0.5 NLPM,

« Dew-point temperature (T_DP) for anode and cathode:
69.7 °C (corresponding to 65% RH),

» Anode and cathode gas inlet temperatures: 85 °C,
« Anode mass flow: 0.65 NLPM (H,), and
« Cathode mass flow: 2 NLPM (O,/N, mixture).
The limiting current was determined by performing a voltage

scan from 0.3 to 0.1V, with a step of 0.02V and a duration of
2min per step. To remove contributions not related to
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oxygen transport (e.g., current due to hydrogen evolution),
the voltage scan was repeated at three different oxygen concen-
trations: 1%, 2%, and 3%. The limiting current measurements
were then repeated at four different operating pressures:
50, 100, 150, and 200 kPa (gauge). The pressure was set at
the cell inlet and maintained equal for both anode and
cathode [56, 57].

3 | Results and Discussion

3.1 | Results Obtained From the Pt/C-Based Catalyst
Inks Prepared With Ionomer N+125D 251/612

This section presents the results achieved with the polymeric
binder N+125D 251/612, utilizing the ink and electrode prepara-
tion methods described in Section 2.

3.1.1 | Ionomer N+125D 251/612 Preparation

Initial ink development focused on polymer solvation dynamics
in binary water/1-propanol (H,O/1-PrOH) mixtures. Unlike
water—which acts primarily as a dispersing agent—the ampbhi-
philic structure of 1-PrOH promotes localized swelling of
the perfluorinated backbone. This conformational expansion
increases the hydrodynamic radius (R,) and macroviscosity.
Consequently, capillary viscometry and dynamic light scattering
(DLS) were employed to quantify the resulting rheological
profiles and swelling kinetics. In Table 1, the quantities used
to prepare both N+125 formulations and their corresponding
TSC are presented including

« Dispersion of N+125D 251/612 in water with a TSC of 25%,

« N+125D 251/612 formulated with a 50/50 (water/1-propanol)
mixture and a TSC of 5%, and

« N+125D 251/612 formulated with a 25/75 (water/1-propanol)
mixture and a TSC of 5%.

TABLE1 | Materials used in the formulation using N+125D 251/612
and their corresponding TSC.

N+125D 251/
612-formulated
25/75 (water/

N+125D 251/
612-formulated
50/50 (water/

The relative viscosity curves for all samples using N+125D 251/
612 jonomer are reported in Figure 1A.

Viscosity () scales positively with the 1-PrOH volume fraction.
The neat N+125D 251/612 dispersion exhibits the lowest
baseline viscosity and maintains shear-rate-independent
Newtonian behavior. Formulations prepared with 50/50
and 25/75H,0/1-PrOH mass ratios likewise exhibit stable,
Newtonian rheological profiles across the investigated
shear-rate spectrum. This rheological shift confirms solvent-
induced conformational rearrangement and steric swelling
of the PFSA chains upon interaction with 1-PrOH. DLS analy-
ses presented in Figure 1B reveal a progressive increase in the
average hydrodynamic radius (R,) of N+125D aggregates
with increasing alcohol content, corroborating the macrovis-
cosity trends and validating the chain-expansion mechanism.
Concurrently, the PDI (Figure 1C) scales with 1-PrOH concen-
tration, indicating a transition to a highly polydisperse
colloidal state that exceeds the classical monodisperse limit
(PDI < 0.10).

3.1.2 | Ink Formulation Including Ionomer N+125D 251/612

The ionomer dispersions formulated at 50/50 and 25/75 H,O/
1-PrOH mass ratios were utilized to prepare Pt/C electrocatalyst
inks according to the protocol in Section 2.1. The quantitative
compositions and measured total solid contents (TSC) are
detailed in Table 2. To maintain a standardized, uniform 50/
50 H,0O/1-PrOH solvent ratio in the final ink matrix, the second-
ary water addition during the electrocatalyst wetting step was
adjusted, resulting in a higher water mass for the 25/75-derived
formulation. The rheological profiles of the resulting inks were
characterized to elucidate the colloidal interactions between
the electrocatalyst particles and the solvated ionomer phase.
Viscosity curves (Figure 2A) reveal that the Pt/C ink prepared
with the 50/50 precursor dispersion exhibits a marginally higher
shear viscosity than the 25/75 counterpart. This trend reverses
the viscosity behavior observed in the neat ionomer dispersions,
which is attributed to the dilution effect of the substantially
higher water content (an 11-fold increase) added during the elec-
trocatalyst wetting phase of the 25/75 formulation (Table 2).

To better understand this discrepancy, DLS analysis was per-
formed on both inks. The results are presented in Figure 2B,C.
Contrary to the viscosity trend, the DLS results reveal larger
polymer particles for the 25/75 sample compared to the 50/50
sample. This trend aligns more closely with the previous
findings [33].

The stability of both inks using the LUMIsizer and the transmit-
tance profiles of both inks is presented in Figure 2D,E. The ink
prepared with the 50/50 H,O/1-PrOH formulation shows clarifi-
cation at the top of the vial. In contrast, the other ink displays
high transmittance even beyond 120 mm along the vial
Additionally, the transmittance profiles analysis reveals that
both inks do not have a uniform particle distribution, being
a polydisperse system, as confirmed by the DLS analysis
(Figure 2C), with PDI values around 0.20 for both inks.
Clarification rate graphs for both samples exhibit a comparable

Components 1-propanol) 1-propanol)
1-Propanol, g 25.59 38.15
N+125D, g 10.00 10.00
Water, g 18.29 5.39
TSC of the 5.22 5.24
formulated ionomer,
W/ W%
TSC dispersion of 26.94 26.94
N+125D 251/612,
W/ W%
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FIGURE1 | (A) Viscosity curves for both the dispersion and the formulations prepared with N+125D 251/612. (B) and (C) Particle sizes and poly-
dispersity index (PDI) obtained through DLS analysis data of the ionomer N+125D 251/612 formulated with different alcohols content.

TABLE2 | Materials used in the Pt/C catalyst ink containing N+125D
and their corresponding TSC.

Ink (water/1-PrOH Ink (water/1-PrOH
50/50) N+125D 50/50) N+125D
251/612 formulated 251/612 formulated
with 50/50 (water/ with 25/75 (water/

Components 1-PrOH) 1-PrOH)
Ionomer 11.5 11.5
formulated, g

Pt/C, g 2 2
Water, g 0.5 5.46
TSC ink, 16.28 11.76
wW/W%

rate (14.36 vs. 14.86 mm/month), suggesting similar stability
over time (Figure 2F,G).

From these preliminary findings, it can be inferred that solvat-
ing the Aquivion N+125D 251/612 ionomer in alcohol-rich
media promotes macromolecular aggregation, yielding larger
hydrodynamic diameters (Dy) that correlate positively with
the alcohol-to-water ratio. This structural trend translates
directly to the multicomponent Pt/C catalyst inks, wherein
the maximum average hydrodynamic particle size is exhibited
by the formulation utilizing the N+125D 251/612 dispersion
at a 25/75wt% H,0/1-PrOH ratio. Anomalous rheological
behavior, however, was detected in the steady-state shear viscos-
ity profiles. This deviation is hypothesized to stem from varia-
tions in the ink-preparation protocol. Specifically, during the
synthesis of the 25/75H,0/1-PrOH-derived ink (targeting a
nominal 50/50 H,0/1-PrOH final solvent matrix), a significantly
greater volume of deionized water was introduced postelectro-
catalyst prewetting relative to the benchmark 50/50 H,O/
1-PrOH ink. For the latter, the majority of the aqueous phase
was integrated during the initial dispersion formulation, with
only a nominal fraction allocated for electrocatalyst prewetting
(Table 2). This localized dilution effect likely altered the micro-
structural evolution of the ink, disrupting the transient “aging”
(conformational equilibration) of the ionomer in the alcohol-
rich environment. Consequently, the interfacial interactions
and adsorption kinetics between the Pt/C electrocatalyst and
the ionomer during high-shear mixing were perturbed.

Another key distinction lies in the flow behavior of the systems.
While the neat ionomer dispersion exhibits Newtonian flow
(where dynamic viscosity (n) remains independent of the
applied shear rate), both Pt/C-loaded inks display pronounced
non-Newtonian shear-thinning (pseudoplastic) behavior. Due
to the absence of transient, time-dependent rheological testing
(e.g., three-step shear tests or hysteresis loop measurements), a
definitive distinction between pure pseudoplasticity and thixot-
ropy cannot be established.

To mitigate these preparation-induced discrepancies, an opti-
mized Pt/C catalyst ink was synthesized utilizing the N+125D
251/612 dispersion at a 25/75 H,0/1-PrOH ratio. The compound-
ing protocol was modified by normalizing the water addition
sequence to maintain identical solvent-displacement dynamics
in the final composition. Specifically, the water volume introduced
during the carbon prewetting phase was kept congruent with that
of the 50/50 H,O/1-PrOH baseline ink. The precise mass balances
for this modified formulation are cataloged in Table S1. The
newly formulated Pt/C-based ink underwent identical diagnostic
characterization, including rotational rheometry and DLS analy-
sis, as compiled in Figure 3. Figure 3A compares the steady-shear
viscosity profiles of the baseline 50/50 formulation against the
optimized 25/75 ink. Upon modulating the water- addition
sequence for the 25/75 ionomer-based formulation, the ink
exhibited a higher viscosity profile across the investigated
shear-rate range. This rheological shift aligns with the intrinsic
viscosity trends observed for the parent Aquivion dispersions
(cf. Figure 2A).

Figure 3B illustrates the DLS volume-metric size distributions,
which correlate strongly with the steady-shear rheological pro-
files. The colloidal dispersion formulated with the 25/75 H,0/
1-PrOH N+125D 251/612 jonomer displayed a distinct shift
toward larger hydrodynamic diameters (Dy,), corroborating the
hypothesis of enhanced macromolecular swelling and chain
extension in the presence of higher alcohol fractions. Space-
and time-resolved transmittance profiles reveal nonuniform par-
ticle sedimentation, a hallmark of polydisperse colloidal systems.
This is quantitatively substantiated by the DLS PDI values, which
consistently exceeded 0.1—particularly for the ink synthesized
with the 25/75 ionomer formulation. This indicates that an ele-
vated alcohol fraction broadens the particle size distribution,
resulting in a more heterogeneous microstructure (Figure 3C).
Notably, despite its broader polydispersity, the ink prepared with
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FIGURE 2 | (A) Viscosity curves of the ink prepared with N+125D 251/612 formulated with different water/1-propanol ratios. (B) and (C) Particle
sizes and polydispersity index (PDI) of both inks prepared with N+125D 251/612 formulated with alcohols obtained by DLS analysis. (D) and (E)
LUMIsizer analysis of both inks formulated with N+125D 251/612 at a 50/50 water/1-propanol ratio and 25/75. (F) and (G) Clarification rate graph
for the ink prepared with N+125D 251/612 at a 50/50 water/1-propanol ratio and the ink prepared at a 25/75 water/1-propanol ratio.
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FIGURE 3 | (A) Viscosity curves of the ink prepared with N+125D 251/612 at two different water/1-propanol ratios. (B) and (C) Particle sizes and
polydispersity index (PDI) of the ink with N+125D at two different water/1-propanol ratios obtained by DLS analysis.

the 25/75H,0/1-PrOH ratio demonstrated superior colloidal exhibited negligible phase separation, rendering the determi-
stability under accelerated gravitational fields, as evaluated by ana- nation of clarification kinetics mathematically indeterminate
Iytical centrifugation (LUMIsizer, Figure S4). This formulation  due to the absence of a distinct settling front.
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3.2 | Results Obtained for the Pt/C Electrodes
Prepared With N+125D 251/612

To elucidate the correlation between ink physicochemical prop-
erties and the resulting CL microstructures, electrodes were fab-
ricated using the optimized Pt/C formulations. For comparative
clarity, the electrode cast from the 50/50 H,O/1-PrOH ink is des-
ignated as E-1, and the counterpart cast from the adjusted 25/
75H,0/1-PrOH ink is designated as E-2. Surface morphology
and defect density were initially assessed via optical microscopy
at 300x magnification (Figure S5). E-1 exhibits a more heteroge-
neous surface topography characterized by superficial micro-
cracks, whereas E-2 displays a more cohesive and continuous
plane. Notably, neither electrode exhibits deep, penetrating
mud-cracking. This indicates that the localized rheological var-
iations and the elevated 1-propanol fraction did not critically
compromise the wet-film casting or the subsequent solvent-evap-
oration kinetics during the drying phase. The spatial distribution
of the active components was resolved quantitatively using
micro-X-ray fluorescence (p-XRF) spectroscopy (Figure 4), which
illustrates the elemental mapping of platinum (Pt, representing
the electrocatalyst phase) and sulfur (S, representing the sulfonic
acid groups of the Aquivion ionomer) for both E-1 (Figure 4A)
and E-2 (Figure 4B).The Pt map for E-1 (Figure 4A) demonstrates
a highly uniform lateral distribution across the macroscale pro-
jection, yielding an average electrocatalyst loading of 0.291 mg
cm™2 Concurrently, the sulfur mapping confirms that the
ionomer phase achieved homogeneous codispersion within the
electrocatalyst matrix. In contrast, the calcium (Ca) mapping
effectively traces the underlying texture of the PTFE transfer sub-
strate. Consequently, these findings highlight that PTFE is a sub-
optimal decal substrate for CL fabrication; overlay analysis of
the Pt, S, and Ca maps reveals that the substrate’s surface rough-
ness dictates the deposition profile of the ink, with both the ion-
omer and the Pt/C electrocatalyst showing a thermodynamic

(0.233 mg cm™2), based on micro-XRF analysis.

""‘“‘|““““‘|““““||

FIGURE 4 | (A) and (B) Mapping of platinum, sulfur, and calcium,

preference to segregate and accumulate within the topographical
recesses of the PTFE mesh.

For E-2 (Figure 4B), the instrumentally determined average
Pt loading is 0.233 mgcm™2, falling below the nominal target
specification. Furthermore, the lateral distribution of the electro-
catalyst exhibits higher spatial heterogeneity relative to E-1.
Superimposing the Pt, S, and Ca elemental maps reveals pro-
nounced localized domains characterized exclusively by sulfur
signals. This spatial segregation suggests suboptimal interfacial
interaction and binding affinity between the sulfonic acid func-
tionalities (—SO3;H) of the ionomer and the Pt/C electrocatalyst
nanoparticles within this specific CL microstructure. Correlating
these findings, the ink formulated with the 25/75 H,0/1-PrOH
ratio displays superior colloidal stability compared to the 50/
50 analog. Conversely, at the electrode level, the CL derived from
the 50/50 dispersion exhibits superior morphological homogene-
ity and elemental distribution. This discrepancy is attributed
to the elevated low-shear viscosity of the 25/75 formulation,
which increases hydrodynamic resistance during wet-film depo-
sition, potentially inducing shear-induced flow instabilities.
Additionally, the synergistic effects of higher viscosity and a dom-
inant 1-propanol fraction alter the solvent evaporation rate, mod-
ifying the consolidation kinetics and potentially promoting
Marangoni-type phase segregation during drying compared to
the 50/50 benchmark.

4 | High-Oxygen-Permeable Ionomers EIG

In this section, the results obtained using EIG as the polymeric
binder are presented. The procedure used for the preparation of
the ink, the electrode, and the MEA is the same as for the other
polymeric binder investigated in this study.
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and average Pt loading for electrode E-1 (0.291 mgcm™2) and E-2
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TABLE 3 | Materials used in the formulation using EIG and their
corresponding TSC.

EIG-formulated EIG-formulated
50/50 (water/ 25/75 (water/

Components 1-propanol) 1-propanol)
1-Propanol, g 12.13 18.19
N+125D, g 5 5
Water, g 8.40 2.34
TSC of the 5.12 5.17
formulated

ionomer, W/w%

TSC dispersion of 25.53 25.53
EIG, w/w%

4.1 | Results Obtained From the Pt/C-Based
Electrocatalyst Inks Prepared With EIG

To better understand the properties of the EIG polymer, it was
also formulated with 1-propanol, using the same water/alcohol
ratio as for the N+125D 251/612 dispersion. In Table 3, the
weights of all components and the TSC values for both the origi-
nal EIG dispersion and after formulation are reported with the
polymer content was maintained at approximately 5%.

To elucidate the solvation dynamics between the EIG binder
and the binary aqueous-organic media, the steady-state dynamic
viscosity (1) profiles of the pristine EIG dispersion and its
1-propanol-formulated counterparts were evaluated (Figure 5A).
All three systems exhibit strictly Newtonian flow behavior across
the investigated shear-rate range. However, unlike the N+125D
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251/612 dispersion, modulating the 1-propanol concentration
yielded no statistically significant deviation in viscosity. This rhe-
ological insensitivity indicates a considerably lower swelling
ratio for the EIG binder, which can be attributed either to poor
thermodynamic affinity between 1-propanol and the EIG poly-
mer backbone, or to the structurally rigid backbone conforma-
tion of EIG relative to the more flexible N+125D 251/612
macromolecular chains. Because the 25/75 H,0/1-PrOH EIG for-
mulation induced no appreciable viscosity increase, subsequent
investigations focused exclusively on the benchmark EIG system
formulated at a 50/50 wt% H,0/1-PrOH ratio.

Accordingly, Figure 5B,C presents the DLS size distributions and
PDI of the EIG dispersion in its pristine state versus the 50/
50 H,O/1-PrOH formulation. Despite the negligible change in
bulk viscosity, the average hydrodynamic diameter (Dy,) of the
binder aggregates shifted from approximately 120 to 200 nm post-
formulation, confirming a localized polymer-solvation interac-
tion. Nevertheless, this swelling response is remarkably muted
compared to the N+125D 251/612 system, where the hydrody-
namic size doubled from 450 to 900 nm. Consequently, a Pt/C
catalyst ink was prepared using the EIG binder formulated at
the 50/50 H,O/1-PrOH ratio. The corresponding formulation
mass balances and the determined TSC are detailed in Table S2.

The steady-state rheological profile of the EIG-based Pt/C cata-
lyst ink was evaluated and benchmarked against the previously
synthesized formulations (Figure S6). The EIG 50/50 H,O/
1-PrOH and N+125D 25/75H,0/1-PrOH inks display nearly
identical shear-viscosity profiles, whereas the baseline N+125D
251/612 50/50 formulation exhibits a significantly lower viscosity
across the entire shear spectrum. DLS analysis of the EIG-
containing Pt/C ink resolved an average hydrodynamic diameter
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FIGURE 5 | (A) Viscosity curves of the dispersion and of the formulations prepared with EIG. (B) and (C) Particle sizes and polydispersity index
(PDI) of the formulation with EIG obtained by DLS analysis. (D) and (E) LUMIsizer analysis and clarification rate graph of the ink formulated with EIG

at a 50/50 water/1-propanol ratio.
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(D) of 592 = 12nm with a corresponding PDI of 0.2871.
Comparing the colloidal dimensions, the aggregate size in the
EIG ink exceeds that of the N+125D 50/50 formulation
(D ~ 448 nm), which directly correlates with the elevated
low-shear viscosity of the EIG-based system. Conversely, the
EIG-ink particle size is marginally smaller than that of the
N+125D 25/75 counterpart. This subtle spatial divergence man-
ifests at elevated shear rates, where the viscosity curve of the EIG
system drops slightly below that of the N+125D 25/75 bench-
mark due to more pronounced shear-thinning. Accelerated sed-
imentation analysis via analytical centrifugation (LUMIsizer,
Figure 5D) reveals parallel step-transmittance profiles spanning
up to a radial position of 122.5mm in the measurement cell.
This behavior indicates a polydisperse, zone-settling consolida-
tion mechanism. Crucially, the computed clarification velocity
of the EIG formulation is significantly higher than those recorded
for the N+125D-based systems, indicating accelerated phase-sep-
aration kinetics and, consequently, lower overall colloidal stabil-
ity for the EIG-derived ink (Figure 5E).

4.1.1 | Results Obtained for the Pt/C Electrodes Prepared With
N+125D 251/612

A Pt/C CL was fabricated using the EIG binder according to the
established protocol to yield electrode E-3. This sample was sub-
sequently characterized via optical microscopy and p-XRF spec-
troscopy, mirroring the diagnostics applied to E-1 and E-2.
Surface topographies of E-3 at 100 times and 300 times magni-
fications are shown in Figure S7. The micrographs reveal a highly
heterogeneous surface morphology marred by substantial
mechanical defects. These macrodefects consist of microcracks
of varying depths; while some remain restricted to the superficial
boundary layer, others penetrate through the entire CL thick-
ness, allowing back-light transmission. The propagation of such
deep, through-plane mud-cracks is highly detrimental, as they
compromise the mechanical integrity of the CL, accelerate local-
ized delamination, and degrade the ECSA. To mitigate this struc-
tural fragility, the electrode was subjected to a thermomechanical
hot-pressing step under typical MEA lamination parameters
(20 bar, 160 °C, t=5min) to evaluate crack healing. Figure S8
contrasts the optical morphology of the CL pre- and postlamina-
tion. Postpressing, a significant closure of the through-plane
cracks and a major reduction in superficial microcracks are
observed. This plastic deformation confirms that fabrication-
induced macrodefects in the EIG-based CL can be successfully
consolidated, restoring the mechanical continuity required for
stable fuel-cell (FC) operation.

The spatial distribution of the active components and the average
platinum loading of E-3 were resolved quantitatively via p-XRF.
Figure S9 displays the elemental maps for Ca, Pt, and S, alongside
the calculated Pt mass loading. The p-XRF maps demonstrate a
highly uniform lateral distribution of the Pt/C electrocatalyst,
although minor localized microvoids are visible, alongside a
slight gradient of decreasing Pt concentration toward the lower
edge of the electrode. The calculated average platinum loading is
0.323 mg cm™?, which is highly congruent with the nominal tar-
get loading. Crucially, the spatial superposition of the Pt and S
signals shows excellent colocalization, confirming a high thermo-
dynamic affinity and strong interfacial interaction between the
EIG binder and the Pt/C electrocatalyst phase.

5 | Electrochemical Tests and Comparisons

The performance of the MEAs prepared with the electrodes
described in the previous paragraphs is presented. All electro-
chemical tests were conducted according to the protocols
described in Section 2.

Three different MEAs were tested:

« MEA-1 contains E-1 electrodes used as both anode and
cathode.

« MEA-2 contains E-2 electrodes used as both anode and
cathode.

« MEA-3 contains E-1 electrode used and anode and contains
the E-3 electrode, prepared with the EIG binder to provide
lower oxygen resistance and improve oxygen permeability
through the CL, as the cathode.

5.1 | Polarization and Power Curves

The electrochemical polarization (V —j) and power density
(P —j) characteristics of the three MEAs were evaluated under
a gradient of RH operating conditions: 100% RH, 65% RH, and
35% RH.

Figure 6 compares the isothermal (80°C) electrochemical
response of the three MEAs under fully humidified conditions
(100% RH) via polarization curves (Figure 6A) and power-density
profiles (Figure 6B). All cells exhibit typical PEMFC behavior,
where cell potential (V') decreases monotonically with increasing
current density (j) due to cumulative overpotentials. In the
activation-controlled region (j — 0), the MEAs display compara-
ble open-circuit voltages (OCV), indicating similar electrocata-
lytic activity at the triple-phase boundaries. However, as the
galvanic load increases, divergent performance pathways
emerge: MEA-3 maintains the highest cell potential across
the ohmic-dominated regime, indicating minimized internal
resistance and superior protonic conductivity. MEA-1 shows
intermediate performance, while MEA-2 exhibits a more pro-
nounced potential drop, particularly at elevated current densities
(j >1.5Acm™). This divergence is highly pronounced in the
high-current mass-transport-limited regime, where diffusion lim-
itations and concentration overpotentials dominate. MEA-2 is
highly susceptible to these transport limitations, as evidenced
by its steep mass-transport polarization tail. Overall, MEA-3
demonstrates superior performance at 100% RH and 80 °C,
achieving a peak power density (Pp,,) exceeding 0.75 W cm™2
(Figure 6B).

Figure 6C delineates the polarization profiles at a reduced hydra-
tion state of 65% RH. Under these moderately dry conditions, all
three MEAs exhibit highly congruent V' —j behavior across the
low-to-mid current-density ranges. Performance deviations become
resolvable only at high current densities, where MEA-3 shows
a marginal decline, indicative of local oxygen transport resis-
tances or partial mass-transport limitations. Consequently, MEA-2
achieves the highest performance under 65% RH, reaching a
peak power density of 0.72W cm™> (Figure 6D). Nevertheless,
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Comparison of the polarization curves and power curves for all three MEAs investigated at (A) and (B) 80 °C and 100% relative humidity,

(C) and (D) 80°C and 65% relative humidity, and (E) and (F) 80 °C and 35% relative humidity.

the performance margins among all three MEAs are minimal,
demonstrating robust and comparable charge-transport kinetics
under partial humidification.

Figure 6F illustrates the electrochemical performance under dry
operating conditions (35% RH). Under this low-humidity con-
straint, performance discrepancies among the MEAs are highly
amplified. While low-load activation behaviors remain relatively
uniform, the polarization curves diverge sharply under load.
MEA-2 exhibits the highest performance, maintaining superior cell
voltage across the entire current density range. This indicates that
MEA-2 maintains lower ohmic resistance and enhanced hydration
of its ionomer phase under low-humidity conditions. MEA-1 dis-
plays intermediate performance, whereas MEA-3 consistently
records the poorest electrochemical response, exhibiting a severe
voltage drop under high-load regimes. Consequently, MEA-3 yields
the lowest peak power density under these dry conditions, measur-
ing approximately 0.5 W cm ™2 (Figure 6F).

The performance degradation of MEA-3 is primarily attributed to
the structural characteristics of the EIG binder integrated into the
cathode CL. Compared to the N+125D ionomer (790 g eq_l, EW),
the EIG binder possesses a significantly higher EW (1050 geq™,
EW). This elevated EW reduces the volumetric concentration of
sulfonic acid sites, thereby decreasing the polymer’s water uptake
capacity and ionic conductivity (e+), which severely compromises
proton transport kinetics. Consequently, while the EIG binder was
utilized to lower local oxygen mass-transport resistance, it introdu-
ces a severe tradeoff in protonic conductivity, a drawback that is
highly exacerbated under low RH conditions.

52 | CV

The CV profiles (Figure S10A) for MEA-1, MEA-2, and MEA-3
resolve the electrochemical surface area (ECSA) and the corre-
sponding electrocatalytic activity of the respective cathode
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CLs. The ECSA (m?gp,!) was quantitatively determined by inte-
grating the charge associated with the hydrogen underpotential
deposition (Hypq) adsorption/desorption region (0.05-0.40 V vs.
RHE), assuming a charge density constant of 210 pC cm3, for
polycrystalline platinum. These values, alongside the calculated
roughness factor (r.f.) and the cathodic Pt loadings, are summa-
rized in Figure S10B. The r.f. is defined as the ratio of the active
catalyst area to the geometrical surface area of the electrode. A
higher r.f. typically results in increased current density during
electrochemical reactions, as more active sites are available.
For each MEA, the cathode r.f. was calculated by multiplying
the ECSA by the platinum loading.

The calculated electrochemical metrics indicate that MEA-3 and
MEA-1 exhibit the highest Pt-utilization efficiencies, yielding
superior mass-specific ECSAs. Conversely, MEA-2 displays the
lowest ECSA despite its high local Pt loading, indicating a
significant fraction of electrocatalytically inactive or isolated Pt
nanoparticles. Consequently, MEA-3 displays the most active
catalyst-ionomer interface under fully saturated conditions, as evi-
denced by both its distinct Hypq features and quantitative diagnos-
tics. However, despite possessing the highest intrinsic ECSA and
r.f, the overall cell performance of MEA-3 suffers a severe decline
under dry operating conditions. This degradation is driven by dom-
inant ohmic overpotentials arising from elevated proton transport
resistance within the high-EW EIG binder matrix. These results
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demonstrate that when utilizing alternative ionomers like EIG,
optimizing the triple-phase boundary requires a careful tradeoff
between local oxygen permeability and bulk protonic conductivity.

5.3 | EIS Analysis

EIS was utilized to deconvolute the individual contribution of
activation, ohmic, and mass-transport overpotentials to the over-
all FC voltage loss. Measurements were systematically performed
under the same RH regimes (100%, 65%, and 35% RH) at two
diagnostic current densities: a low-load activation/ohmic-domi-
nated regime (0.02Acm™) and a high-load transport-limited
regime (0.8 Acm™>). The resulting Nyquist plots for MEA-1,
MEA-2, and MEA-3 across the investigated operating envelope
are compiled in Figure 7. The high-frequency intercept of the imped-
ance arcs with the real axis (Z”) yields the high-frequency resistance
(HFR, Ropm)- This parameter represents the sum of the electronic
contact resistances and the proton transport resistance of the mem-
brane (Ryem). Because a baseline Nafion membrane of identical
thickness was utilized across all MEAs, the R, values remain vir-
tually congruent under identical humidification levels.

The Nyquist profiles reveal a substantial reduction in the overall
polarization resistance (R;,) when transitioning from low to high
current density. Simultaneously, a distinct change in the spectra
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FIGURE 7 | Nyquist plots for all three MEAs at 0.02 A cm ™ (on the left) and 0.8 A cm™ (on the right) with different relative humidity operations:

(A) and (B) 100% RH, (C) and (D) 65% RH, and (E) and (F) 35% RH.
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topology is observed: (i) At low current density (0.02 A cm™2), the
spectra display a single, broad charge-transfer loop, typical of a
system dominated by the ORR activation kinetics (R.) at the
cathode and (ii) at high current density (0.8 A cm™2), the imped-
ance spectra resolve into two distinct, overlapping capacitive
loops. This high-load bimodal topology arises from the coupled
contributions of charge-transfer kinetics (R.,) in the high-to-mid
frequency domain, and gas-phase or ionomeric mass-transport
resistance (Ry,) in the low-frequency domain. The individual
arc diameters quantify the magnitude of these discrete transport
resistances.

Under fully humidified conditions (100% RH) at low current
density (Figure 7A), MEA-2 exhibits a marginally smaller capac-
itive loop diameter compared to MEA-1 and MEA-3, indicating
reduced activation resistance. Under these conditions, MEA-1
displays the largest arc diameter, correlating to the highest over-
all kinetic resistance. At high current density (Figure 7B), the
total impedance arc collapses significantly for all samples, con-
firming a sharp reduction in R, due to enhanced electrochemical
reaction rates. The variations among the three MEAs become
highly muted under high-load saturated conditions, yielding
comparable total polarization values. This convergence suggests
that under maximum load at 100% RH, the dominant perfor-
mance constraints shift from activation kinetics to bulk proton
conduction and localized mass-transport limitations, which
remain comparable across the three MEAs.

Under subsaturated conditions (<65% RH) and low current den-
sities (J), MEA-1 exhibits a marginally smaller high-to-medium
frequency capacitive loop (Nyquist arc) compared to MEA-2 and
MEA-3. This indicates reduced charge-transfer (R.;) and local
mass-transport (Ry,,) resistances under kinetically controlled
conditions (Figure 7C). Notably, MEA-3 begins displaying a
depressed, distorted capacitive loop under these conditions, a fea-
ture that becomes highly pronounced at lower RH. At high cur-
rent density (J=0.8 Acm™2), the Nyquist plots of all MEAs
converge, indicating that the systems operate in a regime domi-
nated by bulk ohmic and oxygen-transport limitations. However,
MEA-3 still presents a slightly elevated R, (Figure 7D). A unique
impedance response is observed for MEA-3 at low current density
under 35% RH (Figure 7E,F), where the high-frequency Nyquist
arc shape deviates significantly from the other samples. Under
these severely dehydrated conditions, the protonic conductivity
of both the membrane and the CL ionomer is drastically
reduced, making the ORR charge-transfer kinetics at the
cathode as the rate-determining process. The expanded high-
frequency arc diameter of MEA-3 indicates that its specific
electrode morphology and hydration state induce a severe
charge-transfer resistance, limiting performance at low J. This
diagnostic behavior correlates directly with the poor in situ
polarization performance observed for this MEA under identical
operating conditions (Figure 6E). At higher loads, the capacitive
arcs of all MEAs contract significantly—a classic manifestation
of decreased activation impedance under high overpotentials.
While the performance gap narrows, MEA-1 and MEA-2 main-
tain a smaller overall impedance envelope compared to MEA-3,
confirming superior charge and mass transport kinetics under
high load.

TABLE 4 | Proton-transport resistance (R;) at each relative humidity
condition for each MEA.

RH 30% 50% 90% 100%
Ionomer resistance Ohm cm 2

MEA 1 0.667 0.207 0.033 0.017
MEA 2 0.403 0.14 0.019 0
MEA 3 4.467 0.857 0.185 0.125

To quantify local transport losses, the proton-transport resis-
tance within the CL R, ¢ was evaluated and summarized in
Table 4.

The data reveal that the MEA utilizing the EIG binder (MEA-3)
exhibits a significantly higher Rcp, particularly under low
humidity (35% RH). This aligns with the polarization curves
(Figure 6E), where MEA-3 displayed severe performance decay.
The diminished protonic conductivity of EIG is attributed to its
high EW relative to the benchmark N+125D ionomer. A higher
EW corresponds to a lower ion exchange capacity (IEC), which
restricts proton-hopping pathways. Conversely, MEA-2 demon-
strated the lowest overall Rcy. Future work will go in the direc-
tion of optimization strategies for synthesizing lower-EW EIG
polymers or formulating binary EIG/N+125D ionomer blends
to synergize their respective physical stability and electrochemi-
cal transport properties.

5.4 | Limiting Current Measurements

Limiting current measurements can be used to evaluate oxygen
mass-transport resistance (R, ). It is interesting to note that the
MEA-1 shows an average R, of 0.28 £0.03 s cm™" (electrocatalyst
loading 0.22+0.02mgcm™2), MEA-2 has the highest average
Rp, value at 0.39+0.08s cm™' (electrocatalyst loading 0.27 +
0.02 mg cm™2), and MEA-3 achieves the lowest average Ry, value
at 0.21 +0.01 scm ™2 (electrocatalyst loading 0.33 % 0.02 mg cm™>).
These findings are particularly noteworthy as they confirm the
advantageous role of the EIG binder in reducing oxygen resistance,
thereby enhancing oxygen transport to the cathode electrocatalyst
sites. Furthermore, it is important to highlight that cathode loading
seems to have no impact on oxygen resistance, indicating that this
may be influenced by the ionomer properties used as a binder in
the electrode. Overall, the presence of EIG improves the efficiency
of the ORR, a vital process in PEMFC operation. This enhancement
helps minimize energy losses and can potentially extend the
PEMFC operational lifespan.

5.5 | Polarization End of Life

To evaluate the electrochemical stability of the fabricated
MEAs, postdiagnostic polarization curves were recorded at 80 °C
following the impedance spectroscopy protocol. These end-of-life
(EOL) polarization profiles were evaluated under fully humidified
(100% RH), partially humidified (65% RH), and dehydrated (35%
RH) conditions (Figure 8).
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5.5.1 | Fully Humidified Conditions (100% RH)

Under fully saturated conditions (Figure 8A), the MEA-3 (utilizing
the EIG cathode binder) demonstrated superior electrochemical
stability at EOL compared to the other samples, achieving a peak
power density (Ppay) of 0.7Wcm™ (Figure 8B). This indicates
that the EIG binder successfully mitigates typical CL degradation
mechanisms (e.g., carbon corrosion, ionomer washout, or platinum
nanoparticle migration), preserving the active catalyst-ionomer
interface. Particularly, MEA-1 displays intermediate EOL perfor-
mance, with operational cell voltages (E.) consistently lower than
MEA-3 but higher than MEA-2 across the entire current density (J)
range. MEA-2 exhibits the most severe performance decay, particu-
larly in the high-current-density region (J > 1.0 A cm™2). This indi-
catessubstantial degradation of its electrode structure, likely driven
by severe mass-transport limitations and increased ohmic losses.

The divergence of the polarization curves at elevated current den-
sities highlights how AST-induced degradation differentially
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impacts the mass transport and ohmic resistance of each
MEA. The enhanced EOL E.; of MEA-3 under high-load con-
ditions confirms its structural robustness, making it a highly via-
ble candidate for heavy-duty applications where durability is
paramount.

5.5.2 | Partially Humidified Conditions (65% RH)

Under subsaturated conditions (Figure 8C), the performance gap
between the MEAs widens as a function of current density. In
fact, MEA-3 consistently delivers the highest E..y; across all cur-
rent densities, demonstrating superior retention of both ECSA
and proton conductivity under moderate dehydration. In paral-
lel, MEA-1 exhibits intermediate durability, with polarization
curves tracking slightly below MEA-3. MEA-2 suffers severe deg-
radation, characterized by a sharp voltage drop at high J. This is
indicative of accelerated aging, potentially due to severe ionomer
degradation or collapse of the CL pore structure, which exacer-
bates oxygen transport resistance.
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FIGURES8 | Comparison of the polarization curves and power curves for all three MEAs investigated at (A) and (B) 80 °C and 100% relative humidity,
(C) and (D) 80°C and 65% relative humidity, and (E) and (F) 80 °C and 35% relative humidity at the end of their life (EOL).
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5.5.3 | Dehydrated Conditions (35% RH)

Under severe low-humidity conditions (Figure 8E), the EOL polar-
ization curve of MEA-2 is omitted due to important performance
loss. A direct comparison between MEA-1 and MEA-3 reveals dis-
tinct operating regimes. In the activation regime (low J), MEA-3
exhibits a slightly higher E.; compared to MEA-1, indicating supe-
rior kinetic retention of the ORR activessites in the EIG-based CL.In
the ohmic/mass-transport regime (high J), a distinct crossover
occurs. At high load, MEA-1 outperforms MEA-3, which experien-
ces a more pronounced mass transport/ohmic polarization drop.
Thisisalsoreflected in the EOL power-density profiles (Figure 8F).

This behavior suggests that while the EIG binder in MEA-3 pro-
vides superior kinetic protection, it remains susceptible to localized
proton-transport resistance or liquid-water management issues
under demanding, dry operating conditions. Nonetheless, both
MEAs exhibit comparable overall durability profiles under these
extreme testing parameters.

6 | Conclusions

This research provides a comprehensive analysis of the electro-
chemical performance of various MEA configurations, each
developed using different ionomers and electrode preparation
methods. Specifically, two polymers were examined: a SSC ionomer
(N+125D, EW =790) and a HOPI (EIG, EW = 1050) as binder into
a Pt/C electrode. The goal was to optimize the CL microstructure
and enhance overall electrochemical performance.

Two electrodes containing N+125D were prepared using differ-
ent methods: one with a water/alcohol ratio of 50:50 and the
other with a ratio of 25:75. The preparation process for the
25:75 composition required further optimization. In contrast,
due to the properties of EIG, the electrode was prepared using
only a water/alcohol ratio of 50:50. All three inks were used
in preparing electrodes E-1 and E-2, which are based on the
N+125D ionomer and formulated with 1-propanol at water/1-
propanol ratios of 50:50 and 25:75, respectively. Electrode E-3
was prepared using EIG.

All electrodes were used to prepare three MEAs: one based
entirely on E-1, another on E-2, and a third with E-3 as the cath-
ode and E-1 as the anode. In each MEA, an Aquivion-reinforced
membrane (EW 720) was used as the electrolyte.

The results clearly demonstrate that MEA-3 is the most promis-
ing configuration among those evaluated. It offers both high ini-
tial performance and excellent EOL stability, with significantly
lower oxygen resistance than the other MEAs. The optimized
structure of the EIG ionomer in MEA-3 improves reactant trans-
port to the catalytic sites and minimizes diffusional losses, result-
ing in greater overall FC efficiency and polarization curves with
superior performance. Even at EOL, MEA-3 preserved much of
its initial performance, exhibiting only a moderate voltage drop
and strong resistance to degradation.

In comparison, MEA-1 showed intermediate performance, while
MEA-2, despite a competitive start, experienced more severe

degradation, likely due to higher impedance and less efficient
catalyst utilization. MEA-3 had the highest ECSA and roughness
factor, indicating more accessible catalytic sites and better plati-
num utilization. In contrast, MEA-2 had the lowest ECSA,
reflecting limited intrinsic catalytic activity.

It is important to note, however, that MEA-3 was more sensitive
to humidity. While it performed exceptionally well under high
RH, its performance declined significantly under dry conditions.
This is mainly due to the lower water-retention capacity of the
EIG ionomer compared to N+125D, which can be explained by
its higher EW of 1050 vs. 790 for N+125D.

The findings of this study demonstrate that incorporating EIG
into electrode fabrication can significantly improve electrochem-
ical performance compared to conventional SSC polymers. These
enhancements are mainly due to increased oxygen transport
within the CL, which supports more efficient ORRs and overall
FC performance.
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