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Abstract
Leveraging the interactions between ionomer and catalyst can increase the per-
formance of proton exchangemembrane fuel cells. The impacts of the equivalent
weight (EW) of perfluorosulfonic acid–based ionomers on the platinum group
metal-free electrode structure and fuel cell performance have not been fully
explored. Fourmembrane electrode assemblies (MEAs)were prepared by using a
commercial Fe–N–C catalyst, two perfluorosulfonic acid ionomerswith different
EWs, that is, Aquivion 720 (A720) and Nafion 1100 (N1100), and two ionomer-to-
catalyst (I/C) ratios. The fourMEAswere characterized to understand the impact
of the ionomer EW and content on the capacitance, proton conductivity, and
mass transport on the cathode. The mass transport resistance was measured for
the first time using a new oxygen reduction reaction limiting current method
enabling to couple the effects of oxygen diffusion with liquid water generation.
Low EW ionomer combined with a moderate I/C results in improved perfor-
mance due to its enhanced proton conductivity. However, when used at high I/C,
it can cause severewater flooding at high current density due to the enhanced liq-
uid water uptake, especially at high relative humidity, resulting in lower catalyst
utilization and higher mass transport resistance.
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1 INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are
efficient devices for converting the chemical energy in
hydrogen to electricity via the electrocatalytic oxidation of
hydrogen and reduction of oxygen, with only water and
heat as the byproducts.1–3 As commercially demonstrated
since 2015,4 PEMFCs are viable power sources for elec-
tric vehicles with performances comparable to traditional
internal combustion engines. However, the performance
and efficiency of PEMFCs are still limited by the sluggish
kinetics of the cathodic oxygen reduction reaction (ORR),
where multiple proton- and electron-transfer processes
occur at the gas–liquid–solid interface, thus requiring
effective electrocatalysts.5,6 State-of-the-art ORR catalysts
use Pt and its alloys (e.g., PtCo, PtNi),7 contributing amajor
portion of the overall PEMFC stack cost and generating
a hurdle to widespread implementation for applications
such as light-duty vehicles.8 Therefore, Pt group metal
(PGM)-free catalysts using earth-abundant elements are
of great interest to improve the cost competitiveness of
PEMFCs, with recent advances in ORR activity, fuel cell
performance, and most notably, durability of these materi-
als, bringing them closer to viability as replacements for
Pt-based cathode catalysts.9–11 Among the studied PGM-
free catalysts, transition metal/nitrogen-doped carbons
(M–N–C) represent the state-of-the-art due to their high
intrinsic activity, high atomic utilization efficiency, and
high electronic conductivity.12 Ever since the very first M–
N–C catalyst developed by Jasinski in 1964,13 this approach
has attracted the attention of many research groups.14–17
The development of M–N–C catalysts has advanced to
the stage where PEMFCs based on these catalysts with
reproducible and stable performance are commercially
available.8,18,19
With decades of efforts on material exploration and

electrode fabrication, it became clear that the electrode
structure design can play a crucial role in the perfor-
mance of PEMFCs with PGM-free cathode catalysts. The
electrode structure dictates the interactions between the
ionomer and catalyst particles. The resulting active site
accessibility to both H+ and O2 dictates in large part the
performance at high current densities necessary for prac-
tical applications.20 Electrode structure optimization is
more critical for PGM-free electrodes than for PGM-based
electrodes because the lower ORR activity of PGM-free
catalysts necessitates much higher loadings to achieve rea-
sonable performances, resulting in ca. 10 times thicker
catalyst layers (CLs).21–23
Limited yet insightful studies have optimized the

catalyst–ionomer ink deposition approach,24 the catalyst
loading,25,26 the ink dispersing methodology,27 the ink

solvent composition,28 and the ionomer-to-catalyst ratio
(I/C).29,30 The impact of the ionomer equivalent weight
(EW) on the performance of a PEMFC was only inves-
tigated with one PGM-free catalyst.31 However, the EW
impact on the electrode structure, such as morphology,
ionomer coverage, capacitance, proton conductivity, and
mass transfer resistance, has not been studied in detail.
Although conventional Nafion ionomers with long side
chains have typically been adopted in PEMFCs, they show
the limitation of low proton conductivity at low rela-
tive humidity (RH), inspiring the development of low
EW ionomers with higher levels of crystallinity, thermal
resistance, and volumetric density of proton-conducting
groups.32 The ionomer EW is defined as the weight of
the dry polymer per ionic group capable of transporting
protons (i.e., −SO3

−). In a perfluorosulfonic acid (PFSA)-
based ionomer, EW dictates properties, such as proton-
exchange capacity, spatial volume, andwater uptake.33 The
properties of PFSA are governed not only by the back-
bone and side chain lengths but also by their chemistry.34
Therefore, during PEMFC operation, one would expect
that ionomers with different EWswill show different inter-
actions with catalyst surfaces and behave differently when
exposed to water. This will result in different electrode
properties, influencing the PEMFC performance.
Low EW ionomers have attracted great attention due

to their shorter H+ transfer pathway, enabling higher
proton conductivity than their higher EW counterparts,
as showcased by previous studies of PGM-based PEMFC
electrodes.35–37 Even though a strong dependence of the
performance on the ionomer EW was not observed in
these studies of thin PGM CLs, the ionomer properties
are expected to have a greater impact on the perfor-
mance of thick PGM-free electrodes, calling for further
investigation.
Several methods have been established to determine the

gas-phase mass transport resistance in a PEMFC CL.38–40
Our group recently developed a hydrogen oxidation reac-
tion (HOR) limiting current method using a Pt black layer
as an integrated sensor to measure the gas mass transport
resistance in PGM-free electrodes.30,41 In this approach,H2
molecules diffuse through the gas diffusion layer (GDL)
and the PGM-free CL (which is electrocatalytically inert
to the HOR) to reach the Pt black sensor (PtBS), where
they are oxidized. However, the HOR does not generate
liquid water, and thus, this sensor configuration does not
resemble the actual PEMFC cathode conditions during
operation. To address this limitation, in thisworkwe devel-
oped an upgraded method to measure the gas transport
resistance in the presence of generated liquid water, which
is useful for considering the effect of liquid water on the
ionomer and on the CL transport properties.

 26924552, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.106 by N

ational R
enew

able E
nergy L

ab, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



74 WANG et al.

Herein, we prepared four different membrane electrode
assemblies (MEAs) using a commercial PGM-free Fe–N–C
catalyst (from Pajarito Powder LLC) with two different I/C
ratios (0.54 and 1.00) and two ionomers with different EW,
Aquivion (EW= 720), and Nafion (EW= 1100). TheMEAs
were characterized electrochemically in a differential cell
to examine their polarization behavior, double-layer capac-
itance, proton-transport resistance, and gas-phase mass
transport resistance.We applied our newly developedORR
limiting current method to study O2 diffusion through
the CL in the presence of liquid water generated by the
ORR. This new ORR limiting current method was com-
paredwith the previousHOR limiting currentmethod. The
results indicate that ionomer EW and ionomer content in
the CL are key factors affecting PEMFCperformance. High
density of exchangeable protons and low proton transport
resistance are both critical for performance improvement
at low current density (kinetic control region of the
polarization curve), whereas the effect of the gas trans-
port resistance in the electrode, highly influenced by the
ionomer liquid water uptake, is dominant at high current
density, where the gas diffusion becomes a limiting factor.

2 RESULTS AND DISCUSSION

2.1 Electrode morphology and ionomer
distribution within the CCL

To study the impact of the ionomer EW and the ionomer
content on the PEMFC performance, two PFSA ionomers
with different EWs (A720 and N1100) were used with two
I/C ratios (0.54 and 1.00) to prepare the PGM-free catalyst
ink (Table S1). The backbone and side chain structure dif-
ferences between A720 and N1100 are illustrated in Figure
S1. Compared to A720, N1100 is a larger molecule with 2.2
more tetrafluoroethylene repeatable units in the backbone
(per side chain) and an additional (CF2CFCF3) group in
the side chain, and therefore fewer exchangeable protons
at a given I/C ratio based on the definition of EW (Equa-
tion S1). The numbers of exchangeable protons in the four
MEAs were calculated based on Equation (S2). The num-
ber was the largest for MEA3 (2.78 × 10−5 mol), similar
for MEA4 (1.82 × 10−5 mol) and MEA1 (1.50 × 10−5 mol),
and the smallest for MEA2 (0.98 × 10−5 mol) as listed
in Table S3. The different exchangeable proton values are
expected to result in different electrode properties under
the operating conditions examined.
In addition to the exchangeable proton number, dif-

ferent ionomer EW and contents gave rise to different
electrode structures as visualized by the cross-sectional
SEM images (Figure 1B–E). For the electrodes using the
same ionomer EW, increasing the I/C ratio from 0.54 to

1.00 leads to greater catalyst aggregates in both size and
quantity. Because the ionomer–catalyst interface plays a
crucial role in PEMFC performance, F mapping was first
carried out at low magnification (5000×) to showcase the
ionomer distribution in the CL as shown in Figure 2A, and
the resulting F coverage was averaged from three maps for
each of the MEAs studied, as summarized in Figure 2B.
MEA1 and MEA3 have higher F coverage than the other
two MEAs, suggesting that the A720 ionomer distributes
more homogeneously compared to N1100.
To obtain insights into the ionomer distribution and

the resulting aggregates, rheology experiments were per-
formed on the PGM-free inks with various I/C ratios. The
steady-shear rheology results are presented in Figure 2C,D.
Without the ionomer (I/C = 0), strong shear thinning was
visible, which served as an indication of significant parti-
cle agglomeration due to strong van der Waals attraction
between the particles. The breakup of the agglomerated
structure results in the strong shear thinning response.
When the I/C ratio was increased to 0.25, A720 shows
Newtonian behavior indicating a significant reduction in
agglomeration due to the stabilization of the particles
by the ionomer, commonly via a combination of steric
hindrance and electrostatic repulsion mechanisms. This
observation is consistent with our previous study on PGM-
free inks.43 However, N1100, though reduced compared
to 0 I/C, still shear thins at 0.25 I/C, suggesting the exis-
tence of some agglomerates (or only partial stabilization of
the particles by the ionomer) but approaches Newtonian
behavior at a higher I/C of 0.54 suggesting the complete
stabilization of the inks. Further increase in I/C, beyond
0.25 and 0.54 for A720 and N1100 inks, respectively, leads
to a weak increase in the ink viscosity, suggesting the pres-
ence of free/excess ionomer in the bulk that contributes
to an increase in their viscosity. Although the differences
between A720 and N1100 at I/C ratios of 0.54 and 1.00
becomeminimal, A720 is slightlymore viscous thanN1100.
This suggest more excess/unbounded A720 molecules in
the bulk ink compared to N1100 because a lower amount
of this ionomer is required to completely stabilize the
particles than N1100. Overall, the low EW ionomer stabi-
lizes the agglomerates more effectively due to the higher
charge that provides more electrostatic stabilization to the
particles. The comparison of their viscoelasticity, charac-
terized through oscillatory shear rheology measurements
(amplitude sweep) at low I/Cs (provided in the Supporting
Information section), is also consistent with these steady-
shear rheology observations further supporting that the
low EWAQ720 ionomer stabilizes the agglomerated struc-
ture more effectively compared to the high EW N1100
ionomer.
The USAXS–SAXS data provide the average structural

features of the electrode over a wide range of length scales
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WANG et al. 75

F IGURE 1 (A) Scheme of the membrane electrode assembly (MEA) fabrication process. Cross-sectional SEM images for the cathode
catalyst layer (CCL) of (B) MEA1, (C) MEA2, (D) MEA3, and (E) MEA4

from nanometers to several microns, representing the pri-
mary catalyst particle size, the catalyst aggregate size,
and the catalyst agglomerate size as well as the ionomer
agglomerate size. The USAXS–SAXS profiles plotted as
scattered intensity (I(q)) versus scattering vector (q) for
the four MEAs are shown in Figure 2E. The data for the
different samples have been offset on the y-axis for the bet-
ter visualization of the separate curves. Notable features
of the scattering profiles are the scattering peak in the
0.008–0.1 Å−1 q region for all four electrodes and a slight
scattering peak in the 0.0003–0.007 Å−1 q region forMEA3
that is absent for the other three electrodes. Figure 2F
shows the particle volume distributions determined by
fitting the X-ray scattering curves using the Modeling II
routine of Irena. These distributions show that the distri-
bution of particles for the four electrodes is nearly identical
in the 3–15 nm range but differs in the >15 nm range.
The particles in the 3–15 nm range can likely be attributed
to either Fe particle embedded in the catalyst, seen as
bright spots in the HAADF images. The particles in the 15–
20 nm region of the distribution are likely primary carbon
particles, and the particles >15 nm are carbon aggregates
and agglomerates. Specifically, the MEA3 electrode has a
much larger fraction of particles with a mean diameter
of ∼100 nm. This is in agreement with the SEM data in
Figure 1 andTEMEDSdata of Figure 2 showing thatMEA3
has very large aggregates of carbon compared to the other

three samples. The radius of gyration (Rg) of the primary
catalyst particles detected byUSAXS–SAXSmeasurements
is reported in Table S2, showing a larger radius for the
MEAs with a higher I/C ratio and higher EW ionomer.

2.2 PEMFC polarization curves

The H2/air polarization curves for the four different MEAs
were measured at different RHs (100%, 75%, and 50%)
to understand the ionomer EW impact on the PEMFC
performance. The results are shown in Figure 3A–C,
where the error bars refer to three independent experi-
ments (MEA fabrication and polarization curve measure-
ment) to illustrate the reproducibility. A typical polar-
ization curve can be divided into two main regions: the
kinetically-controlled region at low current and the mass
transport-controlled region at high current. Figure 3D
summarizes the current densities measured at 100% RH
at 0.80 and 0.50 V, to represent these two regions, respec-
tively. At 0.80 V, under all the RH conditions examined,
MEA3 shows thehighest current density,MEA1 andMEA4
show similar values, and MEA2 shows the lowest current
density. At 0.50 V at low RHs (75% and 50%), MEA3 still
showed the highest current density, and MEA2 showed
the lowest. For the other two MEAs, it is worth noting
that although MEA4 has a larger number of exchange-
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76 WANG et al.

F IGURE 2 (A) F mapping of the four membrane electrode assemblies (MEAs) with the areas chosen from the middle of the catalyst
layer (CL) (scale bar: 4 μm); (B) fraction of image area in (A) as a function of fluorine atomic content showing the ionomer coverage; (C)
steady-shear viscosity as a function of shear rate to compare different ink compositions; (D) comparison of low-shear viscosity between A720
and N1100 at various ionomer-to-catalyst (I/C) ratios; (E) ultrasmall-angle X-ray scattering–small-angle X-ray scattering (USAXS–SAXS)
profiles for cathode electrodes in different equivalent weights (EWs) and ionomer loadings plotted on log–log scales; (F) particle volume
distributions derived from fitting the USAXS–SAXS profiles

able protons, it underperformed MEA1. At 0.50 V and
100% RH, MEA3 performed the worst, most likely due to
severe water flooding, as indicated by the sharp decrease
in voltage in the polarization curve, whereas the other

three MEAs kept the same trend. This suggests that the
electrode structure is more impactful in the diffusion-
controlled region. In fact, at high current densities, MEAs
1 and 2 show the best performances, because they have
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WANG et al. 77

F IGURE 3 H2/air polarization curves measured at 80◦C and 100 kPa gas partial pressure for membrane electrode assemblies (MEAs)
fabricated with different ionomer-to-catalyst (I/C) ratios and ionomer equivalent weights (EWs) under (A) 100% relative humidity (RH), (B)
75% RH, and (C) 50% RH; (D) comparison between the current density measured at 100% RH at 0.80 and 0.50 V for the different MEAs

a lower ionomer content, enabling better O2 diffusion
within the CL.30 because PEMFCs are typically operated
at high RH or near saturation,51 a low EW ionomer with
a moderate I/C ratio seems to be the best choice to obtain
the highest current densities from this PGM-free catalyst.
Similar results were also observed in the H2/O2 polar-
ization curves, as shown in Figure 4. The results show
consistency with a previously reported study for Pt/C
catalysts, that is, the incorporation of an ionomer with
short side chain improved PEMFC performance particu-
larly at low RH.52 Low EW ionomers provide a higher
number of exchangeable protons, enabling higher current
densities in the kinetic-controlled region. At high cur-
rent density (diffusion-controlled region), a considerably
larger amount of water is generated, causing high mass
transfer losses, especially at high RH, as in the case of
MEA3. On the other hand, MEA2 with the lowest num-
ber of exchangeable protons performed the worst at low
RH. However, the exchangeable proton number shows a
reverse trend with current density between MEA1 and
MEA4, suggesting that there are other factors impacting

the performance, which will be discussed in the following
sections.

2.3 Capacitance and proton transfer
resistance

Ionomers with different EW values may also impact the
electrode capacitance because they represent the inter-
actions between the ionic groups of the PFSA and the
accessible catalyst surface. Cyclic voltammetry was mea-
sured in H2/N2 (anode/cathode gases), where no Faradic
processes occurred. The voltammograms under different
RHs for each of the studied MEAs are shown in Figure
S3, and the comparisons at 100% and 75% RH are shown
in Figure 5A,B, respectively. The quasi-rectangular shape
of the voltammograms demonstrates characteristic capac-
itive behavior due to the electrical double-layer charge
and discharge for all the MEAs. The redox peaks appear-
ing within the potential range of 0.75–0.80 V are assigned
to the Fe3+/Fe2+ redox couple from atomically dispersed

 26924552, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sus2.106 by N

ational R
enew

able E
nergy L

ab, W
iley O

nline L
ibrary on [28/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



78 WANG et al.

F IGURE 4 H2/O2 polarization curves measured at 80◦C for membrane electrode assemblies (MEAs) fabricated with different
ionomer-to-catalyst (I/C) ratios and ionomer equivalent weights (EWs) under (A) 100% relative humidity (RH), (B) 75% RH, and (C) 50% RH;
(D) comparison between the current density measured at 100% RH at 0.80 and 0.50 V for each MEA

Fe–Nx sites.53,54 The capacitance is proportional to the inte-
grated area of the voltammogram (see Equation S3); the
calculated capacitance values are listed in Table S3. Under
all RH conditions, the capacitance followed the trend of
MEA3 > MEA1 > MEA4 > MEA2, in good agreement
with the kinetic current density trend in the polarization
curves. This indicates that at a given I/C ratio, a low EW
ionomer (providing more exchangeable protons) enables
a higher electrochemically active surface area (ECSA) due
to better interaction between the catalyst surface and the
electrolyte. This observation also agrees well with the rhe-
ology and SAXS/USAXS results, confirming that the A720
ionomer had a better interaction with the catalyst surface,
presumably due to the higher number of exchangeable
protons per unit area of catalyst surface than the N1100
ionomer. Additionally, by comparing MEAs with the same
ionomer, increasing the I/C ratio also results in an increase
in ECSA. Figure 5C shows the normalized capacitance
(CN) as a function of RH. CN represents the capacitance at
a given RH divided by the capacitance at 100% RH. For the
electrodes fabricated with A720, increasing the I/C from

0.54 to 1.00 significantly increased the CN at all RH val-
ues, indicating that introducing more proton-conducting
groups into the CL resulted in less of a dependence capac-
itance on RH. However, for the electrodes with N1100,
increasing the I/C ratio did not necessarily result in a CN
increase, demonstrating that an excess of N1100 ionomer
leads to ionomer agglomerate between the catalyst parti-
cles, rather than uniform coverage of the catalyst surface.
This is confirmed by the uneven ionomer distribution
in MEA4 observed from the microscopy and F-mapping
images.
To understand the impact of the ionomer EW and I/C

ratio on the proton transfer resistance within the CL, EIS
was performed in H2/N2 at various RHs, and the resulting
Nyquist plots for each MEA are shown in Figure S4. Parts
(D) and (E) of Figure 5 show the comparison of the MEAs
at 100% and 75% RH, respectively. The effective proton
transfer resistance (𝑅H+

ef f
) in the CLs was calculated from

fitting the EIS data with a transmission line model consid-
ering planar and spherical diffusion.55 The software used
for the fitting is the Open Source Impedance Fitter (OSIF
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WANG et al. 79

F IGURE 5 Cyclic voltammograms of the cathode catalyst layers (CCLs) of the four membrane electrode assemblies (MEAs) at (A) 100%
relative humidity (RH) and (B) 75% RH, and (C) comparison of the normalized capacitance as a function of RH. Nyquist plots of the H2/N2

electrochemical impedance spectroscopy of the CCLs at (D) 100% RH and (E) 75% RH, and (F) comparison of the proton-transfer resistance of
the CCLs of the four MEAs at different RHs

v2.0).56 The equivalent circuit used for the fitting is a trans-
mission line circuit model modified with the equations
of cylindrical and spherical diffusions.30,57 The calculated
proton transfer resistance comparison at 100% and 75% RH
is summarized in Figure 5F. A good match between the
experimental and fitted data is shown in Figure S4. At
a given RH, all MEAs showed a similar intercept value
with the real axis (e.g., ca. 60 mΩ cm2 at 100% RH). This

value is defined as the HFR and represents the sum of
the electronic resistance of the electrodes, cables, and cell
hardware (current collectors, bipolar plates) plus the ionic
resistance of the membrane. The reproducibility of the
HFR value across all the MEAs tests indicates that our
MEA fabrication and testing procedure is reproducible
and does not cause shorting or interfacial contact issues.
At 100% RH, MEA3 (the one with the highest number
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80 WANG et al.

F IGURE 6 (A) Nano-CT segmented phase contrast images and ionomer distribution images (green represents ionomer; blue represents
catalyst wall) for the cathode catalyst layer (CCL) of MEA1 and MEA4; (B) pore diameter distribution of the CCLs of MEA1 and MEA4

of exchangeable protons) shows the smallest 𝑅H+

ef f
value.

MEA1 showed a slightly lower 𝑅H+

ef f
than MEA2 because

A720 has a shorter backbone and side chain than N1100
(Figure S1) and consequently provides a shorter protonic
transfer pathway within the electrode. However, at 75%
RH, MEA2, having a more compact electrode structure
than MEA 1 (see Figure 1B,C), showed a lower 𝑅H+

ef f
due

to a less tortuous H+ conduction path. Among all the
MEAs, MEA4 showed the largest 𝑅H+

ef f
, regardless of RH.

In comparison with MEA2, increasing the I/C from 0.54
to 1.00 did not facilitate proton transfer. The relatively low
capacitance and high proton transfer resistance of MEA4
might be the consequence of its electrode structure with
low ionomer coverage between large carbon aggregates, as
observed fromHAADFandF-mapping images (Figure S2).

2.4 Nano-CT characterization

To understand why MEA4 showed lower performance
and higher proton transfer resistance than MEA1, despite
their very similar number of exchangeable protons, we
conducted the 3D nano-CT characterization of the CCLs
of these twoMEAs to visualize their electrodemorphology
and ionomer distribution. The volume renders of the
segmented phase contrast images to show the overall
structural morphology of the scanned areas are displayed
in Figure 6A. The observations are consistent with the

SEM images, suggesting that the CCL of MEA1 has
smaller and more uniform carbon aggregates than the
CCL of MEA4. The Rg values in Table S2 also confirm
these results. The ionomer distribution (green color)
images show more uniform and higher coverage over the
catalyst surface in MEA1 than in MEA4. MEA4 shows a
strong adsorption intensity on the outer surface of large
catalyst particles, suggesting a predominant presence of
large ionomer agglomerates with poor penetration into
the pores in the catalyst aggregates and agglomerates. A
few large ionomer agglomerates are also visible next to
the catalyst aggregates. MEA1 shows an absorption signal
both inside and outside the catalyst particles, suggesting
better ionomer penetration inside the pores and/or within
smaller catalyst aggregates. These results may explain the
higher proton transfer resistance of MEA4: The presence
of larger and isolated ionomer agglomerates between the
catalyst aggregates results in a more tortuous path for pro-
ton mobility within the CCL. The ionomer agglomeration
and isolation in MEA4 also gave rise to lower capacitance
and higher capacitance dependence on RH than forMEA1.
Additionally, MEA1 has larger pores (mean diameter of ca.
500 nm) between the large catalyst aggregates compared
to MEA4 (mean diameter of ca. 300 nm) according to the
pore size distribution (Figure 6B). This indicates that the
CCL in MEA1 is more porous than that in MEA4, facili-
tating gas-phase mass transport, which will be discussed
in detail in the following sections.
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WANG et al. 81

F IGURE 7 (A) Membrane electrode assembly (MEA) configuration of the hydrogen oxidation reaction (HOR) limiting current
measurements; cyclic voltammograms of MEA1 cathode gas diffusion electrode (GDE) as an example under different pressures in (B) 90%
relative humidity (RH), (C) 75% RH, and (D) 50% RH; (E) total transport resistance (Rtotal) in the cathode catalyst layer (CCL) for the studied
MEAs at 150 kPa of gas and water pressure; (F) pressure-independent transport resistance (RNP) as a function of RH

2.5 Mass transport resistance by an
HOR limiting current technique

To investigate the impacts of the ionomer EW and I/C
ratio on the bulk gas transport resistance in the CCL, we
first used the HOR limiting current technique. Figure 7A

shows the MEA configuration, in which the PGM-free
CCL was deposited onto the PtBS. Figure 7B–D shows the
CVs of MEA1 GDE as an example under different pres-
sures at 90%, 75%, and 50% RH, respectively. First, the
CVs were obtained by flowing 5% H2 (in N2 balance) and
pure N2 on the anode and cathode, respectively, to obtain
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82 WANG et al.

background capacitive currents (black lines). Then, CVs
were measured by flowing 5% H2 to both electrodes to
obtain actual HOR limiting currents, as in a H2 pump
experiment. According to Figure 7B–D, at fixed RH,
the HOR limiting current increases with pressure. It is
also observed that the HOR limiting current decreases
with the increasing RH if the pressure is kept con-
stant. An RH of 90% was the highest used in this mass
transport study because further increasing the RH to
100% caused issues caused by water flooding (Figure
S5), where no linearity was found between the cur-
rent density and pressure. The limiting current, after
subtracting the background, can be converted to the
total bulk-electrode gas transport resistance in the GDE
(𝑅H2

total, GDE
) based on Equation (S4). To rule out the

contribution of the GDL, an MEA without a PGM-free CL
was fabricated as a reference (Figure S6A), and the result-
ing CVs are shown in Figure S6B–D. Similarly, the limiting
current after subtracting the background can be converted
into the total bulk-electrode gas transport resistance in the
GDL (𝑅H2

total, GDE
) based on Equation (S5). Therefore, the

total gas transport resistance in the CCL (𝑅H2

total, GDE
) was

obtained from 𝑅
H2

total, GDE
after subtracting the 𝑅H2

total, GDE

at each pressure and each RH (Equation S6). The same
calculation procedure was applied to the four MEAs.
Figure 7E compares the 𝑅H2

total, GDE
for all the studied

MEAsunder different RHs, and the values are summarized
in Table S4. These values are indicative of the gas diffu-
sion resistance within CL, without the presence of liquid
water generated by the ORR. 𝑅H2

total, GDE
follows the trend

of MEA4 > MEA3 > MEA2 > MEA1 under all RHs, sug-
gesting that vapor water uptake had little impact on the
ionomer spatial distribution and volume in the CCL. At a
given I/C ratio, the lower EW ionomer seems to occupy less
space in the CCL pores, resulting in a lower gas transport
resistance. Rtotal can be broken down into two compo-
nents, that is, the pressure-dependent resistance (RP) and
the pressure-independent resistance (RNP). The former is
the contribution from molecular diffusion in the pores
larger than ca. 20 nm, and the latter represents the contri-
bution from Knudsen diffusion through smaller pores in
combination with diffusion through ionomer films.30,41,58
Because this study used the same catalyst but different
I/C ratios and different ionomer EWs, the RNP provides a
very good indication of the ionomer distribution and occu-
pancy in the CCL. The RNP was calculated as the straight
line ordinate intercept by plotting Rtotal as a function of
the pressure for each individual RH. Figure 7F shows the
RNP as a function of RH for the studied MEAs; the val-
ues are summarized in Table S4. Clearly, the MEAs with
N1100 show higher RNP than those with A720. This indi-
cates that the ionomer with higher EW distributes less

homogeneously within the CL, forming more clusters,
thus providing more obstacles for the gas molecular dif-
fusion (higher tortuosity) compared to the ionomer with
lower EW. These results are in agreement with the SEM
images, the nano-CT data, and the in situ electrochemi-
cal diagnostic data. In fact, the data in Figure 5C,F show a
higher dependence of CN on RH and higher proton trans-
fer resistance for theN1100MEAs than for theA720MEAs.
These are clear indications of a less homogeneous ionomer
distribution in the CL and lower catalyst particle coverage.
Overall, MEA4 with a high I/C ratio and high ionomer
EW showed the highest gas transport resistance by the
HOR limiting current technique. These results, together
with its higher proton transfer resistance (see Figure 5F),
explain MEA4’s lower performance compared to MEA1
(see Figures 4 and 5) despite its slightly higher number
of exchangeable protons. However, these HOR limiting
current results and the current density in the H2/air polar-
ization curves do not explain whyMEA3 showed the worst
performance in the diffusion-controlled regions at 100%
RH (see Figures 3A and 4A).Overall, theHOR limiting cur-
rent is a good method to characterize the electrode porous
structure in terms of catalyst particle size and ionomer
distribution structure. However, this technique does not
consider the presence of liquid water in the CCL generated
during fuel cell operation. For this reason, a new technique
formass transport resistancemeasurement in the presence
of liquid water generated by the ORR was developed and
will be described in the next section.

2.6 Mass transport resistance by a new
ORR limiting current technique

To consider the liquid water generated by the ORR within
the CCL and its impact on the gas transport resistance, we
herein report a new approach to measure the total bulk-
electrode gas transport resistance in the CCL (𝑅O2

total, CCL
)

based on the ORR limiting current. Figure 8A displays
the MEA configuration, in which the PGM-free CCL was
deposited on a piece of GDL, and another piece of GDLwas
placed between the PtBS- andPGM-freeCL to interrupt the
H+ transfer pathway, thus preventing the ORR from tak-
ing place in the PGM-free CL. In this way, the O2 diffuses
through the whole thickness of the PGM-free CL to reach
the PtBS, where the ORR occurs. More specifically, during
the ORR limiting current measurements, the diluted O2
(5% in N2) diffuses from the flow field, reaches the PtBS
through the cathode GDE and the additional GDL, and
is reduced into water on the PtBS. The generated liquid
water diffuses back into the PGM-free CL, further affecting
O2 diffusion, thus more closely resembling an operating
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WANG et al. 83

F IGURE 8 (A) Membrane electrode assembly (MEA) configuration of O2 reduction reaction limiting current measurements for cathode
gas diffusion electrode + gas diffusion layer (GDE + GDL); cyclic voltammograms of MEA1 GDE as an example under different pressures in
(B) 90% relative humidity (RH), (C) 75% RH, and (D) 50% RH; (E) total transport resistance (Rtotal) in the cathode catalyst layer (CCL) for the
studied MEAs at 150 kPa of gas and water pressures; (F) swelling fraction of ionomer thin film at 50 nm as a function of equivalent weight
(EW) at 100% RH

PEMFC cathode in terms of gas mass transport within
the CCL and ionomer liquid water uptake. By compar-
ing Figures 7A and 8A, it is possible to better understand
the substantial differences between the HOR and the ORR
limiting current methods. Figure 8B–D shows the CVs of

MEA1 cathode GDE + GDL as an example under differ-
ent pressures in 90%, 75%, and 50% RH, respectively. The
CVs were measured while flowing pure H2 and pure N2
on the anode and cathode, respectively, to obtain back-
ground capacitive currents (black lines). Then the cathode
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84 WANG et al.

gas was switched to 5% O2 (in N2) to obtain the actual
ORR limiting currents. According to Figure 8B–D, at fixed
RH, the ORR limiting current increases with pressure. It is
also observed that theORR limiting current decreases with
increasing RH if the pressure is kept constant. An RH of
90% was the highest used in these measurements because
further increasing the RH to 100% also caused severe water
flooding (Figure S7), where no linearity can be observed
between current density andpressure. The limiting current
after subtracting the background can be converted into the
total bulk-electrode gas transport resistance in the cath-
ode GDE and the additional GDL (𝑅O2

total, GDE+GDL
) based

on Equation (S7). To rule out the contribution of the two
pieces of GDL, an MEA without a PGM-free CL was fabri-
cated as a reference (Figure S8A), and the resulting CVs
are shown in Figure S8B–D. Similarly, the limiting cur-
rent after subtracting the background can be converted to
the total bulk-electrode gas transport resistance in the two
pieces ofGDL (𝑅O2

total, 2×GDL
) based onEquation (S8). There-

fore, 𝑅𝐻2

𝑡𝑜𝑡𝑎𝑙, 𝐶𝐶𝐿
was obtained from 𝑅

O2
total, GDE+GDL

after
subtracting 𝑅O2

total, 2×GDL
under each pressure and each RH

(Equation S9).
Figure 8E compares 𝑅

𝐻2

𝑡𝑜𝑡𝑎𝑙, 𝐶𝐶𝐿
for all the studied

MEAs under different RHs; the values are summarized
in Table S5. Unlike the HOR limiting current results,
the total O2 transport resistance follows the trend of
MEA3 > MEA4 > MEA1 > MEA2. As mentioned before,
with the same I/C ratio, the lower EW ionomer occupies
less space within the pores in the CCL, resulting in
lower gas transport resistance. Nevertheless, in the ORR
limiting current results, we observe a reverse trend, that
is, the lower EW ionomer causes higher O2 gas transport
resistance. Although no experimental data were found on
A720, Figure 8F adapted from Ref. [33] shows the trend
that the swelling of ionomer thin films decreases with
increasing ionomer EW. This explains the O2 gas transport
resistance for the four studiedMEAs, that is, A720 showed
much higher liquid water uptake than N1100 and, there-
fore, occupied more space in the CCL, giving rise to higher
gas transport resistance. Another difference from the HOR
limiting current results is that the Rtotal obtained from the
ORR limiting current may not be broken down into RP and
RNP due to the interference by the liquid water generated
in the PtBS and diffusing through the PGM-free CL back
to the flow fields. By comparing MEA1 and MEA4, which
have approximately the same number of exchangeable
protons in the CCL, the ORR limiting current results also
suggest a higher gas transport resistance of the latter,
explaining its lower PEMFC performance. Through the
correlation between 𝑅

O2
total, 2×GDL

and the current density
in the mass transport limited region of the H2/air polariza-
tion curves at 100%RH (e.g., at 0.2 V), it is very evident that

MEA3, which has the highest Rtotal, delivered the smallest
current density. This demonstrates that the proposed ORR
limiting current method is useful to determine the mass
transfer properties of PGM-free CCLs at 100% RH in air
because it considers the effects of liquid water generation.
Because only 5% O2 was used during the limiting current
experiments, the results were not correlated with the cur-
rent density recorded in H2/O2, where pure O2 reactants
enable a sufficiently high diffusion coefficient.
The schemes of the PGM-free catalyst particles and the

different EW of ionomers representing the HOR limiting
current scenario and theORR limiting current scenario are
shown in Figure 9A,B, respectively. Without considering
the water uptake, at a given I/C ratio, lower EW ionomer
occupies less space in the CCL due to its shorter back-
bone and side chain, leading to amore porous electrode for
H2 molecules to diffuse through, as demonstrated by the
pressure-independent gas transport resistance determined
using HOR limiting current measurements. However,
when the ORR occurred with a large amount of liq-
uid water generated, at a given I/C ratio, the lower EW
ionomer showed a higher number of exchangeable pro-
tons with more water molecules associated with a given
volume of ionomer, causing more swelling. This leads to
higher obstacles for O2 to diffuse to the catalytic sites, as
determined from the ORR limiting current measurement.

3 CONCLUSIONS

Overall, the ionomer EW and the I/C ratio showed a great
impact on the performance of PEMFCs with PGM-free
cathodes, especially considering operation under different
RH conditions. The results demonstrated that at a given
I/C ratio, the ionomer with a lower EW (having a higher
number of exchangeable protons) resulted in a less dense
electrode structure, with smaller catalyst aggregate sizes,
higher electrode capacitance, and a less tortuous H+ trans-
fer pathway. All these factors are critical in improving the
electrode performance, especially in the kinetic-controlled
region of the polarization curve (low current density). To
explain the trend of the results observed in the diffusion-
controlled region of the polarization curve (high current
density), the gas transport resistance in the bulk electrode
wasmeasured using both a previously reportedHOR limit-
ing current method, and a newly developed ORR limiting
current method. The pressure-independent gas transport
resistance from the HOR experiments suggested that the
ionomer with lower EW enabled better gas diffusivity
within the CL. In comparison with the HOR counter-
part, the ORR limiting current method used O2 as a probe
molecule, and the PGM-free catalyst did not participate
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WANG et al. 85

F IGURE 9 Scheme of the Pt group metal (PGM)-free catalyst aggregates and different equivalent weight (EW) of ionomer representing
(A) the hydrogen oxidation reaction (HOR) limiting current testing scenario and (B) the oxygen reduction reaction (ORR) limiting current
testing scenario

in the reaction but still interacted with the liquid water
generated from PtBS, further affecting oxygen diffusion.
The ORR limiting current results demonstrated that at a
given I/C ratio, ionomerswith lower EW showed increased
obstacles for O2 diffusion due to enhanced liquid water
uptake, explaining the H2/air and H2/O2 performance at
high RH and at high current density. To the best of our

knowledge, this new ORR limiting current tool has been
used for the first time to study oxygen diffusion in the
presence of liquid water for PGM-free electrodes. By bet-
ter understanding the fundamental phenomena, this work
may open up a new avenue to boost the performance
of PEMFCs with PGM-free cathodes by leveraging the
ionomer–catalyst interactions in the CL.
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86 WANG et al.

4 EXPERIMENTAL SECTIONS

4.1 Materials

All materials were used without further purification. A
Nafion N211 (DuPont, USA)membrane and a 29BC carbon
paper GDL with a microporous layer (SGL Carbon) were
used for all the MEAs. The water used in this work was
high-purityMilli-Qwater with a resistivity of 18.25MΩcm.
n-Propanol (nPA) was purchased from Sigma-Aldrich,
USA. A LIQUION LQ-1105 5 wt.% Nafion 1100 EW (N1100)
dispersion was purchased from Ion Power Inc., and an
Aquivion 720EW(A720) 25wt.% dispersionwas purchased
from Sigma-Aldrich. The 25 wt.% A720 dispersion was
diluted into a 5 wt.% dispersion before use. The PGM-
free Fe–N–C catalyst (PMF-011904) was purchased from
Pajarito Powder LLC (USA).

4.2 MEA fabrication and cell assembly

4.2.1 Polarization curve measurement

The MEA fabrication was based on a modification of our
previously reported procedure.42,43 The cathode catalyst
ink was prepared by dispersing 30 mg of Fe–N–C cata-
lyst in a 5 wt.% ionomer dispersion and solvent mixture of
water and nPA in various ratios, as reported in Table S1.
The total volume of nPA and water was kept constant for
all the inks. The resulting mixture was ultrasonicated for
at least 2 h in an ice bath to generate a homogenous ink
dispersion.
The anode gas diffusion electrode (GDE) was prepared,

as described in previous reports, by ultrasonically spray
coating a Pt/C catalyst (50 wt.% Pt on high surface area
carbon catalyst TEC10E50E, TKK Corp., Japan) ink onto
the GDL. The final Pt loading was determined to be
0.2 mgPt cm−2 by X-ray fluorescence spectroscopy using
a Fischer FISCHERSCOPE X-RAY XDV-SDD instrument.
The obtained anode GDE was further sprayed with an
ionomer overlayer to minimize electrode/membrane con-
tact resistance.44 The anode GDEwas hot-pressed onto the
Nafion 211membrane at 120◦C and 4MPa for 5min to form
a half-MEA.
The resulting half-MEAwas placed onto a vacuumheat-

ing plate, which was set at 85◦C, with the membrane side
facing up. The Fe–N–C catalyst ink was deposited on the
membrane using a paintbrush to achieve a catalyst loading
of 4 mg cm−2 (Figure 1A).
All the MEAs were assembled in 5 cm2 cell hardware,

with a 14-parallel straight channel flow field38 by placing
a piece of SGL 29BC GDL on the cathode side without hot
pressing. PTFE gaskets of 5 mil thickness were used on the

anode side and 10 mil thickness on the cathode side. The
hardware was tightened with a torque of 40 lb in.

4.2.2 HOR limiting current measurement

The MEAs for HOR limiting current measurements
were prepared in the same way as the aforementioned,
except that a PtBs layer (prepared using Pt black cata-
lyst TEC90300, TKK Corp., Japan) with a loading of ca.
0.7 mgPt cm−2 was deposited, by ultrasonic spray coating,
on the cathode side of theMEAbefore the deposition of the
PGM-free catalyst (Figure 8A).30,41 The single-cell assem-
bly for the HOR limiting current measurements was the
same as that for the polarization curve measurements.

4.2.3 ORR limiting current measurement

The MEA comprising anode GDE/membrane/PtBS was
fabricated in the same way as described for the HOR lim-
iting current measurements. The only difference was that
the PGM-free catalyst ink was hand-painted onto a piece
of SGL 29BC GDL instead of on the PtBs layer. During the
painting, the SGL 29BC GDL was fixed onto a hot plate,
which was set at 85◦C.
For the ORR limiting current experiments, the cell was

assembled by placing an additional piece of SGL 29BCGDL
between PtBS and the PGM-free catalyst GDE, with the
microporous layer of the GDL facing the membrane, to
interrupt the H+ transfer pathway from the membrane to
the PGM-freeCL. In thisway, theORRcannot occurwithin
the PGM-free CL, but only on the PtBS.

4.3 MEA testing

4.3.1 Polarization curve measurement

After assembly, the cell was connected to a Hydrogenics
fuel cell test station. Ultrahigh-purity gases (General Air,
Commerce City, Colorado, USA) were used for all the tests.
N2 was fed to both electrodes while heating the cell to
80◦C. The anode gas was then switched toH2, and then the
cathode gas was switched to air while monitoring the cell
open-circuit voltage (OCV) until it reached a stable value.
The polarization curves weremeasured with a cell temper-
ature of 80◦C and with different RH values of 50%, 75%,
and 100%, adjusting the total cell pressure to have 100 kPa
gas partial pressure (H2 on anode, and air or O2 on cath-
ode). The gas flow rates were set to 1.0 L min−1 on both
the anode and cathode for all the tests, to assure high sto-
ichiometry, and hence differential cell conditions with the
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WANG et al. 87

flow field used. The polarization curves were recorded in
voltage control mode starting from the OCV, with a hold
time of 75 s per point, and the current density was aver-
aged for the last 60 s of the voltage hold. High-frequency
resistance (HFR) was measured at 6000 Hz concurrently
with polarization curve data acquisition.
After the polarization curves were recorded, cyclic

voltammograms (CVs) of the cathode of the MEAs were
measured under H2/N2 (anode/cathode gas flows at
100 ml min−1) at 80◦C and different RH values (25%, 50%,
75%, 90%, and 100%) between 0.0 and 1.0 V at 20 mV s−1,
adjusting the total cell pressure to keep the gas partial pres-
sure to 100 kPa to avoid reference shifts due to the variation
of H2O partial pressure when varying the RH.
Electrochemical impedance spectroscopy (EIS) of the

cathodes of the MEAs was measured under H2/N2
(anode/cathode gas flows at 100 ml min−1) at 80◦C and
different RH values (25%, 50%, 75%, 90%, and 100%) in
potentiostatic mode at 0.2 V, with a 3 mV AC ampli-
tude, between 100 kHz and 0.1 Hz. The total cell pressure
was adjusted when RH was changed as described previ-
ously. Both CV and EIS were measured with a Gamry
potentiostat/galvanostat (Model Reference 3000).

4.3.2 HOR limiting current measurement

The gas mass transport resistance in the cathode CL (CCL)
in the absence of product water was determined using
HOR limiting currentmeasurements, as described in detail
in our previous papers.30,41
Before the HOR limiting currentmeasurements, the cell

was conditioned using a Hydrogenics fuel cell test sta-
tion, according to a protocol described elsewhere,45 to fully
activate the PtBS layer. After conditioning, the cell was
connected to a Teledyne Medusa fuel cell test station, the
cell temperature was set to 80◦C, and 5% H2 diluted by N2
was fed on both electrodes with a flow rate of 2.0 L min−1
(anode) and 5.0 L min−1 (cathode). The HOR limiting
current was measured using a Metrohm Autolab poten-
tiostat (Model PGSTAT302N) recording CVs at 40 mV s−1
between 0.05 and 0.80 V, at different RH values of 50%,
75%, 90%, and 100%. At each RH value, CV was mea-
sured at four different cell pressures: 150, 200, 250, and
300 kPa. The HOR limiting current values were then used
to extract the gas mass transport resistance, after subtract-
ing the background CVmeasured when flowing N2 on the
cathode.

4.3.3 ORR limiting current measurement

ORR limiting current measurements were performed to
determine the gas mass transport resistance in the CCL in

the presence of product water, which is generated by the
ORR at the PtBS.
The PtBS was activated for the ORR by the fuel cell

conditioning procedure, as described for the HOR limit-
ing current experiments. After conditioning, the cell was
heated to 80◦C. Pure H2 was fed to the anode, and 5% O2
diluted by N2 was fed to the cathode at flow rates of 1.0 and
5.0 L min−1, respectively. The ORR limiting current data
were measured using the same Metrohm Autolab poten-
tiostat recording CVs at 40mV s−1 between 0.10 and 1.10 V,
at RH values of 50%, 75%, 90%, and 100%. At eachRHvalue,
CVs were measured at four different cell pressures: 150,
200, 250, and 300 kPa. The ORR limiting current values
were then used to extract the gasmass transport resistance,
after subtracting the background CVmeasured with N2 on
the cathode, as described in our previous works.30,41

4.4 Material characterizations

4.4.1 Electron microscopy measurements

Cross sections of the MEAs were prepared for STEM
analysis by diamond knife ultramicrotomy. The distri-
bution of the ionomer in the CL was quantified by
X-ray energy-dispersive spectroscopy (EDS) on a Talos
F200X ChemiSTEM (Thermo Fisher Scientific) operated
at 200 kV. Elemental maps of fluorine were collected at
low magnification (5k×) and high magnifications (20k×,
28k×, and 56k×). All maps were collected with an image
size of 512 × 512 pixels at a beam current of 490 pA for
300 s. Elemental maps of fluorine were processed with in-
house-made Python code to extract the distribution of the
ionomer.

4.4.2 Rheology measurements

Rheological measurements were performed, as reported in
our previous studies,46 on a stress-controlled rheometer
(Thermo Scientific HAAKEMARS 60 Rheometer). Briefly,
the measurements were performed using a stainless steel
parallel-plate geometry (40 mm diameter) with a gap of
500 μm at 25◦C. A solvent trap was used to prevent any
solvent evaporation during the measurements. Prior to
making measurements, the samples were preconditioned
to erase any sample loading history on the microstruc-
ture by conducting a pre-shear at 500 s−1 for 1 min and
then allowed to rest for 1 min. The steady-shear rheology
measurements were performed by imposing a decreas-
ing shear rate sweep in logarithmic steps ranging from
500 to 0.01 s−1 Pa. All the data reported were ensured
to reach steady state. Amplitude measurements were also
conducted to compare the viscoelasticity of the inks. The
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pre-shear protocol was similar to the steady-state rheol-
ogy measurements. The frequency was fixed at 0.5 Hz,
and the strain amplitude was increased logarithmically
from 0.0001 to 10. To better capture the differences in
the agglomerated structure, the inks used for the rheo-
logical measurements are slightly more concentrated inks
(3.22 wt.% catalyst w.r.t. total ink) compared to the inks
used to prepare MEA fabrication (2.53 wt.% catalyst). The
inks were also dispersed/mixed differently using ball mill
more suitable for concentrated inks, rather than by son-
ication. The mixing procedure is similar to our previous
study,43 where high-density zirconia beads (5 mm diam-
eter, Glen Mills, Inc.) were used as a mixing media, and
the inks were mixed for ∼18 h at 80 rpm. These differences
are not expected to significantly affect the inferences of the
electrode structure based on ink microstructure.

4.4.3 X-ray scattering

The catalyst structure in the electrode was characterized
using X-ray scattering with a monochromatic X-ray beam
in the range of 16.8–21 keV and a Q-range from 0.0001 to
6 Å−1 at beamline 9ID-C, Advanced Photon Source (APS),
ArgonneNational Laboratory (ANL). The ultrasmall-angle
X-ray scattering (USAXS) and small-angle X-ray scatter-
ing (SAXS) data were collected with X-ray exposure times
of 90 and 30 s, respectively. The X-ray intensity data
were sequentially recorded in two scattering angle ranges
of 10−4–6 × 10−2 Å−1 for the USAXS and 3 × 10−2–
1 Å−1 for the pinhole SAXS. The CCL was removed from
the membrane and transferred to Scotch tape. The back-
ground scattering data from Scotch tape were recorded
and subtracted from the scattering data for each CCL sam-
ple. The scattering data were analyzed using the Irena
data fitting macro package (Jan Ilavsky, APS, beamline
9ID-C) on the Igor Pro (WaveMetrics, OR) platform for
data manipulations and simulations of scattering model
functions.47

4.4.4 Nano-CT

Following the procedure described in the work of Guetaz
et al. and Komini Babu et al., sulfonic acid groups of the
ionomer in the electrode samples were ion exchangedwith
Cs+.48,49 The electrode layers were sectioned into flakes to
fit into the field of view (50 μm) and mounted on tomog-
raphy needles. X-ray radiographs were acquired at 8 keV
using the Xradia nanoXCT-S100 TXM at beamline 32-ID-
C of the APS at ANL. With a 0.5 s exposure time, 1080
projection images were recorded over 180◦ of rotation and
reconstructed into a 3D image sequencewith a 20 nmvoxel

size as described in a previous work.50 Data were acquired
in both absorption and phase contrast modes. The phase
contrast mode resolves the overall morphology of the sec-
ondary pores and the solid material (a mixture of catalyst,
ionomer, and pores below resolution), whereas the absorp-
tion contrast images provide an intensity map of the high
electron-density materials within the sample (i.e., Cs+ in
the ion-exchanged ionomer).
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