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HIGHLIGHTS GRAPHICAL ABSTRACT

e Visualized process-induced
morphology changes (PIMs) by IR
thermography.

e Elucidated structure & formation
mechanism of PIMs by cross-
sectional SEM.

¢ Studied impact of fabrication con-
ditions on PIMs and initial
performance.

e Fine tuning fabrication conditions
mitigates PIMs in MEA.

e PIMs are seed points for AST fail-
ure, and shorten MEA lifetime.
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In this study, NREL's customized fuel cell hardware that enables quasi in-situ infrared
(IR) thermography studies was utilized to visualize spatial hydrogen crossover and identify
membrane irregularities that originated from the GDE-based MEA fabrication process. The
structure of these membrane irregularities was investigated by scanning electron micro-
scopy (SEM) and its impact on initial Hy/air performance was determined. Accelerated

stress testing (AST) revealed that these irregularities develop into failure point locations.

These results were validated across many MEAs with identified process-induced mem-

brane irregularities. By selecting specific gas diffusion media properties and by fine tuning
the MEA hot pressing parameters, the formation of such membrane irregularities was

mitigated.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are prom-
ising environmentally-friendly energy conversion devices
that are applicable to vehicles and other power generation
applications [1-9]. To lower cost and facilitate the introduc-
tion of PEMFCs to the market, it is necessary to manufacture
fuel cell components with high quality at high volume [10].
The National Renewable Energy Laboratory (NREL) fuel cell
manufacturing effort conducts R&D that supports the transi-
tion from lab-scale fabrication to large-scale manufacturing
[11]. In practical manufacturing of fuel cell materials, material
irregularities can be introduced which may result in lower
performance and early failure [12—15]. NREL has developed a
number of quality control methods that identify materials
irregularities [16—21]. However, limited research has been
done to study the impacts of these irregularities on PEMFC
performance and lifetime. Understanding this impact is
important, as it is necessary to define the threshold at which
an irregularity becomes a defect, i.e. a material variation that
impacts membrane electrode assembly (MEA) performance or
lifetime. Such thresholds enable the development of quality
control standards or tolerances, which define the criteria with
which to accept materials with a certain variation, and which
may reduce MEA production cost and increase efficiency and
yield. These benefits could be all the more significant within
the context of fuel cells for medium- and heavy-duty appli-
cations, such as long-haul trucks, where the targets for fuel
efficiency and stack lifetime — due to the increased impact of
fuel costs on the lifecycle cost of the vehicle — are even more
stringent than in the case of light-duty vehicles [22,23].

The key component of a PEMFC is the MEA, which consists
of gas diffusion media (GDM), catalyst layers and membrane
material. There are two common methods to construct MEAs:
via catalyst-coated membranes (CCM) or via gas-diffusion
electrodes (GDE), for which the catalyst layer is directly
applied to the membrane or to the GDM, respectively [24].
CCMs are the preferred fabrication method in most research
efforts because they achieve good performance with routine
fabrication methods. However, manufacturing CCMs in high
volume with roll-to-roll coating systems is challenging due to
the swelling that the membrane material experiences when

exposed to the solvents in catalyst inks. For this reason,
coating the catalyst layer (CL) onto the GDM to create a GDE is
potentially more facile for manufacturing [10]. Historically,
GDEs were thought to have inferior performance to CCMs due
to a high contact resistance at the CL/membrane interface.
However, work has been done to enhance the performance of
GDE-based MEAs by improving this interface. Lin et al
investigated how hot pressing improved the interface and
performance of GDE-based MEAs [25]. Shahgaldi et al.
demonstrated that adding an ionomer layer onto GDEs im-
proves their performance [26]. In previous work, our group
established that spraying a thin ionomer overlayer (IL) onto a
GDEs and subsequently hot pressing it to the membrane re-
sults in a good CL/membrane interface and a performance
comparable to that of a CCM-based MEA [27]. We further
explored the impact of microporous layer (MPL) roughness on
the CL/membrane interface and cell performance [28]. All this
work focused on improving the CL/membrane interface,
enhancing PEMFC performance, and ultimately providing a
pathway to use GDEs in the mass production of fuel cells.

In the fabrication of GDE-based MEAs, it is implied that the
GDEs will be mated with a membrane in some form of MEA or
cell assembly process [24]. During such processes, e.g. hot
pressing (HP), it can be envisioned that membrane irregular-
ities such as holes, fissures, and thin spots could be intro-
duced as a result of handling, alignment, and/or compression
of the various cell materials, especially when thin membranes
are used. Previous studies demonstrated that hot pressing has
a large impact on electrochemical surface area [25,29], catalyst
layer porosity and structure [30,31], and single cell perfor-
mance [25,30—-33]. These studies demonstrate that HP with
different compression force and temperature affect the CL
porosity and the CL/membrane contact resistance, aiming to
optimize HP conditions based on polarization performance.
However, to the best of our knowledge, the impact of hot
pressing on membrane quality, open-circuit voltage or gas
crossover has not been not investigated.

In this work, NREL's customized fuel cell hardware [13] was
utilized to visualize hydrogen crossover in pristine GDE-based
MEAs and to identify and localize membrane irregularities
introduced by the MEA fabrication processes. The structure of
the detected irregularities was investigated by scanning
electron microscopy (SEM) imaging of MEA cross sections. The
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impact of the membrane irregularities on PEMFC performance
in air, open-circuit voltage (OCV), and hydrogen crossover
were systematically studied. In addition, accelerated stress
tests (AST) were conducted on the MEAs to understand if the
membrane irregularities lead to the development of failure
points and thus impact the lifetime of the device.

Experimental

This section describes experimental specifics with regards to
materials, sample preparation and characterization.

Materials

A Pt catalyst supported on high surface area carbon (Pt/HSC)
was used for both the anode and the cathode (Tanaka Kikin-
zoku Kogyo TEC10ESOE, 46.2 wt% Pt). Nafion dispersion from
Ion Power (D2020, 1000 EW at 20 wt%) and HPLC-grade
OmniSolv® n-Propanol (n-PA) from Millipore Sigma were
used for electrode fabrication. Nafion® 211 membranes from
Ion Power (~25 pm) were used for MEA fabrication.

Two types of GDM were investigated: SGL Carbon Sigracet
29BC and Freudenberg H23C8. Both materials feature MPLs
with hydrophobic treatment, but otherwise have different
structural architecture. In our recent work, the MPL roughness
of GDMs was demonstrated to affect the CL/membrane
interfacial properties and in-situ performance [28]. In this
work, we employed these same two GDM, which are
commonly used fuel cell materials, to investigate the impact
of MPL roughness on process-induced membrane irregular-
ities. Scanning electron microscopy (FEI Talos F200X) and
micrometer-scale surface roughness measurements (Veeco
Dektak 8 Stylus Profilometer, tip radius: 5 pm) were conducted
on the MPLs of both GDM to investigate their surface struc-
tures. 29BC contains visible cracks in the MPL, as shown in
Fig. 1(a), while H23C8 has a generally crack-free MPL surface,
as shown in Fig. 1(b). Fig. 1(c) shows MPL roughness data for
both GDM, measured by stylus profilometry. The data indicate
that the 29BC MPL had a much rougher surface than the H23C8
MPL. The root-mean-square (RMS) surface roughness of the
29BC MPL and H23C8 MPL were 15.9 pm and 3.1 pm,
respectively.

Ink preparation and GDE fabrication

To prepare the catalyst ink, Pt/HSC powder was mixed with
deionized water, n-propanol, and D2020 Nafion dispersion. A
standard NREL ink formulation for Pt/HSC catalyst was used
[34,35]: 3.75 mg/mL Pt/HSC, ionomer to carbon ratio (I/C) of 0.9,
and water-to-alcohol ratio (in volume) of 1:3. The ink was tip
sonicated for 10 s (Branson Sonifier SFX250, 250 W) and then
bath sonicated for 20 min in an ice bath (Fisher Scientific FS30,
100 W). An ionomer dispersion for adding an ionomer over-
layer to the catalyst layer was prepared by diluting the stock
Nafion dispersion in water and n-PA. The water-to-n-PA ratio
was the same as that of the catalyst ink. The diluted disper-
sion was stirred overnight prior to use.

The cathode and anode GDEs were prepared by spray
coating the catalyst inks onto the GDM at 80 °C with a pump

rate of 0.3 mL/min, using a Sono-Tek ExactaCoat System with
a 25 kHz Accumist nozzle. The desired catalyst loading was
0.2 + 0.01 mg Pt/cm? for both cathodes and anodes. The
catalyst loading was validated by X-ray fluorescence
(Fischerscope XDV-SDD, 50 kV, 50 W X-ray source), and the
results were averaged over five locations on the 50 cm? elec-
trode. For some but not all samples, an ionomer overlayer
with a loading of 0.023 mg Nafion/cm? was sprayed onto the
cathode GDE using a pump rate of 0.15 mL/min at 80 °C, as
described in our recent work [28].

MEA fabrication and cell assembly

Edge protection was applied in our study to avoid edge failure
during AST operation. Our previous work describes the fabri-
cation of edge protected CCM-based MEAs in detail [36]. In this
work, very similar edge protection was applied to GDE-based
MEAs. As shown in Figs. S1 and 1 mil (25.4 um) polytetra-
fluoroethylene (PTFE) gaskets were placed between the GDEs
and the membrane so that the gasket overlapped the GDEs by
1.85 mm on all four sides, and so that the active area was
dimensioned to exactly 50 cm?. To achieve and maintain good
alignment, oversized GDM were added on the top and bottom,
then hot pressed between two metal sheets, two pieces of
Gylon, and two pieces of Kapton film for 3 min. A range of hot
pressing temperatures (110—125 °C) and forces (8—25 kg/cm?)
were applied to study the impact of fabrication conditions on
initial MEA quality and PEMFC performance.

The hot pressed MEAs were assembled together with two
PTFE gaskets. The selected thickness of the gaskets created 25%
compression for 29BC or 18% compression for H23C8 materials
based on manufacturer specifications. The calculations
assumed a 6% gasket compression at a 40 inch-pounds torque.

IR thermography

For in-situ experiments, a previously introduced custom
50 cm? single cell hardware was used [13,15]. This hardware
facilitates mapping of the hydrogen crossover in “IR mode” in
addition to providing a platform for regular cell operation, i.e.
“fuel cell mode”. The latest experimental IR mode setup is pre-
sented in Fig. S2. In this mode, the cathode side of the hard-
ware is partially disassembled and the cathode exposed to
ambient conditions (air and room temperature). The anode
side of the hardware remains sealed and keeps the MEA
aligned and in position. IR thermography was performed as we
described in previous work [6]. Briefly, an IR camera (FLIR A300
Series) is employed to record the thermal signature of the
cathode. To switch from fuel cell mode to IR mode, cell operation
was interrupted and the pressures and temperatures of the cell
ramped down to ambient conditions. Upon initiating a small
flow of hydrogen (20 sccm), any hydrogen that diffused
through the MEA experienced an exothermic reaction with the
ambient oxygen at the surface of the platinum catalyst. The
resulting temperature rise was observed by the IR camera.

Electrochemical measurements

A fuel cell test station was used to break in and condition the
cell. This procedure has been previously described in detail
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Fig. 1 — Top-down SEM images of the microporous layer of (a) 29BC and (b) H23C8 gas diffusion media; (c) Surface roughness
of H23C8 and 29BC microporous layer measured by stylus profilometry.

by Zhang et al. and Kabir et al. [37,38]. Hy/air polarization
curves were performed at 80 °C, 150/150 kPa, and 1.5/2
stoichiometric H,/air flow rates at 100/100% relative hu-
midity (RH) for the anode and cathode, respectively. Data
was collected controlling the current and starting from a
total cell current density of 1.5 A/cm? using the following
subsequent steps: 1.0, 0.8, 0.6, 0.4, 0.2, 0.1, and 0.05 A/cm?,
followed by an OCV hold for 10 s.

Hydrogen crossover linear sweep voltammetry (LSV) was
measured using a potentiostat (Metrohm Autolab) at a scan
rate of 1 mV/s. For the hydrogen crossover measurements, the
gas flow was H,/N, for the anode and cathode, respectively.
The flow rate was 200/200 sccm, and the cell temperature was
80 °C. The cell was operated at ambient pressure.

Accelerated stress tests have been widely applied to study
PEMFC degradation and durability [9,39]. In this work, a
combined AST protocol that induces both chemical and me-
chanical degradation mechanisms of the membrane was used
to investigate the failure time and behavior of MEAs with
different number of membrane irregularities [13]. The AST
was carried out on a fuel cell test station. IR thermography
was performed at the beginning (BOT) and the end (EOT) of the
AST. Throughout the AST, the cell was held at OCV at 80 °C.
Anode/cathode operating conditions were ambient pressures,
500/500 sccm H,/air gas flow rates, and 30/30 s duty cycle for
dry and wet humidification (0/0% and 100/100% RH), respec-
tively. The AST operation was manually stopped when the
OCV dropped below 0.9 V. As OCV drops below 0.9V, hydrogen
crossover current density (iH,) increases up to ~6 mA/cm?
based on theoritical calculations [40], indicating the onset of
membrane failure.

Structural characterization

Scanning transmission electron microscope (STEM) images
and energy dispersive spectroscopy (EDS) maps were ob-
tained using a FEI Talos F200X electron microscope operating
at 200 keV. For analysis of the MEA cross-sections with
scanning electron microscopy (SEM), a piece of the MEA was
submerged in liquid nitrogen for approximately 20 s, fol-
lowed by cutting the frozen MEA with a brand-new feather
double edge razor blade on a glass slide. The cross-sections
were placed on double-sided carbon tape and adhered to a
cross-section specimen holder for SEM imaging. Secondary
electron images (SEI) and back-scattered electron (BSE) im-
ages of the cross-sectional view for MEAs with different
diffusion media and fabricated under different conditions
were obtained with a JEOL JSM-7000F Field Emission-SEM
operating at a 10 kV accelerating voltage and a 10 mm
working distance.

Results and discussion

Visualization of membrane irregularities and their impact
on performance

Fig. 2 shows results of GDE-based MEAs using 29BC GDM. The
samples were fabricated without ionomer overlayer (IL) using
different hot pressing (HP) compression forces. As expected
from previous work, the initial performance of these samples,
which is shown in Fig. 2(a), left much to be desired because of
the lack of ionomer overlayer [27,28]. For example, the best
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Fig. 2 — Impact of hot pressing compression force on 29BC-based MEAs without ionomer overlayer on: (a) H,/air polarization
and high frequency resistance (HFR); (b) OCV and hydrogen crossover limiting current density (iu2); (c—f) IR thermography of

29BC-based MEAs with different HP compression force and HP

temperature of 125 °C. Cross-sectional SEM images of 29BC-

based MEAs with 16 kg/cm? HP compression force featuring (g) membrane pristine area with no irregularities and (h) area

with a PIM.

performing MEA which fabricated using 25 kg/cm? achieved a
voltage of 0.45 V at a current density of 1 A/cm?. Our typical
performance baseline however is with 0.6 V at 1 A/cm?
significantly higher. However, the data clearly show that
MEAs with higher HP compression force exhibit better air
performance and lower high frequency resistance (HFR). This
was also expected, because it is known that hot pressing im-
proves the interfacial contact between the CL and membrane
in GDE-based MEAs [32,33]. Fig. 2(b) shows the OCV and the
hydrogen crossover limiting current density (iy») of the same
MEAs plotted over the three different HP compression forces.
MEAs fabricated at 25 kg/cm? exhibit the lowest OCV of
~0.945 V and the highest iy, of ~1.9 mA/cm? When the HP
compression force is decreased, for example to 16 kg/cm?, the
OCV increased up to ~0.964 V, and the iy, decreased accord-
ingly. The data confirm the correlation of the iy, and the OCV
which has been demonstrated and explained in previous work
[41]. Additionally, they demonstrate the dependence of both

parameters on the HP compression force that was utilized.
Fig. 2(c—f) show IR thermography images of the same three
hot-pressed cells as well as of an MEA sample that was not hot
pressed. The cell with the unpressed MEA was fabricated by
assembling two GDEs and a membrane into the hardware and
using the same compression torque as for the other three
cells. In these images the temperature up to 26.1 °C is dis-
played in grayscale of increasing intensity, and that above
26.1 °C is displayed in a yellowscale of decreasing intensity.
Note that the room temperature (RT) during these measure-
ments was approximately 21 °C and is represented in these
images typically by a light grey color. The images in Fig. 2(c—e)
reveal discrete local regions that have 1-3 °C increased tem-
peratures, as indicated by the darker grey spots. The quantity
of these spots diminishes when lower HP compression forces
were used for the MEA fabrication process. At 25 kg/cm? a total
of 5 features were detected, while at 16 and 8 kg/cm? only 3
and 1 such features were identified, respectively. No regions
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with discrete temperature increases were observed when the
MEA was not hot pressed, as shown in the image of Fig. 2(f).

Fig. 2(g) shows a SEM cross-section image of an area (blue
dashed square) of the sample shown in Fig. 2(d), with no
measurable temperature increase. The Nafion 211 membrane
is flat and uniform, with a thickness around 20—22 um. Uni-
form Pt/HSC catalyst layers with a thickness of ~5 um are
apparent between the membrane and the MPLs. Catalyst
material is also observed in the surface cracks of the MPL. This
is a side-effect of the spraying process, where the catalyst ink
penetrates into the MPL cracks. The lower left region of the
image also evidences a gap between the GDE and the mem-
brane at the location of a crack in the MPL. This reduces the
CL/membrane contact and may contribute to a reduction in
performance as well as provide a site where water can pool,
and degradation processes may be promoted.

Fig. 2(h) shows a SEM cross-section image of a selected
region with discrete temperature increase, i.e. the region
identified by the red dashed square in Fig. 2(d). In contrast to
the features of a normal MEA section, as discussed using
Fig. 2(g), the morphology of the region with the discrete
temperature increase has been strongly impacted. The
thickness of the membrane material is not regular in this
location. It varies greatly and at the thinnest location the
membrane is only about 3—4 um thick. Thickness variations
of the catalyst layer are also apparent. And finally, protruding
sections of the GDM are observed, which may have contrib-
uted to the significant distortion of the MEA layer structure in
this location during the hot press fabrication step. However,
the applied hot press process did not seem to have caused
any complete penetration of the membrane. This is corro-
berated by results from our previous study, which indicated
that pinholes can lead to localized surface temperatures that
are up to 10 °C higher than the surrounding temperature
when using the same IR thermography technique [17].
Overall, we can see that the applied hot-press fabrication
process led to the creation of what we will refer to as process-
induced morphology changes (PIMs). There are many studies
focusing on the performance and lifetime impacts of MEA
pinholes [42—46], membrane irregularities introduced in the
casting process [12,47,48], and membrane degradation
[49—54]. However, little understanding exists of MEA-process-
induced PIMs, because they are very difficult to detect and
their presence goes typically unnoticed. In the course of this
study, we investigated more than 10 PIM locations of 29BC-
based MEAs that were identified by the IR thermography
technique, and always observed this kind of MEA deforma-
tion. We are confident that the imaging shown herein is
representative. Interestingly, the initial overall performance
of the MEAs did not appear to be affected by the quantity of
PIMs that are present. For example, the MEA fabricated with
25 kg/cm? compression force contained the most PIMs. Its
performance, however, was still better than that of the MEAs
fabricated with lower HP compression force that contained
less PIMs. We therefore conclude, for the cases studied
herein, that the initial performance of GDE-based MEAs with
PIMs identified by IR thermography is predominantly deter-
mined by the quality of the interfacial contact between CL
and membrane rather than the state of the membrane after
hot pressing.

Fig. 3 shows the results of a similar test series for MEAs
fabricated using two different GDM, as specified in the
experimental section. The sample set included cathode GDEs
with and without thin ionomer overlayers. Fig. 3(a) shows an
STEM cross-section at the top surface of the catalyst layer,
with additional EDS elemental mapping for platinum (Pt) and
fluoride (F) shown in Fig. 3(b),(c). The images indicate a
distinguishable ionomer overlayer that was about 150 nm
thick and uniformly distributed on top of the catalyst layer.
The presence of this overlayer is confirmed by the fluorine-
rich top layer in Fig. 3(c) which is clearly separated from
the Pt signature of the catalyst layer shown in Fig. 3(b). As
indicated by the performance data shown in Fig. 3(d), this
thin film dramatically improved the performance of the GDE-
based MEAs, regardless of the GDM used. For example, at a
current density of 1 A/cm? the performance improves from
the 0.36 V recorded for the MEAs without ionomer overlayer
(magenta and black) to about 0.62 V recorded for the MEAs
with overlayer (light blue and dark blue). Note that the ion-
omer overlayer slightly decreased the HFR of the cells. As
discussed in our recent studies on GDE-based MEAs [27,28],
this result confirms that the ionomer overlayer facilitates the
interfacial proton conduction between catalyst layer and
membrane.

Electrochemical hydrogen crossover experiments and IR
thermography were performed on these MEAs to assess the
impact of the ionomer overlayer on the development of
PIMs. Fig. 3(e) shows the OCV and the iy, of the sample set,
while Fig. 3(f—g) and (h—i) show IR thermography results of
the 29BC- and H23C8-based MEAs, respectively. The data
indicate that for both gas diffusion materials, the presence
of an ionomer overlayer had no significant effect on the
measured OCV, iy, and the number of detected PIMs.
However, the GDM surface smoothness had an effect. At
identical HP conditions, the MEAs with a smoother MPL
surface, developed fewer measurable PIMs and also dis-
played higher OCVs.

Taking all the presented data into consideration, the re-
sults suggest that, with regards to hot-pressed GDE-based
MEAs: (i) The ionomer overlayer is too thin or too compliant to
mitigate any deformation that is induced in Nafion 211 during
MEA fabrication; (ii) the presence of surface cracks and the
overall roughness of the MPL surface directly impact the
probability of formation of PIMs during fabrication; and (iii)
regardless of how many PIMs exist, the initial performance of
all the MEAs that were fabricated with a cathode ionomer
overlayer was comparable.

Formation mechanism of membrane irregularities

Fig. 4(a),(b) show top down SEM images onto the MPL and
Fig. 4(c),(d) show cross-sectional SEM images through the
thickness of the GDM. SGL 29BC material is shown in
Fig. 4(a),(c) and Freudenberg H23C8 in Fig. 4(b),(d). In Fig. 4(a)
large surface cracks are evident in the MPL of the 29BC sample.
In contrast, the MPL surface of the H23C8 shown in Fig. 4(b)
appears to be devoid of such surface cracks. The cross-
sectional SEM images in Fig. 4(c),(d) show that, while the
overall thickness of the two GDMs is very similar, they feature
very different MPL thicknesses. The MPL in the H23C8 appears
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Fig. 3 — STEM images of 29BC-based GDE with 0.023 mg Nafion/cm? ionomer overlayer: (a) high-angle annular dark-field
(HAADF) image and corresponding elemental mapping of (b) platinum and (c) fluorine. Impact of GDM and presence of
ionomer overlayer for MEAs with 16 kg/cm? and 125 °C hot-pressing conditions on: (d) H,/air polarization and high
frequency resistance; (e) OCV and hydrogen crossover limiting current density (iy.); (f—i) and IR thermography of GDE-based

MEAs with different GDM and ionomer overlayer.

to be less than 30 um thick, while the MPL thickness in 29BC
appears to range from ~80 to 120 um. Moreover, the carbon
fibers in the H23C8 gas diffusion layer appear to be closer to
the MPL surface than the fibers in 29BC. Fig. S3 shows the GDL
structure of the 29BC and H23C8 materials. The carbon fibers
are straight and rigid in 29BC, whereas, in H23C8, the fibers are
bent and flexible.

As mentioned earlier, more than 10 PIM locations were
investigated for both 29BC-based and H23C8-based MEAs,
and similar MEA cross-sectional structures were observed
with each diffusion media. Fig. 4(e),(f) exhibit representa-
tive cross-sections of 29BC-based and H23C8-based MEAs,
respectively, in the vicinity of a PIM location. While Fig. 4(e)
does not display the exact location of a membrane distor-
tion as shown in Fig. 2(h), it indicates the presence of some
minor membrane deformation and/or thin spots in the vi-
cinity of a surface crack, as previously observed in Figs. 1(a)
and 4(a). This suggests that the MPL cracks may create
interfacial gaps that allow material to shift during the hot-
pressing process, contributing to the formation of mem-
brane irregularities and discontinuous CL/membrane in-
terfaces in the MEA. The image in Fig. 4(f) exhibits the

cross-section of a PIM location where a stray fiber points
orthogonally in the direction of the membrane. This type of
irregularity was predominantly observed in the samples
made with H23C8, which may indicate that the thinner MPL
and its carbon fiber structure play a significant role in the
formation of this irregularity. Overall, there appears to be
good contact between the membrane and CLs in both sets of
samples, except for the immediate regions at MPL surface
cracks.

In summary, our results indicate that the GDM structure
impacts the type of membrane irregularities formed during
HP. Two phenomena were repeatedly observed during MEA
HP. Membrane irregularities forming (i) in the vicinity of
MPL surface cracks (see Fig. 4(e), Fig. S4 and Fig. S8), and (ii)
at locations where single fibers are oriented orthogonal to
the MPL surface and almost penetrate it (see Fig. 4(f) and
Fig. S9).

Mitigation of membrane irregularities

GDE-based MEAs with a smoother, less-cracked MPL
consistently showed a reduced quantity of PIMs. We now
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Fig. 4 — Top-down SEM images of the microporous layer of (a) 29BC and (b) H23C8 gas diffusion media; cross-sectional SEM
SEI images of (c) 29BC and (d) H23C8 gas diffusion media; cross-sectional SEM BSE images of PIMs in (e) 29BC-based MEA
(16 kg/cm?, 125 °C) and (f) H23C8-based MEA (16 kg/cm?, 125 °C).

further explore the impact of HP compression force and
temperature on the formation of PIMs, selecting H23C8-
based MEAs constructed with cathode ionomer overlayers
as the study case.

Fig. 5(a—d) show IR thermography results of H23C8-
based MEAs fabricated at 125 °C, over a range of HP
compression forces from 8 to 25 kg/cm? The MEAs shown
in Fig. 5(a—c), contain one or two PIMs each, regardless of
the compression force that was applied. Apparently, the
quantity of PIMs was independent of HP compression force
at or above 12 kg/cm® However, as shown in Fig. 5(d),
when the HP compression force is further reduced to 8 kg/
cm?, a PIM-free pristine MEA was obtained, at least at the
sensitivity of the IR method that was used. These data
suggest, in conjunction with those shown in Fig. 2(c—f), that
the development of PIMs in H23C8-based MEAs may be less
sensitive to the HP pressure than that in 29BC-based MEAs.
The different nature of the PIMs in these materials,

resulting from the differences in MPL surface roughness as
well as the presence of orthogonally facing fibers versus
cracks, likely plays a significant role in this behavior.
Fig. 5(i) additionally shows the OCV and iy, of the H23C8-
based MEAs. The MEA hot pressed with 8 kg/cm? exhibits
the lowest H, crossover (0.88 mA/cm?) and the highest OCV
(0.973 V), whereas the other MEAs, fabricated at higher HP
compression forces, all had similar iy, and OCVs. These
data agree with the observations made using Fig. 2(b—f),
and confirm that the number of PIMs impacts the OCV and
the iyp.

Fig. 5(e—h) show IR thermography of MEAs fabricated
with a compression force of 14 kg/cm? and HP tempera-
tures between 110 and 125 °C. Fig. 5(j) shows the OCVs and
the iy, of the same MEAs. The data suggest that lowering
the HP temperature decreases the likelihood of PIM for-
mation, thus lowering iy, and improving OCV. When
decreasing the HP temperature to as low as 110 °C, no PIMs
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Fig. 5 — IR thermography of H23C8-based MEAs with 0.023 mg Nafion/cm? ionomer overlayer hot pressed at (a—d) 125 °C and
different compression forces; and (e—h) hot pressed at 14 kg/cm? and different temperatures; and their respective (i—j) OCVs

and hydrogen crossover limiting current densities.

are detected in the MEA, and the OCV is as high as 0.979 V.
These observations likely relate to the first glass transition
temperature (Tg) of the Nafion main chain at around 125 °C
[55]. The HP temperature has a critical effect on the Nafion
membrane because it undergoes macro-structural changes
before and after its glass transition, which affects its ability
to flow and bond. When lowering the HP temperature
below the first Tg, the Nafion membrane exhibits decreased
ion mobility and better thermal stability [55—57]. Further-
more, the adhesion at the interface between the membrane
and the electrode may be weakened due to the decreased
Nafion mobility. PIM formation is also dependent on
membrane mobility. Using a HP temperature near the Tg
may result in a more fluid membrane environment and
promote the development of PIMs. At lower HP tempera-
tures the membrane may have featured a higher structural
stability resulting in less electrode/membrane de-
formations than at a higher HP temperatures. The effect of
reducing the HP temperature below 125 °C is apparent for
the 120 °C sample, which had the highest OCV and the
lowest iy,. Overall, the results imply that careful tuning of
the MEA fabrication parameters can be used to successfully
mitigate the presence of PIMs.

Impact of hot pressing compression and temperature on
initial performance

Fig. 6(a) shows the initial Hy/air performance of MEAs fabri-
cated at 125 °C using HP compression forces ranging from 8 to
25 kg/cm?. The data indicate that a higher HP compression
force results in a lower HFR and a higher initial performance,
especially at high current densities (1.0—1.5 A/cm?). The cell
voltage required to provide a current density of 1.5 A/cm?
(E*> Aem2) of these MEAs ranges from 0.33 V (8 kg/cm?) to
0.49 V (25 kg/cm?) (see Fig. 6(c)). The data in Fig. 6(a) thus
indicate that a hot-pressing force > 12 kg/cm? is necessary to
maintain a good overall performance and a low HFR. The re-
sults imply that fabricating MEAs with a higher HP compres-
sion force results in an improved CL/membrane interfacial
contact and consequently in a better initial performance.

Fig. 6(b) shows the initial Hy/air performance of MEAs
fabricated with 14 kg/cm? HP compression force and HP
temperatures ranging from 125 to 110 °C. The results indicate
that MEAs hot pressed at a higher HP temperature show better
mass transport performance and have a lower HFR. As re-
ported by previous studies, the hot-pressing temperature has
a critical effect on the perfluorosulfonic acid ionomer, as it

Please cite this article as: Wang M et al., Visualization, understanding, and mitigation of process-induced-membrane irregularities in
gas diffusion electrode-based polymer electrolyte membrane fuel cells, International Journal of Hydrogen Energy, https://doi.org/

10.1016/j.ijhydene.2021.01.186


https://doi.org/10.1016/j.ijhydene.2021.01.186

Puifauant to the DOE Public Access Plan, this d
INTERNATIONAL IOUt NA

The published version o

ocument rerpresents the auth
R L QF HY - X
he article is available from th

o]

r ‘Pe r-reviewed, accepted manuscript.
XXXX) XXX

ROGEN ENERGY X

(a) 1.0 0.4
08| e <
"~ Joa §
E '\' G
e, <}
§ 06} i 8
5 —s— 8 kglcm?, 125°C .y
= ol —"—12kglem’, 125°C o3
8 [ —=—16kglem?, 125°C sl 2
25 kglem?, 125°C Jone
ozf _ L —5 K
0.0 L . L 0.0

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Current Density [A/cm?]

Cell Voltage [V]

12; |gwocv HEEME@10Acm’ [E@1.5Acm]
1.010.962 0.967 0.966 0.963 0.973
0.8

Cell Voltage [V]

e relevant publisher.
(b) 1.0 0.4
| N
|
08} B =
& . 403 &
s S S
06| S | ]
—a—14 kglcm?, 125°C N do2 &
gl =14 kg/lcm?, 120°C » §
’ -m-14 kglcm?, 115°C B N
-u-14 kglem?, 110°C <}l .
0.2 — :
0.0 ! f ! 1 1 1 1 0.0
0.0 0.2 0.4 0.6 08 1.0 1.2 14
Current Density [A/cm?]
(d)
1.2" [ OCV M E @1.0 Alcm’ [l E @1.5 Alcm®
1.010.966 0.98 0.975 0.979
)
v 0.8
o
g
s o 0.6V
T
(&) 0 0.35v
0.2
0.0
0«\ ) o 0«\ ) 0“\ )
WS e e ped’

Fig. 6 — Impact of fabrication conditions on performance of H23C8-based MEAs with 0.023 mg Nafion/cm? cathode ionomer
overlayer: H,/air polarization curves and high frequency resistance measurements at different hot-pressing (a) compression
force and (b) temperature; OCV and cell voltage at 1.0 A/cm? and 1.5 A/cm? in air polarization curves of MEAs fabricated at
different (c) HP compression force and (d) HP temperature compared to expected baselines (dotted lines).

undergoes macro-structural changes before and after its glass
transition, affecting its ability to flow and bond [56—59]. When
hot pressing the MEA closer to the T, of Nafion, i.e. 125 °C, the
ionomer overlayer and the membrane surface have better
fluidity and create an improved interface which decreases the
HFR and enhances the performance.

The combined results of Fig. 6(a),(b) suggest that proper HP
conditions are required to create a good CL/membrane inter-
face that provides a low HFR and high cell performance. The
data indicate that the sensitivity with regards to these pa-
rameters is very similar across the ranges the parameters
were varied in. Both have a significant effect on the initial
performance. We believe that most likely both parameters
should be tuned to achieve maximum performance and
durability. Fig. 6(c—d) summarizes the performance results
(OCv, g0 A/em2 pLS5 A/em2) of 5] H23C8-based MEAs. It com-
pares the observed cell voltages to NREL's performance ex-
pectations that originate from repeated performance results
of NREL's standard research MEA material set, i.e. Nafion® 211,
47% Pt/HSC catalyst at 0.2 mgPt/cm? loading on both anode
and cathode, and an ionomer:carbon ratio of 0.9. The perfor-
mance expectations are represented by the dashed red and
black lines: i.e. 0.6 V at 1.0 A/cm? and 0.35 V at 1.5 A/cm?,
respectively. As previously discussed, the OCV provides good
indication as to whether or not PIMs are present in the MEA
construct. Comparing the MEAs fabricated with a compres-
sion of 14 kg/cm? at 125 °C and 120 °C, the higher HP tem-
perature resulted in a reduction of OCV from 0.98 V to 0.966 V,

which is directly related to the number of PIMs that were
present in the MEA (see Fig. 5(f)), and which resulted in a
corresponding increase in iy,. Nonetheless, the performance
at high current densities, for example at 1.5 A/cm?, is better for
the MEA fabricated with the hot pressing temperature that
was closest to the glass transition temperature of Nafion.
Clearly, a trade off exists between creating the desired high
initial performance and avoiding the existence of PIMs, the
latter being indicated by decreased OCV and increased iy, and
which may act as seed points for MEA degradation and failure,
as we shall explore next.

Impact of membrane irregularities on lifetime and failure
behavior

Fig. 7(a),(c) shows BOT IR thermography results of two H23C8-
based MEA samples fabricated with the following conditions:
(a) 25 kg/cm?, 125 °C; (c) 14 kg/cm?, 125 °C. Fig. 7(a) shows that
the MEA fabricated at HP conditions of 25 kg/cm? and 125 °C
contains 3 PIMs, whereas Fig. 7(c) shows only 1 PIM in the MEA
fabricated with lower HP compression force and temperature.
Comparison of Fig. 7(a) and (c) confirm the potential to reduce
the number of PIMs by modifying the MEA fabrication
conditions.

Subsequent to the BOT IR thermography, the MEAs were
exposed to the described AST. When the OCV of a MEA
reached a value of 0.9 V or lower, the AST was stopped, and
the EOT IR thermography data was taken. Fig. 7(b),(d) show the

Please cite this article as: Wang M et al., Visualization, understanding, and mitigation of process-induced-membrane irregularities in
gas diffusion electrode-based polymer electrolyte membrane fuel cells, International Journal of Hydrogen Energy, https://doi.org/

10.1016/j.ijhydene.2021.01.186


https://doi.org/10.1016/j.ijhydene.2021.01.186

TIO.NALJO RNAL XXX

Pursuant to the DOE Public Access Plan, this document r%presents the authors‘rpeer—reviewed, accepted manusciript.
NTERNA LOF HYDROGEN ENERGY XXX (XXXX X
The publllsBecFversmn of the article is available from the relevant publisher.

25 kg/cm?, 125°C
(a) BOT ()

1 280 H

27.2

14 kg/cm?, 120°C

26.5
258
251
244

23.7
o 200

icm

i

—_—
o
—

0.98

..........................................................

Open-circuit Voltage (V)

— NRE 211, H23C8, cathode IL, 14kglcm2, 120°C
—— NRE 211, H23C8, cathode IL, 25kg/cm’, 125°C

3 6 9 1’2 15 18
AST Time (h)

H23C8-based MEA

Mo sinhole
GDL sl PINYIE ~ PyHSC CL

MPL (Anode)

Cathode MPL corroded

100pm
Ism—e——
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based MEA (14 kg/cm?, 120 °C) during AST operation; (f, g). Cross-sectional SEM BSE images of failure point of H23C8-based

MEA (14 kg/cm?, 120 °C) at EOT under different magnifications.

results of the EOT IR thermography, using the same sample
order from above. Several of the PIMs observed at BOT
developed during the AST operation into locations of signifi-
cantly increased hydrogen crossover. Such locations are
indicated by the spots of orange color in the EOT results
shown in Fig. 7(b),(d). The orange color indicates a tempera-
ture increase of ~7 °C at this location, which, based on our
prior work, enables us to classify them as failure points of the
membrane. The correlation of the location of detected PIMs at
BOT and that of failure points at EOT allows us to conclude
that these PIMs act as seed points for failure in fuel cells.
Furthermore, the presence of additional failure points not
identified in the BOT IR thermography, e.g. the one to the left
of the blue dotted box in Fig. 7(d), may indicate that (i) our
method is not sensitive enough to detect all PIMs prior to
operation and/or (ii) some failure points have developed via
other mechanisms, at locations where PIMs were not initially
present.

Fig. 7(e) shows the OCV decay profile vs. time of the MEA
samples during the course of the AST, i.e. after the BOT IR
Thermography and before the EOT. The H23C8-based MEA
that was fabricated with adjusted HP conditions (14 kg/cm?,
120 °C) had much longer lifetime than the other MEA. These
results suggest that the number of PIMs shortens the AST
lifetime of the MEAs. It further indicates that the AST lifetime
of a H23C8-based MEA can be extended from 1.6 h to about
21h, i.e. by a factor of about 13, by adjusting the HP conditions

and reducing the initial count of PIMs. Such learnings are
especially significant within the context of heavy-duty fuel
cell applications, such as long-haul trucks, where the target
lifetime of the stack is 5x longer than that for light-duty
vehicles.

One failure point of the MEA with adjusted HP conditions
was further investigated. Fig. 7(f),(g) show BSE SEM images of
the MEA cross-section around this failure point — identified by
the blue dotted square in Fig. 7(d) — using two different mag-
nifications. The images reveal that the membrane layer,
which can be seen between the two brighter Pt/HSC catalyst
layers, was discontinuous, and that a pinhole developed.
Fig. 7(g) shows this location with higher magnification. The
failure point consisted of a ~40 um diameter membrane
pinhole at a location where a carbon fiber protruded from the
H23C8 GDM.

It should be noted that the phenomena of failure point
development is not dependent on the gas diffusion media. We
also investigated 29BC-based MEA and observed that PIMs
developed into pinholes, as shown in Fig. S11. The IR images in
Fig. S11 (a),(c) show that the 29BC-based MEA contained 7
PIMs, whereas the H23C8-based MEA, both hot-pressed at the
same conditions, contained 3 PIMs. This agrees with our prior
observation that the fabrication conditions are not the only
variable contributing to the development of PIMs, but that the
substrate material used also plays an important role. More-
over, according to Fig. S11 (b),(d), regardless of the gas
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diffusion media, the initial PIMs eventually developed into
failure points. Fig. S11 (e) also shows that the MEA with a
higher number of PIMs had a shorter lifetime, in good agree-
ment with the discussion above.

Conclusion

Process-induced membrane irregularities were detected and
localized using NREL's quasi-in-situ IR thermography subse-
quent to the fabrication of GDE-based MEAs. The structure
and formation mechanism of these membrane irregularities
were further studied in a large number of samples by cross-
sectional SEM. Irregularities were observed to form near MPL
surface cracks due to uneven compression and membrane
deformation and at locations of GDL fiber penetration into the
membrane. The effect of fabrication conditions such as
addition of ionomer overlayer, MPL roughness, and hot
pressing compression force and temperature on membrane
irregularity development, hydrogen crossover, HFR and initial
cell performance were systematically investigated. The addi-
tion of ionomer overlayer exhibited negligible effect on the
amount of membrane irregularities, but, consistent with our
prior studies, dramatically improved the performance by
facilitating the interfacial proton conduction between CL and
membrane. Under the same hot-pressing condition, MEAs
fabricated using GDM with a rougher MPL surface exhibited a
higher amount of PIMs. MEAs processed with more aggressive
hot-pressing conditions (higher compression force and/or HP
temperature) were observed to have a higher number of
membrane irregularities, higher hydrogen crossover and
lower open-circurt voltage. Despite this, these MEAs displayed
increased initial performance and decreased HFR due to better
contact between CL and membrane. Under accelerated
testing, however, membrane irregularities were demon-
strated to be seed points for failure, and to shorten MEA life-
time dramatically. We thus identify, at least within the scope
of this study, a conundrum: higher initial performance, or
longer lifetime? We have clearly shown that, in the case of
prioritization of the latter, the selection of specific GDM
properties and HP fabrication conditions generally enabled
the mitigation of PIMs and extended AST lifetime. Certainly,
further study is warranted, especially given the extensive and
important new focus on heavy-duty fuel cell applications, for
which durability and extended lifetime are tantamount. We
further note that, while the effect of GDM morphology and
structure was explored herein, the impact of membrane
thickness and architecture, i.e. with and without reinforce-
ment, on PIM formation is clearly of interest, and is the topic
of a follow-on study.

Associated content

List of contents in Appendix A. Supplementary Data: config-
uration of a 50 cm? GDE-based MEA with edge protection;
experiment setup of quasi-in-situ IR thermography for spatial
hydrogen crossover visualization; optical miscopy images of
the MPL and GDL of the two different gas diffusion media,
H23C8 and 29BC; cross-sectional SEM BSE images of the

membrane irregularity area shown in Fig. 2(g) at a lower
magnification; cross-sectional SEM SEI and BSE images of the
membrane irregularity area shown in Fig. 4(b); H, LSVs of
29BC- and H23C8-based MEAs fabricated at different hot-
pressing conditions; cross-sectional SEM BSE images of mul-
tiple membrane irregularities of 29BC-based and H23C8-based
MEA fabricated at 125 °C and 16 kg/cm?; cross-sectional SEM
SEI image of the failure point of H23C8-based MEA (14 kg/cm?,
120 °C) at EOT shown in Fig. 7(i).
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