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Abstract

During high current density operation, water production in the polymer electrolyte membrane fuel cell (PEMFC) cathode
catalyst layer can negatively affect performance by lowering mass transport of oxygen into the cathode. In this paper, a novel
heat treatment process for controlling the ionic polymer/gas interface property of the fuel cell catalyst layer is investigated
and then incorporated into the membrane electrode assembly (MEA) fabrication process. XPS characterization of the catalyst
layer’s ionomer-gas interface at its outer surface and its sublayers’ surfaces obtained by scraping off successive layers of the
catalyst layers confirms that a hydrophobic ionomer interface can be achieved across the catalyst layer using a specific heat
treatment condition. Based on the results of the catalyst layer study, the MEA fabrication process is modified to identify heat
treatment configuration and conditions that will create an optimal hydrophobic ionomer-gas interface inside the cathode
catalyst layer. Finally, fuel cell tests conducted on the conventional and new MEAs under different operating temperatures
show the performance of the fuel cells with the treated MEAs was > 130% higher than that with the conventional MEA at
25 °C and 70 °C with humidified air and > 45% higher at 70 °C with dry air. The durability of the hydrophobic treatment on
the cathode catalyst layer ionomer is also confirmed by the accelerated stress test.
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1 Introduction

The cathode catalyst layer of a polymer electrolyte mem-
brane fuel cell (PEMFC) exhibits high water saturation
levels (i.e. flooding conditions) during high current density
operations. Water flooding of the cathode results in reduced
fuel cell performance due to lower mass transport rate of
oxygen to the catalyst reaction site. Various advances have
been developed to overcome water management issues
related to PEMFCs. A few of these advances include the
development of the interdigitated flow field [1], integration
of hydrophobic PTFE nanoparticles into the catalyst layer
[2, 3], and gas diffusion layer fabrication with various types
of non-wetting materials [4, 5], each of these advances led
to improved mass transport performance during high current
density operations.

The PEMEFC catalyst layer is comprised of three phases:
an electrically conductive phase (electron transport), an ioni-
cally conductive phase (ionic transport), and void spaces to
allow for gas/liquid flow. More recently, new analytical tech-
niques such as the X-ray photoelectron spectroscopy (XPS),
nano-scale computed tomography, focused ion beam—
scanning electron microscopy (FIB-SEM), high-resolution
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transmission electron microscopy (TEM), cryo-SEM and
atomic force microscopy (AFM) have enabled researchers
to gain a better understanding of the structure and properties
of the PEMFC catalyst layer [6—16], These high-resolution
characterization techniques provide scientists additional
insight for designing novel catalyst layers to efficiently
deliver reactants to and remove products from the electrodes.
For example, Litster et.al. was able to use nano-scale com-
puted tomography imaging to probe the fuel cell electrode
and generate 3D pore-scale morphological characterizations
[13]. FIB-SEM work by Sabharwal et al., high-resolution
TEM work by Lopez et al., and cryo-SEM work by Taka-
hashi et al. have enabled improved characterization of the
nanostructure and the effect on material properties of the
fuel cell CL [14-16].

Typically, a catalyst ink is prepared by mixing carbon
powder decorated with catalyst nanoparticles (i.e. Pt),
Nafion ionomer, isopropyl alcohol, and water [3, 17-19].
After thorough mixing of the catalyst ink to ensure a homog-
enous mixture, the catalyst ink is sprayed onto the micropo-
rous layer side of a gas diffusion layer for the case of the gas
diffusion electrode (GDE), or the membrane for the case
of the catalyst coated membrane (CCM). The GDE is then



Journal of Applied Electrochemistry

dried to allow the water and isopropyl alcohol to evaporate,
thus leaving behind the catalyst layer. Next, the membrane
electrode assembly (MEA) is prepared by hot pressing a
proton exchange membrane between two GDEs such that
both catalyst layers face the membrane. The MEA is then
assembled between two flow fields for delivering the reac-
tants to the cathode and anode.

During the traditional MEA fabrication process, elec-
trodes are hot pressed onto each side of the polymer electro-
lyte membrane (PEM) such that the catalyst layer side of the
electrodes face the membrane. Prior to hot pressing, gaskets
with predetermined thicknesses are placed around each elec-
trode to ensure the electrodes are not crushed. Hot pressing
is normally completed at 135 °C and 500 kPa above ambi-
ent pressure for 5 min [20]. During this process, absorbed
water inside the PEM will flash to steam. The steam will
diffuse into and saturate the gas pores of the catalyst layer,
microporous layer, and gas diffusion layer. With the gas-
kets surrounding each electrode the steam is prevented from
escaping during this process and is only vented when the
hot press is disengaged. Since hot pressing is completed
above Nafion’s glass transition temperature (T), the cata-
lyst layer ionomer will bond to the membrane and create a
MEA. During the hot-pressing process, ionic pathways are
established between the catalyst reaction sites in the catalyst
layers of the electrodes and the membrane, which allows
ionic conduction from the anode to the cathode during fuel
cell operation.

The Nafion ionomer phase in the catalyst layer also
undergoes some bulk and interfacial changes during the hot
pressing process. Nafion is known to undergo three differ-
ent relaxations when heated, namely alpha (), beta (f) and
gamma (y). The primary «-relaxation process is the tem-
perature at which larger segments of the polymer become
mobile, whereas the sub-glass transition temperature (also
called the secondary f-relaxation process) involves localized
motion of the polymer backbone and is a precursor to the
primary «-relaxation process [21]. The y-relaxation process
occurs at even lower temperatures and involves localized
bond movements (i.e. stretching and bending of bonds). For
the purpose of this study, T5 will be used to refer to the
primary oc—relaxation process. Nafion has a T in the range
of 110-130 °C, depending on the degree of hydration and
sample aging [22-24]. The dynamic structure of Nafion and
dependence on temperature and humidity are well known.
Recent work by Kim et al. showed the effect of dispersing
solutions and temperature on the properties of Nafion [25].
The surface structural changes of thin film Nafion structures
has been shown to depend on the water/vapor environment
in contact with Nafion and the annealing conditions [26, 27].
Paul et al. showed how the surface of a 10 nm Nafion thin
film switched from hydrophilic to hydrophobic upon thermal
annealing and switched back to hydrophilic upon exposure

to liquid water [27]. However, our recent work [20] shows
that if a controlled cool down process is included during
the annealing process to allow the membrane to recrystal-
lize, the surface morphology of the membrane created dur-
ing annealing could be locked-in. What this means is that
if a hydrophobic surface was formed during annealing, the
crystallization process will lock-in this surface morphology.
Our interpretation of the mechanism to create a hydrophobic
ionomer layer in the cathode catalyst layer during hot press-
ing is described below.

At the onset of MEA hot pressing, a saturated steam
environment above glass transition temperature (T) cre-
ated inside the gas pores of the catalyst layer enables the
sulfonate ionic groups of the ionomer phase to relax and,
therefore, allow reorientation. This reorientation allows the
catalyst layer ionomer phase to bond to the membrane and
the ionic network in the ionomer layer and on its surface
to reorganize. As shown in our previous study [20], a satu-
rated steam environment during annealing and cooling of
the MEA will lead to an increased amount of sulfonate ionic
groups oriented towards the ionomer/gas interface (inside
the gas pores of the catalyst layer) due to their affinity for
water. Whereas, a dry gas phase environment during anneal-
ing and cooling will result in a lower number of sulfonate
ionic groups oriented towards the ionomer-gas interface. As
the previous discussion, it’s worthy of being addressed again
that the outward/inward movement of sulfonic groups can
be locked in the recrystallization process (cooling process)
by exposing to the saturated/dry gas phase environment to
create the hydrophilic/hydrophobic interface. The relative
amount of sulfonate ionic groups oriented towards the iono-
mer/gas interface determines the ionomer’s relative hydro-
philicity/hydrophobicity. Although the conventional MEA
fabrication technique enables the ionomer inside the catalyst
layer to form ionic pathways between the catalyst and the
membrane, the saturated steam environment inside the gas
pores of the catalyst layer while cooling results in a nonho-
mogeneous ionomer-gas interface (i.e. a mix of hydropho-
bic and hydrophilic ionomer/gas interfaces). A hydrophobic
ionomer-gas interface will minimize liquid water coverage
and provide better oxygen gas access to the ionomer phase
and catalyst surface. Consequently, an ionomer layer in the
catalyst layer with a more uniform and higher fraction of
hydrophobic polymer/gas interface will expel liquid water
from its surface better and allow greater direct oxygen gas
access to the ionomer layer and catalyst active sites.

Based on the concept above, our group envisioned a more
ideal and ordered cathode catalyst layer structure that would
enable improved two-phase flow (i.e. the gas phase occupies
the annular region adjacent to the ionomer/gas interface and
water occupies the region along the center of the gas pores).
In this inverted annular or liquid-ring flow configuration as
highlighted in Fig. 1 [28], oxygen gas transported into the
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Fig. 1 Cross-sectional side view
of a water-flooded CL pore

and b engineered CL ionomer
surface [20]
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catalyst layer has direct access to the ionomer layer without
having to first dissolve in the liquid water phase and diffuse
through this barrier in order to reach the ionomer phase.
We expected a hydrophobic ionomer/gas interface inside the
gas pores of the catalyst layer would lead to higher fuel cell
performance during high current density operations due to
improved mass transport of oxygen into and water removal
from the cathode catalyst layer.

Previously, our research group and others demonstrated
this interfacial phenomenon with PFSA membranes [20,
29]. Specific heat treatment conditions led to the formation
of either a hydrophobic or hydrophilic membrane surface.
This heat treatment technique was then incorporated into
the MEA fabrication procedure that resulted in more than
a 33% improvement in fuel cell performance [20]. The new
MEA fabrication procedure in our previously published
work relied on natural convection to remove the steam from
the ionomer-gas interface inside the catalyst layer prior to
cooling. In this study, a more thorough analysis is completed
when applying the heat treatment method to the fuel cell
catalyst layer. The catalyst layer’s surface is characterized
with XPS before and after heat treatment. XPS is also used
to characterize the ionomer-gas interface inside the gas pores
of the catalyst layer before and after heat treatment. Addi-
tionally, a new MEA fabrication technique is explored by
using forced convection to remove steam from the catalyst
layer during hot pressing. Various forced convection dura-
tion times are investigated in order to construct a cathode
catalyst layer for optimal two-phase flow. We hypothesize
the saturated steam condition at the onset of the MEA fab-
rication process is required in order to allow the ionomer
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phase adequate time to relax. Forced convection (i.e. purging
with dry heated inert gas) during the final minutes of the
MEA fabrication process is expected to remove the satu-
rated steam environment and create a more homogenous
hydrophobic ionomer-gas interface. Furthermore, in-depth
fuel cell testing is completed to compare the two new MEA
fabrication techniques (natural convection and forced con-
vection) with the conventional MEA using various types
of flow fields, humidification conditions, and operating
temperatures.

2 Experimental

In order to determine if the ionomer/gas interface inside the
gas pores of the catalyst layer could be modified to be hydro-
phobic or hydrophilic, electrodes were exposed to various
heat treatment conditions. Sigracet® GDL-25BC carbon
electrodes were selected for this purpose. The microporous
layer side (MPL) of the gas diffusion electrodes (GDEs)
were coated with a Pt/C/Nafion® layer (0.5 mg cm™2 Pt
geometric area, 0.14 mg cm~2 Nafion® ionomer) by TVN
Systems Inc. For the hydrophobic case, the GDE was first
exposed to a saturated steam environment at a temperature
above Nafion’s Tg. Then, the saturated steam environment
was replaced with heated dry argon gas while maintaining
the temperature above Nafion’s T. Finally, the GDE was
allowed to slowly cool to room temperature while maintain-
ing the dry argon environment. For the hydrophilic case,
the GDE was first exposed to a saturated steam environment
similar to the hydrophobic treated case. After a sufficient
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holding time, the saturated steam environment was main-
tained as the GDE was slowly cooled to room temperature.
More specific details on vessel construction and heat treat-
ment conditions can be found in our group’s previous work
[20].

A Physical Electronics (PHI) VersaProbe II XPS (at
Washington University in St. Louis) and VersaProbe II1
XPS (at University of Kansas) were used to capture high-
resolution scans in order to measure the sulfur and fluorine
atomic percentages near the catalyst layer’s outermost sur-
face. Previously, when analyzing the heat treatment effect on
membranes, the sulfur and carbon atomic percentages near
the membrane’s surface were measured in order to calculate
the sulfur to carbon ratio. The sulfur to carbon atomic per-
cent ratio was used to determine the relative hydrophobic-
ity/hydrophilicity of the membrane’s surface since a higher
amount of sulfonate ionic groups leads to a more hydro-
philic skin. However, because of the high carbon content of
the catalyst layer, the sulfur to fluorine atomic ratio is used
instead to determine the relative amount of hydrophobicity/
hydrophilicity of the Nafion ionomer thin film at the catalyst
layer’s surface.

Next, the catalyst layer side of the heat treated GDEs
were lightly scraped with a razor blade to reveal the Nafion
ionomer inside the gas pores of the catalyst layer. The CL
removal technique enabled removal of the outermost portion
to reveal the internal structure of the CL. Further penetration
into the CL’s internal structure was achieved by additional
CL removal steps. XPS depth profiling (i.e. sputtering using
argon ion beam etching) was not used because ion beam
etching would preferentially remove the ionomer thin film
present in the catalyst layer instead of uniformly removing a
layer of ionomer and carbon [30]. It is well known that even
short sputtering times (<2 min) can cause rapid degrada-
tion to soft materials such as polymers [31-33]. Therefore,
low XPS scan times were used to characterize the poly-
mer’s surface in order to minimize damage. High-resolution
scans at low angle (25°) were collected with the XPS to
measure the sulfur and fluorine atomic percentages after
each successive removal of a fraction of the catalyst layer.
High-resolution scans were collected at multiple locations
on each electrode’s surface to ensure statistically relevant
results. Although XPS probes up to a depth of 3—-5 times the
inelastic mean free path (IMFP) and the typical IMFP range
for polymers is ~2-3 nm, the majority of the XPS signal
will arise from the first few nanometers of the polymer’s
surface [15, 34]. Therefore, the sulfur to fluorine atomic
percentage trends for the various CL samples can be used to
draw conclusions about the ionomer-gas interface. A total
of three successive scrapes were used to remove a portion of
the catalyst layer to allow the ionomer-gas interface inside
the gas pores at various depths of the catalyst layer to be
characterized. Figure 2 provides a simplified sketch of how

scraping the uppermost surface of the catalyst layer leads
to exposure of the ionomer thin film located inside the gas
pores of the catalyst layer. After scraping the catalyst layer,
XPS was used to characterize the ionomer-gas interface. The
ability to characterize the surface and internal ionomer struc-
ture for the heat-treated electrodes was important in order to
validate that the exposure conditions create a hydrophobic or
hydrophilic ionomer-gas interface inside the catalyst layer.

A major purpose of this study was to incorporate the cata-
lyst layer heat treatment exposure conditions into the mem-
brane electrode assembly (MEA) fabrication process. In our
previous work, we showed how incorporating a porous metal
disk into the MEA fabrication technique, to allow the steam
generated during the hot-pressing process to escape, leads
to improved mass transport performance during high cur-
rent density operations [20]. Fuel cells were tested at room
temperature and with humidified air flowing to the cathode
in order to measure the performance improvement using
the new MEA when flooding conditions were present in the
cathode. In this paper, we explored more realistic operat-
ing conditions in order to maximize fuel cell performance.
Therefore, higher temperatures and air humidification levels
were investigated.

Traditionally, the MEA is made by hot pressing two elec-
trodes onto each side of a PEM with the catalyst layer side
of the electrodes facing the membrane. The traditional MEA
hot-pressing setup is shown in Fig. 3a. For this MEA tech-
nique, PTFE gaskets are placed around each electrode to
ensure the electrodes are not crushed during the hot-pressing
procedure. The MEA is hot-pressed at 135 °C and 500 kPa
above ambient pressure for 5 min, then removed from the
hot-press and allowed to cool to room temperature [35]. In
this paper, we explored two new hot-pressing techniques
to apply the heat treatment method to the cathode catalyst
layer during MEA fabrication. Both new methods intended
to recreate the conditions necessary to create a hydrophobic
ionomer-gas interface inside the gas pores of the catalyst
layer. A hydrophobic ionomer-gas interface in the cathode
catalyst layer of a H,-air PEMFC is expected to result in
improved gas and liquid transport into and out of the catalyst
layer, respectively.

First, natural convection was explored by inserting a
porous metal disk (stainless steel 2" diameter, 0.062" thick,
100-micron average pore size) above the cathode. For the
natural convection setup, Fig. 3b, a porous metal disk was
placed above the cathode to allow a pathway for steam to
escape. During hot pressing, moisture in the PEM flashes to
steam and creates a saturated steam environment inside the
gas pores of the catalyst layer. By inserting a porous metal
disk above the cathode, the steam concentration gradient
created between the pores of the catalyst layer and pores
of the metal disk enables natural convection of steam out
of the catalyst layer to occur. The natural convection setup
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Fig.2 Layer by layer removal a5
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allows steam to escape radially out through the porous metal ~ allow steam to escape radially from the electrode during hot
disk. Another natural convention configuration that is pos-  pressing [36].

sible but was not investigated in this study is to use a gasket Next, forced convection was investigated by inserting an
with channels cut (i.e., incomplete gasket) in the gasket to  interdigitated carbon flow field face down above the porous
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Fig.3 MEA hot-press setup for (a) normal MEA, (b) natural convec-
tion MEA and (c¢) forced convection MEA

metal disk and flowing dry heated argon gas during the MEA
fabrication process. The dry heated argon gas was directed
simultaneously into the inlet and outlet of the interdigitated

carbon flow field such that argon flowed down through the
porous metal disk and cathode. For the forced convection
setup, channels were cut into the gasket surrounding the
cathode in order to provide a pathway for heated dry argon
to flow through the electrode during hot pressing. The heated
argon was able to vent out from both the edges of the porous
metal disk and the edges of the cathode. Noted that the
forced convection configuration is actually a combination
of natural convection and forced convection because prior
to the introduction of heated gas, it is identical to the natu-
ral convection configuration. The forced convection setup
is shown in Fig. 3c.

For the forced convection setup, flow duration was inves-
tigated to determine the effect on fuel cell performance. The
following forced convection MEAs were tested: 5 min of
forced convection during the entire hot-pressing procedure,
3 min no flow followed by 2 min of forced convection, and
4 min no flow followed by 1 min of forced convection. The
MEAs were then removed from the hot-press and allowed
to cool to room temperature in ambient environment. We
hypothesized that there would be an optimal flow dura-
tion which would result in peak fuel cell performance. Our
hypothesis required an initially saturated steam environment
for sufficient duration in order to provide adequate time for
the ionomer to relax. A steam environment inside the gas
pores of the catalyst layer would enable the ionomer phase to
relax and allow the sulfonate ionic groups within the Nafion
ionomer to reorient themselves. Next, as dry heated argon
flowed through the gas pores of the catalyst layer and steam
was removed, the sulfonate ionic groups were expected to
reorient themselves and migrate inward towards any remain-
ing moisture inside the bulk of the ionomer. This leads to a
hydrophobic ionomer-gas interface due to an ionomer-gas
surface rich in fluorinated-carbon backbone structure and
void of sulfonate ionic groups.

For PEMFC testing, discharge polarization curves were
collected at various fuel cell temperatures and air humidifi-
cation conditions using MEAs prepared with the procedure
outlined in the paragraph above. Two studies were con-
ducted using the following temperature and humidification
conditions: (a) Fuel cell at 25 °C, H, humidification bottle
at 25 °C, Air humidification bottle at 25 °C; (b) Fuel cell at
70 °C, H, humidification bottle at 95 °C, Air humidification
bottle at 70 °C or Dry Air at 70 °C. A higher humidification
temperature 95 °C is used for the hydrogen gas to inject
more water into the hydrogen side to prevent it from dry-
ing out during discharge operation [37-39]. With the fuel
cell maintained at a lower temperature (70 °C) than the H,
humidification bottle, the excess water vapour will con-
dense and be carried into the hydrogen electrode to provide
additional water to compensate for the amount lost in the
anode due to electroosmotic drag by the transport of pro-
tons from the anode to cathode during discharge operation.
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This two-phase water humidification approach was used by
Wood and Nguyen in their study [38]. Table 1 lists the key
parameters used for each fuel cell study.

All fuel cell testing was completed using a hydrogen pres-
sure of 0.136 MPa (5 psig) and flow rate of approximately
660 mL min~! (Equivalence of 51.7 A cm™2) by using a
recirculation pump. Air was delivered to the cathode at a
rate of approximately 350 mL min~! (Equivalence of 8.6 A
cm™?) in a flow-through setup. Nafion 212 (~51 um thick)
was used for the polymer electrolyte membrane for all MEAs
and electrical current was collected from the edges of the
current collectors. Sigracet GDL-25BC carbon electrodes
were used as the substrates for both the hydrogen and air
electrodes. A catalyst layer (0.5 mg cm™2 Pt geometric
area, 0.14 mg cm~2 Nafion ionomer) was spray coated onto
the microporous layer side of the GDLs. A start-up pro-
cedure consisted of operating each PEMFC at 0.2 V until
0.4 A cm~2 was achieved, then holding the discharge cur-
rent steady at 0.4 A cm~2 for 1 h [35]. The standardized
start-up procedure ensured all MEAs were conditioned (i.e.
hydrated) properly prior to collecting discharge polariza-
tion curves. Discharge polarization curves were collected by
using constant voltage staircases in 50 mV increments from
OCV to 0.2 V. Multiple discharge polarization curves were
collected for each MEA to ensure repeatable results. EIS
was completed at 5 mV amplitude over a frequency range of
1 Hz to 100 kHz on each fuel cell to measure the internal cell
resistance. EIS was also completed on the fuel cell fixture
without a MEA to measure the electrical resistance of the
fuel cell components.

The MEA with 1-min forced convection was selected for
the accelerated stress test (AST) to check the durability of
the catalyst layer treatment, during which the combination

of the interdigitated flow field, 90 °C humidified H,, and
70 °C humidified air was used as the fuel cell operating
conditions. Before the AST, the discharge polarization curve
was collected following the procedure described above. The
AST was conducted based on the protocol of the Depart-
ment of Energy [40]. The voltage was cycled between 30 s at
0.9 V and 30 s at 0.7 V. After 1200 cycles, another discharge
polarization curve was collected.

3 Results and discussion

After exposing several catalyst-coated GDEs to various
heat treatment conditions, XPS was used to validate that
the exposure conditions created a hydrophobic or hydro-
philic ionomer-gas interface on the surface and inside the
gas pores of the catalyst layer. Figure 4 shows the sulfur
to fluorine ratio for the hydrophilic-treated, hydrophobic-
treated, and as-received GDEs. Each point represents an
average of three to five measurements. The original XPS
spectra and sulfur to fluorine ratios are included in Fig. S1
through Fig. S4 and Table S1 through Table S4, respectively.
Figure 4 also includes results for as-received GDEs (TVN
Systems, Inc.) after hot-pressing them between two carbon
plates (without a gasket around the GDE). This process is
similar to the natural convection process with the porous
metal plate described earlier in Fig. 3b. The sulfur to fluo-
rine ratio at point O (far-left points in Fig. 4) corresponds to
the outermost surface of the catalyst layer prior to applying
the scraping procedure. As expected, the hydrophilic-treated
GDE had a higher sulfur to fluorine ratio compared to the
as-received, as-received and hot-pressed, and hydrophobic-
treated GDE:s. It is not surprising that the S:F ratio for the

Table 1 Experimental studies

.. Study # 1
and conditions

2

Experimental variable Temperature Air humidification
MEA type Normal MEA Same
Natural convection MEA
Forced convection MEA
Cathode SGL 25BC GDL coated with Pt/C/ Same
Nafion layer (0.50 mg-Pt cm™2,
0.14 mg cm™~2 Nafion ionomer)
Anode SGL 25BC GDL coated with Pt/C/ Same
Nafion layer (0.50 mg-Pt cm™2,
0.14 mg cm™2 Nafion ionomer)
Membrane NR212 Same
Flow fields Interdigitated carbon flow fields Same
Air flow rate 350 mL min~! Same
H, flow rate and pressure 660 mL min~! & 0.136 MPa Same

Temperature

25 °C fuel cell, hydrogen, & air

70 °C fuel cell & air, 95 °C hydrogen

70 °C fuel cell & air, 95 °C hydrogen

Humidification

Humidified hydrogen and air

Humidified hydrogen & dry air
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Fig.4 XPS characterization of catalyst layer

as-received GDE is between those of the hydrophilic and
hydrophobic GDEs. The same result was observed in our
earlier work with Nafion membranes [20]. What is new
and interesting is that the sulfur to fluorine ratio of the as-
received GDE hot-pressed in a natural convection mode is
similar to that of the hydrophobic GDE. The hot-pressed
data points (green/diamond symbols in Fig. 4) were obtained
after the fuel cell tests were completed because we were
curious about the performance of the natural convection
MEA.

After scraping each GDE (to expose the ionomer-gas
interface inside the gas pores of the catalyst layer), XPS
was used to measure the sulfur to fluorine ratio. The mag-
nitude and trend of the sulfur to fluorine ratio after each
successive scrape (to remove a portion of the catalyst layer)
continued throughout the catalyst layer for both heat treat-
ment conditions and the as-received GDE. The calculated
sulfur to fluorine atomic percent ratio for a 1100 equivalent
weight Nafion membrane is approximately 2.5%. The sulfur
to fluorine ratio for all data in Fig. 4 is below 1.5%. Dur-
ing exposure to x-ray radiation for XPS measurements, it is
well known that Nafion’s surface will experience preferential
removal of sulfur compared to other atoms (i.e. fluorine, car-
bon) due to lower bond strength. The XPS settings (i.e. beam
power and measurement duration) are important for ensuring
a reliable sulfur signal and minimizing removal of sulfur
atoms. Therefore, only the trends and the relative compari-
son between the three curves in Fig. 4 can be relied upon, not
the actual values. These results support our hypothesis that
specific heat treatment conditions can create a hydrophilic
or hydrophobic ionomer-gas interface for the thin ionomer
film on the surface and inside the catalyst layer.

Next, MEAs were constructed using the normal (i.e. con-
ventional method), natural convection, and forced convec-
tion MEA procedures. The MEAs were tested at various
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Fig.5 H,-Air PEMFC discharge polarization and power density
curves for normal, natural and forced convection MEAs with different
purge times at 25 °C using humidified hydrogen and humidified air

temperatures and air humidification conditions. The 25 °C
results of the fuel cells with the five MEAs made with the
three different hot-pressing configurations are given in
Fig. 5. As shown in this figure, the fuel cell with the normal
MEA performed poorly at 25 °C under water saturated air
condition (as expected) because the cathode was probably
flooded or partially flooded over most if not all of the current
density range, even at low current densities. Its peak power
density is only 155 mW cm™~2. Note that if the cathode inlet
air is already saturated with water vapor, then any water that
is generated in the cathode catalyst layer would very likely
remain as liquid water. Therefore, a catalyst layer that is not
designed to handle high liquid water saturation (i.e. normal
MEA) would very likely be flooded. Excessive flooding of
the catalyst layer can affect the fuel cell performance even at
low current densities by making a significant fraction of the
catalyst region in the catalyst layer inaccessible.
Meanwhile, the fuel cells with treated MEAS to create a
more hydrophobic Nafion ionomer/gas interface performed
much better than the normal MEAs over the entire current
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density range. The order of performance (from high to
low) for these treated MEAs at 25 °C with water saturated
air was 1-min forced convection, natural convection, 5-min
forced convection, and 2-min forced convection with the
peak power density ranging from 364 mW cm~? for the
MEA with 1-min of forced convection to 2900 mW cm~2 for
the 2-min forced conventional MEA. The performance of
the 1-min forced convection MEA is 135% better than that
of the normal MEA. Its performance was better than those
of the other three treated MEAs over the entire current
density range, evidence of having better oxygen gas access
and mass transport property. The performance of the other
three treated MEAs was similar in the kinetic controlled,
low current density range and only differed in the high
current density, mass controlled region where liquid cover-
age of the Nafion ionomer layer plays a crucial role. From
these results, one could infer that these three MEAs had
similar effective active surface areas but slightly different
oxygen gas access and mass transport properties.

The performance of the natural convection MEA is
interesting. Its polarization curve was almost parallel to
that of the 1-min forced convection case, and its peak
power density was the second best at 339 mW cm™2. The
main difference between these two cases are the use of the
porous metal plate to allow steam to escape in the natural
convection case versus the cut channels in the forced con-
vection case during this first four minutes of the hot press-
ing process and use of forced convection to purge steam
from the electrode during the last minute of the forced
convection case. Having the porous metal plate over the
whole electrode may allow more steam to escape from the.

whole electrode than from the edges of the electrode
through some of the cut channels. From the differences
in their configurations, it could be inferred that the 1-min
forced convection case allowed slower steam venting in the
first four minutes and therefore more time for the polymer
to relax and form a good ionic network within the polymer
and with the catalyst surface, and its 1-min of forced vent-
ing with heated gas allows the formation of a higher level
of hydrophobic ionomer film/gas interface in the catalyst
layer. Our hypothesis stated that sufficient time is needed
at saturated steam conditions (above Nafion’s T;) to allow
the ionomer layer to relax and the sulfonate ionic groups to
be able to reorient themselves. We believe these two char-
acteristics gave the 1-min forced convection MEA better
liquid water handling capability in the catalyst layer. The
lower performance of the MEAs in the 2-min and 5-min
forced convection cases could be attributed to the Nafion
membrane and ionomer layer not having sufficient relaxa-
tion time to form a good ionic network within the polymer
and the ionic clusters. The treated MEA results show that
more time for membrane relaxation was needed and one
minute of argon purging was sufficient to purge most of the

@ Springer

moisture from the catalyst layer to create a hydrophobic
ionomer/gas interface.

The fuel cell test results of the five different MEAs at
70 °C under water-saturated air inlet condition are shown
in Fig. 6. At 70 °C, where the transport rate of oxygen and
the kinetic rate of oxygen reduction are higher, all MEAs
performed better (as expected) with power densities about
100% higher than those at 25 °C. As in the 25 °C case, a
similar order in performance was observed with the 1-min
forced convection MEA having the best performance with
peak power of 763 mW cm™ and the normal MEA with
the lowest performance with peak power of 327 mW cm™2.
This 133% difference in performance is very similar to
the 135% difference observed at 25 °C under saturated air
conditions. The polarization curves for the treated MEAs
at this temperature are similar to those at 25 °C. The 1-min
forced convection MEA performed better than those of the
other three treated MEAs over the entire current density
range. The polarization curves of the three treated MEAs
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Fig.6 H,-Air PEMFC discharge polarization and power density
curves for normal MEA, natural convection MEA, and forced con-
vection MEAs with different purge times at 70 °C using humidified
hydrogen and humidified air
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were similar in the low current density range and only dif-
fered in the mass-transfer controlled, high current density
region. The fuel cell peak power densities for all MEAs
at 25 °C and 70 °C under water vapor saturated inlet air
conditions are summarized in Table 2.

Lastly, the MEAs made by various hot-pressing meth-
ods were tested using dry air instead of humidified air.
It is well known that flowing dry air to the cathode will
lead to higher performance due to improved liquid water
removal, mass transport of oxygen, and higher oxygen
concentration in the gas phase [37, 38]. Dry air is better
able to remove liquid water from the cathode, therefore
reducing the impact of liquid water buildup and enabling
better oxygen transport into the cathode to reach the cata-
lyst reaction sites. The results for the dry air 70 °C tests
given in Fig. 7 show current density higher than 2 A cm™>
and peak power density greater than 800 mW cm~2 were
achieved with dry air. The normal MEA, which did not
perform well under water saturated air, was able to achieve
a current density of more than 1 A cm™2 at 0.5 V and peak
power of 550 mW cm™~2, which are in alignment with pre-
viously published results using state-of-the-art fuel cells
at similar operating conditions [19, 38, 41-44]. The peak
power density of the normal MEA increased the most, by
68%, when dry air was used instead of water saturated
air while those of the treated MEASs only increased by
4-12%. The peak power of the best performing 1-min
forced convection MEA is now only 47% higher than that
of the normal MEA as compared to the ~ 130% difference
observed under water saturated condition. See the peak
power comparisons given in Table 1. The 70 °C with dry
air test results show that the dry air condition primarily
benefited the MEA that did not handle saturated liquid
water conditions well (e.g. “normal” MEA). The MEAs
able to handle high liquid water saturation condition well
(e.g. the treated MEAS) did not benefit as much by the dry
air condition. However, the treated MEAs show that with
improved water saturation handling capability, they can
operate in both low and high humidity air conditions and
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Fig.7 H,-Air PEMFC discharge polarization and power density
curves for normal MEA, natural convection MEA, and forced con-
vection MEAs with different purge times at 70 °C using humidified
hydrogen and dry air

at high current densities when high liquid water saturation
level in the catalyst layer is expected.

The AST test results in Fig. 8a show that the current
densities decrease by 1.7% (at 0.9 V) and 5.1% (at 0.7 V)
respectively. This is lower than the typical degradation of

Table 2 Peak power density

. . Peak power density (mW cm™2)
achieved by the five different

MEAs
MEA

Temperature

Case 1 (25 °C-Humid-
ified air)

Case 2 (70 °C-Humi-
fied air)

Case 3 (70 °C-Dry air)

Normal

Natural convection
1-min forced convection
2-min forced convection

5-min forced convection

155
339
364
290
311

327 (111%)
663 (96%)
763 (110%)
577 (99%)
600 (93%)

550 (255%)* (68%)**
728 (115%)* (10%)**
807 (122%)* (6%)**
648 (123%)* 12 (%)**
626 (101%)* (4%)**

Hik .
Percent increase over case 1

EE3 .
Percent increase over case 2
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Fig.8 Results of accelerated stress test (AST) for the MEA with the
1-min forced convection at 70 °C using humidified hydrogen and air.
(a) Current densities of applied voltage at 0.9 V (blue curve with cir-
cle markers) and 0.7 V (red curve with triangle markers) during AST,
(b) H,-Air PEMFC discharge polarization curves before and after
AST

catalyst on a support, which has been reported to drop 13.8%
in normalized ECSA after 1000 cycles of AST [45]. The
discharge curves before and after AST given in Fig. 8b show
that the OCV decreases from 0.966 to 0.959 V (=7 mV),
while the voltage at 0.8 A cm~2 decreases from 0.656 to
0.627 V (=29 mV). Moreover, the high mass transfer resist-
ance caused by water flooding in the catalyst layer of the
normal MEA (green/diamond symbols in Fig. 7) is still
avoided after AST cycles, which confirms that the hydro-
phobic treatment on the ionomer of the catalyst layer has a
good durability effect.

4 Conclusions
In summary, a new heat treatment process was developed

and used to create a hydrophobic ionomer/gas interface in
a fuel cell catalyst layer. The XPS characterization results
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of the surface and different sublayers of the catalyst layer
of the gas diffusion electrode confirmed that a hydrophobic
ionomer interface was achieved across the catalyst layer.
Based on these results, new MEA fabrication configura-
tions and procedures that allow natural and forced venting
of the steam generated in the MEA during hot pressing
were developed. These configurations were used to iden-
tify heat treatment configurations and exposure conditions
that would create an optimal hydrophobic ionomer-gas
interface inside the cathode catalyst layer.

The fuel cell tests conducted on the untreated and
treated MEAs under different operating temperatures show
the treated MEAs had better liquid water saturation han-
dling properties and better fuel cell performance especially
under high water saturation conditions (e.g. operation with
water-saturated air). The best fuel cell performance was
achieved with the MEA fabricated by the forced convec-
tion configuration with 1-min forced venting. Its peak
power density at 25 °C and 70 °C under water saturated
air condition was greater than 130% higher than that of the
MEA made by the conventional hot-pressing method. At
70 °C operating condition, when dry air was used, the con-
ventional MEA, that had shown poorer performance under
water saturated air condition because of its poorer liquid
water saturation handling capability, benefited the most.
Its power density increased more than 68% from 327 to
550 mW cm™2, while the treated MEAs with improved lig-
uid water handling capability only increased about 4-12%.
The best performance achieved under dry air condition
was obtained with the 1-min forced convection MEA with
a peak power density of 807 mW c¢cm™. Its long-term dura-
bility and stability was confirmed by accelerated stress
testing, which showed low mass transfer resistance in
the high current density region. Finally, the treated MEA
results show that in the newly developed MEA hot-press-
ing techniques, the two most important variables are the
polymer relaxation time and the venting time.
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Contribution to the field statement During high current density opera-
tion, liquid water production in the polymer electrolyte membrane fuel
cell cathode catalyst layer can negatively affect performance by lower-
ing mass transport of oxygen into the cathode. In this paper, a novel
heat treatment process for making the ionic polymer/gas interface of
the fuel cell catalyst layer hydrophobic is incorporated into the mem-
brane electrode assembly (MEA) fabrication process. The hydropho-
bic ionomer layer interface helps to keep the ionomer free of liquid
water and therefore more accessible to oxygen gas. It also helps to
expel water more rapidly from the gas pores in the catalyst layer. Fuel
cell test results of MEAs fabricated by this process show improved
performance compared to conventional MEAs, especially under high
water saturation operating conditions. The fuel cell performance of the
treated MEA was > 130% better than the conventional MEA at both
25 °C and 70 °C when supplying humidified air and > 45% better at
70 °C with dry air.
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