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ABSTRACT OF THE THESIS

Improving the Blade Coating Method for PEMFC Catalyst Coated Membrane Fabrication
by
Shikai Sun
Master of Science in Materials Science and Engineering
University of California, Irvine, 2024

Associate Professor Iryna Zenyuk, Chair

In recent years, the global energy demand continues rising, and the extensive usage of fossil
fuels have caused severe environmental problems. As an efficient and clean electrochemical
energy conversion device, Proton Exchange Membrane Fuel Cell (PEMFC) have attracted more

and more attentions.

The catalyst-coated membrane (CCM) is crucial to PEMFCs, directly impacting their
performance and durability. This study evaluated traditional CCM manufacturing methods, such
as air spraying and decal transfer, and identified their limitations in material efficiency or
scalability. Compare to these two methods, the blade coating method (BCM) has the ability to
precisely control the thickness and uniformity of the catalyst layer, and is friendly for scale
production due to high material efficiency and reproducibility. However, existing blade coating
methods struggle to produce uniform catalyst layers at lower target catalyst loadings for
hydrocarbon ionomer Pemion™. This study introduced ethylene glycol into the solvent system
to adjust the viscosity of the catalyst ink to solve this issue. By experimentally investigating the
composition of the catalyst ink and the operational parameters during coating, we successfully

prepared a CCM with a cathode catalyst loading of 0.3 mgPt/cm=using BCM, achieving good



uniformity in the catalyst layer while the MEA's performance approached that of CCMs prepared

using ASM (0.8 A/cm? at 0.7 V).

The improved blade coating process significantly enhances the uniformity of the catalyst
layer. By using the improving process, BCM can achieve comparable performance to traditional
CCM manufacturing methods. Given its high repeatability, fast speed, and ease of scaling up,
researching, developing, and improving BCM could contribute to technological advancements in

PEMFCs and the practical application.
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INTRODUCTION

As the climate change and resource depletion problems become more and more serious,
many countries around the world are turning to renewable energy sources, such as wind and solar
power, to reduce their reliance on fossil fuels [1]. However, the development of these energy
sources brings complications such as energy curtailment, where excess energy is often wasted
[2,3]. Significant energy curtailments have been documented in California, because of the
mismatch between solar production during the day and peak energy demand at night [4].

Hydrogen can be used as a compelling solution to relieve the curtailment problems. As an
energy carrier, hydrogen can store excess renewable energy through the electrolyzer [5]. The
stored hydrogen can be converted back into electricity during peak demand periods, or directly
used in transport or industrial processes by hydrogen fuel cells. Additionally, by injecting in
existing natural gas pipelines, hydrogen can be transported and stored for long periods of time,
providing a buffer and increasing the flexibility and resiliency of the energy system [6]. To
rapidly develop hydrogen energy-related infrastructure and economy, the U.S. Department of
Energy launches the “Hydrogen Shot” program [7]. The program aims to cut the cost of clean
hydrogen production to $1 per kilogram within a decade, making it an economically viable
option for large-scale deployment. The shift to a hydrogen economy not only supports
decarbonization efforts, but also boosts economic growth by creating new markets and industries
in sustainable technologies field.

While solving the renewable energy storage problem through hydrogen production is
important, developing green electrochemical conversion devices is equally important. The
widespread use of fossil fuels among the world, especially in transportation, results in significant

greenhouse gas emissions [8]. In order to reduce the dependence on fossil fuels, research on



proton exchange membrane fuel cells (PEMFC) has received attention in recent years. Major
automakers, such as Toyota and Hyundai have developed and commercialized PEMFC-powered
light vehicles. Using hydrogen as a fuel allows for longer ranges at a lighter weight due to its
high net energy density [9]. Therefore, PEMFCs using hydrogen as fuel are considered to be an
excellent choice for powering clean energy vehicles.

As an important part of PEMFC, the preparation of catalyst layer has always been a hot
topic of research. Compared with the air spray method (ASM), the blade coating method (BCM)
can precisely control the thickness and uniformity of the catalyst layer as decal transfer method
(DTM), but don’t need to apply hot pressing [10], so BCM would be applicable to those
ionomers have high glass transition temperature, like Pemion™ (T4 = 300<C.) Furthermore, due
to its higher material efficiency and fewer steps, BCM can be easily scaled to larger production

volumes, which is beneficial for industrial applications.



CHAPTER 1: Background

1.1 Proton-Exchange Membrane Fuel Cells

Polymer electrolyte membrane fuel cell (PEMFC) is an electrochemical device that can
convert chemical energy stored in hydrogen into electrical energy and thermal energy. The
components of PEMFC include membrane electrode assembly (MEA), sealing gasket, and flow
field [11]. Hydrogen is delivered to the anode through the flow field, while air is delivered to the
cathode. Between the flow fields, a proton exchange membrane (PEM) is coated with catalyst

layers on both sides, and being sandwiched by two gas diffusion layers (GDL).

Anode end plate Gasket Cathode end plate

& H2 in/out / - A\ & Air in / H,0 out
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A\\\\\
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Figure 1.1. A schematic drawing of a PEMFC.

Total Reaction H, + %02 - H,0 1.1
HOR H, » 2H* + 2e~ 1.2
ORR ~0; + 2H* + 2™ - H,0 1.3



Electrochemical reactions (Reaction 1.1) occur on platinum nanoparticles within this
catalyst layer. Hydrogen oxidation reaction (Reaction 1.2) occurs at the anodes, oxidizing the
supplied hydrogen into protons (H+) and electrons. A proton exchange membrane allows protons
to pass through the membrane to the cathode, while electrons must follow an external circuit to
reach the cathode. The oxygen reduction reaction (Reaction 1.3) occurs at the cathode, where
oxygen combines with protons and electrons to form water and heat. This process produces an
electric current flowing through the external circuit, with water being the only by-product [13].
Therefore, PEMFC is a pollution-free electrochemical energy conversion equipment.

1.1.1  Membrane Electrode Assembly

The membrane electrode assembly (MEA) is the key component of the proton exchange
membrane fuel cell (PEMFC), where proton transport and electrode reactions occur [12]. MEA
usually being assembled by three parts: proton exchange membrane (PEM), catalyst layer (CL)
and gas diffusion layer (GDL). The layers of MEA are arranged in order from anode to cathode:
anode GDL, anode CL, PEM, cathode CL, cathode GDL [14].

PEMs are usually formed by ionomers. Currently, PEM in commercial applications mainly
uses Nafion (Figure 1.2a) as the ionomer. Nafion is made up of polytetrafluoroethylene (PTFE)
backbone and perfluorosulfonic acid (PFSA) side chains. The PTFE component provides
material stability and maintains low breathability, while the PFSA component provides high
ionic conductivity [15]. Since fluorinated compounds may cause harm to the environment after
degradation, and the potential bans of PFAS by European Union in 2030 [16], research on

hydrocarbon-based ionomers Pemion (Figure 1.2b) is also a focus [17].



Figure 1.2. (a) Structure of Nafion; (b) Structure of Pemion. In Nafion structure, PTFE component
provides material stability and maintains low breathability, while the PFSA component provides
high ionic conductivity. Pemion is a hydrocarbon-based ionomer, which did not contain fluorinated
structure.

In order to reach high porosity, catalyst layers (CL) are usually formed attached to the PEM
or GDL. These two CL fabrication methods are commonly referred to as the catalyst-coated
membrane (CCM) method and the gas diffusion electrode (GDE) method. The CCM method
usually coating CL directly on PEM, or initially on a polytetrafluoroethylene film and then
transferring it to PEM by hot pressing. In contrast, the GDE method usually coating CL onto
GDL and then hot press directly with PEM to assemble the MEA.

In PEMFC, gas diffusion layer (GDL, Figure 1.3b) is mainly used to transport the reaction
gas into the CL and remove the water produced by the reaction from the CL. The electrons

generated at the anode also need to be guided to the flow field through the GDL and then to the
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cathode through an external circuit. In addition, GDL conducts the heat generated during the
reaction, ensuring that the reaction proceeds at stable temperature and relative humidity [20].
1.1.2  Flow Field and Sealing Gaskets

In PEMFCs, the flow field (Figure 1.3a) is usually composed of conductive materials like
graphite. Through multiple parallel serpentine channels, the flow field evenly distributes the gas
to the MEA and remove water generated during the electrochemical reaction from the system
[14]. Different flow field designs have different advantages. For example, larger flow channels
can deliver gas and water more efficiently, but can cause uneven compression of the GDL and
increase contact resistance [14]. Since a single PEMFC usually produces a voltage less than 1V,
multiple PEMFCs must be stacked in series to obtain the required power in practical
applications. The series connection is usually accomplished by separating multiple MEAs with

bipolar plates with etched channels on both sides.

a) Flow field Graphite\pl‘ate b) GpL Gasket




Figure 1.3. () 25 cm? serpentine channel flow field; (b) FR-PTFE sealing gasket with GDL.
Different flow field designs have different advantages. Larger flow channels can deliver gas and
water more efficiently, but can cause uneven compression of the GDL and increase contact
resistance. The thickness of gasket can control the compression percent of GDL, which can
significantly affect the contact resistances between CL-GDL-flow field.

The sealing gasket is usually located between the flow field and the MEA in the PEMFC,
one on each side of the cathode and anode. In a laboratory setting, a gasket (Figure 1.3b)
typically has a similar area to the flow field but includes a window the same size as the GDL to
allow direct contact of the GDL with the flow field. This design also shields the inactive areas of
the membrane and is therefore widely adopted [14]. Gaskets, typically made from a combination
of fiber-reinforced polytetrafluoroethylene (FR-PTFE) and standard PTFE of varying
thicknesses, are used to seal the PEMFC during flow field compression to prevent gas or liquid
leakage. In addition, changing the combination of sealing gasket thickness can control the degree
of compression on the GDL. For example, to achieve 20% compression on a GDL with 250 um
thickness, a gasket combination with a total thickness of 200 pum is required. Parkinson et al. [21]
finds that GDL compression can significantly affect the contact resistances between CL-GDL-
flow field.

1.2 Catalyst Coated Membrane Fabrication

1.2.1  Air-spraying Method
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Figure 1.4. Schematic diagram of Air Spraying Method. The spray pattern shape (1st run path in
red, 2nd run path in black) and height of the nozzle can significantly affect coating effects.

Air spraying method (ASM) is a method that has been widely used in the fabrication of
CCM. This method uses compressed air to atomize the catalyst ink into tiny droplets, which are
then sprayed onto the surface of the CCM to form CL. Turtayeva et al. found that by adjusting
spraying pressure, distance between nozzle and support, spraying speed and other parameters, a
uniform CL and good PEMFC performance can be obtained [23]. Martin et al. [36] compared the
microstructures of catalyst layers (CL) obtained through different methods including ultrasonic
spraying, air brushing, and electrospraying. The results indicated that due to the absence of an
ultrasonic generator at the nozzle head, particles tend to agglomerate during the coating process
when using ASM, significantly affecting the uniformity of the CL. Kim et al. [37] examined the
effects of using different ionomer to carbon (1/C) ratios in the catalyst ink on the performance of
the resulting catalyst-coated membranes (CCM). The findings suggested that the structure of the
catalyst layer in ASM applications leads to variations in the ionomer’s ionic conductivity,
thereby influencing the performance of the membrane electrode assembly (MEA). Deschamps et
al. [38] tested two different spraying configurations with varying distances and characterized the

surface morphology of the samples using contact profilometry and 3D laser scanning



microscopy. The results demonstrated that the topological structure of the deposited layers varied
with the different spraying configurations. In terms of catalyst ink formulations, ASM usually
uses compositions with lower viscosity and catalyst concentration to achieve better ink
atomization. Spraying is usually carried out on a heating plate, which quickly evaporates the IPA
in the solvent by heating, avoiding damaging the structure of the PEM. By using related
machinery for spraying (Figure 1.4), this method has the advantages of high reproducibility and
less catalyst waste, but it also has the disadvantages of slow speed and inconvenient rapid
expansion of production scale.

1.2.2  Decal Transfer Method

a) b)

Catalyst ink Doctor blade coating
fabrication on PTFE substrate

c) d) l
—
B =

e t

Decal drying Hot pressing to
transfer decal to PEM

Figure 1.5. Schematic diagram of Decal Transfer Method. The coating process includes a) catalyst
ink fabrication; b) doctor blade coating on PTFE substrate; c) decal drying; d) hot pressing to
transfer decal to PEM.

Decal transfer method (DTM) is also an important method for the CCM fabrication. DTM

(Figure 1.5) usually uses a doctor blade to firstly coat the CL on a temporary substrate (such as



PTFE film). When the catalyst ink dries, intercept the part of decal where the catalyst is evenly
distributed, and then transfers the CL from the temporary substrate to the PEM by hot press [24].

Doctor blade can control the thickness of CL more precisely during the coating process, and
can choose which region on the decal is being intercepted and transferred. Therefore, compared
with other coating methods, DTM has the best controllability and repeatability [24]. Liang et al.
[39] optimized the composition of the catalyst ink, drying processes, and transfer pressure to
achieve a continuous and uniform catalyst layer. The results indicated that adjusting the solvent
composition in the catalyst ink to regulate its viscosity facilitates the uniform spreading of the
catalyst ink, thus achieving a consistent thickness of the catalyst layer after drying.

However, the catalyst waste of DTM is a serious problem because the CL on the temporary
substrate is usually only partially usable, and this would be a problem in mass production.
Therefore, enhancing the transfer efficiency of the catalyst to minimize catalyst loss is a focus of
many studies. Ha et al. [40] discussed the impact of different substrates on catalyst transfer
efficiency. The results demonstrated that the transfer efficiency using Teflon as a substrate was
significantly superior to that using Kapton. Cho et al. [41] developed a liquid nitrogen freezing
technique. The results indicated that this method achieved a catalyst transfer efficiency of 99.2%,
a substantial improvement over the traditional methods which typically reach 95.4%.

In addition, DTM steps have the need to perform hot press for transfer, and hot press needs
to exceed ionomer's glass transition temperature. This does not have much impact on MEA using
Nafion (Tg is about 130<C) [18], but it is more difficult to apply DTM to MEA using Pemion (Tg
is about 300<C) [17]. Shahgaldi et al. [42] investigated the use of fluorinated ethylene propylene

(FEP) as a decal substrate for low temperature DTM on Nafion, but this method still requires
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exceeding the glass transition temperature of ionomer and does not address the challenge of high
glass transition temperatures of Pemion in large-scale DTM production.
1.2.3  Blade Coating Method

The blade coating method (BCM) is a technique that combines the features of ASM and
DTM. Similar to DTM, BCM uses a blade to scrape the catalyst ink. The difference is that the
DTM uses a doctor blade with a fixed interval height to control the thickness of the CL and
scrape the catalyst ink onto the temporary substrate, while BCM uses a fixed thickness of Kapton
as a mask to create an interval and use it to control the thickness of CL, and then scrape the
catalyst ink directly onto the PEM (Figure 1.7). BCM also has good controllability and
repeatability. Liu et al. [43] investigated the effects of the solvent composition of
isopropanol/H20 and the solid content in the catalyst ink on the structure of the catalyst layer.
The study indicated that using improving catalyst ink led to the formation of a uniformly

distributed anode catalyst layer.

Razor blade

a) b)
Kapton mask with window in the middle ———_]

Buineod ape|g

Catalyst Ink

Vacuum table

Figure 1.6. Schematic diagram of Blade Coating Method. a) equipment setup; b) blade coating
illustration; c) coating effect. The coating area on the PEM was limited by the window on Kapton

mask.
Since the interval is fixed, BCM also has good controllability and repeatability. At the same

time, because it belongs to direct coating like ACM, BCM has no need for hot press, and is

11



suitable for Pemion CCM fabrication. However, because it is directly scraped onto PEM, BCM
cannot intercept the CL part with better uniformity like DTM, so it is difficult to obtain the same
CL uniformity as DTM. Park et al. [44] investigated the deformation of the catalyst layer caused
by the deformation of the membrane during the coating process. The study revealed that this
deformation results from in-plane compression induced by the hydration of the membrane,
leading to membrane creep to alleviate these stresses. When catalyst ink is applied to a polymer
membrane, both the membrane and the catalyst layer can deform due to rapid volumetric
changes. To address this issue, Hsu et al. [45] proposed a process using pre-expanded Nafion
membranes to reduce stress problems. The study showed that MEAs fabricated from Nafion
membranes pre-soaked and pre-expanded in ethylene glycol performed approximately 16%
better than MEAs without this process. Additionally, Huang et al. [46] investigated the
rheological behavior of catalyst inks prepared with different organic solvents, including water,
ethylene glycol, glycerol, propylene glycol, and methanol. The research indicated that Pt
catalysts and Nafion ionomers exhibit better dispersion in ethylene glycol due to its higher
dielectric constant and viscosity.

By adjusting the ratio of water and IPA in the solvent, the viscosity of the catalyst ink, the
thickness of the Kapton mask, the scraping temperature, the scraping speed, the amount of ink
used in a single passing, and many other parameters, BCM can be applied to different types of
ionomers after solving the problem of CL uniformity, and it is friendly to large-scale production
since the catalyst waste is low. However, current optimization efforts for the Blade Coating
Method (BCM) are primarily focused on Nafion, with no existing studies on applying BCM to

hydrocarbon-based ionomer Pemion. Given the lower cost and more environmentally friendly

12



characteristics of hydrocarbons, researching and optimizing the application of BCM on Pemion

is highly valuable.
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CHAPTER 2: Experimental

The objective of this study is to prepare catalyst coated membrane (CCM) with uniform
catalyst layer (CL) by blade coating method (BCM). The target anode catalyst loading is 0.1

mgPt/cm? and the cathode catalyst loading is 0.3 mgPt/cm?.

2.1 Equipment and Materials
2.1.1  Materials for CCM Fabrication

For Nafion: High surface area carbon-based Pt/C electrocatalyst TEC10E50E was
purchased from Tanaka Kikinzoku International Inc., Chicago, Illinois, with a Pt concentration
46.5%. Nafion dispersion D521 was purchased from Fuel Cell Store, Bryan, Texas, with a 1100
EW and 5% solid weight. Proton-exchange membrane Nafion NR211 was purchased from lon
Power Inc., New Castle, Delaware, with a 1100 EW and 25.4 pum thickness. Gas diffusion layer
Freudenberg H23C6 was purchased from Fuel Cell Store, Bryan, Texas, with a manufacturer-
reported thickness 250 pm.

For Pemion: High surface area carbon-based Pt/C electrocatalyst TEC10E50E was
purchased from Tanaka Kikinzoku International Inc., Chicago, Illinois, with a Pt concentration
46.5%. Pemion lonomer PP1-HNN8-00 was purchased from lonomr Innovations Inc.,
Vancouver, Canada. Nafion decal 1219043 E2 was purchased from 3M, St. Paul, Minnesota,
with a 0.4 1/C ratio, catalyst loading 0.1 mgPt/cm?, and Vulcan Pt/C catalyst 10V20E. Proton-
exchange membrane Nafion NR211 was purchased from lon Power Inc., New Castle, Delaware,
with a 1100 EW and 25.4 um thickness. Gas diffusion layer Freudenberg H23C6 was purchased
from Fuel Cell Store, Bryan, Texas, with a manufacturer-reported thickness 250 um.

2.1.2  Electrochemical Characterization

14



The fuel cell test fixture suitable for 25 cm? area cells and 850 Fuel Cell Test System were
purchased from Scribner Associates, Connecticut, USA. A VSP potentiostat was purchased from
Biologic, Knoxville, USA, with a 5 uV potential resolution and 4 A current maximum.

2.2 Catalyst Ink

In this study, the ionomer to carbon ratio (I/C ratio) of the prepared Nafion catalyst ink
was 0.9, and the 1/C ratio of Pemion catalyst ink was 0.3. Inks with different catalyst densities
ranging from 4.35 mgPt/mL (5 mgC/mL) to 26.07 mgPt/mL (30 mgC/mL) were prepared, and
17.38 mgPt/mL (20 mgC/mL) was found to be the best. After the introduction of ethylene glycol
(EG), we tried to prepare ink with different solvent ratios, including water: isopropyl alcohol:
ethylene glycol ratio of 1:1:0/1:1:0.5/1:1:1/1:1:0.3/1:1:0.5 five kinds (Table 3.2). It was found
that the catalyst ink with a solvent ratio of 1:1:0.1 had the best coating effect.

2.2.1  Composition

Catalyst ink usually contains supported catalyst particles, ions and solvent.

The supported catalyst particles used in this study were TKK high surface area (TKK HSA)
carbon Pt/C catalyst TEC10ES0E. Supported catalyst particles are typically made by depositing
catalyst on the surface of carbon nanoparticles [25]. HSA carbon can support a higher mass
percentage of catalyst compared to Vulkan carbon. Using HSA carbon catalyst can achieve the
same catalyst loading with a thinner catalyst layer (CL) [26]. The thickness of CL determines the
path length of proton transport and oxygen diffusion, and also affects the removal of reaction
product water. Thinner CL can reduce the ohmic overpotential and mass transfer overpotential at
high current densities, thereby improving the electrochemical performance [14].

The ionomers used in this study were Nafion and Pemion. Nafion is the most widely used

ionomer and is widely used due to its excellent proton conductivity. Based on a similar
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polytetrafluoroethylene backbone, Nafion is highly chemically and thermally stable, ensuring a
longer service life under a variety of conditions [18]. However, because Nafion is made from
perfluorinated compounds, it would have a significant impact on the environment after
retirement. Pemion is a hydrocarbon-based ionic polymer developed by lonomr Innovations.
Pemion has higher thermal stability and similar proton conductivity compared to Nafion [27],
and as a hydrocarbon-based ionomer, Pemion is more environmentally friendly. In 2023,
Pemion-based PEMFCs exceeded internationally recognized performance and durability
standards set by the U.S. Department of Energy (US DOE) and Hydrogen Europe [27].

The solvent used in this study was a mixture of water, isopropyl alcohol (IPA), and ethylene
glycol (EG). Ngo et al. and Yang et al. found that ionomers in hydroalcohol mixtures exist in the
form of highly solvated large particles [28] and are adsorbed on the Pt/C surface through van der
Waals attraction [29]. After the catalyst ink is applied to the PEM surface, the solvent is
evaporated by heat, and the ionomers in the ink act as a binder between Pt/C and PEM [30].

This study found that the viscosity of the catalyst ink has a significant impact on the
uniformity of the catalyst layer (CL) prepared by the blade coating method (BCM). Too low a
viscosity will cause the catalyst ink to only adhere to certain areas of the proton exchange
membrane (PEM) surface after blade passed, while other areas will have no catalyst attached
(Figure 2.1a). On the contrast, excessively high viscosity can cause different drying rates after
ink application (coffee-ring effect), causing the CL to crack and fall off the PEM after multiple

coatings (Figure 2.1b,c).
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a) Low viscosity b) High viscosity c) Very high viscosity

Area uncoated Coffee-ring effect Catalyst layer shattered

Figure 2.1. Coating effect with different ink viscosity. a) ink with low viscosity resulted in part of
the area that was not coated; b) ink with high viscosity resulted in different parts have different
drying speeds resulting in coffee-ring effects; ¢) ink with very high viscosity resulted in a very
strong coffee-ring effect leading to the catalyst layer being shattered.

To achieve ideal coating results, the ink volume used for each BCM coating should
generally not be less than 50, as the applied catalyst ink may be depleted before a single
scratch is completed, resulting in uncoated areas on the PEM. In addition, in order to achieve a
uniform CL distribution, preparation of CCM by BCM usually requires at least four passing
(scraping once from each direction of the mask window). At lower target loads, it is necessary to
reduce the catalyst density in the catalyst ink to avoid excessive catalyst loading. At a fixed
ionomer to carbon ratio (I/C ratio), the amount of ionomer dispersion in the catalyst ink must
also be reduced. Since the dispersed content of ionomer is a key parameter in maintaining
solution viscosity, reducing ionomer will result in a too low viscosity of the IPA/water solvent.
Therefore, it is necessary to introduce ethylene glycol (EG), which has a higher viscosity and
does not react with ionomers [31], to adjust the overall viscosity of the catalyst ink.

2.2.2  Fabrication
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According to the target catalyst density, an appropriate amount of TKK HSA Pt/C catalyst
is added to an 8 mL plastic bottle, followed sequentially by the addition of DI water, IPA, and
EG according to the solution ratios. The plastic bottle is then sealed and being ice bath sonicated
for 5 minutes. Opening the plastic bottle, ionomer dispersion is added based on the target 1/C
ratio, and then 8.8 g of zirconia balls are added into the bottle. The bottle is sealed again and
placed on a roll miller set at 60 rotations per minute for 24 hours of ball milling. The plastic
bottle can be removed from the roll miller and stored for up to two weeks; thereafter, the ink will
be retired, and new ink must be prepared. Before using the ink, it requires ice bath sonicating for
20 minutes.

2.3 Procedure of Blade Coating

A vacuum table is heated to 60 <C using a heating block. Another heating block is set to
110<T on the side. A razor blade, cleaned with IPA, is preheated on the vacuum table.

A 5 cm x 5 cm piece of Nafion NR211 PEM is cut, the protective film is removed, and its
weight is recorded as m1. A 6 cm x 6 cm titanium porous transport layer (PTL) is placed on the
vacuum table. A5 cm x 5 cm piece of Nafion NR211 PEM is cut, the protective film is removed,
and its weight is recorded as m1. The PEM is placed on the PTL. A 6.5 cm x 6.5 cm piece of
Kapton, with a thickness of 25 pm, is cut, and a window measuring 2.23 cm x 2.23 cm is carved
in the center. The PEM is then covered with the Kapton mask, restricting the effective coating
area to 5 cm®. The vacuum valve is opened, and 50 pL of catalyst ink is transferred to a position
approximately 2-3mm from the window on the Kapton mask using a micropipette, and a line
slightly longer than the window is drawn with the ink. The ink is then scraped across the window
of the Kapton mask with the preheated razor blade, the duration controlled to approximately 2

seconds. Approximately 1 minute later, the vacuum valve is closed, and the PTL-PEM-mask
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assembly is placed on the other heating block preheated to 110<C for 10 minutes to facilitate
evaporation of most of the solvent. Once drying is complete, the PEM is removed, weighed, and
the weight m; is recorded to estimate the catalyst loading by Am. This procedure is repeated until
the target catalyst loading is reached. Each placement of the PEM involves a 90 “rotation to alter
the direction of the coating, aiding in achieving a more uniform CL structure.

When the desired catalyst loading reached, the CCM is placed in a 90<C vacuum oven
overnight to maximize the removal of residual EG. After vacuum drying, the actual catalyst
loading is accurately measured using an X-Ray Fluorescence machine.

2.4  Electrochemical Characterization

Cyclic voltammetry (CV) is utilized to understand the basic characteristics of the membrane
electrode assembly (MEA) and to estimate the electrochemical active surface area (ECSA).
Measurements are conducted at a scan rate of 20 mV/s, within a voltage range of 0.05 V to 1.00
V, with an anode flow rate of 0.2 standard liters per minute (slpm) hydrogen, and a cathode flow
rate of 0.2 slpm nitrogen. Linear sweep voltammetry (LSV) is employed to measure hydrogen
crossover, with a scan rate of 1 mV/s, scanning from 0.05 V to 0.80 V, and an anode flow rate of
0.3 slpm hydrogen and a cathode flow rate of 0.3 slpm nitrogen. Electrochemical impedance
spectroscopy (EIS) is used to understand information such as high-frequency resistance (HFR),
scanning from 0.1 Hz to 20 kHz at 6 points per decade, with an anode flow rate of 1 slpm
hydrogen and a cathode flow rate of 1 slpm nitrogen. CO stripping is used to precisely calculate
ECSA and SO3 group coverage, with an anode flow of 1 slpm of 5% hydrogen/95% nitrogen.
CO Stripping involves three steps: CO displacement, CO stripping, and a CV. During the CO
displacement step, the voltage is maintained at 0.35 V, and the cathode flow is 1 slpm nitrogen.

After two minutes, the cathode flow is replaced with 1 slpm of 2% CO/98% nitrogen for five
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minutes. In the CO stripping step, the cathode flow is switched back to 1 slpm nitrogen, the
voltage is held at 0.2 V for twenty minutes, followed by a CV scan at a rate of 40 mV/s, within a
range of 0.05 V to 1.00 V. All electrochemical characterizations are conducted at 80 <C, 100%
relative humidity (RH), and atmospheric pressure using a VSP potentiostat from Biologic.

Cell conditioning is carried out to promote membrane hydration, catalyst activation, and
gradual load cycling to adapt the materials to operational stresses. Conditioning aids in achieving
consistent and reliable performance from the onset of fuel cell usage. This procedure cycles the
voltage between 0.8 V, 0.5V, and 0.2 V, maintaining each stage for 30 seconds over 100 cycles,
with an anode flow of 0.6 slpm hydrogen and a cathode flow of 1 slpm air, conducted at 80 <C,
100% RH, and a back pressure of 150 kPa. VVoltage recovery is used to generating a substantial
amount of water to clear blocked flow channels, remove contaminants, and rehydrate the
membrane. This procedure maintains the voltage at 0.1 V for 5400 seconds, with an anode flow
of 0.1 slpm hydrogen and a cathode flow of 0.1 slpm air, at 40<C, 150% RH, and a back pressure
of 150 kPa. The polarization curve is used to understand the overall performance of the cell and
the activation/ohmic/transport overpotentials. This procedure starts with the highest current
achievable by the MEA, maintaining the cell under constant current for three minutes during
which six voltage readings are taken, then reducing the current by 0.5 A and continuing with
constant current/voltage measurements until reaching 0 A, with an anode flow of 0.5 slpm
hydrogen and a cathode flow of 1.2 slpm air, at 80<C, 100% RH, and a back pressure of 150 kPa.
The average voltage of each stage is taken to obtain the polarization curve. Mass activity
measurements are used to understand the conditions of the MEA in the activation area. This
procedure maintains the voltage at every 0.1 V interval from 0.75 V to 0.92 V for three minutes

and records the current, with an anode flow of 1 slpm hydrogen and a cathode flow of 2.5 slpm
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oxygen, at 80T, 100% RH, and a back pressure of 150 kPa. Limiting current test is employed to
calculate the oxygen mass transport resistance [32,33]. This procedure scans from 0 V to OCV at
rates of 5/10 mV/s and records the current, at 80 <C, 60%/75%/80%/100% RH, and back
pressures of 150/250/350 kPa, with an anode flow of 1 slpm hydrogen and a cathode flow of 4
slpm 1%-5% oxygen/99%-95% nitrogen. A Scribner test stand is used for the aforementioned
electrochemical analyses.

Upon the completion of a new MEA, an initial set of CV and LSV tests is conducted to
check for any serious issues with the MEA. If the data are normal, one cell conditioning
procedure and several voltage recovery procedures are performed. Subsequently, Begin of life
(BOL) testing is conducted, which includes successive tests of CV, LSV, EIS, polarization curve,
mass activity, CO stripping, and limiting current test. Since this study does not involve MEA
degradation, accelerated stress tests related to degradation will not be conducted.

2.5 Electrochemical Data Analysis

The electrochemically active surface area (ECSA) of a catalyst can typically be determined
by two methods [34]: based on the hydrogen underpotential deposition (Hupp) charge from
cyclic voltammetry (CV) graphs and CO stripping. Both methods calculate ECSA using the same

formula (Formula 2.1), although some constants differ.

[idE
U*LxAxC

ECSA = 2.1

When calculating ECSA via Hupp, the current in the Hupp region on the MEA's CV is
integrated, subtracting the baseline corresponding to the Hupp region, to obtain the integral [idE
in the formula (Figure 2.2a). The Hupp region spans from the onset of hydrogen evolution to the
double layer capacity. In calculating ECSA via CO stripping, the integral of the difference in

current between the first and subsequent CV scans is taken to obtain [idE in the formula (Figure
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2.2b). In the formula, A is active area, L represents the catalyst loading, v is the scan rate, and C

is the Pt unit charge, taken as 210 nC/cm? for Hupp calculations and 420 uC/cm? for CO stripping

calculations.
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Figure 2.2. Integral area (gray) for a) Hupp and b) CO stripping when calculating ECSA.

The hydrogen crossover current density (HCCD) of a MEA is measured using LSV. This
data is commonly used to ascertain whether the MEA has been assembled correctly, whether
there is damage to the CCM, and whether there are any shorts in the system. The current at a
voltage of 0.3 V during the LSV is taken to determine the HCCD of the MEA at that point. For
MEAs using Nafion NR211 as the PEM, it is generally considered that an HCCD below 2
mA/cm3andicates the MEA is performing as expected. Additionally, observing the slope of the
LSV from 0.3 V to 0.8 V can provide insights; if the slope is relatively flat (for example, if the
HCCD remains below 2 mA/cm=at 0.8 V), it suggests that the CCM is intact and there are no
shorts within the system. Furthermore, HCCD is also used as a correction parameter in the
polarization curve calculations of the MEA to obtain more accurate Tafel slopes and exchange

current densities.
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High-frequency resistance (HFR) is another correction parameter for the polarization curve,
typically obtained through electrochemical impedance spectroscopy (EIS). The HFR under
specific conditions is determined by the x-intercept of the measured EIS data in a Nyquist plot.
Additionally, when measuring the polarization curve using a Scribner Test Stand, the
corresponding HFR is also recorded.

When calculating the oxygen transport resistance (OTR), firstly measure the limiting
current, then use the following formula (Formula 2.2) to obtain R; for each back pressure (BP)

and oxygen concentration.

Co*4*F P-P
=22"" whereCy=—%xX 2.2
I 0 RT 0

R,

Take an average R for each BP level, and plot BP vs. Rt, then fit a line for this plot. OTR
can be obtained by taking the y-intersect of the fitting line.

The number 4 refers to the number of electrons involved in the oxygen reduction reaction
(ORR), and F denotes Faraday's constant. I_ represents the limiting current, Co represents the
actual concentration of oxygen at the cathode, P refers to the total pressure of the gas mixture,
Pw denotes the partial pressure of water vapor, and Xo indicates the mole fraction of oxygen in
the gas mixture. Additionally, the limiting current is also used in the calculation of concentration
overpotentials.

Performance measurement of proton exchange membrane fuel cells (PEMFCs) is typically
conducted via polarization curves. These curves can generally be divided into three regions: the
activation region, ohmic region, and mass transport region. Activation polarization usually
occurs at the electrode-electrolyte interface (triple phase boundary, TPB) and is significantly

influenced by the exchange current density. In H2-O2 fuel cells, the kinetics of the hydrogen

oxidation reaction (HOR) are typically fast, thus the rate-limiting step is often the kinetics of the
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oxygen reduction reaction (ORR). Therefore, if an MEA exhibits significant activation
overpotential, it might indicate a scarcity of possible reaction sites at the cathode. This situation
often arises with uneven distribution in the catalyst layer (CL). Since the objective of this study
is to produce a uniform CL, the activation overpotential of an MEA can be considered an
indicator of the quality of the coating effect. Ohmic polarization loss is primarily affected by the
total cell resistance and can be reduced by using a thinner PEM or a higher electrode catalyst
loading. Since the PEM and target catalyst loading in this study are fixed, significant changes in
ohmic polarization loss are not anticipated. Mass transport polarization primarily results from the
mass transfer of reactants and products at the TPB. Thinner and more porous CLs can enhance
the supply of reactants, thus reducing mass transport polarization loss. This study found that
CCMs prepared via BCM often exhibit higher mass transport region losses compared to those
prepared by ASM. However, this was improved after multiple voltage recovery cycles,

suggesting that residual EG on the new CCM may be blocking some channels in the CL.
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CHAPTER 3: Results and Discussion

3.1 Nafion MEA

This study on the preparation of Nafion-based catalyst coated membranes (CCMs) primarily
consists of three stages: achieving the target catalyst loading, enhancing the uniformity of the
catalyst layer (CL), and producing a CCM with electrochemical performance comparable to
those prepared by the air-spraying method (ASM). The research explores the impact of catalyst
density in the ink, solvent ratios, and coating methods on the coating effect and electrochemical
performance. As a standard for comparing the performance across different MEAs, the current
density at 0.7 VV from HFR-corrected polarization curves is used as a reference. For ASM-
prepared CCM, the current density at 0.7 V is 0.4 A/lcm?.

3.1.1 Ink Configuration and Coating Effects

The catalyst density in the catalyst ink plays a crucial role. This study uses a fixed ionomer
to carbon (1/C) ratio of 0.9 for Nafion, thus adjusting the catalyst density directly affects the
ionomer content in the ink. The ionomer in the ink acts as an adhesive between the catalyst

particles and the PEM, with its content directly influencing the coating effect.
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Figure 3.1. 8) CCM made by BCM with 0.95 mgPt/cm?; b) polarization curve and HFR data; c)
comparison of HFR-corrected polarization curve of BCM-prepared CCM and an ASM-prepared
benchmark CCM with 0.378 mgPt/cm? catalyst loading on cathode; d) comparison of HFR-
corrected current density at 0.7V. Under this high catalyst loading, good CCM can be easily
fabricated by BCM.

The study initially focuses on preparing CCMs with a higher catalyst loading. Using an ink
with a catalyst density of 26.07 mgPt/mL, and after 8 coatings of 75 puL each on an 80°C vacuum
table, a CCM with a catalyst loading of 0.95 mgPt/cm? was produced, featuring a uniform CL

distribution and viable electrochemical performance (Figure 3.1). Adjustments to catalyst density
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and the number of passes were made (Table 3.1), and using an ink with a catalyst density of 8.69
mgPt/mL, a CCM with a catalyst loading of 0.28 mgPt/cm? was prepared after 4 coatings of 50
uL each. Electrochemical characterization revealed a normal ECSA of 43.95 m?/g but significant

activation polarization loss (Figure 3.2), indicating the CCM lacked viable fuel cell performance.
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Figure 3.2. 8) CCM made by BCM with 0.28 mgPt/cm?; b) polarization curve and HFR data; c)
comparison of HFR-corrected polarization curve of BCM-prepared CCM and an ASM-prepared
benchmark CCM with 0.378 mgPt/cm? catalyst loading on cathode; d) comparison of ECSA and

HFR-corrected current density. For this CCM, the ECSA was fine, but the activation loss was

significantly higher than ASM-prepared CCM.
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Ink Cathode
Attem Coat density Number |~ Ink Catalyst
Temp of Volume ; Notes
pts (©) (mgPy Passin er pass Loading
mL) g |perp (mg/cm=F
1 80 96.07 3 75 UL 0.98 First CCM with uniform CL,
but shorted
2 | 80 | 2607 | 8 | 75uL | 095 First CCM with
electrochemical performance
3 80 96.07 4 50 ul 0.52 Trl_ed to reduce catal;_/st
loading by reduce passings
4 80 8.69 3 50 UL 0.55 T_rled to reduce _catalyst_
loading by reduce ink density
5 | 60 | 869 8 | 50uL | 027 Tried to reduce catalyst
loading by lower coating temp
5 60 1738 4 50 ul 0.34 Loading stable, but high

activation polarization loss

Table 3.1. Attempts to reach target cathode catalyst loading 0.3 mgPt/mL.
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M Attempt 4
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W Attempt 6

Figure 3.3. Catalyst loading for each attempt in Table 3.1. The target loading is 0.3 mgPt/cm?,

and this can be reached (#10%) by BCM runs on 60°C vacuum plate, using ink with 17.38

mgPt/mL to coat for 4 passes with 50uL each time.
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Furthermore, visibly uneven distribution of the CL was observed, particularly as a single
pass often only coated part of the PEM, leaving other areas uncoated (Table 3.2). To address this
issue, attempts were made to further reduce catalyst density and increase the number of coatings,
aiming to enhance the uniformity of the CL through more passes. Using an ink with a catalyst
density of 4.35 mgPt/mL, and after 8 coatings of 50 uL each, a CCM with a catalyst loading of
0.24 mgPt/cm? was prepared. The overly diluted ink and repeated application of excessive ink
led to prolonged contact of the IPA solvent with the PEM, dissolving some of the ionomer and
damaging the PEM structure, resulting in significant elongation (Figure 3.4). The prepared CCM
exhibited high hydrogen crossover (~3.5 mA/cm? at 0.3 V) and a pronounced slope in the LSV

curve, suggesting that elongation of the PEM had caused a short circuit in the MEA.

b)
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Figure 3.4. a) CCM made by BCM with 0.24 mgPt/cm?; b) LSV data for this CCM. Significant
elongation was found when doing BCM. The LSV curve shows a noticeable slope, which proved the
structure of CCM has being damaged by applying ink repeatedly and generously to the PEM.

Therefore, attempts to reduce catalyst density in the ink and increase the number of coatings

proved to be an unfeasible optimization strategy. To achieve more uniform CL, it was found that
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improving each individual coating to ensure uniform coating effects is the correct approach.
Tests showed that lowering the coating temperature could effectively reduce the catalyst loading
of the CCM (Figure 3.5). However, excessively low temperatures also caused slow evaporation
of the IPA in the ink, resulting in greater damage to the PEM. After testing, the new coating

temperature was set at 60<C.
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Figure 3.5. Catalyst loading on CCMs using the same ink, but with different coating
temperatures. The slope of 80<C BCM is close to two times that of the 60<C BCM. This shows that a
lower coating temperature can reduce the catalyst loading by using the same ink.
Additionally, tests altering the I/C ratio in the catalyst ink showed that a higher ionomer

content in the ink made individual coatings more uniform, suggesting that better coating effects
from high-density ink might be due to higher ink viscosity. As this study aimed to prepare CCM
with an 1/C ratio of 0.9, altering the ionomer content was not an option. Therefore, attempts were

made to introduce ethylene glycol to adjust the ink's viscosity. Catalyst inks with a density of
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17.38 mgPt/mL and solvent ratios of DI water:IPA:EG at 1:1:0.1 and 1:1:0.5 were prepared and
used in BCM. The viscosity of solvent can be calculated by Formula 3.1, where p represents

viscosity, X represents the mole fraction.

3
Umix = ((xwaterﬂ\}v/;ter) + (xIPAﬂllgi) + (xwaterﬂip{i ) 31
Solvent Viscosity CCM
Ratio (cP) at Loading CCM image for first passing
25T | (mgPt/cm?)
Large area
110 | 1.216 0.27 wicaated
Smaller area
1:1:0.05 | 1.269 0.29 / uncoated
Acceptable
1:1:0.1 1.323 0.26 uncoated area
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Coffee-ring
effect

1:1:0.3 1.53 0.31

Catalyst layer

1:1:0. 1.734 )
05 3 0.33 shattered

Table 3.2. Attempts to achieve different solvent ratios. The images on the fourth column show

a trend of the single pass BCM coating dependence upon viscosity. When viscosity goes lower, a
larger part of PEM will not be coated after blade runs by. When viscosity goes higher, a stronger
coffee-ring effect will happen.

Adding EG to the solvent allowed each pass to coat all areas of the PEM, but the 1:1:0.5 ink
exhibited a significant coffee-ring effect during BCM, leading to catalyst layer cracking and
detachment from the PEM after multiple passes, likely due to too high viscosity causing uneven
liquid evaporation. The 1:1:0.1 version performed well, with a very uniform CL. Subsequent
tests (Table 3.2) with solvent ratios of 1:1:0.05 and 1:1:0.3 found that the 1:1:0.05 ink still left
some PEM areas uncoated, while the 1:1:0.3 ink showed a relatively less pronounced coffee-ring
effect. This suggested that a DI water:IPA:EG ratio of 1:1:0.1 is an optimal solvent mixture.

After tuning all parameters, the final catalyst ink formulation used had a density of 17.38

mgPt/mL and a solvent ratio of DI water:IPA:EG at 1:1:0.1. During BCM at 60<C on a vacuum
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table, using a 25 um thick Kapton as a mask, and 50 pL of ink for 4 passings, a cathode catalyst
loading of 0.26 mgPt/cm? was achieved, and the CCM was assembled as MEA for
electrochemical analysis.
3.1.2  Electrochemical Characterization

After assembling the CCM prepared via BCM into a MEA, it is tested using CV and LSV
on a Scribner test stand. In pre-conditioning tests, the ECSA calculated via HUPD was 39.56
m=y. The hydrogen crossover current density at 0.3 V was 1 mA/cm=indicating the MEA was
in good condition. This was followed by cell conditioning and voltage recovery procedures.
After completion, BOL tests were conducted (Figure 3.6). In the BOL tests, the ECSA calculated
via HUPD was 45.65 m#y, and via CO stripping was 52.63 mZ, consistent with expectations
for a TKK HSA Carbon Pt/C catalyst. The hydrogen crossover current density at 0.3 V remained
at 1 mA/cm=2and the LSV showed no significant slope. EIS measured at 35<C, 100% RH, with
an anode/cathode gas flow of 1 slpm hydrogen/1 slpm nitrogen at atmospheric pressure, gave a
HFR of 0.3 Ohm*cm=2Subsequently, polarization curves and limiting currents were obtained and

compared with data from CCMs prepared by ASM.
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Figure 3.6. a) CCM made by BCM with 0.26 mgPt/cm?; b) polarization curve and HFR data; c)
comparison of HFR-corrected polarization curve of BCM-prepared CCM and an ASM-prepared
benchmark CCM with 0.378 mgPt/cm? catalyst loading on cathode; d) comparison of ECSA and

HFR-corrected current density. CCM coated on 60<C vacuum table, with catalyst ink using 1:1:0.1
water:IPA:EG. This CCM shows good ECSA and cell performance, and is the Nafion benchmark
for BCM.

The CCMs prepared via ASM, using the same catalyst, GDL, and PEM, had the same 1/C
ratio and a slightly higher catalyst loading (0.378 mgPt/cm=. Compared to the CCM prepared by

ASM (Figure 3.6b), CCM prepared by BCM exhibited relatively lower activation polarization
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loss, indicating a more uniform distribution of the CL. The ohmic polarization losses were
similar for both, which was expected since the same PEM and catalyst were used. The mass
transport polarization loss was noticeably higher for the CCMs prepared by BCM, potentially
due to lower porosity and permeability of the electrodes.

After an additional three voltage recovery cycles for the BCM-prepared CCM, the mass
transport polarization loss was reduced but still differed from that of the ASM-prepared CCM
(Figure 3.7). In the limiting current test, the OTR of the BCM-prepared CCM at 75% RH was

0.669 s/cm (Table 2.1), close to the 0.681 s/cm of ASM-prepared CCM.
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Figure 3.7. Comparison of a) polarization curve and HFR data; b) HFR corrected polarization
curve between BOL and after four times voltage recovery. Note that at high current density for
BOL, there is a significant rise in HFR. This can be caused by the existence of EG residual. After
recovery cycles, the EG residual was removed, so that the high current density rise in HFR

disappeared.

3.2 Pemion MEA

After successfully achieving the desired results with Nafion MEAs prepared via the BCM,

this study also employed BCM to fabricate Pemion MEAs. For CCMs using Pemion as the
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ionomer, I/C ratio of 0.3 was utilized. This lower ratio was necessary because hydrocarbon
ionomers are prone to excessive swelling upon hydration, which can stress the catalyst layer and
lead to mechanical degradation over time. The target cathode catalyst loading was the same as
for the Nafion CCM, at 0.3 mgPt/cm=2For ASM-prepared Pemion CCM, the current density at
0.7 Vis 0.8 Alcm?,

During the preparation of the Pemion CCM, a solvent ratio of DI water:IPA:EG 1:1:0.3 was
initially tested for the catalyst ink. Similar to the Nafion CCM, a coffee-ring effect occurred

(Figure 3.8).

a) 1:1:0.3 b) 1:1:0.1 C) 1:1:0.05

> b

Coftee-ring effect

Figure 3.8. Pemion CCM coated by catalyst ink with a solvent ratio of water:IPA:EG a) 1:1:0.3; b)

1:1:0.1; ¢) 1:1:0.05. Note that coffee-ring effects were found on all of these three CCM. For 1:1:0.3,

the CL was shattered by coffee-ring effect during drying. For 1:1:0.05, the effect is acceptable, but
for future CCM, an even lower EG ratio should be used.

The EG content was then reduced to 1:1:0.1, which improved the situation but still resulted
in minor damage to the CL. Eventually, adjusting the solvent ratio to 1:1:0.05 achieved better
results, possibly due to the Pemion dispersion contributing more viscosity than Nafion. The final

catalyst ink used had a density of 17.38 mgPt/mL and a solvent ratio of DI water:IPAEG
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1:1:0.05. During BCM, using a 25 pum thick Kapton mask on a 60°C vacuum table, 50 uL of ink
was used for four passings to prepare a CCM with a cathode catalyst loading of 0.21 mgPt/cm=
which was then assembled into an MEA and subjected to electrochemical analysis.

After assembling the BCM-prepared CCM into an MEA, it was tested using CV and LSV
on a Scribner test stand. In pre-conditioning tests, the ECSA calculated via HUPD was 56.89
m=y. The hydrogen crossover current density at 0.3 V was 1 mA/cm=2indicating the MEA was
in good condition. This was followed by cell conditioning and three voltage recovery procedures.

Afterward, BOL tests were conducted (Figure 3.9).
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Figure 3.9. 8) CCM made by BCM with 0.21 mgPt/cm?; b) polarization curve and HFR data; c)
comparison of HFR-corrected polarization curve of BCM-prepared CCM and an ASM-prepared
benchmark CCM with 0.372 mgPt/cm? catalyst loading on cathode; d) comparison of ECSA and

HFR-corrected current density. CCM coated on 60<C vacuum table, with catalyst ink using
1:1:0.05 water:IPA:EG. This CCM shows good ECSA and cell performance, but it is noticeable
that the mass transport loss in higher than the ASM-prepared CCM.

In BOL tests, the ECSA calculated via CO Stripping was 59.5 m#, consistent with
expectations for a TKK HSA Carbon Pt/C catalyst. The hydrogen crossover current density at
0.3 V was 1.7 mA/cm=but the LSV exhibited a slight slope, reaching 3.2 mA/cm=at 0.8 V. EIS
measured at 35<C, 100% RH, with an anode/cathode gas flow of 1 slpm hydrogen/1 slpm
nitrogen at atmospheric pressure, yielded an HFR of 0.145 Ohm*cm=Subsequently, polarization
curves and limiting currents were obtained and compared with data from CCMs prepared by
ASM.

The CCMs prepared via ASM, using the same catalyst, GDL, and PEM, had the same 1/C
ratio and a slightly higher catalyst loading (0.372 mgPt/cm<. Compared to the ASM-prepared
CCM (Figure 3.9b), the BCM-prepared CCM had similar activation and ohmic polarization
losses, but higher mass transport polarization. In the limiting current test, the oxygen transport
resistance of the BCM-prepared CCM at 95% RH was 0.117 s/cm, slightly lower than ASM's
0.14 s/cm.

Electrochemical characterization results indicate that BCM is feasible for preparing Pemion
MEAs, but the current CCM still falls short of performance than CCM fabricated by ASM,
especially in the mass transport region. Future research will need to continue adjusting the
catalyst ink formulation to achieve better coating effects.

3.3 Limiting Current Test
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In this study, the Nafion CCM prepared in section 3.1.1 was used to investigate the effects
of different scan rates and RH during testing on oxygen transport resistance (OTR). The tests
were conducted at 80 <C, with an anode/cathode gas flow of 1 slpm hydrogen/4 slpm 1%-5%
0xygen/99%-95% nitrogen. Calculation of oxygen transport resistance is carried out by equation.
2.2. By plotting backpressure vs. Rt and take the y-intercept of the fitting line (Figure 3.10a), the
oxygen transport resistance can be gain. The tests were carried out at scan rates of 5 mV/s and 10
mV/s, yielding consistent results for both the limiting current and OTR. Tests were also
performed at 60%, 75%, and 100% RH, revealing that the measured OTR significantly decreased

as the RH increased (Figure 3.10Db).
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Figure 3.10. Oxygen transport resistance tested under different backpressure and scanning speed.
a) plotting of backpressure vs. Rt, which is calculated in equation 2.2; b) calculated OTR under
different condition. The bar plot shows that the OTR would decrease as RH increase, while

scanning rate would not have significant influence to the OTR.

3.4 BCM with Other Materials
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In addition to the main research activities mentioned above, BCM has been applied to other
contexts, but without favorable outcomes.

There was an attempt to prepare a gas diffusion electrode (GDE) on GDL MB30 using
BCM, but due to the presence of the PTL, the GDL exhibited excessive absorption of the catalyst
ink. Even without the use of a vacuum pump, the catalyst ink was entirely absorbed by the upper
half of the GDL and failed to coat the lower half following the blade.

Attempts were made to apply BCM to coat an Fe-N-C catalyst layer on a Versogen Piperion
membrane. Given the high target loading (4.5 mgC/cm=, the preparation process itself was not
particularly challenging. However, the CCM exhibited bad durability, experiencing failure

during the conditioning process.
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SUMMARY AND CONCLUSION

In this study, Pemion-based CCM was successfully prepared through blade coating method
(BCM). The current density at 0.7 V from HFR-corrected polarization curve is 0.8 A/lcm?, which
is same as the CCM fabricated by air-spraying method (ASM).

This study found that by introducing ethylene glycol into the solvent system to alter the
viscosity of the catalyst ink, BCM can be used to prepare uniform catalyst layers even at lower
target catalyst loadings. By improving the composition of the catalyst ink and the coating
method, using Nafion NR211 and TKK HSA Carbon Pt/C, a Nafion CCM was prepared with an
active area of 5 cm=a cathode catalyst loading of 0.26 mgPt/cm=2and an 1/C ratio of 0.9 via
BCM. CO stripping data indicated that the ECSA of this CCM was 52.63 m=j, aligning with
expectations for the TKK HSA carbon Pt/C catalyst used. Compared to CCMs prepared via
ASM, this CCM exhibited comparable electrochemical performance and better catalyst layer
distribution. Additionally, this research demonstrated that BCM is also suitable for CCMs based
on Pemion ionomer and provided directions for optimizing the composition of the catalyst ink.
Future work will focus on fine-tuning the content of ethylene glycol in the solvent to find the
optimal catalyst ink formulation for preparing Pemion CCMs. Moreover, future efforts will
explore ways to apply BCM on Pemion PEMs, ultimately aiming to prepare MEAs free from

PFAS components using BCM.
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