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Investigation of catalyst structure and dispersion methodology on PEMFC catalytic
inks and resulting electrodes

EMMA ULBERSTAD

Department of Physics

Division of Chemical Physics

Chalmers University of Technology

Abstract

The demand for green energy increases every year, pushing the development of sus-
tainable energy sources. Proton exchange membrane fuel cells (PEMFCs) are a
promising technology for renewable energy conversion due to their clean emissions
and high energy-conversion efficiency. The electrodes are a core part of PEMFCs,
containing the catalyst at which the electrochemical reactions occur, where hydro-
gen and oxygen are converted to water and energy. To enhance cost efficiency,
performance and durability of PEMFCs, it is essential to better understand the
complex and partly unknown properties of the electrode and optimize the electrode
production process. There is a need to better understand the dispersion method of
the catalyst ink that makes up the electrode because it is one of the major factors
determining the electrode properties. The effect of catalyst ink materials, dispersion
technique and parameters on the catalyst ink microstructure were studied using rhe-
ological measurements and light microscope imaging of the electrodes. Dispersion by
ultrasonication at higher vibrational amplitude showed an increase in viscosity and
less visible agglomerates on the electrode surface as compared to lower amplitudes.
A continuous decrease in apparent agglomerate size and abundance was found with
increasing ultrasonic energy input. The results also showed a partly unexpected rhe-
ological trend where highly dispersed inks exhibit poorer rheological properties, such
as low viscosity and elastic modulus for the applied coating method as compared to
less dispersed inks. Ultrasonication and bead-milling dispersion method resulted in
inks with different rheological properties. The investigation showed that rheology
and microscopy are able to only partly capture the complex characteristics of the
agglomerated structures and complimenting techniques like e.g. SEM and DLS can
help further investigation. With this work, an optimization of the ink dispersion
process was achieved and further insight into the dispersion parameters allowed to
establish dispersion design rules, e.g. regarding the ultrasonic power and energy
input, and to further elucidate the interdependency between ink components and
dispersion methodology.

Keywords: proton exchange membrane fuel cell, catalyst, rheology, catalyst layer.
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1

Introduction

1.1 Background

The increasing global demand on energy from the human population in combination
with the efforts to reduce CO5 emissions have pushed the research and development
of renewable energy sources. One of the most promising energy technologies for
renewable and sustainable energy conversion is the fuel cell. Fuel cells (FCs) have
the potential to replace fossil fuels in mobile applications, as well as in stationary
and portable power sources (1). FCs stand out from other energy conversion tech-
nologies because of their lack of pollutants, high energy-conversion efficiency and
low operating temperatures (2). It is very likely that FCs will be an important part
of the modern energy technology in the future (3).

The principles behind the fuel cell was first demonstrated in the year of 1839 by
the scientist Sir William Grove that a few years later also developed the first fuel
cell (4). However, it would take all the way until 1952 for the first practical 5 kW
fuel cell stack to be constructed, then by Franic T. Bacon. Since the 50s tremendous
progress has been made and several types of fuel cells have been developed. Due
to numerous advantages such as viability, efficiency and quick start up time, the
proton exchange membrane (PEM) is the most commonly used fuel cell type today.

PEMFCs produce electricity through electrochemical reactions of Hy and Oy to
produce water, meaning that no other products like CO5 or pollutants are being
emitted (4). Despite the advantages with FCs and recent progress, there are still
improvements that has to be made in order to meet the needs of the market and
reach commercialisation success. In order to enhance the performance and improve
the durability, all components in the fuels cell has to be taken into account.

The greatest limitation with PEM fuel cells today are their durability and cost.
Even though fuel cells already have been demonstrated in many applications, the
cost has to be reduced to make them more available for normal commodities. The
biggest limiting factor is the use of expensive platinum group metal catalysts that
can contribute to up to 55% of the total cost of a fuel cell system (5). The platinum
group metal catalysts are critical for the electrochemical reactions taking place in
the fuel cell and a lot of research is focused on reducing the use of catalyst without
reducing the performance.
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To achieve a lower loading of catalyst without decreasing performance, a high uti-
lization of the catalyst is essential (6). The utilization of a catalyst is defined as the
ratio of the electrochemical active surface area (ECSA), which is the area accessible
for electrons and protons to react at, to the total surface area of the catalyst. To
increase the ECSA, catalyst particles in the nanometer range are used that are sup-
ported on slightly larger carbon particles for stabilization. Due to the high surface
energy of the carbon support, they tend to gather and form prominent clusters to
lower the energy which results in an decrease in electrochemical active surface area
compered to well separated particles. To break up these clusters and increase the
catalyst utilization, different dispersing methods are commonly used. However, it is
not well understood how different dispersion parameters effect the structure of the
catalyst layer and finally the performance of the electrode in the fuel cell.

1.2 Objective

There are numerous studies describing the preparation of catalytic inks for PEM fuel
cell, but due to complex interactions, there is a lack of knowledge on how preparation
method effects the final electrode. This thesis investigates the influence of catalyst
characteristics together with dispersion methodology to better understand the influ-
ence it has on the catalyst inks and the resulting electrodes. Characteristics of the
catalytic inks that is being investigated is support structure, Pt loading on support,
ionomer type and the catalyst preparation method. Both high surface area carbon
and graphitized carbon supported catalysts are investigated, as well as pure carbon
support. The catalyst inks are dispersed using different dispersion techniques, e.g.
ultrasonication and bead-milling. The goal is to understand how the power, energy
and sonication setup affects the ink for ultrasonication, how different types of cata-
lyst get affected and finally how these parameters affect the electrochemical surface
area and the sub-scale MEA performance. The measurements for the catalysts will
also be compared to those of pure carbon support to understand the effects the Pt
has in the stability of the ink.

This thesis first present the necessary theoretical background on fuel cells and the
catalyst in chapter 2. Then the applied methods will be presented in chapter 3
and followed by the results and discussion presented in chapter 4. Lastly are the
conclusions presented in chapter 5.



2

Theory

This chapter provides a relevant theoretical background on the concepts discussed
in this thesis. The theory behind the proton exchange membrane fuel cell and the
components of the membrane electrode assembly is presented as well and the theory
behind the methods used for analysis.

2.1 The Proton Exchange Membrane Fuel Cell

A range of different FC types exists today, but the one type that has drawn the
most attention in mobile applications is the Proton exchange membrane fuel cell
(PEMFC). This is due to the PEMFCs simplicity, viability and quick start up,
which also has led the PEMFC to be demonstrated in many different applications,
ranging from automobiles to airplanes (4). The general principles of the PEMFC
is the same as for all types of FCs, it continuously and directly converts chemical
energy from fuel and oxidant to electrical energy in the form of a DC current.

The unique component of the PEMFCs is the proton exchange membrane (PEM),
this membrane is placed in between two electrodes forming the so called membrane
electrode assembly (MEA) (7). The PEM has a high proton conductivity and very
low penetrability to gases, creating a barrier between the fuel and reactant gases
while still letting protons pass through. The electrodes consists mainly of carbon,
ionomer and catalyst, and it is on the catalyst surface at the electrode and membrane
interface the electrochemical reaction takes place. Hydrogen gas is supplied to one
of the electrodes, the anode, where it is split into protons and electrons in the so
called hydrogen oxidation reaction (HOR).

Hy — 2H" + 2¢ (2.1)

The protons pass through the PEM to the cathode while the electrons go through
the electrically conducting electrode, through current collectors and then though a
external circuit, creating an electrical current. At the cathode, oxygen is fed and on
the catalyst surface at the electrode and membrane interface the oxygen reduction
reaction (ORR) occurs where electrons, protons and oxygen is reacting to form
water.

1
§OQ+2H++2e* — H,0 (2.2)

By combining reaction 2.1 and 2.2 the net reaction of the FC becomes

1
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Figure 2.1: Schematic figure of the PEMFC and the flow of reactants and products.

This means that the only byproduct emitted from the FC is pure water. The elec-
trochemical reactions and the flow of reactants and products are shown in Figure
2.1. The ORR is kinetically much slower compared to the HOR (7). The hydro-
gen molecules are relatively easy spilt in the present of a platinum catalyst, but it
becomes more difficult to split the more strongly bound oxygen molecules. This
limits the electrochemical reaction and the FC performance. The catalyst loading
can be increased to further accelerate the reaction but that solution is limited by
scaling and economic problems (2). Because of this, several studies have focus on
the development and optimizations of catalyst material and electrode structure to
achieve high-preforming cathodes with high catalyst utilization.

2.1.1 The Oxygen Reduction Reaction

The oxygen reduction reaction is the kinetically limiting step of the electrochemical
reaction, hence limiting the fuel cell performance. Because of the relatively sluggish
kinetics, a lot of research has been made in order to try to understand the mecha-
nism behind the reaction (8). The mechanism of the ORR is relatively complicated
with several intermediate steps that is dependent on the electrode material, catalyst
and electrolyte. The maximum amount of electrical energy generated by a fuel cell is
corresponding to Gibbs free energy, meaning that the theoretical maximum voltage
of a single cell can be calculated by dividing Gibbs free energy by Faraday s con-
stant and the number of electrons of Hy. This calculation results in the theoretical
maximum to be 1.23 V. The actual operating value voltage however is lower due to
various losses to which the slow kinetics of the ORR have a sgnificant contribution

(9)-
The losses are called polarization when the cell voltage is compared to the experi-

4
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Figure 2.2: Graph of the cell voltage against current density for the ideal fuel cell
and a actual one.

mental equilibrium cell voltage (10). The greatest losses are the overpotential and
overvoltage that are mainly a result from the activation polarization, ohmic po-
larization and concentration polarization (11). The activation polarization loss is
dominant at lower current densities. The ohmic polarization increase with increasing
current and the concentration polarization only becomes prominent at high limiting
currents. The cell voltage versus the current density is showed for the ideal case and
a actual case in Figure 2.2.

The activation polarization is associated with sluggish reaction kinetics and low cat-
alyst activity (10). This means that the activation polarization is directly related
to the reaction rate of the electrochemical reactions. The electrochemical reaction
involves an activation energy that needs to be overcome by the reactants and the
voltage drop due to this activation polarization is often described by the Tafel equa-
tion, showed in Equation 2.4.

RT . 4
oot = ——In— 2.4
"lact anF nzo (24)

where R is the gas constant, T is the temperature, « is the electron transfer coef-
ficient, F is Faraday s constant and iy is the exchange current density. Tafel plots
are used to measure the exchange current density and gives a visual presentation of
the activation polarization of the FC.

2.1.2 Proton Exchange Membrane

The PEM is at the heart of the PEMFC. Its main function is to facilitate the trans-
portation of protons from the anode to the cathode. The membrane must have good
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proton conductivity, low permeability for gases to keep the fuel and oxygen sepa-
rated, and be chemically and mechanically stable in the fuel cell environment (12).
Different types of membranes have been tested in the PEMFC, but the material
most often used for the membranes today is perfluorocarbonsulfonic acid (PFSA)
ionomer, commonly Nafion by Dupont due to its suitable properties. The SO3zH
group on the PFSA is ionically bonded, meaning that on the end of the side chain is
actually an SO3 ion with an H ion, hence the name ionomer (12). The backbone
of the ionomer is highly hydrophobic but because of the ionically bonded H*, the
side chains become highly hydrophilic. This makes it possible for the ionomer to
adsorb relatively high amounts of water. The adsorbed water is what enables the
movement of protons, making the membrane proton conducting.

The proton conductivity is highly dependent on the water content and overall mem-
brane structure. The conductivity increases with water content up to a certain
level where continued water adsorption decrease the proton concentration and the
conductivity is decreased (7). The thickness of the membrane strongly influence
its properties and lifetime. Thinner membranes have higher proton conductivity
and increased performance efficiency but have lower physical strength and higher
gas permeability that ages the membrane faster. A relatively thin membrane with
chemical and mechanical stability is desired.

2.1.3 Electrode Structure and Components

The electrode is constructed with a catalyst layer (CL) and a gas diffusion layer
(GDL) (1). The GDL does in turn consist of two layers, a microporous layer (MPL)
consisting of carbon powder and usually an ionomer and a backing layer (BL) of
carbon paper or carbon cloth. A simple structure of the electrode structure is showed
in Figure 2.3. The electrochemical reaction occurs on the electrode, therefore it needs
to have good electronic conduction to allow the produced electrons to flow from the
anode to the cathode. The electrode also needs to have pores of suitable sizes for the
transport of reactant gases through the electrode. To achieve these properties, the
electrode usually consists of catalyst particles on a electrically conducting carbon
particle support and an ionomer for proton conduction.

2.1.3.1 The Catalyst Layer

The CL is a critical component of the PEMFC with several design variables that
needs to be optimized. There are several properties that the CL needs in order
to meet the desired FC performance (13). A high performing CL has good elec-
trical and proton conductivity, efficient transport of reactant gases and water and
high catalyst activity and catalyst utilization. The CL usually consists of catalyst,
carbon powder and ionomer (1). The purpose of the ionomers is to facilitate pro-
ton transport from the anode to the cathode. Carbon powder is used both for its
good electrical conductivity and also as a support for the catalyst to increase uti-
lization. PTFE is often used to bind to the catalyst and increase the hydrophobicity.
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Figure 2.3: Figure showing the different parts of of the electrode, including the
PEM in the centre, the catalyst layer, GDL and flow field.

It is essential that the CL have good electronic conductivity to allow for the produced
electrons to flow through, as well as good protonic conductivity to allow the flow of
protons from the anode to the membrane. The CL should be optimized based on
the desired level of adsorption of reactants, hydrophobicity and ionic and electrical
conductivity. The electrochemical reaction can only take place at the boundary
between catalyst, ionomer and void, the so called three-phase boundary, shown in
Figure 2.4. This is because it is the only place where all the reactants have access.
The electrons can only travel through the electrically conducting compounds, the
protons can only go trough the ionomer, and the gases can only travel trough the
pores.

Gas Three-
d) phase boundary

Tonomer

Protons

Figure 2.4: Schematic representation of the boundary between catalyst, ionomer,
and void where the electrochemical reactions occurs.

The ionomer used for proton conduction in the CL is often Nafion, facilitating the
flow of protons trough the anode to the PEM and lastly the cathode (1). The
ionomer and its hydrophilic group allows for the adsorption of water and hence the
ionic conductivity as well as binding to the catalyst giving it more electrochemical
surface area. The concentration of ionomer is critical as a too low concentration
gives a poor ion conductivity and a too high concentration results in poor gas dif-
fusion.
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The method used when fabricating the MEA strongly influence the resulting CL
microstructure. The fabrication process usually involves three steps staring with
the mixing and dispersion of the components making up the catalyst ink (14). The
ink is then coated onto a membrane/film or straight on the GDL forming a catalyst
coated membrane (CCM) or gas diffusion electrode (GDE). Finally, after the ink
has dried, is the CCM or GDE hot-pressed or assembled to form the MEA.

There are three methods that are commonly used for fabricating MEAs. The first
involves adding a mixture of carbon supported catalyst, PTFE, ionomer and some-
times solvent straight to the GDL using an appropriate technique (15). The coated
GDL is then hot-pressed onto a membrane that has been pre-treated with catalyst
on each side. For the second method, a mixture of catalyst and PTFE is directly
added to the membrane using different methods. The GDL is then applied when
the catalyst has been fixed to the membrane. The third method is similar to the
two previously mentioned methods and is used in this thesis. The CLs are made
via the mixing of an ink consisting of the Pt catalyst on a carbon support structure
and an ionomer that are dispersed in a water-alcohol solvent matrix. The ink is
then coated onto a substrate and dried, forming the CL. The CL microstructure
is controlled by the interactions between Pt, carbon support, ionomer and solvent
as well as production processes like coating and drying. But these interactions and
what impact they have on the ink is not very well understood. More insight is also
needed on the effects that of processing method and conditions have on the final
electrode.

As of right now, there is a lack of knowledge on how to design the CL with an
optimum microstructure for better fuel cell performances. It is critical to better
understand the influence of different components and processing methods have on
the CL and the final electrode to reduce cost and increase performance of PEMFCs.
The choice of catalyst heavily impacts the characteristics of the catalyst ink, such
as the microstructure, Pt loading and Pt particle size. Investigating these charac-
teristics together with dispersion methodology will lead to a better understanding
of the influence it has on the inks and resulting electrodes.

2.1.3.2 The Gas Diffusion Layer

The performance of the PEMFC is strongly influenced by the properties of the
GDL. The GDL is made of carbon and PTFE with the main purpose to facilitate
gas diffusion, guiding water to prevent flooding and allow conductivity. The GDL
is also important for the interaction with the bipolar plates as it connects the CL
to the bipolar plates and acts as a current collector. The mechanical properties of
the GDL, such as thickness, compressibility and elastic modulus, also influence the
overall stack mechanistics. The MPL on the CL side increases the catalytic activity
because it decreases the saturation of water (1). The type of carbon substrate used
in the MPL or CL is one of the most important parameters controlling the GDL
properties. The MPL is made of a mixture of carbon powder and PTFE and is
the part that contributes the most to the porosity for gas flow. The MPL must
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have high electrical conductivity, be a good catalyst support with high surface area
and be corrosion resistant. The properties of the carbon powder strongly influence
the performance and durability of the PEM fuel cell. The BL is mostly used as a
supporting layer for the electrodes, but also helps keeping moisture away from the
electrodes and helping diffuse gas and provide routes outside of the electrode for
electrons and water. The BL commonly consists of carbon, as it needs to be acid
resistant, have good gas permeability and electrical conductivity, being elastic under
compression and lastly being able to maintain porosity.

2.2 Catalyst

The catalyst plays an particularly important role in maximizing the FC performance.
As stated in Chapter 2.1.1 is the catalyst composition and structure one major fac-
tor influencing the overpotential of FC reactions. The catalysts used in PEMFC
can be divided into three groups. These are platinum based catalysts, platinum
modified based catalyst and non-platinum based catalyst (16). Although effort has
been put into finding less expensive non-Pt-based catalysts, no other alternative
have as low overpotential and high catalyst activity and durability as the Pt based
catalysts. Pt-based catalysts are also less sensitive to the harsh acidic environment
that is present in PEMFCs. Hence is the Pt-based catalysts the best know catalyst
for the fuel cell reactions (14), but it is limiting the widespread commercialisation of
PEMFCs due to high cost and scarcity (17). According to Guo et. al. (5), Pt could
make up as much as 55% of the total manufacturing cost of PEMFCs. To reduce
the cost, development is directed to use the Pt more efficiently and hence reduce the
amount needed. When PEMFCs first was developed, pure Pt nanoparticles (NPs)
were used as catalyst which required the loading to be as high as 28 mg/cm?. In the
late 1990s the carbon supported catalyst structure was introduced and the required
loading dropped to 0.3-0.4 mg/cm? (1). The high surface area carbon support struc-
ture allows for the Pt particles to be distributed uniformly on the surface, resulting
in a maintained high ECSA of the Pt particles (18).

Different types of support structure can be used, such as carbon nanotubes, carbon
nanofibers, graphenes and carbon black. In addition to allowing for highly dispersed
Pt NPs, the support structure also influence the durability of the catalyst and can
interact with the Pt and influencing the catalytic activity (19). Much effort has been
put into developing novel catalyst support structures for enhanced durability and
catalytic activity but one of the most common support material today is the Vulcan
XC-72 carbon black support. There are also various of alloys of Pt and metals like
Co, Ni and Fe that show highly increased catalytic activity despite decreased Pt
loading(18). However, the Pt alloy catalyst show poor durability because the harsh
fuel cell environment results in dissolution and oxidation of the alloy metals. Efforts
are being made to further develop the Pt alloy catalysts but the pure Pt catalyst
remains the most popular catalyst for the PEMFCs.

Despite being the best alternative, Pt NP catalysts are still subject to dissolution,
coalescence and poisoning that decrease the catalyst surface area and increase the
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overpotential of the fuel cell reactions (5). The catalytic ink used in the thesis
to make electrodes for PEMFC consists of pure Pt NPs on carbon black support,
ionomer and solvent. Even though all these components play a crucial role for the
final electrode, little is known about the influence they have (1). For the catalyst
layer the goal is to have the highest reactivity with the lowest amount of catalyst.
This requires a large amount of electrochemically active surface area as well as small
kinetic barriers for bulk transport and interfacial transfer electrons, protons and re-
actants. Most research have been focused on Pt based catalyst and the effect of
Pt content and particle size on the performance. Besides this, much research has
also gone into the carbon structure of the CL, the manufacturing method, influ-
ence of solvent matrix and hydrophobic substances, surface structure, porosity and
the degradation of Pt. The CL microstructure controls the transport properties of
electrons, protons, reactants and products and hence controls the whole fuel cell
performance.

2.2.1 Catalyst Design

Two of the greatest improvements made to the catalyst layer design have been the
incorporation of Pt NPs as well as the impregnation or colloidal mixing of the high
surface area carbon support with ionomer. NPs have a drastically greater surface
area compared to the corresponding bulk material, so the use of Pt NPs in the cata-
lyst layer enabled for a drastic reduction of the catalyst loading without decreasing
the total ECSA. The use of impregnation or colloidal mixing of the high surface area
carbon support with the ionomer makes sure that protons can reach the Pt surface
throughout the whole CL. These preparation techniques have been improved over
time and is today the standard method for CL fabrication.

The mass activity of a catalyst is defined as the current normalized by the catalyst
loading measured at a specific potential times the specific ECSA (14). The mass
activity can be improved by increasing the specific ECSA by decreasing the particle
size, meaning that the Pt loading can be decreased by decreasing the Pt particle
size. The properties of NPs are very sensitive to particle size and several studies
have found that the mass activity is not inversely proportional to particle size, and
decreasing the particle size to much can result in less desirable properties. According
to Antolini et. al. (14) goes the dependence of mass activity of Pt on particle size
through a maximum where the optimal particle size is around 3 nm for the ORR.
The particle-support interactions may also change the specific activity as the smaller
Pt particle have more surface atoms interacting with the carbon support compared
to larger particle. These interactions improve the charge transfer between the Pt
particle and carbon support which can change the catalytic activity. Studies have
found that the electrochemical surface area of the electrodes decreases over time
when running a PEMFC, resulting in degradation of the performance of the fuel cell
(20; 21). The performance decay rate of the electrodes are strongly correlated to the
Pt particle size (22). Potential cycling in the typical operation voltage range for mo-
bile FC applications accelerates Pt dissolution and carbon corrosion which change
the catalyst activity and lead to irreversible performance loss. The dominant degra-
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dation process that occurs during these conditions are Pt aggregation-coalescence
on the carbon support surface, Pt dissolution-deposition and Ostwald ripening, but
Pt detachment via carbon corrosion also occurs. Smaller particles are more sensitive
to these degradation processes and hence show greater decay rates as compared to
larger particles. The Pt particle size range that show both optimized performance
and durability has been found to be between 4-6 nm.

2.2.2 Catalyst Agglomeration

The interactions between the Pt NPs, the CB support and the ionomer are complex
which is reflected in the formation of the CL. The self-organization of ionomer and
Pt/CB particles in colloidal ink solutions results in phase separation and agglomer-
ation (23). The Pt/CB primary particles has a tendency to form larger aggregates
that in turn cluster to form predominant entities known as agglomerates. With
these large agglomerates of Pt/CB, a lot of catalyst is not utilized.

How well the ionomer can penetrate and break up these agglomerates are depend-
ing on the fabrication technique, ionomer concentration, type of carbon support
and formation kinetics of the agglomeration (23). For most cases can the ionomer
not break up the agglomerates and just attaches itself to the surface instead. The
agglomerated structure usually have a bimodal pore size distribution where Pt/CB
particles form primary pores of less then 2 nm and secondary pores are formed be-
tween agglomerates of over 50 nm. Hence, the CL structure contains particles and
pore of a wide range of length scales, which implies a hierarchical structural picture
for the CL (13). Many studies have shown that the microstructure and composition
of the agglomerates strongly influence the performance of the CL and it is impor-
tant to understand whether the ionomer can penetrate into the primary pores of the
agglomerates to form a proton conducting phase or if it can only be formed in the
secondary pores between agglomerates. By mixing the ionomer with the dispersed
Pt/CB in the ink before deposing it to form a CL, the interfacial area between Pt
and ionomer is increased which increase the catalyst utilization.

Ionomers like Nafion is often used as binder in PEM fuel cells. The concentration
of ionomer in the CL influences the gas permeability, catalytic activity and ionic
conductivity and should therefore be optimized to reduce the resistance and hence
increase the utilization of the catalyst (24). In modern fuel cells, the ionomer is used
both as binder in the CL and in the PEM to extend the three-phase interface where
the electrochemical reaction occurs, and hence increases the catalyst utilization.

2.3 Dispersion

Processing of the catalyst ink is necessary to break up agglomerates, achieve smaller
particle sizes and utilize the catalyst more (25). The effect of dipsersion on the
CL microstructure is illustrated in figure 2.5. The most commonly used processing

11



2. Theory

Primary_Particles

I ? '“‘
R O . o \ \
. .: ¢ X .. ‘ l ?
RSP : '.‘. x B  Tonomer %
Second O R Aggregation
Pore " ‘e e * I
r . ) Q onomer Network

b v &
+ Limited Gas ~ Gas Diffusion

Diffusion > .
el %
Large Agglomerates

Figure 2.5: Schematic figure showing the difference in microstructure for poorly
dispersed (left) and well dispersed (right) CL.
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methods, or dispersion methods, are ball-milling and ultrasonic dispersion. Both
methods yield very different results depending on how the treatment is performed
and several studies have tried to find an optimized treatment to improve catalyst
activity (26).

2.3.1 Ultrasonic Dispersion

Ultrasonic dispersion is used to break up the agglomerates that form in the ink solu-
tion. When the ink solution is exposed to ultrasound, the sound waves creates high-
and low-pressure cycles through the liquid (27). During the low-pressure cycle the
high-pressure waves creates small vacuum bubbles. These bubbles increase in size
until they reach a point where they no longer can adsorb more energy and then vio-
lently collapse, which is called cavitation. Cavitation is a secondary effect but is the
main reason for the observed effects of ultrasound. The implosion of the cavitation
bubbles causes extreme forces where the large negative pressures are strong enough
to overcome intermolecular forces binding the liquid. When the cavitation bubble
collapse, hot-spots in the fluid are created with temperatures up to 5000 K, pres-
sures up to 20 MPa and jets of liquid with velocities up to 280 m/s (28; 29). These
jets push liquid with high pressure in between the particles in the agglomerates
and force them to separate. The jets also accelerates small particles to high veloc-
ities causing collisions at high speed that break up agglomerates. The cavitation
bubbles have a lifespans of less than 0.1 us and are cooled in rates above 109710 Ks™1.

The two most common methods for ultrasonication is either to use an ultrasonic
bath or an ultrasonic probe. The ultrasonic bath usually consists of a stainless steel
tank with piezoelectric transducers attached underneath (29). The sample vial is
places in the tank that transfer the ultrasonic waves to the sample. While the ul-
trasonic bath has advantages such as good energy distribution through the sample
vial, relatively good temperature control, no need for special vessels and being in-
expensive, they have disadvantages like poor transmission of power into the sample
vessel and fixed ultrasonic frequency and power input that cannot be changed. To
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Figure 2.6: A schematic illustration of the ultrasonication setup with a sample
vial placed under the ultrasonic probe.

overcome the disadvantages of the ultrasonic bath is the ultrasonic probe designed
to be placed directly into the sample. This way can the probe transfer the power
directly to the sample and does not need to rely on the transfer through the water or
vessel walls, allowing for higher amounts of ultrasonic power. The ultrasonic probe
setup consists of a specially designed metal rod that is connected to the transducers.
A schematic image of the setup is shown is Fig. 2.6 where the ink vial has been
placed under the ultrasonic probe that is connected to a stand. The ultrasound is
transferred to the sample via the probe tip and the ultrasonic intensity and vibra-
tional amplitude of the probe can be altered by changing the power input and the
power put into the system can be changed by varying the shape and size of the probe.

In this work an ultrasonic probe is used as it allows for changes in ultrasonication
energy, can reach higher energies and be used with different accessories then the
ultrasonic bath. It has been found that ultrasonic treatment of catalyst ink with an
ultrasonic probe have a significant effect on increasing the ECSA and that changing
parameters such as frequency, power, time etc, yield different results (30). It has
also been found that dispersing the ink for longer amounts of time can be damaging
to the composition and resulting in a decrease in ECSA. Previous work have also
showed that cooling during sonication treatment is important to avoid heating and
sintering of the Pt NPs (31). To be able to optimize the dispersion process, it
is important to understand how different inks behave during dispersion and what
effect different catalysts, solvent matrix and ionomers have on the break down of
agglomerates. An insufficient amount of sonication will result in poor dispersion of
the agglomerates, while excessive sonication can damage the Pt/CB structure which
also leads to a decrease in ECSA (25).
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2.3.2 Bead Milling

Bead milling is another dispersion process that is commonly used. The process is
very different from ultrasonication which result in different rheological and thixotrop-
ical properties (26). The principle behind bead milling is very simple, zirconium balls
of desired size and amount is added to the catalyst ink bottle which is then placed
on a machine that rolls the bottle on its side. When the bottle rolls, the beads in-
side that are covered in catalyst ink will roll around each other and grind down the
agglomerates, illustrated in Fig. 2.7. As the beads bump into and chafing against
each other, the ink in between the beads are getting dispersed. The machine used
in this work to roll the ink bottles is called a roller-shaker. The machine both roll
the bottles on their side at an adjustable speed as well as tilting the bottles back
and forth horizontally.

N

ZrOp bead
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Catalyst ink P
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Figure 2.7: A schematic figure of the ink vial during bead milling. A closed-up
image show of how the ink particles are grinded against the ZrO, beads.

2.4 Electrode Fabrication

The fabrication process of the electrode influence the resulting electrode structure
and hence the fuel cell performance and degradation (32). The currently most used
methods for electrode fabrication are air-spray coating, ultrasonic spray and slot-die
coating. The air spray coating technique is being replaced by the ultrasonic spray
technique because it produces more uniform coatings but the cost is also much higher
for the ultrasonic spray system compared to the air-spray. The slot-die technique is
widely utilized in several industries for large scale manufacturing of high area films
with roll-to-roll compatibility. The benefits of slot-die coating the thickness control,
non-contact coating mechanism, scalability and the potential of lower the cost by
improved production rate. The roll-to-toll compatibility is a benefit because that
manufacturing process can increase the fabrication speed of CL by over 500 times
compared to lab-scale spray coating (33). With the slot-die technique is the ink
solution directly coated onto the substrate via the coating head while the substrate
moves underneath (34). The wet thickness is determined by the amount if ink that
is placed on the substrate.
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2.4.1 Doctor Blade

A widely used, scalable and similar technique to the slot-die technique is the doctor
blade coating. The doctor blade coating technique was used in the experimental
part of this thesis. For this technique a blade is running over the substrate with a
small gap that determines how much ink can get trough, effectively spreading the
ink over the substrate (34). The advantages of this method is that it can be scaled
to industrial manufacturing, it is quick, efficient and simple, and creates uniform
thin films over large surfaces with low ink wastage. When the ink is being coated,
it is subject to different shear environments. It is hence important to have an ink
with desired rheological properties to achieve high-quality, continuous and defect-
free coatings. Different coating methods require different rheological properties, for
the doctor blade an relatively viscous ink is desired but a too viscous ink will result
in poor flowability with poor distribution and weak adhesion to the substrate. The
catalyst ink is a multi-phase fluid system that in most cases exhibit shear-thinning
behavior (33). The shear-thinning behavior originates from for example the break
up of large agglomerates to smaller ones by shear force, the initially tangled ionomer
chains disentangle by the shear force and disordered particle aligning with the flow.
Alcohol and water that are commonly used as solvents in catalyst inks are New-
tonian fluids and when dispersing ionomer into the solvent the dispersion solution
still approaches Newtonian behavior for shear forces above 10 s~!. When dispers-
ing Pt/CB in the solvent, is shows a shear thinning behavior and for almost all
cases do a solution with Pt/CB, ionomer and solvent show a shear thinning nature.
When a shear force is applied to the ink, the primary and secondary agglomer-
ates will align with the flow, and the secondary agglomerates might break down to
smaller secondary agglomerates or primary agglomerates, resulting in a shear thin-
ning behavior. During the coating process will a shear-thinning ink be subject to
deformation, showing a different microstructure compared to the ink. The shear-
thinning behavior complicates the relations between the catalyst ink microstructure
and the CL structure but also contributes to the uniformity and thickness control
of the CL during coating.

2.4.2 Decal Substrates

The decal transfer method was used in this thesis, which means that the CL is first
coated onto an inert decal substrate that is then transferred to the membrane via hot
pressing, producing the CCM. The type of decal used influence both the coatability
and tranferability of the CL (33). There are different reinforces and non-reinforced
decals of different materials, with polytetrafluoroethylene (PTFE) being one of the
most commonly used materials. In addition to being inert, the decal should not
poison the catalyst during hot-pressing, should help retain a homogeneous coating
as well as being thin for easy peel of after hot-pressing (35).
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2.5 Methods of Analysis

The following sections describes the methods of analysis used to determine the
catalyst ink rheological properties and final electrode performance.

2.5.1 Rheological Measurements

Rheology is defined as the study of the deformations and flow of matter as a result
from the application of a force (36). Numerous scientific disciplines use rheology to
determine the properties and behavior for different materials. The intermolecular
forces of the material is what determines the physical response to the applied stress,
but the timescale can also strongly influence the rheological measurements. Two
different timescales for the same experiment might yield two very different results.
This is because the structure of the material is a result of both the force and the
timescale for changes in the microstructure. A material will deform as a result of
an applied stress, where the relative deformation, or deformation per unit length is
defined as the strain. The shear strain is produced by the application of a shear
stress, 0. When a force is applied on a fluid, the fluid will move until the stress is
removed. For a liquid between two surfaces separated by a small gap, illustrated
in Figure 2.8, a constant sheer stress is required to move the upper surface at a
constant velocity, u. If there is no slip between the surface and the liquid, then the

y
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Figure 2.8: The Figure illustrates the shear stress on a fluid as a result of the
moving upper plate.

velocity of the liquid will continuously change from u at the upper surface to zero at
the lower surface. For every second the displacement produced is x and the strain

1S:
T

7= (2.5)
the velocity can be written as u = dz/dt, hence the rate of strain, or here called the
shear rate is d

v oou

pEriaios (2.6)
For large gaps the shear rate changes across the gap so the equation is instead
written as:

,_du

T4 (2.7)
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When the plot of shear stress versus shear rate results in a linear curve the liquid
is Newtonian, but the range at which this behaviour is observed is very limited and
non-linear behavior is often observed. For catalyst inks the rheological behavior is
far more complex.

Rheological measurements makes it possible to quantitatively determine the bulk mi-
crostructure of catalyst inks as the rheological properties of inks are very sensitive
to changes in the microstructure. The microstructure of the ink are controlled by
the interactions between Pt, CB, ionomer and solvent. The rheological properties of
catalyst inks are important as it determines how the inks behave during fabrication
of CLs (37). Different processing and coating methods will result in different stresses
on the ink, hence will the rheological properties strongly influence the characteristic
of the ink and the final electrode. Rheological measurements can also be used for
process optimization and quality control (2). There is several studies investigat-
ing the microstructure of carbon black dispersions and ionomer solutions but few
studies reports on the rheology of dispersion containing both Pt on CB and ionomer.

In this thesis, shear viscosity and shear modulus are investigated to correlate the
rheological properties to the degree of dispersion of the inks. A well dispersed ink
should have a higher interaction between catalyst and ionomer, which should give
a higher viscosity compared to a poorly dispersed ink with big carbon agglomer-
ates. To achieve good coatings with the doctor blade, a shear thinning behaviour
is desirable as well as relatively high viscosity. If the viscosity is too high, then
the ink will not flow with the doctor blade and will not coat the decal (33). Still,
the viscosity should not be to low so that the ink flows too easily and in undesired
direction when coating. Thus, a shear-thinning behaviour is preferred, as it allows
for good control of the ink while the ink in the coating direction becomes shear
thinned and can be easily coated. To describe the viscoelastic behavior of the ink,
the complex shear modulus is analyzed. From the complex shear modulus can the
storage modulus (G’) and loss modulus (G”) be obtained that represent the elastic
and viscous portion of the viscoelastic behavior. The viscous behavior arise from the
friction between the ink components and the energy becomes dissipated, meaning
it is no longer available for further behavior of the ink (38). The elastic portion
of energy is stored in the ink without destroying the structure of the ink so when
the force is removed, the stored energy act as a driving force to reform the ink to
its original shape. To achieve reproducible electrodes, the ink should not change
shape or structure when handling after coating. Hence is it important for the ink
to have a higher storage modulus (elastic component) than loss modulus (viscous
component). The desirable shear modulus behavior is relatively high values with
the storage modulus being ten times higher then the loss modulus up until at least
a complex shear stress of one Pa. This is based on the forces involved in the coating
process of the electrodes.
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2.5.2 Single Cell Measurements

A single PEM fuel cell is made up of only one anode and one cathode, meaning
the operating voltage is less then 1 V, but the voltage is even less when operating
under a specific current. A modern single cell have a performance of at least 1
A/cm? at a voltage of 0.6 V. This makes it possible to detect small changes in
operating voltages when doing single cell measurements. This in turn allows for
measuring the effect of changes in the electrode microstructure, as small changes
in the microstructure might influence the operating voltage. A potential problem
that PEM fuel cell development might face is being tricked by the begging of life
performance. Most electrodes perform very well in the begging of their life, but
electrodes of poorer quality will over time decrease in efficiency. The reason for this
is agglomeration and Ostwald ripening of the Pt particles as well as degradation
of the membranes. By performing single-cell measurements in different operating
conditions, the electrode performance at beginning of life can be measured quicker
and more easily as compered full-stack tests.
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Methods

3.1 Materials Overview and Sample Preparation

The Pt/CB catalysts and pure carbon support used consisted of two different Pt on
HSC support, one Pt on GC support and one pure HSC powder. The Pt on HSC
support, called HCE and HCK, have a platinum loading of 47wt.% and 52wt.% re-
spectively. The Pt on GC support, called GCE, have a loading of 50%. The catalyst
inks were prepared by mixing desired amount of Pt/CB or carbon powder with wa-
ter, followed by ionomer and 1-propanol. Two different ionomers were investigated,
one short side chained ionomer and one long side chained ionomer, called SSC and
LSC respectively. Each ink is made with a ionomer to Pt weight percent ratio of
one, except for the inks with carbon powder were the ionomer to support weight
percent ratio of one was used. The dry weight percentage is defined as the sum
of Pt, CB and dry ionomer, and a value of 12,6% was used. The solvent matrix
consists of Milli-(Q water and 1-propanol to a ratio of 40:60. The ionomers used
are pre-dissolved in either only water or a mixture of water and 1-propanol. This
solvent is counted for when the additional solvent matrix is added, resulting in the
total amount of solvent to be water and 1-propanol with a ration of 40:60.

The Pt/CB or carbon powder was weight into a vial to the desired amount and
the scale was then zeroed. This was followed by adding water in the same vial
until the right weight was reached and the process was repeated with ionomer and
1-propanol. This sequence of adding the components are important as the Pt/CB
is highly reactive with alcohol and could combust if 1-propanol was added before
the Pt/CB was thoroughly wetted. When all components had been added the lid
was screwed on and the vial was shaken by hand to ensure that the components
were mixed. A magnetic stir bar is then added and the vial is placed on a magnetic
stirrer plate for maturation over night, or longer, at 350 rpm.

3.2 Ultrasonic Dispersion of Catalyst Inks

The tool used for ultrasonic dispersion of the catalyst ink was a stand mounted
ultrasonic probe device. A sonotrode with a diameter of 22 mm was used. With the
software belonging to ultrasonic device, the amplitude of the sonotrode, the energy
input limit, time limit and more can be defined. The software also shows live data
during the dispersion of the total energy input in watt-seconds or kilowatt-hours,
as well as the momentary input in energy from the sonotrode (Power tot.) and the
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amount that have been absorbed by the sample (Power net.). A common problem
when dispersing a sample in a vial is that the vial moves due to the vibration so that
the neck of the vial comes in contact with the sonotrode, this leads to the energy
going to the vial which heats up quickly. When this happens the Power net. drops,
so by monitoring the energy input this can be avoided. The sonotrode is calibrated
in air prior to every new sample.

The inks were either dispersed in the same vial that the ink had been mixed in, or by
pouring the ink into a so called flow cell. For the first alternative, the vial was put
in a water bath with cold water and then placed on a platform under the sonotrode
that can be moved up and down. For later experiments, a magnetic stirrer plate was
also added under the water bath to ensure good mixing of the ink. When the sample
is ready, the platform is raised until the sonotrode is emerged in the ink, without
touching with the vial. A thermometer connected to the sonotrode software was
placed in the water bath to monitor the increase in temperature of the water during
dispersion. If the temperature increased above 35°C, the dispersion was interrupted
and the water was changed for colder water.

For the flow cell, the ink is poured from a beaker into the cell. The flow cell is
a jacketed vessel in stainless steel which allows for cooling liquid around the inner
department where the ink is dispersed. The flow cell ensures that the ink never
overheats during dispersion. A picture of the flow cell and a schematic figure is
shown in Figure 3.1. A recirculating cooler was used to pump cooled water around
the flow cell. With the flow cell, the ink is also pump through the vessel to ensure
that the ink is being well dispersed and cooled. To not contaminate the pump or
ink, a peristaltic pump system was used. The pump work by compressing the flex-
ible tube while rotating, forcing the fluid to move through the tube. After the ink
was poured into the flow cell, it was made sure that the cooling water had reached
the right temperature. Then the cell was raised to immerse the sonotrode and the
peristaltic pump was set to 200 rpm.

The inks dispersed without the flow cell was placed in a water bath at around 20°C
and was then dispersed with amplitude of either 20% or 50% until the desired energy
input was reached. The sonotrode was placed so that it did not touch the vial to
prevent loss in energy input due to transfer to the vial. However, during the dis-
persion, the vibrations made the vial move and temporarily the power dropped due
to the sonotrode being in contact with the vial. To prevent overheating the sample,
a thermostat was placed in the water bath to monitor the warming of the sample
and cooling water. It was predetermined that a temperature of 35°C of the cooling
water was a critical value, correlating that the ink might be damaged by the heat.
In the software to the ultrasonic device the exact energy input is denoted meaning
that the ink is dispersed to exactly that value. After dispersion the ink was placed
on the magnetic stirrer again to erase any loading history of the microstructure for
30 minutes before coating and rheology measurements.

The ink that was dispersed with the flow cell was first mixed in a beaker and then

20



3. Methods

Sonotrode
P

Inflow ink —— |

Outflow water <=

Outflow ink r'd

Figure 3.1: A schematic figure of the flow cell showing the in- and outflow of ink
and cooling water, as well as a picture of the flow cell used.

poured into the flow cell after maturation. The recirculating cooler was put to 10°C
to ensure that the ink was kept at low temperature and the peristaltic pump was
turned on as soon as the ink was poured in. The ink was dispersed with an am-
plitude of 50% up until the determined energy input was reached. With the flow
cell the ink was not put on the magnetic stirrer to erase the loading history on the
microstructure as it would result in a great loss of ink sticking to the beaker walls
and so on. Instead the ink was kept in the flow cell with the peristaltic pump mix-
ing the ink at a low setting and the recirculating cooler was increase to 20°C. After
30 minutes the peristaltic pump was turned off and the flow cell was lowered to be
able to pipette out a few milliliters of ink for rheological measurements and coatings.

When the dispersion was complete, the tube for inlet flow of ink was detached and
the ink was then pumped into a beaker. The flow cell was cleaned by reattaching
the inlet flow tube to the flow cell, pumping water through the flow cell for a few
minutes, then emptying the water in a waste bucket and repeating with a 50:50
water and 1-propanol mixture. This procedure was repeated until the flow cell was
clean. The flexible tubes for the peristaltic pump was difficult to clean so to avoid
contamination, the same tube was only used for recipes containing the same catalyst
and ionomer.

3.3 Rheological Measurements

To determine the rheological properties of the ink and the effect of dispersion on the
rheology a rheometer was used. A cone-plate geometry with a 4° angle and 40 mm
diameter was used for all measurements. The sequence consists of three runs, where
each run starts with viscometry measurements followed by oscillation amplitude
measurements. The viscometry measurements runs a table of shear rate between 0
and 10® s~ while measuring the torque resulting in a Viscosity versus Shear rate
graph. The oscillating amplitude measurements runs a table of amplitudes from the
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start stress 0.010 Pa to the end stress 100.0 Pa logarithmic taking five samples per
decade, resulting in a graph showing Elastic modulus, Viscous modulus and Phase
angle versus Shear stain. The rheometer is connected to a heat exchanger that cir-
culates fluid adjacent to the plate, allowing for the measurements to be taken at
exactly 25°C.

Rheological measurements were taken for all inks before dispersion to see if any
slight difference in recipe or time for maturation could have any affect of the prop-
erties of the ink. If two ink of the same recipe show the same rheological properties
undispersed, then it can conclude with greater certainty that any later difference in
rheological properties between the samples are due to the difference in dispersion
methodology.

1,4 ml of the ink was pipette onto the plate and the cone was lowered. The sample
was investigated to make sure that the right amount of ink was loaded. The ink
should cover the cone without pouring over the edges. A slight bulge should be seen
between the cone and plate. If a too small amount of ink was loaded the cone is
elevated again and more ink can be loaded. If too much ink is loaded onto the plate
the cone will push the excess out to the side when being lowered and the excess
ink can be trimmed off. After loading the sample, solvent in the form of 1-propanol
is loaded into the solvent wells and the solvent trap is mounted. The solvent trap
prevent the solvent in the sample to evaporate. After loading the rheometer with
the a sample of the dispersed ink, the rest of the ink is dispersed and matured for
30 minutes, followed by further rheological measurements. This process is repeated
for all the differently dispersed inks. After the measurements are finished the ink is
cleaned of by paper wipes and alcohol wipes leaving a clean surface ready for the
next experiment.

3.4 Doctor Blade Coating

For light microscope analysis and the fabrication of MEAs for the single-cell tests,
the catalyst ink needs to be coated onto decals. The coatings of ink onto decals
were produced using the doctor blade method. The doctor blade method is used for
its preciseness in catalyst loading and high reproducibility and because it is easy to
use. The doctor blade consists of a stainless steel adjustable blade in between two
smooth and flat stainless steel blocks. The blade can be raised or lowered along these
blocks with micrometer precision. The height can be adjusted by turning a wheel
and that then is locked into place to avoid that the height changes during coating.
The bottom of the blade has a slight angle creating a blunt edge. Complementing to
the doctor blade is the film applicator that pushes the doctor blade forward, shown
in Fig. 3.3. The coating surface of the film applicator consists of a vacuum suction
plate. The plate have circular suction areas of 25 mm diameters of sintered metal
and is connected to a vacuum pump. The decal is held in place by clamps attached
to the film applicator and is held flat to the surface due to the suction. After the
decal has been put in place and the doctor blade has been placed in front of the
applicator, the ink is placed in a line in front of the blade with a pipette. The
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Figure 3.2: The Figure shows the process of coating with the doctor blade method.

Figure 3.3: Picture taken of the doctor blade coater.

applicator then pushes the blade from behind at a constant speed over the decal,
dragging the ink along. Left behind the doctor blade is a film of ink with the same
height as the so called gap height, the distance between the doctor blade and the
decal. The mechanism of the doctor blade coating is showed schematically in Figure
3.2. The distance from the blade to the decal can be varied from 0 to 900 pm and
the coating speed can be varied between 10 and 107 mm/s.

Coatings for investigation under the light microscope were made with two different
gap heights, 50 pym and 200 pum. The purpose of the 50 um coatings was to give
a better view of the agglomerates in the ink, as a thinner coating would allow
less agglomerates to be covered by the bulk ink. The 200 pm thick coatings were
of interest because that gap height results in a desired loading of Pt in cathode
prototypes, but it is usually difficult to obtain such a thick coating without crack
formation. Hence was coating made with that gap height to investigate the effect
of dispersion parameters on thicker coatings. Coatings made for single-cell testing
were made with 100 ym gap height because of standard Pt loading requirements.
All coatings were made with the doctor blade. The decal was cut into 20x25 cm
pieces and then clamped to the film applicator. The vacuum pump was switched on
and the doctor blade was put in place. The 50 pm coatings were made by pipette
around 1 ml of ink in front of the blade and then coat with a speed of 20 mm/s.
The 200 pum coating was made in the same way but with 2-3 ml of ink. The ink
used for coating were taken straight from the magnetic stirrer after maturation if
it had been dispersed in a vial. If it had been dispersed in the flow call, the ink
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were taken straight from there after it had been matured. After coating the clamps
are loosened and the decals were slid onto plastic sheets and carefully transferred to
the drying station. The drying station consist of a light label and a plexiglass box.
The light table is used to inspect bigger cracks in the coating as they light up when
a strong light shine from behind. The plexiglass box is placed over the coating to
retain the evaporated solvent in the atmosphere around the coating. This is done
to prevent crack formation. The coating were left to dry for at least three hours or
up to a day.

3.5 Light Microscopy

A digital light microscope is used to investigate the produced coatings. The mi-
croscope creates a magnified image by the use of a series of glass lenses (39). A
beam of light is focused on the sample and a convex objective lens then enlarge
the formed image. Unlike a traditional microscope, the digital microscope do not
have eyepieces. Instead, a camera acts as detector the image is displayed on a mon-
itor. There are three objectives to the microscope, one low, one mid and one high
magnification objective. A high magnification objective was used with a field of
view of 3.60 mm and a magnification up to 2350x. A transmitted light insert on
the stage of the microscope was used to detect small cracks in the coatings that
are otherwise invisible. A ring light integrated in the objective and a coaxial light
integrated in the tilting stand were also used. The intensity of all three light sources
was controlled with the belonging software. With the software it is also possible
to change the exposure time of the camera and increase the grain. Beyond regular
2D imaging, the software contains a function called Z-stacking. The function stacks
pictures in the z-direction and the software can then calculate the 3D profile from
these pictures. This enables for several measurements, such as measuring the diam-
eter of big agglomerates that is located on the surface of the coatings. It also makes
it possible to determine is a surface that appears flat really is that, and if not, the
height difference can be determined. The microscope pictures enables for a quick
way to determine if a coating contains any big cracks or if it looks homogeneous.

The 50 pum and 200 pum coatings were investigated under the light microscope after
they had been completely dried. The coating was placed under the microscope and
the stage was raised until focus was found. Once the coating was in focus, the mag-
nification was increased to 200x and focus was adjusted again. As the microscope
was placed on a regular table, slight shaking of the table could cause blurry images.
To avoid this, the ring light intensity was decreased a few percent and the exposure
time was increased to up to 300 ms, for more sharp images. Before any images were
taken, several parts of the coating were investigated to make sure that the part that
was being photographed was a fair representation of the coating. The back light
was also switched on and off to see if any cracks were present, and that would then
light up if that was the case. The centre of the coating was if most interest but the
edges were also investigated. A scale bar was water stamped onto all images to make
comparison easier. Once a satisfactory amount of images at 200x was taken, the
magnification was increased to 500x and the process was repeated. If any structure
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Figure 3.4: Picture taken of the light microscope where the transmitted light insert
on can be seen attached on the stage.

of special interest was found, it was looked at with further magnification.

For coatings that was not cracked but showed distinct agglomerates, the z-stack
function was used. First, the magnification was increased to 1000-1200x depending
on the agglomerate size. To determine the number of pictures that should stacked
to achieve a good 3D representation of the surface, the depth of the surface needs
to be determined. This is done by first setting the focus just above the top of the
agglomerate, the part closes to the microscope, and locking it in the software. Then
the stage is carefully raised, going beyond when the coating is in focus up until the
part furthers from the microscope is out of focus. This is locked into the software
and the number of images needed is calculated. The z-stacking is then initiated and
the microscope starts by taking the first picture out of focus, moving the stage so
the part furthest from the microscope is more in focus and taking one more image.
This procedure is repeated for as many images that was calculated to be needed.
The result is a sharp image of the 3D surface where all parts are in focus and the
unevenness of the coating is calculated.

3.6 Preparation for In-situ Testing

For the single-cell testing, the electrodes needs to be assembled into MEAs. To
produce the MEAs the cathode and anode has to first be coated onto decals using
the doctor blade. The coating and drying of the electrode was done in a climate
controlled room. The cathode is made from a ink with HCE catalysts and SSC
ionomer and is coated with a wet height of 100 ym and with a speed of 20 mm/s.
The anode was made from an ink with GCE catalyst and SSC ionomer and was
coated with a wet height of 30 ym and a speed of 20 mm/s. After coating the inks
they were transferred from the vacuum surface to the drying station where they are
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put under plexiglass boxes do dry under more regulated conditions. After drying
was the electrodes assembled to MEAs by hot-pressing. A cathode and an anode
was placed on each side of a membrane and then hot-pressed at 180 °C with 450
N/cm? for 300s. The MEAs was then cut and added to a sub gasket.

3.7 In-situ Testing

In-situ testing was performed during normal, hot and warm-up operating conditions
to obtain polarization curves and cyclic voltammetry (CV) measurements were made
for insight in ECSA, capacitance layer, hydrogen crossover, internal resistance and
roughness factor. Before measurements was the MEA conditioned for 12 hours and
then CV measurements was made under dry conditions with a relative humidity of
25% in the inlet gas. After CV measurements was normal condition polarization
tested, followed by CV measurements with a relative humidity of 100%. Normal
conditions was then tested again, giving two measurement for normal condition with
MEAs that had been exposed to different relative humidity prior to measurement, to
obtain information of how much ionomer is in contact with the catalyst. This was
then followed by polarization measurements during hot and warm-up conditions.
The difference between normal, hot and warm up conditions is the coolant inlet
temperature that is 45°C for warm up, 65°C for normal and 85°C for hot. The
relative humidity is also influenced by the different temperatures of the coolant. CV
measurements are not presented in the result part due to difficulties interpreting the
results and limited time.
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Results

The following chapter presents the rheological findings of the catalyst inks and
discussion behind the underlying interactions of the ink microstructure. Micrographs
of the produced electrodes are presented to correlate the rheological behavior of the
inks with electrode surface characteristics. In-situ testing was performed for some
electrodes to investigated the electrode performance. Due to the complexity of
the catalyst inks, a systematic investigation of the ink components and dispersion
parameters have been performed. Two HSAC supported and one GC supported Pt
catalysts, KB 3000 carbon support, SSC and LSC ionomers have been investigated
for different ultrasonication vibration amplitude, total energy input, ultrasonication
setup and the effect of bead-milling.

4.1 Effects of Ultrasonication Amplitude

The first part of this study consisted of deciding the effect of vibrational amplitude
of the sonotrode during dispersion. The choice of amplitude settings was based on
earlier findings from the lab while still taking sonotrode probe diameter differences
in consideration. An amplitude of 20% was set as a typical low value and a maxi-
mum amplitude of 50% was chosen to avoid excessive splashing and overheating the
ink sample when sonicating. To investigate the effect of vibrational amplitude, the
ink samples was dispersed to 10 and 50 kWs in a vial with a sonotrode amplitude
off either 20% or 50 % and the effect of different amplitudes was investigated for the
two different energy inputs.

4.1.1 HCE Catalyst and SSC Ionomer

The viscosity and modulus rheological measurements of ink samples containing HCE
catalyst and SSC ionomer dispersed to 50 kWs with either 20% or 50% amplitude
are presented in Fig. 4.1. Both sample show a decrease in viscosity with increasing
shear rate. The ink dispersed with an amplitude of 50% show a slightly higher vis-
cosity compared to the sample dispersed with 20% amplitude. The modulus curve
show that the shear modulus of the sample dispersed with 50% amplitude is slightly
higher than the other sample and does not decrease as fast when the complex shear
stress approaches one Pa.
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Figure 4.1: Rheological properties for ink with HCE catalyst and SSC ionomer
dispersed with 20% and 50% vibrational amplitude. In the modulus curve is the
elastic component presented as G’ and the viscous component as G”

Micrographs of electrodes coated from the two ink dispersions with a gap height of
50 pm are shown in Fig. 4.2. Both coatings show apparent agglomerates but the ink
dispersed with 50% amplitude show fewer and smaller ones. Measurements with the
microscope software showed that the diameter of the agglomerates are almost halved
from 19um to 10,5um by increasing the amplitude from 20% to 50%. Micrographs
of the electrodes made with 200 um gap height, presented in Appendix B.1, show
severely cracked structures and no apparent difference between the amplitudes.

a) 20% amplitude : | 'b)S0%amplitude .

Figure 4.2: Micrographs with 500x magnification of coatings made with the ink
containing HCE catalyst ans SSC ionomer dispersed with 20% amplitude (a) and
with 50% amplitude (b).

These results suggest that there is an effect from vibrational amplitude on the mi-
crostructure of the ink. According to Pollet (29) is the ultrasonic intensity pro-
portional to the vibrational amplitude squared, and that an increase in ultrasonic
intensity will lead to an increase in sonochemical effects. The higher amplitude can
be seen to decrease the agglomerate size which would increase the interactions be-
tween the agglomerates and ionomer due to the increased surface area, which in turn
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would increase the viscosity and modulus of the ink. It should be noted that the
largest agglomerates presented here are the ones found on the surface after coating
and that agglomerates can be hidden in the bulk of the coating. It is also possible
that agglomerates at the surface can be broken up by the shearing forces of the doc-
tor blade when coating. How well the surface of the coating corresponding to the
electrode bulk is not well investigated for samples with this high solid content. Be-
cause of the complex forces that occur when the electrode dries it could be possible
that larger agglomerates migrates to the surface and hence is the surface not a fair
representation of the bulk. When scanning the surface with the z-stack function, it
was found that the height of the agglomerate above the surface was less than the
width. For the sample with the 10.50 pm wide agglomerate, it was found that the
deviation from the surface height was only 1 pum. This could indicate that only a
small part of a larger agglomerate is visible but could also be due to the software
function not being used correctly. With light microscopy only the surface can be
viewed but Bapat et. al. (2) used transmission electron microscopy (TEM) micro-
graph to image ink dispersion, allowing to see straight through the sample. TEM
allows for characterization with high resolution but requires excessive dilution which
might alter the microstructure of the ink dispersion. Dynamic light scattering (DLS)
has also been a reported method in litterateur to investigate agglomerates, but DLS
also requires dilute solutions. It was reasoned for this work that the dilution of ink
dispersion would alter the microstructure and interaction between components to
the degree where the results from TEM or DLS would not be corresponding to the
agglomerated structures in the undiluted ink, and hence would not give insight in
the effects of dispersion methodology on agglomerate structure. Scanning electron
microscopy (SEM) is a third possible analyzing tool that can be used to analyze the
CL surface directly and have seen used in several studies (40). SEM was not used
in this theses due to time limitations.

4.1.2 HCK Catalyst, KB 3000 and SSC Ionomer

Further experiments were made to investigate the effect of sonotrode amplitude on
different ink components. The purpose was to investigate the effect the different
catalyst has during dispersion of the ink with different amplitudes and compare the
resulting rheology and electrode appearance between catalysts. A comparison be-
tween HCE and HCK was made to see the effect on two different HSAC catalysts
and the results was also compared with pure KB 3000 carbon support to see what
effect the Pt has on the dispersion of the inks.

The rheological measurements for the ink containing HCK catalyst and SSC ionomer,
presented in Appendix B.2, showed a very low viscosity with Newtonian behavior
for the sample dispersed with an amplitude of 20%. The ink dispersed with 50%
showed low viscosity and Newtonian behaviour for the first shear rate run, but the
sample then splashed out from under the rheometer cone making the rest of the
measurements invalid. The modulus curves for both samples showed poor rheolog-
ical behavior with very low elastic and viscous modulus. Micrographs of coatings
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made from the inks with a gap height of 50 and 200 pum are presented in Fig. 4.3. It
is visible from the coatings that the amplitude have had an effect of the agglomerate
size. The coatings made from the ink dispersed with 50% amplitude exhibit smaller
agglomerates and no crack formation for the 200 pum thick coating as compared to
the respective coating from the ink dispersed with 20% amplitude.

a) 20% amplitude - 50pum b) 50% amplitude - 50pm

c) 20% amplitude - 200pm d) 50% amplitude - 200pm

Figure 4.3: Micrographs of 50 ym and 200 pum thick coatings of ink with HCK
catalyst and SSC ionomer dispersed with either 20% or 50% amplitude. Micrographs
a,b and c are taken with 500x magnification while d is taken with 200x magnification.
Scale bars for b and ¢ was not available.

The rheological measurements for the ink containing carbon support KB 3000 and
SSC ionomer are presented in Fig. 4.4. The samples show a shear thinning behavior,
high viscosity and low modulus values. The ink dispersed with 50% amplitude
show a higher viscosity and modulus curve compered to the ink dispersed with 20%
amplitude.
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Figure 4.4: Rheological measurements of the ink with KB 3000 and SSC ionomer
dispersed to 50 kWs with vibrational amplitude of 20% and 50%.

Micrographs of electrodes made with a gap height of 50 and 200 gm form the inks
dispersed with 20% and 50% amplitude are presented in Appendix B.3. The elec-
trodes made with 50 ym gap height showed the same trend as the previous sample,
with a significant decrease in both agglomerate size and abundance with increased
amplitude. The electrodes made with a gap height of 200 pum showed severely
cracked structures and the ink dispersed with 50% amplitude exhibit the largest
cracks.

The reason behind the undesired rheological properties for the ink containing HCK
catalyst and SSC ionomer is probably not because of poor dispersion and more likely
a result of a poor choice of solvent matrix and ionomer for this kind of catalyst
that would need a different ink components or a higher solid content. Because
of the failed rheological measurements, it is not possible to draw any conclusions
regarding the effect of sonication amplitude on the rheological properties. The effect
of amplitude can however be seen in the coatings, where the ink dispersed with
50% show significantly smaller agglomerates compared to the ink dispersed with
20% amplitude. The visible effect is even grater than for the ink containing HCE
catalyst. The ink containing KB 3000 and SSC ionomer show a generally higher
viscosity than the ink containing HCE catalyst and SSC ionomer which is due to
the pure carbon having both a higher internal porosity and a more agglomerated
structure. The solid content for the ink with KB 3000 and SSC ionomer was 12.5%
and 12.6% respectively were the solid content is the sum of weight percentage of the
solid components (ionomer, carbon and/or platinum). This small difference in solid
content would not give rise to the large difference viscosity between the two inks.
The reason is probably that the ink with KB 3000 has in practice twice the amount
of internal pore volume of carbon particles as compared to the catalyst HCE and
that the Pt on the catalyst provide stabilisation via electrostatic repulsion.
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4.2 Effects of Ultrasonication Energy Input

To further investigate effect of the total energy input on the ink dispersion and then
electrodes, both microscopy, rheological measurements and in-situ testing was used.
Inks were investigated when undispersed and dispersed to different total energy
inputs to investigate the effect on the microstructure.

4.2.1 HCE Catalyst and SSC Ionomer

The rheological measurements for ink with HCE catalyst and SSC ionomer are pre-
sented in Fig. 4.5 for samples undispersed and dispersed to 10, 50, 100 and 200 kWs.
The viscosity curves show an increase in viscosity with increasing dispersion energy
up to 100 kWs where the viscosity for the ink dispersed to 200 kWs show a lower
viscosity compared to 50 and 100 kWs dispersed inks. The temperature of the ink
after being dispersed from 100 to 200 kWs was 62°C. The undispersed and 10 kWs
dispersed sample show different viscosity for increasing and decreasing shear rates,
with an initially higher viscosity that decreases with the decreasing shear rate. The
higher dispersed inks do not show the same behavior. The shear modulus measure-
ments presented in Fig. 4.5b show similar properties for inks dispersed to 50, 100
and 200 kWs while the undispersed ink and the ink dispersed to 10 kWs show much
lower shear modulus. The undispersed ink show a lower elastic component than
viscous component of the shear modulus while the opposite is true for the other
inks. The inks dispersed to 50, 100 and 200 kWs show a shear modulus behavior
that is desired based on a handing point of view in this work.
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Figure 4.5: Rheological measurements of an ink with HCE catalyst and SSC
ionomer undispersed and dispersed to 10, 50, 100 and 200 kWs.

The difference in viscosity for increasing and descending shear rate is commonly ob-
served with ionomers and is probably because the ionomer chains prior to shearing
are intertwined in a network. When a shearing force is applied, the chains start

32



4. Results

to disentangle, making it easier for the chains to flow past each other and hence
decreases the viscosity. The time it then takes for the chains to entangle again is
less the time the ink is being sheared, resulting in different viscosity. The behaviour
is only present for the inks that are less dispersed, suggesting low interaction be-
tween catalyst and ionomer and a more intertwined ionomer network. The highly
dispersed ink do not show the same behavior suggesting that the inks have smaller
agglomerates that can interacts more with the ionomer, changing the shear thinning
behavior otherwise shown.

Micrographs of the electrodes of ink with HCE catalyst and SSC ionomer undis-
persed and dispersed to 50, 100 and 200 kWs with a gap height of 50 um are pre-
sented in Fig. 4.6. The micrographs show that the visible agglomerates decrease in
size with increasing dispersion energy. The most significant decrease in agglomerate
size can be seen between the undispersed sample and the one dispersed to 50 kWs.
Measurements taken of the largest agglomerates for each coating show that the size
of the agglomerates is 132, 18, 16 and 9 um for the undispersed, 50, 100 and 200
kWs coatings, respectively.

a) Undispersed b) 50 kWs

N
¢

©) 100 k_Ws

Figure 4.6: Micrographs with 500x magnification of 50 pum thick coatings of ink
with HCE catalyst and SSC ionomer left undispersed and dispersed to 50, 100 and
200 kWs.

Micrographs of electrodes made with 200 ym gap height are presented in Appendix
B.4. The undispersed coating show large agglomerates and crack formation espe-
cially around the agglomerates while the coatings from the dispersed inks all exhibit
larger and more regular cracks. The coatings made from the inks dispersed to 50 and
200 kWs show wide cracks with chunks of coating well separated, forming a tessel-
lated structure. The individual tiles for the 200 kWs coating are larger then for the
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50 kWs coating. The coating from the 100 kWs dispersed ink show less wide cracks.
It was expected that a more well dispersed and homogeneous structure would be
more enduring to the stresses forming in the coating when the solvent evaporates,
and hence be more crack resistant. The micrographs shows that the sizes of the
cracks increase with increased degree of dispersion. Even though the cracks for the
more well dispersed coatings are larger and wider, the amount of cracks are fewer.
The less dispersed ink have a less homogeneous microstructure with more defect
where cracks can start to form. Although the more dispersed ink have fewer defect,
some are still present for cracks to form at. The amount of solvent evaporated for
all coatings are the same so the volume of the coating will decrease the same. When
cracks are formed, the tiles will keep decreasing as the rest of the solvent evaporates
and the wider gaps between the tiles will form.

To investigate whether the ultrasonic energy input would have an effect on the
electrode performance, MEAs was made from different dispersed electrodes and then
tested in-situ. A coating with the undispersed sample was initially made for testing
but after drying it was assessed that the large agglomerates and very rough surface
structure would result in bad transfer of the electrode to the membrane. A coating
made with the ink dispersed to 10 kWs was instead made to represent a poorly
dispersed electrode. Coatings made from the inks dispersed to 50 and 200 kWs was
made to represent medium and highly dispersed electrodes. These electrodes was
made with a gap height of 100 pm resulting in a loading of 0.25 mg/cm? and was
used as the cathodes in the MEA. The anodes were made from an ink containing
GCE catalyst and SSC ionomer dispersed to 200 kWs and coated with a gap height
of 40 ym resulting in a loading of 0.1 mg/cm?. Rheological results and micrographs
of the ink used for the anodes are presented in Section 4.2.3. The produced MEAs
were tested in normal, hot and warm up operating conditions. The polarization
curves for the MEA produced with the electrode made with the ink dispersed to 10
kWs tested in normal, hot and warm up conditions are presented in Fig. 4.7.

Data points are shown for the normal operating conditions (NOC2). The open cir-
cuit voltage can be seen to be 0.954 V at 0 A/cm?. The ideal case would have 1.23
V but due to hydrogen crossover the value is lower. At 0.1 A/cm? the cell voltage
is 0.866 V, here the activation losses are dominant. The further decrease of the
polarization curve after this point is due to ohmic losses and it can be seen that
the curve decreases linearly to 2.5 A /cm? meaning that there is no mass transport
losses. The curve displays a final voltage of 0.585 V at 2.5 A/cm?. For hot oper-
ating conditions (HOT), the open circuit voltage is 0.948 V. At 0.1 A/cm? the cell
voltage is 0.86V and the curve can be seen to decrease very similarly to the NOC2
curve up to 1.5 A/cm?. The voltage then drop to 0.6 V at 1.9 A/cm? attributed to
mass transport losses. The hot operating condition is limited to maximum current
density of 1.9 A/cm? which is why there are no data points past this value. The
open circuit voltage for the warm-up operating condition (WUP) is 0.948 V and at
0.1 A/cm? the cell voltage is 0.85 V. The mass transport losses are greater under
these conditions resulting in a cell voltage of 0.507 V at 2.5 A/cm?.
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Figure 4.7: Polarization curves of the MEA produced from electrode dispersed to
10 kWs, tested in normal, hot and warm-up operating conditions.

The open circuit voltage is similar for all operating conditions, as expected. Be-
cause the losses at 0 A/cm? is attributed to hydrogen cross over should there not
be any difference between operating conditions. At the kinetic point at 0.1 A/cm?
the activation losses are dominant meaning that similar value between the different
operating conditions implies that different conditions do not effect the utilization of
catalyst. The mass transport losses seen for the HOT and WUP but not the NOC2
can be due the dry-up of the electrodes resulting in loss of accessible catalyst area.

The polarization curves for the MEAs produces from the electrode made with the ink
dispersed to 50 kWs for normal, hot and warm-up operating conditions are presented
in Fig. 4.8. Data points are shown for NOC2 and the open circuit voltage can be seen
to be 0.935 V. The cell voltage at 0.1 A/cm? is 0.852 V and then decreases linearly
to around 2.2 A /cm?. Mass transport losses can be seen between 2.2 and 2.5 A /cm?
with the final cell voltage is 0.572 V. The hot operating conditions also exhibit a
polarization curve very similar to the NOC2 with an open circuit voltage of 0.931
V and a cell voltage of 0.853 V at 0.1 A/cm?. The mass transport losses are greater
for the HOT with the curve decreasing at 1.5 A/cm? and going down to 0.581 V at
1.9 A/cm?. The warm up operating condition show a open circuit voltage of 0.929
V, a cell voltage of 0.844 V at 0.1 A/cm? and a final voltage of 0.504 V at 2.5 A /cm?.
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Figure 4.8: Polarization curves of the MEA produced from electrode dispersed to
50 kWs, tested in normal, hot and warm-up operating conditions.

The different operating conditions show very similar polarizing curves up until a
current density of 1.5 A/cm?. The HOT and WUP show the same mass transport
loss and cell voltage of 0.581 and 0.582 V respectively at 1.9 A /cm?.

Finally was the MEAs produced from the electrode made with the ink dispersed to
200 kWs tested. The polarization curve for the different conditions are presented in
Fig. 4.9. NOC2 show an open circuit voltage of 0.968 V, a cell voltage of 0.867 V
at 0.1 A/cm? and a linear decrease to 2.5 A/cm? with a final cell voltage of 0.57
V. The HOT curve show similarity to NOC2 until 1.5 A/cm? with an open circuit
potential of 0.967 V, 0.867 V at 0.1 A/cm? and a mass transport losses resulting in
a final cell voltage of 0.618 V at 1.9 A/cm?. The WUP follows the trend of the other
curves up until 1 A/cm?, with an open circuit voltage of 0.963 V, a cell voltage of
0.852 V at 0.1 A/cm? but then show a significant decrease. The cell voltage at 2.5
A/em? is 0.462 V.
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Figure 4.9: Polarization curves of the MEA produced from electrode dispersed to
200 kWs, tested in normal, hot and warm-up operating conditions.

The MEA perform very poorly after 1 A /cm? for the WUP which can the attributed
to mostly mass transport losses. The relatively cold and wet conditions during WUP
may result in flooding (41). It can be that high dispersion of the cathode resulted in
a decrease in mesopores because of the break-up of agglomerates, resulting in mass
transport limitations. The MEA can also have been damaged in some way that is
not visible for the other tests as the WUP was the last test run the procedure. To
avoid this uncertainty, several MEAs from the same cathode could have been tested.

The polarization curves for the three MEAs with differently dispersed electrodes
tested under normal, hot and warm-up operating conditions are presented in Fig.
4.10 for comparison. For normal operating conditions it can be seen that curves
for 10 and 200 kWs exhibit very similar values up until 1 A/cm?, while the curves
for 50 kWs display lower values. The MEAs exhibit significantly different open cir-
cuit potentials which is unexpected because all MEAs have the same membrane
and preparation procedure which should result in same hydrogen cross over losses.
Some changes might have occur during preparation that effects the open potential
circuits. For the final voltage at 2.5 A/cm? the 10 kWs curve show the highest
voltage of 0.585 V. Comparing these results to the sate of the art MEA produced
in house, presented in Appendix B.5, it can be seen that the open circuit potential
is lower for these curves but the voltage of all curves at 2.5 A/cm? are higher.

During hot operating conditions, the 200 kWs curve display the highest values and 50
kWs the lowest with 10 kWs in between, with all curves showing very similar shape.
The open circuit potential is also here significantly different, which can attribute
to the result at higher current densities. The 50 and 10 kWs curves for warm-up
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operating conditions exhibit almost identical values while the 200 kWs curve show
much worse performance. The results of the cathode from the ink dispersed to 50
kWs is unexpected as it was thought that it would perform better then the 10 kWs
dispersed cathode, due to smaller agglomerates. Because of the differences in open
circuit potential and otherwise small differences between the differently dispersed
MEASs, no significant effect of dispersion can be concluded. The catalyst used for
these test have a high activity so the effect of dispersion might not be significant at
beginning of life. Replications of the tests and durability tests are needed for further
investigation of dispersion energy on electrode performance.
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Figure 4.10: Polarization curves for MEAs produced with cathodes dispersed to
10, 50 and 200 kWs during normal, hot and warm-up operating conditions.

4.2.2 KB 3000 and SSC Ionomer

The rheology of an ink with KB 3000 and SSC ionomer is presented in Fig. 4.11.
The ink show a very high viscosity for the undispersed sample that decrease after
dispersion up to 10 kWs. The viscosity then increases again after dispersion up to
50 kWs. The viscous modulus is low for all samples with the ink dispersed to 10
kWs also here showing the lowest values.
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Figure 4.11: Rheological measurements of ink dispersion with KB 3000 and SSC
ionomer undispersed and dispersed to 10, 50, 100 and 200 kWs.

The high viscosity of the undispersed sample can be attributed to the very agglom-
erates microstructure with high porosity. When the ink is dispersed, the agglom-
erates are partly broken up, decreasing the porosity and thus the viscosity. The
increase in viscosity for the sample dispersed to 50 kWs could be attributed to a
more well-dispersed microstructure with higher interactions between the ink com-
ponents, resulting in a higher viscosity with a more shear-thinning behavior.

Micrographs of electrodes coated with 50 and 200 pum gap height for the ink left
undispersed and dispersed to 10 and 50 kWs is presented in Appendix B.6. For the
50 pum coatings, there is a visible decrease in agglomerate size and the amount of
agglomerates with increasing energy input. All coatings exhibit relatively smooth
surfaces with no agglomerates of very large size. The 200 pum coating for the undis-
persed ink is also relatively smooth but with crack formation. The crack formation
for the coating made from the 10 kWs dispersed ink is more severe with wider cracks
and for the coating made with the ink dispersed to 50 kWs the cracks are even wider.

4.2.3 GCE Catalyst and SSC Ionomer

The rheological measurements for ink with GCE catalyst and SSC ionomer are
presented in Fig. 4.12. The viscosity curve for the undispersed ink can be seen to
drop below what visible in the graph and the ink dispersed to 50 kWs can also be seen
to drop around a shear rate of 900 s ~!. This is because the samples splashed out
of the rheometer during measurements and all results after these points are invalid.
This did not happen to the inks dispersed to 100 and 200 kWs. The viscosity for
the undispersed ink prior to splashing out is very low and it can be seen that the
there is an increase in viscosity when comparing to the ink dispersed to 50 kWs
before it also splashes out. The ink dispersed to 100 kWs show the highest viscosity
and the ink dispersed to 200 kWs show the second highest viscosity. All inks show
low shear modulus with the same trend as for the viscosity curves with with an
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increase in modulus from undispersed to 100 kWs and then an decrease for the ink
dispersed to 200 kWs. For all samples are the elastic component lower then the
viscous component, hence showing undesirable modulus behavior for handling the
ink.
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Figure 4.12: Rheological measurements of the ink with GCE catalyst and SSC
ionomer undispersed and dispersed to 10, 50, 100 and 200 kWs.

Micrographs of electrodes made with the ink containing GCE catalyst and SSC
ionomer and 50 pm gap height is presented in Fig. 4.13. Electrodes were made with
the undispersed ink and inks dispersed to 10, 50, 100, 150 and 200 kWs. A trend
can be seen from the images that the agglomerate decrease in size and abundance
with increasing dispersion energy. The undispersed ink show the largest apparent
agglomerates and the inks dispersed to 10 and 50 kWs both show the largest ag-
glomerates found on the surface to be around 24 pum in diameter. It can be seen in
the image though that the electrode from the ink dispersed to 50 kWs show fewer
agglomerates in total. The ink dispersed to 100 kWs show even fewer agglomerates
on the surface and the largest found measure about 16 pm in size. The electrodes
made from the inks dispersed to 150 and 200 kWs show the largest agglomerates to
be around 14 and 13 pm respectively. Despite the undesired rheological behavior,
the electrodes seem to show good structures.

40



4. Results

«a) Undispersed

d) 100 kWs

Figure 4.13: Micrographs with 500x magnification of 50 pum coatings from ink
with GCE catalyst and SSC ionomer dispersed to 50, 10, 100, 150 and 200 kWs.

Micrographs of the coatings made with 200 pm gap height are presented in Ap-
pendix B.7. The agglomerate size and abundance can be seen to decrease from the
undispersed coating to the 50 kWs dispersed one. The 100 kWs coating exhibit crack
formation and apparent agglomerates can be seen. The 200 kWs dispersed coating
display a few shallow cracks and much smaller agglomerates.

4.2.4 HCE Catalyst and LSC Ionomer

To further investigate the effect of ink components on the dispersion method and
resulting electrodes, inks were made with a less temperature sensitive long side chain
(LSC) ionomer. The rheological results for the ink made with HCE catalyst and
LSC ionomer are presented in Fig. 4.14. The ink was analyzed when undispersed
and dispersed to 50, 100, 150 and 200 kWs. All inks show a low viscosity at higher
shear rates but very strong shear thinning behavior with high viscosity at low shear
rates. The general viscosity decreases with increasing dispersion, except for the
undispersed ink. The modulus curves show a desirable behavior for all ink with
high modulus as well as higher elastic components than viscous components. The
inks dispersed to 50 and 100 kWs show almost identical modulus curves with high
elastic component that do not drop until after one Pa in shear stress. The ink
dispersed to 200 kWs show the lowest modulus among the samples but the behavior
of the curves still show good properties as the elastic component is higher than the
viscous. The undispersed ink and the ink dispersed to 150 kWs show very similar
values for both the elastic and viscous component but the elastic components can
be seen to drop of faster for the undispersed ink.
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Figure 4.14: Rheological measurements of the ink with HCE catalyst and LSC
ionomer for undispersed sample and dispersed to 50, 100 and 200 kWs.

When comparing the rheological properties of the ink with HCE catalyst and LSC
ionomer with the ink containing HCE catalyst and SSC ionomer dispersed to the
same energies, it is clear that the type of ionomer has a big effect on the rheolog-
ical properties. The viscosity curves between the two inks are very different with
the LSC ink showing much higher initial viscosity and a stronger shear-thinning
behavior. The effect of dispersion on the viscosity is also not as strong for the LSC
ink but with ink show a decrease in viscosity from the 100 to 200 kWs dispersed
inks. The modulus curves for the LSC is better for all differently dispersed samples
while the SSC ink only show nice modulus for the more highly dispersed inks. The
ultrasonication energy input has hence different effects on the rheology depending
on the ink components.

Four micrographs of 50 pum thick coatings for the ink dispersion with HCE catalyst
and LSC ionomer are presented in Fig. 4.15. The panel show micrographs of samples
that was left undispersed or dispersed up to 50, 100 and 200 kWs. The agglomerate
size can clearly be seen to decrease from undispersed to 50 kWs ultrasonicated
sample. The undispersed ink show several very large agglomerates with a diameter
of up to 75 pm and many parts were the decal is not covered by ink. The coatings
made with dispersed inks show a much more homogeneous structure where some
agglomerates still are visible but the visible size and amount has decreased. The
electrode made from the ink dispersed to 50 kWs show the largest visible agglomerate
to be around 15 pum in size. The ink dispersed to 100 kWs exhibit a continued
decrease in agglomerate size and abundance. It can be seen in the upper part of the
coating that cracks of lengths around 40 um have formed, visible by the back light
shining through. The electrode of the ink dispersed to 200 kWs show even fewer
agglomerates but there are still visible agglomerates of around 8 pm in size. The
coating has less structure to the surface and no cracks have formed. It is clear from
Figure 4.15 that the degree of dispersion increase with increasing total energy input.
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Figure 4.15: Micrographs with 500x magnification of 50 um coatings from ink
with HCE catalyst and LSC ionomer left undispersed and dispersed to 50, 100 and
200 kWs.

Comparing the micrographs to the findings for the ink containing HCE catalyst and
SSC ionomer, the effects of ionomer on dispersion can be seen. The coatings from
the undispersed ink both show agglomerates in the same size-range but the SSC ink
do not show holes in the coating like the LSC ink. The dispersed coatings for the
LSC ink show smaller agglomerates compared to the corresponding coatings for the
SSC ink. Hence have the ionomer an effect on the break-up of agglomerates during
ultrasonication.

Figure 4.16 presents the coatings made with 200 ym gap height of ink with HCE
catalyst and LSC ionomer for the undispersed sample and the samples dispersed to
50, 100, and 200 kWs. The undispersed coating exhibit a very rough structure with
large agglomerates and it is clear that the catalyst is very poorly dispersed into the
ink solution before coating. The coating of the sample dispersed up to 50 kWs also
show a cracked structure but the overall structure of the coating have changed and
agglomerates have been dispersed resulting in a smoother surface of the coating.
The dispersed coatings exhibit a tessellated structure with increasing tile size for
increased energy input. The increase in tile size can be attributed to the highly
dispersed inks being more resilient to stresses formed when the solvent evaporates
resulting in fewer cracks compared to the 50 kWs dispersed ink. The inks are not
totally resilient thought, resulting in fewer cracks that becomes wide as the tiles
shrink from solvent evaporation.
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Figure 4.16: Micrographs with 500x magnification of 200 ym coating from the ink
containing HCE catalyst and LSC ionomer left undispersed and dispersed to 50, 100
and 200 kWs.

4.2.5 HCK Catalyst and LSC Ionomer

To further investigate the effect of ink components on dispersion method, an ink with
HCK catalyst and LSC ionomer was investigated. The rheological measurements for
inks left undispersed and dispersed to 50, 100 and 200 kWs are presented in Fig.
4.17. The inks show a strong shear thinning behavior with low viscosity at relativity
low shear rates. The ink dispersed to 200 kWs displays the lowest viscosity. The
viscosity for low shear rates are higher for the ink dispersed to 100 kWs compared to
the undispersed ink but decreases with increasing shear rate. The ink dispersed to
50 kWs show the highest viscosity among the samples. The undispersed ink and the
ink dispersed to 200 kWs also show very low shear modulus while the inks dispersed
to 50 and 100 kWs show slightly higher modulus. The elastic components for the
inks dispersed to 50 and 100 kWs are higher than the viscous competent but the
overall modulus is still low.
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Figure 4.17: Rheological measurements of the ink with HCK catalyst and LSC
ionomer undispersed and dispersed to 50, 100 and 200 kWs.

Micrographs of coatings made 50 and 200 pum gap height are presented in Appendix
B.9 and B.10. The 50 pum coating of the ink dispersed to 50 kWs is not presented
because the file got corrupted. The effect of dispersion is visible in the decrease
in agglomerate size from 125 pm for the undispersed sample to 46 and 23 pm for
the inks dispersed to 100 and 200 kWs respectively. Relatively large agglomerates
are still apparent for the highly dispersed coatings, suggesting that the effect of
ultrasonication on the microstructure of the ink i less compered to other ink with
different components. The coatings made with a gap height of 200 um also exhibit
large agglomerates on the surface and small cracks. The coatings to not display the
same tessellated structure as many previous samples did which can be attributed to
the heterogeneous microstructure of the ink.

4.3 Effect of Ultrasonication Setup

To investigate the effect of increasing temperature and effects of mixing of the ink
during ultrasonication, the flow cell setup was analysed. Ink dispersions was made
by the same recipe but in a double batch, due to the larger volume of the flow cell, re-
sulting in two times the volume of ink compared to experiments with ultrasonication
in a vial.

4.3.1 HCE Catalyst and SSC Ionomer

An ink containing HCE catalyst and SSC ionomer was analyzed when undispersed
and after ultrasonication to 50, 100 and 200 kWs in the flow cell with cooling water of
5°C. Fig. 4.18 show the rheological measurements for all the samples. The viscosity
can be seen to increase with increasing sonication energy input at low to medium
shear rates. A large change in viscosity can also be seen between increasing and
decreasing shear rate for all samples with the more highly dispersed inks showing
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the largest difference. The modulus curves for the samples show low modulus for
the undispersed sample that increase with increasing dispersion energy input. The
sample dispersed to 100 kWs show a high elastic modulus that do not decrease until
around one Pa in shear stress. The ink dispersed to 200 kWs show an even higher
elastic modulus at low complex shear stress but it soon decreases with increasing
shear stress.
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Figure 4.18: Rheological measurements of the ink containing HCE catalyst and
SSC ionomer undispersed and dispersed to 50, 100 and 200 kWs with the flow cell
setup.

When comparing these rheological results to the same ink recipe dispersed via ultra-
sonication in a vial showed in Fig. 4.5, it can be seen that the difference in viscosity
for increasing and descending shear rates are only present for the lower dispersed
inks. The ink dispersed in the flow cell do not show as strong shear thinning behav-
ior but the viscosity for high shear rates are similar to the ink dispersed in a vial.
The differences in rheological behavior suggests that the use of the flow cell during
dispersion have an effect on the microstructure of the ink.

Micrographs of the coatings made with 50 pm gap height are presented in Fig. 4.19.
All coatings exhibit relatively smooth surface structure and no large agglomerates.
The agglomerate size and abundance can be seen to decrease with increasing energy
input. The coating made from the inks dispersed to 50 and 100 kWs exhibit small
cracks that appears to be shallow because the light from the back light do not shine
trough.

46



4. Results

" b) 50 kWs | QL00kWs il ©200kWs

Figure 4.19: Micrographs with 500x magnification of 50 pum coatings from ink
with HCE catalyst and SSC ionomer dispersed to 50, 100 and 200 kWs with the flow
cell set-up.

It can be seen when comparing these coatings with the ones made from the ink
dispersed in a vial that the coatings from the flow cell ink has more structure and
small cracks of about 25 pum length. The coating from the ink dispersed in the vial
show a smoother surface and no cracks, however agglomerates on the surface are
abundant and can be seen to be up to 10 um in diameter. Coatings with 200 ym gap
height was only made for the 200 kWs dispersed ink because of limited ink supply.
The micrograph is presented in Appendix B.8, and it can bee seen that the coating
exhibit a similar tessellated structure as the inks dispersed in the vial. The tiles
are smaller and exhibit a different shape suggesting a more agglomerated and less
homogeneous structure of the ink compared to the ink dispersed in a vial.

If there would be overheating of the ink when dispersing in a vial with poor cooling,
we would assume an increase in viscosity after dispersing for a relatively long time
going from 10 kWs to 50 kWs. The viscosity measurements show no higher viscos-
ity for the potentially overheated ink compared to the temperature controlled ink
dispersed in the flow cell, meaning that the critical temperature where the ionomer
start to gel was not reached. This is also indicated by the modulus curves as the two
inks show very similar curves suggesting that the microstructure of the two inks are
similar and have not been altered by the heat. The highest temperature measured
for any ink was around 60 ° C and from other works in the lab it was found that the
temperature at which the pure SSC ionomer start to gel was around 80°C. When
investigating the 50 um coatings of the two inks it is seen that the coating from the
ink dispersed in the vial has less cracks but larger agglomerates on the surface com-
pared to the coating from the ink dispersed in the flow cell. The 200 pym coating for
the ink dispersed in the vial has cracked with larger tiles that are more separated
while the coating from the flow cell ink has formed many more cracks and much
smaller tiles.

4.3.2 GCE Catalyst and SSC Ionomer

Rheological measurements for an ink with GCE catalyst and SSC ionomer are pre-
sented in Fig. 4.20. A significant difference in viscosity and modulus can be seen
between the undispersed and dispersed inks. The undispersed ink show a very low
viscosity with low shear thinning behavior while the other inks show higher vis-
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cosity and a shear thinning behavior. The ink dispersed to 100 kWs show that
highest viscosity and the inks dispersed to 50 and 200 kWs show very similar vis-
cosity curves. The 50 and 100 kWs dispersed inks show a high modulus while the
200 kWs dispersed ink show a initially high elastic component that rapidly decrease
with increasing complex shear stress.
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Figure 4.20: Rheological measurements of ink dispersion with GCE catalyst and
SSC ionomer undispersed and dispersed to 50, 100 and 200 kWs with the flow cell
setup.

Comparing the rheological behavior of this ink with the same recipe dispersed in
a vial, a significant difference in both viscosity and modulus can be seen. The ink
dispersed in the flow cell show much higher viscosity and a different shear thinning
behavior. The modulus curves for the flow cell dispersed samples also show much
higher values compared to ink dispersed in a vial where no samples had a shear
modulus above one Pa in complex shear stress.

Micropgraphs of coatings made with 50 and 200 pum gap height for the ink dispersed
to 200 kWs are presented in Fig. 4.21. Coating were not made for the other samples
due to a limited amount of ink. The 50 pm thick coating exhibit small cracks and
a rough surface while the 200 ym coating display more severe crack formation. The
surface structure is very different compared to the same ink recipe dispersed in a
vial. The coatings made from the ink dispersed in a vial showed much smoother
surface structures.
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Figure 4.21: Micropgraphs with 500x magnification of coatings made with 50 and
200 pum gap height for ink containing GCE catalyst and SSC ionomer dispersed to
200 kWs.

4.3.3 HCE Catalyst and LSC Ionomer

Fig. 4.22 present the rheological measurements for ink with HCE catalyst and LSC
ionomer when undispersed and dispersed to 50, 100 and 200 kWs. The ink dispersed
to 50 kWs show the highest viscosity and the ink dispersed to 200 kWs the lowest.
There is an increase in modulus from the undispersed ink to the one dispersed to
50 kWs but the modulus then decrease for the more highly dispersed inks. The ink
dispersed to 200 kWs show a very low elastic component.
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Figure 4.22: Rheological measurements of ink dispersion with HCE catalyst and
SSC ionomer undispersed and dispersed to 50, 100 and 200 kWs with the flow cell
setup.

Micrographs of coatings made with 50 and 200 pgm gap height are presented in
Appendix B.11. The coating made with a gap height of 50 um gap height exhibit
a rough surface structure and small cracks and the 200 ym thick a more severely
cracked structure.
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4.4 Effect of Bead-milling Dispersion Method

To investigate the effect of dispersion method on the rheological properties and
agglomerate size of the catalyst ink, a different dispersion method was used. The
inks were mixed by the same recipe as for ultrasonication experiments but in a
plastic bottle with zirconium beads added to it. Bead-milling at 60 rpm for one day
and three days respectively was applied.

4.4.1 HCE Catalyst and SSC Ionomer

Fig. 4.23 show the rheological measurements for ink with HCE catalyst and SSC
ionomer after being dispersed by bead-milling for one day and three days respec-
tively. The viscosity curves for the two samples are similar with the ink bead-milled
for three days having a slightly higher viscosity. Both sample show a decrease in
viscosity from increasing to decreasing shear rate and when compared to the ink
sample that was dispersed with ultrasonication to 10 kWs, the viscosity curves are
very similar. The modulus curves for the ink bead-milled for one day show low
shear modulus values with the elastic component slightly higher than the viscous
component. The ink bead-milled for three days show a lower shear modulus with
an even lower elastic component.
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Figure 4.23: Rheological measurements of ink dispersion with HCE catalyst and
SSC ionomer dispersed by bead-milling for one and three days respectively.

Fig. 4.24 show micrographs of electrodes coated with 50 and 200 pum gap height for
the two inks dispersed for one and three days. The 50 pm thick coating of the ink
dispersed one day show few large agglomerates, with the largest one measuring 17.5
pm and a few cracks are visible by the back light. The corresponding 200 pm thick
coating show severe crack formation. The 50 pm thick coating of the ink bead-milled
for three days show a more homogeneous surface with very few visible agglomerates
and the largest agglomerates found measured under 3 yum. The coating with 200
pm gap height show less severe crack formation with less wide cracks.
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Figure 4.24: Micrographs with 500x magnification of 50 and 200 pm thick coatings
from the ink with HCE catalyst and SSC ionomer dispersed by bead-milling for one
and three days.

4.4.2 GCE Catalyst and SSC Ionomer

The rheological measurements of ink with GCE catalyst and SSC ionomer dispersed
by bead-milling for one and three days are presented in Fig. 4.25. Both samples
show low viscosity and low shear thinning behavior, with the ink dispersed for three
days showing a slightly higher viscosity. The modulus curves also show low values
and similarities between the two samples, with the ink dispersed for three days also
here showing slightly higher values.
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Figure 4.25: Rheological measurements of ink dispersion with GCE catalyst and
SSC ionomer dispersed by bead-milling for one and three days respectively.
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Micrographs of coating made with 50 and 200 um gap height for both samples are
presented in Fig. 4.26. The coatings made from the ink bead-milled for one day
display smooth surfaces with some larger agglomerates visible. The ink dispersed
for three days also show smooth coating with fewer and smaller agglomerates. All
coatings exhibit less agglomerates then the coating made from the same ink recipe
dispersed by ultrasonication. Comparing the coatings with 200 pym thickness with
200 kWs ultrasonicated ink coating with the same thickness, it can be seen that the
bead-milled coatings less agglomerates and no cracks like the ultrasonicated coating.

a) 50pm - 1 day b) 50um - 3 days

¢) 200um - 1 day ’ d) 200um - 3 days

Figure 4.26: Micrographs with 500x magnification of coatings made with 50 and
200 pm gap height form ink with GCE catalyst and SSC ionomer dispersed by bead
milling for one or three days.

4.4.3 HCK Catalyst and LSC Ionomer

The rheological measurements for the ink containing HCK catalyst and SSC ionomer
dispersed by bead-milling for one and three days are presented in Fig. 4.27. The
ink exhibit almost identical rheological behavior for the two dispersion times, with
a strong shear thinning behavior, high viscosity and a relatively high modulus.
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Figure 4.27: Rheological measurements of ink dispersion with HCK catalyst and
LSC ionomer dispersed by bead-milling for one and three days.

Comparing the rheological measurement to the same ink recipe dispersed by ul-
trasonication seen in Fig. 4.17, it can be seen that the viscosity is similar to the
viscosity of the ink dispersed to 50 kWs via ultrasonication. The modulus curves
are also very similar to that of the 50 kWs ultrasonicated sample.

Micropgraphs of the ink bead-milled for three days are presented in Appendix B.12.
The coating made with 50 ym gap height do not display any large apparent agglom-
erates but exhibits a rough surface structure with many small cracks visible by the
back light shining trough. The coating made with 200 ym gap height also display a
rough surface structure and larger cracks. The coatings made with 50 pym gap height
from the same ink recipe that had been dispersed with ultrasonication showed much
smoother surface structures and fewer cracks. Comparing the 200 pum thick coating
from the bead-milled ink with the 50 kWs ultrasonicated ink, the structures can be
seen to be very similar.
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Conclusion

The objective of this thesis was to determine the effect of dispersion methodology
on catalyst ink, and investigate the effect of catalyst ink materials, dispersion tech-
nique and parameters on the microstructure of the ink. It was found that increased
vibrational amplitude during ultrasonication resulted in more well dispersed inks
with electrodes displaying smaller and less abundant agglomerates. The vibrational
amplitude was found to have an effect on the rheological behavior of the inks, sug-
gesting it influences the ink microstructure during ultrasonication. The investigation
of the effects from ultrasonic energy input showed that the ink components strongly
influence the rheological behavior and resulting structure of the electrodes. It was
found that increasing ultrasonic energy input significantly effects the rheological be-
havior of the inks and that high energy inputs can have both positive and negative
effects on the rheology of inks depending on ink components. For the ink containing
HCE catalyst and SSC ionomer, the optimum rheological behavior was found at an
energy input of 100 kWs. The ink containing GCE catalyst and SSC also showed
optimum rheological behavior at 100 kWs dispersion. An optimum energy input of
50 kWs was found for two inks containing HCE catalyst and LSC ionomer and HCK
catalyst and LSC ionomer. It is hence concluded that no single dispersion procedure
can be established for optimum dispersion of all ink recipes, and that the dispersion
procedure needs to be tailored to the ink components.

The micrographs show that increasing energy input results in decreasing agglomerate
size and abundance. Electrodes made with a gap height of 50 pym from the highest
dispersed samples display smooth surface structures with few agglomerates only up
to 10 pum in size for most ink recipes. It can hence be concluded that rheological
measurements can only partly capture complex characteristics of the agglomerated
structures and that highly dispersed ink with few and small agglomerates can show
poorer rheological behavior compared to more agglomerated structures. The effect of
ultrasonic energy input on the electrode performance was tested with in-situ testing
for MEAs made from HCE catalyst and SSC ionomer containing inks dispersed
to 10, 50 and 200 kWs. While no significant effect of dispersion energy could be
concluded, the performance at high current densities exceeded that of the current
state of the art in-house MEA. Temperature control and extensive mixing of the
ink during ultrasonication was shown to strongly influence the rheological behavior
and final electrode structure. A significant increase in viscosity and modulus was
found for the ink containing HCE catalyst and SSC ionomer, with the electrodes
exhibiting fewer agglomerates. The bead-milling dispersion method was found to
give different rheological properties of the ink and more homogeneous electrodes.
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5. Conclusion

With the results from this thesis, an optimization of the ink dispersion process
was achieved, enabling the determination of dispersion design rules, e.g. regarding
ultrasonic power and energy input.
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Appendix 1

Ink Sample Overview

A.1 Vibrational Amplitude Investigation

gj;?)%ftt / Ionomer | Dispersion Amplitude | Energy [kWs]
HCE SSC Ultrasonication | 20% 10 & 50
HCE SSC Ultrasonication | 50% 10 & 50
HCK SSC Ultrasonication | 20% 10 & 50
HCK SSC Ultrasonication | 50% 10 & 50
KB 3000 | SSC Ultrasonication | 20% 10 & 50
KB 3000 | SSC Ulrasonication | 50% 10 & 50

A.2 Ultrasonic Energy Input Investigation

Catalyst/

Support Ionomer | Dispersion Amplitude | Energy [kWs]
HCE SSC Ultrasonication | 50% 10, 50, 100 & 200
KB 3000 | SSC Ultrasonication | 50% 10 & 50

GCE SSC Ultrasonication | 50% 50, 100 & 200
HCE LSC Ultrasonication | 50% 50, 100, 150 & 200
HCK LSC Ultrasonication | 50% 50, 100 & 200




A. Appendix 1

A.3 Ultrasonic Set-up Investigation

Catalyst/ o .

Support Ionomer | Dispersion Amplitude | Energy [kWs]

HCE | ss¢ | Ditrasonication | 50, 100 & 200
Flow Cell

GCE SsC Ultrasonication | 5, 50, 100 & 200
Flow Cell

HCE LSC Ultrasonication | 5,0, 50, 100 & 200
Flow Cell

A.4 Bead-milling Investigation

Catalyst/ Ionomer | Dispersion Time

Support

HCE SSC Bead-milling | 1 & 3 days

GCE SSC Bead-milling | 1 & 3 days

HCK LSC Bead-milling | 1 & 3 days
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Appendix 2

a) 20% amplitude b) 50% amplitude“
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Figure B.1: Micrographs of coating made with 200 pm gap height from the ink
with HCE catalyst and SSC ionomer dispersed with 20% and 50% amplitude. The
micrograph to the left is taken with 500x magnification and the one to the right
with 200x magnification.
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(a) Viscosity curves (b) Modulus curves

Figure B.2: Rheological measurements of the ink with HCK and SSC ionomer
dispersed to 50 kWs with vibrational amplitude of 20% and 50%.
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a) 20% amblitude =50um | ../ "b) 50% amplitude - 50pm

d) 50% amplitude - 200pm

A
¢ {

Figure B.3: Micrographs with 200x magnification of 50 pm and 200 pm thick
coatings from ink with KB 300 and SSC ionomer dispersed with either 20% or 50%
vibrational amplitude.

a) Undipsersed

O 100kWs = "d) 200 kWs

Figure B.4: Micrographs with 500x magnification of electrodes made with 200
pm gap height from ink with HCE catalyst and SSC ionomer left undispersed and
dispersed to 50, 100 and 200 kWs.
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Polarization Curve - In-House produced MEA
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Figure B.5: Polarization curve for state of the art MEA produced in house, tested
during normal operating conditions.

a) 50 um - Undipsersed ! b)50 m = 10 KWs €) 50 pm - 50 kWs

f) 200 pm - 5 kWs
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Figure B.6: Micrographs with 200x magnification of electrodes made with 50
pm and 200um gap height from ink with KB 3000 catalyst and SSC ionomer left
undispersed and dispersed to 10 and 50 kWs.
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a) Undispersed : b) 10_kWS s i c) 50 kWs

d) 100 kWs _ e) 200 kWs

Figure B.7: Micrographs taken with 500x magnification of 200 pum thick coatings
form the ink with GCE catalyst and SSC ionomer undispersed or dispersed to 10,
50, 100 or 200 kWs.

X NE

Figure B.8: Micrograph taken with 500x magnification of a coating with 200 pum
gap height from the ink with HCE catalyst and SSC ionomer dipsersed to 200 kWs
in the flow cell.
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a) Uﬁdipsersed b) 100 kWs _ 'C) 200 kKWs

Figure B.9: Micrographs with 500x magnification of electrodes made with 50 pym
gap height from ink with HCK catalyst and LSC ionomer left undispersed and
dispersed to 100 and 200 kWs.

a) Una‘ip'sersegl" "~ 2|:b) 50 kWs

1 Jf

Figure B.10: Micrographs of electrodes made with 200 ym gap height from ink
with HCK catalyst and LSC ionomer left undispersed and dispersed to 50, 100 and
200 kWs. Micrographs a is taken with 200x magnification and b,c and d with 500x
magnification.
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b) 200 pm

Figure B.11: Micrographs with 500x magnification of electrodes made with 50 and
200 pm gap height from ink with HCE catalyst and LSC ionomer dispersed to 200
kWs with the flow cell.

b) 200 pm

Figure B.12: Micrographs with 200x magnification of electrodes made with 50
and 200 pm gap height from ink with GCE catalyst and SSC ionomer dispersed by
bead-milling for three days.
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