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Abstract

Proton exchange membrane fuel cells produce greenhouse gas emission-free electric-
ity which is needed in the ongoing climate crisis. At the center of the fuel cell is
a proton exchange membrane sandwiched between two electrodes produced from a
catalytic ink. The ionomer component in catalytic inks acts both as a binder and
a proton conductor and is an integral part of the catalyst layer. It is therefore im-
portant to have a thorough understanding of its key characteristics to optimize inks
for improved processing and electrode performance and durability. Various perfluo-
rinated sulfonic-acid (PFSA) ionomer dispersions with varying solvent matrices and
ionomer amounts were mixed and their viscosity was tested before and after elevated
temperature treatment as it is known to support the dispersion process of specific
ionomers in solvent matrices. Only short-side chained and low equivalent weight
ionomers showed significant change in viscosity. Higher alcohol concentrations as
well as more sterically hindering alcohols in the solvent matrix lead to more thicken-
ing. Higher ionomer concentrations, higher temperatures, and longer heating times
also lead to thicker dispersions up to a maximum viscosity where it is fully gelled.
The influence of ionomer viscosity on ink mixing and dispersion was described as
well. Heating catalytic inks with short-side chained PFSA ionomers thickens the
ink but the resulting electrode decals are full of holes. Inks made by mixing pre-
thickened ionomer with catalyst powder are difficult to mix and disperse properly.
Using a more sterically hindering solvent will give a very thick ink even without any
heating. The rheological properties of catalytic inks can be altered by changing the
parameters that affect the structure of short-side chained and low equivalent weight
PFSA ionomers but more investigation is needed into the dispersing of the inks as
well as how altering of these parameters affect the resulting fuel cell performance.
The increased understanding of the ionomer component will help to optimize the ink
development and electrode design at PowerCell in the future which in turn will lead
to more efficient fuel cells making them a more viable alternative to fossil fuel-based
energy production.

Keywords: ionomer, fuel cells, perfluorinated sulfonic acid, solvent, PEM, catalytic
ink, catalyst layer, rheology, viscosity.
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1

Introduction

The world’s supply of fossil fuels is quickly running out and as climate change is
constantly becoming a more threatening issue, we need alternative ways to produce
energy. One way to do this is through fuel cells which produce electricity from
chemical energy without combustion and can be used in stationary energy storage
and production as well as in automotive, marine, and aviation applications. This
means that fuel cells are in theory able to achieve a higher efficiency since they are
not limited by Carnot efficiency. Depending on the fuel used, the only emission can
be heat and water as opposed to greenhouse gases.

The first fuel cell was invented in 1839 by Welsh scientist Sir William Grove. He
called it a gaseous voltaic battery as it produced electricity from hydrogen and oxy-
gen [1, 2]. As interesting as his invention was, no one managed to make a practical
device for over a century even as the theoretical understanding of the electrochemical
principles grew. The English engineer Francis T. Bacon completed the construction
of a working 5 kW fuel cell stack in 1952 and in the early 1960s, NASA used the
first polymer electrolyte fuel cells for their Gemini Program developed by General
Electric. The U.S. space program also used fuel cells for life support, guidance, and
communications in the Apollo Program, and to this day, fuel cells are common in
space programs [3].

There are several different types of fuel cells and they are defined by the electrolyte
they use. There are alkaline fuel cells which use concentrated KOH, phosphoric acid
fuel cells which use concentrated phosphoric acid, molten carbonate fuel cells which
use a combination of alkali carbonates in a ceramic matrix, solid oxide fuel cells
which use a nonporous metal oxide and finally proton exchange membrane fuel cells
(PEMFC) which are the most common [3].

This thesis work is done in collaboration with PowerCell Group AB which works
with proton exchange membrane fuel cells, sometimes called polymer electrolyte
membrane fuel cells due to the electrolyte being composed of a proton-conducting
polymer membrane. Different types of fuel cells use different fuels but PEMFCs use
hydrogen and oxygen which it converts into water. They have high peak power den-
sity and operate over a wide range of ambient temperatures. There are no moving
parts and the fuel cells are silent and last up to 20 000 hours according to PowerCell
Group [4].

Fuel cells have been around for a long time but have until recent years been very
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limited in use. There are several reasons for this, including relatively low efficien-
cies, the lack of hydrogen infrastructure, and the high cost of the system and its
components. Expanding on hydrogen infrastructure is a massive undertaking but
necessary for the future viability of fuel cells in day-to-day life. Another issue with
hydrogen is that the majority of it today is produced from fossil fuels. This thesis
does not deal with larger issues of hydrogen technology such as these but it is good
to keep in mind that changes need to be applied both to the technology and to
the infrastructure around it if we want our future to run on hydrogen. The low
efficiency is more directly connected to the fuel cell system itself and a large part of
the efficiency loss can be found in the core of the fuel cell, the membrane electrode
assembly (MEA) in the form of Ohmic losses. MEAs also currently make up around
40 % of the cost of a fuel cell system which is why optimization of it is very important.

The focus for optimization is often on the utilization of the platinum catalyst found
in the electrodes of the MEA or on reducing Ohmic losses in the membrane. The
focus of this thesis is the effects of the ionomer binder in the catalyst layer which
affects both the Pt utilization and the proton conduction. The ionomer is made of
a proton conduction polymer similar to the membrane and it therefore affects the
conduction of protons from the catalyst particle to the membrane. It also affects
the flow of reaction gases and water to and from the catalyst and increases the
mechanical stability of the catalyst layer and adhesion to the membrane. There are
several types of ionomers which can vary both in their chemical composition and
in their equivalent weight which measures the weight of polymer for each pendant
acid chain. The morphology of the ionomer varies in different solvents. Heating the
ionomer changes their rheological behavior in dispersions and inks, which in turn
can influence the performance of the final electrodes.

1.1 Problem statement

The aim of this thesis is to gain knowledge about the ionomer behavior in PEMFC
ink. Specifically, how the processing parameters such as the viscosity and viscoelas-
tic behavior, and resulting electrode appearance and performance vary when using
different solvent matrices for the ionomer, when heating the ionomer or ink, and
when using different ionomers. This can in turn be used to optimize the fuel cell
electrode performance in combination with studies of catalyst behavior and pro-
duction techniques. Producing an optimal ink recipe is not the goal of this work.
The goal is to build a solid knowledge base and a better understanding of ionomer
behavior that can potentially be used for optimization in the future.

PowerCell does not produce in-house MEAs for use in their products at the mo-
ment and they currently only have the equipment for producing prototype MEAs.
The findings of this thesis will be important for MEA R&D at PowerCell.
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1.2 Demarcation

The focus of the thesis is the ionomer in the catalyst layer in the MEA and is not
concerned with broader issues of fuel cell stacks and systems or with other parts
of the MEA such as the membrane or gas diffusion layer. The thesis will also not
deal with the effects of different coating or drying methods or from using different
catalysts in the ink. No high oxygen permeability ionomers will be included nor any
pore-forming agents. Good mixing and dispersion are of course needed to accurately
measure and coat the ink and therefore some experiments and discussion will be
dedicated to it. However, it is not the main focus and other effects that may arise
from different levels of dispersion are not discussed.
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Theory

2.1 Proton exchange membrane fuel cells

PEMFCs convert chemical energy to electrical energy in an MEA seen in Figure 2.1.
The center of the MEA is a thin proton-conducting polymer electrolyte membrane
(PEM) sandwiched in between two catalyst layers (CLs) called the catalyst coated
membrane (CCM). On either side of the CCM, there is a gas diffusion layer (GDL)
commonly made from carbon fiber paper or woven fibers which helps distribute
the reaction gases. The CLs are also called electrodes and the one supplied with
hydrogen gas is the anode and the one supplied with oxygen gas is the cathode.
Oxygen is commonly supplied in the form of air [3].

H,— 0,
H- —
H—
H—
«—H, H,0—

GDL T Membrane GDL

Anode Cathode

Figure 2.1: Schematic of a membrane electrode assembly of a proton exchange
membrane fuel cell consisting of GDLs, an anode CL, a PEM, and a cathode CL.

The catalyst lowers the activation energy needed to oxidize hydrogen gas on the
anode side of the MEA and the resulting electrons go into a circuit as an electri-
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cal direct current while the protons are transported through the membrane to the
cathode side where another catalyst layer reduces oxygen. Oxygen, protons, and
electrons react to form water. The result is energy production that does not require
any combustion or moving parts and emissions in the form of only water and warm
air. The current is determined by the surface area of the MEA and the voltage by
the number of cells. Each cell can theoretically generate a maximum of 1.23 V but
in reality, they generate less than 1 V due to various losses. To produce significant
voltages, several cells are stacked into what is called a fuel cell stack. A stack can
contain hundreds of individual MEAs connected in series and separated by electri-
cally conducting bipolar plates with flow channels that supply reaction gases and
transport away the produced water [3, 5].

The reactions in a cell are:

HOR on Anode: Hy, — 2H" +2¢

ORR on Cathode: %Og +2H"+2¢e — H,0
Total reaction: %Og +Hy, — H,0O

The oxygen reduction reaction (ORR) occurring in the cathode CL is often the
rate-determining step as it has an exchange current density of ~ 1071% A /em? com-
pared to the much faster hydrogen oxidation reaction (HOR) in the anode which has
an exchange current density of ~ 1073 A /cm? [6]. This means that the ORR is often
the major cause of fuel cell power losses under load [7]. The cathode is also where
the water is formed which makes it more prone to mass transport issues and flood-
ing. The HOR is of course important too but due to the issues mentioned above,
all electrodes prepared and discussed in this thesis will be prepared as cathodes.

2.2 Catalyst layer

The CLs of a PEMFC act as the electrodes of the electrochemical cell. The catalyst
layer is composed of a noble metal catalyst, most commonly platinum (Pt) nanopar-
ticles, on a mesoporous carbon black support with a proton-conducting polymer
binder, called ionomer. The main component of the catalyst layer is the Pt catalyst
on carbon support (Pt/C). The Pt particles generally have a particle size of 3 — 6
nm and the primary carbon particles are usually 15 — 30 nm in size but they tend
to form aggregates with an average size of ~ 100 nm to reduce their surface area
[8]. Especially for cathodes, high surface area carbon (HSAC) is used which is very
porous, with primary micropores (<2 nm) and mesopores (2 — 5 nm) on the particles.
Secondary mesopores (5 — 50 nm) and macropores (>50 nm) can be found between
the particles. The secondary pores are necessary for gas and water transport [9].
Anodes usually use more graphitized carbon supports which are more stable than
HSAC but also have a lower surface area which results in lower reactivity due to a
less even distribution of Pt particles. The catalyst aggregates are partially covered
in an ultrathin ionomer film which serves both to provide structural integrity to the
CL and transport protons to and from the membrane. The films are usually around
4 — 15 nm thick. The ultrathin films are mostly lamellar, and they are affected
by the ionomer in dispersion before forming the electrodes. The size of dispersion
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particles is strongly dependent on the solvent [10].

The microstructure of the CLs influences the electrochemical reactions in the fuel
cell due to the varying triple-phase boundaries of the catalyst, the ionomer, and the
reaction gas which is needed for the reaction to take place [7]. The CLs are porous
and conduct electrons through interconnected catalyst, reaction gases through inter-
connected pores, and ions through interconnected ionomer [11]. During operation,
there are various voltage losses and one of the major goals of electrode development
is to minimize these. At very low currents, the electrochemical kinetics in the CL
is responsible for sharp voltage drops, and at very high currents, voltage drops are
associated with mass transport processes in the CL [6]. Significant quantities of
water are produced via the ORR at high current densities, which need to be trans-
ported away to avoid flooding the pores. Ohmic losses can be observed in all current
regimes and are typically attributed to protonic resistance in the ionomer in both
the membrane and the catalyst layer [7].

Catalyst layers are typically 5 — 10 gm thick which leads to uneven reaction rate
distributions due to gas and proton transport. This in turn leads to low utilization
of Pt. Optimizing the use of Pt is another of the major goals of fuel cell research to
make the technology more cost-effective. The incorporation of ion conduction poly-
mers like PFSA in catalyst inks extends the three-dimensional reaction zone in the
final CL which increases the utilization of the catalyst. By incorporating ionomers,
Pt loadings can be decreased from several mg/cm? to <0.2 mg/cm? [8].

2.2.1 Catalytic ink

There are several ways of producing the CLs for PEMFCs which include decal trans-
fer, spray coating, die coating, screen printing, and inkjet printing [12]. Most pro-
cesses involve mixing a catalytic ink which is a colloidal dispersion composed of the
Pt/C catalyst in the form of a powder, and the ionomer in a solvent matrix. The
combined weight of the supported catalyst and ionomer is referred to as the solid
content of the ink. The ratio between the ionomer and the Pt (I/Pt) is usually
0.7 — 1.3. Too high I/Pt can lead to too much water retention and swelling which
clogs the pores and stops mass transport as well as isolation of the catalyst particles
which lowers electron conductivity. Too low I/Pt can lead to not all Pt being in
contact with the ionomer, reducing the amount of triple-phase boundaries where the
reaction can take place which leads to lower electrochemical surface area (ECSA)
and poor utilization of the catalyst [13]. The solvent matrix is usually a mixture
of water and organic solvents. At PowerCell, water and various alcohols are used
as solvents. PowerCell mainly uses a decal transfer procedure which uses ink with
solid contents around 10 — 15 wt%. Inks optimized either for anodes or cathodes
are coated on a carrier material using a doctor blade and allowed to dry to form the
electrodes which are used to assemble the finished MEAs.

The heterogeneous microstructure of the ink strongly affects the structure and prop-
erties of the final catalyst layer. The solvent matrix which acts as a dispersing agent

7
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interacts with both ionomer and catalyst and governs properties like particle ag-
gregation size, ionomer aggregate size, viscosity, drying rate, and finally the solid
microstructure of the CL which affects its physical and mass transport properties
[7, 12]. Alcohols are commonly used as part of the solvent matrix due to them
being relatively easy and safe to work with compared to other organic solvents. CLs
made with alcohol-based solvent matrices also tend to perform better and the de-
cals have smoother surfaces [14]. The organic solvent is needed to properly wet the
hydrophobic carbon support and ionomer backbone. Higher proportions of water
in the solvent matrix lead to larger ionomer aggregates and a lower radius of gyra-
tion [12]. Inks with only water used as the dispersing agent tends to form CL with
lower ECSA than ones with alcohol due to better ionomer dissolution and higher
functional group availability leading to better utilization of the catalyst [15]. Iso-
propyl alcohol is often used in catalytic inks but efforts are being made to avoid it
due to concerns of dehydrogenation of IPA into acetone over the Pt catalyst [16].
Acetone is not a suitable solvent for catalytic inks as its low boiling point leads to
very fast evaporation which causes cracking in the CL [14]. The ionomer and the
catalyst particles form heterogeneous structures independently in solution before
mixing and the final morphology of the CL is in large part affected by the structure
of the individual components. As the deposited ink dries, ionomer concentration
increases and polymer chains form independent rods and micelles intercalate with
each other and the catalyst aggregates which provide mechanical strength to the CL.

The dispersion step is also an important part of ink preparation. To keep the
size of the catalyst agglomerates as small as possible, dispersion methods such as
ball milling or sonication are commonly used [17].

2.3 Perfluorinated sulfonic-acid ionomers

Tonomers play an important role in PEMFC since they make up both the membrane
and the binder in the catalyst layer. They need to be stable enough to withstand the
aggressive, oxidizing environment of an operating fuel cell [5]. Perfluorinated sulfonic
acid (PFSA) ionomers are the most common type used in PEMFCs. They are
chemically and mechanically very stable and they have very low gas permeability as
well as being proton-conducting and electrically insulating. PFSA is a thermoplastic
random copolymer with a semicrystalline polytetrafluoroethylene (PTFE) backbone
which provides mechanical stability and perfluorovinyl ether side chains ending in
sulfonate groups which can be ionized to sulfonic acid groups in the presence of
water that transport protons [18]. There is a micro-phase separation between the
hydrophobic backbone and the hydrophilic side chains forming nano-domains of
a few nanometers [19]. An important parameter of ionomers is their equivalent
weight (EW) which is defined as the weight of dry ionomer per mole of sulfonic
acid groups. EW is inversely proportional to the ion exchange capacity (IEC) and
depends on both side chain length and backbone length between each side chain
as seen in Equation 2.1 where n is the backbone length. The backbone needs to
have a sufficient number of tetrafluoroethylene monomers, usually n > 4, in order to
crystallize, meaning that ionomers with longer side chains generally need a higher
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EW than ionomers with shorter side chains to be useful in fuel cells [5].

EW = Gpolymer _ 1000

- 100 MWsz e—chain 21
m0l503 1EC n d g ( )

The first commercial PFSA ionomers were long-side chain (LSC) ionomers and they
are still very common. In recent years, short-side chain (SSC) ionomers have gained
more interest due to better proton conduction in devices, higher glass transition
temperatures, and better mechanical stability at lower EWs as a result of the absence
of a -CF3 pendant chain and the shorter side chain [20, 21]. They have also been
shown to exhibit better polarization performance and higher voltage output in in-
situ tests at higher temperatures and lower relative humidity [22]. SSC ionomer can
have better Pt utilization and effectiveness in CL due to better accessibility of the
ionomer to the carbon surface and Pt as a result of a more continuous coverage [21].
Figure 2.2 shows the chemical structure of an LSC and an SSC ionomer. The side
chain length can be a useful tool for distinguishing between different ionomers but
it is a relative measure and there are ionomers with side chain lengths between the
archetypal LSCs and what is normally referred to as SSCs. For simplicity, those
ionomers will be referred to as medium side chain (MSC) ionomers in this work and
they look similar to SSC but with more -CFa- segments. Only one is used in this
study and it has 4 -CFy- segments. The side chain chemistry affects the material
properties as well as the length and therefore also has to be considered. SSC and
MSC lack the fluoroether group that LSC has which makes the SSC and MSC
polymer chains less prone to "unzipping"' or degrading in a radical attack [23, 24].
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Figure 2.2: Chemical structure of LSC PFSA ionomer (left) and SSC PFSA ionomer
(right). Varying n and m alter the EW of the ionomer.

PFSAs do not form true solutions in aqueous and alcoholic solvents but instead
show a dispersion-like behavior with rod-shaped aggregates [25, 26]. The structure
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is governed both by the polarity of the solvent and the solubility of the backbone.
In more polar solvents the backbone has lower solubility and will form a dense core
of the aggregates while the ionic moieties sit at the polymer-solvent interface. The
radius of the rod is 20 — 25 A for LSC and 15 — 17 A for SSC ionomers depending on
the solvent. The lower radius of SSC rods is mostly due to the lower EW. A mixture
of alcohol and water has better solubility of ionomers than pure water or pure al-
cohol and the ratio is important for the morphology of the ionomer aggregates and
the amount of solvent penetrating it. Highly solvated large particles (>200 nm) are
formed in the mixture which increases viscosity [27]. Mixes of ionomer and solvent
are referred to as dispersions in this work.

In dilute dispersions, SSC ionomer forms multimolecular micelles with an estimated
diameter of 30 — 60 nm with the sulfonated side chains pointing outwards (in polar
solvents). In higher concentrations or in solvents that solubilize the ionomer very
well, it forms interconnected bundles as seen in Figure 2.3 which leads to significantly
higher viscosity and eventually irreversible gelling [21].

Y

Figure 2.3: Multimolecular PFSA micelle (left) and interconnected bundles of
PFSA (right) where the different colors represent different polymer chains and the
black lines with yellow circles represent the ionomer side chains and the sulfonic acid

group.

Another important factor is the sterical hindrance the solvent provides. A solvent
that can solubilize the ionomer well, meaning interacting with both the hydropho-
bic backbone and hydrophilic side chains will be able to penetrate the ionomer
micelle and cause interactions between different polymer chains and multimolecular
bundles. Solvents that are more sterically hindering will prevent the tight micelle
structures from reforming and thereby cause a viscosity increase in the dispersion.
The solvent-dependent state of PFSA aggregates and their dispersion is still not
fully understood and vary with EW, side chain chemistry, concentration, solvent
matrix, and temperature making it a complex topic to study.

10



2. Theory

2.3.1 Issues with PFSA

Despite PFSA being the most common ion-conducting material for use in fuel cell
MEASs, they are not without issues. PFSA ionomer in CLs complicates the recycling
and reclamation of Pt. They also form hydrogen fluoride as a degradation product
during fuel cell operation which is believed to promote the dissolution of Pt [7].

PFSA ionomers are classified as per- and poly-fluoroalkyl substances (PFAS). Sev-
eral government agencies in the EU are working towards assessing and regulating
PFAS as a group where the goal is to minimize and eventually end the use of PFAS
since many PFAS are suspected of being harmful, bioaccumulate, and biomagnify
and they are all very difficult to break down. There is limited knowledge of the
health effects of many PFAS but according to the Swedish Chemical Agency, there
is good reason to consider all PFAS as a health hazard [28]. In February 2023,
the European Chemicals Agency published a restriction proposal for around 10 000
PFAS, including PFSA ionomers, submitted by authorities in Denmark, Germany,
the Netherlands, Norway, and Sweden [29]. Chemical manufacturer 3M announced
in a press release in December 2022 that they are to discontinue all PFAS manufac-
turing by the end of 2025 citing "the evolving external landscape, including multiple
factors such as accelerating regulatory trends, focused on reducing or eliminating
the presence of PFAS in the environment and changing stakeholder expectations" as
the reason [30]. Other producers have revealed in interviews that they will continue
their production with hopes of exemptions, but they will evaluate and alter their
production procedures.

2.4 Hydrocarbon based ionomers

Due to the issues mentioned above, there has been a growing interest in replacing
PFSA ionomers with hydrocarbon (HC) based ionomers in fuel cells. HC ionomers
are not as well studied or commonly used in PEMFCs as PFSA but there have been
a few studies where they seem promising for the future [31, 32]. HC-based pol-
yaromatic and polyheterocyclic polymers can act as ionomers but they differ from
PFSA ionomers in several ways. The sulfonic groups are often attached directly to
the polymer backbone as opposed to on side chains which restrict the separation
of the hydrophobic backbone from the hydrophilic acid group. This leads to a less
pronounced phase segregation [6]. HC polymers are more tolerant of high tempera-
tures which makes them good candidates for future high temp applications such as
automotive.

There exist many different types of HC ionomers but the one used in this thesis
work is a variation of sulfo-phenylated polyphenylenes (sPPX-H") with an TEC of
2.8 — 3.1 meq/g. X is an aryl group such as Phenyl (P), Biphenyl (B), or Naphthyl
(N) [33]. The chemical structure can be seen in Figure 2.4 where Ar represents an
aryl group. The exact structure is confidential.
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Figure 2.4: Chemical structure of sulfo-phenylated polyphenylenes. Ar represents
an aryl group.

2.4.1 Issues with HC

Sulfonic acid groups on HC-based ionomers are weaker acids with a pK, between
-2 and -1 compared to PFSA with a pK, of ~ -6 [7]. HC ionomers also have a
lower density than PFSA ionomers which combined with the lower pK, means that
HC ionomers often require more than twice the amounts of functional acid groups
and consequently a higher IEC to achieve the same protonic conductivity as PFSA.
This leads to higher hydrophilicity and more sensitivity to the hydration [32]. Low
hydration causes brittleness and too high makes the ionomer too gelatinous [7].

In general, the optimal I/Pt of HC ionomers in CLs is lower than for PFSA. This
lead to a slightly lower proton conductivity and lower ECSA in the CL which leads
to a lower performance in the kinetic region despite similar peak power densities
[32]. MEAs fully made of sPPX-H" as opposed to PFSA are more dependant on
the humidity of the gas feed. The manufacturer of the HC ionomer used in this
thesis has disclosed that this particular ionomer is unsuitable in cathodes due to
poor oxygen solubility causing issues with reaction gas transport and that more ap-
propriate variations are being developed. Low oxygen permeability is desirable for
membrane materials but is detrimental to the cathode.

The normal decal transfer procedure and ink formulations used for PFSA-based
catalytic inks are not appropriate when using HC ionomers. In an interview with
the supplier, they recommended coating directly onto the membrane as opposed
to on a separate PTFE decal carrier due to the repulsion between the ionomer and
PTFE causing beading of the ink and poor adhesion to the carrier. The significantly
higher glass transition temperature of the ionomer also means that the electrodes
and membrane can not be thermally bonded together by hot pressing and instead

12



2. Theory

solvents are needed for the layers to combine properly. When coating directly on
the membrane, less alcoholic solvent matrices and faster drying times are neces-
sary to avoid dissolving the membrane. When changing any ink parameter, other
properties like interactions between the solvent and catalyst, agglomeration behav-
ior, and rheological properties among others also change. This means that entirely
new optimizations of all stages of the manufacturing procedure have to be done
when switching from PFSA to HC ionomers which also complicates any comparison
between the ionomer types.

2.5 Rheology

The main method of characterizing differences between samples in this work is rhe-
ology. Rheology is the study of the flow and deformation of matter and it is a useful
tool for characterizing material properties of fluids such as the catalytic ink used
to produce the electrodes or ionomer dispersions. The tool used to study rheology
is a rheometer in which the sample is placed between two plates (P/P), between a
cone and a plate (C/P), or in a cup with a bob (C/B). The plate, cone, or bob,
called the upper geometry rotates or oscillates to exert stresses on the sample which
deforms it. The rheological properties of the ink are important to understand since
they affect how the ink will behave during handling and coating and they can also
indicate the microstructure of the ink and ionomer dispersion [17].

2.5.1 Rotating measurements

Rotating measurements can be used to characterize the viscosity of an ink. This
is done by shear flow in which the layers of the ink slide past one another. An
external shear force in the form of shear stress (o) which is defined as the force (F)
per unit area (A) as seen in Equation 2.2, is exerted on the sample and in response
the top layer moves a given distance (z) while the bottom layer is stationary. The
shear strain () is defined in Equation 2.3 as the displacement gradient over the
height (h). For a solid the strain will be infinite but for a fluid the shear strain
will continue to increase for the period of applied stress which creates a velocity
gradient called the shear rate (4) which is defined as the change of strain with time
as seen in Equation 2.4. The shear viscosity () is defined in Equation 2.5 and it is
a quantitative measurement of the internal fluid friction, meaning how much kinetic
energy is lost in the system as the momentum from the external force moves though
the system [34].

F
o= (2.2)
=2 (23)
. dy
T (2.4)
n= 5 (2.5)
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In practice, A is the surface area of the geometry used, h is the measurement gap
height and F' is translated from the torque requested by the rheometer’s motor. The
shear rate is determined from the plate or cone radius (r) and the angular velocity
(w), seen in Equation 2.6. C/P geometries are often preferred since the shear rate
is constant across the sample. For low-viscosity samples or at very low shear rates,
C/B geometries are more advantageous since they have a larger surface area which
increases the resistance and makes it easier to measure the force required by the

rheometer.
KW

= (2.6)

Catalytic inks often display a non-Newtonian shear thinning behavior, which means
that the viscosity of the ink decreases with increased shear as can be seen in Figure
2.5 compared with a Newtonian sample [17]. At very low shear rates, the viscosity
plateaus to a value called the zero shear viscosity (7). Shear thinning occurs due
to rearrangements in the micro-structure of the sample as a result of shearing.
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Figure 2.5: Viscosity vs shear rate graph displaying a Newtonian sample (blue)
and a shear thinning sample (red). The apparent slight shear thickening seen at
high shear rates for the Newtonian sample is a measurement artifact often found for
low-viscosity samples and it is due to turbulent flows.
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The viscosity of the ink is important for the processing of the ink and the production
of electrodes. If the viscosity is too low, the ink would flow freely and spread out
too thin and if it is too high, the ink is difficult to work with, there might be issues
with distribution and the electrodes could end up very uneven [14]. The ink should
ideally have a low viscosity during coating and high viscosity at lower shears to
prevent secondary flow [17].

2.5.2 Oscillating measurements

Oscillating measurements can be used to investigate the viscoelastic behavior of a
sample. When a fully elastic material is deformed, there is an elastic force that aims
to return the sample to its original minimum energy state, like how a stretched-out
spring will try to contract back to its original length. In a fully viscous material,
the material deforms at a constant rate until the applied stress is removed. The
energy is dissipated and the deformation is permanent. Many materials including
catalytic ink and ionomer dispersions fall somewhere in between and are therefore
called viscoelastic. Small amplitude oscillatory shear is the most common method to
measure viscoelastic properties with a rotational rheometer. The sample is oscillated
about its equilibrium position in a continuous cycle between the geometries. The
upper plate or cone oscillates at a given stress or strain amplitude and frequency.
Controlled strain measurements are used in this thesis which means that the angular
displacement is controlled and the torque required for it is measured which allows
the shear stress to be calculated. The ratio of applied strain to measured stress gives
the complex modulus (G*) as seen in Equation 2.7. Tt is a quantitative measure of
the material’s resistance to deform.

G = Jmaz (2.7)

’ymaw

For a fully elastic material, the stress is proportional to the strain meaning that the
maximum stress occurs at the maximum strain. For a fully viscous material, the
stress is instead proportional to the strain rate meaning the greatest stress is found
where the flow rate is the highest. The stress and strain are therefore out of phase
by 90°. A material with a phase angle (§) of 0° is purely elastic and 90° is purely
viscous. Viscoelastic materials land somewhere in between. The elastic modulus
(G’) and viscous modulus (G") can be calculated from the complex modulus and
phase angle using Equations 2.8 and 2.9.

G' = G*cosd (2.8)
G" = G*siné (2.9)

The elastic modulus, sometimes referred to as the storage modulus, represents the
storage of energy. The viscous modulus, also called the loss modulus, represents the
loss or dissipation of energy. They are orthogonal to each other and the complex
modulus is therefore often represented as a complex number as in Equation 2.10
where G’ is the real part and G" is the imaginary part of G*.

G =G +iG" (2.10)

15



2. Theory

Catalytic inks are viscoelastic and generally have a linear viscoelastic region where
G’ is parallel with G" and the elastic modulus is higher than the viscous modulus.
After a certain strain where the phase angle is 90°, the ink is no longer able to
elastically buffer, and G" drops rapidly to 0. An example of this can be seen in
Figure 2.6.
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Figure 2.6: Elastic modulus and viscous modulus vs shear stress for a viscoelastic
catalytic ink. G" is the viscous modulus (blue) and G’ is the elastic modulus (red).

Due to the electrode production methods used at PowerCell, a desirable viscoelastic
behavior is high modulus with G’ being around 10 X higher than G" as well as
elastic buffering up to around 1 Pa.

2.6 Polarization under different operation

conditions
To characterize the properties of the finished MEA, several different single-cell sub-
scale tests can be performed. The one used in this work is polarization at normal

operating conditions. Single-cell sub-scale testing involves a single small MEA being
mounted in an FC testing station.
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Two important parameters of the operating conditions are the relative humidity
of the reaction gas (RH) and coolant inlet temperature T.. Lower temperatures
decrease the catalytic activity and decrease the mass transport of water which com-
bined with high RH leads to an increased risk of flooding the pores. Lower relative
humidity and higher temperature often lead to lower proton conductivity as the
membrane and ionomer binder in the CL dries out.

The polarization curve is the voltage over current density and it generally decreases
with increasing current density. The voltage at 0 A/cm? is called the open circuit
potential and it has a theoretical value of 1.23 V but is in reality a bit lower due
to hydrogen crossover. The rest of the curve can be divided into three regions de-
pending on what type of voltage loss is the most dominant. The first is the kinetic
region seen at around 0.1 A/cm?. The dominant losses in this region are activation
losses and are mostly dependent on the ORR kinetics [3]. The second region is the
Ohmic region. Here the Ohmic losses are the most prominent. They depend mostly
on the conduction resistances in the MEA for both electrons and protons and can
be described according to Ohm’s law seen in Equation 2.11. This region is linearly
decreasing with increasing current density and the resistance is proportional to the
slope.

U=1-R (2.11)

The final region found at high current densities is the mass transport region and can
often be seen as a change in the slope after the Ohmic region. In the mass transport
region, the CL pores tend to flood with water that can not be transported away as
quickly as it is being produced. An example of a polarization curve can be seen in
Figure 2.7. The first sharp decrease is the activation losses. The Ohmic region is
found between ~ 0.2 — 1.9 A/cm? and after that, mass transport is the dominant
reason behind voltage loss.
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Figure 2.7: Typical polarization curve showing cell voltage over current density.
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Methods

3.1 Materials

The ionomers tested come from suppliers A, B, C, and D, and the specific ionomers
tested are found in Table 4.1.

Table 3.1: Ionomers studied in dispersions and inks.

Name Type EW [g/mol] IEC [meq/g| Side chain length
Al PFSA 790 1.23 - 1.30 Short

A2 PFSA 830 1.17 - 1.23 Short

B1 PFSA 1000 1.03 - 1.12 Long

C1 PFSA 800 1.25 Medium

D1 sPPX-H+ - 28-3.1 -

The solvents used are water (H20), ethanol (EtOH), 1-propanol (NPA), 2-propanol
(IPA), and tert-butanol (TB). The same 50% platinum nanoparticles on carbon
black catalyst will be used in all ink samples. The support is an HSAC which makes
it appropriate for cathodes.

Inks are coated on glass fiber-reinforced PTFE films. Subscale MEAs are made out
of cathodes prepared using the material listed above, a standard anode composed
of ionomer B1 and PFSA membranes.

3.2 Sample preparation

Ionomer dispersions and inks are prepared in 15 ml LDPE, 30 ml HDPE, 20 ml
glass, or 50 ml glass bottles. Plastic bottles are always used for the roller-shaker
while glass is used for the ultrasonic disperser as they have wider necks.

3.2.1 Ionomer dispersions

The ionomer is weighted and diluted with solvent and water to reach the appropriate
concentration for the dispersions. For most samples, either 10 g or 20 g of dispersion
is mixed. Tonomers Al, A2, and B1 are purchased in premixed dispersions with 20 —
25 wt% ionomers in a solvent, and the ionomers C1 and D1 were purchased as solids.
C1 is dissolved into a 25 wt% dispersion with a 60:40 (w/w) NPA/H,O solvent
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matrix which is rolled for 24 h at 50 rpm as recommended by the supplier. The
progression of the dissolution can be seen in Figure 3.1. D1 is dissolved according
to supplier recommendation into a 5 wt% solution in a 50:50 (w/w) alcohol/HsO
solvent matrix which is stirred with a magnetic stir bar on a 60 °C hot plate for 24
— 48 h. The alcohols used are NPA and IPA. The progression of the dissolution can
be seen in Figure 3.2.

Figure 3.1: Dissolution of C1 ionomer into a 25 wt% dispersion with a 60:40 (w/w)
NPA/H0 solvent matrix. a) shows pure ionomer chunks, b) shows ionomer after
solvents have been added, c) shows the system after 4 h on a roller shaker at 50
rpm where some ionomer gel can still be found at the bottom and d) shows the
system after 24 h on a roller shaker at 50 rpm where the ionomer dispersion is fully
homogeneous.

Figure 3.2: Dissolution of D1 ionomer into a 5 wt% solution with a 50:50 (w/w)
IPA/H,0 solvent matrix. a) shows pure ionomer chunks with a stir bar, b) shows
ionomer after solvents have been added, c¢) shows the system after 2 h on a heated
stir plate at 60 °C where some ionomer is still undissolved d) shows the system
after 24 h on a heated stir plate at 60 °C where the ionomer dispersion is fully
homogeneous.

3.2.2 Catalytic ink

Untreated inks are mixed by first wetting the catalyst powder with water to avoid
spontaneous combustion. The ionomer and organic solvent are added when the
catalyst is fully wet. ZrO, beads or magnetic stir bar is added and the inks are
then left to mature overnight on a stir plate or the roller shaker before dispersion
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and heat treatment. Inks made with pre-heated ionomer dispersions are made by
first mixing and heating ionomer dispersions according to Sections 3.2.1 and 3.2.3.
Catalyst powder is added to a new bottle with either a stir bar or ZrO, beads and
the appropriate amount of ionomer /solvent dispersion is added. The ink is then left
to mix overnight before further dispersion.

3.2.3 Heat treatment

Samples are heat treated by suspending the bottles in a stirring water bath as seen
in Figure 3.3 for the allotted time. They are cooled down by running cold water
over the bottle after the heat treatment is finished.

Figure 3.3: Heat treatment set up consisting of a beaker of water with a magnetic
stirrer on a hot plate fitted with a temperature probe. The sample is clamped and
held suspended in the water.

3.2.4 Dispersion

Due to the catalyst particles’ tendency to clump together and agglomerate, addi-
tional dispersion of the ink is necessary after mixing. This is done either with a
roller shaker (RS) or with an ultrasonicator (US). Previous experiments at Power-
Cell have found that different dispersing methods work best for different catalysts
and the one used for the inks in this thesis work tends to disperse better with ul-
trasonic dispersion as the roller shaker does not input enough energy to break up
the catalyst agglomerations. Ultrasonic dispersion uses a Digital Ultrasonic Device
UP400St from Hielscher Ultrasonics seen in Figure 3.4. 20 kWs of energy is added
with a 14 mm sonotrode at 30% amplitude. During the US dispersion, the ink is
stirred with a magnetic stirrer to ensure even sonication, and the ink bottle is im-
mersed in a cool water bath to avoid overheating. The roller shaker is a Phoenix
Instrument RS-TR10 seen in Figure 3.5 using 2 mm ZrO, beads which mix and
disperses the ink at the same time. 3 times the mass of the final ink is added in 2
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mm ZrO, beads to the ink bottle. The bottle is then left on the RS at 50 rpm for
the determined dispersion time.

Figure 3.4: Hielscher Ultrasonics Digital Ultrasonic Device UP400St fitted with 14
mm sonotrode.
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Figure 3.5: Phoenix Instrument RS-TR10 roller shaker used for mixing and dis-
persing catalytic ink.

3.3 Rheological measurements

Rheological measurements are conducted at 25 °C on a Kinexus rotational rheometer
from Netzsch using 4° angle smooth stainless steel cone with 40 mm diameter (C/P
4/40) as seen in Figure 3.6 for all ionomer dispersions and inks. For very low
viscosity samples, a 25 mm diameter stainless steel double gap C/B geometry is used.
Measurements are controlled using the rSpace software for rotational rheometers
by Netzsch.The standard rheological procedure run on most samples first runs a
rotating measurement which ramps the shear rate from 1 to 1000 s~! and measures
the shear viscosity of 30 points. 6 points are taken at 1000 s~! before the procedure
ramps back down to 1 s7! again. An oscillating measurement follows which keeps
a constant frequency of 1 s™! and increases shear stress logarithmically from 0.01
to 100 Pa, taking 5 samples per decade. This procedure is then repeated for three
total runs. All graphs display the final run.
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Figure 3.6: Kinexus rotational rheometer fitted with C/P 4/40 with a solvent trap
in loading position (left) and close up of set up in loaded position with catalytic
ink sample (right). During measuring, the geometry and sample are covered with a
hood to minimize evaporation and protect from splashing.

3.4 Decal and MEA preparation

MEAs are produced using a decal transfer procedure. First, both anode and cathode
decals are made and using the Electrode decal preparation procedure described
below. MEAs are then assembled according to the MEA preparation procedure.

3.4.1 Electrode decal preparation

The decals are first made by pipetting a few ml of ink on a glass fiber-reinforced
PTFE carrier material attached to an MTV CX4 Film applicator. The ink is spread
with a speed of 40 mm/s by a doctor blade with a gap height of 100 um as seen in
Figure 3.7. The decal is then allowed to dry under a plexiglass cover in a climate-
controlled room at 23 °C as seen in Figure 3.8.
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Figure 3.7: MTV CX4 Film applicator with doctor blade used for electrode coat-
ings.

Figure 3.8: Drying setup for coated electrode decals consisting of a light table and
a plexiglass hood in a climate-controlled room at 23 °C.

3.4.2 MEA preparation

MEAs are prepared by cutting an anode electrode, a membrane, and an anode
electrode to size and hot pressing together to form the CCM. The GDLs and sub-
gaskets that allow mounting in the test station are added with a hand-held heating
tool. The final MEA has an active area of 25 cm?.

3.5 Sub-scale testing

Single-cell sub-scale testing is done according to PowerCells proprietary procedure
which begins with conditioning the MEA for 12 h. The voltage is tested at 12
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points at current densities between 0.0 and 2.5 A/cm?. Polarization is done at
normal operating conditions which means that the coolant inlet temperature is 65
°C and the relative humidity of the reaction gas is 60%.

3.6 Microscopy

Microscope pictures are taken with a Leica DVM6 A digital microscope from Leica
Microsystems using a FOV 3.60 or a FOV 12.55 zoom objective seen in Figure 3.9.

Figure 3.9: Leica DVM6 A digital microscope from Leica Microsystems equipped
with a FOV 12.55 zoom objective.
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4.1 Temperature influence on ionomer dispersions

4

Results and Discussion

using different PFSA ionomers

All of the different PFSA-based ionomers were mixed into dispersions according to

Table 4.1.

Table 4.1: Dispersion recipes for investigating differences between ionomers.

Tonomer Ionomer Alcohol Alcohol Water Treatment
amount [wt%)] amount [wt%] | amount [wt%)] | temperature [°C]
Al ) NPA 80 15 20
A2 ) NPA 80 15 50
B1 ) NPA 80 15 20
C1 5 NPA 80 15 50

The viscosity of these dispersions was tested right after mixing and before any heat
treatment (within 15 minutes), after having been heat treated for 1 h at 50 °C, and
after being heat treated for 3 h total at 50 °C. Figure 4.1 shows the viscosity at 100
s~! for all ionomer dispersions at all stages of treatment.
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Figure 4.1: Viscosity measurement at 100 s~! for ionomer dispersions mixed ac-
cording to Table 4.1. The ionomers A1, A2, B1, and C1 were tested before any heat
treatment (blue), after being heated in a 50 °C water bath for 1 h (green), and after
being heated for 3 h (red).

All 5 wt% ionomer solutions with 80 wt% NPA and 15 wt% H,O had low viscosity
and showed Newtonian behavior before heat treatment. In accordance with sup-
plier documents provided by supplier A, the SSC ionomers, A1 and A2 increased in
viscosity as a result of the heat treatment. The effect was significantly more pro-
nounced for ionomer A1l which has a lower EW of 790 g/molgo, than A2 which has
an EW of 830 g/molgp,. Tonomer Al started to display a shear thinning behavior
after being heated which is not observed for any other ionomer.

For LSC ionomer B1, no increased viscosity or shear thinning behavior was ob-
served even after 3 h heat treatment at 50 °C. The same is true for MSC ionomer
C1 which only showed a very small increase.

The lower viscosity and effect of heating on the A2 ionomer compared to Al shows
that the EW is strongly responsible for the morphology of the ionomer dispersion
as argued by Loppinet et al. [25]. However, seeing as the EW of MSC ionomer C1
is very similar to A1 and has a value between A1l and A2 but thickened less than
either, it is clear that the side chain chemistry is also relevant. A shorter side chain
as well as lower EW makes the ionomer more prone to thickening.
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4.2 PFSA ionomer dispersions with varying
solvent matrix

The solvent matrix affects the morphology of the ionomer which can be seen as
viscosity differences in the dispersions. Varying solvent matrices were tested for
ionomer Al as it has the strongest thickening behavior and Bl since it can be
considered a standard LSC ionomer.

4.2.1 Temperature and solvent influence on A1l ionomer

In order to investigate how dependent the ionomer A1 is on the alcohol concentra-
tion, dispersions were made according to Table 4.2. Figure 4.2 shows the viscosity
change over shear rate for all of the different 5 wt% A1 in NPA dispersions.

Table 4.2: Al dispersion recipes for investigating differences between NPA concen-
trations.

Tonomer Tonomer Alcohol Alcohol Water Treatment
amount [wt%] amount [wt%] | amount [wt%)] | temp [°C]
Al 5 NPA 80 15 50
Al 5 NPA 80 15 80
Al 5 NPA 57.5 37.5 50
Al 5 NPA 57.5 37.5 80
Al 5 NPA 37.5 57.5 80
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Figure 4.2: Viscosity vs shear rate measurement for ionomer dispersions mixed
according to Table 4.2 tested before any heat treatment, after being heated in a
water bath for 1 h and after being heated for 3 h. The dispersions are 80 wt% NPA
and 15 wt% H»O heated at 50 °C (blue), 80 wt% NPA and 15 wt% H,0O heated at
80 °C (black), 57.5 wt% NPA and 37.5 wt% H,O heated at 50 °C (red), 57.5 wt%
NPA and 37.5 wt% HyO heated at 80 °C (magenta) and 37.5 wt% NPA and 57.5
wt% Hs0O heated at 80 °C (green).

Lower alcohol concentrations lead to less viscous dispersions and a smaller viscos-
ity change as a result of heating. This indicates that the alcohol interaction with
the backbone is what leads to the ionomer stretching out. By increasing the tem-
perature, even lower alcohol content dispersions can thicken up. When the alcohol
content is low, the hydrophobicity of the backbone prevents the unfurling of ionomer
micelles, even when heated at higher temperatures.
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Supplier documents from A indicate that different alcohols also affect the thickening
behavior. This was investigated for dispersions made from NPA, IPA, and EtOH
mixed according to Table 4.3 as well as for NPA, IPA, and TB mixed according
to Table 4.4. The viscosity over shear rate can be seen in Figures 4.3 and 4.4
respectively. The viscosity of the dispersions was tested before any heat treatment,
after having been heat treated at 50 °C for 1 h, and after being heat treated for 3 h
total.

Table 4.3: Al dispersion recipes for investigating differences between alcohols in

the solvent matrix at high alcohol concentrations.

Tonomer Ionomer Alcohol Alcohol Water Treatment
amount [wt%] amount [wt%] | amount [wt%)] | temp [°C]
Al 5 NPA 80 15 50
Al 5 IPA 80 15 50

Table 4.4: Al dispersion recipes for investigating differences between alcohols in
the solvent matrix at lower alcohol concentrations.

Tonomer Ionomer Alcohol Alcohol Water Treatment
amount [wt%] amount [wt%] | amount [wt%)] | temp [°C]
Al ) NPA 27.5 37.5 50
Al ) IPA 57.5 37.5 50
Al 5 B 97.5 37.5 50

Due to TB solvent stock already containing 10 wt% water, no dispersion with 80
wt% TB could be prepared. The dispersion with 80 wt% IPA became too thick to
test properly and splashed out of the rheometer after 3 h and that measurement
is therefore not included. EtOH was not tested with lower alcohol content due to
having a very weak response even at high alcohol concentrations.
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Figure 4.3: Viscosity vs shear rate measurement for ionomer dispersions mixed
according to Table 4.3. The alcohols are NPA (blue), IPA (red), and EtOH (green),
and the dispersions were tested before any heat treatment, after being heated in a
50 °C water bath for 1 h and after being heated for 3 h.
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Figure 4.4: Viscosity vs shear rate measurement for ionomer dispersions mixed
according to Table 4.4. The alcohols are NPA (blue), IPA (red), and TB (magenta),
and the dispersions were tested before any heat treatment, after being heated in a
50 °C water bath for 1 h and after being heated for 3 h.

TB increases the viscosity drastically even before heat treatment and heating at 50
°C for 1 h completely gels it up. The viscosity increased from 85 mPa s for the un-
treated sample to 1540 mPa s after 1 h of heat treatment at 50 °C at a shear rate of
100 s~1. It also started to display a strong shear-thinning behavior. The same lower
alcohol concentration at 50 °C for NPA and IPA only showed a small thickening
effect with IPA having a higher viscosity than NPA. The degree of thickening seems
to correlate with how large the hydrophobic backbone of the solvent is compared
to the functional group as well as how the placement of the functional group in
the molecule. The more sterically hindering each solvent is when interacting with
the ionomer backbone, the higher the dispersion viscosity. The alcohols can be or-
dered from the least to the most sterically hindering as: EtOH < NPA < IPA < TB.

To see the effects of mixing different types of alcohols, a dispersion containing a
mixture of NPA and TB was mixed and heated for 1 h and 3 h at 50 °C. The result
compared to using only NPA or TB as mixed according to Table 4.5 can be seen in
Figure 4.5.
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Table 4.5: Al dispersion recipes for investigating viscosity effects of mixed alcohols.

Tonomer Ionomer NPA TB Water Treatment
amount [wt%] | amount [wt%)] | amount [wt%] | amount [wt%] | temp [°C]
Al 5 57.5 0 37.5 50
Al 5 28.75 28.75 37.5 50
Al 5 0 57.5 37.5 50
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Al in 57.5 wt% NPA, 1 h at 50 °C
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Figure 4.5: Viscosity vs shear rate measurement for ionomer dispersions mixed
according to Table 4.5. The alcohols are NPA (blue), 1:1 (w/w) NPA/TB (red),
and TB (magenta), and the dispersions were tested before any heat treatment, after
being heated in a 50 °C water bath for 1 h and after being heated for 3 h.

When mixing different NPA and TB, the viscosity is somewhere in between the
dispersions which only contain one alcohol and the increase appears to scale loga-
rithmically. When the alcohol content is an equal mix of NPA and TB, the viscosity
ends up being about one decade above NPA and one decade below TB. This means
that several parameters can be altered in order to achieve a desired viscosity when
optimizing an ink for processing.
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4.2.2 Temperature and solvent influence on B1 ionomer

As can be seen in Subsection 4.2.1, TB clearly has the strongest thickening effect
on the SSC ionomer, however Subsection 4.1 shows that LSC ionomer B1 does not
thicken even at high alcohol contents in NPA. To see if TB will affect LSC ionomers,
a dispersion mixed according to Table 4.6 was prepared. The 11.5 wt% NPA comes
from the B1 ionomer stock solution. The total alcohol content is 60 wt% of the
solvent matrix.

Table 4.6: Bl dispersion recipe for investigating the effect of heat treatment on a
TB based solvent matrix.

Ionomer Ionomer NPA TB Water Treatment
amount [wt%] | amount [wt%)] | amount [wt%] | amount [wt%] | temp [°C]
Bl 5 11.5 46 375 50

As seen in Figure 4.6, there appears to be a very slight increase in viscosity as the
dispersion is heated but it is only increased from 21 to 24 mPa s after 3 h of heating
at 50 °C, any difference is considered to within the margin of error which according
to Netzsch can be as high as 10%, especially for low viscosity samples. No shear
thinning was observed.
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Figure 4.6: Viscosity measurement at 100 s~! for ionomer dispersion mixed accord-
ing to Table 4.6. The dispersion was tested before any heat treatment (blue), after
being heated in a 50 °C water bath for 1 h (green), and after being heated for 3 h
(red).

Since the effect of heating is negligible even for high alcohol concentrations and for
the most sterically hindering solvent, B1 solutions with lower NPA content, IPA,
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and EtOH were not heated. Dispersions were mixed according to Table 4.7 and
tested and the viscosity is seen in Figure 4.7.

Table 4.7: Bl dispersion recipes for investigating differences between alcohols in
the solvent matrix.

lonomer Ionomer NPA Other | Other alcohol Water
© amount [wt%] | amount [wt%] | Alcohol | amount [wt%)] | amount [wt%)]
B1 5 57.5 - - 37.5
Bl 5 11.5 IPA 46 37.5
Bl 5 11.5 EtOH 46 37.5
B1 5 11.5 TB 46 37.5
25
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Figure 4.7: Viscosity measurement at 100 s~! for ionomer dispersions mixed ac-
cording to Table 4.7. The alcohols are NPA (blue), IPA (red), EtOH (green), and
TB (purple).

The viscosity of the TB sample is slightly higher than the other solvents. This could
indicate that the solvent has some effect on the ionomer. This change is very small
when compared to the SSC and low EW Al ionomer. None of the B1 dispersions
showed any shear thinning behavior.
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4.3 Temperature influence on ionomer dispersions
with varying ionomer content

In order to see the effect ionomer concentration has on the viscosity, dispersions
with solvent matrices of 60 wt% NPA and 40 wt% H,O were mixed according to
Table 4.8 and heated for 1 h and 3 h at 50 °C. The results can be found in Figure
4.8.

Table 4.8: Al dispersion recipes for investigating differences between ionomer con-
centrations.

Ionomer Ionomer Alcohol Alcohol Water Treatment
amount [wt%] amount [wt%] | amount [wt%)] | temperature [°C]
Al 5 NPA 57.5 37.5 50
Al 7 NPA 56.95 36.5 50
Al 10 NPA 95 35 50

10°
—— 5 wt% Al in NPA, untreated
—— 5wt% Al in NPA, 1 hat 50 °C
—— 5 wt% Al in NPA, 3 hat 50 °C
7 wt% Al in NPA, untreated
10% 4 —— 7 wt% Al in NPA, 1 hat 50 °C
—— 7 wt% Al in NPA, 3 hat 50 °C
10 wt% Al in NPA, untreated
—— 10 wt% Al in NPA, 1 h at 50 °C

107 —— 10 wt% Al in NPA, 3 h at 50 °C
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Figure 4.8: Viscosity vs shear rate measurement for ionomer dispersions consisting
of Al ionomer mixed according to Table 4.8. The ionomer concentrations are 5 wt%
(blue), 7 wt% (green), and 10 wt% (red). The dispersions were tested before any
heat treatment, after being heated in a 50 °C water bath for 1 h, and after being
heated for 3 h.
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Increasing the ionomer concentration significantly increases the viscosity of the dis-
persion as well as the effect heating has. This is most likely due to it being easier
to form interconnected bundles at higher concentrations.

4.4 Viscosity for HC ionomer in solution

Due to having a very different chemical composition and heating already being a
part of the dissolution process proposed by the supplier, the HC ionomer D1 was not
heat treated and tested in the same ways as the PFSA ionomers. 5 wt% ionomer
was dissolved according to supplier recommendations as described in Section 3.2
using NPA and IPA as seen in Table 4.9. The results are found in Figure 4.9.

Table 4.9: D1 dispersion recipes for investigating differences between alcohols in
the solvent matrix.

Tonomer Tonomer Alcohol Alcohol Water
amount [wt%)] amount [wt%] | amount [wt%]
D1 5 NPA 47.5 47.5
D1 5 IPA 47.5 47.5
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Figure 4.9: Viscosity measurement at 100 s=! for ionomer dispersions mixed ac-
cording to Table 4.9. The alcohols are NPA (blue) and IPA (red).

Compared with the PFSA ionomers, D1 has a significantly higher viscosity than
any of the other untreated ionomers which are all < 100 mPa s even at much higher
alcohol concentrations and with more sterically hindering solvents. This indicates

38



4. Results and Discussion

that the D1 ionomer has a different structure to the PFSA ionomer in solution and
that it most likely does not form the same type of micellar structures that PFSA
does. TPA gives slightly higher viscosity than NPA.
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4.5 Catalytic inks mixed from ionomer
dispersions

The SSC Al ionomer has varying states in solvents which can be altered in several
ways as seen in Sections 4.1, 4.2, and 4.3. The behavior changes further when Pt/C
is added and what behavior can be contributed to each component of the catalytic
ink is harder to determine than in ionomer dispersions. Several similar inks were
made where different ways to alter the ionomer state were implemented. Three
different ink component proportions were used in this thesis and they can be seen
in Table 4.10.

Table 4.10: Ink recipes used throughout Section 4.5.

Recipe Tonomer Tonomer Catalyst | Solid content Alcoholic part of ‘Water part of
type | amount [wt%] | amount (wt%)] solvent matrix [wt%)] | solvent matrix [wt%]
1 PFSA 5 10.3 15.3 60 40
2 PFSA 4.1 8.5 12.6 60 40
3 HC 1.64 8.66 10.3 50 50

4.5.1 High solid content NPA based A1l ink with ultrasonic
dispersion

Due to there being a weak thickening effect of ionomer A1l in lower concentrations

of NPA, inks based on a 60:40 (w/w) NPA/H50 solvent matrix are heated at 80

°C. A catalytic ink was mixed according to Table 4.11 which keeps the ionomer

concentration to 5 wt%. The ink underwent the same heat treatment as the ionomer
dispersions described in Section 4.1.

Table 4.11: Ink recipe and treatment for investigating the effect of heating an ink.

Recipe | Ionomer | Alcohol | Dispersion Treatment Treatmento
temperature [°C]
1 Al NPA US 20 kWs | Heating ink after dispersion 80

Figure 4.10 shows a viscosity increase after 1 h of heat treatment compared to the
untreated ink but no significant difference between 1 h and 3 h. Figure 4.11 shows
a decrease in the elastic modulus after heat treatment.
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Figure 4.10: Viscosity vs shear rate for ink mixed according to Table 4.11. The
ink was tested untreated (blue), after being heated in an 80 °C water bath for 1 h
(green) and after being heated for 3 h (red).
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Figure 4.11: Elastic modulus (G’) & viscous modulus (G") vs complex shear stress
for ink mixed according to Table 4.11. The ink was tested untreated (blue), after
being heated in an 80 °C water bath for 1 h (green) and after being heated for 3 h
(red).

Decals were prepared from the ink at all stages of treatment Untreated ink gives a
fairly homogeneous decal with some cracks while both decals from heated ink are
full of holes from bubbles in the ink that popped during drying as can be seen in
Figure 4.12 and 4.13.
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Figure 4.12: Coated decals made from US ink mixed according to Table 4.11 that
was heated after mixing. a) is made from untreated ink, b) is made from ink heated

in an 80 °C water bath for 1 h, and ¢) is made from ink heated in an 80 °C water
bath for 3 h.

Figure 4.13: Microscope picture of coatings made from ink mixed according to
Table 4.11 and dispersed with US. The coatings are made before the ink was heated
(left), after being heated for 1 h at 80 °C (middle), and after being heated for 3 h
at 80 °C (right).

Similar inks were mixed up according to Table 4.12 using pre-thickened ionomer
and solvent dispersions which had been heated for 1 h and 3 h at 80 °C giving the
dispersion a viscosity of ~ 170 mPa s and ~ 260 mPa s respectively when sheared
at 100 s7!. The rheological behavior of these inks can be seen in Figures 4.14 and
4.15. All three inks were dispersed using the US. Thicker ionomer dispersions prior
to mixing result in thicker inks. The modulus is also high for all inks and they
increase with thicker starting dispersion.

Table 4.12: Ink recipe and treatments for investigating the effect of pre-treating
ionomer before mixing inks.

Recipe | Ionomer | Alcohol | Dispersion Treatment Treatmento
temperature [°C]
1 Al NPA US 20 KWs Heating fonomer and' splvent 80
for 1 h prior to mixing
1 Al NPA US 20 KW Heating fonomer and' splvent 80
for 3 h prior to mixing
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Figure 4.14: Viscosity vs shear rate for ink mixed according to Table 4.12 and
dispersed with US. The ink was made from an ionomer dispersion that was untreated
(blue), an ionomer dispersion that had been heated in an 80 °C water bath for 1 h
(green) and an ionomer dispersion that had been heated for 3 h (red).
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Figure 4.15: Elastic modulus (G’) & viscous modulus (G") vs complex shear stress
for ink mixed according to Table 4.12 and dispersed with US. The ink was made
from an ionomer dispersion that was untreated (blue), an ionomer dispersion that
had been heated in an 80 °C water bath for 1 h (green) and an ionomer dispersion
that had been heated for 3 h (red).

From the rheological behavior, pre-treating the ionomer dispersion seems advanta-
geous to heating the ink if an increased viscosity is desired. However, both decals
made with pre-thickened ionomer dispersions are very poorly dispersed and are cov-
ered with large catalyst powder agglomerates as seen in Figure 4.16. The poor
dispersion is believed to be due to a combination of the high solid content, poor
mixing, and too little dispersion.
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Figure 4.16: Microscope picture of coatings made from ink mixed according to
Table 4.12 with ionomer dispersions that had been pre-treated for 1 h at 80 °C (left)
and 3 h at 80 °C (right) and dispersed with US. The coating is full of cracks and
large catalyst agglomerates.

4.5.2 Lower solid content NPA based A1l ink mixed on roller
shaker

Ink with a lower solid content of 12.6 wt% mixed according to recipe 2 in Table 4.10
with NPA as the alcohol and dispersed using the roller shaker were prepared in order
to hopefully achieve better mixing. One ink was mixed straight away without any
heating, one was made with ionomer that had been heated along with all solvents
at 80 °C for 1 h, and one was made with ionomer heated for 3 h as seen in Table
4.13. These ionomer dispersions had a viscosity of ~ 39 mPa s and ~ 44 mPa s
respectively when sheared at 100 s™'. The rheological properties of the inks were

tested and coatings were made after 1 day on the RS as well as after 4 days.

Table 4.13: Ink recipe and treatments for investigating the effect of pre-treating
ionomer before mixing inks on roller shaker.

Recipe | Ionomer | Alcohol | Dispersion Treatment temrIp!reera;tTf:tPC]
2 Al NPA | day ?CS 4 days None _
i Al A day ?684 days Heﬁn% Loiilrgf rtj Iﬁiﬂ;em 80
i Al A day 1;584 days He??rng Logilrgf rtj Iﬁiiﬁgem 80

There is no significant difference in the viscosity from being left longer on the RS
but the pre-heating does lead to an increased viscosity in the final ink as seen in
Figure 4.17. Both moduli are quite low for all samples but they increase with longer
treatment times and the G" is higher than G’ for most samples which indicates very
little elastic buffering as seen in Figure 4.18.
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Figure 4.17: Viscosity vs shear rate measurement for inks mixed according to Table
4.13 with NPA as the alcohol. The ink was made with all solvents and ionomer
untreated (blue), pre-treated for 1 h at 80 °C (red), and pre-treated for 3 h at 80
°C (green) prior to the ink being mixed. The ink was measured after 1 day and 4
days on RS.
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Figure 4.18: Elastic modulus (G’) & viscous modulus (G") vs complex shear stress
for inks mixed according to Table 4.13 with NPA as the alcohol. The ink was made
with all solvents and ionomer untreated (blue), pre-treated for 1 h at 80 °C (red),
and pre-treated for 3 h at 80 °C (green) prior to the ink being mixed. The ink was
measured after 1 day and 4 days on RS.

Coatings of all three inks were made as well after 1 day and 4 days of mixing. The
untreated ink mixed for 1 day dried very unevenly and was full of cracks. After 4
days the coating looks significantly better but there are still spots where the coating
cracked and as well as some catalyst powder agglomerates as seen in Figure 4.19
and the microscope pictures in Figure 4.20.
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Figure 4.19: Coated decals made from ink with untreated ionomer mixed according
to Table 4.13 mixed on the roller shaker. a) is made from ink that has been mixed
for 1 day and b) is made from ink that has been mixed for 4 days.

|
[—

Figure 4.20: Microscope picture of coatings made from untreated ink mixed ac-
cording to Table 4.13 after 1 day on roller shaker (left) and 4 days on roller shaker
(right).

The coatings made from RS ink with pre-treated ionomer look quite different. As
can be seen for ink made with ionomer heated for 1 h at 80 °C in Figure 4.21,
the bulk of the coating looks very even with hardly any cracks. There are however
several large catalyst agglomerates with diameters of ~ 200 pum after 1 day of mixing
with cracks around them. After 4 days there are significantly fewer agglomerates
and there is less cracking around them. Instead, most agglomerates seem to have
split with one large crack across making the agglomerate take the appearance of a
coffee bean. These coffee bean agglomerates are ~ 70 pm high.
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Figure 4.21: Microscope picture of coatings made from ink mixed according to
Table 4.13 with ionomer that had been pre-treated for 1 h at 80 °C after 1 day on
RS (left) and 4 days on RS (right).

The coatings from ink made with ionomer heated for 3 h at 80 °C seen in Figure 4.22
show the same type of large agglomerates and coffee bean cracks as the 1 h coatings
but interestingly there are fewer cracks around the agglomerates making the coating
look more opaque. The agglomerates are all around 70 pum or less in height. This is
most likely due to the doctor blade having a gap height of 100 gm which means that
no agglomerates larger than that could pass under and the agglomerates shrank by
around 30 pm when drying. Figure 4.23 shows streaks continuing to be dragged
along the backing material after the bulk of the coating stops which suggests that
there is a large amount of particles larger than 100 pm in the ink after 1 day of
mixing. The 4-day coating does not have these streaks which indicates that fewer
and smaller agglomerates are present.

[e— [—

Figure 4.22: Microscope picture of coatings made from ink mixed according to
Table 4.13 with ionomer that had been pre-treated for 3 h at 80 °C after 1 day on
roller shaker (left) and 4 days on roller shaker (right).
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Figure 4.23: Coated decals made from ink mixed according to Table 4.13 mixed on
the RS with ionomer that had been pre-treated for 3 h at 80 °C. a) is made from
ink that has been mixed for 1 day and b) is made from ink that has been mixed for
4 days.

4.5.2.1 Inks made by conserving solvent for wetting the catalyst

Since there appeared to be still some large lumps in the ink even after 1 days
of mixing which had decreased in number but not much in size, a theory with
inspiration from cooking was formed. When adding a powder to a liquid like when
thickening a sauce with flour or starch, it is common to start by adding the powder
to a small amount of liquid first in order to easily break up any clumps and then
dilute it with the rest of the liquid. If all of the liquid is added at once, there will
form lumps of dry powder which are difficult to get rid of. To see if this sauce theory
applies to catalytic inks mixed on the RS, inks with the same 12.6 wt% solid content
as above were prepared but instead of adding both the water and the NPA to the
ionomer and heating it, the water was instead used to wet the catalyst powder as
seen in Table 4.14. The catalyst and water along with three times their total weight
of ZrO, beads were left to mix on the RS for 1 — 2 h. The ionomer mixture was only
heated to 50 °C due to the increased alcohol concentration of 76.14 wt% and the
higher ionomer concentration of 5.96 wt%. After 1 h of heating the dispersion had
already reached a viscosity of ~ 1000 mPa s when sheared at 100 s~! and displayed
a clear shear thinning behavior. After 3 h of heating, the dispersion was very thick
and gelatinous with a viscosity of ~ 1400 mPa s when sheared at 100 s~*. This made
ink preparation difficult due to the dispersion acting like a solid. The rheological
behavior of the inks after 1 day and 7 days of mixing can be seen in Figures 4.24
and 4.25. 7 days of mixing was chosen since the previous batch of inks still had
quite a large amount of big agglomerates even after 4 days of mixing. The viscosity
decreases with more time on the roller shaker which could be an effect of the ionomer
slowly finding an equilibrium state with the additional water and the alcohol that
had been trapped in the extended ionomer bundles leaving, causing the bundles to
relax. This behavior is not seen if the ionomer is allowed to thicken with all of the
solvent present as seen in Subsection 4.5.2.
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Table 4.14: Ink recipe and treatments for investigating the effect of pre-treating
ionomer and wetting catalyst before mixing inks on roller shaker.

Recipe | Ionomer | Alcohol | Dispersion Treatment Treatmento
temperature [°C]|
RS Heating ionomer and alcohol
2 Al NPA 1 day & 7 days for 1 h prior to mixing 5
RS Heating ionomer and alcohol
2 Al NPA 1 day & 7 days for 3 h prior to mixing 5
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Figure 4.24: Viscosity vs shear rate measurement for inks mixed according to
Table 4.14 with pre-wetted catalyst powder, and ionomer and NPA that had been
pre-treated for 1 h at 50 °C after 1 day on roller shaker (blue), ionomer and NPA
that had been pre-treated for 1 h at 50 °C after 7 days on roller shaker (green),
ionomer and NPA that had been pre-treated for 3 h at 50 °C after 1 day on roller
shaker (red) and ionomer and NPA that had been pre-treated for 3 h at 50 °C after
7 days on roller shaker (magenta).
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Figure 4.25: Elastic modulus (G’) & viscous modulus (G") vs complex shear stress
for inks mixed according to Table 4.14 with pre-wetted catalyst powder and ionomer
and NPA that had been pre-treated for 1 h at 50 °C after 1 day on roller shaker
(blue), ionomer and NPA that had been pre-treated for 1 h at 50 °C after 7 days on
roller shaker (green), ionomer and NPA that had been pre-treated for 3 h at 50 °C
after 1 day on roller shaker (red) and ionomer and NPA that had been pre-treated
for 3 h at 50 °C after 7 days on roller shaker (magenta).

Microscope pictures of coatings made from the inks can be seen in Figure 4.26 and
Figure 4.27. Both coatings are full of large agglomerates after 1 day of mixing. The
coating made from ink with ionomer pre-treated for 1 h looks similar to coatings from
ink without any wetting of the catalyst but the ink made with ionomer pre-treated
for 3 h instead has agglomerates with a wide size distribution and generally looks
significantly less even. This is most likely due to the ionomer dispersion having
completely gelled, causing it to not mix well with the catalyst powder. After 7
days on the RS, both inks give smooth coatings with only a few coffee bean-like
agglomerates. There appears to be no clear advantage to pre-wetting the catalyst
in this way and it instead causes issues with the preparation.
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Figure 4.26: Microscope picture of coatings made from ink mixed according to
Table 4.14 with ionomer that had been pre-treated for 1 h at 50 °C and pre-wetted
catalyst powder after 1 day on roller shaker (left) and 7 days on roller shaker (right).

Figure 4.27: Microscope picture of coatings made from ink mixed according to
Table 4.14 with ionomer that had been pre-treated for 3 h at 50 °C and pre-wetted
catalyst powder after 1 day on roller shaker (left) and 7 days on roller shaker (right).

To explore the theory of pre-wetting the catalyst further, dispersions keeping the
60:40 (w/w) NPA/H,O with higher ionomer contents of 7 wt% and 10 wt% were
made as well and heated at 50 °C for 1 h. The conserved solvent was used to wet the
catalyst. For each concentration, one ink was made where the catalyst was allowed
to mix on the RS for 1 — 2 h and one where it was allowed to mix overnight. This
was done in order to see if more time mixing and grinding of the catalyst powder
would help with incorporating the ionomer dispersion. The inks made are described
in Table 4.15. These inks were left to mix on the roller shaker for 7 days. There
appears to be no major difference in the viscosity or viscoelastic behavior of these
inks except that the inks made from the 10 wt% dispersions were slightly thicker.
Coatings made from these inks look similar to the ones shown in Figures 4.26 and
4.27.
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Table 4.15: Ink recipe and treatments for investigating the effect of pre-treating
thicker ionomer dispersions and wetting catalyst before mixing inks on roller shaker.

Catalyst time Treatment

Recipe | Ionomer | Alcohol | Dispersion Treatment on RS temperature [°C]

RS Heating 7 wt%
2 Al NPA ’ ionomer dispersion 1-2h 50
7 days . . ..
for 1 h prior to mixing
RS Heating 7 wt%
2 Al NPA ionomer dispersion Overnight 50
7 days . ..
- for 1 h prior to mixing
RS Heating 10 wt%
2 Al NPA ionomer dispersion 1-2h 50
7 days . ..
for 1 h prior to mixing
RS Heating 10 wt%
2 Al NPA ) ionomer dispersion Overnight 50
7 days . ..
for 1 h prior to mixing

Interestingly, all four inks made from 7 and 10 wt% ionomer dispersions showed
a clear change in rheological behavior during measurement. In the first increasing
shearing, the starting viscosity is very high, and a very strong shear thinning be-
havior is observed at relatively low shear rates. The following decreasing run and
the consecutive runs only have a weak shear thinning behavior and the high starting
viscosity is not recovered as can be seen in Figure 4.28 which shows one of the inks
made from a 10 wt% dispersion. This behavior indicates that the ink had taken
on a specific morphology during mixing and loading into the rheometer that was
disturbed during shearing and could not be recovered. The ink, therefore, had a
different structure after measurement than before. This behavior was not found for
any other inks.
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Figure 4.28: Viscosity vs shear rate measurement for ink mixed according to Table
4.15 using NPA as the alcoholic solvent. The ink was made from 10 wt% ionomer
dispersion pre-treated for 3 h at 50 °C mixed with a pre-wetted catalyst.

4.5.3 TB based Al ink

Since TB has a very strong effect on the viscosity of the A1 ionomer before heating,
two inks were made according to recipe 2 with a 12.6 wt% solid content as seen in
Table 4.16. One ink was mixed with a magnetic stir bar and dispersed with US
while the other was allowed to mix on the RS for 1 day and 7 days. The viscosity
and viscoelastic behavior of the ink can be found in Figures 4.29 and 4.30.

Table 4.16: Ink recipe and treatments for investigating the effect of TB as a solvent
in Al inks.

Recipe | Ionomer | Alcohol Dispersion Treatment
2 Al TB US 20 kWs None
2 Al TB RS 1 day & 7 days None
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Figure 4.29: Viscosity vs shear rate measurement for inks mixed according to Table
4.16. The ink was dispersed with 20 kWs with US (blue), with RS for 1 day (green),
and with RS for 7 days (red).
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Figure 4.30: Elastic modulus (G’) & viscous modulus (G") vs complex shear stress
for inks mixed according to Table 4.16. The ink was dispersed with 20 kWs with US
(blue), with RS for 1 day (green), and with RS for 7 days (red).

The US ink has a higher viscosity as well as G" and G" than the RS ink which means
it is thicker and has more elasticity. The ink was thick enough to start displaying
the Weissenberg effect when mixed on the stir plate. Instead of forming a vortex
when mixed, the ink formed a "hill" in the middle of the bottle. THis behavior was
not observed for any other inks but was seen for some of the very high viscosity
ionomer dispersions. The RS ink has a G" which is higher than G’ which means
that it does not buffer stresses elastically very well. The RS ink was thicker after 7
days of mixing compared to after 1 day which indicates better dispersion of the cat-
alyst as well as more interactions between the ionomer with the catalyst and solvent.

Similarly to the NPA-based inks, the coatings from the ink dispersed with the US
had a lot of cracks and several aggregates with a dispersed size range. The largest
agglomerates were ~ 30 pm in size as seen in Figure 4.31. The coatings made from
ink mixed on with RS instead showed the same smooth bulk as the NPA RS inks
with the largest agglomerates being ~ 6 pm. On top of the smooth bulk were large
coffee bean cracked agglomerates which were ~ 300 pym in size. Both types of ag-
glomerates can be seen in Figure 4.32. A side-by-side of the two different surfaces
can be seen in Figure 4.33. The RS coating made after 7 days looks similar to the
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one made after 1 day but with fewer large agglomerates.

Figure 4.31: Microscopy picture of an agglomerate in a TB-based ink dispersed
with US.

Figure 4.32: Microscopy pictures of an agglomerate found in the bulk of the elec-
trode surface (left) and a larger coffee bean cracked agglomerate (right) in a TB-
based ink dispersed with RS for 1 day.

Figure 4.33: Microscopy pictures of in TB-based inks dispersed with US (left) and
with RS for 1 day (right).
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4.5.3.1 Higher solid content

One ink based on tert-butanol was made according to recipe 1 with a 15.3 wt% solid
content and dispersed using US as seen in Table 4.5.3.1. Due to the very strong
thickening effect, TB has on the A1l ionomer and the high solid content, the ink
completely gelled during the dispersion step and turned into a rubbery solid seen
in Figure 4.34. No rheological measurements or coatings could be made from this
ink. The heat management was quite poor during the sonication which most likely
contributed to the solidification.

Table 4.17: Ink recipe and treatment for investigating the effect of TB as a solvent
in A1l inks with higher solid content.

Recipe | Ionomer | Alcohol | Dispersion | Treatment
1 Al TB US 20 kWs None

i
ok

Figure 4.34: Fully solidified tert-butanol and A1l based catalytic ink mixed accord-
ing to Table 4.5.3.1.

4.5.4 HC based ink

A catalytic ink was made based on the D1 ionomer supplier’s recipe with 1.64 wt%
ionomer, an I/Pt ratio of 0.39, and a solvent matrix consisting of 50:50 (w/w)
IPA/H50 as seen in recipe 3 in Table 4.10. The ink was mixed and left to mature
overnight. The next morning the ink bottle was pressurized and gas appeared to
bubble out of solution when it was opened. Due to safety concerns, the bottle was
left open if the fume hood and all further tests with D1 ionomer were aborted until
the supplier could be contacted. In an interview with supplier D, it became evident
that this was an anomaly and not something they had observed before. Due to time
constraints, no more investigation was made for this thesis work. Further experi-
ments have been planned at PowerCell.
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4.6 Comparison of ink mixing methods

Ultrasonic dispersing has a high instantaneous power input and can therefore ensure
that there are no very large agglomerates in the ink but it requires that the ink is
thoroughly mixed both beforehand and during the sonication as the sonotrode only
affects a very small area. The viscosity will increase up to a certain degree if the ink
is heated after mixing and dispersing but this will lead to uneven coatings. Heat
management of the ink is very important when using an ionomer that is prone to
thicken, especially when the solvent used also promotes thicker inks such as TB.

Inks dispersed on the roller shaker produce more even coatings the longer it is
left mixing but even after a full week, there are still large agglomerates. Compared
with the US method which can fully disperse an ink in minutes, the RS is not very
effective. More ink is also left unrecoverable on the ZrO, beads. Ink made with
untreated ionomer results in uneven coatings but with fairly small agglomerates.
The surface of ink made with pre-thickened ionomer looks very different. The bulk
of the electrodes has very small and well-dispersed catalyst aggregates but a signif-
icant amount of large agglomerates are also present which trap clumps of catalyst
that can not be used in the fuel cell reactions. When drying, these large agglom-
erates leads to cracks in the surrounding area and/or crack in the characteristic
coffee bean way along the middle. The reason behind the formation of the coffee
bean-like agglomerates is unknown but it may be that the unfurled ionomer bundles
can somehow complex and form stable films that trap lumps of catalyst instead of
distributing more evenly as they would when in their micellar state. The unfurling
of micelles can either happen when the ionomer is heated or when using a more
powerful solvent such as tert-butanol. Conserving some solvent to wet the catalyst
powder beforehand does not seem to significantly affect the formation of coffee bean
agglomerates. A combination of the US and RS might work well, but this has not
been tested.
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4.7 Sub-scale MEA tests

An MEA was assembled and tested in-situ from the electrode made from ink with
ionomer that had been pre-treated for 1 h at 50 °C and pre-wetted catalyst powder
after 7 days on the RS. Figure 4.35 shows the polarization curves for the MEA
during normal operating conditions as well as a state-of-the-art in-house MEA from
PowerCell.
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Figure 4.35: Polarization curve showing cell voltage over current density for MEA
where cathode ink was made with pre-thickened ionomer and dispersed on the RS
for 7 days (red) and a standard in-house produced MEA from PowerCell (black,
dashed).

The MEA made with RS ink has a slightly lower open cell voltage than the standard
MEA as well as a bit more activation losses in the kinetic region. In the Ohmic
region, the voltage losses are ~ 88.5 mV / A/cm? compared with ~ 114.6 mV /
A/cm? for the standard MEA, and this decrease continues linearly up until 2.5
A/cm? meaning that there are no significant mass transport losses. The MEA
performs fairly well and proves that thickened ionomer dispersions can be mixed
with Pt/C on the roller shaker and be used to produce working electrodes. To
determine how varying ionomers, solvents, and treatments affect MEA performance,
more testing is needed.
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Conclusion

From Sections 4.1, 4.2 and 4.3 we can conclude that for ionomer A1, higher ionomer
concentration, higher alcohol content, and higher temperatures lead to more vis-
cous dispersions. More sterically hindering alcohols give thicker dispersions. Longer
treatment times also give higher viscosity but it has less effect than the other param-
eters and after a certain point which varies depending on the recipe, the dispersion
reaches a maximum and will not get any thicker. At this point, the dispersion has
turned into a gel. This most likely happens when the ionomer reaches its fully
dissolved state where it no longer exists as micelles and all polymer chains are in-
stead extended and entangled with each other. Thicker ionomer dispersions display
a stronger shear thinning behavior since the extended polymer chains align them-
selves with the direction of the shear. To observe this behavior clearly, the ionomer
needs to have short-side chains and a low EW. To understand the viscosity depen-
dence of EW and side-chain, more targeted investigation is needed.

Catalytic inks can be made from Al ionomer that has been pre-treated with cer-
tain solvents and temperatures and this affects the structure of the ink as can be
seen in both the ink’s rheological behavior and in the appearance of the coatings.
However, increased viscosity of the components leads to processing issues that need
to be resolved before any more thorough investigation of how the ionomer struc-
ture interacts with the catalyst and how it affects the performance of the MEAs
in-situ. To get a high-viscosity ink when dispersing with the US it is better to use
a solvent that interacts more with the ionomer than to thicken up ionomer disper-
sions beforehand. If the ink is dispersed on the RS, longer mixing times give more
even coatings. There are no advantages to pre-wetting the catalyst before adding
thickened ionomer dispersions. All RS inks have a very low elastic modulus.

5.1 Outlook

There is an abundance of future research to be made on the ionomer state in cat-
alytic inks. Future topics to investigate include the effect of different solvents on the
ionomer in an ink, varying the I/Pt of the ink, and different ionomer interactions with
the catalyst in different solvents. There are also many different catalysts that can be
used in ink and they would most likely interact differently with the ionomers than
the one used in this work. Other ways to investigate the ionomer that might bring
more insight than just rheology and microscopy are for example electron microscopy,
x-ray and neutron scattering, and quartz crystal microbalance among others. More
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sub-scale in-situ testing such as polarization at different operating conditions and
cyclic voltammetry would also be helpful if a working, standardized mixing and
dispersing method could be established. One suggestion would be to attempt to
combine US and RS to eliminate large agglomerates and still ensure adequate mix-
ing. It would in this case be important to differentiate the effects of the ionomer
from differences in the processing like the amount of dispersing, maturation times,
and drying time which will all be affected by changing any other parameter.

The future will most likely demand more usage of HC ionomers as a replacement for
PFSA but seeing as it is not as well developed and understood, more work is needed
before it can be used to the same extent. This requiters collaboration between fuel
cell manufacturers like PowerCell and the chemical companies developing and selling
the ionomers.
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