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Abstract

The transition to climate-neutral energy systems creates the need for efficient and cost-effective
hydrogen-based electricity generation. Proton Exchange Membrane Fuel Cells (PEMFCs) are central to
this transition, offering clean and direct conversion of green hydrogen into electricity. However, their
scalability is hindered by reliance on platinum (Pt), an expensive and scarce catalyst. To optimise the Pt
usage, four methods were compared for applying Nafion and Pt/C (carbon supported Pt) in water/IPA
(2-propanol): jetting, hand spray coating (HSC), air spray coating (ASC) and ultrasonic spray coating
(USC). The Pt/C coatings were applied onto 3D printed meshes, which offer high surface area, high
conductivity and chemical durability. The electrodes, coated with an optimal (medium) loading of 0.77
mgp/cm? were assessed for their coating uniformity and performance using optical microscopy, SEM,
EDS and electrochemical testing. A maximum power density of 4.67 mW/cm? was achieved with ASC,
but it used the most Pt during coating. The jetting coating resulted in the lowest performance (2.67
mW/cm?) but was the most Pt-efficient. USC provided a balance between a maximum power density of
4.07 mW/cm? and a medium Pt usage for the coating. These results can help guide the selection of the
optimal method for scaling-up depending on CAPEX and OPEX, electrode performance and efficiency
as well as sustainability concerns.






Abstract in Dutch

De overgang naar klimaat neutrale energiesystemen maakt efficiénte en kosteneffectieve elektriciteit op
basis van waterstof noodzakelijk. Proton Exchange Membrane Fuel Cells (PEMFC’s) spelen een
centrale rol in deze overgang, omdat ze groene waterstof op een schone en directe manier omzetten in
elektriciteit. Hun schaalbaarheid wordt echter belemmerd door hun afhankelijkheid van platina (Pt), een
dure en schaarse katalysator. Om het gebruik van Pt te optimaliseren, werden vier methoden voor het
aanbrengen van Nafion® en Pt/C (Pt op koolstofdrager) formulaties in water/IPA met elkaar vergeleken:
jetting, handspraycoating (HSC), luchtspraycoating (LSC) en ultrasone spraycoating (USC). De Pt/C
inkt werden aangebracht op 3D geprinte gaasjes, die een groot oppervlak, hoge geleidbaarheid en
chemische duurzaamheid bieden. De elektroden gecoat met een optimale belasting van 0,77 mgp/cm?,
werden beoordeeld op hun coatinguniformiteit en prestaties met behulp van SEM, EDS en
elektrochemische tests. Met LSC werd een maximale vermogensdichtheid van 4,67 mW/cm? bereikt,
maar hierbij werd het meeste Pt gebruikt tijdens coaten. De jetting-coating leverde de laagste prestaties
op (2,67 mW/cm?), maar was het meest Pt-efficiént. USC bood een evenwicht tussen een maximale
vermogensdichtheid van 4,07 mW/cm? en een gemiddeld Pt-verbruik voor de coating. Deze resultaten
kunnen helpen bij het kiezen van de optimale methode voor opschaling athankelijk van CAPEX en
OPEX, de performantie en efficiéntie van de elektroden en duurzaamheidsoverwegingen.






1 Introduction

1.1 Context

Addressing the increasingly rapid growth of the global energy demand with sustainable alternatives is
an important challenge in the context of climate change. While non-renewable energy sources, such as
petroleum, natural gas and coal, compensate for the current growth, their excessive use rapidly increases
the amount of greenhouse gases in the atmosphere. Transitioning to renewable alternatives is therefore
needed to reduce the carbon footprint of energy production. However, the output of renewable energy,
such as wind and solar, is inherently fluctuating. To prevent a possible grid overload, excess renewable
energy is currently curtailed, making grid stabilisation more important. Using hydrogen as an energy
source, can mitigate the release of greenhouse gases while providing a solution to this problem. In peak
times, renewable energy can be used to produce hydrogen. When more energy is needed, hydrogen can
generate electricity, essentially providing a solution to the curtailment problem. In 2022, the
International Energy Agency (IEA) reported that up to 6% of renewable energy in Europe was curtailed
due to grid imbalances. This figure is expected to rise with the increase in percentage of renewable
energy. With the future growth in power consumption through, for example Artificial Intelligence (Al),
data centres, industrialisation, electrification and the projected increase in the world population over the
next few decades, new, stable and sustainable green energy sources are desired [1], [2], [3], [4], [5].

Electrochemical energy storage and conversion technologies are emerging as key solutions to address
the rising demand for stable and sustainable energy. Devices such as supercapacitors, fuel cells, and
batteries have the potential to expand sustainable energy capacity, as they can convert and store green
energy from renewable sources such as water, wind, solar, geothermal and biomass. [3], [6], [7].

Fuel cells convert the energy of a fuel, such as hydrogen or biogas, directly into electricity. The two
most prominent types are the Solid Oxide Fuel Cells (SOFC) and Proton Exchange Membrane Fuel Cell
(PEMFC). SOFCs have an overall higher working temperature of around 600 °C and are most efficient
when excessive heat is used for electricity generation. PEMFCs have a lower operating temperature of
around 70 °C while maintaining a higher overall efficiency (53-60%) than SOFCs (35-43%). For
laboratory-scale experiments, SOFCs are less suitable due to their high operating temperature.
Therefore, this research focuses on PEMFCs. The operation of a PEMFC is shown in Figure 1 [8], [9].
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Figure 1: Electrochemical process in a PEMFC. Hydrogen splits into protons and electrons, protons pass through the
membrane while electrons generate electricity via an external circuit [10, p. 41]

A Fuel Cell consists in general of two electrodes: anode and cathode. Both electrodes are typically
coated with a thin carbon layer embedded with platinum (Pt) nanoparticles. Pt is used because of its
exceptional catalytic activity in the electrolysis reaction. To maximise efficiency while minimising
expensive Pt usage, the catalyst is typically made by depositing Pt nanoparticles onto a carbon support
material. Conventional carbon black, such as Vulcan XC-72, has historically been used for this
application as it provided a good structure for catalyst dispersion and electron transport within the
electrode while providing a conductivity of 0.36 Q-cm [10, p. 7911]. Recent advancements in electrode
materials have led to the development of Ketjenblack® (KB), a conductive and porous carbon material.
KB is a porous support structure, providing a large surface area of 1300 m?/g compared to the 250 m?/g
for Vulcan XC-72. It has an excellent dispersion of Pt nanoparticles, which enhances the overall mass
transport and electrochemical stability. Moreover, the dispersion increases the number of active catalyst
sites and electron transport within the electrode. The improved intrinsic conductivity ranging from 0.01
to 0.1 Q-cm helps to maintain catalyst accessibility while reducing electrode degradation compared to
Vulcan XC-72 [11]. Overall, KB is preferred over the conventional carbon black for PEMFC electrodes
due to higher activity and electrochemical stability but has a higher cost [12].

At the cathode, oxygen molecules react with the incoming protons and electrons to form water as a
byproduct. The oxygen reduction reaction (OOR) shown in Equation 1.1, is slower compared to the
hydrogen oxidation reaction (HOR), shown in Equation 1.2, making the cathode the rate-determining
factor of the PEMFC performance.

Hyg — 2HGq) +2e7 (E = 0.00V) (1.1)

1
HZ(g) + EOZ(g) - HZO(I) (EO = +1.23 V) (12)
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The effectiveness of the catalytic layer is primarily influenced by the electrochemically active surface
area (ECSA). The ECSA of a catalyst area depends on the Pt particle size and potential agglomeration
which affect the overall performance of the fuel cell. Different additive manufacturing techniques, such
as spray coating and inkjet printing, affect the final Pt particle distribution, which in turn influences the
ECSA and potential agglomeration of Pt. Achieving a uniform, thin coating with sufficient active Pt
loading while minimising material waste is the main objective of this thesis [9].

1.2 Problem statement

There are several challenges associated with the current coating processes of electrode layers in PEMFC.
One major concern is the reliance on Pt as a catalyst, which significantly increases the cost of the cell.
Pt accounts for approximately 91% of the total cost of the Membrane Electrode Assembly (MEA) [13].
The MEA itself represents 40-50% of the total PEM fuel cell cost [14, p. 10]. Another concern is material
waste during the coating process, as inefficient deposition methods can lead to excess Pt usage, which
increases production costs. Additionally, optimising the integration of different PEM cell components
could further streamline manufacturing and enhance the efficiency [15], [16].

To make PEMFCs more viable, research is mostly focused on reducing the manufacturing costs of the
MEA. Currently the standard used ionomer in the MEA for this application is Nafion® due to its high
proton conductivity and important role as both a binder and ionic conductor in catalyst layers.
Alternative membrane materials such as polybenzimidazole (PBI) are also being explored as substitutes
with the aim of lowering costs and improving membrane durability. [17], [18], [19].

To improve the coating process and optimise material use, different additive manufacturing methods for
electrode layer coating need to be evaluated. Various techniques, including spray coating, ultrasonic
spray coating, hand spray coating, and jetting, offer different advantages and limitations. Spray and
ultrasonic spray coating are widely used because of their ability to produce thin, uniform layers, although
they may result in more material waste. Hand spray coating is more flexible for research applications
but lacks consistency, making it more difficult to replicate experiments. Jetting, on the other hand,
provides precise deposition with minimal waste but may be limited by viscosity and drying constraints.
An optimal coating technique for this application has yet to be established, making it necessary to
compare these techniques in terms of cost, scalability, and coating quality.

Therefore, this thesis is driven by the central question: Which electrode coating method provides the
most efficient Pt loading while maintaining or improving the PEMFC performance, and what are the
trade-offs regarding reproducibility, cost and scalability?

1.3 Objectives

The main objective of this project is to compare and evaluate different additive manufacturing
techniques, such as jetting, ultrasonic spray coating, spray coating and hand spray coating for the
development of an electrode layer in a PEMFC. These methods will be assessed on coating quality,
efficiency of the Pt used, future scalability, desired thickness (2-30 um) and fuel cell performance. The
performance of a successfully coated electrode will be tested. Additionally, if time permits, the project
will explore the use of these coating methods for a new application.
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Several more specific objectives are required to achieve the main objective.

The first specific objective is to develop a stable water-based suspension containing Pt-supported KB
that remains homogeneous for at least one week. This stability will be optimised by adjusting the mass
fractions of solid particles, selecting suitable solvents, and incorporating additives (Nafion® or other
ionomers) to enhance the dispersion and prevent sedimentation.

The second specific objective is to determine the most effective coating technique by comparing four
different methods: spray coating, ultrasonic spray coating, hand spray coating, and jetting. These
techniques will be evaluated based on their ability to produce coatings that are homogeneous,
reproducible, and on their Pt usage. The method that delivers the best balance between coating quality
and minimal material waste will be selected for further optimisation.

The third specific objective is to assess the coating quality through comprehensive characterisation
techniques. An optimal coating should exhibit uniformity with no significant agglomeration. These
characteristics are analysed using various techniques, such as optical microscopy and Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS) and other relevant techniques to
quantify the coating morphology, thickness and uniformity. Moreover, the performance of the electrode
layers will be assessed using fuel cell performance testing.

Multiple challenges accompany this thesis. A major challenge is the limited period, as optimising the
coating process and conducting detailed structural and electrochemical analyses require extensive
testing. Techniques such as SEM, EIS, and I/V performance measurements require multiple days to
complete.

The following chapters cover a more in-depth analysis of the methods, findings and implications of the
coating work in this thesis. Chapter 2 presents an in-depth literature study on the working principles of
fuel cells and compares various electrode fabrication techniques. Chapter 3 outlines the materials and
methods used, including suspension preparation, coating processes and characterisation approaches. In
Chapter 4, the optimisation of the ink suspension is described, followed by a comparative analysis of
different coting techniques in terms of coating morphology, catalyst distribution and electrochemical
performance. The chapter concludes with a critical evaluation of the quality of the coating, material
efficiency, and economic feasibility. Finally, Chapter 5 summarises the key findings and discusses their
relevance for future improvements in PEMFC electrode fabrication.

1.4 Complementary research

To complement the focus on PEMFCs, additional experiments were performed on Solid Oxide
Electrolysis Cells (SOECs) to broaden the applicability of the optimised coating methods. Hydrogen
fuel cells and electrolysers are considered similar electrochemical devices, operating as reverse
processes: while fuel cells use hydrogen and oxygen gases as fuels and produce Direct Current (DC)
electricity and water, electrolysers, in reverse, use DC electricity and water to produce (rather than use)
hydrogen and oxygen gases. This similarity of the basic principles also concerns the cell components
and their fabrication methods. Hence SOECs follow the reverse reaction of a SOFC, shown in Figure 2.
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Figure 2: Schematic of the relation between the fuel cell and electrolysis cell for the production of green hydrogen [20, p. 3]

The technology holds the potential to address renewable energy curtailment by providing an efficient
way to store chemical energy in the form of hydrogen. Equations 1.3 and 1.4 show respectively the
cathode and anode reactions.

H,0@) +2e” = Hyg + 0% (E°=0V) (1.3)

20%7 > Oyg) + 4e™ (E® = +1.23V) (1.4)

Given the similarity in the deposition of layers between PEMFCs and SOECs, this master’s thesis
investigates the feasibility of using ultrasonic spray coating and jetting for electrode deposition on SOEC
substrates. The goal is to develop stable suspensions and evaluate coating morphology with Scanning
Electron Microscopy (SEM) and electrochemical properties with Electrochemical Impedance
Spectroscopy (EIS) and Arrhenius plots on Gadolinium-Doped Ceria (GDC) based electrolyte substrate.
This is beneficial to explore the adaptability of the optimised deposition methods to different
electrochemical systems.
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2 Literature study

2.1 Fundamentals of fuel cells

2.1.1 Principles of fuel cells

Fuel cells are electrochemical devices that convert the chemical energy of a fuel, usually hydrogen, into
electricity and heat. The chemically stored energy is converted directly into electricity through an
electrochemical redox process, similar to a battery system. The main difference with a battery is that
fuel cells can produce electricity continuously as long as fuel is supplied, while batteries require
recharging [15]. Compared to other classic power systems, fuel cells function without moving parts and
operate in a wider range of temperatures.

In classical power systems, the first step is to convert the chemical energy into heat using combustion.
The heat is then converted into steam that powers a generator, used to generate electricity. However, in
fuel cells, chemical energy is directly used to produce electricity, eliminating losses due to extra
conversion processes [21]. The most common reaction of a fuel cell involves hydrogen and oxygen to
generate electricity, with heat and water as by-products. When hydrogen is derived from renewable
sources, the entire process has no negative impact on the climate, making it an attractive option for
sustainable energy systems [22].

However, not all hydrogen methods are equally sustainable. Hydrogen is categorised by different
colours that indicate the production method used. Grey hydrogen, for example, comes from fossil fuel
reforming, which produces significant CO; emissions. Blue hydrogen, on the other hand, is made using
natural gas reforming, combined with carbon capture technologies. Pink hydrogen uses nuclear-powered
electrolysis that has low-carbon benefits, but it relies on nuclear energy. Both pink and blue hydrogen
still have CO; emissions. This CO; can increase the greenhouse effect in the atmosphere, increasing the
average temperature on the planet. In contrast, green hydrogen is produced by using renewable energy
sources such as wind, solar or hydropower as fuel to electrolyse water into hydrogen without CO,
emissions. PEMFCs and SOFCs are among the main technologies that can efficiently use green
hydrogen as a clean energy source [23].

A fuel cell consists of several components that together convert chemical energy into electricity. The
core component of the PEMFC is the MEA, which consists of the electrodes, Gas Diffusion Layer
(GDL) and the membrane. To achieve higher power output, multiple MEAs are connected in series and
placed between bipolar plates, forming a fuel cell stack. Figure 3 shows the structure of a typical fuel
cell stack and the different components of one module.
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Figure 3: Layered structure of a PEM fuel cell, including flow field plates, MEA, and gas flow. [21, p. 372].

The fuel cell schematic, shown in Figure 3, illustrates a PEMFC. Hydrogen gas enters the fuel cell from
the anode side, where it is distributed across the flow field plates. These plates ensure uniform gas
distribution and remove excess water to prevent flooding, which improves efficiency. The hydrogen gas
then interacts with the MEA, which is the core of the fuel cell. The different components, pressed
together, are the membrane layer, catalyst-coated GDLs, a Gasket on both sides and two graphite flow
fields, shown in Figure 4.

Catayst Coated Catayst Coated
Graphite Gasket Gas Diffusion Membrane Gas Diffusion Gasket Graphite
Flow Field Material Layer Layer Material Flow Field

Figure 4: Illustration showing the different components of the MEA, adapted from [24]

The Graphite flow fields serve two purposes. First, they act as electrical conductors by collecting and
transferring current generated by the electrodes. Second, they contain flow field channels that guide the
gases (hydrogen and oxygen/air) across the surface of the MEA, ensuring efficient gas distribution and
water management [25]. Next, the gasket is responsible for proper compression, alignment and sealing
of MEA to prevent leaks. The catalyst-coated GDLs are situated outside the membrane layer and
distribute the gases evenly during the reaction while Pt ionises the hydrogen atoms into protons and
electrons. The inner layer, made from Nafion®, is the PEM. Here, the protons that were separated in the
GDLs can migrate through the membrane while the electrons move through an external circuit, creating
electricity. At the anode, Pt reacts again with oxygen gas to form hydroxides. Together with the protons
from the membrane, hydroxides and protons together form water. The modular design allows for
stacking of multiple cells, which improves scalability [26], [27].

Throughout history, various fuel cells with distinct characteristics have emerged. Lower temperature
systems, such as Direct Methanol Fuel Cells (DMFCs), operate in the range of 70-130 °C and directly
convert liquid methanol into electricity without the need for external reforming. The use of a liquid fuel
such as methanol simplifies storage. However, their lower power density and slower reaction kinetics
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limit their overall efficiency to around 20-30%. The most significant disadvantage of DMFCs is CO, as
a byproduct, which mitigates the sustainable characteristic of fuel cells [28], [29], [30].

Alkaline Fuel Cells (AFCs), another low-temperature option, operate at around 70 °C and use an
aqueous alkaline electrolyte to enable the rapid oxygen reduction reaction. The catalyst environment
can be less corrosive, enabling the utilisation of more cost-effective catalysts, such as nickel. Despite
this cost advantage, AFCs are highly sensitive to CO,, which can form carbonates that poison the
electrolyte and degrade performance, posing a major challenge. Moreover, while the alkaline
environment is less corrosive to catalysts, it is still chemically aggressive to other components, requiring
the use of corrosion-resistant cell materials, ultimately increasing the overall system cost. [28], [29].

PEMFCs have gained significant attention due to their quick startup time and efficient load-handling
capabilities. Because of the high power-to-weight ratio combined with the lower operating temperature
of 80 °C, the PEMFCs have been engineered for a wide range of applications, from mobile phones to
locomotives [31]. However, their reliance on Pt as a catalyst raises the production cost. Pt accounts for
approximately 45% of the total cell cost, and its scarcity remains a challenge to become the main
competitor in the market [32].

Medium-temperature fuel cells such as Phosphoric Acid Fuel Cells (PAFCs) operate at temperatures
ranging from 150-210 °C and use liquid phosphoric acid as the electrolyte, which has good efficiency
in cogeneration applications. PAFCs, however, exhibit a relatively low power density, making them less
suitable for space and weight-constraint applications. Furthermore, due to the significant amount of Pt
and corrosion-resistant materials needed, the fuel cell is overall more expensive [28], [29].

For high-temperature applications, Molten Carbonate Fuel Cells (MCFs) are used that function through
the utilisation of a molten carbonate electrolyte, which supports electrochemical reactions at high
temperatures and makes it possible to convert a variety of fuels into electricity efficiently. MFCs
typically operate around 600 °C. The most significant challenge associated with this technology pertains
to its vulnerability to corrosion and the need for an advanced thermal management system [28], [30].
SOFCs, on the other hand, use a solid ceramic electrolyte that conducts oxide ions and operates at 600
°C. The fuel cells can manage multiple types of fuel and have an efficiency of up to 60%, and when
combined with cogeneration, it rises to up to 85%. It is mostly used in industrialisation applications, as
it has a long start up time. The high temperature has the added benefit of not needing a catalyst [28],
[30].

Each type of fuel cell has specific advantages and disadvantages. However, due to their high efficiency
and advanced development in various applications, SOFCs and PEMFCs are the most promising
technologies and thus the focus of this paper.

2.1.2 Proton Exchange Membrane Fuel Cells

PEMFC is a widely researched fuel cell technology and works by using electrochemical reactions to
convert the chemical energy of hydrogen into electricity. A core component of a PEMFC is the proton
exchange membrane, which selectively allows protons to migrate while blocking electrons. Within the
cell, hydrogen gas is supplied to the anode, where it undergoes oxidation, splitting into protons and
electrons. The protons then migrate through the membrane, while the electrons travel through an external
circuit, producing electrical power. At the cathode, oxygen reduces with the protons and electrons,
forming water as the only by-product [31].

Within a PEMFC, the HOR occurs at the anode (Figure 1), Equation 2.1. While the ORR takes place at
the cathode; Equation 2.2. The overall reaction combines hydrogen and oxygen to form water, Equation
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2.3. The efficiency losses of these reactions arise due to overpotentials which are voltage losses caused
by kinetic barriers, mass transport limitations, and internal resistance in the cell. In ideal circumstances,
the reaction produces 1.23 V [33].

2Hp(g) = 4H{yq) + 4€” (2.1)
Oz + 4H(Gq) + 4e™ = 2H,0(, (2.2)
ZHZ(g) + OZ(g) - ZHZO(]) (23)

Common losses with PEMFCs arise from the different energy barriers that are associated with the
electrochemical reactions. Ohmic losses during the reaction are caused by resistance to ion flow through
the membrane and electron flow through the electrode and external circuit. Mass transport losses occur
when reactants are not supplied efficiently to the reaction site. As a result, real-world PEMFCs operate
at voltages between 0.6 and 0.8 V under load [34], [35]. Figure 5 shows a common polarisation curve
from a PEMFC, giving an overview of all the common losses at each current density.
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Figure 5: Polarisation curve of a PEMFC, showing the common losses at different current densities [36]

The low operating temperatures and high power density make this fuel cell the preferred option for
applications ranging from portable electronics to transportation and small stationary power systems.
Additionally, when supplied with green hydrogen, they produce zero emissions, making them a
promising clean energy solution. However, commercial deployment faces challenges such as the
excessive cost of Pt-based catalysts, durability limitations, and the need for effective water management
within the cell [34], [35].

The MEA of the PEMFC consists of the GDL where hydrogen can penetrate the layer, the electrode
with the catalyst and the proton exchange membrane where the protons can flow through. Other gases,
such as air and CO; can also penetrate the GDL, creating the need for pure hydrogen sources during
experiments. Through the electrode, hydrogen will interact with Pt, which catalyses the reaction by
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lowering the activation energy, making it possible for the hydrogen to split into protons and electrons.
The hydrogen protons move through the Nafion® membrane. The electrons get collected by the KB
support and pushed through an external circuit where they produce electricity. Figure 6 shows the
interaction between the GDL, electrode and proton exchange membrane.

MPL J I L Pt-concentrated layer

Pt-dispersed layer
O carbon Nafion © Active Pt catalyst ® mnactive Pt catalyst

Figure 6: Schematic illustration showing the interaction of hydrogen with the GDL, the Pt-coated electrode and the Nafion®
membrane on the left and the critical role of the triple phase boundary (TPB) on the right [37, p. 15640]

The Triple Phase Boundary (TPB) is an important microenvironment where three active components
come together. Hydrogen gas from the GDL, active Pt catalyst particles supported on KB and the
Nafion® proton exchange membrane. Here, hydrogen molecules are absorbed by the Pt particles where
they split into protons (H") and electrons (¢”). The H" migrate through the hydrated Nafion® ionomer
membrane while the e are conducted through the KB support into the external circuit to perform
electrical work. The effective formation and distribution of the TPBs impact the overall ECSA. This is
used to quantify the portion of Pt that is part of the catalytic reaction. Not all Pt contributes to the ESCA,
as some parts are electronically isolated by being embedded too deeply within the KB matrix or
insufficiently covered by Nafion®. Consequently, the ionisation cannot be fully complete as the TPB is
not present Maximising the TPBs improves the fuel cell efficiency without raising the cost price as less
Pt is needed [37].

Recent studies indicate that Sulfonated Poly Ether Ether Ketone (SPEEK) has become a promising
alternative to the conventional choice, Nafion®, because of its high-temperature stability and higher
durability [38]. At this moment, Nafion® remains the industry standard due to excellent proton
conductivity. However, active research is being done to replace Nafion® with a cheaper alternative [39].
Current advancements have also focused on optimising cell components to enhance efficiency,
longevity, and cost-effectiveness. 1 [31], [32], [34].

Rahman et al. reported the use of KB as a promising catalyst support material for PEMFC applications
compared to conventional carbon black due to the high surface area, good conductivity, and strong
electrochemical stability. Compared to traditional carbon black like Vulcan XC-72, with a surface area
of 250 m?/g, KB has an improved surface area of 1300 m?g while also having a more favourable porous
structure. This improves the catalyst utilisation and slows degradation during working cycles. In
contrast, carbon black catalysts suffer from carbon corrosion, catalyst agglomeration and detachment
under stress, making it less favourable for this application [12].
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2.1.3 Solid Oxide Fuel Cells

SOFCs offer a sustainable alternative for the conversion of a wide range of fuels into electricity with
high efficiency. Unlike low-temperature fuel cells that rely on proton conduction, SOFCs operate at high
temperatures (around 600 °C to 1000 °C). The electrolytes used in SOFCs are solid oxide electrolytes
typically based on fluorite-structured materials like yttria-stabilized zirconia (Y'SZ) or scandia-stabilized
zirconia that conduct oxygen ions (O*) from the cathode to the anode [40]. Figure 7 shows the
mechanism in a Solid oxide fuel cell.
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Figure 7: Operation of a SOFC, where oxygen ions migrate through a solid ceramic electrolyte to react with fuel at the
anode [41, p. 3]

The cathode is typically made from strontium-doped LaMnOs as it has good stability at 1000 °C, a
thermal expansion similar to YSZ and presents a good electrochemical activity for the reduction of
oxygen, which occurs via Equation 2.4. At the anode, composite materials such as Ni/8Y'SZ or Ni/GDC
are used as they provide both good electronic and ionic conductivity. These composites provide the
anode with high activity for the electrochemical reactions and reforming that take place, while the
mechanical characteristics also support the structure of the cell. The reaction at the anode is shown in
Equation 2.5, and the overall reaction is shown in Equation 2.6 [9], [42], [43].

Oy + 4e™ = 202 (2.4)

HZ(g) + 02_ g HZO(]) + 2e” (25)
1

Hag) +3 02¢9 = H20q (2.6)

The high operating temperatures characteristic of SOFCs allow the use of non-precious metal catalysts,
significantly reducing costs compared to lower-temperature systems. However, challenges such as
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interfacial resistance, thermal cycling stability, and long-term degradation still need to be addressed to
further enhance performance and durability [44]. Overpotentials arising from ohmic and polarisation
losses and higher temperatures needed to perform this reaction remain factors that limit the overall
efficiency [45]. When hydrocarbons are used as fuel, carbon deposits and sulphur may occur on the
electrode, causing significant losses in performance even in concentrations under fifty parts per billion

[9].

Overall, SOFCs offer promising prospects for sustainable energy conversion by harnessing high-
temperature electrochemical processes. Recent developments in SOFC technology have also explored
reversible operation, where the cell can function both as a fuel cell and an electrolyser. These advances
involve tailoring electrolyte compositions and electrode architectures to balance high ionic conductivity
with long-term stability under cyclic operating conditions, thereby enhancing the overall economic
feasibility of SOFC-based energy systems [40], [44].

2.1.4 Conclusion

While SOFCs offer high efficiency and fuel flexibility when working at high temperatures, PEMFCs
are better suited for fast lab-scale tests. However, the high cost of Pt group metals and durability
challenges will have an impact on the fuel cell. By creating a more homogeneous coating, conductivity
will improve, making way for advancing both SOFCs and PEMFCs research more sustainably. This
thesis focuses on improving the deposition of Pt on the electrode of a PEMFC to reduce the amount of
Pt needed without lowering activity by comparing multiple coating techniques.

In addition to the core focus on PEMFCs, the availability of in-house SOEC setup presented an
opportunity to explore the adaptability of the optimised coating methods for developing electrodes for
SOEC devices. To provide context for this additional research, SOECs are briefly introduced in the
literature study.

2.1.5 Complementary research on Solid Oxide Electrolysis Cells

SOECs are high-temperature electrochemical devices. SOECs produce hydrogen through the reverse
operation of a SOFC. These cells use renewable electricity to split water into hydrogen and oxygen at
temperatures between 700 °C and 850 °C. These temperatures are important as they enable high ionic
conductivity and fast kinetics.

In SOECs, the choice of electrolyte substrate is important. YSZ had long been the standard due to its
thermal and ionic properties. However, at elevated temperatures, electrode elements such as strontium
and cobalt diffuse into the YSZ substrate, leading to interface degradation. To combat this phenomenon,
GDC was first used as a protective top layer but is now increasingly used as a full electrolyte support
instead of just a barrier layer. GDC offers a high conductivity and increased chemical compatibility
compared to YSZ, simplifying the overall cell construction.

To evaluate the electrode performance, from the complementary results, the activity of the SOEC
electrodes coated on GDC electrolyte supports was analysed using EIS. A typical EIS measurement of
a SOEC cell is presented in Figure 8.
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Figure 8: Typical EIS analysis of GDC-based electrolytes at 350°C (A) and 800°C (B) [46, p. 07]

This figure is called a Nyquist pot. The real part of impedance (Z’) is on the x-axis and the negative
imaginary part (-Z'") is on the y-axis. The real impedance represents an ideal resistance while the
imaginary impedance represents an ideal capacitor. Together, they form semicircles that correspond
with an equivalent circuit model. Each semicircle corresponds to a resistance in the cell. The diameter
of the semicircles indicates the resistance. The thicker, less uniform coating generally increases the
overall resistance. In addition to hindering charge transport, excessive coating thickness can introduce
internal mechanical stresses that may result in defects such as cracking. The figure shown above shows
that the GDC-F and GDC-M samples have an overall lower resistance compared to the other samples,
which is desirable. These results will be used to compare the results of the different coating methods
[46].

In addition to impedance analysis, temperature-dependent electrochemical behaviour will be assessed
using Arrhenius plots. According to the Arrhenius equation, the slope of this linear plot corresponds to
the negative activation energy divided by the gas constant (-E./R). The y-axis represents the area-
specific resistance (ASR). These ASR values are extracted from the EIS results by measuring the
resistance of each semicircle, which corresponds with a different temperature. Figure 9 shows a typical
Arrhenius plot for SOEC measurements.
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Figure 9: Example of a typical Arrhenius plot for Ni-YSZ and Ni-MnO/Ni-YSZ substrates [47, p. 1154]

The linear relationship in the Arrhenius equation allows for the extraction of the activation energy, which
quantifies the minimum energy required to initiate the charge transport. A lower activation energy
indicates a more efficient ionic conductivity or faster electrochemical kinetics, which is desirable for
SOEC. By comparing the different slopes, assessments can be made regarding coating structure
(porosity or particle contact) and reaction kinetics. In Figure 9 for example, adding Nickel Manganese
oxide (Ni-Mno) lowers the activation energy, indicating improved electrochemical activity due to the
addition of Mno. [47, p. 1154], [48]

2.3 Electrode fabrication techniques

Conventional fabrication techniques for the coating of the electrodes for PEMFC cells are dip coating,
blading, brushing and casting. The most typical substrates that are used are carbon paper and metal
mesh. The development and production of more efficient fuel cells with a lower cost remain important
for advancing clean energy systems. One option for increasing the output of a fuel cell without
increasing the price is improving the Pt deposition on the MEA, including highly porous 3D printed
metal substrates (further referred to as 3D printed meshes). The performance of the MEA is dependent
on the thickness, the Pt loading and how uniformly and homogeneously the coating is applied. A
homogeneous coating improves the uniformity of the electrochemical reactions across the ESCA,
reducing local inefficiencies while improving the durability of the fuel cell. Optimal coating is needed
to balance the electrical conductivity with gas diffusion. If the layer is too thick, reactant transport is
hindered. On the other hand, a layer that is too thin will lack sufficient catalytic activity. Similarly, Pt
loading is important to maximise the catalyst usage while minimising material cost. Achieving this
balance, however, is complicated by the limitations of the different coating methods.

Current coating methods, used for this application, face significant challenges, such as non-uniform
distribution, poor control over the coating thickness and porosity, agglomeration of catalyst particles
and excessive material waste. To improve the quality of the coating and select the most novel coating
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technique for this application, this thesis compares four different coating methods that are used to
produce Pt coating for MEAs. For each coating technique, different parameters such as homogeneous
coating surface, coating thickness and loading impact will be tested and compared. Additionally, the Pt-
coated MEAs will be tested in a fuel cell setup to find the most efficient technique for generating
electricity.

2.3.1 Jetting

Material deposition through jetting has emerged as a versatile method for coating a catalyst layer on an
electrode. This technique differentiates itself from others by using digitally controlled drop-on-demand
ejection of catalyst inks. This way, nanodroplets containing Pt are placed precisely and spread evenly
on the electrode [49]. The inkjet printing characteristic of jetting allows for more control over the
architecture of the catalyst layer. This is important when minimising the Pt usage while maximising
electrochemical performance. Jetting also enables more flexibility in the chosen pattern, which is useful
for electrodes with a unique structure.

The process of jetting is becoming more promising, especially for coating Pt-infused KB catalysts. The
success, however, is highly dependent on the optimisation of ink properties and machine coating
parameters. Dao ef al. created a similar ink with a viscosity in the range of 1-20 mPa-s and surface
tension between 25 and 40 mN/m, which are optimal for stable jetting. These values minimise the issues,
such as nozzle clogging and satellite droplet formation, commonly found in this technique [50, p.
41996]. These properties are achieved by choosing a solvent blend such as 2-propanol/water with the
addition of surfactants or ionomers, such as Nafion®, which also helps with dispersing Pt nanoparticles
and improving the amount of TPBs [37].

Beyond ink formulation, the optimisation of jetting parameters is important for achieving a uniform
catalyst layer. Studies report the use of 500 and 1000 Drops per inch (DPI) for coating an electrode [51].
However, a current problem in inkjet printing is the coffee ring effect. This occurs during non-uniform
evaporation, which causes particles to accumulate at the outside of the droplet, resulting in poor catalyst
distribution and lower electrochemical activity. This phenomenon is driven by capillary flows inside a
drying droplet but can be mitigated by adjusting the solvent composition and substrate temperature.
Employing a mixed solvent such as isopropanol (IPA) and water, has been shown to suppress the coffee
ring effect [52]. IPA has a lower surface tension, which introduces Marangoni flows that counteract the
coffee ring formation while accelerating drying, as shown in Figure 10. Water, on the other hand,
prevents overly rapid evaporation that can lead to nozzle clogging. Increasing the substrate temperature
to typically 40 to 60 °C, minimises the capillary-driven particle migration [49], [53].
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(a)

(b)

Figure 10: (a) showing the experimentally imaged Marangoni vortex in a droplet, (b) is a prediction of the flow pattern of the
Marangoni vortex [53]

Because of the difference in surface tension, the Marangoni effect takes place. The vortex moves the
particles in the suspension to prevent the particles from moving to the outside during evaporation,
effectively minimising the coffee ring effect [53].

Bruijn et al. focused on the long-term behaviour of Pt-infused carbon electrodes and highlighted
multiple issues such as Pt dissolution, carbon corrosion and ionomer degradation. The researchers
focused on conventional fabrication methods, but their results showed that jetting is particularly
promising for solving these problems. Using jetting, controlled placement of the nanoparticles can help
mitigate the Pt migration or carbon support oxidation by optimising the layer thickness and uniformity.
Furthermore, by optimising the catalyst distribution on known stress points, such as dry zones or high-
voltage interfaces, more resilient and long-lasting electrodes can be produced [54].

While jetting is preferred for high precision and material efficiencys, it presents multiple challenges such
as ink sedimentation, nozzle clogging and droplet inconsistency. Current research is exploring real-time
monitoring systems combined with closed-loop feedback control to improve the control over ink
parameters to ensure consistent performance across multiple ink preparations. Furthermore, integrating
Al and Machine Learning shows promise to improve the overall consistency of each layer [55].

2.3.2 Spray coating

Spray coating offers a cost-effective, scalable and controllable way to form a thin catalyst layer on a
wide variety of substrates. In this process, a liquid precursor sprays fine droplets on a substrate. Here
the droplets spread and form a uniform layer. Spray coating stands out for its ability to quickly coat
large areas while maintaining control over coating thickness and morphology. In this part, multiple spray
coating techniques will be explored with all their advantages and disadvantages [56].
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2.3.3 Air spray coating

Spray coating uses compressed air to deposit fine droplets of the coating solution. This way, a thin,
uniform coating layer can be produced over a large area. The main advantages of spray coating are
scalability, rapid processing, and the ability to coat multiple layers autonomously. Typical parameters
include a flow rate of 1 to 2 ml/min, nozzle height of 10 to 20 cm, air pressure between 1 and 3 bar and
a head speed of 5 to 20 cm/s. These values are commonly used in air spray setups and fall within the
ranges seen in experimental literature [57], [58].

The main advantages of spray coating are the scalability, rapid processing and the multitude of
applications for this technique. A study has shown that spray-coated Pt-infused KB can exhibit high
ECSA, making it a suitable technique for PEMFC applications[58]. On the other hand, spray coating is
less precise than, for example, jetting. Overspray and material loss are more common. Moreover, less
precise control over the atomising can affect coating thickness and uniformity [59], [60].

2.3.4 Ultrasonic spray coating

Ultrasonic spray coating is an advanced coating technique used to produce low Pt MEAs. This technique
offers precision, better control, and a smaller drop distribution compared to other spray coating
applications. Because of these distinct advantages, ultrasonic spray coating is increasingly replacing
traditional air spray in various industrial and Research and Development (R&D) applications such as
fuel cell manufacturing, photo resistor coating and solar cell production [61].

In this process, the liquid precursor undergoes ultrasonication. This way the liquid gets atomised before
compressed air guides the Pt particles to the sample. Nozzle speed and height together with temperature,
air pressure and flow rate define the coating quality. Using the software, these parameters can be
optimised. To ensure a homogeneous coating, a horizontal and vertical pattern is repeated until the
desired Pt loading is achieved [61], [62].

Commonly reported parameters include flow rates between 0.1 and 1.0 ml/min, spray head heights
between 3 and 10 cm and substrate temperatures around 50 to 90 °C, which helps with faster solvent
evaporation. Ultrasonic spray coating systems work best with inks that have a viscosity of 1 to 10 mPa-s
and moderate surface tension between 25 and 35 mN/m. With these values, fine atomisation can be
achieved without clogging or mist dispersion. Figure 11 shows results when optimising the header
height.
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Figure 11: (a) SEM pictures of a directly coated membrane using an ultrasonic spray coater with different head heights. The
top shows the exterior, the middle shows the cross-section and the bottom shows the interior. (b) Polarisation curves of
MEAs [63]

Compared to air spray coating, ultrasonic spray coating suppresses the coffee ring effect via atomisation.
Here, better dispersion of the fine droplets decreases the drying time which minimises internal flow and
migration of the Pt particles. With the suppression of the coffee ring, the uniformity of the catalyst
particle distribution improves while reducing agglomeration [56], [62]. However, the high cost and low
throughput of the ultrasonic spray system are the main disadvantages compared to other techniques. The
porosity of the catalyst layer is a benefit for surface active catalysts like Pt hindering mass transport
[64], [65], [66].

With the increasing evolution of the fuel cell market, ultrasonic spray coating is becoming more
important in laboratories. With all technologies, advanced modelling and simulation with Al can help
predict coating thickness and improve other parameters that impact coating quality. According to
Turtayeva et al., heterogeneous thickness electrodes have an overall lower performance than
homogeneous coatings in PEMFC testing, which is a key advantage of ultrasonic spray coating over
other techniques, making it more desirable [62]

The different spray coating techniques each offer different strengths and weaknesses. Hand spray
coating provides the most flexibility but lacks reproducibility which is important in this application. Air
spray coating is fast, scalable and easy to implement but can have more material waste. Ultrasonic spray
coating offers the most control over the uniformity but has the highest cost.

2.3.5 Conventional methods

In addition to the advanced deposition techniques investigated, several conventional electrode coating
methods were researched briefly. These include brushing, dip/drop casting, blading, screen printing and
manual hand spray coating.

Among the conventional methods, hand spray coating was included for its practical relevance during
early-stage ink screening and R&D. This technique is manually operated and involves applying the ink
to the substrate using a handheld sprayer. While it offers fast prototyping, which is useful for iterative
development, it is highly dependant on operator consistency. Variables such as hand speed, angle, and
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distance lead to inconsistencies between operators and coatings. As such, hand spray coating is used as
a benchmark for the other deposition techniques.

Another widely known conventional method is screen printing, which is commonly used for SOEC
electrode fabrication. It involves pressing a thick, high-viscosity ink through a mesh onto a substrate,
followed by drying and sintering. This method is inexpensive and compatible with ceramic materials.
However, as this method offers limited control over microstructure and thickness, the print can vary in
quality. Therefore, this complementary part of the thesis investigates the feasibility of using jetting or
spray coating deposition methods which could provide more control over the final print quality and
reproducibility.
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3 Materials and Methods

3.1 Materials

The catalyst powder consisted of 50 wt% Pt in Ketjenblack® (Pt/C) EC-300K, obtained from Fuel Cell
Store (USA). KB was chosen over Vulcan XC-72 due to its high surface area and excellent electrical
conductivity improving the catalyst performance [12].

The ionomer used to promote proper proton conductivity within the catalyst layer was Nafion®
D2020CS, a 20% ionomer dispersion in ethanol purchased from Ion Power, USA. Nafion® was selected
for well-documented performance in PEMFC application [17]. The amount of Nafion® was optimised
to achieve sufficient TPBs without compromising gas diffusion. All materials were used as received
without further purification or modification.

The ink solvent was prepared using 2-propanol (>99.5% purity, Sigma-Aldrich, Germany; catalog no.
19516) and Milli-Q water. A volumetric ratio of 80:20, 2-propanol to water, was used to balance solvent
evaporation rate and ink stability. The high ratio of 2-propanol helped to promote faster drying during
the coating processes, reducing the risk of inhomogeneous coating due to poor solvent drying.

The substrates used for catalyst deposition were 3D-printed porous metal meshes that were in-house
produced. The meshes had a fiber thickness of 0.4 mm and a square length of 25 mm and were used for
fuel cell performance tests. This measurement is standard for this fuel cell application.

3.2 Equipment and instrumentation

Several coating systems and supporting equipment were utilised during this thesis. Jetting deposition
was performed using a PICO Ppulse System from Nordson Ltd., USA. The technique was chosen based
on the digitally controlled drop-on-demand ink application. This system allowed for precise optimisation
of droplet size, jetting frequency and substrate distance to achieve a uniform layer deposition.

Ultrasonic spray coating was carried out with a Prism 500 Ultra Coat system from Ultrasonic Systems
Inc., USA. The device used a high-frequency ultrasonicator to atomise the ink into a fine mist, producing
a uniform thin film while reducing clogging, which is common for nozzle-based systems.

Air spray coating was performed using a Preeflow Eco-Spray system from ViscoTec, Germany. Hand
spray coating was performed using an Evolution CR-plus manual spray gun from Harder & Steenbeck,
Germany. These techniques served as a reference coating for their fast and reliable deposition. They
were also both in-house optimised before coating.

Supporting equipment included a heating plate, used to preheat the substrates to 80 °C during coating,
improving the evaporation rates. A precision mass balance with a precision of 0.1 mg to measure the
catalyst loadings before and after deposition. An ultrasonic bath was used to homogenise the catalyst
ink prior to application, minimising possible clogging of the nozzle.

The rheological properties were characterised using a HAAKE MARS rheometer from Thermo Fischer
Scientific, USA. The shelf-life and the stability of the catalyst suspension were analysed using a
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Turbiscan LAB Stability Analyser from Microtrac MRB, USA. The device uses Static Multiple Light
Scattering (SMLS) to monitor possible particle migration and aggregation over time. Each sample was
scanned over a time span of two to 18 hours, and the resulting backscattering profiles were used to
calculate the Turbiscan Stability Index (TSI). The TSI quantifies the extent of destabilisation, with
values under 0.5 indicating good stability. Particle size distribution analysis of the ink was measured
using a Partica mini from Horiba Scientific, Japan. Microstructure and elemental distribution of the
prepared coatings were analysed via desktop SEM, coupled with EDX (ThermoFisher scientific Phenom
PRO G96).

To automate the coating process of the jetter, a short Python script was written which generated a
repeated serpentine pattern for the mesh. The script processes a base G-code file by isolating the repeated
body from the initialisation segment and programmatically repeats the body section a given number of
times. The final code, used to streamline the code generation, can be found in Figure 34 of the Appendix.
This semi-automated approach significantly reduced manual editing time while removing any mistakes
in the body.

3.3 Ink preparation

To create a homogeneous and stable catalyst ink for electrode fabrication, a 2-propanol/water-based
suspension was prepared. The formulation was optimised for consistency, dispersion stability, longer
shelf-life and compatibility with the different coating techniques. First, a catalyst ink with a
concentration of 1.50 mg/ml Pt/C was prepared by dispersing the Pt/C powder into a solvent mixture
consisting of 80 vol% 2-propanol and 20 vol% deionised water. Afterwards, 1.50 mg/ml Nafion®
solution was added to the mixture under continuous stirring.

The mixture was ultrasonicated for 10 minutes using an ultrasonic bath to ensure complete dispersion
of the catalyst particles while preventing agglomeration. The resulting suspension was stored at room
temperature in a sealed container where it remained stable for at least a week. The suspension was
suitable for each coating technique.

Prior to each coating process, the substrates were preheated on a hotplate to 80 °C to promote adhesion
and speed up evaporation. The suspension was ultrasonicated for at least 10 minutes before each coating
session to mitigate any agglomeration that happened during storage and improve uniformity. Specific
pre-treatment adjustments were made for each coating technique and are described in detail in the next
section.

3.4 Coating techniques and parameters

3.4.1 Jetting

Jetting deposition was performed using a PICO Pulse System, shown in Figure 12. In this setup,
piezoelectric pulses generate individual drops through a 100 pm nozzle. This allows for a precise pattern
to be followed with minimal material loss. The system was chosen for this application due to the high
level of control over the deposition parameters which is important for coating porous substrates such as
the 3D-printed meshes.
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Figure 12: Experimental setup of the drop-on-demand jetting system

The coating sequence was designed to follow the fiber pattern of the meshes in both the horizontal and
vertical directions. Due to the small droplet size, each drop fully evaporated before the next one got
deposited, which prevented excessive wetting or pooling. The number of passes required to achieve the
desired catalyst loading was determined by measuring the area and the mass.

The key operational parameters for the coating procedure were the following. The substrate temperature
was maintained at 80 °C, while the nozzle temperature was set at 60 °C. This was done to enhance the
droplet evaporation. The pulse time was configured at 0.275 ms, combined with a jetting frequency of
333.33 Hz. A substrate-to-nozzle height of 3cm was maintained during the coating process. The speed
of the head was 200 cm/min, and the reservoir pressure was set at 0.5 bar. These parameters were chosen
for the final coating after iterative optimisation. Optimisation trials were first conducted on glass
substrates, to visually assess the deposition quality.

3.4.2 Air spray coating

Air spray coating was performed using an Eco-Spray system, shown in Figure 13. This is a conventional
technique for this application. In this process, compressed air at the nozzle directs the ink to the sample,
allowing for relatively faster coating.
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Figure 13: Coating setup for the air spray coating samples

The key operational parameters were optimised as follows: a nozzle-to-substrate distance of 10 cm was
maintained, and the system pressure was 1.0 bar. The movement speed of the spray head across the
substrate was kept at 10 cm/s and the ink flow rate was 1.0 ml/min. The substrate was heated to 80 °C
during coating to obtain faster solvent evaporation. Due to the high air pressure and the low weight of
the 3D-coated meshes, the substrate was secured with double-sided tape to prevent it from being
displaced. Additionally, because of the relatively high ink volume dispensed from the air spray system,
practical challenges were encountered. The directional change of the spray header at the end of each
pass occurred further from the sample than desired. This led to increased material losses.

3.4.3 Hand spray coating

Hand spray coating was performed using an Evolution CR-plus manual spray gun. The method used
compressed air to atomise the ink, with manual control over the spraying motion and deposition pattern.
During the coating procedures, a distance of approximately 10 cm between the nozzle and the substrate
was maintained, and the system was operated at 1 bar of air pressure. This method was the only one that
did not heat the substrate to 80 °C during the coating, which slowed the evaporation speed. Figure 14
shows the hand spray coater.
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Figure 14: Manual hand spray coater

3.4.4 Ultrasonic spray coating

Ultrasonic spray coating was performed using a Prism 500 Ultra Coat system, shown in Figure 15. This
method utilises a high-frequency ultrasonicator to generate vibrations. The ultrasonic head atomises the
ink into a fine and uniform aerosol. For all experiments, the nozzle-to-substrate distance was maintained
at approximately 10 cm, and the substrate was heated to 80 °C to accelerate solvent evaporation during
deposition. The arm speed was 1 cm/s, and the flow rate was 0.25 ml/min.

Figure 15: Ultrasonic spray coater head used for ultrasonic spray coating samples

To achieve a uniform coating, ultrasonic spray coating parameters such as nozzle height, flow rate, and
substrate temperature were optimised through a trial-and-error approach. These trial coatings were first
conducted on flat paper substrates to validate the spray pattern before transferring to the 3D-printed
meshes.
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3.4.5 Coating parameter optimisation

To optimise the coating protocol for jetting and ultrasonic spray coating, a series of parameter studies
were conducted following a One Factor At a Time (OFAT) approach. In this method, only one
independent process parameter was varied at a time while other variables were held constant. This way,
the individual effect of each parameter on the coating quality could be assessed.

For jetting, parameters such as the height between substrate and nozzle, substrate temperature, pulse
time, frequency and arm movement speed were investigated. The primary goals were the improvement
of the droplet deposition and formation quality. By visually assessing the droplet size uniformity,
absence of satellite drops and spacing between the drops with the use of macro photographs, the
deposition and formation could be optimised. The specific parameters that were investigated for jetting
are summarised in Table 1.

Table 1: Parameters of OFAT method used to optimise the jetter

Parameter Range tested
Nozzle to substrate height (cm) 2-5-10
Substrate temperature (°C) 40 - 60 - 80
Pulse time (ms) 0.275-0.600 - 1.000
Droplet frequency (ms) 20-25-40
Arm movement speed (mm/s) 1000 - 2000 - 5000

Each tested parameter and range are listed in Table 1, showing the low, medium and high values
respectively. These values were used in trial coatings to visually assess coverage uniformity and drying
behaviour. Figure 16 illustrates the visual improvement between a non-optimised parameter set (A), a
sample during the optimisation process (b) and the final optimised deposition protocol (c).
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Figure 16: Visual comparison of the optimisation process of the jetter. (a) Starting parameters results in non-uniform
coverage and drying artefacts. (b) improvement but still a high agglomeration and waste visible. (c) Optimised parameters

For ultrasonic spray coating, parameters such as flow rate, the height between substrate and nozzle,
substrate temperature and arm movement speed were studied. The focus was on the uniformity of the
deposited catalyst layer, assessed through visual inspection. The specific parameters that were
investigated for ultrasonic spray coating are summarised in Table 2.
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Table 2: Parameters of OFAT method used to optimise the ultrasonic spray coater

Parameter Range tested
Nozzle to substrate height (cm) 30-50-70
Substrate temperature (°C) 40- 60 - 80
Flow rate (ml/min) 0.1-0.25-0.5
Arm movement speed (cm/s) 1-5-10

A similar OFAT strategy was applied to optimise the ultrasonic spray coater, using low, medium and
high values for the ranges shown in Table 2. Visual comparison of the resulting coatings are presented
in Figure 17.

Figure 17: Visual comparisons of ultrasonic spray-coated layers. (a) Starting parameters result in non-uniform coverage and
drying artefacts. (b) Optimised parameters leading to homogeneous and uniform catalyst layer

Data collected during the OFAT experiments were used for response curves that show coating quality
as a function of each varied parameter. In addition, photographs taken during optimisation were used to
illustrate the effect of parameter changes. While a proper Design Of Experiments (DOE) approach
would offer a more rigorous statistical analysis and insight into the interaction between variables, it was
not feasible due to time constraints. Therefore, the results can only analyse the individual influence of
each factor under the fixed conditions of the others.

3.5 Solid Oxide Electrolysis Cell preparation

Slurries were prepared by firstly mixing organic binders, namely ethyl cellulose (ACROS Organics)
with ethanol (96 %, Merck), polyvinyl pyrrolidone (Janssen Chimika) and poly vinyl butyral (Acros),
followed by the addition of Ce.9Gdo.10, (GDC) and Cag4Sro4C00.1203 (CSCO) powders (both obtained
from Marion Technologies). The mixture was stirred until it was homogeneous. Each slurry contained
a powder loading of 10 wt% with a ratio of GDC: CSCO of 1:1. Prior to mixing the powder was sieved
to a particle size of 40 um to ensure no clogging of the nozzles. To coat homogenous and uniform
electrode layers to the desired thickness, each coating suspension and the coating parameters were
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optimised. One of the key parameters of the suspension is the stability. To control the suspension
stability , SMLS and particle size distribution were measured. GDC button substrates were deposited by
the prepared inks, dried in the air, and subsequently heat treated in the air at 520 °C for 2 hours and at
900 °C for 4 hours before cooling down to room temperature. Heating rates were set at 60 °C/h and
cooling rates at 120 °C/h.

3.6 Characterisation techniques

3.6.1 Ink Stability Analysis

Ensuring the stability of the catalyst ink suspension was important for achieving reproducible and high-
quality coatings. For this, a combination of SMLS, particle size analysis and rheological measurements
were used to characterise the stability and flow behaviour of the ink.

SMLS measurements were conducted to monitor transmission and backscattering through the sample
over time, detecting possible sedimentation or creaming phenomena. Each ink batch was monitored
continuously for six hours, after which the software analysed the stability behaviour and shelf-life. In
addition to SMLS, particle size distributions were measured to evaluate the possible agglomeration of
KB particles in the suspension. Agglomeration of particles inside the ink could negatively affect spray
performance, coating uniformity and nozzle clogging. Finally, the rheological properties of the ink were
characterised. Viscosity measurements were used to determine the flow behaviour of the inks under
deposition conditions.

3.6.2 Morphological characterisation

Characterising the morphology of the catalyst layer was important for evaluating the coating quality and
the uniformity of the platinum distribution on the 3D-printed mesh. To properly assess the
morphological structure, a combination of Optical Microscopy, SEM and EDS was used.

Optical microscopy served as a preliminary assessment of the coating quality over large areas. Surface
images were taken to identify possible macroscopic defects and non-uniform patterns. Subsequently,
SEM analysis was performed to investigate the surface uniformity, coating thickness and porosity of the
catalyst layer. Prior to the SEM imaging, the samples were embedded in a polymer resin to ensure
structural integrity during sectioning. Afterwards, cross-section SEM micrography was taken and
allowed for the evaluation of the thickness of the coating, internal structure and adhesion of the catalyst
layer to the porous metallic substrate. In addition, EDS was used to perform elemental mapping. This
was used to confirm the platinum distribution across the coated layer and to identify possible
inhomogeneities. For the SOEC samples, SEM and EDS images were obtained from both the top-surface
and cross sections of the GDC-CSCO electrode, coated on the GDC substrate. The samples were imaged
as received. The cross-sections of the samples were obtained by fracturing the coated electrode and
substrate vertically without polishing.

3.6.3 Fuel cell performance testing

To properly evaluate the operational performance of the coated electrodes under in-situ PEMFC
conditions, fuel cell performance tests were performed. The catalyst-coated meshes were assembled as
the anode in a test cell at a controlled temperature and gas flow rate. The MEA was prepared by stacking
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a Nafion® ionomer membrane between the catalyst-coated mesh and a 0.75 mgp/cm? coated carbon
paper. The assembly was then placed in an oven and heated to 110 °C under constant weight to promote
bonding.

Polarisation measurements were conducted to evaluate the performance of the PEMFC under ambient
laboratory conditions. These curves provided insight into common losses, such as activation losses,
ohmic resistance and mass transport limitations. During the measurements, the cell operated at room
temperature without active temperature control. Hydrogen and oxygen were supplied to the anode and
cathode, respectively, at flow rates of 0.2 L/min. The oxygen stream was humidified using a water
bubbler at room temperature, while hydrogen was supplied dry. The fuel cell operated at ambient
pressure, with no backpressure applied. A potentiostat was used to perform linear sweep voltammetry,
scanning from the Open-Circuit Potential (OCP) to 800 mV below OCP at a scan rate of 10 mV/s. Prior
to measurements, the cell was allowed to stabilize under these conditions to ensure consistent
performance.

3.6.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy measurements of prepared symmetrical cells were carried out
by NORECS AS, using an in-house set-up, based on a commercial probostat reactor. Flowrates of
purging gasses were controlled via mass flow controllers (Bronkhorst High-Tech B.V., model El-flow
metal sealed). Measurements were done in pure N> (Air products, BIP grade, 99.9999% purity) or
synthetic air (Air products, technical grade). Prior to measurement, Ag current collector layers were
applied to coated electrodes on both sides via silver paste brushing (AG-I silver ink, Fuel cell materials)
followed by drying at 150°C for 1 hour and annealing at 800°C on air for 1 hour, in order to remove
organic parts of the ink.

3.7 Economic feasibility analysis

For comparing the economic feasibility of the different coating techniques, the Capital Expenditures
(CAPEX) and Operational Expenditures (OPEX) of each technique was analysed based on, the coater
pricing and material pricing as well as the experimental data obtained in this work. CAPEX was taken
directly as the coating equipment cost in euros. OPEX was calculated from the mass of Pt used for a full
coating of ca. 0.77 mgp/cm?, as the Pt cost has the highest impact on the total PEMFC manufacturing
cost. From the Pt cost per coating, the other results were calculated. Equation 3.1 shows the calculation
of the OPEX cost per coating divided by the cell performance.

w

= (3.1)

OPEX (€ ) OPEX (€)
Area (cm?) * Max power density (Cmﬂz)

Performance

This metric, expressed in €/W, reflects how the OPEX contributes to the max power density. For a direct
comparison of material efficiency between the different techniques, the cost per coated area was
calculated as shown in Equation 3.2.
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Cost ( € ) _ OPEX(€) (3.2)

Area \cm?2/  Area (cm?)

Together, these metrics provide a consistent framework to compare the cost-effectiveness of each
coating method concerning both material usage and performance.
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4 Results and Discussion

4.1 Suspension optimisation

The quality and stability of the ink suspension were evaluated and optimised using three primary
techniques: Turbiscan stability analysis, rheological profiling and particle size distribution. The
optimisation process aimed to create a formulation with enhanced long-term colloidal stability, suitable
viscosity for the coating techniques and compatibility with the different nozzles. Multiple ink
formulations were prepared, with a focus on varying the solvent ratio (water to IPA), Nafion® ionomer
content and Pt/C concentration.

4.1.1 Turbiscan stability analysis

The suspension stability was evaluated using the Turbiscan LAB analyser. This technique monitors light
transmission and backscattering through the ink sample over time, enabling the calculation of the TSI.
The TSI provides a quantitative measure of the destabilisation of the sample over time. Generally, values
under 0.5 are considered stable and safe for coating processes. To improve the evaporation
characteristics of the suspension, an increase in IPA concentration was tested, as shown in Figure 18.
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Figure 18: Impact of the TSI of suspensions with different IPA (50%, 80% and 100%) concentrations on the stability of the
suspension over time. The inset figure is the zoomed-in TSI Evolution for the 50% and 80% IPA

Figure 18 shows that increasing IPA content from 50% to 80% improved drying behaviour while
increasing the overall stability of the ink. Increasing the IPA concentration to 100%, however, shows a
significant decrease in colloidal stability. Therefore, an 80% IPA-in-water mixture was selected as the
optimised solvent ratio for the subsequent stage of ink optimisation. After optimising the solvent ratio,
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the influence of varying the added amounts of Pt/C and Nafion® was examined. Figure 19 shows the
TSI evolution for suspensions that have a changing IPA concentration, Pt/C concentration and the use
of Nafion.
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Figure 19: Comparison of different concentrations of IPA, Pt carbon black and Nafion on the stability of the suspension over
time

The four suspensions were assessed. When increasing the Pt/C concentration above 1.50 mg/ml, the
overall stability of the suspension decreased. Also, the absence of Nafion® led to increased
sedimentation and thus a higher TSI. The ink formulation was finalised as, 80% IPA, medium Pt/C
concentration (1.50 mg/ml), and Nafion® (1.50 mg/ml), providing the best balance between shelf life
and evaporation speed.

4.1.2 Rheological measurement

A viscosity profile of the optimised Pt/C ink was measured, prior to being used in all the coating
methods. The resulting viscosity and shear stress as a function of shear rate are presented in Figure 20.
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Figure 20: Logarithmic plot of the viscosity profile of optimised Pt/C ink used in all the coating methods
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The results indicate that the ink exhibits near-Newtonian behaviour at moderate shear rates and a slight
shear thinning trend at higher rates. The viscosity remained in the optimal range for the coating
techniques and was approximately between 1 and 10 mPa-s, which was ideal for both jetting and
ultrasonic spray coating. Jetting is optimal within a viscosity range between 1 and 20 mPa-s which
facilitates stable droplet formation while minimising the risk of satellite droplets and nozzle clogging
[67]. The ultrasonic spray coater, used in this work, utilises a viscosity range is between 1 and 100
mPa-s. Spray coating and hand spray coating still benefit from moderate viscosity to control film
thickness, but are less sensitive to small changes in viscosity than the other two techniques.

4.1.3 Particle size distribution

To ensure no nozzle clogging, the Particle Size Distribution (PSD) was assessed. The jetting nozzle had
the smallest nozzle diameter of 100 um. The measured particle sizes, shown in Figure 35a in Appendix
B, revealed that the Pt/C particles remained under 10 pm in diameter, with no significant agglomeration.
This confirmed their suitability for all the coating methods and ensured no nozzle clogging.

Based on the combination of stability, viscosity and particle size assessment, the 80% IPA with 1.50
mgp/cm? and Nafion® was selected as the final ink formulation. It demonstrated long-term dispersion
stability, Newtonian flow characteristics and full compatibility with all coating techniques.

4.2 Morphological characterisation

With the suspension optimised, the morphological characteristics of the coated electrodes were assessed.
The quality of the deposited electrode layers is crucial for evaluating the effectiveness of each deposition
technique on the electrode behaviour and cell performance. For this reason, a combination of optical
microscopy, SEM and EDS was employed. Each coating method was examined with the same optimised
ink formulation, explained in Section 4.1. By using the same suspension, the coating uniformity,
thickness and material distribution of each deposition technique are assessed.

4.2.1 Surface morphology

Initially, optical microscopy was used to evaluate the large-scale visual uniformity of the coatings.
Although optical microscopy lacks the resolution required to detect microstructural features, it was
effective as a rapid screening method for identifying macroscopic defects such as cracks, delamination,
or incomplete coverage. All coating methods yielded visually uniform films, with no observable
macroscopic defects, shown in Figure 36, Figure 37 and Figure 38 in the Appendix.

In addition to the quick screening, an optical microscope is also used to visualise the 3D-printed mesh
structure before and after coating, which gives insight into the porous structure of the mesh and how the
coating fills up that porous structure. The comparison in Figure 21 shows a clear reduction in the porosity
and confirms that the coating successfully bonded on the porous structure.
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Figure 21: Top view optical images for (a) the before and (b) after 0.8 mgp/cm? coated mesh

Figure 21 displays both the surface appearance of the uncoated and coated mesh at an optical
magnification of 500x. No significant surface-level visual difference is detected across the different
deposition methods.

4.2.2 Microscopical morphology

SEM imaging provided deeper insight into the coating uniformity and the layer morphology. SEM
images were taken from both top-down and cross-sectional perspectives at magnification ranging from
100x to 5000x. Coating experiments with Pt/C inks prepared without Nafion® revealed poor adhesion
to the substrate, resulting in progressive delamination of the catalyst layer over time. This is shown in
Figure 22, which shows the cross-section of a coated electrode without the use of Nafion®.
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Figure 22: Cross section of a Pt/C coating without Nafion® deposited on the 3D printed mesh

As seen in Figure 22, the coating has delaminated from the mesh substrate which indicates poor adhesion
to the mesh. Strong adhesion at the coating substrate interface, together with the higher long-term
stability of the coating suspension and its ion conductivity properties, makes the use of Nafion® both as
an ionomer and binder vital for the best coating results. Furthermore, Nafion® ensures mass transport
and access to the Pt catalyst particles at TPB, making it indispensable for PEMFCs.
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To assess the internal morphology and the coating uniformity of the thickness of the catalyst layer, cross-
sectional SEM imaging was conducted at 120x magnification. Figure 23 shows the full cross sections
of a fiber, coated with Pt/C catalyst ink via jetting and ultrasonic spray coating respectively.

mode HY ag o — LA 1]
All 5.00 kv

Figure 23: Cross-section at 120x magnification of a fiber, coated with Pt/C catalyst with (a) 0.75 mgp/cm? loading via jetting
and (b) 1.50 mgp/cm? via ultrasonic spray coating

The cross-sectional SEM micrograph of the jetting sample (Figure 23a) shows a uniform and symmetric
catalyst layer that conforms closely to the fiber. The even distribution is likely due to the controlled,
drop-on-demand deposition combined with optimised drying conditions, which prevented pooling or
uneven accumulation. In contrast, the ultrasonic spray-coated sample (Figure 23b) exhibits a distinctly,
asymmetric, oval-shaped layer, with significantly thicker deposition on the exposed sides during
coating. This non-uniformity is likely the result of directional coating combined with rapid solvent
evaporation. Next, the cross-section of the four coating techniques is measured in the SEM. Figure 39
in the Appendix shows the 500x magnification of each deposition technique. Figure 24 shows the 2500x
magnification of the four deposition techniques.
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Figure 24: Cross-sectional SEM micrograph of 3D printed meshes, coated with each technique: (a) air spray coating, (b)
hand spray coating, (c) jetting and (d) ultrasonic spray coating. All images were captured at 2500x at HV of 5 kV and a
working range of 6.3-6.8 mm

The cross-sectional micrograph in Figure 24 shows clear differences in morphology and quality of each
coating produced by the four techniques. At first inspection, air spray coating (Figure 24a) and jetting
(Figure 24c) produce highly porous and structurally irregular layers, respectively, whereas hand spray
coating (Figure 24b) and ultrasonic spray coating (Figure 24d) result in denser and more uniform films.

The air spray technique (Figure 24a) produced a significantly more porous structure. The coating
exhibits large, irregular spaces throughout the layer, indicating less homogeneity and less efficient
deposition. Furthermore, the layer is visibly inconsistent in thickness, and there is a small space at the
interface, indicating minor detachment. These observations suggest inadequate spray control during
deposition, which possibly leads to higher surface wetting and more inconsistencies in the final layer.
Compared to air spray, the hand spray method (Figure 24b) demonstrated an improvement in both
uniformity and porosity. The voids are smaller but more evenly distributed, while the overall coating
has better thickness control. The improved performance is likely due to the smaller coating flow rate,
which improves the drying time of the coating.

The jetting technique (Figure 24c¢) yields a highly porous structure with significant morphological
irregularities. The pores form channelled voids, indicating unstable deposition. The coating thickness
varies considerably, while the coating seeped deep into the mesh. Furthermore, the interface quality is
poor with visible detachment zones and minimal bonding to the surface. Despite the precision technique,
the poor result indicated challenges in maintaining droplet consistency during jetting.

Upon closer inspection, the difficulty seems to arise at the start of some coating cycles. At that stage,
the ink appears to be visually lighter, indicating that mainly solvent is being deposited and carbon
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particles are blocked. This likely indicates that there is a pressure build-up in the nozzle. The low ink
pressure of 0.5 bar does not clear this blockage, allowing only the liquid phase to exit. As this
phenomenon happens rarely and stays for an uncertain time, there is no exact moment to know when
the carbon particles resume normal deposition. One approach to mitigate this problem is to increase the
nozzle pressure before each coating cycle. This effect impacts the morphology and is related to a device-
specific startup limitation pointing to the benefits of the non-clogging device design utilising ultrasonic
vibration and atomisation.

The ultrasonic spray coating (Figure 24d) delivers the most desirable morphology. The layer is dense,
has minimal voids and has a consistent thickness at 2500x magnification. The interface shows a small
space between the coating and substrate, indicating lower adhesion. The morphological result indicates
that the fine atomisation promoted the controlled deposition and improved solvent evaporation causing
this technique to outperform the others in terms of coating quality.

4.3 Elemental composition

4.3.1 Platinum distribution

To complement the morphological analysis conducted via SEM, EDS was performed to investigate the
elemental distribution for each coating technique. Figure 25 displays the EDS maps of the four
deposition techniques at 2500x magnification, with Pt represented in magenta.

ETD - MAG; 2500x HV: 10 KV WD: 6,2 mm AR I | ETD "MAG:2500x * HV:-10 KV: - WD: 6,4 mm

ETD  MAG: 2500x “HV: 10KV WD: 6,8 mm F=—=—————-4"" 'ETD' MAG: 2500x "HV: 10KV WD: 6,8 mim

Figure 25: EDS mapping (Pt in magenta) of coatings produced using the four different techniques: (a) air spray coating, (b)
hand spray coating, (c) jetting and (d) ultrasonic spray coating. Images were taken at 2500x magnification
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In the EDS mapping for air spray coating (a), Pt appeared dispersed unevenly, with a combination of
larger clusters and areas that lack a complete signal. This confirms that the uneven distribution correlates
with the high porosity observed in the SEM image. The hand spray coating (b) has a better dispersion
of Pt particles compared to air spray, but agglomeration and voids are still visible. The coating is thicker
and more connected, but inconsistent density zones remain visible showing that this technique and air
spray coating both lack the fine atomisation needed for uniform coatings.

The EDS image of the jetting technique (c) confirms the disordered distribution of Pt. The coating
seeped deep in the substrate, and signal intensity fluctuated across the layer, showing Pt-rich regions
with irregular voids, confirmed by the SEM image. This confirms possible fluctuations between the
drops during coating, which impacted the overall coating result. Finally, the ultrasonic spray coating (d)
delivers a dense and continuous Pt signal, showing an evenly distributed coating layer. The coating is
uniform in both horizontal and vertical directions, with a consistent intensity and thickness. The fine
atomisation helped with minimising the Pt-clusters and major voids.

4.4 Fuel cell performance evaluation

4.4.1 Comparison of medium-loading coatings

Polarisation curves were recorded to evaluate the PEMFC performance of each coated electrode. First,
a comparison is made between the three most prominent coating methods. Hand spray coating is not a
viable method for producing medium-loading samples as it is not scalable and has too much operator
variation. The polarisation measurements were performed under ambient conditions (20 °C). The results
provide insight into how each deposition technique impacts the catalyst layer performance. Figure 26
shows the voltage (V) as a function of the current density for the three main coating techniques:
ultrasonic spray coating, air spray coating and jetting, all with a medium loading of 0.75 mgp/cm?.
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Figure 26: Comparison of voltage curves for ultrasonic spray coating, air spray coating and jetting deposition techniques for
a medium loading of 0.75mgp/cm?

In the activation area (0-5 mA/cm?), both ultrasonic spray deposition and jetting exhibit the best
performance, which suggests a lower activation loss. The improved performance can be attributed to
less agglomeration of Pt/C and better contact between the Pt/C particles and the ionomer, which
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improves the ECSA. This can be corroborated by the EDS micrograph (Figure 25), which shows well-
dispersed catalyst particles for ultrasonic spray coating and minimal agglomeration for both ultrasonic
and jetting catalyst layers. In contrast, air spray coating demonstrates a significant voltage drop in this
region, indicating higher activation losses. This is likely due to more catalyst agglomeration as there are
larger Pt clusters visible.

In the medium current density region (5-10 mA/cm?), which corresponds to the ohmic loss region, jetting
begins to underperform compared to ultrasonic spray coating. The non-uniform layer from jetting
(Figure 24) results in greater internal resistance and thus, less efficient electron pathways, leading to an
increase in ohmic losses. This non-uniform coating is evident in the SEM cross-section micrographs
(Figure 24), which show the void formation.

As the current density increases further beyond 10 mA/cm?, which corresponds to the mass transport
limited region, air spray coating outperforms both jetting and ultrasonic spray coating. This is attributed
to the more porous catalyst structures (Figure 24), which improve gas and ion diffusion and reduce the
overall concentration polarisation. The SEM analysis of air spray coating shows a less compact and
more open microstructure. Figure 27 shows the corresponding power density as a function of current
density for medium-loading electrodes.
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Figure 27: Comparison of power density curves as a function of the current density for ultrasonic spray coating, air spray
coating and jetting for a medium loading sample of 0.75 mgp/cm?

The ultrasonic deposition method demonstrates the highest peak power density at a lower current
density, reaching 4.07 mW/cm? at a current density of 13.74 mA/cm?. This shows the balance between
a relatively low activation loss and manageable ohmic losses. However, at higher current densities, the
performance declines due to increasing mass transport limitations and internal resistance, causing a
decline over 15 mA/cm?

The jetting method peaks lower, with a peak power density of 2.67 mW/cm? at 10.03 mA/cm? and then
drops off rapidly. This indicates that the catalyst layer formed by jetting is less uniform or less integrated
with the incomer, leading to both a lower amount of triple phase boundaries and an earlier onset of mass
transport limitations.

In contrast, the air spray method shows a steady increase in power density, achieving the highest
maximum power density value of 4.67 mW/cm? at a current density of 26.85 mA/cm?. At lower current
densities, a higher activation loss is visible. When increasing the load, the electrode maintains its
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performance more effectively under increasing load. This suggests that the catalyst layer is more porous,
allowing for superior mass transport at elevated currents.

4.4.2 Comparison between medium- and high-loading coatings

To evaluate the impact of catalyst loading on the fuel cell performance, voltage and power density curves
as a function of the current density were compared. Figure 28 shows the voltage as a function of the
current density for medium (0.75 mgp/cm?) and high (1.50 mgp/cm?) loadings.
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Figure 28: Comparison of voltage curves for ultrasonic spray coating with medium loading (0.75 mgp/cm?) and ultrasonic
spray coating with high loading (1.50 mgp/cm?)

Across the whole current density range, the high catalyst loading cell consistently outperforms the
medium loading cell. The higher voltage at a given current density reflects lower activation and ohmic
losses, which can be attributed to the increased number of TPBs. The larger catalyst layer likely
enhanced the proton and electron transport. Importantly, the high loading cell maintains a stable
performance up to approximately 35 mA/cm? This suggests that the high-loading electrode is more
robust under high current density, which is likely due to enhanced mass transport properties. While these
improvements confirm the benefit of increasing the catalyst loading, it is important to balance the
performance gain with material cost. Figure 29 shows the corresponding power density as a function of
the current density for the medium- and high-loading electrodes.
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Figure 29: Comparison of power density curves as a function of the current density for ultrasonic with medium loading (0.75
mgPt/cm?) and ultrasonic spray coating with high loading (1.50 mgPt/cm?)

The ultrasonic high-loading electrode performed significantly better than the medium-loading electrode,
reaching up to 7.12 mW/cm? at 23.57 mA/cm?. This result indicates that doubling the concentration has
a positive effect on the power output, especially in the ohmic and mass transport regions. This is possibly
due to the increased availability of active catalytic sites within the thicker layer. Additionally, the power
output remains stable up to 35 mA/cm?, suggesting an increase in durability under load. On the contrary,
the medium loading electrode reaches its peak power density at 13.74 mA/cm?, after which the
performance declines quickly. Due to the smaller catalyst layer, the ECSA is smaller, which means the
cell reaches its maximum power density at a lower current density. Overall, the result suggests that
increasing the catalyst loading enhances the performance, but not at a 1:1 ratio. The performance gain
per unit of added coating becomes smaller because excess material can lead to thicker layers, reduced
porosity, and higher resistance; all of which offset the expected benefits.

4.5 Comparison of catalyst usage of each coating technique

In addition to the structural and electrochemical performance of the coatings, practical aspects, such as
processing time, ink consumption, losses during coating, and possible scalability, are evaluated across
all techniques for a target loading of 0.75 mgp/cm?. Table 3 summarises the coating efficiency as a
function of platinum usage, ink volume, and coating duration for target loading.

Table 3: Summary of the practical results of each coating technique for a 0.77 mgp/cm? coating

Method Coating duration Ink volume (ml) Pt consumed (mg)
Jetting 3 8 6
Ultrasonic spray coating 3 50 37.5
Air spray coating 4 120 90
Hand spray coating >6 80 60
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The result shows a clear trend: techniques that use more Pt to achieve the same loading are associated
with higher material losses. This suggests that significant inefficiencies exist in these methods which
must be optimised to maintain a low material loss. Jetting, while having a lower maximum power density
for the target loading, achieved the most efficient time and Pt usage, reflecting minimal overspray, which
is in parallel with the works of Santangelo ef a/ [68]. Due to the precise deposition, the method requires
a highly levelled and optimally placed substrate and minor disturbances in surface geometry in order to
deposit on the fiber of the mesh.

Ultrasonic spray coating presents a well-balanced approach with near full automation and moderate Pt
losses. Its duration of three hours and good reproducibility make it a promising candidate for upscaling,
despite having more material losses. Air spray coating consumed a significant amount of Pt for reaching
the target loading. This is possibly due to the inadequate solvent evaporation during coating. While the
time is manageable and the method is used most often for upscaling, the scalability for this application
remains questionable, given the significant material waste. Hand spray coating which is the least
automated and most operator dependant method, required more than eight hours. It consumed a
significant amount of Pt for the given loading and is noticeably difficult to scale or replicate. This makes
this method useful for smaller loadings and early-stage screening of new inks.

4.6 Economic feasibility analysis

4.6.1 CAPEX and OPEX

While electrode performance is often the primary focus of PEMFC development, the economic
feasibility is of the different coating technologies is equally important for scaling up. This section
compares the three methods: air spray coating, ultrasonic spray coating and jetting based on their
CAPEX and OPEX, as well as their price per W performance and price per Area of the electrode. These
metrics can evaluate both the short- and long-term cost of each technique. Hand spray coating is not
included as it is not economically feasible to upscale or automate. Table three shows the important
economic factors for upscaling.

Table 4: Summary of the CAPEX and OPEX analysis of coating techniques

Method CAPEX OPEX per ca. Cost per Watt Cost per Area
©) 0.77 mgpy/cm? (€) (E/W) (€/cm?)
Jetting 23,500 1.72 113.30 0.30
Ultrasonic spray coating 125,000 8.06 283.96 1.16
Air spray coating 13,500 24.19 786.27 3.67
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Jetting achieves the lowest cost per mW produced, making it the most efficient method despite
producing lower absolute power output. This due to the precise deposition in combination with the
minimal Pt loss, which significantly lower material cost. It also offers a high degree of automation,
reducing operator variability and making it an ideal candidate for upscaling. Ultrasonic spray coating
yields a medium cost per watt, but this method suffers from extremely high CAPEX. The cost per watt
is around ~2.5x higher than jetting. Air spray coating offers a similar CAPEX to jetting but suffers from
a very high cost per watt. This is nearly 8x higher than jetting. The cost per area is also dependant on
the OPEX, giving similar outcome for each technique regarding the economic feasibility.

4.6.2 Manufacturing scalability considerations

Beyond the €/W, the feasibility of scaling up each technique is an important factor. Jetting is well-suited
for scale-up due to its modular nature. Multiple drop-on-demand systems can operate parallel, allowing
for the coating of multiple meshes at the same time. At the same time, the CAPEX is lower than the
ultrasonic deposition method, allowing for more systems in the same budget.

Although ultrasonic spray coating and air spray coating have been used more for upscaling due to their
higher throughput potential and possibly higher coating speeds, this advantage is largely offset by their
higher material waste and OPEX, which do not scale in their favour.

Jetting is the most cost-effective method for PEMFC electrode fabrication due to its low CAPEX and
OPEX. This makes it the most viable technique for industrial upscaling, especially when reducing Pt
consumption and total cost per electrode is crucial.

4.7 Complete summary of results for PEMFC

As a final part of this comparison, the findings of the morphological, economic and practical
assessments, Table 5 provides a comparative overview of the key advantages and limitations of each
deposition technique. Five evaluation criteria were selected for the final comparison: coating uniformity,
material usage, scalability, CAPEX, OPEX and reproducibility. The symbols (++ to --) were used to
represent the relative performance, with ‘“++’ indicating a strong performance and ‘—’ indicating a clear
drawback.

Table 5: Comparative assessment of coating techniques

Method Coating Material Scalability | Cost Cost Reproducibility
uniformity | usage CAPEX OPEX

Jetting -- ++ ++ ++ ++ +

Ultrasonic ++ + + -- + ++

spray coating

Air spray | + - + ++ -- +

coating

Hand spray | + -- -- ++ -- -

coating
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As shown in the table, each technique presents a distinct trade-off between performance, efficiency and
practicality. Jetting offers excellent control over material usage and scalability but suffers from poor
coating uniformity due to irregular deposition at micro-scale. Ultrasonic spray coating on the other hand
delivers the highest coating quality and consistency, though at the expense of higher CAPEX and OPEX.
The air spray coating has decent reproducibility, but its scalability is hindered by the high OPEX. Hand
spray coating remains the most accessible and low-cost option, though its manual operation hinders the
repeatability and scalability.

4.8 Complementary results for SOEC

4.8.1 Ink stability

In order to properly coat the ceramic electrode, the short-term stability of the GDC-CSC suspension is
assessed. First, Turbiscan measurements are performed over a six-hour interval. Figure 30 shows the
Turbiscan results of both the individual powders and the powders combined, all in the final suspension.
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Figure 30: TSI as a function of time for both the individual powders in green and blue and the powders combined in orange

The results demonstrate notable differences in stability between the individual powders and the final
suspension. The CSC-only suspension exhibits excellent stability, with a TSI of 0.7 after six hours. In
contrast, the GDC suspension shows moderate destabilisation after six hours with a TSI of 2.3. when
combining the individual powders, the TSI increases significantly to 4.5 after six hours, indicating a
higher sedimentation characteristic when combining the two powders. However, as the suspension is
coated within one hour of ultrasonication, this level of instability remains acceptable. Further
optimisation to improve the shelf-life of the ceramic ink suspension is outside the scope of this work.

Since the maximum allowable nozzle size for the jetting system is 100 pm, a PSD analysis is conducted
on both powders to ensure compatibility with the coater. Figure 35b and 35c in the Appendix present
the PSD results of the individual powders. Both contain particles approaching the 100 um limit, which
poses a risk of clogging. To mitigate this, the combined suspension is sieved under a 32 um mesh. The
resulting PSD, shown in Figure 35d in the Appendix, demonstrates a reduction in agglomerates, with
particle sizes under 20 pum.
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4.8.2 Electrochemical analysis

The Arrhenius plot, which relates the ASR to the inverse of temperature (1000/T), shows how the
electrode structure influences electrochemical performance at different temperatures. Figure 31
compares the ASR values for a jetting-coated GDC substrate and an ultrasonic spray-coated GDC
substrate.
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Figure 31: Arrhenius plot shows ASR as a function of inverse temperature for jetting (grey) and ultrasonic spray-coating (red)

Across the full temperature range, the ultrasonic spray-coated samples show a significantly lower ASR,
indicating both an improved ionic conduction and electrical performance. On the contrary, the slope of
the curve, related to the activation energy, is notably steeper than the jetted samples, suggesting slower
kinetics and higher internal resistance. The differences between the two samples likely arise from
variations in coating uniformity and porosity introduced by each deposition method. While the
Arrhenius plot provides insight in the influence of the temperature on the coated sample, a more detailed
understanding of the resistive and capacitive behaviour of the electrodes can be made using EIS. Figure
32 shows the Nyquist plots for both (a) jetting coated and (b) ultrasonic spray-coated electrodes,
measured at various temperatures.
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Figure 32: Nyquist plot for (a) jetting and (b) ultrasonic spray coating for 500 °C, 600 °C and 700 °C
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From the jetting-coated electrode (a), large semicircle diameters are observed, particularly at 500 °C
and 600 °C, indicating significant polarisation resistance. Even at 700 °C, the impedance remains
relatively high, suggesting that charge transfer remains hindered across the electrode interface. In
contrast, the ultrasonic spray-coated sample (b) showed much smaller semicircles and a far more
efficient charge transport. The reduction in both real and imaginary components suggests that there is
better contact between the particles and the electrolyte. These results are in line with the Arrhenius plots
and confirm that ultrasonic spray coating results in a more conductive and electrochemically favourable
electrode coating. Figure 33 provides SEM micrographs comparing the cross-sectional structure of
jetting and ultrasonic spray coating samples, both before and after EIS measurements.

Figure 33: SEM micrograph of (a) jetting before EIS measurement, (b) jetting after EIS measurement, (c) ultrasonic spray
coating before EIS and (d) ultrasonic spray coating after EIS

Upon closer analysis, the jetted sample (Figures 33a and 33b) shows visible top-layer degradation after
EIS, suggesting degradation and potentially reduced electrochemical stability. In contrast, the ultrasonic
spray-coated sample (Figures 33c and 33d) retains its top layer structure after EIS, indicating a more
resilient and homogeneous coating. This is possibly due to the increased surface activation due to EIS
as seen in the subtle surface roughening. This may have a positive impact on the catalyst accessibility
activity and EIS results.
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5 Conclusions

Optimising the deposition techniques to reduce Pt consumption without sacrificing performance is
essential for making fuel cells economically viable at scale. In this master’s thesis, four additive
manufacturing are compared to determine which deposition technique offers better control over catalyst
distribution, performance and cost.

The motivation behind this comparison lies in the fundamental differences between the techniques.
Jetting offers precision through a drop-on-demand system, which reduces material waste. The spray
coating methods, except for hand spray coating, are widely used in industry for their simplicity and
potential scalability. Hand spray coating is used extensively in R&D. However, due to its ineffectiveness
and material consumption, it is rendered unsuitable for scaling up the Fuel Cell technology.

The first step was this study was to develop a stable ink suspension containing Pt supported on KB and
Nafion® in IPA/water solvent. Although ink stability alone did not dictate final cell performance,
unstable formulations could lead to clogging or non-uniform deposition. Through SMLS and PSD, a
final suspension, containing both 1.5 mg/ml Pt/C and 1.5 mg/ml Nafion® in 80/20 IPA/water offered
sufficient shelf life, good stability and hence suitability for each coating system.

Morphological characterisation through SEM and EDS provides clear differences between the
deposition techniques, both in structural uniformity and catalyst distribution. The air spray deposition
method generates a visibly porous layer with larger irregular spaces, indicating a less efficient
deposition. This can be attributed to inadequate spray control during deposition, which results in higher
surface wetting. The hand spray method showed an improved uniformity and porosity. The voids are
smaller and more evenly distributed, likely due to the lower coating flow rate. The jetting technique
creates significant channelled voids and variable coating thickness with ink penetrating the pores of the
3D printed mesh. These issues link to the nozzle pressure build-up between the coating cycles, which
creates a blockage for the Pt/C particles. This problem can be resolved by increasing the pressure before
starting the coating cycle. Ultrasonic spray coating results in the most uniform, uniform in thickness and
has minimal voids. The fine atomisation contributes to marked improvements when compared to the
other techniques.

These morphological differences are further confirmed by EDS elemental mapping. The air spray
coating deposition method has the most uneven Pt distribution, with areas of heavy clustering
interspersed with regions that lack a Pt signal, which mirrors the SEM micrography. The hand spray
coating provides a more continuous Pt layer, but agglomeration of Pt particles is still visible. The jetting
technique produced an irregular Pt distribution with deeply embedded, Pt-rich regions combined with
large voids, which points to the unstable droplet concentration during deposition. In contrast, ultrasonic
spray coating produced a dense, continuous well-distributed Pt signal which confirms the findings from
the SEM micrography.

The performance evaluation of the PEMFC electrodes provides insight into the electrochemical
behaviour of each coated layer. Among the four methods, hand spray-coated is excluded from the
performance testing due to its limitations in scalability and reproducibility. The operator-dependant
nature of the coating method makes it more time-consuming and less reproducible, which prevents
efficient scale-up. For the three main coating methods, voltage and power density as a function of current
density were measured. Firstly, maximum power density of the medium-loaded samples (ca. 0.77
mg/cm?) demonstrated that ultrasonic spray coating achieved the highest peak power density at low to
moderate current densities, which indicates a well-balanced electrode with efficient activation and
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moderate ohmic losses. Jetting gave the best performance at low current densities but suffered from high
ohmic and mass transport losses, possibly due to the large voids of the non-uniform layer, observed in
the SEM micrography. The performance of the air spray-coated sample is hindered firstly by high
activation losses. However, its more porous morphology proved advantageous in the mass transport
region, allowing it to surpass the other techniques at higher current densities and provide the highest
peak power density.

When comparing the medium and high catalyst loading for ultrasonic spray coating, it is evident that
increasing the load to 1.50 mgp/cm? leads to significant improvements overall current densities. The
increase in available TPBs leads to an overall improvement of the cell. Nevertheless, the performance
gain is not linear with catalyst usage. Doubling the layer thickness does not double the power output,
which indicates potential diffusion limitations, highlighting the importance of balancing performance
improvements with material efficiency.

In addition to the electrochemical performance, practical and economic considerations determine the
suitability of each coating technique or upscaling. Jetting proves to be the most efficient in Pt
consumption and coating time, having achieved the target loading with minimal losses. This is due to
the precise control and minimal overspray, making it well-suited for upscaling. Although its absolute
maximum power density is lower, the reduced Pt use results in the lowest cost per watt and the lower
OPEX per coated unit, positioning jetting as the most economically attractive option overall. Ultrasonic
spray coating offers a good performance and great coating quality but suffers from high Pt losses and
operating costs. This is accompanied by the highest CAPEX due to specialised equipment needed for
the fine atomisation. Air spray coating suffers from excessive Pt waste, generating high OPEX, leading
to the highest cost per watt. This raises concerns regarding the economic scalability of this technology.
Hand spray coating, although inexpensive and useful for low loading prototyping, is excluded as its does
not fit the scalability criteria.

Taken together, the results demonstrate that each deposition technique offers a unique combination of
strengths and weaknesses, requiring a balance between coating performance, resource efficiency and
economic feasibility. Jetting stands out in terms of material usage and scalability opportunities but
remains limited by its coating uniformity due to droplet inconsistencies. Despite this limitation, it is the
most cost-efficient per watt, making it a good contender for scaling up PEMFC electrode production.
Ultrasonic spray coating performs best in terms of coating quality and reproducibility. However, its high
CAPEX and moderate Pt losses pose financial challenges for industrial implementation. Air spray
coating offers the highest peak power density but suffers from high OPEX and inefficient Pt usage,
which severely limits its competitiveness in application where material usage is crucial. Ultimately, no
single deposition method can be considered ideal in all categories. The optimal technique depends on
the intended purpose, whether the priority is maximum performance, high coating uniformity or
economic viability in a scaling production environment.

For the complementary results, the SEM analysis and EIS measurements confirm that ultrasonic spray
coating produces a more stable and homogeneous electrode structure compared to jetting. Post-EIS SEM
micrography reveals notable surface roughness and degradation in the coated electrode, made using
jetting. The ultrasonic-coated electrode maintained its structural integrity, suggesting improved
electrochemical durability. These findings align with the Arrhenius and Nyquist results, reinforcing that
ultrasonic spray coating yields coatings that are both electrochemically favourable and mechanically
resilient, making it better for this SOEC application than jetting. Overall, this complementary research
demonstrated that both jetting and ultrasonic spray coating are adaptable across electrochemical
systems, reinforcing their potential for scalable, multipurpose application
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Appendix A

Manual:

1. Basic G-code file upload

2. Run code

3. Add botom text above the itterations
4. Bottom text at the end

[]1 im

; Circular Mesh Snake Pattern G-code
; Diameter: 25 mm

; Number of Lines: 64 (per cycle)

; Line Spacing: 0.4 mm

; Speed: 2000 mm/min (~16 mm/s)

G21 ; Set units to millimeters

G90 ; Absolute positioning

G28 ; Home all axes

G1 X0 Y0 Z0 ; Move to start position

G1 Z0.2 F300 ; Move to safe Z height

G1 X95 Y100 F1500 ; Move to start of first line

; Generate snake pattern
M117 Moving Circular Path
G1 F1000 ; Set speed

G4 P2000

() repeat_gcode(input_file, output_file, iterations=5)
th open(input_file, 'r') as f:
gcode_lines = f.readlines()

header = []
body = []
header_done =

for line in gcode_lines:
if line.startswith("G1") or line.startswith(’
header_done =

if not header_done:
header.append(line)

body .append(line)

start_position =
for line in body:
if line.startswith( i
start_position = line
ak

with open(output_file,
f.writelines(header)
for i in range(iterations):
f.write( Iterati is1
f.writelines(body)
if start_position:
f.write(start_position)

print( 1 geg reerd: {output_file}")

input_gcode =
output_gcode = ircula 1 r
repeat_gcode(input_gcode, output_gcode)

f{} G-code succesvol gegenereerd: circular_0,4mm_5_Itteration_SOFC.gcode

G4 P5000 G1 X0 Y0

Figure 34: Python code for semi-optimising the jetting coating cycle
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Appendix B
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Figure 35: PSD results for each type of ink used in this research
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Appendix C

Figure 37: Optical microscopy results showing (a) a ultrasonic spray-coated sample at 80x and (b) an ultrasonic spray-
coated sample at 20x

Figure 38: Showing the visual difference between (a) an uncoated and (b) a coated mesh at 5x
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Appendix D
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Figure 39: Cross-sectional SEM micrograph of 3D printed meshes, coated with each technique: (a) air spray coating, (b)
hand spray coating, (c) jetting and (d) ultrasonic spray coating. All images were captured at 2500x at HV of 5 kV
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