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Abstract

The proton exchange membrane water electrolysis (PEMWE) has emerged as a key
technology in sustainable hydrogen production, offering high efficiency and integration
potential with renewable energy systems. The catalyst-coated membrane (CCM)
serves as the core component of PEMWEs, and the development of high-power
performance CCMs is critical for enabling large-scale commercial deployment of this
technology. This PhD research systematically investigates the optimisation of testing
protocols, CCM fabrication processes, and hydrogen crossover mitigation strategies to
address the challenges associated with proton exchange membrane water

electrolysers under differential pressure conditions.

Initially, the research focuses on establishing a standard testing protocol to ensure
consistent and reliable evaluation of CCMs. This involves investigating the influence of
the geometric area and assembly force during the assembly of the testing cell, as well
as optimising key operational parameters, including water flow rates, clamping forces
and conditioning procedures. Following the optimisation of the testing protocol,
materials used for the PEMWE single cell are explored, including membranes, porous
transport layers, catalysts, and ionomers. After material selection, CCM fabrication
processes are further studied, from the catalyst ink formulation and processing to
spray-coating techniques and hot pressing procedures. This optimisation significantly
improves CCM performance. The optimised CCMs surpass the DOE’s 2022 targets,

making progress toward the ambitious goals set for 2026.

Building upon this foundation, a key innovation of this work is the introduction of a

platinum functional layer at the anode/membrane interface, deposited via sputter



coating, to mitigate hydrogen crossover. Experimental results demonstrate a 73%
reduction in hydrogen crossover at atmospheric pressure and a 66% reduction at 10
bar differential pressure, highlighting the layer’s effectiveness across varying operating
pressures. To further understand hydrogen permeation mechanisms, a diffusion-based
qualitative analysis model is developed to provide theoretical insights into the influence
of functional layer placement and gas transport properties. Furthermore, accelerated
stress tests are designed to simulate dynamic load conditions to evaluate the durability
of the functional layer for PEMWESs under differential pressures. The tests confirm the
robustness of the functional layer, which retains 94% of its hydrogen crossover
mitigation capability at 0.25 A/cm? and 99% at 2.50 A/cm? after the equivalent of 100

hours of operation.
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Chapter 1

Introduction



1 Introduction

The transition to renewable energy is essential for achieving carbon neutrality, but its
intermittent nature and fluctuating output pose significant challenges for daily energy
distribution and utilisation 2. Hydrogen has emerged as a promising solution due to
its ability to store excess renewable energy, serving as a flexible energy carrier.
Currently, most hydrogen production relies on fossil fuels, with green hydrogen
accounting for only a small fraction 3. To address this gap, advanced technologies are
needed to enable the efficient and sustainable production of green hydrogen. The
proton exchange membrane water electrolysis (PEMWE) has garnered attention as a
leading solution for producing green hydrogen, offering advantages such as high
energy efficiency, compact design, and compatibility with renewable energy sources,
making it particularly suitable for this green hydrogen production ). Moreover, PEMWE
can operate under high differential pressures, which simplifies downstream processes
by eliminating the need for additional compression stages °®. This reduces energy
losses and allows direct storage of high-density hydrogen, making PEMWE particularly
advantageous for industrial applications and large-scale energy storage °1°.
Additionally, the ability to produce pressurised hydrogen ensures seamless integration
with existing hydrogen infrastructure, further highlighting its versatility for energy grids,

transportation, and chemical industries.

Since its early development, the PEMWE technology has advanced significantly. The
first pilot PEM water electrolysis plant was introduced in 2000, marking the beginning
of commercialisation . In 2013, Hydrogenics achieved a milestone by installing the
first 1 MW-level PEMWE system, demonstrating the maturity of the technology for

industrial applications. As a further step in this progress, it is reported that Linde will
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start up the world’s largest PEMWE plant by 2025, with a capacity of 35 MW. According
to IRENA, the current focus is on scaling PEMWE technology from the megawatt (MW)
level to the gigawatt (GW) level to meet growing industrial-scale hydrogen demand,
targeting cost reductions below $200/kW, durability exceeding 50,000 operational
hours, and efficiency improvements reaching 80% of lower heating value (LHV) 1213,
The timeline of major developments in the application of PEMWE is illustrated in Figure
1.1. With its inherent advantages and the recent impressive achievements, PEMWE
stands as a promising technology for driving the transition towards a hydrogen-based

energy economy.

Next generation:
* Lower cost
(< $ 200/kW)

* Higher durability
(> 50 000 h)

+ Higher efficiency

PFsa  Pilot PEM water @ 35 MW (> 80%)
membrane electrolysis plant 20mw PEMWE
Electrostatic 1MW PEMWE
generator PEMWE
@ First publication on
PEM Electrolysis
First conducted First Water

water electrolysis  electrolysis unit

Figure 1.1 Timeline of major developments in the application of PEMWE 1213,

1.1 Fundamental of water electrolysis

Water electrolysis is an electrochemical process that employs direct current to split
water into hydrogen and oxygen gases. Based on operating temperature, it can be
broadly categorised into low-temperature (below 100°C) and high-temperature
techniques. Low-temperature methods include alkaline water electrolysis (AWE), anion
exchange membrane water electrolysis (AEMWE), and proton exchange membrane
water electrolysis (PEMWE), while high-temperature solid oxide electrolysis cell
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(SOEC) operates at elevated temperatures. The typical schematics of these water

electrolysis techniques are illustrated in Figure 1.2.

SOEC

H,0 :
Cathode 5] Anode
Diaphragm AEM  Anode Cathode pgym  Anode Cathode  Solid  Anode
oxide
electrolyte

Figure 1.2 Schematics of different water electrolysis techniques.

Among these approaches, SOEC achieves the highest efficiency (75-85%) by
operating at high temperatures, which reduces Gibbs free energy and lowers the
thermoneutral voltage, thereby decreasing the electrical energy required for water
splitting '4'5. However, SOECs face challenges such as complex heat management,
limited stability, and sluggish start-up times. Currently, SOEC technology remains at
the laboratory scale, hindering its commercial application 617, AWE, a mature and
widely used technology, operates in an alkaline environment using a concentrated
liquid electrolyte and a diaphragm to separate gases. It offers long-term stability and
low catalyst costs but is limited by lower current densities, low hydrogen purity, and
restricted operation under high pressure compared to PEMWE 820, AEMWE builds
on AWE by replacing the diaphragm with an anion-conducting membrane, which
reduces ohmic resistance and improves gas separation. Despite these advantages,
the technology remains in the laboratory stage due to challenges such as limited

membrane durability 223,

In contrast, PEMWE demonstrates distinct advantages in performance and durability.
Its proton-conducting membrane exhibits significantly higher ionic conductivity than
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hydroxide-conducting membranes, attributed to the greater intrinsic transport of
protons (H*) compared to hydroxide ions (OH™) 4. This characteristic enhances ion
transport efficiency, resulting in current densities exceeding 2 A/cm?, enabling rapid
hydrogen production. Additionally, proton exchange membranes exhibit exceptional
chemical and mechanical stability, which extends the system lifetime and ensures
reliable performance under demanding operational conditions 2526, Beyond its high
performance and stability, PEMWE is highly compatible with renewable energy
sources. It can handle dynamic energy inputs across a wide load range, from partial
loads (5%) to overloads (up to 150%) 172527, This flexibility allows PEMWE to maintain
stable performance under the fluctuating and intermittent conditions characteristic of

renewable energy, ensuring reliable hydrogen production 27-32,

Another standout feature of PEMWE is its capability to operate under high differential
pressures. By working at a differential pressure up to 180 bar, PEMWE allows for the
direct production of compressed hydrogen, effectively decreasing the energy required
for external compression 3334, This not only simplifies system design but also reduces
maintenance requirements and lowers operational costs. Operating at higher
pressures facilitates hydrogen storage and distribution, further highlighting its suitability

for industrial applications and large-scale energy storage 63536,

The combined advantages of PEMWE, including efficient ion transport, high current
density, adaptability to dynamic energy inputs and high-pressure operation, make it an
exceptional technology for hydrogen production. This unique combination of features
positions PEMWE as a cornerstone technology in the advancement of a hydrogen-
based energy sector. The specifications of all water electrolysis techniques are

summarised in Table 1-1.



Table 1-1 Characteristics of the four types of water electrolysers 812:37-39,

AWE AEMWE PEMWE SOEC

. Laboratory . Laboratory
Maturity Mature stage Commercial stage
Yttria-
KOH DVB PFSA ”
Electrolyte 5~7M polymer membrane S;.‘b'l'z.ed
Irconia
Operating
temperature 70 ~ 90 40 ~ 60 50 ~ 80 700 ~ 850
[°C]
Operating
Pressure <30 <35 <180 1
[bar]
Nominal current o, ;4 455 1-3 03~1
density [A/cm?]
Voltagerange 1.4~2 14~23 1~15
[V]
Efficiency LAV o g5 52-67 50 ~ 68 75 ~ 85
[%6]
Stack costs
200 ~400 320 ~ 600 700 ~ 900 > 2,000
1MW [$/KW]
e - 50,000 ~
lifetime stack [h] 60,000 > 5,000 80,000 < 20,000

1.2 Principle of PEMWE

The PEM water electrolysers are characterised by a thin solid ion-conducting
membrane, known as proton exchange membrane (PEM) or polymer electrolyte

membrane. Figure 1.3 illustrates the structure of a PEM water electrolyser 4.



H2 D DZ
s N g
i O
¢—— H,0
Cathode PEM Anode

Figure 1.3 Schematic of the PEMWE with electrode reactions.

A PEM water electrolyser cell involves two key half-reactions: the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode
4142 The  overall electrochemical reaction can be  expressed

as:

2H,0(D) = 2H,(g) + 0,(g) (1
At the anode, water is split into protons and oxygen:
2H,0 —» 0, + 4H* + 4e~, E9 =1.229V (2)

Protons formed at the anode pass through the proton exchange membrane and move

to the cathode, where the HER occurs:
AH* + 4e™ - 2H,, E? = 0.000V (3)

Under standard conditions (T=25 °C; pressure=1 atm), the minimum voltage required
for water splitting, known as the reversible cell voltage, is 1.23 V 43, In PEMWE, HER

involves a two-electron transfer process, making it kinetically faster than the four-
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electron OER which has a higher energy barrier 34445 As a result, the OER acts as
the rate-determining step, requiring a higher operational voltage to overcome this
barrier. In practical applications, the actual voltage required for water splitting exceeds
the reversible cell voltage due to several irreversible resistances within the electrolyser.
The potential (n) can be categorised as activation resistances, ohmic resistances, and
mass transfer resistances 2°, all contributing to deviations from the thermodynamic

equilibrium (Figure 1.4).

'1 Activation I'| mass transfer

Potential (V)

VI'EV

Current density (A/cm?)

Figure 1.4 Potential with the dominated current density region with a typical

polarisation curve for PEMWES.

1) Activation resistance:
At low current density, activation dominates and represents the energy required to drive
electrochemical reactions at the electrode surfaces 4°. This resistance, referred to as
Nact, arises from both electrodes. However, the anode contributes significantly more to
activation resistance due to the inherently sluggish OER kinetics, which is inherently

more complex than the HER. The OER mechanism involves multiple reaction steps. A
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widely accepted model introduced by Rossmeisl| et al. describes this process as a

series of four proton-electron transfer steps, as shown in Figure 1.5 4748:

H,0 +* = Ht+ HO* + e~ (Step 1)
HO* =HY*+0"+e” (Step 2)
O*+H,0 = H" + HOO* + e~ (Step 3)
HOO* =++0,+e +H* (Step 4)
T - Step 2 Step 3 Step 4
0 H H
|—|+ +e H* +e
Step 1
H
H" + e ) H™ +

Active site

Figure 1.5 OER mechanism from Rossmeisl et al 4748,

These reversible redox reactions occur on the catalyst surface, where the forward and
reverse reaction rates are balanced at thermodynamic equilibrium, resulting in zero net
current. This balance determines the exchange current density, which is influenced by
the activation barrier. Reducing the activation barrier can increase the exchange
current density. This can be achieved by raising the operating temperature or improving
the quantity and quality of active reaction sites on the catalyst surface. Since different
materials exhibit varying exchange current densities, the selection and optimisation of
electrode materials are crucial for improving kinetics of reactions. Thus, developing
high-performance catalysts with improved activity and durability is essential for
reducing activation resistances, thereby boosting the overall performance of the

electrolysers 42,



2) Ohmic resistance:
Ohmic resistance (no.nm) occurs due to the resistance encountered by electrons moving
through the electrodes and other components of the electrolyser, as well as protons
crossing the membrane. This resistance follows Ohm’s law, increasing proportionally
with the applied current and becoming more significant at moderate current densities
4649 A key contributor to ohmic resistance is the membrane's resistance, which
contributes substantially to potential loss, especially at higher current density °°. While
employing thinner membranes effectively reduces ohmic resistance, it increases
hydrogen crossover, posing safety risks due to the flammability of hydrogen-oxygen

mixtures, particularly under high differential pressure conditions 5'.

Interfacial resistance, another critical factor, arises at the contact points between
components due to imperfect contact or surface roughness 52. Techniques such as
optimising materials and applying surface coatings, such as gold or platinum, to bipolar
plates (BPs) and porous transport layers (PTLs) have proven effective at reducing

resistance while simultaneously improving component durability 3.

3) Mass transfer resistance:
At high current density, the reaction is mainly limited by the transport of reactants, as
the reaction kinetics are extremely fast 4. A high flow rate is required to ensure
sufficient reactant supply. Mass transfer resistances (nmass) can arise not only from
insufficient reactant supply but also from the accumulation of excess produced gas.
The gas bubbles generated during the operation can block the active sites, lowering
the utilisation of catalysts, and obstructing the reactant transport channels, limiting the
water supply. These effects intensify at high current densities, where bubble formation
is more extensive. Furthermore, insufficient removal of hydrogen increases the risk of
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hydrogen crossover %°.

As a result, optimising component design is essential to mitigating these resistances
and improving power performance. In real condition, the actual cell voltage in a
PEMWE exceeds the theoretical reversible cell voltage due to several irreversible

resistances, expressed as follows %6:

Vcell = Vrev + nact,anode + nact,cathode + Nohm + Nmass (4‘)

Where:

*  Tactanode ANA Nace catnode are the activation resistances at the anode and

cathode, respectively,
e Nonm represents the ohmic resistances, and
e  Tmass represents the mass transport resistances.

These resistances can be attributed to two main sources: catalyst performance and
cell component design. Thus, the development of advanced electrocatalysts and the
optimisation of cell components to mitigate these resistances are crucial steps in

enhancing PEMWE performance.

However, as the application of differential pressure PEMWESs progresses, specific
quantifications of how the differential pressure affects the activation, ohmic, and mass
transport resistances remain underexplored. Current findings primarily focus on the
general polarisation curve, where increased pressure is observed to reduce cell
efficiency and increase cell potential ®3457:%8_The chapter 2 will delve into the specifics
of cell components, highlighting the reported strategies for reducing these resistances

and improving system performance.
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1.3 Economic analysis of PEMWEs

To better understand the economic feasibility of water electrolysis technologies, it is
essential to evaluate their associated costs relative to their efficiency. Figure 1.6
presents a comparative analysis of efficiency and costs for various electrolysis
methods based on IRENA and DOE data 23738 SOEC demonstrates the highest
efficiency, reaching 75% to 80%, with projections to exceed 90% by 2030. However,
this high efficiency comes at a significant cost, with 1 MW stacks costing over $2000
per kW. AWE, one of the earliest developed technologies, offers a cost advantage of
approximately $300 per kW but achieves the lowest efficiency, ranging from 50% to
68%, highlighting a clear trade-off between cost and performance. AEMWE, a hybrid
technology that integrates the benefits of AWE and PEMWE, provides moderate
efficiency and cost. Despite its promise, AEMWE remains in the research phase, with
current efforts focusing on improving catalyst performance. Its practical application is
still far from realization. Among all the technologies, PEMWE represents a balanced
approach, with efficiencies ranging from 50% to 68%, combined with moderate costs.
This technique demonstrates strong potential for improvement, with efficiencies
anticipated to reach up to 80% by 2030. Compared to AWE, although PEMWE requires
higher capital investment, its lower operating costs and greater hydrogen production
rates make it economically competitive. The high hydrogen purity (> 99.9%) eliminates
the need for additional purification steps, while its ability to operate under high
differential pressure reduces the reliance on external compressors. Additionally, its
long-term stability lowers maintenance costs, further enhancing its economic viability
8395960 These advantages position PEMWE as the leading candidate among low-

temperature electrolysis technologies.
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Figure 1.6 Cost comparison of water electrolysis technologies 123738,

PEMWE demonstrates strong technical potential, and several advancements have
been made in optimising key components like the catalyst-coated membrane (CCM),
porous transport layers (PTLs), and bipolar plates (BPs). However, significant
economic barriers continue to limit its feasibility for large-scale applications. The high
cost of noble metal catalysts, coupled with the overall expense of these components,
remains a substantial obstacle to the widespread adoption of this technology ¢'. A
detailed cost breakdown of PEMWE stacks (Figure 1.7) reveals that BPs and PTLs

contribute 51% and 17% to the total cost, respectively, largely due to the reliance on
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titanium-based materials. Meanwhile, the CCMs account for 23% of the stack cost,
with its breakdown showing the membranes at 5%, catalysts at 8%, and fabrication
processes comprising 10% 6'-63, These cost distributions highlight the importance of
targeted strategies to reduce expenses, such as developing alternative materials for
BPs and PTLs. Continued research and development are essential for lowering capital
costs and improving the overall efficiency of the PEMWEs.

System

m Stack
Power conditioning
Gas conditioning

Catalyst coated membrane

Manufacturing

Membrane
Balance of plant 15% Catalyst
10% PEMWE
system Stack
15% Catalyst coated membrane

m Bipolar Plates
stack assembly and end plates
Small parts
Pressure plate

Porous transport layer

Figure 1.7 Scheme of a PEMWE system cost breakdown 61.62,

1.4 Challenges and Opportunities for PEMWE

Generally, PEMWE offers numerous advantages, but its drawbacks cannot be ignored.
The challenging operating conditions of PEMWE significantly narrow the selection of
suitable materials. PEMWE operates at extremely acidic conditions, with pH levels
typically below 2. In addition to enduring such corrosive environments, the materials
must be capable of withstanding high operation voltage (greater than 2 V) 1726:38 As a
result, only materials with exceptional chemical stability and mechanical robustness

are suitable for such demanding conditions. Thus, PEMWE systems heavily depend
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on noble metal catalysts such as iridium and platinum for the CCMs, and corrosion-
resistant materials like titanium are required for PTLs and BPs, significantly increasing
overall system costs. Moreover, the adoption of fluorinated membranes increases

costs while posing additional environmental and regulatory challenges.

In addition to these challenges are characteristic of the standard PEMWE system,
operating under high differential pressure introduces additional advantages and
challenges. The high differential pressures refer to a configuration where pressure is
applied to the cathode while the anode operates at atmospheric pressure, resulting in
asymmetric pressure conditions. One primary advantage of the high differential
pressure PEMWE lies in its ability to produce high pressure hydrogen directly within
the electrolyser, effectively reducing or eliminating the post-requirement for mechanical
compressors and significantly lowering energy consumption 3°. Furthermore, high-
pressure operation also enhances gas purity by facilitating water vapour condensation,

minimising the need for additional drying processes .

However, high pressure conditions pose several challenges, primarily affecting system
safety, component durability, and integration with renewable energy sources. The
differential pressure across the membrane increases hydrogen crossover into the
oxygen side, which becomes hazardous when hydrogen concentration exceeds 4 vol%,
the lower explosive limit (LEL) for Hz in O2 gas 667, The asymmetric high-pressure
conditions also accelerate the degradation of main components, resulting in membrane
rupture, corrosion of metal components such as BPs and PTLs 6889, |astly, integrating
high differential pressure PEMWE with renewable energy sources also introduces
challenges in maintaining stable pressure and temperature under fluctuating power
inputs 70-72,
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1.5 Aims and Objectives

The aim of this thesis is to optimise the fabrication processes of catalyst-coated
membranes for proton exchange membrane water electrolysers, with a particular focus
on enabling safe and high-performance operation under differential pressure

conditions. To achieve this, the objectives of the thesis are as follows:

e Establish a robust and reproducible test platform for evaluating PEMWE
performance.

e Optimise CCM fabrication procedures, including catalyst ink formulation, spraying
technique, and hot-pressing conditions.

¢ Develop and evaluate a platinum functional layer for mitigating hydrogen crossover.

1.6 Thesis overview

This thesis investigates the development and optimisation of PEMWEs under high
differential pressure operations. Chapter 1 provides an overview of the PEMWE
fundamentals, including its key components, along with the advantages and
challenges for high differential pressure operation. Chapter 2 reviews recent
advancements in addressing the impacts of high-pressure difference on the PEMWEs,
highlighting mitigation strategies and potential pathways for future improvement.
Chapter 3 outlines the methodologies used for physical characterisation and single-
cell testing, establishing a robust framework for experimental investigations. Chapter
4 focuses on the assembly and optimisation of the testing setups, including both small-
scale and large-scale configurations, to establish reliable benchmark conditions for
subsequent studies. Following this, Chapter 5 explores the systematic optimisation of

the CCM fabrication processes, from the catalyst ink formulation to the ultrasonic
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spray-coating process, ultimately establishing a reproducible benchmark fabrication
method for high-performance CCMs. Building on these efforts, Chapter 6 examines
strategies for mitigating hydrogen crossover under high differential pressure operation,
incorporating sputter coating techniques to introduce platinum interlayers that
significantly reduce hydrogen permeability. Accelerated stress testing (AST) is
employed to evaluate the long-term stability of these designs under realistic
operational conditions, providing critical insights into their practical applicability. Finally,
Chapter 7 concludes the thesis by summarising the key findings and contributions

while offering recommendations for future research directions.
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Chapter 2

Literature review

The work presented in this chapter is unpublished at the time of writing.
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2 Literature review

Chapter 1 provided an overview of PEMWEs, including the fundamental principles and
the associated economic considerations. It highlighted the key challenges of PEMWEs
and also discussed the opportunities for advancing this technology. These challenges
underline the need for innovative solutions required to improve the efficiency and
durability of PEMWEs, particularly under high differential pressure operating conditions.
Thus, this chapter focuses on reviewing the latest developments and the remaining
limitations of the key PEMWE components. The impact of high differential pressure
operation on these components is then discussed in detail, along with the strategies to
overcome the raised challenges. Finally, the strategies to fabricate high-performance
CCM and mitigate hydrogen crossover are explored for addressing the existing

shortcomings.
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2.1 Basic component of PEMWESs

To achieve high energy efficiency PEMWEs, the optimisation of the key components
is essential. The primary components of a PEMWE include bipolar plates (BPs), porous
transport layers (PTLs), proton exchange membranes (PEMs), and electrocatalysts 2.
Each of these plays a critical role in the electrolysis process. In practical applications,
individual cells are assembled into stacks to achieve high voltages and large amounts

of gas production. Figure 2.1 illustrates the schematic of a PEMWE single cell.

Porous
transport
layer

I

Catalyst layer

Figure 2.1 Schematic of a PEMWE single cell.

The membrane functions as a proton conduction media while separating the anode
and cathode compartments 73. The most widely used membrane material is
perfluorosulfonic acid (PFSA), represented by Nafion®. Three key characteristics
determine the membrane performance: water uptake, proton conductivity, and gas

permeability 7475, Water uptake is critical for achieving efficient proton transport, as a
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high hydration rate enables fast ionic mobility within the membrane structure. Research
indicates that the conductivity of the Nafion® membrane improves linearly as the water
uptake increases 6. However, an excessive water content also increases gas
permeability, leading to high hydrogen crossover rate and potential safety risks,

especially under high differential pressure operation conditions 747577,

The porous transport layer (PTL) is located between the catalyst layer (CL) and the
bipolar plate, serving multiple purposes. It facilitates the water transport to catalyst
layers and removal of the generated gases ’8. Additionally, it provides mechanical
support to the catalyst coated membrane (CCM) 7°-81, At the cathode side, the potential
of the hydrogen evolution reaction (HER) is 0 V vs. RHE, which is comparable to that
in fuel cells, allowing the use of porous carbon-based materials such as carbon paper
or carbon cloth as the PTL. These materials are often referred as the gas diffusion
layer (GDL) in PEM fuel cells 8. In contrast, the anode side experiences a high
potential and acidic environment, making carbon unsuitable as the PTL material.
Instead, titanium is usually employed due to its excellent corrosion resistance.
Generally, the thickness, porosity, and pore size of the PTL are key properties that
impact its performance. A thinner PTL typically offers better performance by lowering
ohmic resistance and mass transport resistances. Porosity and pore size are
interrelated factors that influence mass transportation and ohmic resistance, requiring
careful consideration to balance these effects 8384 The optimisation of PTL surface
structure is essential for achieving uniform reactant distribution and enhancing overall

system efficiency.

The bipolar plate (BP) performs multiple functions, including providing mechanical
stability to the stack, distributing reactants across the electrodes, and managing heat
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2585 BP materials must exhibit low electrical resistance, high mechanical stability, and
effective thermal conductivity 8°. Although graphite is commonly used in fuel cells for
its excellent conductivity, it is unsuitable for PEMWE applications due to rapid
degradation under high potential. This degradation increases surface contact
resistance, contaminates catalysts, and risks system failure 8. As a result, titanium has

become the material of choice for PEMWESs due to its superior corrosion resistance.

Additionally, the design of flow fields formed by flow channels engraved on BPs is
critical. The shape and geometry of these channels directly impact the uniformity of
reactant distribution and heat management. Improper design can result in uneven
mass and heat distribution, Localised overheating, and performance degradation,
especially in large-scale PEMWE systems 8. Common flow field configurations include
point flow fields, parallel flow fields, serpentine flow fields, and combined flow field
structures. Although high differential pressure operation mitigates the need for
mechanical hydrogen compression and improves system efficiency, it also introduces
several technical challenges, including hydrogen crossover and material degradation,
particularly hydrogen embrittlement in metallic components 8- The following
sections examine these challenges in detail and discuss the strategies currently being

explored to address them.

2.2 Hydrogen crossover in asymmetric pressure condition

Hydrogen crossover is a persistent issue in PEMWEs operating under asymmetric
pressure. When a pressure gradient exists across the membrane, hydrogen migrates
from the cathode to the anode side, a phenomenon known as hydrogen crossover 3997,
As hydrogen has a wide flammability range in pure oxygen, with a lower flammability

limit (LFL) of 4% and an upper flammability limit (UFL) of 94%, the mixing of hydrogen
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and oxygen can significantly increase explosion risks and elevate impurity gas
concentrations 9293, A schematic representation of mass transport within the cell is

illustrated in Figure 2.2.
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Figure 2.2 Schematic diagram of the water-gas transport mechanism in an operating

PEMWE .

The key mass transport pathways in a PEMWE cell are as follows °':

1) Electrolysis reaction: hydrogen and oxygen are generated at the cathode and
anode, respectively, while protons migrate from the anode to the cathode.

2) Water transport: dissolved hydrogen is carried from the anode to the cathode along
with water transport.

3) Gas transport: generated gases permeate through the membrane via diffusion and
0osSmosis.

4) Pressure-driven permeation: a higher differential pressure accelerates hydrogen
and water permeation across the membrane.

5) Catalytic recombination: permeated oxygen reacts with cathodic Pt catalysts to

23



form water.
Hydrogen transportation mechanism in both membrane and cathode catalyst layer
remains poorly understood. In particular, gas permeability properties, especially for
non-Nafion® membranes, have not yet been well established. Therefore, the following
discussion focuses on Nafion® membrane. In membranes, hydrogen transport occurs
through both the ionomer (solid phase) and the pore phase, as illustrated in Figure 2.3
(a). Ito et al. reported that hydrogen permeability in a fully hydrated membrane is
approximately ten times higher than in a dry Nafion® membrane 7. This increase is
attributed to the formation of water channels within the pore phase when Nafion® is
hydrated. Since gas transport in the water phase is significantly faster than in the solid

phase, higher water uptake in Nafion® increases its overall gas permeability 75949

In addition to membrane, hydrogen transport within the cathode catalyst layer plays a
crucial role in crossover behaviour. At the hydrogen generation site in the cathodic
catalyst layer, the concept of supersaturation is introduced, as depicted in Figure 2.3
(b). It is assumed that the generated hydrogen initially dissolves into water. The
dissolved gas follows Path A, exiting the catalyst layer and transitioning into the vapour
phase. However, due to the complex pathway, hydrogen cannot be released efficiently,
leading to the local concentration higher than the theoretical equilibrium value. This
phenomenon intensifies at higher current densities, where increased generation raises
hydrogen levels further. The resulting elevated concentration gradient between the
cathode and membrane enhances hydrogen permeation though the membrane into

the anode, ultimately increasing crossover (Path B) 997,
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Figure 2.3 (a) Sketch of hydrogen transportation in the dry and hydrated membranes
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96_
To quantify hydrogen crossover, the permeation rate (N};j”") is linked to the hydrogen
concentration at the anode outlet (X, i» 0,) using the following equation °:

Perm
N H,

XHz ino, = Néclnode + lel’erm (7)
2 2

Where, N(;‘Znode represents the oxygen flux at the anode, determined using Faraday’s

law:

[
Ngote = — ©)

Where i is the current density and F is the Faraday constant. Given that oxygen

permeation from the anode to the cathode is negligible %191, the hydrogen flux can be
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determined as:

i XH ino
Perm =X 2 2 9
Ha 4F " 1—Xy, ino, ®

The hydrogen concentration at the anode outlet (X, in0,) can be measured using

electrochemical and non-electrochemical techniques. Electrochemical methods, such
as linear sweep voltammetry (LSV) and cyclic voltammetry (CV), are commonly
applied in the PEM fuel cell systems. In these methods, permeated hydrogen is
oxidised to water at the platinum electrode, generating a current signal that correlates
with the hydrogen crossover rate. While electrochemical methods offer simplicity, their
accuracy is sensitive to variations in scan rate %2, In contrast, non-electrochemical
methods, including gas chromatography (GC) and thermal conductivity analyser,
provide direct and continuous detection of trace hydrogen in the anode exhaust.
Although requiring expensive equipment, they offer higher accuracy under diverse

testing conditions, making them more reliable for studying hydrogen permeation 39102~

105

Beyond quantifying hydrogen crossover, understanding the key factors that influence
its magnitude is crucial for PEMWE optimisation. Hydrogen crossover is influenced by
both operating conditions and cell configuration. The primary operating conditions
influencing hydrogen permeation are current density and operating pressure. At high
current densities, although the absolute hydrogen permeation increases, the
corresponding rise in oxygen flux dilutes its concentration in the anode, reducing the
measured hydrogen fraction there. In contrast, at low current densities, despite low
hydrogen permeation, the reduced oxygen flux results in a high relative hydrogen
concentration at the anode. Thus, hydrogen crossover mitigation efforts focus on the
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low current density range. In terms of pressure effects, hydrogen crossover increases
with the higher differential pressure due to an increased hydrogen concentration
gradient between the cathode and anode %106.107 The detailed discussion will be

presented in Section 2.3.

In addition to these operating conditions, cell configuration also impacts the hydrogen
crossover, particularly mechanical compression, cathode ionomer content, and
membrane thickness . Stahler et al. investigated the effect of cathode PTL
compression and observed that at very low current densities, hydrogen crossover
remained largely unaffected by compression, while at higher current densities,
increased compression was strongly associated with increased hydrogen crossover.
At a current density of 3.5 A/lcm?, the hydrogen crossover was six times higher for 45%
compression of PTLs compared to 12.5% compression. While at low current density
(below 0.25 A/cm?), the hydrogen crossover was nearly the same under different
compression ratios %, Similarly, Martin et al. reported that increased compression at
high current densities led to greater hydrogen crossover. Their results showed that at
3.5 Alcm?, hydrogen crossover was twice as high for PTLs compressed by 42.5%

compared to those compressed by only 5% %8,

Another critical factor influencing hydrogen crossover is the ionomer-to-catalyst (I/C)
ratio in the cathode catalyst layer. Studies have shown that hydrogen crossover flux
increases with higher cathode I/C ratios %19, Zhang et al. prepared CCMs with
different I/C ratios on the cathode side and found that at 1 bar, the hydrogen crossover
reached 3% at 0.5 A/cm? for an I/C ratio of 0.69, which is three times than that observed
at an I/C ratio of 0.35, where only 1% crossover occurred. Their analysis indicated that
the mass transfer coefficients were 2 mm/s and 15 mm/s for I/C ratios of 0.69 and 0.35,
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respectively. This result suggests that a higher ionomer content increases the tortuosity
of pore volume in the catalyst layer, hindering hydraulic gas transport through the pore
network. This leads to increased hydrogen supersaturation in the catalyst layer, which
further results in increased hydrogen crossover °.10° The combined effects of
compression and ionomer content can be further interpreted through the
supersaturation model. As generated hydrogen becomes trapped due to insufficient
transport pathways, excess hydrogen permeates through the membrane to the anode
side. However, a fundamental trade-off exists between proton conductivity and
hydrogen transport. As demonstrated by the DOE Hydrogen Program, which found that
increasing the I/C ratio improves catalyst layer uniformity due to enhanced catalyst

dispersion "0,

To mitigate hydrogen crossover, several strategies have been explored. The first
method is adjusting the cell operation, such as reducing the pressure and increasing
the current density. However, these adjustments limit the operational flexibility of
PEMWESs and are impractical when coupled with variable renewable energy sources.
Increasing membrane thickness is another approach, as it provides a greater diffusion
barrier, but this also raises costs and increases ohmic resistance, which negatively
impacts overall efficiency. Another method involves introducing a physical barrier to
impede mass transport. Materials such as graphene oxide "' and hexagonal boron
nitride "2 have shown potential in reducing gas crossover. However, research on these
materials has primarily been conducted in PEM fuel cells rather than in PEMWEs.
Additionally, such barrier layers often introduce additional resistance, ultimately

reducing cell performance.

Currently, a widely adopted method for hydrogen crossover mitigation is the
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incorporation of platinum-based recombination catalysts within the anode to promote
hydrogen and oxygen recombination. Since iridium does not efficiently oxidise
hydrogen, the ability to mitigate hydrogen crossover is predominantly attributed to
platinum 1%, The recombination catalysts are normally introduced into either the
membrane or anode catalyst layer. The first configuration is a sandwich construction,
where a platinum interlayer is introduced onto the membrane surface, followed by
casting an ionomer layer or pressing an additional membrane over it to form a
sandwiched structure (Figure 2.4 (a) and (b)). Studies have shown that positioning the
platinum interlayer closer to the anode is more effective in reducing hydrogen content.
For instance, with a platinum loading of 20 ug/cm?, the hydrogen content in the anode
stream was reduced from 2.8% to 0.2% at a current density of 0.5 A/cm? under 10 bar
differential pressure (Figure 2.4 (c) and (d)). When the platinum was positioned in the
middle of the membrane or closer to the cathode, the hydrogen crossover increased
to 1.5 % and 2.6%, respectively ''3-"16_ This approach has been validated on large-
area CCMs (32.5 x 32.5 cm?), achieving long-term stability exceeding 5,000 hours,
proving its feasibility for industrial deployment ''5. However, the additional ionomer
layer or membrane increases the overall membrane thickness, leading to higher ohmic
resistances 6120, Furthermore, the complex fabrication process requires thoroughly
control of the spraying and parameters, raising the manufacturing cost °:12'. Reports
also showed that the added interfaces in this structure may introduce cavities,
potentially leading to pinholes or electrical shorts during operation 22123, These issues

can negatively impact both efficiency and durability.

An alternative approach to the platinum interlayer method is the direct integration of

recombination catalysts into the anode catalyst layer, simplifying the fabrication
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process (Figure 2.4 (e)). Briguglio et al. incorporated a PtCo layer between the PEM
and the anode catalyst layer (unmixed configuration), reducing hydrogen crossover
from 2.7% to 2.2% at 0.5 A/cm? under 20 bar differential pressure 124, They also mixed
the PtCo with iridium to form catalyst layer, instead of forming a pure PtCo layer, refer
as the mixed configuration. This mixed catalyst approach further lowered hydrogen
crossover to 1.5% under the same conditions. However, it resulted in a reduction in
electrochemical performance compared to the unmixed configuration. At 3 A/cm?, the
unmixed configuration required a voltage of 1.8 V while the mixed configuration needed
1.9 V 125 Panto et al. validated the durability of this approach, demonstrating stable
CCM operation over 3,500 hours at 4 A/cm?, with a degradation rate of 9 uV/h, well

below the 14 uV/h threshold generally considered acceptable for PEMWE systems

26,126

It is worth noting that corporate research is ahead of academic efforts in this area, with
many published patents related to recombination interlayers. Companies are actively
exploring high differential pressure PEMWEs for hydrogen production. Some
commercial CCMs have achieved hydrogen crossover concentrations below 0.5% at
20-30 bar differential pressures, although specific design details are usually not

provided 113,127—129_
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Figure 2.4 Overview of hydrogen crossover mitigation strategies. (a) Schematic of Pt
interlayer fabrication 6. (b) A cross-sectional SEM image of the CCM, showing the
interlayer structure 16, (c¢) Comparison of hydrogen crossover under 9 bar and 5 bar
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for recombination catalyst integration 125,

While the performance and characteristics of the PEMWE components have been
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extensively studied under atmospheric conditions, high-pressure operation introduces
additional challenges that significantly affect both performance and durability. The
following sections examine the specific challenges faced by the key components,
including membranes, PTLs, BPs and CCMs, under atmospheric and high differential

pressure conditions, along with the corresponding mitigation strategies.

2.3 Fundamentals and challenges of membrane

Perfluorosulfonic acid (PFSA) membranes are the most widely used in PEMWE due to
their high proton conductivity and chemical stability. However, their high cost,
accounting for up to 21% of the total CCM expenditure, and their fluorine-based
backbone pose significant disposal challenges for large-scale adoption 31132 To
improve performance, Solvay developed the short-sidechain Aquivion® membrane,
which exhibits twice the proton conductivity of Nafion®, reaching 0.2 S/cm? 133134,
Siracusano et al. reported that under identical fabrication conditions, the CCMs
incorporating Aquivion® membrane achieved a current density of 2.4 A/cm? at 1.8 V,

whereas Nafion®-based CCMs reached only 1.5 A/cm? 135,

Besides, hydrocarbon-based polymers have been investigated as potential
alternatives to PFSA, such as sulfonated polysulfone (SPSf), sulfonated
poly(phenylene sulfone) (sPPs), and sulfonated poly(ether ether ketone) (SPEEK) '36-
138 Despite their cost advantage, these materials still fall short of PFSA in terms of
both performance and durability. For example, the SPSf membrane only shows proton
conductivity of 69 mS/cm? at 80°C. At 1.8 V, CCMs incorporating SPSf and SPEEK
achieved current densities of 1.35 A/cm? and 1 A/cm?, respectively 139140 Although
Klose et al. reported that sPPs membranes significantly improved current density to

3.5 A/lcm? at 1.8 V, which is approximately 2.3 times higher than that of the PFSA-
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based membrane, their durability remains a concern. The lower stability of the C—H
bond in hydrocarbon membranes, compared to the C—F bond in PFSA membranes,
results in significantly higher degradation rates. The sPPs-based CCM exhibited a
degradation rate of 850 yV/h and electrical shorting after only 60 hours, whereas the
PFSA-based CCM showed a degradation rate of 300 pV/h over 100 hours at a current

density of 1 A/lcm? 141,142,

In addition to material selection, membrane thickness also plays a crucial role in
determining overall performance, influencing proton conductivity, gas crossover, and
mechanical durability. Phan et al. prepared CCMs with three membranes of varying
thickness: NR212 (50 um), N115 (125 ym) and N117 (183 pm), as shown in Figure 2.5.
At a current density of 3.0 A/cm?, the cell potential differences were 136 mV and 241
mV when comparing NR212 with N115 and N117, respectively, demonstrating that
thinner membranes enhanced the cell performance. However, thinner membranes also
resulted in significantly higher hydrogen crossover. For instance, NR212 exhibited a
significantly higher crossover rate of 1.58 mA/cm?-bar, compared to 0.72 mA/cm?-bar

and 0.54 mA/cm?-bar for N115 and N117, respectively 143,
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Figure 2.5 (a) Polarisation curves and (b) hydrogen crossover for CCMs with varying

membrane thickness (NR212: 50 ym, N115: 125 ym, N117: 175 pym) 143,
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These differences in hydrogen permeation directly impact the operating pressure
range. To ensure system safety, the hydrogen volume fraction in oxygen must remain
below 2%, as indicated by the dashed red line in Figure 2.6. The results show that
without additional treatments, N117 membrane provides a broader operating pressure
range compared to NR212, especially at high pressure and low current density '44.
Moreover, membrane thickness also influences long-term stability; at 3 A/cm?, the

degradation rates for NR212 and N117 are 0.55 mV/h and 0.24 mV/h, respectively 143,
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Figure 2.6 Hydrogen crossover as a function of current density for NR212 (a) and

N117 (b) under varying cathode pressures (1, 10, 20, and 30 bar) 144,

As mentioned above, water uptake is critical for efficient proton transport, but excessive
water content increases hydrogen crossover and potential safety risks, especially
under high-pressure conditions 47577 In fact, membranes are always fully hydrated
due to continuous contact with water reactants, making hydrogen crossover
unavoidable. In practical operation, thicker membranes ranging from 120 to 200 ym
are often employed to improve mechanical strength and reduce gas crossover under
high differential pressure operation conditions. However, this comes at the expense of

higher ohmic resistance, as the membrane resistance contributes over 70% of the total
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ohmic resistances. These findings highlight the importance of selecting an appropriate
membrane thickness to balance efficiency, safety, and durability. The optimal choice

depends on the specific application and operational requirements 17:36.38.145

Beyond membrane thickness and permeability considerations, degradation presents
another challenge under high differential pressure conditions. Among all components
in PEMWEs, the membrane is considered the most vulnerable during long-term
operation, with degradation occurring due to mechanical, chemical, and thermal factors
68,146 Mechanical degradation is the primary factor affecting membrane performance
during the early stage (within the first 1,000 hours). Under differential pressure
conditions, membranes experience continuous mechanical stress, which is further
exacerbated by the high assembling force required to maintain a sealed environment
147,148 This stress leads to the formation of cracks, especially in stress concentration
areas such as the interfaces between PTL and membranes, as seen in Figure 2.7 147.149,
Aggravating this issue, swelling under hydrated conditions causes the membrane
creep, further increasing the risk of cracking 19151, These structural failures not only
compromise membrane integrity but also increase hydrogen permeation, leading to

potential risks during operation 46,
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Chemical degradation is primarily caused by permeated hydrogen radicals (He)
reacting with oxygen at the anode/membrane interface, generating intermediate
radicals such as HO2+ and *OH, along with hydrogen peroxide. These reactive species
attack the membrane backbone, leading to membrane thinning and the release of
sulphur and fluoride species '46:153.154 This degradation becomes more serious under
higher differential pressure, as greater hydrogen crossover accelerates radical
formation 19915 Kuhnert et al. reported a direct correlation between hydrogen
crossover and fluoride emission. After a membrane stability test, hydrogen crossover
increased by 13%, while the fluoride emission rate rose by 8.5%, indicating that the
increased hydrogen permeation accelerates chemical degradation '57. Moreover,
uneven water distribution and non-uniform current densities result in localised hotspots,

accelerating thermal degradation %8,

To address these challenges, several strategies have been explored. Operating

solutions such as optimised clamping mechanisms, have been investigated to ensure
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uniform mechanical compression and minimise the risk of mechanical failure. Besides,
various additives have also been investigated to enhance the mechanical stability of
the PFSA membranes. As previously discussed, polysulfone can reduce membrane
creep, exhibiting a water swelling ratio of only 5 wt% compared to 33 wt% for Nafion®
115. Jang et al. employed a SPEEK membrane cross-linked with tungstophosphoric
acid (TPA), achieving a tensile strength of 75.01 MPa, significantly higher than the 43
MPa of Nafion® 117. However, despite improved mechanical strength, this structure
achieved a current density of only 1 A/cm? at 1.8 V, highlighting the trade-off between

durability and performance 159,

For chemical degradation, mitigating hydrogen crossover is a key approach to limiting
radical-induced damage '%°. Hydrocarbon-based membranes, with their lower water
uptake and narrower water channels, restrict hydrogen transport and further reduce
permeation 118.141.189.161 Hyang et al. used the PFSA with imidazole terminal groups
composite membrane, which reduced hydrogen crossover at 0.5 A/cm? from 0.083 vol%
to 0.035 vol% 8. Similarly, the previously discussed sPPs CCM demonstrated a
threefold reduction in hydrogen crossover compared to PFSA membranes '4'. These
findings suggest that hydrocarbon-based membranes present a promising solution to
the inherent limitations of the PFSA membranes, offering more favourable low gas
crossover characteristics 33. However, despite these advantages, long-term
performance of these modified membranes is still a question, and fundamental studies
on their physical properties, including proton, water, and gas migration, remain

insufficient 7.

2.4 Fundamentals and challenges of porous transport layers

An optimised PTL structure is essential for achieving uniform distribution of water,
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gases, and current within an electrolyser, thereby enhancing electrolysis performance.
Porosity is a key parameter affecting PTL performance. A high porosity facilitates mass
transport but reduces the contact area with the catalyst layer, leading to increased
interfacial resistance. According to the literature, the optimal PTL porosity ranges from
30% to 50% 82162163 \Weber et al. investigated PTLs with different porosities. The found
for PTLs with a thickness of 200 um, the required voltages to reach a current density

of 1.8 Alcm? were 2.1V (43% porosity), 2.4 V (26% porosity), and 2.98 V (9% porosity)

164

As discussed previously, titanium is the primary material used for PTLs. To prevent the
titanium oxidisation under highly oxidative and acidic conditions and improve the
electrical conductivity, Ti-based PTLs are typically coated with noble metals such as
platinum or gold. Rakousky et al. reported that sputtering a 200 nm Pt layer onto PTLs
significantly improved stability, reducing the degradation rate to 12 yV/h over 380 hours,
compared to 108 pV/h for uncoated PTLs at 2 A/cm? 195166 Kang et al. applied a 180
nm gold layer via electroplating, which reduced the ohmic resistances from 0.0925 Q
cm? to 0.0700 Q cm? and also showed good stability, with a degradation rate of 0.4
uV/h over 100 hours at 0.2 A/lcm? 87, Given its excellent electrical conductivity, the

National Renewable Energy Laboratory applied a 100 nm gold on the PTLs and BPs

168

However, despite their high conductivity, platinum and gold are not fully stable under
the anodic condition of PEMWES, as they can undergo oxidation over time. Thus, very
thick coatings are required to extend their lifetime 169170, To address this limitation, Liu
et al. introduced an iridium coating using a sputtering technique, as iridium is the most
corrosion-resistant metal, and its oxide also maintains good electrical conductivity
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171172 Their finding showed that a 7 nm iridium layer (0.005 mg/cm?) reduced ohmic
resistance by 21%, from 0.283 Q cm? to 0.222 Q cm?. Despite using 40 times less
noble metal, the iridium coated PTLs exhibited an enhanced performance, increasing
the current density from 1.2 A/cm? to 1.5 A/cm? at 1.8 V compared with uncoated PTLs.
Additionally, a 4000-hour stability test demonstrated that the PTLs coated with 0.1
mg/cm? iridium remained nearly unchanged in performance, whereas PTLs with a 0.18

mg/cm? gold coating showed a 50% decline at 2 V 169,173,174,

Under high differential pressure conditions combined with strong clamping forces.
PTLs are subjected to non-uniform forces due to the channel-rib configuration. Similar
to the membrane, these compressive stresses can lead to PTL deformation, as shown
in Figure 2.8 (a). Additionally, the coarse surface structure of PTLs can cause
indentations in the catalyst layer and damage to the fragile membrane, potentially
resulting in pinholes (Figure 2.8 (b)) 7576, Therefore, achieving an optimal clamping
force is critical to minimizing mechanical deformation while maintaining

electrochemical performance.

Figure 2.8 (a) Compression effects on PTLs adjacent to flow channels under 30-bar
compression 1’6; (b) A SEM image of catalyst layer surface showing indentations

caused by PTL compression 175,
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Considering that the titanium-based PTLs are rigid materials, they are less effective at
redistributing compression forces compared to softer materials like carbon paper. This
limitation makes achieving uniform pressure distribution more challenging. To date,
most studies investigating the influence of clamping pressure on PEMWE performance
have focused primarily on the cathode-side GDL rather than the complete PTL

configuration.

For cathode-side analysis, carbon-based GDLs have been extensively studied due to
their compressibility. Borgardt et al. concluded that optimal performance can be
achieved when the cell operates at an average clamping pressure of 2.0-3.0 MPa on
the active area '77. Using the same configuration, Cruz Ortiz et al. investigated the
different compression levels of 20%, 40% and 60%, corresponding to clamping
pressure of 1 MPa, 2.15 MPa and 3 MPa, respectively. They found that as the
compression increased, the ohmic resistance decreased, with overpotential at 3 A/cm?
dropping from 203 mV to 169 mV and further to 151 mV. However, excessive
compression (> 40%) led to significant membrane deformation and increased mass
transfer overpotential from 28 mV (20% and 40% compression) to 55 mV (60%
compression). This doubled increase in mass transfer resistance negated its
advantage in reducing contact resistance, demonstrating that compressing carbon
paper should be less than 40% to provide a balance between minimising membrane

deformation and maintaining good performance 8.

Beyond compression studies on GDLs, PTL compression effects have also been
investigated. Liu et al. used modelling software to simulate the behaviours of titanium
PTLs under compression. They examined three different compression ratios: 10%,

20%, and 30%. The porosity of PTLs decreased from 75.9% (uncompressed) to 73.8%

40



(10% compression), 71.2% (20% compression) and 68.2% (30% compression). Using
an electrochemical model, they demonstrated that compression improved
electrochemical performance, as the cell voltage decreased from 2.107 V (0%

compression) to 2.060 V (30% compression) at a current density of 1.6 A/cm? 179,

Despite these findings, studies on clamping pressure effects under varying PTL
conditions, particularly for the rigid titanium-based PTLs, remain limited. Further
research is needed to address this gap, focusing on understanding the interplay
between clamping pressure, mechanical deformation, and electrochemical

performance, particularly under high differential pressure conditions.

2.5 Fundamentals and challenges of bipolar plates

Similar to PTLs, titanium is also widely used for BPs due to its excellent corrosion
resistance. However, it encounters the same challenge of forming a passivating oxide
layer under high humidity and voltage, which increases contact resistance. Additionally,
titanium is susceptible to corrosion when exposed to fluoride ions, especially under
high differential pressure operation 3°. To mitigate these issues, as for PTLs, noble
metal coatings, such as gold and platinum, are commonly applied to enhance durability

and maintain stable performance '80-182,

Apart from material selection, the design of flow channels engraved on BPs is also
important. The shape and geometry of these channels influence the distribution of
reactants and heat across the cell. Improper designs can lead to uneven mass transfer,
localised overheating, and performance losses, particularly in large-scale systems 8.
Various configurations have been investigated, including point, parallel, serpentine,
and combined flow fields. Li et al. studied the effects of three flow field configurations:

serpentine, parallel, and cascade on both anode and cathode sides (Figure 2.9). On
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the cathode side, the serpentine flow field improved water distribution and membrane
hydration, resulting in the lowest ohmic resistance. As for the anode side, the cascade
configuration effectively facilitated oxygen bubble removal, improved water utilisation,

and exhibited the lowest overpotential among all tested designs 183,
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Figure 2.9 Comparison of three flow field patterns: (a) serpentine, (b) parallel, and (c)
cascade flow field; (d) Polarisation curves obtained under different flow field patterns

at cathode side, and (e) Polarisation curves obtained under different flow field patterns

at anode side 183,

Beyond the influence on the electrochemical performance, the flow field design also
plays a role in stress distribution. For instance, Liu et al. introduced a point flow channel
design to optimise stress distribution, which was tested in a 50 cm? electrolysis cell at

2 A/lcm?, showing a voltage reduction of 40 mV compared to serpentine design. In
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addition, the SEM analysis of the catalyst layer revealed that improved pressure

distribution mitigated mechanical stress, reducing surface indentations and cracks 84,

In addition to corrosion, hydrogen embrittiement presents another significant challenge.
Due to the small atomic radius of hydrogen, it can easily penetrate metal components
and recombine to form molecular hydrogen. When the internal hydrogen pressure
exceeds the mechanical strength of the metal, cracking occurs, eventually leading to
fracture failure. This challenge becomes more severe under high-pressure conditions,
particularly on the cathode side 85186 | ong-term studies have shown that titanium BPs
can absorb over 1000 ppm of hydrogen within 500 hours under 20 bar differential
pressures, with mechanical failure occurring at approximately 8000 ppm due to

excessive hydride formation 187:188,

Traditionally, gold and platinum coatings are applied to mitigate hydrogen
embrittlement in titanium components. Alternative coatings such as titanium diboride
(TiB2) have also shown promise in providing better long-term stability. He et al.
conducted a 20-day corrosion test on TiB2 coatings, which exhibited a resistance of
approximately 19 mQ/cm? after testing, significantly lower than the European target

(25 mQ/cm?) 189,

Although efforts have been made to develop coatings that address both corrosion and
hydrogen embrittlement in bipolar plates, progress remains largely confined to
laboratory-scale studies, hindered by the absence of standardised evaluation methods
36,91 Future research should focus on addressing these gaps to ensure the long-term

reliability of bipolar plates in industrial PEMWE systems.
2.6 Fundamentals and challenges of MEA fabrication
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The membrane electrode assembly (MEA), which is central to a PEMWE, comprises
a proton exchange membrane, the anodic catalyst layer and the cathodic catalyst layer
3, The fabrication process of MEAs is crucial in defining the overall performance of a
PEMWE. Fabrication methods are categorised into catalyst-coated membrane (CCM)
and catalyst-coated substrate (CCS) approaches, based on where the catalyst layer
(CL) is applied to 19%-192_ With the CCS process, the catalyst is deposited onto the PTL
surface. While CCM techniques directly deposit the catalyst onto the membrane,
improving the contact between the membrane and the catalyst layer. This direct
deposition minimises interfacial resistance, improves proton conductivity, and offers
superior performance compared to the CCS approach. Zenyuk et al. applied X-ray
computed tomography to evaluate the interfacial structures of the two configurations.
Their research demonstrated that the CCM configuration achieved higher connectivity
between catalyst particles and the membrane than the CCS sample, showing an
advantage of 200 mV at a current density of 1 A/cm? 193194 Thijs direct contact structure
minimises the interfacial impedance, enhancing proton conductivity and durability of
the CCM. As a result, the CCM method has become the standard method in both
industrial and academic applications. Besides these two conventional approaches,
some novel methods have also been developed. Holzapfel et al. introduced a direct
membrane deposition (DMD) method, which deposits the membrane onto the PTL.
Although its performance is not comparable to those made by traditional methods, it
provides an alternative route to simplify the MEA fabrication process '%°. Beyond
fabrication methods, various fabrication techniques have also been reported, including
ultrasonic spraying 1%, roll-to-roll processing "%, and hand brushing °3. Ultrasonic

spraying, widely adopted for laboratory-scale applications, offers precise control over
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catalyst layer deposition, ensuring consistency and reproducibility. With a high degree
of design flexibility, it is also employed to develop new MEA configurations, including
low-loading catalyst layers 198200 Meanwhile, roll-to-roll processing (slot-die, gravure,
and knife) enables continuous operation, increases production efficiency, and reduces
costs, making it well-suited for both laboratory and large-scale applications (Figure
2.10) 25197 The rational selection of fabrication methods is fundamental to improving

MEA quality and, consequently, the overall performance of PEMWEs.

Ultrasonic
Spray Nozzle

Membrane NR212

Atomization
or Diffusion Layer

Machine

X-Y Axis Movement

Figure 2.10 (a) Schematic diagram of different MEA fabrication techniques and
methods: catalyst-coated membrane (CCM), catalyst-coated substrate (CCS) and
direct membrane deposition (DMD) methods '%9; (b) roll-to-roll coating (R2R) %7, and

(c) ultrasonic spraying coating 198,

Although fabrication advances have significantly enhanced MEA performance, the
scalability of PEMWESs remains constrained by the high cost of critical materials used
in the catalyst layers. To address this, research efforts have increasingly focused on
optimising catalyst utilisation and reducing catalyst loading without sacrificing

performance. Due to the fast HER kinetics, reducing Pt loading on the cathode shows
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little impact, whereas Ir loading on the anode remains critical due to the sluggish OER
kinetics, making it the primary focus of the optimisation efforts. Ir is an extremely scarce
metal, with annual global production of only about 7-8 tonnes, mostly obtained as a by-
product of platinum and palladium mining 2°'. In comparison, the global supplies of
gold and platinum supplies are approximately 40 and 10 times higher, respectively 292,
This scarcity of Ir poses a significant challenge for the large-scale PEMWE deployment
201 Currently, the iridium loading in PEMWES ranges from 2 to 5 mg/cm?, but studies
suggest that reducing iridium loading to at least 0.05 to 0.1 mg/cm? would enable
sufficient global supply to support gigawatt-scale PEMWE deployment 65203-205 Thys,

developing a low-loading iridium catalyst layer is another research direction.

However, directly reducing iridium content can significantly affect performance. A
thinner catalyst layer suffers from poor in-plane conductivity, and in extreme cases,
isolated catalyst regions become deactivated, reducing catalyst utilisation. Additionally,
an uneven catalyst layer can lead to poor interfacial contact with the PTL, increasing
ohmic resistances and reducing overall efficiency 206209, |n addition to performance
limitations, low-loading CCMs also exhibit higher degradation rates. For example, an
optimised CCM containing 1.6 mgi/cm? showed a degradation rate of 5 yV/h over 1000

hours at 1A/cm?, only one-third of that observed in a low loading CCM with 0.5 mgi/cm?

210

Current optimisation methods can be summarised into several categories:
development of low-loading iridium catalyst inks, the introduction of conductive layers,
the design of structured catalyst layers, and the synthesis of supported iridium
catalysts. The first method focuses on developing low-loading iridium catalyst inks,
requiring precise control of the ink formulation, catalyst particle size, and coating
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procedures to achieve uniform deposition. Taie et al. employed multiple physical
characterisation techniques, including scanning electron microscopy (SEM), micro-X-
ray computed tomography (XCT), X-ray fluorescence (XRF) mapping, and dynamic
light scattering (DLS) to optimise catalyst ink and catalyst layer (Figure 2.11 (a)). The
optimised CCMs with well distributed and continuous CL achieved a current density of
1 A/lcm? at 1.7 V with an ultralow iridium loading of just 0.011 mg/cm?, highlighting the
potential of process optimisation to improve PEMWE performance 2212, The second
method introduces a conductive layer between the catalyst layer and the PTL to
address the high interfacial resistance 2'3. Kwan et al. demonstrated that depositing
platinum within the PEM and catalyst layer, achieving a significant performance
enhancement of 400 to 600 mV at 2 A/cm? with an iridium oxide loading of 1.2 mg/cm?
214 Their method grows Pt nanoparticles chemically within the membrane, enhancing
electronic pathways and enabling hydrogen recombination. In contrast, this work
introduces a sputtered Pt interlayer directly on the membrane, allowing controlled
thickness. It also evaluates the performance of the platinum layer under differential
pressure, which was not addressed in their work. Similarly, ultrasonic spraying of Pt
nanoparticles onto the PTL surface enabled a catalyst layer with iridium loading of 0.1
mg/cm? and 0.4 mg/cm? of Pt to achieve performance comparable to that of a high-
loaded (1 mgi/cm?) CCM (Figure 2.11 (e)) 2'°. In addition to platinum, IrOx nanofibres
have also been explored as conductive additives. It was demonstrated that with a total
iridium loading of 0.2 mg/cm?, the cell achieved performance comparable to that of

CCM containing 1.2 mg/cm? of iridium (Figure 2.11 (c)) 2°8.

The third method involves structured catalyst layer design to improve in-plane

conductivity and mass transport. Tian et al. employed magnetron sputtering to form a
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conical gradient ionomer structure with just 20 pug/cm? of iridium (Figure 2.11 (d)). This
approach achieved an electrochemical active area 8.7 times larger than that of a
conventional CCM with 1.0 mg/cm?. At 2.0 V, the gradient-structured CCMs attained a
current density of 3.36 A/cm? compared to 2.62 A/cm? for the conventional CCM. The
gradient structure was believed to facilitate efficient proton transport and rapid oxygen
bubble release by forming numerous vertically aligned channels (conical structure).

This design also enhanced catalyst utilisation 216,

Beyond cell-level modifications, catalyst-level engineering provides another method for
reducing Ir loading while maintaining performance. One approach involves designing
catalysts with low packing density and/or reduced Ir content without compromising CL
thickness. Supporting materials have been introduced to decrease Ir packing density
(Figure 2.11 (b)). Pham et al. synthesised IrO2 coated TiO2 core-shell microparticles,
achieving 1 A/cm? at 1.67 V with an iridium loading of 0.4 mg/cm?, whereas bulk iridium
required 1.2 mg/cm? to reach the same performance 2'7. Similarly, Shi et al. utilised
cerium oxide as support, incorporating 0.3 mg/cm? of iridium. This design achieved a
current density of 3 A/cm? at 1.72 V and demonstrated durability over 6000 hours, with

a degradation rate of only 1.33 pV/h 218,
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Figure 2.11 Strategies for developing low iridium loading CCMs. (a) Ink formulation
optimisation using various physical characterisation techniques, including DLS, XRF,
EDS, SEM, and XCT 211212 (b) Using TiO2 support material to maintain catalyst layer
structure and density 21°. (c) IrOx nanofibres as a conductive layer between the PEM
and PTL2%, (d) Ordered ionomer distribution within the catalyst layer 2. (e) Pt

nanoparticles as a conductive interlayer to enhance electron transport 2.

While various strategies have been developed to optimise low-loading CCMs, their
long-term stability remains a concern, particularly under high differential pressure
conditions. In addition to the degradation mechanisms discussed in the previous
sections, asymmetric pressure introduces additional mechanical stress on the catalyst

layer. This increases mass transfer resistance and induces irreversible structural
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damage, leading to overall performance deterioration 184220, Huang et al. demonstrated
that increasing the cathode pressure from 1 bar to 30 bar significantly raises the CCM
decay rate from 31.4 uV/h to 479 pV/h, representing a nearly 15-fold increase.
Additionally, high pressure distribution induces uneven mechanical stress on the
catalyst layer, causing surface cracking that further accelerates degradation 22'. The

mechanism of this degradation is illustrated in Figure 2.12.

Mechanical stress Longer H,0/0, transport pathway

“%Q@p}o an { RN “

PEM Squeezing+swelling

L R N A |

Cathode pressure increasing

Normal Test Different Pressure Test

Figure 2.12 Schematic diagram of the cross section of the CCM under the influence

of pressure difference 22°.

As illustrated in Figure 2.12, structural of CL has a minimal changes under atmospheric
pressure conditions. However, with the increasing cathodic pressure, greater
mechanical stress is applied on the catalyst layer, extending the transport pathways
for water and vapour, and resulting in higher mass transport resistance 209211220,
Combined with the previously discussed adverse effects of asymmetric pressure on
the membrane, these factors collectively contribute to the accelerated degradation of
CCMs. To address this problem, a mesh flow channel (with uniformly distributed square
pores of approximately 0.2 mm) has been tested to replace the conventional
serpentine design to minimise stress. At a differential pressure of 30 bar, this
adjustment reduced the degradation rate from 479 uV/h to 114 pV/h. These findings
highlight the differential pressure as a major contributor to CCM degradation. However,

even with structural optimisations, degradation under high pressure remains inevitable
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when compared to atmospheric operation (31.4 pV/h) 229,

Based on the above discussion, asymmetric pressure impacts not only individual
components but also the overall system performance. Therefore, future designs must
adopt a cell-level perspective to comprehensively optimise all components, ensuring

reliable operation under high differential pressure conditions.

2.7 Summary and perspectives

Proton exchange membrane water electrolysis has emerged as a key technology for
green hydrogen production. Advances in membrane modification, PTL surface
treatments, and catalyst layer engineering have demonstrated promising
improvements in efficiency and durability. However, several challenges remain, as
most studies focus on isolated components rather than evaluating their integrated
performance within a complete PEMWE cell. This limitation, coupled with insufficient
long-term stability data under high-pressure conditions, continues to hinder the

transition from laboratory-scale research to industrial deployment.

This chapter has reviewed critical factors influencing PEMWE performance, with a
particular emphasis on the challenges introduced by high differential pressure
operation. The discussion covered membrane integrity, PTL and BP degradation
mechanisms, and CCM durability, highlighting their respective roles in determining
overall system efficiency and stability. Various mitigation strategies have been explored,
including platinum interlayers for hydrogen recombination, structural modifications to
improve catalyst utilisation, and optimised mechanical compression to minimise
degradation. While these strategies offer potential solutions, further research is needed
to address unresolved challenges, particularly in material stability under high-pressure

conditions, interfacial degradation, and scalable fabrication techniques. These will be
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part of this PhD research and the efforts will be crucial for advancing durable and
efficient high differential pressure PEMWE systems suitable for large-scale hydrogen

production.
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Chapter 3

Materials and Experiments
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3 Materials and Experiments

This chapter describes the experimental procedures employed in this study, focusing
on the fabrication of the catalyst-coated membrane (CCM) and the engineering of the
electrolyser testing setup. Section 3.1 introduces the specific materials used in these
experiments. The main CCM fabrication techniques, including airbrushing, ultrasonic
spraying, and decal transferring, are explained in detail in Section 3.2. Section 3.3
covers the electrochemical measurements, such as half-cell test, and single-cell test.
Additionally, Section 3.4 presents the physical characterisation methods, including

TEM, SEM, XRD, and XPS analyses.

3.1 Chemicals and materials

To facilitate the large-scale fabrication of CCM, commercially available chemicals and
materials were selected. These materials were sourced from various suppliers,
including the Fuel Cell Store, lon Power, Sigracet, Bekaert, and others. The details of
the materials used are summarised below:

Polymer electrolyte membranes

All membranes were procured from the Fuel Cell Store:

e Nafion® 115, 117, and 212 membranes.

e Fuma-Tech® FS-990-PK and F-10120-PK membranes.

e Aquivion® E98-09S and E98-15S membranes.

Catalysts

e Ir black, supplied by Johnson Matthey.

e PtlIrRu and IrOz2 catalyst blacks, purchased from the Fuel Cell Store.

e Irand IrOz catalyst black, from Fisher Scientific, UK.
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e Pt/C from Tanaka (TEC10E50E, 46.2 wt% Pt on high surface area carbon).
e Pt/C from the Fuel Cell Store (10% FC,10% Platinum on Carbon XC-72).
e Pt/C from the Fuel Cell Store (20% FC, 20% Platinum on Carbon XC-72).
lonomer dispersions

The ionomer dispersions used were purchased from the Fuel cell store:

e 25 wt% Aquivion (D98-25BS) and Nafion® D520.

Solvents

The solvents were sourced from Sigma-Aldrich:

e Isopropanol (IPA,= 99.5%) and ethanol (= 99.8%).

Gas diffusion layers (GDLs) and porous transport layers (PTLS)

The GDLs and PTLs used included:

e Sigracet 25BA and 39BB GDLs from the Fuel Cell Store.

e Toray TGP-H-090 GDL from the Fuel Cell Store.

e Platinised Ti-based PTLs with porosities of 30%, 50%, and 70% from the Fuel Cell

Store.

e Platinised Ti-based PTLs with porosities of 56%, 63%, and 77% from Bekaert.

e Ti-based PTLs with porosities of 30% from Anhui Contango New Energy

Technology

The water used in the report was deionised to 18 MQ cm purity using a Millipore water

system.

3.2 Fabrication of catalyst-coated membranes (CCMs)

The fabrication of CCMs involves several critical steps to ensure proper adhesion and

performance of the catalyst layer on polymer electrolyte membrane (PEM). A brief

overview is shown in Figure 3.1. The detailed procedures, including membrane pre-
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treatment, catalyst ink preparation, spraying, and hot pressing, are introduced in the

following sections.

1. Membrane

activation Spraying method
<l Ultrasonic spray Air spray ‘
H,0 S
H§Sé4 Hot pressing
Catalyst f
Solvent

3. Catalyst layer 4. Component

lonomer > . :
deposition integration

2. Catalyst ink
preparation

Figure 3.1 Overview of CCM fabrication processes.

3.21. Membrane pre-treatment

Before preparing CCM, PEM requires pre-treatment. The hydrophilic (-SOsH)
functional groups within the hydrated membrane form clusters, containing sulfonic acid
groups, water, and protons. These clusters, which expand as water content increases,
are connected by channels that facilitate proton conductivity 222223, The effectiveness
of the pre-treatment process is critical for minimising proton transport resistance. The

pre-treatment involves a series of activation steps to fully prepare the membrane:

1. Organic impurities removal: The membrane was heated in a 10% (v/v) hydrogen
peroxide (H202) aqueous solution at 80°C for 2 hours to eliminate organic impurities

such as glycerol, organic processing additives and some polymerization residues

224
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2. Rinsing: After the H202 treatment, the membrane was heated in deionised water at
80°C for 1 hour to remove any residual H20x2.

3. Protonation: The most crucial step is protonating the membrane using an acid. The
membrane was immersed in a 0.5 M sulphuric acid (H2SO4) solution at 80°C for 2
hours.

4. Final rinsing: It was then rinsed in deionised water at 80°C for 1 hour to ensure the
complete removal of H2SO4 traces.

5. Preservation: After the above pre-treatment steps, the membrane was stored in
deionised water to maintain its hydration. This ensures that the membrane is ready

for immediate use in future experiments without the need for reactivation.

Nafion® 212 was supplied with protective layers; therefore, no activation procedure

was required.

3.2.2. Catalyst ink preparation

For the preparation of catalyst inks, catalysts were first dispersed in a solvent prior to
the CCM fabrication. The main components of the catalyst ink include the catalyst,
ionomer and solvent (isopropyl alcohol or ethanol). The detailed optimisation of
variables such as the catalyst solid content, ionomer content, and solvent ratio will be
discussed in Chapter 4, and this section presents the optimal recipes for the catalyst
inks. The catalysts used for the cathode and anode were 46.2 wt% Pt/C catalyst from
TANAKA (TKK) and iridium black from Johnson Matthey (JM), respectively. The

preparation process of the catalyst inks is as follows:

Anode catalyst ink:
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24 mg of iridium black was added to a mixed solvent of 1000 uL (IPA and water in a
4:1 volume ratio), along with 20.87 uyL of 25wt% Aquivion D98-25BS ionomer

dispersion to give an I/C ratio of 25:100.

Cathode catalyst ink:

7 mg of 46.2 wt% Pt/C was mixed with 1000 pL of the same solvent (IPA and water in
a 4:1 ratio), and 16.8 pL of 25 wt% Aquivion D98-25BS ionomer dispersion to give an
I/C ratio of 69:100. The ionomer content was calculated as the mass of the dry ionomer
divided by the total mass of the dry ionomer and catalyst (based on the metal mass).
So, the optimal ionomer content in the catalyst ink was 25 wt% at the anode and 69

wt% at the cathode.

To obtain a homogeneous dispersion, the catalyst ink was initially ultrasonicated in an
ultrasonic bath (GT sonic-D6) for 30 minutes. This was followed by further
ultrasonication using a Sonics VCX-130 ultrasonic tip for an additional 5 minutes in an
ice bath to prevent overheating. For the ultrasonic tip, the parameter settings were
meticulously defined: the amplitude was set at 30%, and the pulse duration was

configured to alternate between 5 seconds on and 5 seconds off.

3.2.3. Catalyst layer spraying method and devices

After the catalyst ink was prepared, it was sprayed immediately onto PEM or a
substrate to form a catalyst layer. Two types of equipment were used in this thesis: an

air spray gun or an ultrasonic spray machine.

Air spray method
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The first spraying method used a spray gun (SPARMAX SP-35) under a nitrogen
carrier gas at a pressure of 3 bar, with a gas flow rate of 2 mL/min. The detailed

schematic diagram of the airbrush spraying process is shown in Figure 3.2.

X-Y Axis

Movement Membrane or

PTFE substrate

Hot vacuum
plate

Figure 3.2 Schematic diagram of the air brush spraying for fabricating CCMs.

To ensure efficient drying of the catalyst ink, the hot plate was maintained at 70 °C.
Specific cover films with a square empty areas of 5 cm?, 25 cm?, and 50 cm? were used
to cover the substrate, allowing for precise spraying of the active area. During the
spraying, the vacuum pump was used to create a vacuum to hold the substrate as well
as the gasket. To minimise the potential disturbance of catalyst particles caused by the
gas flow, the distance between the spray nozzle and the hot plate surface was carefully
maintained at 5 to 6 cm. The nozzle movement followed a coordinated pattern along
the x and y axes for each successive layer to ensure uniform spraying of the catalyst
layer across various substrates, and the axis movement was manually controlled

during the coating process.
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Ultrasonic spray

The ultrasonic spraying machine used in this study was the Nadetech spray coating
machine. In this system, the catalyst ink was stored in a syringe and delivered to the
nozzle via a micro-pump. An ultrasonic wave (at a frequency of 85 kHz) was introduced
at the nozzle to shatter droplets and spray them onto the substrate. The whole system
is controlled by the central computer, which has a built-in program named "ND-SP
spray coater’. The detailed schematic diagram illustrates the ultrasonic spraying

process in Figure 3.3.
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Figure 3.3 Schematic diagram for the ultrasonic spray coating to fabricate CCMs.

The ultrasonic spray coating system purchased from Nadetech is shown in Figure 3.4.
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Figure 3.4 Ultrasonic spray coating machine.

Several preliminary experiments were conducted to investigate the effects of different
parameters on catalyst layer formation, which will be discussed in Chapter 4. The

optimal spraying parameters were determined as follows:

Gas Supply: Compressed nitrogen at a pressure of 1 bar was introduced into the air-

focusing shroud to assist spray formation.

Movement Control: The nozzle movement was managed by an x-y-z stage, and its

movement was automatically guided along a predefined path, as shown in Figure 3.3.

Spray Pattern: A meander-shaped spray pattern with a 4 mm pitch was utilised for

uniform coverage.
Flow Rate: The catalyst ink spraying rate was 15 mL/h.

Nozzle Speed: The nozzle is moved at a speed of 1000 mm/min to ensure even

deposition.
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Substrate Heating: The membrane substrate was placed on a hot plate maintained
at 85 °C to facilitate rapid drying of the sprayed catalyst layer. An example of the

parameter settings as configured in the software is shown in Figure 3.5.

LU ND-SP Spray Coater Software
Project Options Edit Manual Process  Help

JZd & + B0 O [l s Configuration A\ Hotplate @) | Frequency 83900 Output 6
11 Project: New Project (No name) el == (W =2l
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Hot Surface
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Figure 3.5 Parameter setting for the ultrasonication spraying.

During the spraying process, the nozzle moves alternately in longitudinal and
transverse directions. The first layer is applied with a transverse spray (Y-axis direction),
followed by a longitudinal spray (X-axis direction) for the next layer, and so on. Each
layer of spraying consists of multiple passes with a step size of 4 mm. The "nozzle
distance" parameter in the software defines the vertical distance the nozzle moves
downward from its starting point. For example, a setting of 50 mm results in a 35 mm
distance between the nozzle tip and the membrane surface, given a maximum descent
of 85 mm. For the cathode and anode catalyst layers, nozzle distances of 50 mm and

35 mm were selected, respectively.

Under air spraying, a 5cm? CCM takes approximately 30 minutes to complete. In
contrast, ultrasonic spraying takes around 40 minutes for the same area, while the
preparation of a 50 cm? CCM requires approximately 1.5 hours. Considering the

catalyst loss during the spraying process, an excess amount of catalyst ink needs to
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be prepared. Based on the current experiments, both methods resulted in

approximately 60% catalyst loss.
CCM fabrication procedures

To determine the most effective method for fabricating CCMs, two approaches were

tested using the described spraying equipment: decal transfer and direct coating.

In the decal transfer method, catalyst ink was sprayed onto a polytetrafluoroethylene
(PTFE) sheet, which served as the decal substrate, with the cathode coated first,
followed by the anode. The coated substrates were dried at 50°C for at least 1 hour,
then assembled with membrane and hot-pressed at 160 Ib/cm? for 180 seconds. Hot-
pressing temperatures were set to 135°C for Nafion/Fuma-Tech membranes and
185°C for Aquivion membranes. After cooling, the PTFE substrate was peeled off to
transfer the catalyst layer to the membrane. However, incomplete transfer of the

catalyst layer often impacted consistency, limiting the method's reliability.

In the direct coating method, the membrane itself replaced the PTFE substrate,
eliminating the catalyst transfer step. Catalyst ink was sprayed directly onto the
membrane with loading of 2 mgir/cm? for the anode and 0.5 mgpt/cm? for the cathode.
After coating both sides, the CCM was dried in an oven at 50°C for at least 1 hour. The
CCM was then hot-pressed using the same procedure as the decal method to enhance
CCM stability. Following performance evaluation, the direct coating method
demonstrated superior results compared to the decal method and was subsequently

adopted for the later stages of the research.
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Figure 3.6 Two different CCM fabrication processes.

3.3 Electrochemical characterisation

3.3.1. Electrochemical surface area (ECSA) measurement

To quickly optimise the ionomer content in the cathodic Pt catalyst layer, the half-cell

GDE testing method was employed. Compared to the PEMWE single cell test, the

GDE test avoids the complex fabrication pro

interference from other electrolyser components. The ionomer content was adjusted to
69 wt%, 45 wt%, 25 wt%, 20 wt%, and 15 wt%, with other conditions consistent during
the CCM catalyst ink preparation. The catalyst was sprayed onto the GDL (39BB) and

tested in an ex-situ GDE half-cell (FlexCell, Gaskatel), as shown in Figure 3.7, and the

ECSA was calculated.

cess of CCMs, saving time and preventing
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Figure 3.7 Cross-sectional view of the FlexCell setup 22°.

The measurement was conducted in a 1.0 M HCIO4 electrolyte, with N2 gas purged for
at least 20 min to remove dissolved oxygen. The testing protocol included 100 CV
cycles at a rate of 100 mV/s within a potential range of 0.05 V to 1.2 V versus the RHE.
Then three slow cycles were performed at 20 mV/s to record data for calculating ECSA

of the electrode. A typical CV scan for ECSA measurement is illustrated in Figure 3.8:

21 Hydrogen
desorption

charge area (S,)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential applied (V vs RHE.)

Figure 3.8 CV measurement of the Pt/C catalyst GDE.
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The number of electrons measured during hydrogen desorption or absorption process
corresponds to the active sites on the catalyst surface. This is defined as the ECSA

(m?/ g) and can be calculated by 226:

_ Qu(0) 5
EesA= 210 (uC - cm?) X L(mg cm~2) x A4(cm?) x 10 ®)

In this equation: Q4 (C) represents the hydrogen desorption charge (in coulombs), and
L is the Pt loading on the electrode, A is the geometric area of the electrode. To simplify

the calculation further, the equation can also be expressed as:

Sarea

ECSA = v 6
0.21 (mC - cm?) X My, (6)

Where: S,,., is the area of hydrogen desorption charge, which can be obtained by

integrating the current vs. potential plot (CV curve) in the hydrogen desorption region.
v is the scan rate of CV measurement, and

M, is mass loading of Pt on the electrode.

3.3.2. PMEWE performance testing (5 cm?)

To evaluate the CCM performance in an electrolyser, the experiments were conducted
using a LeanCat single cell with a 5 cm? active area. D.l. water was pumped to the
anode side at a flow rate of 10 mL/min using a peristaltic pump. The cell components
were assembled with 4 screws, ensuring uniform contact pressure by tightening each
screw to 3.5 N-m. Temperature was maintained at 80°C using a controller that
monitored the anode, cathode, and inlet water temperatures. The detailed electrolyser

system is shown in Figure 3.9 and Figure 3.10
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control

Figure 3.10 Detailed assembling of the testing cell.

Before testing, the electrolysis cell was operated using a conditioning protocol with 20
times of polarisation curve scans to activate the CCM. Polarisation curves (V vs. j)
were recorded with the constant voltage mode with the cell voltage adjusted stepwise

by the power supply and the corresponding current density recorded after 1-minute
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intervals. Electrochemical impedance spectroscopy (EIS) analysis was performed with
a potentiostat (lviumStat.XRi) at 1.5 V under different conditions, varying the frequency
from 100 kHz to 0.1 Hz with an amplitude of 10 mV. The summarised operating

conditions are listed below:

Table 3-1 Experimental operating conditions applied.

Condition Setpoint
Active area 5 cm?
Cell temperature 80 °C
Water temperature at Anode 80 °C (inlet)
Water flow rate at Anode 10 mL/min
Water quality Millipore water system (18 MQ cm)

Assembling 3.5 N'm (4 M6 screws)

3.31. PMEWE performance testing (50 cm?)

The CCM with a large active area was evaluated under high current density and high-
pressure conditions using Horiba-Fuelcon Evaluator C50-EC PEM water electrolysis
testing system. The 50 cm? electrolyser testing cell, provided by Contango (Figure
3.11), can withstand pressures up to 35 bar and features a parallel flow field with 2 mm
wide and deep channels. The test station supports pressure differences up to 50 bar
and operating temperatures up to 90 °C. The power supply delivers a maximum current
of 600 A and a maximum voltage of 30 V. Cell temperature was controlled by the anode
water, with a flow rate of 2 mL/(min cm?) to ensure uniform temperature distribution and

sufficient reactant supply to the anode. No flow was applied to the cathode side during
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operation. Additionally, thermal insulation cotton covered the electrolyser cell to
maintain the target temperature during long-term testing. An ULTRA CLEAR® TP
ultrapure water system ensured a consistent supply of high-purity water, while water
conductivity sensors monitored water quality at both the anode and cathode inputs. A

schematic of the test setup is shown in Figure 3.12.

Figure 3.11 Image of the electrolyser testing cell used in HoribaFuelCon testing

system.
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Figure 3.12 Image of the HoribaFuelCon testing system.

The CCM assembling steps followed the same procedure as that for the small
electrolyser cell. On each side of the CCM, 250 uym platinised PTLs were placed,
followed by 250 ym PTFE gaskets for proper sealing and leak prevention. The
assembly was tightened progressively, starting at 2 Nm and increasing to 4 Nm, 7 Nm,
and finally 10 Nm, to ensure uniform pressure distribution. The cell was tested at 70°C
or 80°C, with a conditioning protocol applied to activate the CCM before recording
polarisation curves, following the same procedures as described for the small
electrolyser testing cell. To evaluate performance under high-pressure conditions, the
cathode-side pressure valve was manually adjusted (P1090) to the desired value by
using the software TestWork (Figure 3.13). The cell was operated at 1.8 V to generate
hydrogen until the cathode pressure reached the target level. During operation, the
hydrogen content sensor (thermal conductivity sensor) integrated in the testing system

continuously monitored the hydrogen content in the anode to ensure safety. Once the

70



target pressure was achieved, further measurements were performed.
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Figure 3.13 Screenshot of a process control software interface (TestWork).

3.3.2. Hydrogen crossover testing

Considering the lower explosive limit (LEL) for hydrogen/oxygen mixtures of 4 vol%,
the hydrogen concentration in the anode exhaust was continuously monitored for
safety using a Michell XTC601 gas sensor integrated in the Horiba test system. This
sensor measures the thermal conductivity of the anode outlet gas to determine
hydrogen concentration, with a range of 0—-5% and an accuracy of £2%. A flow diagram

illustrating the hydrogen crossover testing system is provided in Figure 3.14:
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Figure 3.14 Flow diagram of the hydrogen crossover testing in the system.

Before initiating hydrogen permeability tests, the electrolyser and associated pipelines
were purged with nitrogen. The operating parameters, including cell temperature,
pressure, water flow rate, and water temperature, were set to the desired values and
stabilized. Hydrogen content in the oxygen was measured at various differential
pressures, achieved by adjusting the cathode pressure while maintaining the anode at
1 bar. The cell was operated in constant current mode, with six current densities
ranging from 0.25 to 2.5 A/cm?. Each step was maintained until the hydrogen crossover
stabilised, which required longer times at lower current densities due to the slower gas
production rates. For example, steady state was achieved in 6 hours at 0.25 A/lcm?,

while at 2.5 A/cm?, it took only 1 hour.
3.3.3.  Accelerated stress testing (AST)

To assess catalyst stability under realistic operating conditions while reducing testing

time, an accelerated stress test protocol was employed. The AST cycled between high
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and low current densities with idle periods at open-circuit voltage (OCV) to simulate
fluctuations encountered when coupling the electrolyser with renewable energy
sources. The electrolyser was maintained at 80°C, with a cathodic pressure of 11 bar
and an anodic pressure of 1 bar. The anode was continuously pumped with 100 mL/min
of deionised water to ensure proper hydration. The AST cycle consisted of three
phases: 10 minutes at 3 A/cm? (high current), 10 minutes at 0.1 A/cm? (low current),
and 10 minutes at 0 A/cm? (OCV). Each cycle lasted 30 minutes, and the test was

conducted for 200 cycles.

3.4 Physical characterisation

3.41. Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) analysis was used to observe the
microstructure and thickness of the catalyst layer. It was performed using Hitachi
TM3030 at an accelerating voltage of 15 kV to image the catalyst layer and porous
transfer layer surface. Images were used to measure the catalyst layer thickness and
to study the catalyst layer microstructure. The SEM samples were prepared by

breaking the CCMs in liquid nitrogen.
3.4.2. Transmission Electron Microscope (TEM)

The transmission Electron Microscope (TEM) analysis was used to analyse the
morphology and distribution of the commercial electrocatalyst particles at the
nanoscale. To conduct TEM analysis, the electrocatalysts were initially dispersed in
IPA using sonication, a drop of the solution was then pipetted onto a Cu grid (CF300-
CU) containing a holey carbon film. The electrocatalysts were then left to dry in air and

analysed using Jeol 2100 TEM at 200 kV.
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3.4.3. Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)

ICP-MS was conducted to measure the catalyst loading of Pt and Ir in the CCMs. A
piece of 2 cm? CCM were dissolved in 10 mL (50%) of Aqua Regia solution in autoclave
at 90 °C for 10 hours. The aqua regia solution was made by diluting 9.45 mL of HCI
(37%, Sigma Aldrich) and 3.3 mL HNO3 (70%). The solution was allowed to cool down
and then diluted to approximately 500 parts per billion as well as filtering through a
0.22 um filter to remove any particulate matter. Then the sample was loaded to ICP-
MS device (Perkin EImer Nexion 300X, USA) with a plasma strength of 1500 W. The
catalyst loading is determined based on the results of the ICP. To ensure analytical
accuracy, each condition was measured by ICP using three independently prepared

samples.
3.44. X-ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy analysis was used to understand the platinum
interlayer coated on the membrane. The measurement was performed with a NEXSA
spectrometer (ThermoFisher Scientific) using a 72 W micro focused monochromatic Al

Ka source. The results were calibrated using the C 1s peak at 284.8 eV as a reference.
3.4.5. Dynamic light scattering (DLS)

Dynamic Light Scattering was used to assess the stability of the catalyst ink and
analyse the particle size distribution of the dispersion. {-Potential and particle size
analyses were conducted using a Malvern Zetasizer Ultra (1310/103). All tests were
performed at 25°C. The zeta potential was calculated using the Helmholtz—
Smoluchowski equation. To ensure measurement repeatability, all tests were repeated

five times, with error bars in the figures denoting the standard deviation. The
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experiments were conducted with diluted iridium inks at a concentration of 0.1 wt%.
This section employs the particle size distribution by intensity as it provides more

accurate insights into the particle size distribution within the ink.
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Chapter 4

Benchmarking set up and testing for PEM
water electrolysers

The work presented in this chapter has been accepted as ‘Challenges in Scaling Up
Testing of Catalyst Coated Membranes for Proton Exchange Membrane Water
Electrolyzers’to Frontiers in Energy Research: Front Energy Res 13 (2025) 15570609.
https://doi.org/10.3389/FENRG.2025.1557069/BIBTEX.

76



4 Benchmarking set up and testing for PEM water
electrolysers

The performance of a PEM water electrolyser is influenced by a variety of factors,
including assembling force, water flow rate, porous transport layer (PTL) properties,
and membrane selection. Variability in these parameters not only impacts experimental
reproducibility but also affects critical performance indicators such as current density,
voltage efficiency, and system stability 227228, For instance, improper assembling force
can result in uneven contact between components, while inappropriate water flow rates
may lead to insufficient membrane hydration and overall performance. These
complexities highlight the necessity of a systematic approach to optimise key
parameters and establish robust testing protocols. This chapter investigates the
influence of these variables on electrolyser performance, focusing on the development
of an optimised setup for both small-area (5 cm?) and large-area (50 cm?) PEMWE
single cell testing. Key parameters, including the assembling force, gasket selection,
water flow rates, PTL porosity, and membrane thickness, are systematically
investigated to identify optimal configurations. By addressing these factors, this study
aims to provide a reliable framework for benchmarking PEMWE performance and

ensuring reproducibility across different experimental setups.

4.1 Experimental set-up

With limited prior experience in PEMWE in our research group, the initial setup and
optimisation were undertaken to systematically investigate the influence of each key
component, with the aim of identifying an optimal configuration to achieve best
performance in the electrolyser test. The tests began with a comprehensive analysis

of the primary factors using a 5 cm? electrolyser (LeanCat), After determining the
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optimal conditions, these findings were further validated in the large electrolyser with
HoribaFuelCon testing system. An overview of the key PEMWE cell components used

in the experimental setup is illustrated in Figure 4.1.

@ Torque forces

Catalyst layer €
Current <= 452 Membrane

collector € ” ‘ - Porous transport
— R/ layer
End plate ¢ I R

Figure 4.1 Overview of key PEMWE cell components for experimental setup.

4.2 Assembling force

When assembling a CCM in the testing cell, the applied force plays a critical role in
performance. To examine the effect of the assembling force, the torque on the screws
was tightened, ranging from 2 to 4 N-m. In this study, the polarisation performance of
the CCM was evaluated at each torque setting, while all other operating conditions
were kept consistent with the standard protocol. To minimise external variables, a
commercial CCM (Fumea EF-10) was used, with an anode Iridium catalyst loading of

2 mgir/cm? and a cathode Pt/C loading of 0.5 mgpt/cm?.

To achieve uniform contact across the entire area of the cell components, the
assembling force was carefully controlled. The cell was tightened incrementally,
beginning with a lower torque value and gradually increasing to the target force. This
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staged tightening process helps to evenly distribute pressure across the membrane
and PTL, minimising potential issues such as uneven stress distribution or deformation,

which could degrade performance or even damage the cell.

2.0+

> 1.84

s

)

c

3 16-

[o]

o
=2 N m

1.4 ——3Nm

=—h=—35Nm
—g=4 N m

00 05 10 15 20 25
Current density (A/lcm?)

Figure 4.2 Polarisation cures for the CCM under different assembling force.

A comparison of the current density at 1.8 and 2 V are shown in Figure 4.3.
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Figure 4.3 Comparison of the current density at 1.8 V and 2.0 V for the testing cell

assembled at different torque forces.
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As shown in Figure 4.2, the cell current density increases with the assembling force,
particularly between 2 to 3 N-m, where the current density at 1.8 V increases notably
from 1.21 A/cm? to 1.35 A/cm?. A further increase in torque force provides minimal
benefit. When comparing 3 N-m and 3.5 N-m, there is no notable increase, with current
density peaking at 2.41 A/cm? and 1.35A/cm? at 1.8 V and 2 V respectively, at 3.5 N-m.
Beyond this point, a slight decrease in current density occurs, dropping to 1.3 A/cm?
and 2.31 A/lcm? at 4 N-m for 1.8 V and 2 V, respectively. This trend suggests that
excessive assembling torque force can negatively affect the cell performance. An
optimal assembling force enhances the physical contact between the PTL, catalyst
layer, and flow field plates, thus enhancing interfacial contact. This observation is
consistent with other studies, which report that the optimal clamping pressure reduces
the ohmic resistance 177229230 On the other hand, insufficient assembling force may
lead to gas leakage and poor interfacial contact, while excessive force poses a risk of
damaging the CCM. Based on these results, in the following testing, cells are tightened

with a torque force of 3.5 N-m.

4.3 Gasket effect

Besides the assembling force, the gasket plays a critical role as a sealing material to
prevent the leakage of water and the generated gases. Proper gasket compression
can optimise the interfacial contact between components, contributing to a better
performance 231232 |n this study, PTFE gaskets of various thicknesses (300 um, 250
pMm, and 150 ym) were tested with 250 pm-thick PTLs. This experiment is based on
the previous assembling force experiments, and the polarisation curves for each

gasket thickness are shown in Figure 4.4.
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Figure 4.4 Polarisation curves obtained using PTFE gaskets of different thicknesses

(300 pm, 250 pm, 150 pm),

The results indicate that gasket thickness has a negligible effect on the overall
electrolyser performance. Among all the tested gaskets, the 250 um gasket exhibits
the highest performance among all the gaskets. A thinner gasket (less than 150 um)
causes excessive pressure on the PTL surface leading to deformation of both PTLs
and CCMs. Conversely, a much thicker gasket (greater than 300 um) required an
extremely high assembling force; otherwise it would result in poor contact between the
CCM, PTL, and the flow field plate. Additionally, it cannot provide a proper sealing,
leading to water leakage. A previous study determined that an assembling force
between 2 MPa and 3 MPa is ideal for PEM water electrolysers, as it provides sufficient
compression for the PTL '77. In this work, four M6 screws with a torque of 3.5 N'm
achieves a pressure of 2.4 MPa, and the 250 ym PTFE gasket under this pressure

provides the optimal compression for the PTLs.
4.4 Water Flow Rate
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Water flow rate is another critical variable that can impact PEMWE performance. While
some studies suggest that water flow rate has a relatively minor effect on the
electrolyser, it can help maintain the temperature control and ensuring uniform water
distribution within the system, both of which can impact overall performance 233, Similar
to the assembling force, this variable also has an optimal range. An insufficient water
flow rate may fail to maintain the membrane hydration and can lead to overheating,
whereas an extremely high water flow rate can accelerate catalyst loss through

dissolution or erosion effects 229.234-236,

In this investigation, the commercial CCM (Fumea EF-10) was used. The flow rate was
adjusted to 5, 10, 15, 20 and 30 mL/min, corresponding to 1 to 6 mL/(min-cm?) based
on the 5cm? effective CCM area. A series of polarisation curves were recorded
accordingly, as shown in Figure 4.5. To ensure stable operating conditions, the
electrolyser was allowed to equilibrate for 30 minutes at each flow rate before recording

the polarisation curve.
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Figure 4.5 Polarisation curves recorded at different water flow rates (5, 10, 15, 20, 30

mL/min).

The results indicate only minor variations in cell performance across the different water
flow rates, with a slight decline observed at the lowest (5 mL/min) and highest (30
mL/min) flow rates. For intermediate flow rates between 10 and 25 mL/min,
performance remains nearly constant. This trend may be associated with the flow-field
design of the bipolar plate. A higher flow velocity can alter the water flow regime,
exerting a greater impact on the cell than the mass transport enhancement provided
by the increased flow rate. Consequently, performance deterioration may occur at
excessively high flow rates 234, Based on these observations, an optimal flow rate of
10 mL/min, equivalent to 2 mL/(min-cm?), is selected for further experiments. This rate
provides a balance between performance and the operational demands of the water
recycle pump and aligns with the flow rate range specified in the “EU Harmonised

Protocols for Testing of Low Temperature Water Electrolysers” 236,
4.5 Porous transport layer
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The PTL serves a critical function between the flow field plate and the catalyst layer,
facilitating both the transfer of water and the removal of produced gases. The
properties of PTLs vary significantly due to differences in material composition, porosity,
and surface coating, all of which influence single cell performance 5. In this section,
selected PTLs were examined and categorised into two main types: titanium-based
PTLs (surface platinization), and carbon-based GDLs. The titanium-based PTLs

include various forms from the Fuel Cell Store:

® Ultra-thin sintered: thickness of 0.25 mm, porosity of 33%
® Fibre felt: thickness of 0.25 mm, porosity of 56%.

® High porosity fibre felt: thickness of 0.25 mm, porosity of 73%.
Additionally, some widely used titanium-based PTLs produced by Bekaert include:

® (05N-0.15: thickness of 0.15 mm, porosity of 63%.
® (05N-0.25: thickness of 0.25 mm, porosity of 77%.

® 10N-0.25: thickness of 0.25 mm, porosity of 56%.

The carbon-based GDLs assessed include Toray TPG-H-090 (0.28 mm), SGL 39BB
(0.315 mm) and 25BA (0.235 mm). Due to the vulnerability of carbon-based GDLs to

corrosion under the high anode voltage, they are restricted to the cathode side 23723,

To ensure a consistent evaluation, the commercial CCM (Fumea EF-10) was employed.
Throughout the testing, the cell assembly was maintained at an assembling force of
3.5 N-m, and all other relevant parameters were kept constant. Three platinised Ti-
based PTLs from the Fuel Cell Store were compared at the anode side, with the 33%
porosity PTL used at the cathode side. The polarisation curves are shown in Figure

4.6.
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Figure 4.6 Polarisation curves obtained using PTLs from Fuel Cell Store with different

porosity at the anode side.

It can be concluded that the performance decreases as porosity increases. The
platinised ultra-thin titanium porous transport layer with a porosity of 33% at the anode
side shows the highest performance. At 1.8 V, the PTLs with the porosity of 56% and
73% exhibit a decrease in performance by 13.6% and 31.2%, respectively, compared
to the 33% porosity PTL. Further performance tests were conducted on the anode side
for four different PTL models produced by Bekaert and compared to the best-
performing 33% porosity PTL from the Fuel Cell Store. The test results are shown in
Figure 4.7. In this experiment, the 33% porosity PTL was also used on the cathode

side.
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Figure 4.7 Polarisation curves under various Bekaert PTLs at the anode side.

The Bekaert PTLs exhibit a similar trend to those from the Fuel Cell Store: performance
decreases as porosity increases. At 1.8 V, the current densities are 1.28 A/cm? (56%
porosity), 1.10 A/lcm? (63% porosity) and 0.95 A/cm? (77% porosity). Among all Bekaert
PTLs, 56% porosity PTL shows the highest performance. However, its performance
remains lower than that of the 33% porosity PTL from the Fuel Cell Store, which
achieves a current density of 1.35 A/cm?. However, subsequent experiments reveal
significant batch-to-batch variability in Fuel Cell Store PTLs. For instance, in a second
batch, the 33% porosity PTL only reaches 0.68 A/cm? at 1.8 V, indicating a lack of
reliability. Therefore, for all subsequent experiments, the 10N-0.25 (56% porosity)

PTLs from Bekaert are used as the anode PTL due to its more consistent performance.

After analysing the porosity effect on the anode side, the effect of PTLs at the cathode
side is also examined. Three Bekaert Ti-based PTLs and three GDL-based GDLs were
investigated at the cathode side using the commercial CCM (Fumea EF-10). The

recorded results are presented in Figure 4.8. The Ti-based PTLs exhibit superior
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performance compared to the carbon-based GDLs. This improved performance can
be attributed to the higher electrical conductivity of titanium compared to carbon
materials. Additionally, the performance trend of Ti-PTLs on the cathode side follows a

similar pattern to that observed at the anode side.
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Figure 4.8 Polarisation curves for the test with various PTLs and GDLs at the cathode

side.

To gain a deeper understanding of the effect of porosity, the surface structures of PTLs
with different porosities were imaged by the SEM analysis, as shown in Figure 4.9. The
low-porosity titanium-based PTLs are primarily composed of sintered titanium,
whereas the high-porosity carbon-based or titanium-based PTLs exhibit a fibrous
structure. The SEM images clearly show that the low-porosity PTLs have a denser

surface structure and a larger contact area compared to high-porosity PTLs.
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73% PTL HMUDS82 x200 500 um 39 HMUD82 x200 500 um

Figure 4.9 SEM images of different PTL surfaces: (a) platinum-coated titanium felt with
33% porosity from Fuel Cell Store; (b) platinum-coated titanium felt with 56% porosity
from Bekaert; (c) platinum-coated titanium felt with 73% porosity from Bekaert; (d)

carbon paper 39BB from Fuel Cell Store.
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Figure 4.10 lllustration of the effect of the PTL porosity on gas release.

An illustration of the effect of porosity on gas release is presented in Figure 4.10. The
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observed performance variations can be attributed to the differences in interfacial
contact resistance and gas transport properties. PTLs with lower porosity offer a larger
contact area between the PTL and the flow field plate, as well as between the PTL and
the catalyst layer, leading to reduced interfacial resistance. However, gas transport is
also affected by PTL porosity. Larger porosity facilitates the removal of generated
gases, whereas lower porosity may trap gases, resulting in increased mass transport
resistance. Previous studies suggest that the optimal porosity range for PTLs is
between 30% and 50% 22°, while some reports indicate that larger porosities may be

beneficial for high current density operation under high differential pressure 41240,

In this study, only porosity data were available for the commercial PTL materials used,
while other structural parameters such as pore size, distribution, and tortuosity were
not provided by the supplier. Although the performance trends were discussed primarily
based on porosity, it is important to acknowledge that these additional properties also

influence mass transport and interfacial contact 241.242,

Therefore, based on these findings, the 56% porosity PTL from Bekaert is selected for
further experiments, as it balances the gas transportation and interfacial contact

resistance.

4.6 Membrane selection

The membrane is the key component in the CCM, and various membranes with
different structures and thicknesses are available from different manufacturers. To
evaluate the effect of the membrane thickness, six membranes with different
thicknesses, sourced from three suppliers, were tested by a self-fabricated CCM. The
specific thicknesses of these membranes are listed in Table 4-1. All membranes were

pre-treated according to standard activation procedures to maximise proton
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conductivity and ensure reliable baseline measurements. All CCMs were prepared
using the decal transfer method to ensure consistent catalyst loading across samples.
The anode contained an Ir loading of 2.5 mgi/cm?, and the cathode employed a Pt/C
catalyst with a loading of 0.5 mget/cm?. The ionomer content was specified as 33 wt%
for the anode and 69 wt% for the cathode. In the cathode, Pt nanoparticles are
dispersed on porous carbon supports rather than being exposed directly. As a result,
not all Pt particles are naturally in contact with ionomer. A higher ionomer content is
required to ensure more uniform coverage of the catalyst surface, facilitating efficient
proton transport to a greater number of active Pt sites %8. The results of CCM testing

are presented in Figure 4.11.

Table 4-1 Membrane specification and the corresponding CCM testing results.

Membrane Suppliers Thickness (um) 1.8 V(A/lcm?) 2V (Alcm?)
Nafion 212 Chemours 50 1.61 2.94
E98 - 09S Solvay 90 1.30 2.23
FS-990 - PK Fumatech 85-105 1.28 2.14
Nafion 115 Chemours 127 1.27 2.10
E98 - 155 Solvay 150 1.15 1.95
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Figure 4.11 Polarisation curves for the CCMs with different membranes.

Based on the polarisation curve results, it can be observed that the performance of the
CCM correlates with the thickness of the selected membrane. In other words, the
thinner the membrane, the higher the current density generated. This observation
aligns with previous findings that proton conductivity increases as the membrane
thickness decreases '#5. For N212 (50 um), which is the thinnest, reaches a current
density of 1.61 A/cm? at 1.8 V, indicating that thinner membranes enhance
electrochemical performance. Conversely, E98-15S membrane from Aquivion® (150
um), the thickest, the lowest performance, with a current density of only 1.15 A/cm? at
1.8 V. These results confirm that increasing membrane thickness reduces proton

conductivity, leading to a decline in electrochemical performance.

However, in practical applications, especially for high differential pressure PEMWEs,
thinner membranes result in higher gas crossover. Therefore, a good balance between
the performance and the gas crossover is essential. Generally, relatively thick

membranes (120-200 um), such as Nafion® 115 and 117, are used in PEMWEs to
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ensure low gas crossover and mechanical robustness 3145, Thus, considering that the
cell operates under a differential pressure of 10 bar or higher in the following
experiments, E98-15S membranes are selected for the following experiments to

minimise gas crossover while maintaining performance.

4.7 Testing and conditioning method

For PEMWESs, conditioning CCMs is essential for reaching the best performance, and
this process may require several hours or even days. The conditioning serves three
purposes: (1) removing impurities within the CCMs, (2) activating the catalysts and
establishing efficient pathways for water and gas transport, and (3) hydrating the
membranes to enhance proton conductivity. However, there is no standardised
conditioning procedure for CCMs, and existing protocols involve applying a sequence
of stepped potentials or currents to maximize performance. To study the impact of
different conditioning methods on CCM performance, a home-made CCM was
selected, with the anode contained an Ir loading of 2.5 mgi/cm?, and the cathode
employed a Pt/C catalyst with a loading of 0.5 mgpr/cm?2.The ionomer content was
specified as 33 wt% for the anode and 69 wt% for the cathode. Additionally, each
conditioning method was tested with a freshly prepared CCM.
1) Excess voltage conditioning method

In this experiment, a high voltage (2.2 V) was applied to the electrolyser for 3 hours to
activate the CCM. Studies have reported that applying a high voltage can accelerate
activation processes 2*3. The polarisation curves for this method are presented in

Figure 4.12.
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Figure 4.12 (a) Polarisation curves before and after the excess voltage conditioning;

(b) The current density decay over time during the conditioning at 2.2 V.

It is obvious that applying a high voltage negatively affects CCM performance. The
current density at 1.8 V declines significantly, from 1.15 A/cm? to 0.62 A/cm?. Besides,
the conditioning process has been monitored, as shown in the Figure 4.12 (b). Similarly,
the current density at 2.2 V decreases dramatically from 2.4 A/cm?to 0.9 A/cm?, without
signs of stabilisation. Some studies have indicated that high current or voltage can
accelerate catalyst dissolution, thereby reducing both the stability and performance of
PEMWE 244245 |ridium-based catalysts are relatively stable but begin to dissolve above
1.8V, forming unstable Ir(Ill) complexes that rapidly degrade through electrochemical
reactions 246, Although this conditioning method has been reported to be effective for
specific CCMs, it was not suitable for the CCM used in this study, which employed

iridium black (JM) as the catalyst.

Thus, considering the negative effects observed, this conditioning method is not

considered for further use.
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2) Step conditioning method

The second conditioning method, adapted from protocols developed by the National
Renewable Energy Laboratory (NREL), applies a series of constant current and

constant voltage steps 247248, The specific steps are as follows:

® 1 hour at 0.2 A/cm? (current-controlled)
® 1 hour at 1 A/cm? (current-controlled)
® 30 min at 2 V (voltage-controlled)

® 2 hours at 1.7 V (voltage-controlled)

The polarisation curves obtained with this method are given in Figure 4.13.
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Figure 4.13 Polarisation curves before and after using step conditioning.

With this conditioning method, the CCM shows a performance decline, with the current
density decreasing from 1.29 A/cm? to 1.14 A/cm?, a reduction of approximately 11.6%.
Compared to the first method, this method uses a moderate voltage (2 V), which may
result in less degradation. However, signs of catalyst detachment were observed after

conditioning. Other reports suggest thatimmersing the CCM in sulfuric acid can restore
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the CCM performance, so the conditioned CCM was immersed in 0.5 M H2SO4 at room
temperature for 24 hours 249250 After acid treatment, the CCM appears to have
regained its initial performance, as shown in Figure 4.13. Based on these results, this

conditioning method does not fully enhance CCM performance.

To further investigate the conditioning mechanism, an old commercial CCM (EF-10),
which had not undergone prior activation, was assembled in the electrolyser. This CCM
was subjected to two conditioning steps: (1) a 10-minute conditioning at a current
density of 0.2 A/cm? (low current conditioning) and (2) a 10-minute conditioning at 1
A/cm? (high current conditioning). The polarisation curves of different conditioning step
and the fully conditioned CCM (standard) are shown in Figure 4.14, with a detailed

view of the low current range (Figure 4.14 (b)).
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Figure 4.14 (a) Polarisation curves for different conditioning steps; (b) Magnified view

of the low-current region.

The results indicate that the initial conditioning step primarily activates the CCMs in the

low current range (< 0.5 A/cm?), while the second step significantly enhances the
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performance at the high current density region (> 1.5 A/cm?), suggesting that the
activation process primarily occurs within these operational ranges. Based on these
findings, it can be inferred that conditioning is effectively achieved by exposing the
CCM to different current ranges. However, only setting the conditioning at some fixed
current or voltage with prolonged operation may not fully activate the CCMs. Thus, a
more efficient activation strategy would involve a linear voltage sweep from 1.3 V to
2.0V, ensuring activation across the full operational range. Additionally, multiple short-
duration scans (e.g., 1-minute intervals) rather than extended conditioning periods
(e.g., 2 hours) may reduce potential degradation effects while still achieving complete

activation.

3) Linear voltage sweep conditioning method

Based on the above conclusions and mechanism study, a simplified conditioning
method was developed. This method applies a linear voltage sweep from 1.3V to 2.0
V, repeated 20 times under constant voltage control, with each voltage step held for 1
minute. The corresponding voltage profile during conditioning is shown in Figure 4.15
(a). The total conditioning time is approximately 3 hours. The performance of the

prepared CCM after applying this method is demonstrated in Figure 4.15 (b).
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Figure 4.15 (a) Voltage profile during the conditioning (only the first three of 20 total

cycles are shown for clarity); (b) Polarisation curves before and after linear voltage

sweep conditioning.

The performance shows an increasing trend, with the CCM improving by approximately
21% at 1.8 V, and the acid treatment seems to have a negligible effect on the CCM,
which means that this method can maximise the CCM performance. These results
demonstrate that this conditioning method is more effective than previously tested
methods. Since the CCMs used in this experiment were freshly prepared, aggressive
or long-period activation methods were unnecessary. Therefore, this linear voltage
sweep conditioning is selected for subsequent experiments, ensuring efficient
activation while minimising performance degradation caused by high voltages and

extended conditioning times.

4.8 Cell testing with 50 cm? active area

Based on the optimal setup conditions identified in previous sections, the homemade
50 cm? CCM was assembled in a large electrolyser testing cell from Contango, China.

The initial testing revealed extremely poor performance, with a current density of only
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0.72 A/lcm? at 1.8 V. To improve the interfacial contact between PTL and catalyst layer,

a series of new assembling methods were designed as illustrated in the Figure 4.16.
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100 um | A t C A C A , 100 pm
gasket LI UL — gasket
1000 pm -
PTL Tk 200 pm
GDL
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Anode/Cathode: Anode/Cathode: Anode: Cathode:
250 ym PTL 250 pm PTL 250 pm PTL 200 um GDL
100+200 ym gasket 250 pm gasket 250 ym gasket 100 pm gasket

———= 100 ym gasket = 250 pm PTL
C——= 200 pmgasket [ 1000 um PTL
3 250 pm gasket m=m==m 200 um GDL

Figure 4.16 Cross-sectional views of different assembly methods for the 50 cm?

electrolyser testing cell.

In the images above, ‘A’ and ‘C’ represent the anode and cathode, respectively. The
main difference among the three assembling methods is the arrangement of the PTL
and the thickness of the gasket, with all methods using the same assembling torque of
10 N-m (as recommended by the manufacturer). Below is a discussion of each

assembling method and its impact on CCM performance:

® Assembling method 1: This method uses a thicker PTFE gasket with 300 um to
prevent excessive compression of the PTL. Based on the previous results, a

gasket thicker than the PTL may cause inadequate contact between components
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and even result in leakage. However, the large electrolyser normally requires a
high assembling force to achieve a uniform contact across the entire area, which
is essential for optimal thermal, electrical, and mass transport distribution. A higher
torque may compensate for this limitation.

Assembling method 2: This method is based on the optimal configuration
identified in previous experiments, using a PTFE gasket and PTL of equal
thickness (0.25 mm). By ensuring uniform pressure distribution and effective
mechanical sealing, this method balances contact resistance and component
stability, which may contribute to improved performance.

Assembling method 3: This configuration, recommended by the manufacturer,
the titanium PTL is replaced with a carbon-based GDL. Due to its higher
compressibility, the GDL allows for more even pressure distribution. However,
over-compression of the GDL can significantly reduce its porosity, hindering gas

transport and potentially compromising overall CCM performance.

Based on the above analysis, it is clear that material compressibility, applied force, and

electrical contact distribution significantly influence overall electrolyser performance.

Notably, the issue of membrane swelling also requires consideration, especially for the

large area CCMs. During operation, the membrane absorbs water, potentially changing

its thickness and shape. This change may result in uneven contact distribution and is

the main reason for the poor performance observed in initial tests. Thus, in the practical

application, especially for large electrolysers or stacks, the CCM should be sealed to

prevent membrane swelling and to maintain optimal contact 232251252 To test the effect

of the different assembling methods on electrochemical performance, CCMs with 50

cm? active area were prepared using the same fabrication process, and the resulting
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polarisation curves are shown in figure 4.17.
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Figure 4.17 Polarisation curves under different assembling methods for the 50 cm?

CCMs.

Obviously, the second assembling method exhibits a better performance which is
consistent with findings from 5 cm? testing rig, where the PTL and PTFE gasket had
the same thicknesses. In this configuration, the current density reaches 1.54 A/cm? at
1.8 V, indicating that a moderate compression ratio optimises performance. The first
method performs the worst performance due to the use of a thicker PTFE gasket.
Under the same assembling torque, the excess thickness of the PTFE causes
insufficient contact between the catalyst layer and PTL, resulting in higher contact
resistance and reduced electrochemical performance. At 1.8 V, this method achieves
a current density of only 1.17 A/cm?. In contrast, the third method, which employs a
GDL on the cathode, achieves a current density of 1.32 A/cm? at 1.8 V. Although the
more uniform pressure distribution appears to improve performance, the lower

electrical conductivity of the GDL limits further enhancement. In summary, the second
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assembling method is the most recommended configuration due to its superior
electrochemical performance, which is selected as the standard assembly method for

50 cm? electrolyser cell testing in the following experiments.

In addition to the assembly method, the assembling force also needs to be considered.
To investigate the impact of different torques on CCM performance, assembling
torques of 4, 6, 8, and 10 N-m were applied, with the resulting polarisation curves

shown in Figure 4.18.
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Figure 4.18 Polarisation curves under different torques for the 50 cm? CCM.
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Figure 4.19 Comparison of the current density at 1.8 V and 2.0 V for the 50 cm? testing

cell assembled at different torque forces.

The above figures (Figure 4.18 and Figure 4.19) indicate that as the torque increases
from 4 N-m to 8 N-m, the performance of the CCM improves, with current density rising
from 1.4 A/lcm? to 1.73 A/cm? at 1.8 V. However, a further increase in the torque to 10
N-m leads to a decrease in current density, decreasing to 1.54 A/cm?. Additionally, gas
leakage needs to be considered in future experiment. According to the manufacturer’s
technical manual, the recommended torque range is between 10 N-m and 15 N-m with
carbon-based GDL. An increase in assembling force was attempted (12 N-m), causing
the CCM to adhere to the PTL and resulting in damage to the CCM. In this study, an
attempt to further increase assembling force resulted in the CCM adhering to the
titanium-based PTL, causing mechanical damage to the CCM. Additionally, the bipolar
plate, with a thickness of only 10 mm, may be susceptible to deformation during long-

term testing under higher torque conditions. Although the best performance was
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observed at 8 N-m, a torque of 10 N-m was ultimately selected for assembling the 50
cm? electrolyser to ensure proper sealing under future high-pressure operation and to

comply with the minimum torque recommended by the supplier.

Therefore, the optimal assembling configuration uses the same thickness (0.25 mm)
of PTFE gaskets and PTLs, with an assembling force of 10 N-m, as presented in Figure
4.20. This assembling method aligns with the initial configuration used in the 5 cm?
electrolyser testing cell, demonstrating the best balance between performance and

stability for the 50 cm? electrolyser testing cell.

Gas outlet -—-C)JI I@—p Water outlet
1 A | 0.25 mm PTFE gasket
 — Bipolar plate
Pt/C <« -+
|_» 1 mm PTL (33% porosity)
L — 0.25 mm PTL (56% porosity)
| L —" Iridium
L L | _~» PEM
Gas inlet 4—{3—“ ’I@—» Water inlet

Cathode Anode

Figure 4.20 lllustration for the optimal assembling method for the 50 cm? electrolyser.
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4.9 Conclusions

This chapter discusses the benchmarking setup and conditioning procedures for PEM
water electrolyser single cell test, providing a standardised testing protocol for future
experiments. The study initially evaluated the impact of the assembling method and
force, concluding that an assembly torque of 3.5 N-m and a PTFE gasket thickness of

0.25 mm provided the best performance.

Besides, the optimal operating conditions were analysed includes porous transport
layer, membrane and water flow rate. The PTL experiment demonstrates that titanium
based-PTLs perform better than carbon-based PTLs due to their lower electrical
resistance. Among the tested PTLs, the PTL with 56% porosity (10N-0.25 from Bekaert)

was selected for its balance between conductivity and mass transfer.

The membrane thickness has a significant effect on overall electrolyser performance:
the thinner the membrane, the higher the current density. However, considering the
hydrogen crossover issue under a high differential pressure, the thicker membrane
(Aquivion E98-15S, 150 um) was chosen. In contrast, water flow rate exhibits minimal
influence on performance, an optimal flow rate of 10 mL/min, equivalent to 2

mL/(min-cm?),was employed consistent with the European Commission results.

Regarding the conditioning method, three approaches were analysed in this study, with
the linear voltage sweep conditioning method demonstrating the significant
improvement after application. After applying the optimised configurations obtained in
the 5 cm? electrolyser cell test, these settings were adapted for the 50 cm? electrolyser
testing cell with an assembly torque of 10 N-m, while other parameters remained

unchanged.
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In summary, this chapter provides an in-depth understanding of how the key factors
influence the overall performance of PEMWEs, offering a benchmark testing protocol

to guide future testing and support the development of high-performance CCMs.
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Chapter 5

From catalysts to electrodes in PEM water
electrolysers
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5 From catalysts to electrodes in PEM water electrolysers

Chapter 4 outlined the standardised setup parameters and procedures for reliably
benchmarking the PEM water electrolyser. Based on the previous findings, this chapter
delves into the CCM fabrication process, including catalyst ink preparation, catalyst
layer deposition, and component integration, with the objective of improving CCM
performance. A schematic illustration of the CCM fabrication process is shown in

Figure 5.1

Catalyst Spraying method
Solvent ‘
lonomer _ .
l Hot pressing
7

Kl

1. Catalyst ink 2. Catalyst layer 3. Component
preparation deposition integration

Figure 5.1 Basic fabrication process for CCMs.

5.1. Anode catalyst ink optimisation

To optimise the catalyst ink for fabricating CCMs, various commercial catalysts were
evaluated for both the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER). To control the variables, the CCMs were fabricated via decal transfer
method, with a metal loading of 2.5 mgi/cm? for the anode and the catalyst loading of
0.5 mgpt/cm? for the cathode. The ionomer content was set at 33 wt% and 69 wt% for
the anode and cathode, respectively. All the CCM tests were conducted in the 5 cm?

electrolyser testing cell.
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5.1.1 Catalyst selection for OER

Four different commercial catalysts were evaluated in this work, including iridium black
from Johnson Matthey (lridium-JM), IrO2 (IrO2-FC) and platinum-iridium ruthenium
alloy black (PtlrRu-FC) from the Fuel Cell Store; and IrO2 from ThermoFisher Scientific
(IrO2-thermo). The polarisation curves for CCMs incorporating these catalysts are

shown in Figure 5.2.
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Figure 5.2 Polarisation curves for the CCMs with different OER catalysts at the anode.

Both JM Iridium black and IrO2 from ThermoFisher show similar electrochemical
performance, reaching 1.30 A/cm? at 1.8 V. PtIrRu catalyst exhibits lower performance,
and IrO2 from the Fuel Cell Store displays the poorest performance, with a current
density of only 0.3 A/cm? at 1.8 V. According to the suppliers, the iridium black has a
smaller X-ray crystallite size of about 2-3 nm. Both IrO2 catalysts have an average
particle size smaller than 20 nm, and PtIrRu has an X-ray crystallite size of 5-10 nm.

To further understand the morphology of the catalysts, TEM analysis (Figure 5.3)
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shows that all samples exhibit extensive aggregation, making it difficult to distinguish
clear differences in particle size. Iridium black from JM was chosen primarily because
it is commercially available in sufficient quantities to support consistent
experimentation. Based on electrochemical performance, it was selected for

subsequent OER studies.

Figure 5.3 TEM images of (a) Iridium black from the Johnson Matthey, (b) IrO2 from

the Fuel Cell Store, (c) PtIrRu and (d) IrO2 from ThermoFisher.

Thus, the next step focuses on optimising the formulation of the anode catalyst ink to

further enhance dispersion stability and electrode performance.

5.1.2 Catalyst dispersion optimisation

5.1.2.1 Solvent optimisation
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The solvent serves as a dispersion medium and will evaporate completely after forming
the catalyst layer (CL). It can significantly affect the ionomer-catalyst interaction, and
the structural integrity of the CL. Isopropyl alcohol (IPA) combined with water is the
most commonly used solvent system for catalyst ink preparation for PEMFCs and
PEMWEs. This was also adopted for this work, and the IPA-to-water ratio was
systematically investigated to identify the optimal recipe for preparing catalyst ink. In
this experiment, 24 mg of iridium black was dispersed into 1000 pL of a mixed IPA-
water solvent, along with 20.87 uL of ionomer dispersion (D98-25BS). The particle size
distribution and zeta potential analysis of the inks prepared with different IPA-to-water

ratios are presented in Figure 5.4.
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Figure 5.4 (a) Particle size distribution; and (b) zeta potential of the catalyst inks

prepared with various IPA: H20 ratios and ethanol: H20 at 4:1 ratio.

The results indicate that an IPA-to-water ratio of 4:1 exhibits the smallest agglomerate
size (584 nm) and the highest zeta potential value (-43 mV). In contrast, the 1:1 ratio
shows the largest particle size and the lowest zeta potential, suggesting poor

dispersion stability. These findings confirm that the 4:1 ratio of IPA:H20 promotes
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uniform ionomer-catalyst interaction, which is critical for forming a high-quality catalyst
layer. For comparison, the catalyst ink using ethanol (4:1 of ethanol:H20) as the solvent
was also analysed. Although it produces a smaller agglomerate size of 522 nm, the
zeta potential value drops to approximately -37 mV, indicating worse dispersion
stability than IPA-to-water ratio of 4:1 sample. The catalyst inks prepared with different
IPA:H20 ratios (4:1 and 1:1) and with ethanol:H20 at a 4:1 ratio were used to spray the
anode CL and then tested in the electrolyser, as shown in Figure 5.5. The CCM
fabricated using an IPA:H20 ratio of 4:1 shows the best performance, achieving a
current density of 1.1 A/lcm? at 1.8 V, which is 22% and 32% higher than that of the
CCMs prepared with an IPA:H20 ratio of 1:1 and ethanol:H20 at a 4:1 ratio, respectively.
Besides, the CL formed using ethanol-based ink exhibited significant cracking
compared to those prepared with the IPA system. Such cracks can lead to reduced
performance and stability during electrolyser testing. Based on these observations, a
4:1 IPA:H20 solvent ratio was selected for catalyst ink preparation, as it provides the

best balance between particle dispersion and stability.
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Figure 5.5 Polarisation curves for the CCMs prepared with catalyst inks prepared with

various IPA: H20 ratios and ethanol: H2O at 4:1 ratio at the anode.

111



5.1.2.2 Anode catalyst loading

It is crucial to identify the optimal catalyst loading for the PEMWE application to
maximise electrochemical performance. The effect of iridium loading is investigated in
this study, with values controlled at 0.5, 1.0, 2.0, and 2.5 mgi/cm?, and the ionomer

content is fixed at 33 wt% to the catalyst, while all other parameters remain unchanged.
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Figure 5.6 (a) Polarisation curves for CCMs with different catalyst loadings at the

anode side; (b) Current density at 1.8 V and 2 V as a function of the catalyst loading.

At 1.8 V, as the catalyst loading increase, the current density rises from 0.99 A/cm? to
1.12 A/cm? at 1 mg/cm?, reaching a peak of 1.19 A/cm? at 2 mg/cm?, before slightly
decreasing to 1.08 A/cm? at 2.5 mg/cm? (Figure 5.7). At the lowest catalyst loading, the
performance is limited by an insufficient number of catalytic sites, which hinders the
oxygen evolution reaction (OER). Increasing the catalyst loading to 2 mg/cm? provides
more active sites, improving the utilisation of the iridium and enhancing the
electrochemical activity. However, as the catalyst loading exceeds 2 mg/cm?, the
additional material forms a thicker catalyst layer, resulting in increased ohmic and mass

transfer resistance, which ultimately reduces performance despite the higher catalyst
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amount. Based on these findings, an anode catalyst loading of 2 mgi/cm? was

identified as the optimal value for achieving the best electrochemical performance.

5.1.2.3 lonomer-to-catalyst ratio

The ionomer is a critical part of the catalyst layer, as it (i) enhances proton conductivity
from active sites to the membrane, (ii) increases the electrochemical surface area, (iii)
binds catalyst particles, and (iv) ensures the mechanical stability of the catalyst layer
during both fabrication and operation. 253254, In addition, the ratio of ionomer to catalyst
(I/C ratio) plays a crucial role in determining both the microstructural and macroscopic

properties of the catalyst ink, which significantly influence the catalyst layer structure

255-257

To investigate the ionomer content effect, various ionomer contents were selected for
the anode side: 33 wt%, 25 wt%, 20 wt% and 15 wt% to fabricate CCMs. These weight
ratios correspond to the dry ionomer content relative to the total catalyst mass. The
catalyst loading was maintained at 2 mgi/cm? for the anode and 0.5 mgpt/cm? for the
cathode. The ionomer content was set at 69 wt% for the cathode. The current densities

recorded at 1.8 V and 2 V for these ionomer contents are shown in Figure 5.7 (b).
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Figure 5.7 (a) Polarisation curves for the CCMs with different ionomer contents (15
wit%, 20 wt%, 25 wt%, and 33 wt%) at the anode side, the iridium catalyst loading was
fixed at 2 mg/cm?; (b) local view of current density at 1.8 V and 2 V for the CCMs with

various ionomer contents.

It is observed that the CCM with 25 wt% ionomer content exhibits the highest
performance across all samples, and a similar trend is observed at both 1.8 Vand 2 V.
Using 1.8 V as an example, the current density shows a clear variation with ionomer
content increases. Starting from 1.63 A/cm? at 15 wt%, the current density increases
to a peak value of 1.75 A/lcm? at 25 wt%, representing an improvement of
approximately 7.4%. However, when the ionomer content increases further to 33 wt%,
the current density decreases sharply to 1.19 A/cm?, marking a 31.9% reduction from
the peak value. The ionomer facilitates the proton transport within the catalyst layer,
enhancing the effective reaction sites and reducing ohmic resistances 26. This trend
reveals that within the optimal range of ionomer content; higher ionomer loading
enhances performance. However, an excessively high ionomer content may overfill the

pores in the electrode, leading to higher mass transfer resistance and increased
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electrical resistance 2%°. To explore the underlying mechanisms, electrochemical

impedance spectroscopy (EIS) analysis was conducted. The results for the four CCMs

are presented in Figure 5.8.
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Figure 5.8 (a) Nyquist plots of the CCMs with different ionomer contents (15 wt%, 20
wt%, 25 wt%, and 33 wt%) at the anode side, recorded at 1.5 V; (b) Breakdown of

ohmic resistance (Rohm) and charge transfer resistance (Rct) for each ionomer

content.

The ionomer content of 25% demonstrates the lowest ohmic resistance of 0.22
Ohm-cm?, whereas the CCM with 33% ionomer content exhibits the largest ohmic
resistance, approximately 0.3 Ohm-cm?. The CCMs with ionomer contents of 15 wt%
and 20 wt% display moderate resistance, reflecting that insufficient ionomer
distribution within the catalyst layer limits overall efficiency. Consequently, 25 wt%
ionomer content is selected as the optimal value for fabricating CCMs at the anode
side. To further examine catalyst ink dispersion at various ionomer contents, particle
size and zeta potential analyses were conducted using the dynamic light scattering
(DLS) technique, with results shown in Figure 5.9
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Figure 5.9 (a) DLS analysis of the Ir catalyst ink with various ionomer contents: particle

size distribution, and (b) Zeta potential.

The catalyst particle size increases slightly with increasing ionomer content, ranging
from 571 nm at 15 wt% to 598 nm at 33 wt%. This gradual increase is expected, as
the ionomer encapsulates catalyst particles, leading to larger aggregate sizes. As for
the zeta potential, the catalyst ink with 25 wt% ionomer content achieves the highest
zeta potential value of -41 mV, compared to -35 mV, -36 mV, and -37 mV for 15 wt%,
20 wt%, and 33 wt%, respectively. A higher absolute zeta potential indicates better
dispersion stability, as it reduces particle agglomeration and enhances the uniformity
of the catalyst ink. These findings demonstrate that the optimised 25 wt% ionomer
content, combined with the appropriate solvent system, not only enhances electrode
performance but also ensures superior dispersion stability. This highlights the critical

role of ink formulation in achieving high-quality catalyst layers for PEMWE systems.
5.1.3 Anode catalyst layer (CL) analysis
With the optimal OER catalyst ink formulation determined, the structural integrity and

surface morphology of the catalyst layers were further evaluated using the SEM

116



analysis to confirm their stability and uniformity. The thickness of the catalyst layers
was measured using Imaged software. Measurements were taken at ten different
locations per image, and multiple images were analysed to ensure accuracy. To
eliminate any potential errors caused by image tilt, the thickness of the proton
exchange membrane was also measured and compared against the manufacturer’s
specifications. CCMs were subjected to 20 polarisation cycles prior to SEM sample

preparation and analysis.

5.1.3.1 Anode catalyst layer surface SEM analysis

Figure 5.10 shows the surface morphology of the anode catalyst layer. After testing,
new cracks appear on the catalyst layer surface, which are most likely a result of
expansion and shrinkage during the operation load cycles, as well as the release of
oxygen bubbles generated within the CL. In addition, some indentations are visible in
Figure 5.10 (b), which may have been caused by the PTL pressing against the CL

during assembling.
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Figure 5.10 (a) Surface SEM images of the anode catalyst layer before; and (b) after

testing at various magnifications.

5.1.3.2 Anode catalyst layer cross-sectional SEM analysis

The cross-sectional SEM analysis revealed that the measured thickness of the CL is
6.64 £ 1.01 uym before testing and 6.72 + 1.04 um after testing (Figure 5.11).
Considering that catalyst loading was not entirely uniform across all samples, the
observed deviation is negligible. This suggests that the thickness of the CL remained
effectively unchanged after the testing. Additionally, the catalyst layer appears
continuous and uniform, with no significant breaks or disruptions observed, confirming

the mechanical integrity of the CL after testing.
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Figure 5.11 Cross-section SEM images of the anode catalyst layer (a) before and (b)

after testing.

In summary, the optimisation of the catalyst selection, ink formulation, and catalyst
layer structure collectively improve the stability and performance of the anode catalyst
layer for OER. Iridium black (JM) was selected as the catalyst due to its superior
performance and uniform dispersion. The optimal solvent system consists of isopropyl
alcohol and water in a 4:1 ratio, with the ionomer loading of 25 wt%. Specifically, 24
mg of iridium black is dispersed in 1000 uL of the mixed solvent along with 20.87 uL of
25 wt% Aquivion D98-25BS ionomer dispersion. To normalise the content, the catalyst
ink is prepared with a mass ratio of 1 : 1 : 35.36 for iridium, 25 wt% Aquivion D98-25BS
ionomer dispersion, and solvent mixture. These findings provide a solid foundation for
further investigation of the OER at the anode side, ensuring the overall efficiency of

the PEMWE cell.
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5.2. Cathode catalyst ink optimisation

Three different commercial HER catalysts were evaluated in this work, all of which are
commonly used in PEM fuel cells, including Pt/C from TANAKA (TKK TEC10ES50E,
46.2 wt% Pt on high surface area carbon); Pt/C (10 wt% and 20 wt% Pt on XC-72
carbon) from Fuel Cell Store. All CCMs were fabricated using the airbrush method, with
an iridium loading of 2 mgi/cm? for the anode and a Pt/C catalyst loading of 0.5
mgpt/cm? for the cathode. The anode catalyst ink was prepared using the previously
optimised recipe, while the ionomer content was set at 69 wt% for the cathode.
Aquivion E98-15S was used as the PEM, and the Bekaert PTL with 56% porosity was
employed on both sides. The polarisation curves for the CCMs prepared with these

three catalysts are shown in Figure 5.12.
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Figure 5.12 Polarisation curves of the CCMs prepared with three different HER

catalysts: TKK Pt/C (46.2 wt%), Pt/C (10 wt%), and Pt/C (20 wt%).

Both Pt/C catalysts from Fuel Cell Store show very similar electrochemical

performance, achieving 1.30 A/cm? at 1.8 V. However, the TKK catalyst demonstrates
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a higher performance, achieving a current density of 1.75 A/lcm? at 1.8 V. According to
the supplier, the surface areas of the 10 wt% and 20 wt% Pt/C catalysts from Fuel Cell
Store are 120 m?/g and 100 m?/g, respectively, with both catalysts having X-ray
crystallite sizes of approximately 2—3 nm. Similarly, the TKK catalyst has a surface area
of 100 m?/g and an X-ray crystallite size of 2-3 nm. TEM image analysis was conducted
to further investigate the morphology of the catalysts, and the results are presented in

Figure 5.13.

Figure 5.13 TEM images of (a) TKK Pt/C (46.2%); (b) Pt/C (10%);and (c) Pt/C (20%)

from Fuel Cell Store.

The TEM images indicate well-dispersed Pt nanoparticles across the carbon support,
with no significant agglomeration observed. This suggests effective dispersion of Pt
nanoparticles by the carbon support, especially when compared to iridium-based
samples. However, the differences in Pt loading have important implications for the
electrode structure and performance. For the same platinum loading, the 10 wt% or 20
wt% Pt/C catalyst requires a much greater total mass of catalyst to achieve the same
Pt loading as the TKK (46.2 wt%). This higher mass results in a thicker catalyst layer,
which increases mass transport resistance and leads to performance limitations at
higher current densities. This effect is particularly evident in the polarisation curves,
where the slope for the 10 wt% and 20 wt% Pt/C catalyst increases significantly at high
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current densities. Moreover, the thicker catalyst layer required for 10 wt% Pt/C
increases material usage, making it less practical for large-scale applications. Based
on these considerations, the TKK Pt/C catalyst was selected for subsequent research
to optimise catalyst ink formulation and electrode structure for improved HER
performance. Its higher Pt weight percentage enables a thinner catalyst layer, reducing

mass transport limitations and improving high-current-density performance.

5.2.1 Catalyst dispersion optimisation

5.2.1.1 Solvent optimisation

The selection of the solvent for catalyst ink preparation is critical for the dispersion of
HER catalysts, as it directly influences the microstructure of the electrode and,
consequently, the performance and long-term stability of PEM water electrolysers.
Previous studies have demonstrated a positive correlation between the IPA content
and the performance of cathode catalyst layers. Microstructural analysis revealed that
increasing the IPA content significantly reduces the size of catalyst secondary
agglomerates, thereby enhancing the electrochemical performance of the electrodes
258,259 Building on this knowledge from fuel cell studies, the same solvent system was
adapted for PEMWE applications. Similar to the OER catalyst ink, HER catalyst ink

was prepared using a 4:1 mixture of IPA and water.

5.21.2 Cathode catalyst loading

At the cathode side, the hydrogen evolution reaction is significantly faster compared to
the oxygen evolution reaction. Therefore, the platinum loading at the cathode is
typically maintained at a very low level, generally below 0.5 mg/cm?. In this study, two

CCMs were fabricated using the direct spraying method, with a metal loading of 2
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mg/cm? for the anode and platinum catalyst loadings of 0.2 mgrt/cm? and 0.5 mgpy/cm?
for the cathode, respectively. All other conditions were kept consistent with previous

discussion.
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Figure 5.14 Polarisation curves of the CCMs with different platinum loadings (0.2

mgpY/cm? and 0.5 mgri/cm?) at the cathode side.

The polarisation curves for the two CCMs are presented in Figure 5.14. The results
indicate no significant difference in performance between the two platinum loadings,
although the higher loading of 0.5 mgrt/cm? demonstrates slightly better performance.
Drawing on knowledge from fuel cell studies, higher platinum loadings are often
associated with improved stability. Therefore, considering both performance and long-
term stability, a platinum loading of 0.5 mgrt/cm? was selected as the optimal value for

the cathode side in this study.

5.2.1.3 lonomer-to-catalyst ratio

In the complex operating environment of an electrolyser, the electrochemical

performance is determined not only by the intrinsic properties of the anode and cathode
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catalysts but also by various other factors. To evaluate the effect of the ionomer content
on catalytic activity while minimising external environmental influences, this study first
conducted ex-situ half-cell gas diffusion electrode (GDE) tests, and the electrochemical
surface area (ECSA) was calculated accordingly. Catalyst inks with varying I/C ratios
(69 wt%, 45 wt%, 25 wt%, 20 wt%, and 15 wt%) were prepared and directly sprayed
onto SGL 39BB carbon paper. The platinum catalyst loading was controlled at 0.5

mgpt/cm?.
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Figure 5.15 Ex-situ GDE test: (a) CV plots in 1.0 M HCIO4 with a scan rate of 20 mV/s;
and (b) comparison of the ECSA for all GDEs calculated from the Pt-H desorption

peaks.

Based on the ex-situ GDE test results (Figure 5.15), the highest ECSA is obtained at
25 wt% ionomer content, with an ECSA value of 72.6 m?/grt. Increasing the ionomer
content from 15 wt% to 25 wt% enhances ECSA, increasing from 55 m?/get to 72.6
m?/grt. However, further increasing the ionomer content to 69 wt% results in a
substantial decline in ECSA to 47.1 m?/grt. Below 25 wt%, the increasing ionomer

content improves proton transport, leading to enhanced ECSA. At lower ionomer
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contents (<25 wt%), the proton-conducting network is insufficiently developed, limiting
catalytic activity. However, excessive ionomer content overfills the electrode pores,
which negatively impacts ECSA. To validate these findings under practical conditions,
full-cell tests were conducted using CCMs prepared with I/C ratios of 25 wt%, 45%,
and 69 wt% at cathodes. In these tests, the anode catalyst loading was 2 mgi/cm?,
while the cathode Pt/C catalyst loading was maintained at 0.5 mge/cm?. The

polarisation curves for the CCMs are shown in Figure 5.16.
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Figure 5.16 Polarisation curves of CCMs with different ionomer-to-catalyst ratios (69

wt% and 25 wt%) at the cathode side.

Interestingly, exhibiting the highest ECSA in ex situ GDE tests, the 25 wt% |/C ratio
does not lead to the best performance in full-cell operation. Instead, the 69 wt% |/C
ratio delivers superior performance, particularly at medium and high current densities.
While the polarisation curves for all ionomer ratios overlap in the low current density
range, indicating similar catalytic activity, the 69 wt% CCM outperforms the others in

the high current density region. This discrepancy between half-cell and full-cell
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performance highlights the importance of assessing ionomer content under real
operating conditions. While the ex situ GDE test provides insights into catalyst kinetics
by isolating reaction mechanisms, a full-cell test accounts for a more comprehensive
range of factors, including reaction kinetics, ohmic resistance, and mass transport
limitations. The improved performance of the 69 wt% I/C ratio in the full-cell setup can
be attributed to its ability to maintain a continuous proton-conducting network while
also enhancing gas diffusion under more complex electrolyser operating conditions,
same conclusions have also been reported in the DOE’s reports 0. Additionally, a
CCM with an increased I/C ratio (100 wt%) was tested in the full cell. As expected, its
performance dropped significantly, with the current density declining from 1.75 A/cm?
(69 wt%) to 1.3 A/lcm? at 1.8 V. This trend aligns with findings from the anode I/C ratio
studies, where excessive ionomer content led to performance deterioration due to pore
blockage and increased transport resistance. Given that full-cell tests provide a more
accurate representation of operational conditions, an I/C ratio of 69 wt% was chosen

for subsequent cathode catalyst ink formulations.

In addition to carbon-supported platinum (Pt/C) catalysts, the interaction between
unsupported platinum black (Pt) catalysts and ionomers was also investigated. Using
the same testing methodology described above, a series of I/C ratios (100 wt%, 75
wt%, 50 wt%, and 25 wt%) were selected to prepare platinum black catalyst inks, which
were directly sprayed onto 39BB carbon paper. The platinum loading was maintained

at 0.5 mgr/cm?, and ex-situ half-cell GDE tests were conducted.
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Figure 5.17 (a) CV curves recorded in 1.0 M HCIO4 at a scan rate of 20 mV/s; (b)
ECSA values calculated from the Pt-H desorption peak for GDEs with different 1/C

ratios.

As shown in Figure 5.17, ECSA decreases as the ionomer content increases from 25
wt% to 100 wt%, dropping from 15.3 m?/get to 7.2 m?/gpt. Additionally, platinum black
exhibits a much lower ECSA compared to Pt/C, despite having the same catalyst
loading. The ECSA of Pt/C is 3.6 times higher than that of platinum black. This
reduction in ECSA is primarily attributed to the lack of a carbon support in platinum
black, resulting in severe agglomeration. A similar phenomenon is observed in
unsupported iridium catalysts, where the formation of larger aggregates limits the
number of exposed active sites, ultimately reducing catalyst utilisation and overall

performance.

To assess full-cell performance, CCMs were then fabricated using these 1/C ratios and
tested in full cells, with their performance compared to the best-performing Pt/C CCM
(I/C ratio: 69 wt%). The polarisation curves are presented in Figure 5.18. Under the

same catalyst loading conditions, platinum black CCMs exhibit significantly inferior
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performance compared to Pt/C-based CCMs. The best-performing platinum black
CCM achieves a current density of only 1.29 A/cm? at 1.8 V, whereas the Pt/C CCM
reaches 1.75 A/cm?, representing a 35.6% decrease in performance. Furthermore, the
performance of platinum black CCMs shows a strong correlation with their ECSA
results. As the I/C ratio increases, the ECSA decreases. This reduction is accompanied

by a corresponding drop in electrochemical performance from 1.29 A/cm? to 0.56 A/cm?

at 1.8 V.
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Figure 5.18 Polarisation curves of CCMs prepared with platinum black catalysts at

different I/C ratios, compared with the best-performing Pt/C CCM (I/C ratio: 69 wt%).

In summary, the primary disadvantage of platinum black catalysts is their low ECSA
which results in limited accessible active sites. This issue is also observed in
unsupported iridium catalysts, where high loadings (2 mgi/cm?) are necessary to
achieve adequate activity. This limitation is attributed to the limited surface active sites
due to the large particle size. These findings highlight the importance of improving

catalyst dispersion to enhance the accessibility of active sites and improve overall cell
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performance in both HER and OER systems.

5.2.2 Cathode catalyst layer (CL) analysis

5.2.21 Cathode catalyst layer surface SEM analysis

Similar to the anode CL, the cathode CL exhibits a higher number of cracks after testing,
as seen in Figure 5.19. These cracks are likely caused by mechanical stresses during
operation and the release of hydrogen gas within the layer. Additionally, some catalyst
agglomeration is observed after testing, which could further contribute to the uneven
distribution of active sites and potentially impact long-term performance. In addition, all
SEM characterisation was performed on samples that had undergone 20 polarisation

cycles.
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Figure 5.19 Surface SEM images of the cathode catalyst layer (a) before and (b) after

testing at various magnifications.

5.2.2.2 Cathode catalyst layer cross-sectional SEM analysis

129



Cross-sectional SEM images (Figure 5.20) reveal that the cathode catalyst layer
thickness increases from 8.30 + 0.66 um before testing to 9.66 + 1.42 uym after testing.
This increase in thickness is likely due to ionomer swelling during operation, which
persists even after drying. Another contributing factor may be the increase in porosity
caused by hydrogen gas release during operation. Despite these structural changes,
the catalyst layer remains continuous without significant interruptions or detachment,

indicating good mechanical stability.
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Figure 5.20 Cross-section SEM images of the cathode catalyst layer (a) before and (b)

after testing.

In summary, Pt/C (46.2 wt%, TKK) is selected as the cathode catalyst. The optimal

formulation for the HER cathode ink consists of 7 mg of 46.2 wt% Pt/C, 1000 yL of a
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mixed solvent (isopropyl alcohol and water in a 4:1 ratio), and 16.8 pyL of 25 wt%
Aquivion D98-25BS ionomer dispersion. To normalise the content, the catalyst ink is
prepared with a mass ratio of 1 : 2.76 : 121.26 for Pt/C, 25 wt% Aquivion D98-25BS

ionomer dispersion, and solvent mixture.

5.3. Post-treatment for CCM (Hot pressing)

Hot pressing is a widely employed technique for assembling CCMs, ensuring robust
interfacial contact between the catalyst layers and the proton exchange membrane.
This process also promotes bonding between ionomers and catalysts by applying heat
and pressure to facilitate coalescence at the interface 25°. However, hot pressing
significantly alters the structural and porosity characteristics of CCMs, influencing their
mechanical stability and electrochemical performance. Excessive heat and pressure
can also dehydrate the proton exchange membrane, reducing proton conductivity and

potentially causing irreversible performance loss 7492,

Initially, CCMs were fabricated using the direct spraying method without the hot-
pressing. However, it was observed that these CCMs exhibited significantly reduced
stability, with noticeable performance degradation over the repeated testing cycles.
This instability is primarily attributed to catalyst detachment during operation, with a
significant portion of the detached catalyst becoming trapped in the PTLs. To evaluate
the effect of hot pressing, the anode PTLs of the tested CCMs were sonicated in

isopropy! alcohol after operation to check the lost catalyst particles (Figure 5.21).
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Figure 5.21 Washing solution of the PTL from a (a) hot-pressed CCM; (b) and a non-

hot-pressed CCM.

The results demonstrate that the CCM subjected to hot pressing exhibits significantly
less catalyst detachment, whereas the CCM without hot pressing loses up to 50
percent of its catalyst, as visually evident from the darker washing solution. Although
the hot pressing improves catalyst retention within the catalyst layer, it also causes a
decrease in cell performance recorded (Figure 5.22). Two self-made CCMs were
prepared under identical conditions, with the only difference being whether they

underwent hot pressing.
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Figure 5.22 Polarisation curves of the CCMs with and without hot pressing.
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The non-hot-pressed CCM demonstrates consistently higher current density compared
to the hot-pressed CCM across the entire range of potentials, with the difference
becoming more significant at higher current densities. At 1.8 V, the non-hot-pressed
CCM achieves a current density of 1.91 A/lcm?, whereas the hot-pressed CCM reaches
only 1.75 Alcm?, representing a performance decrease of approximately 8.38%.
Similarly, at 2.0 V, the current density for the non-hot-pressed CCM is 3.15 A/cm?,
compared to 2.82 A/cm? for the hot-pressed CCM, resulting in a 10.48% reduction.
These findings indicate that hot pressing negatively impacts electrochemical
performance, particularly at high operating voltages. However, hot pressing is still
required to ensure the stability and reproducibility of testing results. Added to that, all
CCMs discussed in Sections 5.1 and 5.2 underwent hot-press treatment to ensure
stability and reproducibility. To further investigate and optimise the hot-pressing
conditions, the subsequent sections will analyse the influence of the hot-pressing time,

pressure, and temperature on catalyst layer structure and overall performance.

5.3.1 Hot-pressing temperature

Temperature selection is a critical factor in optimising the hot-pressing process. For
Aquivion® membranes, the glass transition temperature (Tg) ranges from 160°C to
195°C. A suitable pressure temperature ensures sufficient ionomer flexibility and
bonding while maintaining structural integrity. Based on this, 160°C and 185°C were
chosen to investigate their effects on CCM microstructure and electrochemical
performance. Two CCMs were prepared under identical conditions, with the hot-
pressing pressure of 800 Ib and a duration of 180 seconds. The polarisation curves for

both CCMs are presented in Figure 5.23.
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Figure 5.23 Polarisation curves of the two CCMs with different hot-pressing
temperature. All samples were prepared with an anode catalyst loading of 2 mgir/cm?

and a cathode loading of 0.5 mget/cm?.

The CCM hot-pressed at 185°C achieves a current density of 1.75 A/cm? at 1.8 V. In
comparison, the CCM hot-pressed at 160°C reaches only 1.57 A/cm?. Besides, post-
test washing of the anode PTL revealed significant catalyst detachment from the CCM
hot-pressed at 160°C, while the CCM processed at 185°C remains intact without any
observable detachment. This indicates that higher hot-pressing temperature is
necessary to promote superior structural integrity and adhesion. A further consideration
is the temperature stability of the hot press, as fluctuations can occur, especially at
higher settings. When set to 190°C, the actual temperature sometimes exceeds 195°C.
If the hot-pressing temperature surpasses this value, local overheating may result in
visible carbonisation of the CCM, turning it black. To prevent potential degradation
while ensuring optimal adhesion and mechanical stability, 185°C was chosen as the

maximum hot-pressing temperature. To further investigate the influence of hot-
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pressing temperature on the catalyst layer, SEM analysis was performed on the two

CCMs, as shown in Figure 5.24.
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Figure 5.24 SEM images of the anode catalyst layer for the CCMs hot processed at

160°C (top) and 185°C (bottom) under different magnifications.

At higher magnification, the sample hot-pressed at 185°C shows fewer large
agglomerates compared to the 160°C sample, where finer clusters are observed
across the catalyst layer. Although the contrast is not pronounced, this trend suggests
that higher temperature hot-pressing may generate a more uniform microstructure.
This difference may be attributed to the ionomer becoming more flexible near its glass
transition temperature (~185°C), which facilitates partial redistribution within the

catalyst layer. This redistribution could improve interfacial contact and structural
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uniformity, leading to enhanced mechanical stability and more effective utilisation of
active sites 260262, These morphological differences provide a plausible explanation for

the enhanced electrochemical performance observed in the 185 °C sample.

The cathode catalyst layers processed at 160°C and 185°C were also examined to
investigate the effect of hot-pressing temperature, as shown in Figure 5.25. Unlike the
anode catalyst layers, the differences between the two cathodes are relatively minor.
At lower magnification, both cathodes exhibit smooth surfaces without significant
defects or visible cracks. Although the high-magnification SEM image of the 185 °C
sample appears to show more void-like structures than that of the 165 °C sample,
these may arise from local delamination or cracking during cross-sectional sample
preparation. Notably, these structures are not observed consistently across the sample
and do not correlate with performance degradation. On the contrary, the 185 °C sample
exhibited better electrochemical performance, suggesting that any local voids did not
compromise bulk interfacial contact or proton transport. These findings further support

the selection of 185°C as the optimal hot-pressing temperature for CCM fabrication.

136



Cathode*160 °C Cathode-160 °C

N

#. ./ SR AN Lk 7 .
SEM HV: 20.0 kV WD: 9.15 mm | MIRA3 TESCAN SEM HV: 20.0 kV WD: 9.16 mm | MIRA3 TESCAN|

SEM MAG: 3.00 kx Det: SE 20 pm SEM MAG: 30.0 kx Det: SE
View fleld: 84.2 ym  Date(m/dly): 06/27/24 Electron Microscopy Group View fleld: 8.43 ym  Date(m/dly): 06/27/24 Electron Microscopy Group

Cathode-185°C - /"

i

‘

W 53, AN
SEM HV: 20.0 kv WOD: 11.21 mm | MIRA3 TESCAN| SEM HV: 20.0 kv WD: 11.20 mm MIRA3 TESCAN

SEM MAG: 3.00 kx Det: SE 20 ym SEM MAG: 30.0 kx Det: SE 2 pm
View field: 84.3 ym Date(m/dly): 06/27/24 Electron Microscopy Group View field: 8.42 ym Date(m/dly): 06/27/24 Electron Microscopy Group

Figure 5.25 SEM images of the cathode catalyst layer for the CCMs hot processed at

160°C (top) and 185°C (bottom) under different magnifications.

5.3.2 Hot-pressing pressure

In addition to the influence of hot-pressing temperature, the applied pressure also plays
a significant role. A suitable pressure ensures effective contact between the catalyst
layer and membrane, while excessive pressure alters the catalyst layer structure,
which may hinder reactant transport and reduce reaction efficiency. To investigate
these effects, three CCMs were prepared under identical conditions but subjected to
different hot-pressing pressures: no pressure (0 Ib), 800 Ib, and 1600 Ib. The

corresponding polarisation curves are presented in Figure 5.26.
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Figure 5.26 Polarisation curves of the CCMs with different hot-pressing pressure.

Some polarisation curves results were discussed in the Section 5.2.1, where the CCMs
pressed at 0 Ib and 800 Ib were referred to as non-hot-pressed and hot-pressed CCMs,
respectively. An additional CCM was tested under double the pressing force (1600 Ib)
for comparison in this work. As previously discussed, the CCM pressed at 800 Ib
exhibited improves performance compared to the non-hot-pressed sample. However,
when the hot-pressing pressure increases to 1600 Ib, performance declines
significantly, with the current density dropping to 1.45 A/cm? at 1.8 V, representing
reductions of 17% and 8% to the non-hot-pressed and 800 Ib-pressed CCMs,
respectively. Previous studies have shown that excessive pressure alters the
microstructure of the catalyst layer, reducing catalyst layer thickness under excessive
pressure results in a denser structure, which further increases transport resistance and

limits electrochemical activity 263.264,

These CCMs were subsequently analysed using SEM to study the structural

differences of the anode catalyst layer (Figure 5.27).
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Figure 5.27 SEM images of the anode catalyst layer for the CCMs prepared under

different hot-pressing pressures (0 Ib, 800 Ib, and 1600 Ib).

The SEM images show that the catalyst layers of 0 Ib and 800 Ib exhibit similar
structural characteristics, with only a slight reduction in porosity at 800 Ib. At 1600 Ib,
more cracks appear on the surface, and severe catalyst agglomeration is observed.
These structural disruptions suggest that excessive pressure damages the catalyst
layer, which may negatively impact overall performance. The cross-section images are

shown in Figure 5.28.
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Figure 5.28 Cross-sectional SEM images of the anode catalyst layers (a, b, ¢) and
cathode catalyst layers (d, e, f) for the CCMs prepared under different hot-pressing

pressures: 0 Ib (a, d), 800 Ib (b, ), and 1600 Ib (c, f).

The cross-sectional SEM images provide insight into the impact of pressure on the
catalyst layer thickness. For the anode catalyst layers (Figure 5.28 (a—c)), the thickness
is maintained at approximately 3.3 pym across all tested pressures. In contrast, the
cathode catalyst layers (Figure 5.28 (d—f)) show a decrease in thickness as the hot-
pressing pressure increases: 7.2 + 0.22 ym at 0 Ib, 6.6 + 0.58 um at 800 Ib, and 3.92
1+ 0.29 ym at 1600 Ib. This suggests that the cathode catalyst layer, particularly due to
the carbon-supported platinum structure, is more susceptible to mechanical

compression than the anode.
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While the non-hot-pressed CCM (0 Ib) demonstrates acceptable performance, it
suffers from poor stability, as previously discussed. Excessive pressure (1600 Ib)
significantly restricts mass transport and lowers performance. The CCM prepared at
800 Ib balances stability and performance. Based on these findings, a hot-pressing

pressure of 800 |b was selected for further optimisation.

5.3.3 Hot-pressing duration

Hot-pressing duration is another parameter in hot-pressing process. Insufficient
pressing time weakens adhesion between the CLs and the PEMs, while excessive
pressing time may lead to degradation of functional groups within the membrane.
Despite variations in hot-pressing durations reported in existing studies, a clear
standardised time range is still lacking. The optimal duration often depends on the
specific hot-pressing equipment and processing conditions. In this study, two pressing
times, 90 seconds and 180 seconds were selected. The electrochemical performance
of CCMs pressed for 90 and 180 seconds exhibits minimal variation; however, post-
test disassembly reveals that CCMs pressed for only 90 seconds still exhibit minor

catalyst detachment. The related SEM analysis is shown in Figure 5.29.
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Figure 5.29 SEM images of the anode (top) and cathode (bottom) catalyst layers after

hot-pressing for 90 seconds and 180 seconds.

Compared with 90 seconds, the CCM hot pressed for 180 seconds exhibits improved
uniformity, which can enhance long-term stability by reducing potential defects and
improving mechanical strength and durability. However, extending the hot-pressing
time beyond 180 seconds leads to visible darkening of Aquivion® membrane, likely due
to carbonisation, as well as signs of dehydration. Based on these results, 180 seconds

was selected as the optimal hot-pressing time.

5.4. Ultrasonic spray for CCM fabrication

During the initial optimisation phase, an airbrush gun was used to fabricate CCMs,
refining the process from catalyst ink preparation to CCM fabrication. Once the optimal

formulation was established, ultrasonic spray coating was introduced to enhance
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reproducibility and ensure uniform catalyst deposition. The optimised CCM fabrication
process with key findings is illustrated in Figure 5.30. To compare the two different
spraying methods, two 5 cm? CCMs were fabricated using the optimal recipe by air
spray gun and ultrasonic spray, respectively. The polarisation curves for these CCMs,

along with recently reported performances are presented in Figure 5.31.

Catalyst Spraying method
lonomer (Aquivion® D98-25BS) ‘

Solvent (IPA:H,0 4:1) Hot S
ot pressing
- | ey

180 seconds
Anode: 1:1:35.36

185 °C

Cathode: 1:2.76 : 121.26 800 Ib f
1. Catalyst ink 2. Catalyst layer 3. Component
preparation deposition integration

Figure 5.30 Basic CCM fabrication process with key findings.
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Figure 5.31 Comparison of polarisation curves for CCMs fabricated by airbrush and
ultrasonic spray methods, alongside reported CCM performance from DOE, EU targets,

NREL, and Fuel Cell Store 265-268,

The results demonstrate a clear performance advantage for the CCM fabricated using
ultrasonic spray. At 1.8 V, the ultrasonic spray CCM reaches a current density of 2.18
Alcm?, a 24.6% improvement over the airbrush CCM, which achieves only 1.75 A/cm?.
This enhanced performance is attributed to the superior dispersion of catalyst ink
enabled by ultrasonic atomisation. Unlike airbrush spraying, which relies on high-
pressure airflow, ultrasonic atomisation produces droplets with uniformity exceeding
95%, preventing catalyst agglomeration and promoting a homogeneous catalyst layer.
The high-frequency vibrations of the ultrasonic nozzle enhance dispersion quality,

ensuring finer catalyst deposition and ultimately improving electrochemical
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performance. This also validates the focus on dispersion optimisation in earlier
sections, highlighting its importance not only during catalyst ink preparation but also
throughout the spraying process. Besides the direct comparison between airbrush and
ultrasonic spray methods, the performance of the ultrasonic spray CCM also surpasses
several recently reported results. A commercial CCM from Fuel Cell Store achieves
only a current density of 1.38 A/cm? at 1.8 V, despite employing a higher catalyst
loading of 3 mg/cm? for both iridium and platinum 268, Similarly, NREL (2020) reported
a peak current density of 1.5 A/cm?, using both ultrasonic spray and roll-to-roll
fabrication methods, which is approximately 30% lower than this study 2%°. In terms of
international technical targets, the present CCM already exceeds the 2022
performance benchmarks set by the DOE 266267 However, to meet the 2030 target of

3A/cm? (1.8 V), further improvements are required.

These findings demonstrate that the ultrasonic spray method offers significant
advantages in performance, making it a promising technique for the following
experiments. Based on the above results, the optimal CCM fabrication conditions are

summarised in Table 5-1.
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Table 5-1 Optimal ultrasonic spraying conditions for the CCM fabrication.

Key step Specification HER catalyst layer OER catalyst
layer
Catalyst Pt/C (TKK) Iridium black (JM)
ionomer content 69 Wt% (to P/C) | 25 wt% (to Ir)
Loading 0.5 mgrt/cm? 2 mgir/cm?
Catalyst ink Solvent IPA:H20 4:1 IPA:H20 4:1

preparation

Solid content

7 mg/ mL (to Pt/C) |24 mg/ mL (to Ir)

Dispersing

Ultrasonic bath 30 min

Ultrasonic probe 5 mins in ice bath
(30% of amplitude, 5 s on, 5 s off)

Ultrasonic spray

Background set up

Carrier gas: 1 bar

Flow rate: 15 mL/h

Hot plate temperature: 85 °C,

Spray pattern: 4 mm

Nozzle speed: 1000 mm/min

Nozzle distance 50 mm 35 mm
Spraying layer 40 15
Time 180 s
Hot press Temperature 185 °C
Pressure 800 Ib

5.5. Conclusion

This chapter presented the optimisation of catalyst inks and hot-pressing conditions

during the CCM fabrication to enhance both the performance and stability. To ensure

stable performance, an anode Ir loading of 2 mgi/cm?, a cathode Pt/C loading of 0.5
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mgpv/cm?, and I/C ratios of 25 wt% and 69 wt% for the anode and cathode, respectively,
were identified as optimal. Furthermore, hot-pressing at 185°C, 800 Ib for 180 seconds
was determined to be the most effective condition for ensuring adhesion and long-term
durability. The introduction of ultrasonic spray coating further improved high-
performance CCMs, achieving 24.6% increase in current density compared to the
airbrush method, which was achieved through its exceptional atomisation capability.
The resulting catalyst layers exhibited greater dispersion uniformity and structural
integrity, leading to improved electrochemical performance. With these optimisations,
the CCM achieved a current density of 2.18 A/cm? at 1.8 V, surpassing the DOE 2022

status benchmark but still falling short of the 2026 target.

A thinner membrane could be used to further improve the performance; however, this
might not be suitable for high differential pressure operation for this PhD research. In
particular, the significant increase in hydrogen crossover presents a critical challenge,

which will be further discussed in Chapter 6.
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Chapter 6

Pt functional layer for hydrogen crossover
mitigation in proton exchange membrane
water electrolysers

The work presented in this chapter has been submitted as ‘Platinum Functional Layer
for Hydrogen Crossover Mitigation in Proton Exchange Membrane Water Electrolysers’
to Chemical Engineering Journal: Chemical Engineering Journal 512 (2025) 162524.
https://doi.org/10.1016/J.CEJ.2025.162524.
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6 Pt functional layer for hydrogen crossover mitigation in
proton exchange membrane water electrolysers

The previous chapter explored and optimised the comprehensive process for
fabricating catalyst-coated membranes (CCMs), from catalyst ink preparation to the
CCM assembly to improve the CCM performance for high energy efficiency PEMWEs.
Based on the optimised preparation methods, this study further investigates strategies
to mitigate hydrogen crossover to improve the performance of the differential pressure
PEMWEs. A simplified and scalable method for reducing hydrogen crossover is
proposed using sputter coating technology to deposit a thin platinum layer directly onto
the PEM. This approach avoids the drawbacks associated with incorporating platinum
to the anodic catalyst layer and the limitations of multilayer membrane structures. The
performance of this functional platinum layer is evaluated across various loadings and
differential pressures ranging from 1 to 10 bar. The optimised design significantly
reduces hydrogen crossover rates under high differential pressure conditions.
Additionally, accelerated stress testing (AST) is also conducted to validate the long-
term stability of the optimised design under conditions mimicking renewable energy
coupling.

6.1. Hydrogen crossover behaviour in the standard CCM

Based on the optimised fabrication process, the CCMs evaluated in this chapter were
prepared with an iridium loading of 2 mg/cm? on the anode and a platinum loading of
0.5 mgp/cm? on the cathode. Aquivion E98-25BS ionomer was used to prepare the
catalyst inks, with ionomer-to-catalyst weight ratios of 25% for the anode and 69% for
the cathode. Aquivion E98-15S was employed as the membrane. All CCMs were tested

under cathode-side pressures of 1, 6, and 11 bar, while the anode side was maintained
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at ambient pressure, corresponding to differential pressures of 0, 5, 10 bar. Hydrogen
crossover was measured using the integrated hydrogen sensor with the
HoribaFuelCon electrolysis testing system. The standard CCMs without any additional
treatments are used as a benchmark to assess the effects of differential pressure on

polarisation and hydrogen crossover.

6.1.1 Pressure effect on the energy efficiency

The behaviour of the standard CCMs under different differential pressures is shown in
Figure 6.1. For a detailed comparison, specific voltage points of 1.5V and 1.8 V are

selected, with the corresponding current densities summarised in Figure 6.2.

Standard
2.0{—=—Ap=0bar
—e— Ap =5 bar
= —a— Ap =10 bar
21.8- P
I
=
3
0 1.6
o
i I / .
144
140 0.1
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Figure 6.1 Polarisation curves of the standard CCM measured under various cathode-

side differential pressures.
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Figure 6.2 Summary of the current densities at specific voltages (1.5 V (a) and 1.8 V

(b)) for the standard CCM under differential pressures.

Increasing the pressure affects the cell performance, leading to a decline in current
density. This effect is more pronounced at lower voltages. At 1.5V, the current density
decreases from 0.181 A/cm? at 1 bar to 0.163 A/cm? at 10 bar differential pressures,
corresponding to an approximately 10% performance loss. In contrast, at 1.8 V, the
current density only drops by approximately 2%, from 2.131 A/cm? at 1 bar to 2.099

Alcm? at 10 bar differential pressures.

6.1.2 Pressure effect on the hydrogen crossover

To analyse the hydrogen crossover, the hydrogen content in oxygen (Vol%) at anode
side was measured across a range of current densities (0.25 A/cm? to 2.5 A/cm?) under
varying differential pressures. The results are presented in Figure 6.3, with specific

values at representative current densities summarised in Figure 6.4.
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Figure 6.3 Hydrogen content in the anode (Vol%) for the standard CCM.

Measurements were conducted under the cathodic pressure of 1, 6, and 11 bar within

a current density range from 0.25 to 2.5 A/cm?.
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Figure 6.4 Summary of the hydrogen content in the anode at specific current densities
(0.25 Alcm?, 1 Alcm?, 2.5 Alcm?) for the standard CCM under various differential

pressures.
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The data show that hydrogen crossover increases significantly with the increasing
differential pressure, primarily driven by the enhanced hydrogen concentration gradient
between the cathode and anode. At a low current density of 0.25 A/cm?, the crossover
ratio increases from 0.7% under a differential pressure of 0 bar to 2.33% at 5 bar, and
further to 2.66% at 10 bar, representing an approximate 2.8-fold increase. Conversely,
increasing the operating current density reduces the hydrogen content in the anode
across all pressure conditions. For example, under 0 bar differential pressure, the
hydrogen content decreases from 0.7% at 0.25 A/cm? to 0.5% at 1 A/cm? and further
to 0.47% at 2.5 A/cm?. This trend is attributed to the dilution effect, where higher oxygen
production rates at the larger current density reduces the relative hydrogen

concentration in the oxygen stream 98.106.107,

It is worth noting that the technical safety threshold for hydrogen crossover is set at 2
vol% Hz in O2, corresponding to 50% of the lower explosive limit. However, under a
differential pressure of 10 bar, the hydrogen content in the anode reaches 2.2% at 0.5
A/cm?, exceeding the safety threshold. This raises serious safety concerns, particularly
during low-current-density operation, which also limits the flexibility of PEMWEs when
integrated with fluctuating renewable energy sources. Effective mitigation strategies
are therefore essential to minimise hydrogen crossover and ensure safe, reliable

operation across the entire current density range.

6.2. Hydrogen crossover behaviour in CCMs with a platinum
functional layer

A platinum functional layer was incorporated into the CCM by sputtering platinum onto
dried membranes using a Quorum Q150T-EC chamber. Equivalent thicknesses of 0.5

nm, 1 nm, and 2 nm were achieved under vacuum conditions at a constant current of
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20 mA. Platinum deposition was applied to the anode side of the membrane, followed
by catalyst spraying using the same procedures as the standard CCM fabrication. The
platinum-coated membranes after sputtering coating are shown in Figure 6.5, and a

schematic of CCMs with a platinum functional layer is presented in Figure 6.6.

Figure 6.5 Platinum-coated membranes prepared with equivalent platinum layer

thicknesses of 2 nm, 0.5 nm, and 1 nm (from left to right).

Iridium TKK

\l !/

/ mmm=) Membrane

Pt-functional layer

Figure 6.6 Schematic of CCMs incorporating a platinum functional layer.

To confirm the successful platinum deposition, X-ray photoelectron spectroscopy (XPS)

analysis was conducted. Figure 6.7 displays the XPS spectra for the treated CCMs.
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The presence of Pt4f peaks at binding energies corresponding to Pt4f72 and Pt4fs.

clearly indicates the introduction of platinum on the membrane.

Intensity

Pt4f,,

Pt4f,,,

90 85 80 75 70 65 60
Binding Energy (eV)

Figure 6.7 High resolution Pt XPS scan for the Pt functional layers deposited on the

membrane.

6.2.1 Pressure effect on the treated CCM

To evaluate the effect of the platinum functional layer, the polarisation performance of
the CCMs was analysed under various differential pressures. The results are illustrated
in Figure 6.8. To enable a detailed comparison, the current densities at specific

voltages of 1.5 V and 1.8 V are summarised in Figure 6.9.
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Figure 6.8 Polarisation curves for the standard CCM and the CCMs with the platinum
functional layer at various equivalent thicknesses of 0.5 nm, 1 nm, and 2 nm.

Measurements were conducted under the differential pressures of (a) 0 bar, (b) 5 bar,

and (c) 10 bar.
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Figure 6.9 Comparison of the current densities at 1.5 V (a) and 1.8 V (b) under various
differential pressure operation for the standard CCM and the CCMs with a Pt functional

layer coated at different thicknesses.

The polarisation trends observed align with the findings from the standard CCM. These
studies highlight that low-pressure operation is favoured in PEM water electrolysis due
to the reaction equilibrium of liquid water converting to 1.5 moles of gaseous products
(Hz2 + /2 O2) 107269 Compared to the standard CCM, the CCMs with platinum functional
layers show lower current density losses under the differential pressure conditions. For
instance, at 1.5V, the CCM with a 1 nm platinum layer exhibits a minor current density
reduction, from 0.183 A/cm? at 0 bar to 0.179 A/cm? at 10 bar, corresponding to only
2.2% decrease. In comparison, the standard CCM shows a 10% drop under the same
condition, highlighting the improved performance stability of the platinum-coated
design under the high-differential pressure condition. Overall, the variations in current
density at 1.8 V among all tested samples are negligible, with deviations not exceeding

0.05 A/lcm?2.

In addition to mitigating pressure-induced performance loss, the platinum-coated
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CCMs also exhibit slight improvements in polarisation performance. For example, the
CCM with the 1 nm platinum layer achieves current densities of 0.183 A/cm? at 1.5 V
and 2.21 A/lcm? at 1.8 V, representing increases of 1.7% and 3.8%, respectively,
compared to the standard CCM at 0 bar. These improvements are attributed to the
suppression of hydrogen crossover, which will be explored in detail in subsequent

sections.
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Figure 6.10 High-frequency resistance and current density at 1.5 V for the standard

CCM and the CCMs with different platinum coating thicknesses.

To further examine the effect of the platinum interlayer on CCM performance, high-
frequency resistance measurement was conducted at 1.5 V for all CCMs (Figure 6.10).
The standard CCM shows the highest ohmic resistance of 183 mQ-cm?, while the CCM
incorporating the 1 nm platinum layer reduces this value to 174 mQ-cm?. These results
confirm that the platinum interlayer does not hinder proton conductivity between the
anodic catalyst layer and the membrane, ensuring effective ion transport within the

CCMs. By reducing ohmic resistance, the platinum interlayer enhances overall
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performance under operating conditions and establishes a reliable foundation for
subsequent hydrogen crossover evaluations. Additionally, the ICP-MS results reveal that

1 nm equivalent Pt layer corresponds to a Pt loading of approximately 2 pge/cm?, which

represents a minimal addition to the overall CCM structure.

6.2.2 Hydrogen crossover mitigation by the platinum functional layer

To investigate the effectiveness of the platinum functional layer in mitigating hydrogen
crossover, measurements were conducted across a current density range of 0.25
Alcm? to 2.5 A/lcm? under three distinct differential pressures. The corresponding
results are depicted in Figure 6.11, with representative values at specific current

densities summarised in Figure 6.12.
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Figure 6.11 Hydrogen content in the anode (Vol%) for the standard CCM and the
treated CCMs with the platinum functional layer at the equivalent thicknesses of 0.5
nm, 1 nm, and 2 nm. Measurements were conducted across a current density range
of 0.25 A/cm? to 2.5 A/cm? under three differential pressures of (a) 0 bar, (b) 5 bar, and

(c) 10 bar.
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Figure 6.12 Hydrogen crossover (Vol%) at (a) 0.25 A/cm?, (b) 1 A/lcm?, and (c) 2.5
Al/cm? for the standard CCM and the treated CCMs with the platinum functional layer
at various equivalent thicknesses of 0.5 nm, 1 nm, and 2 nm. Testing was conducted

at different differential pressures.

Among the tested configurations, the standard CCM exhibits the highest hydrogen
crossover under all differential pressure and current densities conditions. The
introduction of the platinum functional layer significantly reduces hydrogen crossover,
with the extent of reduction depending on the platinum layer thickness. As iridium

remains catalytically inactive for hydrogen oxidation throughout the tests, the observed
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improvements can be attributed solely to the platinum functional layer '8,

At 0 bar differential pressure, the standard CCM exhibits highest crossover hydrogen
concentration of 0.7%. the CCM with the 1 nm platinum layer demonstrates the most
significant reduction in hydrogen crossover. At 0.25 A/cm?, the hydrogen crossover
decreases substantially to 0.28% with the 0.5 nm platinum layer and further to 0.19%
with the 1 nm layer, achieving a reduction of 73%. However, the 2 nm platinum layer
results in a slight increase in the hydrogen content to 0.35%, indicating that increasing
the platinum layer thickness beyond 1 nm does not provide additional reductions. A
similar trend is evident at 1 A/cm?, with the hydrogen content in the anode dropping
from 0.50% for the standard CCM to 0.18% for the 1 nm platinum layer, followed by a
slight increase to 0.23% for the 2 nm layer. This trend is consistent at 2.5 A/cm?, with
the hydrogen content dropping from 0.47% to 0.16% and then rising to 0.28%. While
the reduction percentage is marginally lower at higher current densities, the 1 nm
platinum layer still achieves approximately 65% reduction in hydrogen crossover at

both 1 A/lcm? and 2.5 A/lcm? compared to the standard CCM.

As the differential pressure increases, the platinum functional layer continues to
demonstrate its effectiveness in mitigating hydrogen crossover. At 0.25 A/cm? and a
differential of 5 bar, the hydrogen crossover ratio decreases from 2.33% for the
standard CCM to 1.58% with the 1 nm platinum layer, representing a 32% reduction.
Under the same current density, at 10 bar differentials, the crossover ratio decreases
from 2.66% to 2.05%, achieving 23% reduction. At higher current densities, similar
improvements are observed. For instance, at 2.5 A/cm?, the crossover ratio drops from
1.25% to 0.72% at 5 bar, and from 1.50% to 0.93% at 10 bar, corresponding to

reductions of around 40%. These results underscore that introducing the 1 nm platinum
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functional layer not only reduces hydrogen crossover significantly but also ensures
safe operation across all current densities, even under the challenging conditions of

the 10 bar differential pressure.

6.3. Mechanistic study of hydrogen crossover

In theory, the kinetics of hydrogen oxidation on platinum catalysts are remarkably rapid,
enabling effective suppression of hydrogen crossover when sufficient catalyst material
is present 270 Increasing the amount of catalyst is therefore expected to significantly
reduce the hydrogen content in the anode. However, experimental findings reveal that
the ability of the platinum functional layer to mitigate hydrogen crossover diminishes
under higher pressure conditions. At higher differential pressures, the reduction ratio
of hydrogen crossover becomes significantly lower compared to that observed under
atmospheric conditions, indicating a performance limitation of the platinum layer in
suppressing hydrogen permeation. Furthermore, an increase in platinum loading from
1 nm to 2 nm unexpectedly reduced its effectiveness in mitigating hydrogen crossover,

which contradicts initial expectations.

To quantitatively analyse the permeated hydrogen flux N,’;Zerm , the hydrogen
concentration at the anode outlet X, ;, o, Was measured using a thermal conductivity

sensor, and the hydrogen flux values for each CCM are calculated based on Equation
(9). The hydrogen flux values for each CCM across the full range of current densities

and under various pressure conditions are presented in Figure 6.13.
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Figure 6.13 Hydrogen crossover flux (mmol/m? s) as a function of current density for
the standard CCM (a) and the treated CCMs with platinum functional layers of 0.5 nm
(@), 1 nm (b), and 2 nm (c). Testing was conducted under differential pressures of O

bar (black), 5 bar (red), and 10 bar (blue).

The results of hydrogen flux indicate a diminishing effectiveness of the platinum
functional layer as the pressure increases, demonstrated by higher flux values under

elevated pressure conditions.
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Since all CCMs are fabricated using the identical processes, it is reasonable to assume
consistent mass transfer characteristics for hydrogen across the membrane. Under
this assumption, the total permeation of hydrogen through the membrane remains
constant across all CCMs. The CCM without any interlayer (standard CCM) was used
to define the baseline total hydrogen flux. Taking the CCM with the 1 nm platinum
functional layer as an example, the observed reduction in hydrogen crossover is
attributed to hydrogen oxidation reactions (HOR) occurring within the platinum layer.
To evaluate the amount of hydrogen consumed via HOR, the residual hydrogen flux is
defined as the amount of hydrogen that permeates through the membrane and reaches
the outlet after partial consumption within the platinum interlayer. The difference in
hydrogen flux between the standard CCM and the treated CCM corresponds to the
hydrogen consumed by HOR. Figure 6.14 provides a detailed breakdown of total
hydrogen flux (solid bars) and residual flux (hatched bars). The unfilled portions of the
bars indicate the amount of hydrogen consumed through HOR within the platinum

functional layer.
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Figure 6.14 Total and residual hydrogen flux under various differential pressures (0, 5,
and 10 bar) at different current densities for the CCM with 1 nm equivalent Pt functional

layer.

Interestingly, the disparity between total and residual hydrogen flux remains nearly
constant across all pressures at each measured current density point. This observation
suggests that the amount of hydrogen oxidised within the functional layer is not
influenced by increasing pressure. A possible explanation is that the oxidation reaction
within the functional layer has already reached its maximum capacity. At elevated
pressures, a higher hydrogen permeation flux is observed. Theoretically, increased
differential pressures provide more reactants for the HOR at the platinum surface,
leading to expectations of higher hydrogen consumption 27!, However, the results
deviate from these predictions. Despite the rapid kinetics of HOR on platinum, the

amount of hydrogen consumed does not increase proportionally with the higher
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permeation rates observed under elevated pressure. This discrepancy may be
attributed to the limited availability of the active platinum sites. Essentially, the reaction
sites in the functional layer appear to be saturated, preventing further oxidation of the

permeated hydrogen.

To further explore the effectiveness of the platinum functional layer in mitigating
hydrogen crossover, a schematic is developed to illustrate the local concentration
profiles of hydrogen and oxygen gases across the CCM. This model based on previous
studies 13130 is shown in Figure 6.15. In contrast to previous models, where the Pt
layer was embedded within the membrane, the present schematic illustrates a platinum

interlayer placed between the membrane and the cathode catalyst layer.
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Figure 6.15 Schematic representation of hydrogen and oxygen concentration profiles
across the CCM, comparing cases without (solid lines) and with (dashed lines) a

platinum functional layer.

As shown in the model, hydrogen generated at the cathode diffuses through the
membrane toward the anode, driven by the differential pressure. In the presence of a
platinum functional layer, the permeated hydrogen undergoes HOR with oxygen
produced at the anode, thereby reducing the concentration of hydrogen reaching the
anode outlet. The introduction of a platinum functional layer significantly changes the
local concentration profiles of both gases across the CCM. Based on this model, two
potential mechanisms are proposed to explain the observed behaviour. The first
hypothesis suggests that the platinum functional layer has already reached its

maximum reaction capacity under atmospheric condition, limiting its ability to further
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reduce hydrogen permeation as pressure increases. The second hypothesis assumes
that the platinum layer primarily functions as a physical barrier to hydrogen diffusion,

rather than relying on HOR to mitigate crossover.

To evaluate these hypotheses, two modified CCMs were prepared. In the first CCM
configuration, gold was deposited onto the membrane surface instead of platinum to
assess the effect of a non-catalytic physical barrier. In the second, the platinum
functional layer was embedded within the iridium catalyst layer rather than deposited
directly on the membrane. This was achieved by first spraying half amount of the
iridium catalyst, followed by sputter-coating the platinum layer, and then applying the
remaining iridium catalyst to complete the anode. All other fabrication steps remained
consistent with the standard process. The hydrogen crossover results for these new

CCM configurations under a 10-bar differential pressure are shown in Figure 6.16.
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Figure 6.16 Hydrogen crossover results under a 10-bar differential pressure for the
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standard CCM, the CCM with a 1 nm platinum functional layer on the membrane (Pt_1
nm (Membrane)), the CCM with a 1 nm platinum functional layer within the anode
catalyst layer (Pt_1 nm (Catalyst layer)), and CCM with a 1 nm gold functional layer on

the membrane (Au_1 nm (Membrane)).

The experimental results demonstrate that neither of the two modified configurations
reduces hydrogen crossover. Considering that HOR occurs only when sufficient
hydrogen and oxygen are simultaneously exposed to platinum catalysts 272, the
permeated hydrogen available at the Pt layer in this configuration is insufficient. This
highlights the importance of the interlayer location. In the other configuration, gold was
selected as a non-catalytic material to help distinguish the effect of physical blocking
from catalytic HOR. As a result, the hydrogen crossover was not reduced and even
slight increase, indicating that the platinum layer does not function as a physical barrier.
Consequently, the observed reduction in hydrogen flux for the CCM with the
membrane-deposited platinum layer can be attributed primarily to catalytic HOR

activity, rather than any physical blocking effect.

This outcome supports the validity of the first hypothesis proposed earlier. However,
increasing the platinum loading from 1 nm to 2 nm does not further improve the reaction
efficiency and may even introduce adverse effects. To investigate the influence of
platinum loading on the functional layer, the TEM analysis was performed by coating 1
nm and 2 nm equivalent platinum layer on TEM grid, as shown in Figure 6.17. At a
lower loading, increasing the amount of the deposited platinum provides more active
sites for HOR. However, this trend changes at a higher loading. The TEM image
reveals that at 2nm, a nearly continuous film is formed rather than isolated

nanoparticles (Figure 6.17 (c)). This structure significantly reduces the number of
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accessible surface reaction sites for HOR, which may explain the performance decline

observed beyond 1 nm loading.

Figure 6.17 TEM images of 1nm (a, b) and 2 nm (c) platinum functional layer at

different magnifications.

These findings suggest that the ability of the platinum functional layer to control
hydrogen permeation is inherently constrained by its placement and the local hydrogen
and oxygen conditions. Optimising its design requires consideration of these factors to

ensure compatibility with specific applications and operating pressures.

6.4. CCM durability under accelerated stress testing

To investigate the stability of the platinum functional layer, an accelerated stress test
(AST) was conducted to mimic the PEMWE operation coupled with fluctuating
renewable energy sources. The test involves alternating periods of operation and idling
to accelerate CCM degradation as outlined by Weil} et al.?”3. During AST, the cathode
was subjected to a differential pressure of 11 bar, while the anode remained at
atmospheric pressure. After completing 200 AST cycles, corresponding to 100 hours
of operation, the polarisation curves and EIS for the CCM with 1 nm Pt functional layer

are shown in Figure 6.18.
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Figure 6.18 Electrochemical performance (a) and EIS recorded at 1.5 V (b) of the CCM

with 1 nm Pt functional layer before and after AST.

The EIS pattern after AST reveals an enlarged semi-circle, signifying increased charge
transfer resistance and reduced kinetic activity caused by electrode degradation.
During AST, ionomer and membrane degradation occur within the catalyst layer due to
intermediate species generated from reactions between permeated hydrogen radicals
(H+) and oxygen (Oz2) at the anode-PEM interface 53154, leading to a decline in catalyst
activity. Additionally, the structural deterioration of the electrode further reduces the
number of active reaction sites, leading to increased charge transfer resistance. The
ohmic resistance also increases during AST, rising from 174.2 mQ-cm? to 215.0
mQ-cm?. This rise reflects the combined effects of ionomer degradation, electrode
structural deterioration, and membrane decay induced by chemical attack from
reactive intermediates, as evidenced by the rightward shift in the EIS plot.
Consequently, the polarisation curves illustrate a loss in power efficiency. These
observations align with prior studies, which have reported that the dynamic operation

accelerates electrode degradation, significantly impacting durability and performance
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Figure 6.19 The hydrogen crossover characteristics of the CCM with 1 nm Pt functional

layer before and after AST.

After AST, the CCM with 1 nm Pt functional layer retains nearly all of its hydrogen
crossover mitigation ability at high current densities, as shown in Figure 6.19. For
instance, at 2.5 A/lcm?, the functional layer maintains approximately 99% of its original
performance. This stability is attributed to the high flux of generated gases at the large
current densities, which effectively suppresses the impact of AST-induced degradation.
At low current densities, a slight increase in hydrogen crossover ratio is observed. At
0.25 A/cm?, the functional layer maintains approximately 94% of its initial performance.
These results further highlight the functional layer’s effectiveness in mitigating
hydrogen crossover, even under stress conditions. In contrast, the standard CCM
exhibits a significant decline in hydrogen crossover performance after AST, as shown
in Figure 6.20. Across the entire current density range, a noticeable upward shift in
hydrogen content values is observed, indicating membrane thinning due to dynamic

operation. This thinning effect exacerbates hydrogen permeation, further increasing
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hydrogen crossover, as reported in previous studies 274278, Despite these degradation
effects induced by AST, the platinum functional layer effectively preserves its
functionality. This demonstrates the potential of this approach to reduce hydrogen

crossover and support the feasibility of coupling PEMWE systems with renewable

energy sources.
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Figure 6.20 Hydrogen crossover performance of the standard CCM before and after

AST.

To further understand the AST impact on both electrodes, SEM imaging was performed
to analyse the surface morphology of the catalyst layers before and after AST (Figure
6.21 and Figure 6.22). The major crack formation areas have been highlighted in the

SEM images to guide visual interpretation.
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Figure 6.21 SEM images of the cathode catalyst layer surface (CCM with 1 nm Pt

functional layer) before (a, b) and after (c, d) AST.

Figure 6.22 SEM images of the anode catalyst layer surface (CCM with 1 nm Pt

functional layer) before (a, b) and after (c, d) AST testing.
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The SEM images illustrate the surface morphology of the catalyst layers. The
indentations visible in the images are associated with the PTL fibre structure and result
from the high compression force applied during single-cell assembly, rather than the
AST process itself. Similar patterns have been reported in other studies 78184 Before
AST, the catalyst layer appears more evenly distributed, while after AST, significant
cracks and the formation of larger particle clusters are evident. This structural change
suggests a progressive electrode degradation, likely caused by nanoparticle
detachment, coalescence, and dissolution, as well as the ionomer degradation, which
subsequently reduces in-plane electron transport and increases ohmic resistance 84,
Additionally, the increased surface roughness observed after AST further contributes
to the elevated charge transfer resistance and ohmic resistance identified in the EIS
analysis. Despite these structural degradations, the functional layer maintains its
hydrogen mitigation ability under harsh conditions, demonstrating its remarkable

robustness and long-term stability.

6.5. Conclusions

This study verifies the effectiveness of incorporating the platinum functional layer at
the anode/membrane interface in mitigating hydrogen crossover in PEMWEs. The
CCM with a 1 nm equivalent platinum functional layer achieved a reduction in hydrogen
content at the anode by 73% and 66% under 0 bar and 10 bar differential pressures at
0.25 A/lcm?, respectively, compared to the standard CCM. However, increasing the
platinum loading beyond this point did not offer additional improvement, indicating an
optimal configuration for the functional layer. Under elevated differential pressures (5
and 10 bar), the functional layer continued to perform effectively but was limited by the

inherent kinetics of the hydrogen oxidation reaction and the finite availability of active
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sites. This study confirms that the functional layer reduces hydrogen crossover
primarily by facilitating HOR at the anode-electrolyte interface rather than serving as a
physical barrier. Localised concentration profiles of hydrogen and oxygen further
corroborated this mechanism, demonstrating the functional layer's effectiveness in

mitigating hydrogen permeation under high-pressure conditions.

The durability of the platinum functional layer was validated through accelerated stress
tests (corresponding to 100 hours) that simulated dynamic operational conditions.
Despite some increases in ohmic and charge transfer resistances, the functional layer
retained its hydrogen crossover suppression capabilities. The CCM with 1 nm
equivalent platinum functional layer maintained 99% of its performance at 2.5 A/cm?
and 94% at 0.25 A/cm?, highlighting its durability and adaptability under variable load

conditions.

In summary, this work establishes the platinum functional layer as a promising solution
for reducing hydrogen crossover while preserving CCM functionality under harsh
conditions. These findings underscore its suitability for enabling stable operation in

PEMWE systems integrated with renewable energy sources.
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Chapter 7

Conclusions and outlook
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7 Conclusions and outlook

This study systematically explored the development and optimisation of catalyst-
coated membranes for high performance differential pressure proton exchange
membrane water electrolysers. Through a combination of experimental investigations
and detailed electrochemical and physical characterisations, key insights were
obtained into the CCM fabrication and performance evaluation for performance
improvement. Additionally, to enhance the operational flexibility of PEMWESs under high
differential pressure when coupled with fluctuating loads, the mechanism by which the
platinum functional layer mitigates hydrogen crossover was investigated. By reducing
hydrogen permeation, this approach extended the operational range of CCMs at low

current densities, ensuring safer and more stable performance.
Electrochemical performance and scalability

Performance evaluations across multiple scales, from 5 cm? laboratory cells to 50 cm?
large cells, demonstrated the influence of operational parameters on CCM
performance. Optimal configurations, including the 3.5 N-m assembling force with
PTFE gaskets and matched PTL thicknesses, achieved reliable performance in the 5
cm? setup. When scaled up to the 50 cm? testing cell, the scaling effects such as
increased interfacial resistance and assembly force sensitivity resulted in reduced
current density. Electrochemical impedance spectroscopy revealed the higher ohmic
resistance in the large testing cell, underscoring the challenges of maintaining
interfacial contact during scale-up. These initial experiments established a stable

testing platform and standardised conditions for the subsequent evaluations.

Fabrication and optimisation of CCMs
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The development and optimisation of catalyst-coated membranes focused on
enhancing both performance and stability through systematic adjustments to catalyst
ink formulations and hot-pressing conditions. The formulations of catalysts, ionomers,
and solvents were studied to investigate their impact on catalyst layer structure and
electrochemical performance. The ionomer-to-catalyst (1/C) ratio of 25 wt% and 69 wt%
was employed for the anodic and cathodic catalyst inks, respectively. Additionally, the
solvent system used a 4:1 volume ratio of isopropanol to water, ensuring the stability
of the dispersion. To enhance the uniformity of the catalyst layer, ultrasonic dispersion
was applied to achieve a homogeneous and stable distribution of catalyst
nanoparticles in the CCM. For the CCM fabrication, the ultrasonic spray-coating
technique demonstrated significant advantages over the airbrush method. Specifically,
it achieved a 25.7% increase in current density at 1.8 V, from 1.75 A/cm? to 2.2 A/lcm?,
due to its superior atomization capability, which produced catalyst layers with improved
uniformity and structural integrity. After CCM fabrication, hot-pressing was employed
to enhance interfacial adhesion while preserving catalyst layer integrity. A temperature
of 185°C, a pressure of 800 Ib, and a duration of 180 seconds were identified as the
optimal conditions, ensuring stable performance without compromising the structural
stability of the catalyst layer. Performance testing was then conducted using the Horiba
FuelCon water electrolysis testing system, contributing to the establishment of a well-
defined knowledge framework for the CCM preparation and evaluation. The developed
CCMs exceeded the DOE’s 2022 performance targets but fell short of the more
ambitious goals set for 2026. These findings established a systematic fabrication

approach, which provides a robust foundation for future experiments.
Mitigation of hydrogen crossover

180



To reduce hydrogen crossover under differential pressure, a platinum functional layer
was introduced. The functional layer, with a thickness equivalent to 1 nm, was
deposited on the anode side of the PEM surface using sputter coating. This fabrication
method simplifies the overall process and reduces reliance on high-precision
equipment, making it both cost-effective and scalable. Experimental results showed a
73% reduction in hydrogen crossover at atmospheric pressure and a 66% reduction at
10 bar differential pressure during single-cell tests at 0.25 A/cm?, demonstrating the

layer’s effectiveness across varying pressure conditions.

In addition to the experimental observations, a diffusion-based qualitative analysis
model was constructed to provide theoretical insights into reducing hydrogen
permeation. This model underscored the importance of optimising the platinum layer’s
placement within the CCM. Results revealed that the functional layer’s position directly
impacts its ability to mitigate hydrogen crossover by facilitating hydrogen oxidation at
the anode/membrane interface. Improper placement or uneven distribution of the

functional layer may reduce its effectiveness.
Durability and Stability Assessments

To evaluate the durability of the platinum functional layer under realistic operating
conditions, the accelerated stress test (AST) was conducted. The AST was designed
with innovative conditions to simulate fluctuating load scenarios, including intermittent
current density variations, closely mimicking operational challenges faced in coupling
PEMWEs with renewable energy systems. Over 200 cycles (equivalent to 100 hours
of operation), the functional layer demonstrated remarkable stability, retaining over 94%

of its hydrogen crossover mitigation ability at 0.25 A/cm? and 99% at 2.5 A/cm? under
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a differential pressure of 10 bar.

These results underscored the robustness of the functional layer in maintaining long-
term performance, even under harsh conditions. The functional layer's critical role in
reducing hydrogen permeation not only enhances the safety of PEMWE systems but
also supports operational flexibility, enabling stable performance under dynamic and
high-pressure environments.

Future Strategies for Advancing PEM Water Electrolysis

Based on the findings of this study, several recommendations and perspectives are

proposed to further advance the development of the PEMWE technology:

1. Optimisation of CCMs with lower catalyst loading: Building on the
advancements achieved in this study, future work should focus on the development
of CCMs with reduced catalyst loading to meet the DOE’s ambitious targets for
2026. Efforts should emphasise optimising fabrication techniques, such as
ultrasonic spray coating, to improve catalyst utilisation and achieve high
performance with minimal material use, particularly under high differential pressure
conditions.

2. Theoretical modelling and scaling effects: The diffusion-based qualitative
analysis model developed in this study provided valuable insights into hydrogen
permeation mechanisms. Future efforts could focus on refining this model with
more quantitative data, addressing scaling effects such as interfacial resistance
and gas permeability in larger-scale systems. This work would bridge the gap
between laboratory-scale testing and industrial applications.

3. Exploration of factors limiting the functional layer's activity: To further reduce

hydrogen crossover, it is crucial to investigate the factors restricting the catalytic
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activity of the platinum functional layer. A deeper understanding of these limitations
could pave the way for enhancing the reaction efficiency and reducing hydrogen
permeation under challenging operational conditions.

4. In-depth characterisation of porous transport layers: While this work
investigates key commercial components such as membranes, PTLs, catalysts
(Chapter 4), the analysis of PTLs was limited to porosity. Future work should
include a more detailed characterisation of PTLs. Parameters such as tortuosity,
pore size, and pore size distribution should be quantitatively assessed to better
understand the influence of PTL microstructure on water transport, gas removal,
and interfacial resistance in PEMWEs.

5. Integration of machine learning methods for process optimisation: Advanced
optimisation approaches, such as Bayesian optimisation, could be applied to
accelerate the development of high-performance CCMs. By integrating machine
learning algorithms with experimental datasets, it is possible to efficiently identify
optimal combinations of ink formulation and processing parameters to meet DOE’s
future performance targets.

6. Techno-economic evaluation of platinum functional layers: Although the
platinum functional layer demonstrated strong potential in mitigating hydrogen
crossover, its cost impact for large-scale applications requires further investigation.
A techno-economic analysis is recommended to evaluate how the addition of
platinum affects the cost-effectiveness of PEMWE stacks, particularly under large-

scale manufacturing conditions.

These future directions aim to build upon the foundation established in this study,
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addressing key challenges in the PEMWE research while advancing toward more
efficient, cost-effective, and scalable water electrolysis systems capable of meeting the

growing demands for green hydrogen production.
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