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Abstract

Proton exchange membrane (PEM) fuel cells show great promise and are becoming more
prevalent in both the automotive and stationary applications. To enhance their commercial
viability, continuous efforts are essential to improve the performance and reduce costs.
Consequently, the primary objective of this thesis is to conduct numerical investigations
aimed at optimizing the flow channel configuration and the microstructure of the catalyst
agglomerate, with the ultimate goal of enhancing fuel cell performance and cost-
effectiveness.

Flow-field plates (also known as bipolar plates) are a critical component of proton exchange
membrane fuel cells. Their primary function is to house grooves or flow channels responsible
for delivering reactant gases to the catalyst layers, where half-reactions occur, via the gas
diffusion layers (GDLs). Additionally, they play a vital role in (i) expelling excess water
from the core of the fuel cell, which is the membrane electrode assembly (MEA), and (ii)
establishing electrical connections between the anodes and cathodes within the fuel cell stack.
The impact of the flow channel cross-sectional shapes has been extensively explored in the
literature. In this study, optimization to the geometric configuration of the flow channels has
been performed. Specifically, a novel and comprehensive three-dimensional multiphase
numerical model that combines both conventional square gas flow channels and trapezoidal
flow channels has been developed. The proposed "hybrid" configuration flow channel
gradually reduces in the cross-section along the direction of gas flow. Unlike similar flow
channel configurations proposed in the literature, the "hybrid" flow channel preserves the
contact area between the flow channel and the GDL. This not only increases the gas velocity

but also facilitates improved reactant exchange and liquid water removal.

The catalyst layer is another important component of PEM fuel cells; it has the following
functions: provision of reaction sites for Oxygen Reduction Reaction (ORR) or Hydrogen
Oxidation Reaction (HOR), provision of pores for the diffusion of reactants (Oxygen or
Hydrogen), provision of the solid phase for electron transfer, provision of membrane phase
for ion transfer, and the provision of channels for the transfer of liquid water generated by
ORR in the cathode side. It is necessary for the catalysts layer to meet the following
requirements: high efficiency, low price and durability. Platinum has always been the best

catalyst of choice, but due to its high price and ease to be poisoned, it has prevented PEM



fuel cells from being more widely used. Low-platinum loading and platinum-free catalysts
are of great scientific interests; however, further experimental and theoretical investigations
are needed. Having reviewed the relevant literature, many research gaps in the knowledge
concerning the influence of shape, composition, structural modification and material of the
catalyst particles have been identified. For example, the influence of the internal structure
and the shape of the agglomerates on the local and/or global performance of the fuel cell has
not been well-researched. Multi-scale modelling of the catalyst layer could substantially save
time and cost, that are normally associated with the trial and error of the experimentation,
and potentially result in designing catalysts that have a positive effect on the efficiency and
lifetime of the fuel cell. In this report, a multi-scale numerical model for PEMFCs has been
developed. The effects of some key factors of the catalyst (i.e. the platinum loading, the
particle size, active surface, the internal structure of the agglomerates, the shape of the

agglomerates) on the fuel cell performance have been numerically investigated.

The findings indicate that fuel cells featuring hybrid flow channel cross-sections consistently
outperform other configurations, especially under high current densities. Additionally, the
results show that the substantial impact of catalyst particle parameters, including platinum
loading, particle size, and active surface area, as well as the agglomerate’s internal
arrangement, shape, and size on the overall fuel cell performance. Optimizing these factors

not only enhances performance but also offers the potential for cost reduction.
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Chapter 1 Introduction

1.1 Background of fuel cells

Global warming due to excessive greenhouse gas emissions is an international concern.
However, fossil fuels are still the main source of energy. This will cause serious
environmental problems and worsen the trend of global warming. To comply with the Paris
Agreement, it is necessary to reduce the global temperature to below 1.5°C per annum [1].
It is, therefore, crucial to develop clean and sustainable energy technologies that can be
universalised. Fuel cells are a promising renewable energy device that can be distributed
around the world regardless of weather and geographical conditions. Compared with
traditional fossil fuels, hydrogen energy is more sustainable, and hydrogen and water can be
converted into each other. Hydrogen energy can be converted into electrical energy through
fuel cell technology. Fuel cells can be used as renewable energy to compensate for seasonal
changes in energy supply, but can also be used to compensate for the daily mismatch in the
energy supply and demand [2]. Also, fuel cells have the advantages of higher energy
conversion efficiency, less pollution, and lower noise and maintenance cost. All these
advantages have made the fuel cells to become a good candidate to be the power unit in

different scenarios.

A fuel cell is an electrochemical reaction device that converts chemical energy in fuel and
oxidant into electrical energy through redox reactions. Unlike most batteries, fuel cells
require continuous fuel and oxidant to maintain chemical reactions. However, the chemical
energy in a battery is generally derived from metals and their ions or oxides, except for the
flow in batteries. The fuel cell can continuously generate electricity as long as there is a

continuous supply of fuel and oxidant. However, the performance of the battery will decrease



as the charge decreases [3]. This advantage makes fuel cells more promising than most

batteries.

Sir Willam Grove invented the first fuel cell in 1838. More than a century later, another
scientist, Francis Thomas Bacon, invented the hydrogen-oxygen fuel cells in 1932. NASA
has applied alkaline fuel cells in the space program to power satellites and space capsules
since the mid-1960s. In 1955, Thomas Grubb further improved the fuel cell by using a
sulfonated polystyrene ion-exchange membrane as the electrolyte of the fuel cell [2]. Fuel
cells are now used in many different devices and are used as the main and backup power
sources in different places such as commercial, industrial and civil buildings and remote or
inaccessible regions. Also, fuel cells are used as the power source in vehicles including

automobiles, ships, submarines, spaceships, etc.

The performance and energy efficiency of a fuel cell is largely influenced by the
thermodynamics, electrode dynamics, electrochemistry, reactant mass transfer, fluid
mechanics, and the materials and components that make up a fuel cell [2]. These influencing
factors have been extensively studied by scientists in the past decades and many
improvements have been made to fuel cells. To enable the fuel cell to be widely used, there
are still many problems that need to be solved urgently: (i) reducing the system cost,
especially membrane electrodes, (ii) enhancing the reliability and durability of the system,
(iii) improving the production, transportation and storage of hydrogen, and a series of
supporting technologies, and (iv) enhance the system performance, efficiency and power

density [4].

1.2 Basics of the fuel cells

A fuel cell is an electrochemical device that converts chemical energy into electrical energy.

In the fuel cell, the fuel is continuously transported to the anode and the oxidant, in most



cases it is the oxygen from the air, is continuously transported to the cathode. The redox
reaction occurs continuously in the electrode under the action of the catalyst, and the ions
flow through the electrolyte, and, at the same time, water is generated at the cathode, and the
current is generated in the external circuit and this provides power to the external load.

Electric Current

=)

Fuel In | l Air In
= ' = «:“
e ‘ H,0
t H+ e_
0,
H+
Excess z Ugausseesd
FueI Hzo Out
< =]
/ \
Anode | Cathode
Electrolyte

Figure 1.1 Schematic of the Working Principle of a PEM Fuel Cell.

Anode side:
2H, = 4H* + 4e™ (1.1)
Cathode side:
0, + 4H* + 4e~ = 2H,0 (1.2)
Overall reaction:
2H, + 0, = 2H,0 (1.3)



Hydrogen is split into protons and electrons at the anode under the action of catalyst
oxidation, Equation (1.1), and oxygen undergoes a catalytic reduction reaction at the cathode,
Equation (1.2). The protons, transmit from anode to cathode, pass through the electrolyte,
and the electrons are forced to reach the cathode electrode through an external circuit with a
load. Here the electrons combine with the oxygen and protons and eventually generate water,

Equation (1.3) [5].
1.3 Different fuel cells and applications
According to the different operating temperatures and electrolytes, there are six types of fuel

cells and each of them can be applied according to different demands. Table 1.1 lists their

electrolyte, working temperature, efficiency, and cost[6].

Table 1.1 Comparisons of the of Fuel Cell Technologies.

Working Efficiency
Fuel  Cell Cost
Electrolyte Temperature
Type C) Cell System (USD/W)
Proton
50-100
Exchange Polymer membrane 50—
(Nafion) 30-50% 50-100
Membrane (ionomer) 70%
120-200 (PBI)
Fuel Cell
Direct
Polymer membrane 20—
Methanol Fuel 90-120 10-25% 125
(ionomer) 30%
Cell


https://en.wikipedia.org/wiki/Electrical_efficiency

Working Efficiency
Fuel  Cell Cost
Electrolyte Temperature
Type C) Cell System (USD/W)
40%
Phosphoric Molten phosphoric
150-200 55% Co-gen: 4.00-4.50
Acid Fuel Cell acid (H3PO4)
90%
Alkaline Fuel Aqueous alkaline 60—
<80 62%
Cell solution 70%
Solid  Oxide
Yttria  stabilized 60—
Fuel 850-1100 55-60%
zirconia 65%
Cell (SOFC)
Molten
Molten
Carbonate 600650 55% 45-55%
alkaline carbonate
Fuel Cell

Fuel cells can be used to generate and supply power in portable devices and distributions.

However, a single fuel cell is too small to power most equipment, so they need to be

connected in series and stacked together, and this is called the "fuel cell stack”. In the stack,

the voltage is proportional to the number of the fuel cells, and the current is proportional to

the area of the electrodes. Because the range of power that a fuel cell can cover is very large,

it can be applied to a variety of scenarios, from fixed power stations to many different

portable devices such as vehicles and mobile phones. There are mainly four applications

categories: vehicles, fixed power, backup power, and portable power[7].
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Many studies have focused on replacing internal combustion engines with fuel cells. The
main reason for the development of the automotive fuel cell technology is its high efficiency,
low emissions or zero emissions, and the ability to produce fuel locally rather than rely on
imported fuel. The typical running time of a vehicle is about 3000 to 5000 hours, and the bus
is one of the most suitable types of vehicles for the application of the fuel cell technology in
the early stages. The life expectancy of bus engines is longer because usually a city bus can
run more than 6000 hours per year on average and start and stop many times. However, the
longer service life and intermittent operation pose great challenges to the durability of fuel

cells[8].

1.3.1 Direct methanol fuel cell (DMFC)

The direct methanol fuel cell DMFC is a subcategory of proton-exchange fuel cells in which
methanol is used as a fuel. Its main advantage is that methanol is easier to transport as a
liquid fuel because methanol can maintain a stable energy density under most environmental
conditions. The efficiency of this kind of fuel cell is quite low, namely only about 10%, and

therefore it is more widely used in portable devices that require a higher energy density [9].

The working mechanism of the PEMFC is schematically presented as figure 1.2, methanol
is oxidized in the catalyst layer of the anode where carbon dioxide is formed. Protons (H +)
are formed in the electrode at the anode side and transported through the proton exchange
membrane to the cathode. Then the proton reacts with oxygen to form water at the cathode.
The electrons peeled off from hydrogen are transported from the anode to the cathode

through an external circuit, thereby powering the connected equipment [10].
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Figure 1.2 Schematic of the Direct Methanol Fuel Cell.

The governing reactions for the DMFC are as follows:

Anode side:
2CH;0H + H,0 = 6H" + 6e~ + CO, (1.4)
Cathode side:
3
502 + 6H* + 6~ = 3H,0 (1.5)
Overall reaction:
3



At the anode of the fuel cell, methanol and water lose protons and generate carbon dioxide
under the action of the catalyst, Equation (1.4). At the cathode of the fuel cell, oxygen reacts
with hydrogen protons to form water, Equation (1.5). The overall reaction process is a redox
reaction of methanol and oxygen, and the final products are water and carbon dioxide,

Equation (1.6).

1.3.2 Solid oxide fuel cells (SOFC)

SOFC is different from other fuel cells because, in this fuel cell, the flow direction of ions is
opposite to that of other fuel cells, oxygen ions flow from the cathode to the anode. Oxygen
enters through the cathode, where it absorbs the electrons to produce oxygen ions, Equation
(1.8), and then the oxygen ions pass through the membrane and react with the hydrogen at
the anode, Equation (1.7). Water is produced as a by-product at the anode side, electricity is
also generated. Sometimes the by-product includes carbon dioxide which depends on the
fuel used in the fuel cell. The chemical reactions that occur in the SOFC system can be

expressed as follows:

Anode side:
2H, + 40H™ = 4H,0 + 4e” (1.7)
Cathode side:
0, + 4e"2H,0 = 40H~ (1.8)
Overall reaction:
2H, + 0, = 2H,0 (1.9)

The electrolyte of a solid oxide fuel cell is a solid material, such as a ceramic material called

yttria-stabilized zirconia and their working temperature is 800-1000 ° C. The working
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efficiency can reach 80-85%, and they can run under a variety of fuels and they have less
dependence on the precious metals. However, the start-up is slow due to the high operating
temperature, and it is not suitable for applications such as in vehicles that require a fast

startup [11].

1.3.3 Alkaline fuel cells (AFC)

The alkaline fuel cells, also known as bacon fuel cells, were invented by the British scientist
Francis Thomas Bacon. The operating temperature of alkaline fuel cells is 27-90 ° C, and
their electrical efficiency is higher than that of the proton exchange membrane fuel cell.
(PEMFC). Because it is an alkaline chemical, the ORR at the cathode is much easier than
that in acid batteries, thus allowing non-precious metals such as iron, cobalt, or nickel to be

used at the anode [12]. The reactions are given as follows:

Anode side:
2H, + 40H™ = 4H,0 + 4e” (1.10)
Cathode side:
0, + 4e"2H,0 = 40H~ (1.11)
Overall reaction:
2H, + 0, = 2H,0 (1.12)

Although the AFC has the advantages of high efficiency and fast start-up and does not
depend on platinum-based catalysts, because potassium hydroxide is highly corrosive, thus
leakage in the AFC becomes the biggest problem and even though with the tightest seal, it

also has a natural leakage trend. Another problem is that if the electrolyte circulates too fast,



or the spacing between the batteries is not enough, and this may cause a short circuit inside

the battery.

1.3.4 Molton carbonate fuel cells (MCFC)

Similar to the SOFC, the working temperature is 650 ° C in the MCFC. The electrode of
MCFC is lithium potassium carbonate, which transfers to the liquid phase at high
temperatures, thus allowing the negative carbonate ions to move inside the battery. Besides,
in the anode of MCFC hydrogen-rich gas is formed by converting fossil fuels. There is no
need to produce hydrogen externally. In the electrolyte the hydrogen gas reacts with the
carbonate ions, the products are water, carbon dioxide, electrons, and small amounts of other
chemicals. The electrons transferred through an external circuit and generate before
returning to the cathode[9]. Oxygen and carbon dioxide are recovered by reacting with
electrons to form carbonate ions, thereby replenishing the electrolyte and forming an electric

current. The chemical reaction in MCFC can be expressed as follows[13]:

Anode side:
CO;™ + H, = 2H,0 + CO, + 2e~ (1.13)
Cathode side:
1 5
€O, +50;,+2e™ = C0; (1.14)
Overall reaction:
1

The main advantages of MCFC are the use of hydrocarbon fuel, low catalyst cost, high
efficiency, low sensitivity to poisoning, and fast kinetics. However, due to the characters of
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its electrolyte and the required working temperature, the MCFC also has many drawbacks.
For example, carbonates are extremely corrosive at high temperatures. Moreover, extra fuel
needs to be consumed to heat the fuel cell during startup. The main drawbacks of the MSFC
are a slow start-up and response, reduced material selection for the high temperatures,

complex fuel cell systems for CO2 cycling, and corrosive electrolytes [14].

1.3.5 Phosphoric acid fuel cells (PAFC)

Phosphoric acid fuel cell is the earliest commercial fuel cell, its electrolyte is liquid
phosphoric acid. The working temperature range of PAFC is about 150 to 210°C, and the
finely dispersed platinum catalyst is evenly coated on the carbon paper as the electrode. Due
to its high working temperature, the discharged water is generally high-temperature steam
which can be used to heat air or water. This feature makes the APFC able to be used as a

distributed power supply heating device [15]. The governing reactions are as follows:

Anode side:
2H, = 4H* + 4e~ (1.16)
Cathode side:
0, +4H* + 4e~ = 2H,0 (1.17)
Overall reaction:
2H, + 0, = 2H,0 (1.18)

This has the potential to increase the efficiency by up to 70%. Besides, the PAFCs are
resistant to carbon dioxide and can even tolerate CO concentrations of about 1.5%, which
expands the range of fuels they can use. Although phosphoric acid is a poor ionic conductor

at lower temperatures, this leads to more serious CO poisoning of the platinum
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electrocatalyst at the anode. Even so, compared with PEMFC and AFC, PAFC is still less
sensitive to CO. The disadvantages of PAFC are as follows: lower power density and

corrosive electrolyte [15].

1.3.6 Proton exchange membrane fuel cell (PEMFC)

As seen from Figure 1.2, in a typical hydroxide PEMFC, the MEA layer is the most important
component, which contains a proton exchange membrane (usually nafion) and a cathode and

anode catalyst layer.

Hydrogen diffuses to the anode catalyst and then breaks down into protons and electrons.
Protons are conducted to the cathode through the membrane and react with the oxidant.
Because the membrane is electrically insulating, the electrons are forced to conduct and
power the load in the external circuit. In the cathode catalyst layer, oxygen molecules react

with electrons and protons to produce water under the action of the catalyst.

Current Collector

Anode Fuel Inlet Cathode Fuel Inlet

Flow Field Channel End Plate

Gas Diffusion Layer

Figure 1.3 Schematic of the Fuel Cell Components.

The components of PEMFC are schematically presented in Figure 1.2: and this consists of a

bipolar plate, electrode, catalyst, membrane, and other necessary hardware[16].
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Different types of fuel cells use different materials. The main types of bipolar plates are the
following: metals, coated metals, graphite, flexible graphite, CC composite materials, carbon
polymer composite materials, etc. [17]. The MEA layer is the most important part of the
PEMFC and is usually made of two catalyst-coated carbon papers and a proton exchange
membrane between them. At present, platinum or similar types of precious metals and their

alloys are commonly used in fuel cells as PEMFC catalysts [18].

Flow field plate is an important component of fuel cells, it plays an important role in the
distribution of gas, electrical conductivity, thermal conductivity, and drainage in fuel cells,
and their performance depends largely on the flow field structure. Single cells are connected
in series to form a stack, and each cell is composed of a bipolar plate and a membrane
electrode assembly[19]. At present, graphite and metal are usually the main materials of
bipolar plates. Graphite has the advantages of good conductivity, corrosion resistance, and
stability. Although it is expensive and difficult to process, it is still a common material for
fuel cell bipolar plates [20]. As the demand for fuel cells increases, the disadvantage of fuel
cells that use graphite as a bipolar plate is becoming increasingly clearer. The advantage of
the metal bipolar plate is that it is easy to process, and the cost is lower than graphite. Because
it can be processed to be very thin, the thickness of the fuel cell can be reduced. Generally,
the flow field is formed on the plate by mechanical processing or chemical etching. The
structure of the flow field constitutes the most important feature of the bipolar plate, which
directly affects the performance of the stack. The bipolar plate uses various shapes of flow
field channels to send the reactants into the electrode. At present, the gas channels on the
bipolar plate mainly include : parallel flow channels, serpentine flow channels and
interdigitated flow channels[21]. The schematics of different shapes of bipolar plates are
presented in Figure 1.4. Among them, the limit current of the serpentine flow field is the

largest and the output is stable within the operating current range, but the voltage drop of the
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serpentine flow field is also the highest. In addition, parallel flow fields and interdigitated

flow fields have higher water content.

(a) (b

(c)

Figure 1.4 Schematics for (a) parallel, (b) serpentine, and (c) interdigitated channels

[22].

Gas diffusion layer (GDL) is one of the most important components of the PEM fuel cell.
The role of the GDL is to transport reactants and products to and from the reaction site, as
well as to conduct the heat and current. The GDL generally uses porous composite materials

with a thickness of 100 to 300 microns. In the GDL, the carbon can ensure the conductivity,
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and PTFE brings hydrophobic. Figure 1.6 is a cross-sectional view of the gas diffusion layer
and MEA, reflecting the microstructure of the GDL, which ensures the reactants and water
can transport to the catalyst layer [23]. The ideal GDL has the following characteristics:
excellent gas diffusion performance, porosity, surface contact angle, air permeability, water
vapour diffusion, hydrophobicity, hydrophilicity, corrosion resistance, crack-free surface
morphology, oxidation stability, and durability under various working conditions. By
optimizing the composition of the diffusion layer, it can even substantially improve the

overall performance and stability of the fuel cell [24].

A
i
A
.| =
[IE:
L
| =
-
-
= [
D = p (
& =
: 1"
=3
™
E\ 5 <
=
= r
=1

Gas Flow Field

Figure 1.5 Schematics of the GDL, MPL and CL microstructure [24].

The catalyst layer (CL) is one of the components of the MEA layer, which has a huge
impact on the performance of PEMFC, mainly composed of electrolyte and catalyst particles,
and a gas diffusion layer on the side of the bipolar catalyst. Studies have shown that the main
reaction occurs at the catalyst particle/electrolyte (ionomer) interface, and there are a large
number of similar interfaces in the catalyst layer to provide active sites for the catalytic

reaction [25]. In the cathode catalyst layer, the slow oxygen reduction reaction rate is one of
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the limiting factors. At present, the catalyst used in PEM is Pt, and both the low ORR rate
and the high cost limits the widespread application of fuel cells [26]. The oxygen reduction
reaction (ORR) in the cathode occurs at a comparatively slow rate. The most widely used

catalyst, platinum, limits the commercial application of the fuel cell.

1.4 Motivation and research objectives

The motivation for this research stems from the growing promise and increased adoption of
proton exchange membrane (PEM) fuel cells in both automotive and stationary applications.
To further enhance their commercial viability, it is crucial to continuously improve the

performance and reduce costs in the fuel cell technology. The primary objective of this thesis

is to employ numerical investigations to optimize the flow channel configuration and the

microstructure of the catalyst agglomerate. This optimization process aims to enhance the

fuel cell performance and cost-effectiveness.

Flow-field plates, also known as bipolar plates, play a pivotal role in PEM fuel cells by
facilitating the flow of reactant gases to the catalyst layers and managing excess water
removal and electrical connections within the fuel cell stack. While the impact of flow
channel cross-sectional shapes has been explored in the literature, the present research
advances and aims to optimize the geometric configuration of these channels by introducing

a novel "hybrid" flow channel design.

The catalyst layer serves a multitude of purposes, including providing sites for chemical
reactions, facilitating the movement of reactants, enabling electron transfer through the solid
phase, and transporting liquid water. It is of utmost importance to ensure that the catalyst
layer meets the criteria of high efficiency, cost-effectiveness, and durability. Platinum, the

preferred catalyst material, presents challenges due to its exorbitant cost and vulnerability to
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poisoning, which have impeded the broader adoption of PEM fuel cells. To this end, one of

the key aims is to numerically investigate the potential of platinum loading reduction.

Through the development of a multi-scale numerical model for PEMFCs, an investigation
of the effects of the key catalyst factors, including platinum loading, particle size, active
surface area, agglomerate internal structure, and agglomerate shape, on the fuel cell
performance has been performed. The new and important research aims to bridge the gap
between the theoretical understanding and practical applications, offering greater and
important insights that could streamline experimentation and ultimately lead to the design of

more efficient and cost-effective fuel cells.

Through the development of a multi-scale numerical model for PEMFCs, the effects of key
catalyst factors, including platinum loading, particle size, active surface area, agglomerate
internal structure, and agglomerate shape, on fuel cell performance were investigated. The
present research aims to bridge the gaps between the theoretical understanding and practical
applications, offering insights that could streamline experimentation and ultimately lead to

the design of more efficient and cost-effective fuel cells.

1.5 Outline of thesis

This thesis comprises seven chapters. The initial chapter offers a brief introduction to the
fundamental principles and primary types of fuel cells. It introduces the characteristics,
advantages, disadvantages, and applications of each fuel cell type, with a particular emphasis

on the PEMFC.

Chapter 2 Reviewed a various of metal and non-metal-based catalysts employed for ORR.

Special attention is given to their performance, structure, and preparation processes.
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Chapter 3 presents an innovative design featuring a variable cross-section area flow channel,
presenting a numerical solution for merging square and trapezoidal designs into a unified
configuration. This novel channel design holds the potential for improving mass and heat

exchange in PEM fuel cells, thus enhancing the fuel cell performance.

Chapter 4 conducts a parametric study of the fuel cell catalyst layer. Within this chapter, the
influence of the catalyst particle factors is scrutinised, including the platinum loading,
particle radius, and active area, on the fuel cell performance. This chapter lays the

groundwork for both Chapter 5 and Chapter 6.

Chapters 5 and 6 present a multiscale modelling framework that includes a catalyst
agglomerate scale model and a fuel cell scale model, both specifically designed for polymer
electrolyte fuel cells. In Chapter 5, the effect of the internal structure of the catalyst
agglomerate on the fuel cell performance has been investigated, while in Chapter 6, the

impact of the shape of the catalyst agglomerate has been explored.

In Chapter 7, the thesis findings are summarized, and the potential future directions for
advancing towards more precise numerical models and the development of high-

performance, cost-effective PEM catalysts are explored.

In the modeling chapters, Computational Fluid Dynamics (CFD) and multiscale modeling
were the primary research methods employed. CFD facilitated a detailed analysis of fluid
flow dynamics, while multiscale modeling provided a holistic perspective by integrating
multiple scales of the system, enabling a more comprehensive understanding of the

agglomerate structure.
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Chapter 2 Review of the Theoretical and Modelling Studies of

Catalysts

2.1 Introduction

In PEM fuel cells, electrochemical reactions occur in both the anode and cathode catalyst
layer (CL). In the reaction of the anode, hydrogen gas is separated into protons and electrons
under the action of the catalyst, and the protons flow through the electrolyte to the cathode
and the electrons reach the cathode through an external circuit. At the cathode, under the
action of a catalyst, hydrogen protons and oxygen ions combine to form water. For fuel cells
to have higher efficiency and better application prospects, these reactions need to be further
investigated. Therefore, the catalyst layer must have high activity and adequate
microstructure. The microstructure of the catalyst layer is mainly composed of four different
elements: carbon particles, Pt particles, ionomer network, and pores, these particles form
agglomerates. These phases are used throughout the fuel cell. For example, pores and
ionomer membranes can provide channels for diffusion of reactive gases; ionomers and
pores provide a pathway for water diffusion and absorption; ionomer membranes and
catalyst particles provides a path for protons and electrons; at the same time, these
microstructures can help transfer heat from the reaction point to the channels and flow field
plates [27]. All these processes can affect the performance and durability of the PEM fuel
cell, so some key factors must be considered during the research, such as the shape of the
catalyst, the thickness of the ionomer film, the platinum loading, the particle size of the
platinum and carbon, the ionomer volume fraction, the CL porosity, etc. [28]. Figure 2.1

illustrates the electrochemical processes happening within the CCL. Specifically, the

19



electrochemical reaction takes place at the triple phase boundary (TPB) where the proximity

between protons and oxygen is crucial for the reaction to occur.

Solid phase

IVIQ'“IE ance

phase

]

Void phase

Figure 2.1 Schematic of the catalyst microstructure of the PEM fuel cell [29].

Oxygen reduction reactions can occur in both acidic and alkaline media. For PEM fuel cells,
the ORR in the cathode is very important and can influence the overall performance. As
shown in Figure 2.2A, by pumping hydrogen into the channel on the anode side, hydrogen
is broken down into electrons and protons. Then the electrons flow out of the anode to

provide electrical energy and eventually reach the cathode to reduce the oxygen, and the
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protons diffuse through the membrane to the cathode and combine with the reduced oxygen

ions to form water [30].
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Figure 2.2 (A) Schematics of a fuel cell. (B) ORR in (a) alkaline and (b) acidic

medium [31].

It is well known that ORR can form H.O: in an acidic medium in a two-step two-electron
path or use HO>™ as an intermediate product in an alkaline medium or use a four-electron
path to reduce oxygen to water or generate OH- in an alkaline medium and then combines
with protons to form water (Figure 2.2B). For the most widely used fuel cell technology, it
usually uses Pt as the ORR catalyst at the cathode of the fuel cell. Using the Pt particles as
catalysts can provide the active site for two-electron or four-electron pathways to effectively
adsorb and reduce molecular O.. In addition to facing high costs, Pt electrodes have suffered
other challenges and problems, including drift during long-term use, fuel cross-over effects,
and CO poisoning [25]. Therefore, it is necessary to find an alternative material: with a lower

cost but more reliable new materials as catalysts for the oxygen reduction reaction in the

cathode side of the PEM fuel cell.
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Oxygen reduction reactions are usually accompanied by the formation and destruction of O-
O bonds and O-H bonds. Adzic and colleagues have discovered that the use of suitable metal
materials as platinum support materials (such as Au, Fe, ..., and other transition metals) can
even exceed the pure platinum electrocatalytic activity, thereby greatly reducing the load of
platinum and the overall cost of the fuel cell [32]. Also, there are a series of non-metallic

catalysts that are constantly being developed to replace platinum-based catalysts.
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2.2 Theoretical studies of catalysts

2.2.1 Metal based catalysts for ORR

Platinum catalyst. Currently, Pt is the commercialized catalyst used in PEM fuel cells. Its
performance is mainly determined by the shape, size, crystallization, morphology, and
loading of the Pt catalyst [33]. The catalytic effect of Pt (100) is better than that of Pt (111)
because the adsorption rate of the sulfates is different due to the difference in morphology.
Hence, controlling the shape and morphology of catalyst particles is one of the keys to
controlling the catalytic performance of the ORR [34]. Wang and his colleagues found that
the specific activity of the synthesized monodisperse Pt nanoparticles was more than twice
higher than the commercially available Pt catalyst. When the Pt nanocube measures 7nm in
size, its current density is approximately four times higher than that of the other two shapes,
namely the 3nm and 5nm polyhedra. Also, it has been found, from previous studies, that
optimizing the Pt shape has a significant effect on improving the ORR [35]. During the
oxygen reduction reaction (ORR), the platinum catalyst surface often gets covered by the
electrolyte or a hydroxy layer, leading to a reduction in active sites and thereby limiting the
catalyst's efficiency. Enhancing ORR activity involves alloying platinum catalysts with
different transition metals or shaping them deliberately to weaken the binding strength

between platinum atoms and the adsorbed species.

Platinum alloy catalyst. To reduce the cost of PEM fuel cells, the researchers have reduced
the Pt usage by alloying Pt with precious metals or transition metals [36]. Stamenkovic and
his colleagues found that the ORR activity of the PtsNi (111) surface was 10 times that of Pt
(111) and 90 times that of the current commercialized Pt / C catalysts. The PtsNi (111)
surface has a special electronic structure (d-band centre position) and the arrangement of

surface atoms[37]. By studying the oxygen reduction kinetics on the surfaces of PtsNi and
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PtsCo, Stamenkovic and his colleagues found that the activity of the catalyst depends on the
anion properties of the supporting electrolyte [38]. Adsorption of impurity anions onto Pt
nanoparticles significantly impacts the kinetics of the Oxygen Reduction Reaction (ORR).
This occurs as these anions occupy crucial surface sites on the catalyst, impeding the
molecular oxygen's dissociative adsorption. Additionally, these impurity anions have been
observed to accelerate Pt dissolution, leading to a quicker loss of ORR activity for Pt. This
isn't the primary focus of our research, so no further discuss into this matter in the upcoming

chapters.
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Figure 2.3 Schematics of Pt alloy nanostructure (A)PtNis, (B) PtNi, (C) PtsNi, and (D)

PtsNi nanoframes with Pt(111)-skin—like surface[39].

Recently, Chen and his colleagues used alloy nanoparticles of platinum and nickel to react
with oxygen to dissolve the nickel inside the alloy particles, thereby generating a PtsNi
nanoframe. This 3D 12-face hollow structure nanoframe removes the nickel-rich central
structure and retains the edges of Pt-rich PtNiz polyhedrons (Figure 2.3). This structure can
produce more oxygen and Pt atoms contact so that this PtsNi nanoframe catalyst has higher

catalytic activity and stability than Pt / C [39]. The boost in catalyzing the oxygen reduction
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reaction (ORR) on Pt3Ni and PtsCo compared to Pt was linked to the prevention of Pt—OHad
formation on Pt sites encircled by Ni and Co atoms covered with an "oxide" layer beyond
0.8 V. Chen’s team suggested that the catalytic enhancement observed in the "Pt-skin" results

from electronically altered Pt atoms situated atop the Co-enriched layer beneath.

2.2.2 Metal catalyst supported by carbon materials

Because carbon nanomaterials such as CNT, graphene, and graphite, when compared with
carbon black have a larger surface area, better electrical conductivity, and thermal
conductivity, makes them become ideal support materials for metal catalysts. At the same
time, the carbon support can improve the stability and activity of the metal catalyst. For
example, Kongkanand and colleagues found that the activity and stability of the catalyst is
enhance when then mixing Pt nanoparticles with SWCNT [40]. It was also observed that the
carbon nanotube-supported PtAu alloy has a higher methanol tolerance than pure platinum
[41]. Lately, graphene has been employed as a support material for metal catalysts to enhance
their Oxygen Reduction Reaction (ORR) performance. For example, Guo and his colleagues
enhanced the overall catalytic performance of the ORR by using graphene as a supporter to

load / CoO and FePt nanoparticles [42].

By combining heteroatom substitutes (such as nitrogen) with carbon nanomaterials, then this
can cause electron conversion to obtain the required electronic structure however, this may
become a promising catalyst support [43]. A catalyst featuring Cobalt Oxide (CoO)
supported by nitrogen-doped Carbon Nanotubes (NCNT) exhibited a four-electron Oxygen
Reduction Reaction (ORR) pathway, achieving a high current density and thereby
outperforming a mixture of Coz04 and graphene, as well as conventional Pt/C catalysts, at
moderate overpotentials [36]. Wu and his research team discovered that FesO4 nanoparticles

doped with three-dimensional nitrogen-doped graphene can serve as exceptionally efficient
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catalysts for the Oxygen Reduction Reaction (ORR). This catalyst offers several benefits,
including a high current density, minimal production of hydrogen peroxide (H202), a high
electron transfer number, and exceptional durability [44]. Although there have been many
studies on the use of graphene to improve its catalytic performance, the poor intermediate
resistance of graphene is still a problem to be solved. Therefore, to commercialize the fuel
cell technology, it is still necessary to develop new ORR catalysts with lower cost and can

achieve higher performance and more stable than the commercialized Pt/ C catalysts.

2.2.3 Metal-nitrogen- carbon (MNC) catalysts

Recent studies have shown that the simultaneous heating of transition metals at 800-1000 °
C and then introducing nitrogen and carbon may also produce promising ORR MNC
catalysts, and the metals usually are Fe and / or Co, see Figure 2.4. Wu and his colleagues
discovered a non-noble metal catalyst was prepared by synthesizing Fe and Co in the
environment of high temperature and polyaniline (PANI). (NPMCs) [45]. The study found
that PANI-Fe-C can be used as an oxygen reduction reaction (ORR) catalyst in acidic media,
and its catalytic performance is almost the same as that of the Pt/C catalyst at a potential of
60mV. The ORR performance of the PANI-FeCo-C catalyst is greatly improved and is very
durable. In a hydrogen fuel cell, a durability of nearly 700 hours can be obtain under a 0.4
voltage working condition [46]. Transition metals are essential for the formation of highly
graphitized carbon. When ethylenediamine and Co are synthesized at high temperature,
CNTs and onion-like carbon nanostructures will appear in the product, while cyanamide and

Fe precursors are used to synthesize bamboo-like tubular carbon nanostructures. [47].
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Carbon Nano-Tube Onion-like Carbon Stacked Platelets

Figure 2.4 Schematics of carbon nanomaterials in MNC catalysts. CNTs (left), onion-

like carbon structure (middle), and graphene (right)[48].

Wu and colleagues further demonstrated that the MNC catalyst is rich in the carbon
nanostructures, the geometry of the nanomaterial includes tubes, onion-liked structure, plate-
liked structure, see Figure 2.4, which formed in the catalyst synthesis process[48].
Throughout the synthesis process, while the introduction of nitrogen species may play a
crucial role in enhancing the performance of the active sites in the M-N-C catalyst. The
precise mechanism behind the formation of these active sites, their bonding properties, and
their interactions with the carbon nanostructure remain unclear. The possible explanation for
this is that tube-like, onion-like, and platelet-like carbon materials, when combined with Pt
nanoparticles as support, can enlarge the active area of the catalyst agglomerate.In the

meanwhile it also provide more active sites for ORR.
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2.2.3 Non-metal ORR catalysts

Carbon nanomaterials are widely used. It has extremely high stability, shape, and structural
characteristics and this makes it an ideal choice for catalyst supports and even non-metallic
catalysts. Common carbon nanomaterials are fullerenes, carbon nanotubes, graphene sheets,
and graphite nanosheets. These different carbon nanomaterials provide a new way for
catalyst improvement. The introduction of heteroatoms in these carbon nanomaterials may
further lead to electronic modulation, thus providing an ideal electronic structure for the
catalytic process [49]. In recent years, researchers have been still committed to developing
metal-free carbon nanomaterials for various oxidation/reduction catalysis. In this thesis, the

focus will be only on carbon nanotubes and graphene for ORR.

Carbon nanotubes. Gong and his colleagues discovered that vertically aligned nitrogen-
containing carbon nanotubes (VA-NCNT, Figure 2.5) can be used as highly efficient metal-
free ORR catalysts. This metal-free VA-NCNT catalyst can realize a four-electron ORR
process. In an alkaline media, compared with commercial Pt catalysts, VA-NCNT is not CO
poisoned and has better catalytic performance and it is more robust. Simultaneously, VA-
NCNT boasts the benefits of a substantial surface area, strong electrical and mechanical
characteristics, and remarkable thermal stability, making it suitable for use in high-
temperature environments [50]. Now, researchers have used various methods to prepare new

non-metal ORR catalysts by doping heteroatoms with carbon nanomaterials.
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Figure 2.5 Schematics of an SEM image of VA-NCNTSs. The scale bar of this figure is

2pum.

Graphene. Graphene represents a promising substitute for metal-free Oxygen Reduction
Reaction (ORR) catalysts. Research has indicated that Nitrogen-doped graphene,
synthesized via Chemical Vapor Deposition (CVD) in ammonia, exhibits outstanding ORR
performance, comparable to that of VA-NCNT containing an equivalent nitrogen content,
especially in alkaline environments [51]. Despite variations in CVD types, the fundamental
process remains similar, encompassing common elementary steps. Initially, the reactant
gases enter the reactor. These gases undergo gas-phase reactions, forming intermediate
reactants and gaseous by-products through homogeneous reactions, or they diffuse directly
through the boundary layer to the substrate. In both scenarios, the reactant gases and
intermediates adsorb onto the heated substrate surface, diffusing across it. Subsequent
heterogeneous reactions at the gas-solid interface facilitate the continuous formation of thin
films through nucleation, growth, coalescence, and the generation of reaction by-products.
Eventually, any gaseous products and unreacted species desorb from the surface, exiting the
reaction zone. Although recent research shows that graphene films prepared by the CVD
method can reach 30 inches, CVD usually requires the consideration of the scalability and

cost. At present, there are two main methods for producing N-doped graphene as an ORR
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catalyst, one is by the CVD method, and the other is by heat-treating graphene material with
ammonia. Of course, there are other methods besides these two methods. [52]. As in the
evolution from NCNT to B-doped CNT, Sheng and his colleagues thermally annealing GO
react with boron oxide, boron- graphene was prepared. This boron-doped graphene catalyst
is similar to the Pt catalyst and presents good ORR activity in the alkaline electrolyte [53].
In addition to NCNT and BCNT, Wang and others found a simple method for producing
BCN and they introduced boric acid and ammonia during the GO annealing. Thus metal-free
boron-doped graphene with adjustable B / N doping levels can be obtained, and graphene
mixed with B and N can be used as an effective ORR electrocatalyst. BCN graphene proved
to have superior ORR catalytic activity than commercial Pt / C [54]. Doping carbon with
nitrogen and boron, such as B7Cg7NsH26 and B12C77N11H26, leads to more carbon atoms with
notably higher spin and charge density compared to pure graphene. This augmentation
provides additional active sites crucial for catalyzing the Oxygen Reduction Reaction (ORR).
Explained through band theory, the G band stems from the bond stretching of all sp? bonded
pairs, encompassing C-C, B-C, N-C, and B-N bonds, while the D band corresponds to the
sp? defect sites. Despite minor shifts in the positions of the D and G bands, BCN graphene
demonstrates a distinct ID/1G value compared to graphene oxide and N-doped graphene. The
ID/IG intensity ratio increases from graphene oxide to N-doped graphene due to the
introduction of defects through nitrogen doping. Co-doping with boron and nitrogen further

amplifies this intensity ratio of ID/IG.

3D carbon nanomaterials. By doping heteroatoms with carbon nanomaterials can cause
charge redistribution, thus showing that these non-metal carbides are potential catalyst
replacements. The conductivity is an important character of the electrode and can influence

the electrocatalysis performance. Therefore, for practical applications, a larger contact area,
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and a better partial diffusion and charge transfer path with the help of a 3D structure are

sicl,
1000-1200°C

Figure 2.6 A schematic of representation of a 3D VACNT- graphene nanostructure,

required [55].

and the procedure of the preparation. [56].
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Figure 2.7 SEM images of different structured VACNT-Graphene[55]. Figure No

intext.

Recent studies have found that the graphene layer supported by VA-CNT not only has better
through plane mass transport property but also retain the exceptional catalytic performance
of both compensates [57]. Furthermore, when doping this 3D nanostructured material with
lithium ions, it demonstrates excellent potential as a medium for hydrogen storage purposes.
The simulation results indicate that these VA-CNT-graphene structures with large surface
area, see Figure 2.6, have excellent mechanical and electrical properties and have the
potential to be applied to ORR catalysts [55]. Figure 2.7 shows the microstructure of
VACNT with different treatment. a-e is the SEM image, which shows the structure changing
after acid treatment. f-i is the TEM image, which shows the VACNT architecture under

different magnifications.
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2.2.4 Carbon nanomaterials doped with heteroatoms

As can be seen from the above discussion in Section 2.2.3, the latest research on non-metal
ORR catalysts mainly focused on alkaline electrolytes. However, acid electrolytes fuel cells,
especially polymer electrolyte fuel cells, have greater market prospects. Some of the non-
metal carbon nanomaterials and heteroatom-doped non-metal carbon nanomaterials shown
earlier have good ORR catalysis both in alkaline and acidic electrolytes. For example, Kundu
and his team reported that compared to undoped NCNT, prepared by pyrolysis of acetonitrile
demonstrate increased and sustained Oxygen Reduction Reaction (ORR) activity ina 0.5 M
H2SO4 environment. Wang and his colleagues found that NH3 treated nitrogen-doped OMCS
have potential to be a promising candidate for metal-free catalysts. Compared with Pt-based

catalyst, it has higher ORR activity and better stability in acidic solution.

Compared with other non-metal catalysts, CNTs-graphene complexes have higher ORR
activity, more robustness and are more stable in an acidic media. Among them, graphene
controls the catalytic activity, and the inner wall of the three-dimensional structure maintains
its electrical conductivity to ensure the transfer of charges generated during the catalytic

process.
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Recently, Shi and his team prepared a new non-metal catalyst by doping sulfur and nitrogen
to CNT (SN-CNT). When compared with N-CNT it exhibits superior Oxygen Reduction
Reaction (ORR) performance in both acidic and alkaline environments [58]. Figure 2.8
illustrates a comparative analysis of cyclic voltammograms (CVs) between N-CNT and SN-
CNT in both acidic and alkaline environments. As shown in figure 2.9, when subjected to
oxygen-saturated solutions in acidic and alkaline conditions, SN-CNT displays oxygen
reduction peaks at approximately +0.29 V and -0.3 V, respectively. This observation, in
contrast to the highest peak current among CNT, N-CNT, and S-CNT, suggests that the co-
doping of sulfur and nitrogen significantly enhances the activity of the Oxygen Reduction
Reaction (ORR). In the meanwhile, compared with Pt / C, SN-CNT, it has also good
durability. After 10,000 cycles, the current retention rate is still close to 90% but after 10,000
cycles, the current retention rate of Pt/C decreased by 40% compared to SN-CNT. In addition,
the co-doping of S and N enhances the ORR activity of SN-CNT. Enhancements in the
nitrogen state within N-CNT, along with the creation of asymmetric spin and charge density,
lead to an improved Oxygen Reduction Reaction (ORR) performance in SN-CNT. These
SN-CNTs, applicable in acidic environments, have demonstrated the potential to serve as a
viable substitute for Pt/C catalysts in Proton Exchange Membrane Fuel Cells (PEMFCs).
This also opens up a promising avenue for the exploration of novel non-metallic catalysts

suitable for use in acidic conditions.

In addition to the SN-CNTs described above, many other non-metallic catalysts can be
applied to acidic electrolytes, such as N-doped SWNTs (Yu et al., 2010), the vapour phase
polymerized PEDOT (Winther et al., 2008) and [60], N-doped graphene, and 3D-structured
graphene-CNT. Although these non-metallic catalysts all have ORR catalytic activity in
acidic media, the catalytic performance still cannot meet the current commercial needs and

thus requires to be further improved.
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Chapter 3 Novel design of a variable cross-sectional area flow

channel

3.1 Abstract

This chapter aims to investigate the impact of three different flow channel cross-sections on
the performance of the fuel cell. A comprehensive three-dimensional polymer electrolyte
membrane fuel cell model has been developed and a set of conservation equations have been
solved. The flow is assumed to be steady, fully developed, laminar and isothermal. The
investigated cross-sections are the commonly used square cross-section, the increasingly
used trapezoidal cross-section and a novel hybrid configuration where the cross-section is
square at the inlet and trapezoidal at the outlet. The results show that a slight gain is obtained
when using the hybrid configuration and this is due to increased velocity which improves
the supply of the reactant gases to the catalyst layers and removes heat and excess water
more effectively compared to other configurations. Further, the reduction of the outlet height
of the hybrid configuration leads to even better fuel cell performance and this is again due
to increased velocity in the flow channel. The data generated in this study will be highly
valuable to engineers interested in studying the effect of fluid cross-sectional shape on fuel
cell performance. This study proposes a novel flow field with variable cross-section. This
design can supply a higher amount of reactant gases to the catalyst layers, dissipates heat

and remove excess water more effectively.

3.2 Introduction

Hydrogen conversion technologies including hydrogen electrolysers [61], [62] and hydrogen

fuel cells[63], [64] will play a pivotal role in decarbonising industrial, heating and
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automotive sectors in the near future. Notably, polymer electrolyte membrane (PEM) fuel
cells have been increasingly used in a multitude of portable, automotive and stationary
applications and this is due their high efficiency and low-temperature operation [2]. However,
PEM fuel cell technology needs to be even more efficient to compete with the conventional
power conversion technologies [65]. Among them, the uniformity of reactants in the flow
field of the PEM fuel cell is a key issue that needs to be considered, because it can affect the
uniformity of the current density distribution, heat distribution, and water distribution and
transfer [66]. Flow-field plates (also know as bipolar plates) are one of the key components
for PEM fuel cells. They are, through hosting the grooves or the flow channels, mainly
responsible for supplying reacting gases to the catalyst layers (where the half-reactions take
place) through the gas diffusion layers (GDLS). They also assist in: (i) removing excess water
from the heart of the fuel cell, which is the membrane electrode assembly (MEA), and (ii)
electrically connecting between the anodes and the cathodes of the cells in a fuel cell stack.
The impact of the shape of the cross-section of the flow channel has been extensively

investigated in the literature.

Carcadea et al. [67] investigated the effect of the depth of the flow channel on the
performance of the fuel cell. They found that the maximum current density increased by
around 7% with the smallest depth and this is due to better removal of excess water and
better membrane humidification. Ahmadi et al. [68] developed a three-dimensional PEM
fuel cell model with conventional flow channels and found that the humidity of the inlet
gases and membrane hydration are the most important parameters that affect the fuel cell
performance and mass transfer within it. Samanipour et al. [69] numerically developed
cylindrical designs for PEM fuel cells and showed that they outperform the conventional
design with square flow channels. Ashrafi et al. [70] reported that the fuel cell with

serpentine flow channels demonstrate a better performance and less liquid water
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accumulation than that with parallel flow channels. Yan et al. [71] showed that the best fuel
cell performance is obtained with a height taper ratio of 0.5 and a width taper ratio of 1.8
and this is due to the improved fuel utilisation efficiency and water removal. Fontana et al.
[72] investigated the impact of the inclination of the flow channel and they found that the
peak power density increases by 8% with an inclination of 0.75°. Kumar and Reddy [73]
developed a numerical model to study the influence of different cross-sectional shapes of the
flow field on the performance of PEM fuel cell. They showed that the triangular and semi-
circular cross-sections can increase the hydrogen consumption rate by up to 9%. Zeng et al.
[74] optimised the cross-sectional shape of fuel cell channels by using a genetic algorithm.
In this study, the width of the bottom and the top edges of the channel were the variables,
and the output power of the fuel cell was the objective function. The fuel cell had the best
performance when the width of the bottom and the top edges of the trapezoidal channel were
around 1.3 mm and 0.9 mm, respectively. Namely, at 0.5 V, the output power of the
optimised design was found to be around 8 % higher than that of the conventional square
flow channel. This is due to the fact that the optimised design provides a larger contact area
between the flow channel and the gas diffusion layer, resulting in higher and more uniform

supply of reactant gases to the catalyst layer [74].

Liu et al. [75] used a genetic algorithm to optimise the channel structure of the PEM fuel
cell. The variables in the study were the heights of the inlet and the outlet of the channel.
The output power was the objective function and used to evaluate the fuel cell performance.
The best performance was obtained for the conical channel with inlet height of ~ 0.39 mm
and outlet height of 0.20 mm. This is because this conical structure, relative to other
configurations, provides a higher pressure increase along the channel, thus reducing the mass

transfer resistance.
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Ahmed et al. [76] numerically studied three different channel cross-sections: rectangular,
trapezoidal, and parallelogram on the PEM fuel cell performance. Their results showed that
the distribution of the reactant gas becomes more uniform at the interface between the
cathode GDL and the membrane as the width of the rib decreases, thereby assisting in
reducing the mass concentration losses. The results also showed that, compared to other
investigated cross-sections, the rectangular cross-section channel provides a higher cell
voltage, while the trapezoidal cross-section achieves a more uniform current density
distribution at the interface between the cathode GDL and the membrane. Owejan et al. [77]
experimentally investigated the influence of rectangular and triangular cross-sections on the
PEM fuel cell performance. The study showed that there is less water accumulated in
rectangular channels than in triangular channels of the same cross-sectional area as more
water is retained at the corners of the triangular channels adjacent to the GDL. Wang et al.
[71] numerically studied the influence of the flow channel area ratio, which is the ratio
between the cathode flow channel area to the total reaction area, on the fuel cell performance.
Their study shows that, for both parallel and interdigitated flow configurations, the larger is
the flow channel area ratio, the better is the fuel cell performance and this is mainly due to
the increase in the contact area between the reactant gas and the GDL. However, the impact
of this parameter (i.e. the flow channel area ratio) is less with the interdigitated flow
configuration and this is because the baffle configuration already forces the reactant gas to
enter the GDL and subsequently the catalyst layers. Higier and Liu [78] locally measured
the current under the rib and channel in a variety of single pass serpentine flow fields of a
PEM fuel cell. Their findings revealed that a Lmm channel width enhanced the bipolar plate's
contact, lowered resistance, and minimized concentration losses, resulting in a higher current
density. While they didn’t specify the narrowest width, it's important to note that excessively

narrow channels might impede effective removal of excess water from the fuel cell.
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Metallic flow-field plates have been increasingly used and this is due to ease of manufacture
and their superior mechanical strength compared to the conventionally-used graphitic flow-
field plates [79]. These metallic plates are normally produced through stamping or
hydroforming processes which result in trapezoidal flow channels [80]. Ismail et al.[81]
numerically investigated the impact of some geometrical parameters, including the sidewall
angle on the key flow characteristics, including the Poiseuille number and the incremental
pressure drop. They found that the impact of the rounded corners could not be overlooked

for very low channels heights or very high sidewall angles.

Although the influence of the gas channel configurations on the performance of the PEM
fuel cells has been thoroughly investigated in the literature [82], [83], [84], in this work some
new and important improvements and optimizations of the flow channel geometry have been
made. Namely, a novel and comprehensive three-dimensional multiphase numerical model
that combines the conventional square gas flow channel and trapezoidal flow channel has
been developed. The proposed new “hybrid” configuration flow channel has a decreasing
cross-section along the gas flow direction. Unlike the similar flow channel configurations
proposed in the literature, the “hybrid” flow channel retains the contact area between the
flow channel and the GDL. This not only increases the gas velocity but also enables better

reactant exchange and liquid water removal.

3.3 Model description

The computational domain of the base case or Case 1 (where the cross-section of the channel
is square) of the modelled fuel cell is shown in Figure 3.1. As shown in the Figure, only a
portion of the fuel cell which incorporates a single straight channel for each side of the fuel

cell (the cathode and the anode) has been modelled in order to save the computation time.
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The dimensions of the computational domain are 50 mm x 2 mm x 3.47 mm. The main

assumptions considered in the study are that:

Vi.

The operation of the fuel cell is steady state.

The flow in the channels is laminar since the Reynolds number is small.

ili. The gaseous mixtures are considered as an ideal gas.

The GDL, the CL layer and the membrane electrolyte are all isotropic.
The membrane is impermeable to gases.
The interfacial contact resistances are between the various fuel cell components are

negligible.

The other two computation cases investigated in this study are the modelled fuel cell with

(a) trapezoidal channels (Figure 3.2a) which have the same cross-sectional areas as the

square channels (the width of the smaller base is 0.5 mm and the height of the channel is

1mm) and (b) hybrid channels where the cross section at the inlets of the channels is square

and trapezoidal at the outlets (Figure 3.2b). The cross-sectional area in the latter design

continually decreases from the inlet to the outlet. It should be noted that the same flow

channel flow configurations were maintained for both the cathode and the anode sides of the

fuel cell. Table 3.1 displays the physical and geometrical characteristics.
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Figure 3.1 A schematic diagram of the base case of the PEM fuel cell model.

A

Figure 3.2 Schematics for the modelled flow channels with (a) trapezoidal (Case 2),

(a) (b)

and (b) “hybrid” (Case 3) cross-sections.

3. 3.1 Governing equations

The following conservation equations were used in the model. The conservation of mass, or

the continuity equation, is given by [85], [86]:
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V- (epd) = Spp, (3.1)

where p is the density of the fluid, % is the velocity vector, € is the porosity and S,, is the
mass source term which is the sum of the source term of the chemical species in either the
cathode or the anode (see Equation. (3.3) and Table 3.2). The conservation of momentum

equation is given as follows [85]:
V(epuu) = —eVp + V(uVed) + S, (3.2)

where p is the fluid pressure, p is the dynamic viscosity, and S,, is the momentum source

term. The conservation of species could be expressed as follows [87]:

v(epii¥y;) = V(D VY, + 5, (3.3)

Where Y; is the mass fraction of the species |, fo I is the effective mass diffusion coefficient

of the species i into j, and S; is the source term of the species i (Oz2, H2 or H20) which is

given in Table 3.3.

The energy transport equation could be expressed as follows [87]:
V- (pc,iT) = V(KVT) + Sp (3.4)

Where p is the density of the fluid is, i is the velocity vector, k is thermal conductivity, Sy
is the thermal source term which is listed in Table 3.3. Conservation of charge equations are

obtained as follows [87]:
V(e.V®.) =S, (3.5)

(3.6)
V(O-memV@mem) = Smem
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1 1 (3.7)
o = (0.5141 — 0.326) - exp (1268 - (ﬁ — 7))

Where o, and a,,, are respectively the electrical and the ionic conductivities, @. and @,,, are
respectively the electrical and protonic potentials, A is the dissolved water content. S, and
S, are the charge source terms and are equal to the volumetric current density obtained by

the Butler-Volmer equation [17]:

05 (3.8)
], = l.ref( L ex (ﬂ ) —ex (lCF )
a— ‘a eff C[‘:ijHz p RT Na 4 RT Na
_ . PO 0 (CC F ) N <_a F ) (39)
Je =i " Cery C;ffHoz exp |\ o e ) + exp (e

Where i"¢/ is the reference exchange current density of a unit active surface area, {, 7 Is the

active surface area, C™/ is the reference value of the local species concentration, « is the
charge transfer coefficient for either the cathode or the anode electrode, and F is Faraday’s
constant. n, and n, are the anodic and cathodic overpotentials and are obtained using the

following expressions:

Na = Ps — Omem (3-10)

Ne = bs — Gmem — Voc (3-11)

Where V,. is the open —circuit potential [88]:
Voe = 1.229 — 8.456 x 107*(T — 298.15) + 4.31 X 10‘5Tlog(PH2ng) (3.12)

The water in a PEM fuel cell have three phases: gaseous, liquid, and dissolved. The

conservation of dissolved water could be expressed as follows [87]:
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Nng
F

(3.13)

V- (i Mityo ) = V(Mit0D VA) + S3 + Sga + Sia

where A is water content, n, the is osmotic drag coefficient, D,, is the diffusion coefficient,
Sy is the water generation rate at the cathode catalyst layer, S, is the change rate of water
between the gaseous and dissolved phases, S, is the change rate of water between the liquid
and dissolved phases. The mathematical definitions for all the source terms are presented in

Table 3. The osmotic drag coefficient is given as follows [89]:

2.51 (3.14)
M=

The diffusion coefficient of water content is obtained as follows [89]:

p .
DI = 21 - Miy,0 DA (3.15)

Where p,,, and EW are the membrane dry density and membrane equivalent weight. The

membrane water diffusivity is given as follows:

1 1
D, = f(\)e**1°Gos ) (3.16)
Where f(2) is defined as follows:
1010 A< 2
102 (1+2(A—2)) 2<A<3
FM=1 10192 (3- 1.67(0—3)) 3<A<45 (3.17)
1.25 x 101°A (3 - 1.67(A—3)) 45 <A
Water content is expressed as follows:
3\ = {0.043 + 1718a — 39.85a? + 36a? (a<1) (3.18)
B 14+ 1.4(a—1) (a>1)
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Water activity, a, is given as follows:

a= 5::1 + 2s (3.19)
where s is saturation of water vapour and P,,,, is water vapour pressure:
Pvy = Xu,oP (3.20)
P, 1s saturation pressure:
logyo Pege = —2.1794 + 0.02953 - (T — 273.15) —9.1837 - 1075 (3.21)

(T — 273.15)? + 1.4454 - 1077 - (T — 273.15)3

The impact of the liquid water on the operation of the fuel cell is accounted for by using the

conservation of water saturation equation [87]:

(3.22)

KK
v (v ) = Sy

where ; is the dynamic viscosity of liquid water, P, is the capillary pressure of the liquid
water and K is the absolute permeability. S,, is the mass change rate between the gas and

liquid phases; its mathematical expression is shown in Table 3.3. K, is the relative

permeability and is given as follows:

My, o0 EW
Aeeq +—
pr ST p
K, = MHzo)L n EW
P Pi
s inthe GDL and the CLs

in the membrane (3.23)

P. is the capillary pressure and is given as follows:
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P, (3.24)

N| =

o cos() (%) 1.417(1 — s) — 2.12(1 — 5)? + 1.263(1 — 5)° (0 < 90°)

1/

g 2
o cos(8) (E) 1.417s — 2.12s2% + 1.26353(8 > 90°)

o denotes the surface tension and 6 is the contact angle.

ijf Tis calculated as follows: [88]

11 (3.25)
Dgff =(1- 5)1.581.5 4 )1
Y )(Di,m DKn)
101325 T (3.26)
o pref 22N T N1S
Dl,m Dl ( P )(300)
1, (BRT o (3:27)

Dgn = § dpore (W)

In this equation d,,,,. in this equation is defined as 0.2um.

The parameters in Table 3.1 were chosen based on realistic data and consultation with other

research studies.

Table 3.1 The parameters used in the model.

Parameter value
Reference exchange current density at anode (i;ef ) 6000 A/m?
Reference exchange current density at cathode (igef ) 0.0044 A/m?
Thickness of membrane 0.05 mm
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Thickness of catalyst layer 0.01 mm

Thickness of GDL 0.2 mm

Length of channel 50 mm

Height of channel 1 mm

Width of channel 1 mm
Cathode charge transfer coefficient (a,) 0.5

Anode charge transfer coefficient (a,) 1
Anode/cathode specific surface area ({,fr) 1 x 10°

Dry membrane density (p,,) 1980 kg/m3
Membrane equivalent weight (EW) 1100 kg/kmol

H, molar concentration (c;,jf) 54.6 X 1073 kmol/m3
0, molar concentration (cgjf) 3.39 x 1073 kmol/m3
Porosity of anode/cathode CL (¢) 0.4

Porosity of anode/cathode GDL () 0.7

49



GDL/CL permeability (K) 3x10712/2 x 10713 m?

GDL/CL contact angle (6) 110/95°
Hydrogen diffusion coefficient (Dy,) 9.15 X 107> m?/s
Oxygen diffusion coefficient (D,,) 2.2x 1075 m?/s
Nitrogen diffusion coefficient (Dy,) 2x107°m?/s
Water vapor diffusion coefficient (D, ,) 2.56 X 107> m?/s
Thermal conductivity of CC 100 W/m/K
Thermal conductivity of GDL 21 W/m/K
Thermal conductivity of CL 0.3W/m/K
Thermal conductivity of membrane 0.25 W/m/K
Electric conductivity of current collector (o.¢) 200000 S/m
Electric conductivity of gas diffusion layer (o;p.) 5000 S/m
Electric conductivity of catalyst layer (o) 2000 S/m
Hydrogen viscosity (1) 8.411x 107®Pas
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Liquid water viscosity (L) 3.517 x 10™* Pas

Oxygen viscosity (L) 1.919 X 107> Pass
Water vapour viscosity (L) 1.34 x 1075 Pa's
Nitrogen viscosity (i) 1.663 X 107° Pa's
Surface tension of water (o) 0.0625 N/m
Gas mass exchange rate ygq 0.5

liquid mass exchange rate y;,4 0.5

Water activity (A4-=1) 9.2
Hydrogen diffusion coefficient (D,ij) 9.15 x 107°
Oxygen diffusion coefficient (ngf) 2.2x1075
Water vapor diffusion coefficient (D[,% 2.56 x 107>
Water content at saturation ( Ag—;) 16.8

Source: [90],[91].,[92].

51



Table 3.2 The expressions for the source terms used in the governing equations.

Source term

Ngj ;
SH20 = _TMHZO lnACL

ngj M .
Stizo = =5 Mo + ( ”ZO/ZF)]C in CCL

5. = {z —j, in ACL

= +j. inCCL

¢ _{= +jo in ACL
mem = = —j in CCL

( iz .
Yl in GDLs
] TAS, i2 i2 .
Ja (na - 7) M vk —— (Sig +Sg) - L in ACL
Sr=4. TAS, i2 i2 .
r jc(nc_?)+a+amem_(sld+Sgl).L inCCL
2
Y inCCs
Omem
\ 0 in channels
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Sga = (1 = 8)YgaMp,o g—a; (14 — 1) in membrane, ACL and CCL

Sia = SY1aMu, o g—al/ (A¢1 — 1) in membrane, ACL and CCL

a-— 0.89)

¢4 = 0.3 + 6a(1 — tanh(a — 0.5) + 0.69(A,-; — 3.52)a’>- (1 + tanh( 023

+ S(As=1 - Aa:l))

My, o —Dsa
YgLSSDgl :; p lnz_z - Pwv = Psat
S — wv
gl Mpy.o —Dsa
yglg(l - S)Dgl :; pln z_zwj Pwv = Psat
( » T 2.334 105 .
0.365-10 (—) — in ACL
343 p
Dy, = ) T 2334 /105 .
1.79 - 10 4(—) — inCCL
343 p

* Abbreviations used in the table stand for the following: ACL: anode catalyst layer;

CCL.: cathode catalyst layer; CC: Current collector; GDL: gas diffusion layer.

Sources: equations [87] [90],[91],[92].

3.3.2 Boundary conditions and numerical procedure

The inlet boundary conditions, in terms of the mass fractions, temperatures, and relative
humidity, are listed in Table 3. In addition, the zero-temperature flux and concentrations of

the chemical species and zero-gauge pressures are set at the outlets of the flow channels:

0T (3.28)
— =0
on
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ac (3.29)

P, =0 (3.30)

where n is the normal vector and P, is the gauge pressure. The solid phase potentials are set

as follows:

®, = 0 at the anodic terminal (3.31)

®g = V¢ at the cathodic terminal (3.32)

where V¢ is the cell voltage and ranges between 0.4 V and the open circuit voltage. The
other boundary conditions in table 3.3 are determined according to the realistic testing

operating conditions.

The numerical model is solved using the PEMFC model within the ANSYS Fluent 2019 R3
software. The model is three-dimensional and multiphase and all of its governing equations
(i.e. the conservation equations of each of: the chemical species, energy, charge, mass,
momentum, water content, liquid saturation and user-defined scalars) are solved. To
discretize the equations spatially, a second-order upwind method is used for all the equations.
Three different mesh sizes were used to check for mesh-independent solutions: 100 x 15 x
50, 150 x 30 x 100 and 200 x 45 x 150 for the axes X, Y and Z, respectively. The difference
in the current density at 0.5 V between the first and the second meshes was about 1.3% and
between the second and the third meshes was about 0.5%. Therefore, the second mesh (150
x 30 x 100) was considered in this study to ensure both reasonable accuracy and computation
time. Figure 3.3 shows the meshed geometry for the base case and Figure 3.4 shows the back

views of the meshed geometries for the investigated cases. Note that the fuel cell flow
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channels in Cases 1 and 2 have identical inlets and outlets, while the flow channels in Case

3 have dissimilar inlets and outlets, namely: rectangular inlets and trapezoidal outlets.

Table 3.3 The boundary conditions used in the simulation model.

Parameter Value
Air/fuel stoichiometric ratio 1.5/2
Anode/cathode pressure 1/1
Mass fraction for H,O at cathode inlet 0.103
Cathode/anode relative humidity 100%
Temperature at the channel inlets 353 K

Source: [88]
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Anode GDL
Anode CL

Membrane

Cathode CL
Cathode GDL

Figure 3.3 The meshed geometry of the base case. The zoomed-in picture shows the

mesh across the membrane electrode assembly.

T

Figure 3.4 The back view of the meshed geometries for the investigated cases (a) Case

1 (rectangular cross-section), (b) Case 2 (trapezoidal cross-section), and (c) Case 3

(hybrid cross-section).
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3.4 Results and discussion

Figure 3.5 shows that the modelling output in the form of the polarisation curve of the base
computation case (the modelled fuel cell with square flow channels) are in reasonably good
agreement with those reported by Wang et al. [92], thus imparting confidence into the

predictions of the new proposed model.
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Figure 3.5 The polarisation curve generated by the modelled fuel cell for the base case

as compared with the experimental polarisation curve taken from Wang et al. [92].

Influence of the cross-sectional shape of the flow channel

Figure 3.6 displays the polarisation curves of the simulated fuel cell with flow channels of

different cross-sectional geometries, namely, square, trapezoidal, and hybrid. The results
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indicate that the variation in fuel cell performance is negligible for Cases 1 (square cross-
section) and 2 (trapezoidal cross-section) with respect to a given cross-sectional area. This
suggests that switching from a square to a trapezoidal cross-section has minimal impact on
the fuel cell performance. However, Case 3 (hybrid cross-section as described in Section 3.2)
demonstrates a slightly better performance at low cell potentials (e.g., 0.5 V) compared to
Cases 1 and 2, with the current density at 0.4 V increasing by approximately 5% upon
switching from a square to a hybrid cross-section. This important improvement can be
attributed to the decrease in the channel cross-section from the inlet to the outlet, which
results in an increase in the channel gas velocity (Figure 3.7) and subsequently and
importantly facilitates the supply of reactant gases (oxygen or hydrogen) to the catalyst
layers via convective flow in the Gas Diffusion Layers (GDLs) and Catalyst Layers (CLS).
The availability of oxygen (Figure 3.8) at the cathode GDL-CL interface is also affected,
with less oxygen being available for Case 3, thus indicating that more oxygen is supplied
and consumed at the catalyst layer for this case. It is worth noting that the transport of species
within typical GDLs, where the gas permeability is around 10°** m?, is dominated by
diffusion (Ismail et al., 2012). This partly explains the slight improvement observed in the

fuel cell performance when using the hybrid channel cross-sections.

58



—®— square
1.0 1 —&— hybrid
—A— trapezoidal

0.9

o
oS
1

voltage (V)
o
\‘
1

0.4 +

T T T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2
current density (A/ cmz?)

Figure 3.6 The polarisation curves of the modelled PEM fuel cell with square,

trapezoidal and hybrid flow channels.
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Figure 3.7 The velocity profile at 0.5 V along the middle line of the cathode flow

channel with: rectangular, trapezoidal and hybrid cross-sections.
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Figure 3.8 The contours of the oxygen concentration (kmol/m?3) at the interface between
the cathode CL and GDL at 0.5V with various cross-section shapes: (a) rectangular, (b)

trapezoidal and (c) hybrid cross-sections.

Table 3.4 presents the pressure drop data obtained for the different channel cross-sections
investigated. It is interesting and important to note that the results reveal that the use of the
hybrid cross-sections leads to an increase in the pressure drop along the cathode channel,
which promotes higher convective flow rates and, subsequently, better heat and excess water
removal. This is demonstrated by the temperature difference along the channel and the water
concentration at the exit of the cathode channel, both of which show an improvement when

using the hybrid cross-sections compared to the other cases investigated. In addition, the
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average temperature difference along the channel increased by 0.05°C when switching from
the square to the hybrid cross-sections. Similarly, the liquid water exiting the cathode
channel increased when using the hybrid cross-sections compared to the square or
trapezoidal cross-sections. Comparable observations can be made for the anode flow
channels (not shown), although the effect is less pronounced due to the lower flow rates used
in those channels. Moreover, Table 3.4 shows that the use of trapezoidal cross-sections
results in a slightly higher pressure drop along the channel compared to the square cross-
sections, thereby improving the heat dissipation and excess water removal. Also, the
temperature difference and water concentration at the channel exit for trapezoidal cross-
sections are comparable to those of the hybrid cross-sections. These findings confirm the
hypothesis that switching from a square to a trapezoidal cross-section or to the novel
proposed hybrid flow channel has a positive impact not only on the fuel cell performance

but also on other key performance indicators.

Table 3.4 The pressure drop, temperature difference along the cathode channel and

water concentration at the cathode channel exit for the investigated cases.

Cross-section Pressure drop along Temperature Water concentration at
shape cathode channel (Pa) difference (°C) channel exit (kmol/m?)
Rectangular 13.3 0.17 0.0138
Trapezoidal 15.1 0.20 0.0151
Hybrid 19.0 0.22 0.0154
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Influence of the outlet height

The modelled fuel cell with hybrid flow channels shows slightly better performance than
those with square or trapezoidal flow channels. However, to further improve the performance
of the fuel cell, the height of the outlet of the hybrid channel has been varied from the original
case of 1 mm to 0.75, 0.50, and 0.25 mm. Figure 3.9 shows that the limiting current density
increases slightly as the outlet height decreases. Specifically, the current density at 0.4 V
increases by about 6% when the channel height decreases from 1 to 0.25 mm. According to
the Bernoulli’s principle, as the cross-sectional area of the flow channel decreases, and the
mass flow rate remains constant, the velocity must increase to maintain the same mass flow
rate. Thus this nozzle like configuration will increase the velocity of the gas flow, which is
beneficial to the reactant to transport to the reaction area. In addition, high speed flow can
increase the magnitude of the diffusion term in the species conservation equation, which
describes how molecules move and diffuse through the gas channel. This can intern affect
the convection term of the equation, which describes the transport of the molecules due to
the bulk flow of the gas. As shown in Figure 3.10, the velocity magnitude increases when
the height of the channel decreases in the direction of the gas flow; this enhances the supply
of the reactant gases to the reactive areas in the catalyst layer through the increased
convective flow and the convective diffusion within the porous media. Considering the
conservation of mass principle and ignoring the slight amount of the reactant gases being
consumed at the catalyst layers, the mass flow rate in the flow channel flow remains constant.
This means that as the cross-section area of the flow channel decreases (as is the case in the
proposed hybrid flow channel), the velocity increases in order to conserve the mass. Figure
3.11 demonstrates that the concentration of oxygen at the interface between the cathode GDL
and the CL decreases as the channel height decreases, indicating that more oxygen is

supplied to and consumed at the catalyst layer. This suggests that decreasing the channel
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height can improve the performance of the fuel cell. However, it is important to note that
decreasing the channel height can also increase the pressure drop along the channel, which
may have negative effects on the performance of the fuel cell and should be considered in

further optimization investigations.
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Figure 3.9 The polarisation curves of the modelled PEM fuel cell with varying outlet

heights for hybrid channels.
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Figure 3.10 The velocity profiles at 0.5 V along the middle line of the hybrid cathode

flow channel with varying outlet heights.
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Figure 3.11 The contours of the oxygen concentration at the interface between the
cathode GDL and the CL at 0.5V with different heights at the outlet: (a) 1.0mm, (b)

0.75mm, (c) 0.5mm and (d) 0.25mm.

Table 3.5 presents the impact of the outlet height on the additional key performance
indicators of the modelled fuel cell. The table shows that as the outlet height decreases from
1 to 0.25 mm, the pressure drop along the cathode flow channel increases almost fourfold,
and this is primarily due to the increase in the gas velocity. This increase in velocity improves
the heat dissipation and excess water removal. Specifically, the difference in the temperature
between the inlet and outlet of the cathode channel, averaged across the channel, increases
by 0.77 °C, and the amount of liquid water exiting the cathode flow channel slightly increases
from 0.0154 to 0.0157 kmol/m3. However, it should be noted that the increased pressure drop
requires relatively high pumping power to maintain the flow rate, which can decrease the
system efficiency and increase the costs. Therefore, optimizing the pressure drop along the

flow channels in real-life fuel cell systems is critical to ensure both acceptable efficiency and
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cost-effectiveness. Overall, all the above findings highlight the importance of considering
multiple key performance indicators when evaluating the performance of a fuel cell, rather
than focusing on the polarisation curve as a single performance indicator. In doing so,
researchers can obtain a better understanding of the multifaceted impacts of the various
parameters; this ultimately leads to having better insights on how to improve the efficiency

and the effectiveness of the fuel cell.

Table 3.5 The pressure drop, temperature difference along the cathode channel and

the water concentration at the cathode channel exit as they change with outlet height.

Outlet height Pressure drop along Temperature  Water concentration at
(mm) cathode channel (Pa) difference (°C) channel exit (kmol/m?3)
1.00 19.0 0.22 0.0154

0.75 22.1 0.88 0.0155

0.50 32.5 0.95 0.0156

0.25 77.6 0.99 0.0157

3.5 Conclusions

A comprehensive three-dimensional numerical model has been created for a polymer
electrolyte membrane fuel cell. This has been performed to investigate the impact of
switching from a commonly used square flow channel cross-section to an increasingly used
trapezoidal cross section and a hybrid cross-section (where the cross-section at the inlet is

square and the cross-section at the outlet is trapezoidal) on the global and local performance
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of the fuel cell. The results show that the fuel cell with hybrid flow channel cross-sections
generally perform better than other configurations, particularly at high current densities.
Namely, the current density increased by around 5% at 0.4 V when switching to hybrid
configuration. This is attributed to the increased velocity in the hybrid flow channel (due to
gradually decreasing cross-section from the inlet to the outlet) which is responsible for
supplying higher amount of reactant gases to the catalysts layers. Further, this hybrid
configuration, compared to other configurations, results in better heat dissipation and
removal of excess water. Furthermore, reducing the height of the outlet of the hybrid cross
section demonstrates a better fuel cell performance. For example, reducing the height of the
outlet from 1 to 0.25 mm for this configuration results in an increase in the current density
at 0.4 V by 6%. As with the first investigation, this is evidently due to increased velocity
with decreasing outlet height which brings more amounts of reactant gases to the catalyst
layers, dissipates heat and remove excess water more effectively. As a future work, the
proposed hybrid flow channel design could be applied to other common flow configurations,
particularly serpentine flow configuration. It could be also applied to the entire fuel cell.
Such applications should provide insights on the sensitivity of the performance of the fuel
cell equipped with the proposed flow channel design to the flow configuration and the size
of the computation domain (i.e. single turn of the fuel cell versus the full fuel cell); the
sensitivity of other key parameters (e.g. water and thermal management) could be also
investigated. These insights would ultimately lead to better flow channel designs and more

efficient fuel cells.
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Chapter 4 Exploring catalyst microstructure parameters in

PEM fuel cells through numerical modelling

4.1 Abstract

This chapter focuses on the catalyst layer's (CL) microstructure, a pivotal element
influencing PEM fuel cell performance. The choice of the agglomerate model in this study
is justified by its comprehensive treatment of mass transfer losses, including microstructural
effects, setting it apart from thin-film and macro-homogeneous models, which often produce
results surpassing experimental data due to their neglect of microstructure. Furthermore, this
research investigates the impact of catalyst properties, including Pt loading and particle size,
on PEM fuel cell performance. The optimal Pt particle size for catalytic activity remains a
subject of interest, with diverse research outcomes necessitating further exploration. The
chapter concludes by highlighting the promise of carbon-based materials, particularly
graphene, as catalyst supports within PEM fuel cells. These materials exhibit the potential
to augment electrochemical performance and enhance mass transfer efficiency. In essence,
this chapter underscores the pivotal role of microstructural considerations and modelling in
advancing PEM fuel cell technology, with a specific focus on catalyst layer properties and

their profound implications for fuel cell performance and design.

4.2 Introduction

In the past three decades, numerical models of PEM fuel cells from 1D to 3D have been
well-developed. The model's restrictive assumptions have been substantially reduced, and
the degree of simplification has also become much smaller. The early one-dimensional

mathematical model was mainly dedicated to the simulation of the basic electrochemistry,
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gas diffusion layer, catalyst layer and proton exchange membrane. The one-dimensional
mathematical model explains the most basic electrochemical and transport phenomenal in
PEM fuel cells. Next, the model was further improved, adding considerably to the change in
reactant concentration in the direction of the gas flow [89]. The early two-dimensional model
helped solve the problem of reactant distribution and local current density in the flow
direction [93]. With the development of computational fluid mechanics, new models have
been used to simulate physics in the entire components of the flow channels, gas diffusion

layers and catalyst layers.

At present, the three-dimensional numerical models of PEM fuel cells are well developed.
In these three-dimensional models, the conservation equations of mass, momentum and
species have been solved in the gas flow channels, the membrane electrolyte and the porous
media (the gas diffusion layers and the catalyst layers) [94]. These three-dimensional models
are now used to study and optimize the catalyst layer, improve the overall performance and
durability of the fuel cell, and they have achieved good agreement between the numerical
and experimental results. The following subsections present the governing equations,
parameters and the boundary conditions that are normally used for the PEMFC models. The

chapter ends with a presentation for the meshed geometry of the modelled fuel.

The catalyst layer is a porous network composed of agglomerates. The size of the
agglomerates is about 200 nm, and there are void spaces inside. The pores in the
agglomerates that are less than 20 nm are called primary pores [95]. Between the
agglomerates, the secondary pore size is greater than 20 nm. Pores smaller than 2 nm may
be blocked by Pt particles and pores 2-20 nm may be occupied by ionomers [96]. The
secondary pores with larger sizes are mainly used as gas transmission channels [97]. The
catalyst layer within the fuel cell comprises three phases: the ionomer phase, Pt/C, and gas

pores. Figure 4.1 (a) presents a schematic of the catalyst layer's microstructure. The ionomer
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serves as both a proton conductor and a binder for the Pt/C, aiding in retaining moisture and
preventing membrane dehydration. Meanwhile, Pt/C provides active sites for catalysis and
pathways for electron transport. The porous structure facilitates the reach of reactants to the
reaction sites and offers pathways for the removal of produced water at the cathode side.
Figure 4.1 (b) depicts the interface between Pt/ionomer and gas/ionomer. In this interface,
the ionomer envelops the Pt/C particles, assuming a spherical and evenly distributed
agglomerate within the CL[98]. Numerical simulation is a very suitable approach to study
the effects of the catalyst microstructure on the performance of PEM fuel cells. At present,
three models are developed to describe the microstructure of the CL: thin-film models [99],

macro-homogeneous models [100] and agglomerate models [90].

Ionomer Pt/C Agglomerate Ionomer y
Gas Pore |

Pt Particle .

Ionomer
Interface

<—— Gas Pore /‘

<«—— Pt/C Agglomerate

GDL CL Membrane

(a) (b)

Figure 4.1 (a) Schematic of the catalyst layer (CL) microstructure with ionomer, Pt/C
agglomerate and gas pores, and (b) simplified CL microstructure with a detailed

interface of Pt/C agglomerate [98].

A large number of studies have shown that because the catalyst agglomerate model takes
into account the influence of the microstructure, it is the only model that can simulate all

mass transfer losses. Compared with the agglomerate model, the simulation results of the
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thin film models and the macro-homogeneous models will be higher than the actual
experimental results. This is because of the effect of the microstructure on the mass transfer
and the resistance is not considered in the thin film model. In the macro-homogeneous model,
the formation of agglomerates is ignored. Therefore, it cannot reflect the dissolution of the
reactants at the interface of the gas and ionomer. The diffusion and reaction of the reactants
in the pore structure is also neglected. The agglomerate models can be used to describe all
transmission processes in the CL. For example, the transport and reactant in the gas and
dissolute phase in the pores of the catalyst; transport of ions, and conduction of electrons in

the electrolyte phase.

The activity and durability of the catalyst are the key indicators that can influence the
performance of the fuel cell. In the PEM fuel cell using a carbon-supported Pt catalyst, the
activity and durability of the electrochemical catalyst are related to the catalyst loading and
catalyst size. At present, the goal of the research of catalysts in PEM fuel cells is to reduce
the Pt loading to 0.125 mg /cm? . However, in the future, the Pt loading of commercial fuel

cells will be further reduced.

High Pt loadings will accelerate the rate of the oxygen reduction reaction because more
catalyst provides more catalyst surface area. Similarly, if one requires to reduce both the Pt
loading and the catalyst to maintain a high catalytic rate, then the simple and very effective
method is to increase the active surface area of the catalyst by reducing the diameter of the
platinum particles [101]. In the past research, Peuckert et al. found that the radius of the Pt
particle that makes the catalyst the most catalytically active is 4nm [102]. However, if the
particle radius is too small, the catalytic performance will also be significantly reduced. In a
large number of simulations, particles of radius 2-5 nm are used as simulation parameters
(Malek et al., 2011). Soboleva et al. found that the microstructure of the carbon support can

also determine the distribution of the Pt particles in the catalyst layer [96]. However, some
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researchers have found that even if the radius is reduced to 1.4 nm, no clear effect of the
particle size is found (Watanabe et al., 1988). The above inconsistent research conclusions
indicate that the microstructure of the catalyst layer and its influence on the fuel cell system

still needs to be further studied.

The ionomer volume fraction is another important parameter that affects the PEM fuel cells.
The network structure of the ionomer can be used as a medium for the reactants to reach the
reaction site and can also provide a channel for the diffusion of oxygen. Some researchers
have studied the content of ionomers and found the optimized ionomer volume fraction that
can make the fuel cell obtain the best performance[105]. The role of the ionomer is to bind
the Pt particles and carbon black particles together; therefore, it is necessary to analyse all
the components in this structure. Carbon black is currently the most commonly used catalyst
support in PEM fuel cells. In addition to supporting the Pt particle catalyst, and it also serves
as an electron transfer material to conduct electrons to the site of catalyst action. In addition
to the high porosity, the porous carbon-based material with a pore size of 2-20nm has good
electrical conductivity and thermal conductivity. These characteristics ensure that it has
better mass transfer performance [106]. However, if the pore size is too small, such as when
the pore size is less than 2 nm, the catalyst particles may block these pores, thereby reducing
the overall mass transfer efficiency [96]. These structures with a pore size of less than 2 nm
are considered to be the active sites for platinum deposition and do not affect the performance
of the fuel cell. The designed carbon nanostructures, such as graphene, can replace carbon
black due to its microstructure that can increase the surface area, as well as good thermal
conductivity, electrical conductivity, and excellent stability. In recent years, the Cardadea
research group and others have studied the use of graphene as a catalyst layer and found that
graphene can improve the electrochemical performance and thus the performance of PEM

fuel cells [107]. Using graphene as the fuel cell catalyst can provide more channels, thus
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allowing more efficient transportation of reactants and products, as well as better particle
and electron conductivity. These improvements benefit from the new structure, multiple
active sites and pores, provided by graphene. In addition to graphene, other carbon
nanomaterials and heteroatom-doped carbon nanomaterials have also become potential
replacement materials for oxygen reduction reactions, and further research is needed in the
future. In this research, the effect of different microstructure of the catalyst such as, Pt
particle radius, Pt loading, and specific surface area on the performance of the fuel cells are

studied.

4.3 Model description

The model presented in this section is developed based on the conservation equations for
mass, species, charge, and energy. This has been elaborated in detail in the previous chapter.
The assumptions used in this model are as follows: the fuel cell operates under steady
conditions, the gas-phase reactants are non-compressible and exhibit laminar flow. The gases
are considered ideal. This model is employed to investigate the influence of the catalyst
layer's microstructure, necessitating the consideration of micro parameters. Regarding the
catalyst, the assumption is that it takes the form of spherical agglomerates consisting of
platinum particles, ionomer, and porous areas. The pores are filled with ionomer and water,

thus enabling the transport of ions and the gas transfer.

4.2.1 Governing equations

The current density is determined using the Butler-Volmer equation, the specific surface area

{err» Can be influenced by the microstructure of catalyst and these are presented in the

following equations:
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Where i"/ represents the reference exchange current density per unit active surface area,
{ers Is the active surface area, C™¢/ stands for the reference value of the local species

concentration, a denotes the charge transfer coefficient for either the cathode or the anode

electrode, and F corresponds to Faraday’s constant.

Specific active surface area ¢, is determined by the loading of the Pt particles (m,.) and

electrochemically active surface (agcsas) [108]:

4.3
Cefr = (@gcsa " Mpe) /6 a1 (43)

The radius of Pt particles, r,, (m) is expressed by the following equation [109][109] :
p = 3/(agcsa 'Ppt) (4.4)

4.2.2 Boundary Conditions and Parameters

Commercial software ANSYS Fluent 2019 R3 has been used to solve the conservation
equations listed in the previous section. The boundary conditions and the physical
parameters used in this study are shown in Tables 4.1 and 4.2, respectively. To generate the
polarisation curve for the fuel cell, the solid phase potential on the anode side was set to 0 V
and the solid and between 0 V and the open-circuit voltage for each run. For more detail,

please revisit Chapter 3.
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Table 4.1 The parameters used in the model.

Parameter value
Reference exchange current density at anode (igef ) 6000 A/m?
Reference exchange current density at cathode (i%%) 0.0044 A/m?
Thickness of membrane 0.05 mm
Thickness of catalyst layer 0.01 mm
Thickness of GDL 0.2 mm
Length of channel 50 mm
Height of channel 1 mm
Width of channel 1 mm
Cathode charge transfer coefficient («,) 0.5
Anode charge transfer coefficient (a,) 1
Anode/cathode specific surface area ({,fr) 1x 10°
Dry membrane density (p,,) 1980 kg/m3
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Membrane equivalent weight (EW)

. ref
H, molar concentration (cy,")

0, molar concentration (cp.')

Porosity of anode/cathode CL (¢)
Porosity of anode/cathode GDL ()
GDL/CL permeability (K)

GDL/CL contact angle (6)
Hydrogen diffusion coefficient (Dy, )
Oxygen diffusion coefficient (Dy,)

Nitrogen diffusion coefficient (Dy,)

Water vapor diffusion coefficient (Dy,,)

Thermal conductivity of CC

Thermal conductivity of GDL

Thermal conductivity of CL

1100 kg/kmol

54.6 X 1073 kmol/m3

3.39 x 1073 kmol/m3

0.4

0.7

3x10712/2 x 10713 m?

110/95°

9.15 x 107> m?/s

22X 107> m?/s

2X 1075 m?/s

2.56 X 107° m?/s

100 W/m/K

21 W/m/K

0.3 W/m/K




Thermal conductivity of membrane

Electric conductivity of current collector (o.¢)
Electric conductivity of gas diffusion layer (ozp.)
Electric conductivity of catalyst layer (o)
Hydrogen viscosity (L)

Liquid water viscosity ()

Oxygen viscosity (L)

Water vapour viscosity (L)

Nitrogen viscosity (L)

Surface tension of water (o)

Gas mass exchange rate y g4

liquid mass exchange rate y;4

Water activity (A,-1)

Hydrogen diffusion coefficient (Dj,%”)

0.25 W/m/K

200000 S/m

5000 S/m

2000 S/m

8.411x 107 °Pas

3.517 x 10™* Pas

1.919 x 1075 Pas

1.34 x 107> Pas

1.663 X 1075 Pa s

0.0625 N/m

0.5

0.5

9.2

9.15 x 1073
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Oxygen diffusion coefficient (ngf) 2.2x 1075

Water vapor diffusion coefficient (Dj;-7, 2.56 X 1075

Water content at saturation ( Ag—;) 16.8

Table 4.2 The boundary conditions used in the simulation model.

Parameter Value
Air/fuel stoichiometric ratio 1.5/2
Anode/cathode pressure 1/1
Mass fraction for H, O at cathode inlet 0.103
Cathode/anode relative humidity 100%
Temperature at the channel inlets 353 K
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4.2.3 Geometry and mesh

The computational domain shown is developed with the ANSYS FLUENT 2019 R3 software.
A mesh with approximately 510,000 elements was found to give mesh-independent solution.
The fuel cell in the present study has a symmetrical structure on both sides, therefore a single
channel pair is used for the numerical studies. In the numerical study, the flow fields on the

anode and cathode sides are the same and are parallel single channels.

Anode GDL
Anode CL

Membrane

Cathode CL
Cathode GDL

Figure 4.2 The mesh and geometry of the model.
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4.4 Results and discussion

A numerical investigation of a single-channel PEM fuel cell is presented, exploring the
impact of different catalytic microstructures (such as Pt particle radius, Pt loading, and
specific surface area) on fuel cell performance. Platinum serves as a crucial element in PEM
fuel cell catalysts, and most commercial PEM fuel cells employ carbon powder as a catalyst
support. The numerical model built in this study has been validated using experimental data
generated by Marinoiu et al. [107] Figure 4.3 shows an excellent agreement (correlation
coefficient r=0.9374) between the output of the current model and the experimental data.
Different cathode catalyst layers have different electrochemically active areas (agcsa)
resulting in different microstructural properties. The electrochemical active area
measurement was performed by cyclic voltammetry. The results showed that the higher the
(agcsa) value of the catalyst, the better the performance. Utilizing Equation 4.1 and the
catalyst performance data, the simulation indicates that the Pt particle radius in the model is
4.38 nm, and the porosity is 0.7, as specified in Table 4.1. Based on these attributes, it can
be concluded that the numerical simulations accurately represent the electrochemical
performance as depicted by polarization curves (experimental) and points (CFD simulation)
shown in Figure 4.2. The close resemblance between the CFD results and the experimental

data establishes the successful validation of the model.
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Figure 4.3 The validation of the numerical model against the experimental data.

4.3.1 Platinum loading

Platinum loading emerges as a pivotal parameter necessitating thorough analysis, given that
it has a profound influence on fuel cell performance. The architecture of platinum supported
on a carbon catalyst involves the intricate amalgamation of Nano-scale platinum particles
with a matrix of high surface area carbon powder. Contemporary trends lean toward adopting
arelatively modest platinum loading, approximately around 0.125 mg /cm?or, in some cases,
even lower. In the catalyst layer, a higher catalyst loading typically enhances performance.
However, increased loading results in larger particle clusters, creating a longer path for
reactants to reach the catalyst agglomerate's core. Conversely, if the loading is too low, it

leads to underutilization of the contact surface, thereby diminishing the reaction rate. A
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particularly efficacious avenue for achieving reduced Pt loading involves the meticulous
reduction of Pt particle size. To simplify the model and based on equation 4.1, 4.2, 4.3 and
4.4, here the assumption of the relationship between catalytic activity and particle
radius/volume/size is linear. In this research the catalyst particles were assumed uniformly
distributed and the size are the same. It is within the confines of this conceptual framework
that our model takes shape. In this study, the platinum loading was systematically

manipulated, spanning a range from 0.05 to 0.4 mg/cm?.

Evidently, as depicted in Figure 4.3, the augmentation in the catalyst platinum loading
corresponds to a discernible rise in the current density. However, the trajectory of the curve
shows a point of saturation after a certain platinum loading threshold. This intriguing
phenomenon can be rationalized by the heightened reaction rate at elevated loadings, thus
leading to a surplus production of water molecules. Consequently, an excessive presence of
water molecules can impede the efficient transfer of oxygen molecules to the catalyst layer,

resulting in the observed plateau effect.
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Figure 4.4 Platinum mass loading influence on the current density at 0.6 V.

4.3.2 Particle radius

Figure 4.4 shows the relationship between the platinum particle radius and current density at
a cell voltage of 0.6 V. In may be observed that the performance of PEM fuel cells improves
as the diameter of the platinum particles decreases. These results are consistent with those
observed in other papers[105]. The optimal ORR activity and better performance can be
obtained in the range of 2nm to 5nm. A more thorough and in-depth examination of the
catalyst microstructure and its associated parameters can aid in enhancing the performance
of PEM fuel cells. By reducing the size of platinum particles, it becomes possible to augment
the number of reaction sites on the catalyst surface, resulting in a greater electrochemically
active area.
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Figure 4.5 The effect of the Pt particle radius on the current density.

4.3.3 Electrochemical Active Area

Platinum particles must be ideally dispersed on the surface of the catalyst support (usually
carbon powder) in order to increase the electrochemical reaction area. Additionally, these
supports provide pathways for the transfer of mass, heat and charge. Further research on
various carbon supports is required to identify candidates that boost the fuel cell performance.
Figure 4.5 shows that as the electrochemical active area of the catalyst support increases, the

performance of the PEM fuel cell can significantly improve.
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4.5 Conclusions

A three-dimensional numerical model has been created for a PEM fuel cell to conduct a
parametric study investigating the effects of the catalyst layer microstructure. The initial
results were found to be in excellent agreement with those reported in the literature. The key

findings of the study may be summarised as follows:

1. Higher platinum loading and smaller platinum particle radius were found to improve
the PEM fuel cell performance.

2. The electrochemical active area (agcs4) is an important parameter to consider when
designing catalysts for PEM fuel cells. The results show that the larger is the value
of the electrochemical active region, the better is the performance of the PEM fuel
cell and this is due availability of more sites for the reaction. Higher electrochemical
active area could be obtained through adjusting the structure of the catalyst.

3. The agglomerate model takes into account the microstructure of the catalyst, so it can
more accurately simulate the operation and performance of PEM fuel cell. The
homogeneous model ignores the microstructure of the catalyst, so it cannot
accurately capture the consumption and production of oxygen and water, thus

overestimating the performance of the fuel cell in the concentration loss region.
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Chapter 5 Influence of catalyst agglomerate internal structure
on PEFC performance investigated by a multiscale

numerical model

5.1 Abstract

A multiscale modelling framework, which consists of a catalyst agglomerate scale and fuel
scale models, has been developed for polymer electrolyte fuel cells (PEFCs). The
agglomerate model's performance is connected to the fuel cell model using an interpolation
function that encapsulates the agglomerate's behavior, such as provide reaction site, provide
path for the reactants and water, more details is provided in the section on the microscale
model of the catalyst agglomerate. This framework liberates the constraints imposed by
conventional agglomerate PEFC models, enabling researchers to explore the catalyst
agglomerate's structure and composition more flexibly. Consequently, the investigation
delves into how the internal structure of the catalyst agglomerate affects fuel cell
performance. The results have shown that the fuel cell performs better with catalyst
agglomerates embodying “separate” active clusters and this impact becomes more profound
as the size of the agglomerate increases. Also, it has been shown that the performance of the
catalyst agglomerate becomes significantly better as the agglomerate size decreases. These

outcomes and other outcomes have been presented and fully discussed.

Keywords: Polymer electrolyte fuel cells; Catalyst layer; Multiscale model; Agglomerate

model
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5.2 Introduction

Polymer electrolyte fuel cells (PEFCs) are promising power conversion technologies and
this is due to their high efficiency (~ 50 %), low operating temperatures (typically between
20 and 80°C) and ease of construction [110], [111], [112], [113], [114], [115]. However,
PEFCs experience some voltage losses that impact its widespread commercialisation, one of
which is the activation voltage losses which are mainly caused by the slow kinetics of the
oxygen reduction reaction taking place at the cathode electrode and the low utilisation of
conventional platinum-based catalysts [116], [117], [118]. The catalyst layer comprises
platinum, carbon black, and ionomers, forming a porous structure [119]. Evidently, there is
a pressing need to optimize the utilization of precious platinum in Proton Exchange
Membrane Fuel Cells (PEFCs) to simultaneously lower costs and maximize catalyst
efficiency. Many researches have shown that increasing the specific area can maximise the
utilisation of the catalyst and subsequently the fuel cell performance; this could be achieved
by employing Nano-manufacturing methods [106], [120]. Optimising catalyst loading
through only experimental means is costly and time-consuming. On the other hand, adopting
mathematical modelling-aided experimentation saves a considerable amount of time and cost,
especially when considering the increasingly improved accuracy of the numerical models

[121],[122], [123], [124], [125].

There are two commonly used models for PEFC catalyst layers: (i) homogeneous and (ii)
agglomerate models. In contrast, homogeneous models postulate that the catalyst layer
functions as a porous medium composed of a consistent mixture of ionomers, platinum, and
carbon, as depicted in prior studies [126],[127],[128],[129]. In addition, homogeneous
models could resolve the spatial variation of the key variables within the catalyst layer.

However, they do not capture the impact of the microstructure of the catalyst. On the other
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hand, agglomerate models posit that the catalyst layer is composed of evenly dispersed
spherical agglomerates coated with ionomers. These spherical agglomerates are made up of
a blend of ionomers, carbon, and platinum, as demonstrated in previous research
[130],[131],[132],[133],[134],[131]. The spherical agglomerate model enhances validity by
realistically depicting catalyst layer structure and addressing reactant gas dissolution, but
variations in accuracy may arise. Despite improved consistency with experimental results,
limitations within the model may affect predictive accuracy, necessitating further research
and validation. This structure overcomes the shortcomings of the homogenous model as it
accounts for the dissolution of the reactant gas in the ionomer phase and reasonably captures
the effects of the catalyst microstructure on the fuel cell performance. Many studies have
shown that the simulation results of this agglomerate model are more consistent with the
experimental results [128],[135],[136]. The agglomerate model was utilized to explore how
the shape and size of catalyst agglomerates impact fuel cell performance. Jain et al. [130]
proposed a two-dimensional model to analyse how the agglomerate's shape affects fuel cell
performance, revealing that fuel cell performance is significantly influenced by agglomerate
shape (spherical, plate-like or cylindrical) and that it is significantly enhanced when the size

of the agglomerates is reduced.

Recently, only a limited number of multiscale PEFC models have been created, connecting
the performance of catalyst agglomerates to fuel cell performance. These models offer
flexibility, enabling researchers to explore the impacts of catalyst agglomerate composition,
structure, and shape more freely. In other words, the user of the multiscale model is not
limited to the three basic shapes (spherical, plate-like or cylindrical) as is the case in the
conventional agglomerate model. What follows are the very few studies that have been
performed on the multiscale PEFC models. Kamarajugadda and Mazumder [137] developed

a flooded agglomerate model and subsequently coupled it with a two-dimensional fuel cell
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model. This combination allowed them to examine how overlapping agglomerates and

variations in agglomerate sizes could impact the performance of fuel cells.

Their investigation revealed that the agglomerate shape has minimal influence on fuel cell
performance when the agglomerate size is small (e.g., 100 nm), but has a significant impact
when the agglomerate size is large (e.g., 1000 nm) Moore et al. [138] established a multi-
scale model that integrated a 1D catalyst agglomerate model with a 2D fuel cell model. Their
investigation revealed that properties of the agglomerates, such as proton conductivity,
presented a notable influence on the current density within the catalyst layer, consequently
affecting the overall fuel cell performance. Ismail et al. [119] developed a multiscale model
to study the impact of the catalyst agglomerate shape on the fuel cell performance. Firstly,
the three-dimensional agglomerate model was solved, and then the results (in the form of
volumetric current density as a function of the dissolved oxygen concentration and activation
overpotential) were numerically coupled with a 1D fuel cell cathode model. According to
their research, they discovered that fuel cell performance reaches its peak when using a
cylindrical catalyst agglomerate. This enhanced performance can be attributed to the

relatively larger specific surface area provided by this particular shape.

Notably, the above-mentioned multiscale PEFC models assumed that the active area, which
consists of the catalysts and the ionomer, within the catalyst agglomerate is uniform.
However, the micrographs of the catalyst layer shows that this is mostly not the case: the
catalyst agglomerate consists of separate, contacting and/or overlapping active regions and
non-active regions which mostly consist of the ionomer phase and/or pores [139][140][141].
Hence, this study aims to explore how the internal structure of the catalyst agglomerate
impacts fuel cell performance. To achieve this goal, we've established a multiscale PEFC
modelling framework. Within this framework, the performance of a three-dimensional

agglomerate model is intricately connected to that of a one-dimensional PEFC model.
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Additionally, we've examined how the modelling outcomes are influenced by variations in

the size of the catalyst agglomerate.

5.3 Model description

To explore how the internal structure of the catalyst agglomerate affects PEFC performance,
we've created two numerical models that vary in length scale. The first model focuses on the
nanoscale/microscale catalyst agglomerate (shown on the right in Figure 5.1), while the
second model is a macroscale PEFC model (shown on the left in Figure 5.1). These models
are interconnected to examine how the catalyst agglomerate's internal structure impacts fuel
cell performance [142]. The following two subsections describe each model and detail the
governing equations for each one. In the micro-scale model the realistic data sets for the

oxygen concentration(Co,)and over-potential(n)for the agglomerate model, then it will be
solve repeatedly the average current density will be computed under all conditions(Co, , 7).

Then the average current density will be used in the macro scale model to compute the local

current density.
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Figure 5.1 Schematic presentation of the multi-scale structure of the catalyst layer [141].
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5.3.1 Microscale model of the catalyst agglomerate

Consulting Figure 5.1 and other related micrographs [143], [144], [145], in this study, the
catalyst agglomerate is assumed to be spherical and composed of spherical active clusters
interspersed with non-active regions. These active clusters, depicted in red in Figure 5.2, are
assumed to comprise a consistent catalyst blend (specifically, platinum carried by carbon
particles, filled with pores and ionomer) while the non-active region (grey areas in Figure
5.2) was assumed to be ionomer and pore. For simplicity, the active clusters are assumed to
be identical, and they are either: (i) separate from each other, (ii) contacting each other or
(iii) overlapping with each other; see Figure 5.2. Note that the catalyst agglomerate may
contain more than one internal structure; it may contain for example “separate” and
“contacting” active clusters. However, for simplicity and to meet the objective of this study,
which is to show the impact of ignoring the internal structure of the catalyst agglomerate,
the cases investigated were limited to the above “simplified” structures. In all the structures,
the minimum distance between the active clusters and the outer surface of the agglomerate
was assumed to be one tenth of the radius of the agglomerate; for example, if the radius of
the agglomerate is 100 nm, then this distance is 10 nm [119]. It's important to mention that,
because the geometry is rotational symmetry, for the sake of computational efficiency, only

one eighth of the catalyst agglomerate was taken into consideration.

Contacting

Overlapping Separating

Figure 5.2 A schematic of the internal structure of the agglomerate.
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The following are the equations used to simulate the physics in the catalyst agglomerate. The
reactant gas (i.e. oxygen in this case) is realistically assumed to be transported within the

agglomerate by diffusion and reacts in the active clusters of the agglomerate [146]:

VDV Co, = Rexno, = 0 (5.1)

In this equation, C,, stands for the molar concentration of dissolved oxygen, while vDel!

e
represents the effective diffusivity of dissolved oxygen within the ionomer phase. This
effective diffusivity is determined using the Bruggeman correlation [26]:
peff — { D,  inthe non-active region

¢ €4°D, (5.2)
in the active clusters
where, D, signifies the diffusivity of dissolved oxygen within the ionomer, while &,

represents the volume fraction of the ionomer phase within the active region. Additionally,

Rexn,0, denotes the molar consumption of oxygen:

0 in the non-active region

Rexno, = {kCo2 in the active clusters 9
k _ ioa _aF
- 4ch§f exp ( RT m (5.4)

In this equation, k represents the reaction rate constant, i, denotes the exchange current
density, F stands for Faraday's constant, ngf signifies the reference concentration of

dissolved oxygen, « is the charge coefficient, T represents temperature, R corresponds to the
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universal gas constant, n represents the activation over-potential (an essential input variable

for the model), and a denotes the specific surface area of the catalyst [108]:

L,:A
q = PPt (5.5)
Lcl

Inthis equation, [,,, stands for platinum loading, electrochemical surface area of the platinum
catalyst defined asA,., and the thickness of the catalyst layer isL.. Faraday's law is

employed to calculate the average current density of the agglomeratel,

lIngg = 4FkCo, (5.6)
where C,, is the average concentration in the active clusters. Equation (4.1) is solved using

boundary conditions which presented in Figure 5.3. Constant dissolved oxygen

concentration (Co, ) is used for the surface of the agglomerate and zero flux of the dissolved
oxygen concentration (VC,,=0) is used for the symmetrical lines in the computational

domain.

VCp,=0

Figure 5.3 The boundary conditions for the agglomerate model.
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In order to solve Equation (5.1), COMSOL Multiphysics 6.0 was used and the iterative linear
solver GMRES (Generalised Minimum Residual) was applied. A mesh independence study
was performed. Namely, the maximum mesh size was decreased from 0.003 to 0.0003 pm
and the average current density was found to change by less than 1%. Hence, the mesh with
a maximum mesh size of 0.003 um was used. For this mesh, the number of elements was
found to be around 110 K; Figure 5.4 shows a meshed 2D cut of the modelled catalyst
agglomerate with separate active clusters. The computational time required for generating
the mesh and solving the model was, using an Intel Xeon 3.80 GHz processor, about 60

minutes.

z

L.

Figure 5.4 A 2D meshed cut of the modelled catalyst agglomerate.
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5.3.2 Macroscale PEFC model

Figure 5.5 provides a schematic representation of boundary conditions that employed in the
one-dimensional PEFC model (these boundary conditions will be discussed further in this
section's conclusion). For simplicity, the fuel cell is assumed operates under isothermal and
low-humidity conditions, thus allowing the isolation of thermal and saturation effects.
Consequently, the model exclusively incorporates the conservation equations for chemical

species and charge. The following sections outline the governing equations employed in this

model.
d@l
I =0
st =0 GDL M EMBRANE GDL Qs.bnd = Ecell.
. & & & & §
G=Co CCL ACL G =Co

Figure 5.5 A schematic demonstration of the boundary conditions used in the 1-D

PEFC model.

The continuity equation is given by:

V-(pl) =0 (5.7)

where 1 is the velocity vector and p is the density of the gaseous mixture. The conservation

of species equations is obtained using the following equation:
p(i-V) =-V() +R; (5.8)
where j; is the mass flux relative to the mass averaged velocity of species i, and R; is the

source term representing the production or consumption rate. j; is defined as follows [119]:

97



(5.9)

VM
— ff
= —pw; E Dlek M, — (Vo + wy M)

where w; is the mass fraction of the species i, Dy ¢ is the effective diffusivity of the

chemical species i (e.g. oxygen) into the chemical species k (e.g. nitrogen). For ideal gas

mixtures, the density is given by:
p=— (5.10)

where p is the absolute pressure. The molecular weight of the gas mixture, M, is given by:

(5.11)

M = ZXL’ML

where y; and M; are the mole fraction and the molar mass of the chemical species i,

respectively. Dy .¢r in the GDL or the catalyst layer (CL) is calculated by:

0.008e*81¢D,, in the GDLs

D. _ 5.12
ikeff { e'SDy in the CLs (642

where ¢ is the porosity. The source term R; shown in Equation (5.8) is given by:
R, =— (5.13)

where n is the number of electrons transferred in the reaction (4 for oxygen and 2 for
hydrogen and water), by solving the agglomerate model, the volumetric current density | can
be obtained and presented subsequently. Water vapor calculations are conducted through the

following equation:
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Siyo = 2R; +ndV - i/F (5.14)

where nd is the drag coefficient. The conservation of charge equations are given by:

V(—0,Vg) =V - i (5.15)

V(—oV¢) = —V-i (5.16)

where g, and o; are the electrical conductivity and the ionic conductivity of the solid phase
and ionomer phase, respectively, and ¢, and ¢, are the solid-phase and the ionomer-phase
potentials, respectively. Note that Equation (5.15) is applicable to the GDLs and the CLs
while Equation (5.16) is applicable to the CL and the membrane electrolyte. The local

activation over-potential n in the cathode catalyst layer, n.,is given by:

Ne =¢s — ¢y — Eeq (5.17)

Nernst equation is used to calculate E,,, which stands for the theoretical cell potential [146]

eq
and found to be 1.221V. The local activation over-potential in the anode catalyst layer, 1,

is given by:

Na = ¢s — Py (5.18)

The local volumetric current density within the cathode catalyst layer, I.., is computed using

the following equation [119]:

I = Iagg(1 — &) (5.19)

where I, is the average volumetric current density of the modelled agglomerate which is
obtained using Equation (5.6) and &, is the porosity of the catalyst layer. Note that I,

changes with cathode activation overpotential and concentration of dissolved oxygen;
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therefore, @ is repeatedly solved for using a realistic set of cathode activation
overpotential (ranging between -0.1 and -1 V) and concentration of dissolved oxygen
(ranging between 0 and 0.86 mol/m3) [9]. Then the average volume current density @ is
used to calculate I. by employing a interpolation function; Figure 5.6 shows a typical
interpolation function for the agglomerate volumetric current density. On the other hand, the
anodic local volumetric current density, I,, is obtained using the following conventional

form of Butler-Volmer equation:

I =ia <exp (aaFna) — exp (_aana)) (5-20)
@ RT RT

where i, is the reference exchange current density of a unit active surface area, a is the
specific surface area, which is calculated by Equation (5.5), ¢, and «, are the anodic and
cathodic charge transfer coefficients and n,, is the anodic activation overpotential which is
calculate by Equation (5.18). At a defined cell potential, calculate the local cathodic or
anodic volumetric current density are calculated by averaging it across the length of the
catalyst layer. This averaged value is then multiplied by the layer's length to obtain a data
point on the polarization curve. Figure 5.5 illustrates the boundary conditions utilized to
solve the model. Specifically, concentration boundary conditions have been defined for both
the left and right sides of the computational domain, while solid-phase potential has been set
at both ends of the computational domain.; the solid-phase potential was defined at both side
of the domain, it equals the cell potential at the outermost point of the cathode GDL and
equals zero at the outermost point of the anode GDL. On the other hand, zero-flux ionomer-
phase boundary conditions were used at the outermost points of the catalyst layers. The
governing equations (5.7), (5.8), (5.15) and (5.16) were solved using COMSOL
Multiphysics® 6.0. The solver employed for this task was MUMPS, which is a sparsely

direct and massively parallel linear system solver. The domain was discretised, the
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computational domain of the interface between the catalyst layer and the GDL is refined and
the mesh independent should be obtained. The maximum mesh size was established at 0.012
um, the maximum mesh growth rate is set to be 1.2. The mesh, which was deemed solution-
independent, comprised roughly 125 elements. Table 5.1 presents the parameters utilized for

solving both the agglomerate scale and the fuel cell scale models.

8.0x10"" |

)
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2.0x10""

Figure 5.6 A typical plot for the interpolation plot of volumetric current density as a
function of dissolved oxygen concentration and activation overpotential for a modelled

agglomerate with 100 nm radius and separate active clusters.
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Table 5.1 The parameters used in the agglomerate scale and the fuel cell scale models

[119], [146], [147]

Parameter value
Thickness of membrane (L,,em) 30um
Thickness of catalyst layer (L;) 15um
Thickness of GDL (Lsp;) 250um
Cathode charge transfer coefficient («,) 3.39
Pressure (p) 1.5atm
Temperature (T) 353K
Faradays’ constant (F) 96485Cmol !
Universal gas constant (R) 8.314mol 1K1
Henry's constant 31664 Pa-m3mol !
Electrochemical active area of platinum particles (4,.) 40m?g~1[147]
Platinum loading (I,¢) 0.4mgcm ™2
Anode Exchange current density (iy 4) 100Am 2
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Cathode Exchange current density (io ) 0.015Am ™2

Reference dissolved 0, concentration (cgjf ) 0.85molm~3
Porosity of anode/cathode CL (&) 0.48

Porosity of anode/cathode GDL () 0.6

lonomer volume fraction in the agglomerate (&,) 0.5

Oxygen diffusivity in the ionomer (D,) 8.45 x 10710 m? /s [146]
Oxygen in nitrogen diffusivity (Do, —y,) 1.86 x 107> m? /s [146]
Oxygen in Water vapour diffusivity (Do,—,0) 2.47 X 107> m? /s [146]
Water vapour in nitrogen diffusivity (Dy,,-y,) 2.58 x 1075 m? /s [146]
Electric conductivity of gas diffusion layer (osp.) 100 S/m
Electric conductivity of electrolyte o, 0.85 S/m
Electric conductivity of catalyst layer (o) 30 S/m

a: proton conductivity is calculated by using Springer model
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5.4 Results and discussion

5.4.1 Validation of the multi-scale model

To validate the current multi-scale model, it is essential to compare the output from this
modeling framework, represented as a polarisation curve, with the corresponding output
produced by the conventional model. For the conventional model, the agglomerate influence
is analytically coupled with the fuel cell model. Assuming spherical agglomerates, the

cathodic current density used in the verification is given by [137], [138]:

Tagg" 1 TaggSagg ., (21

+
(ragg + 6agg)3 Erk Qagg (Tagg + Sagg)De

Vig =4F(1 —¢&,)Co,,

In this equation, Cy, , refers to the defined dissolved oxygen concentration at the surface of

the ionomer film, which can be computed using the following expression:

Co, gRT (5.22)
Coro ="

In the equation, Cy, 4 represents the concentration of oxygen in the gas phase before it
dissolves into the ionomer film's surface, and H stands for Harry's constant. The specific
surface area of the spherical agglomerate, denoted as a, g4, is determined by the following

expression [20]:

3 (5.23)
In this validation case, where the agglomerate radius 7,4, is set to 100 nm, the effectiveness

factor E,. of the spherical agglomerate used in Equation (5.21) is defined as follows[148],

[146]:
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1 1 1 (5.24)
E.=—( - )
@, ‘tanh(3®,) 3P,

where @, is the Thiele modulus which is given by:

Y (5.25)
L= 3 Deff

e

Figure 5.7 shows that the polarisation curves as generated by: (i) the present multiscale
modelling framework for the case in which the core of the agglomerate is assumed to be
wholly chemically active and uniform (see Figure 5.1) and (ii) the conventional agglomerate
model (represented by Equations (5.21-5.25)). The figure illustrates a high degree of
agreement between the two generated polarisation curves, instilling confidence in the

precision of the predictions made by the multi-scale model developed in this study.
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Figure 5.7 The polarisation curve of the multi-scale model (blue line) and analytical

model (red line).

5.4.2 Effect of the size and internal structure on the agglomerate current

density

Figure 5.8 shows the performance curves obtained from the agglomerate scale models for
the agglomerate with different sizes (100 and 1000 nm) and internal structure (“separate”,
“contacting” and “overlapping”). The first observation is that the catalyst agglomerate
performs better with decreasing size. For example, for the agglomerate with “separate”
internal structure, the average volumetric current density increases by two orders of
magnitude when decreasing the agglomerate radius from 1000 nm to 100 nm. This could be

attributed to better catalyst utilisation as demonstrated by the smaller agglomerates. In other
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words, the reactant gas (which is oxygen in this case) is largely consumed as soon as it enters
the active clusters in the agglomerate (particularly at high overpotential values) which means
that most of the active region remains largely non-utilised (see Figure 5.9); this phenomenon
becomes more profound with larger catalyst agglomerates and leads to less volumetric

current density by larger agglomerates.

The second observation is that, regardless of the agglomerate size, the agglomerates with
separate active clusters perform better than the agglomerates with contacting active clusters
and these agglomerates in turn perform better than those with overlapping active clusters.
This phenomenon can be explained by the observation that agglomerates featuring separate
active clusters have the maximum total surface area, while those with overlapping active
clusters have the minimum. As the surface area of the agglomerate's active region increases,
the catalyst utilization becomes increasingly efficient. As explained in Section 5.2, the

graphs shown in Figure 5.8 were used as interpolation functions for the PEFC scale model.
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Figure 5.8 The functional relation of the over potential and oxygen concentration and

current density of the agglomerate with different internal structure and different

radius.

Figure 5.9 The distribution of dissolved oxygen concentration at an activation
overpotential of -1 within the modelled section of the catalyst agglomerate with 100

nm radius.
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5.4.3 Effect of the agglomerate internal structure and size on the PEFC

performance

In Figure 5.10, presents the polarisation curves of the simulated PEFC operating with
catalyst agglomerates of two distinct sizes (100 and 1000 nm) and featuring three distinct
internal structures (separate, contacting, and overlapping active clusters). It's worth noting
that, in general, the fuel cell exhibits superior performance when employing separate active
clusters. This notable improvement can be attributed to the larger specific surface area
presented by these isolated active clusters in comparison to the other two configurations. The
second note is that the impact of the internal structure on the fuel cell performance becomes
more significant when reducing the radius of the agglomerate from 1000 to 100 nm see
Figure 5.11. For example, for the smaller agglomerates, the maximum currant density with
separate active clusters is larger than that with contacting active clusters by less than 1 %.
On the other hand, for the larger agglomerates, the maximum currant density with separate
active clusters is larger than that with contacting active clusters by more than 12 %. These
outcomes can be attributed to the greater diffusion pathways, and consequently, increased
mass transport resistance associated with larger catalyst agglomerates when compared to
their smaller counterparts. This phenomenon results in the fuel cell's heightened
responsiveness to alterations in internal structures, particularly in the high current density
range where mass transport limitations become more pronounced. This observed sensitivity
of fuel cell performance to agglomerate size aligns with findings previously reported by

Ismail et al. [119] and Kamarajugadda et al. [137].
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Figure 5.10 The polarisation curve of the multiscale modelling with 0.1 um radius

agglomerate and a different internal structure.

These outcomes can be attributed to the greater diffusion pathways, and consequently,
increased mass transport resistance associated with larger catalyst agglomerates when
compared to their smaller counterparts. This phenomenon results in the fuel cell's heightened
responsiveness to alterations in internal structures, particularly in the high current density
range where mass transport limitations become more pronounced. This observed sensitivity
of fuel cell performance to agglomerate size aligns with findings previously reported by

Ismail [119].
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Figure 5.11 The polarisation curve of the multiscale modelling with 1 um radius

agglomerate and different internal structure.

It is worth noting that the agglomerates with separate active clusters do not only improve the
fuel cell performance but also reduce the amount of platinum catalyst. Namely, the total
active volume of the agglomerate with separate active clusters is less than those with
contacting and overlapping active clusters by around 20 and 45 %, respectively; this
evidently means that significantly less platinum catalyst is used when employing

agglomerates with separate active clusters.

5.5 Conclusion

A comprehensive multiscale modeling framework for the Proton Exchange Membrane Fuel

Cells (PEFCs) has been developed. This framework comprises two integral components: a
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catalyst agglomerate scale model and a fuel cell scale model. Initially, the agglomerate model
is solved to generate a performance plot, which illustrates the average volumetric current
density variations concerning dissolved oxygen concentration and activation overpotential.
This performance plot serves as an interpolation function, seamlessly connecting it to the
fuel cell scale model. By doing so, local current density profiles within the cathode catalyst
layer for a given cell potential can be generated. This innovative modeling framework has
been instrumental in our investigation into how the internal structure of the catalyst
agglomerate influences fuel cell performance. To simplify the analysis, only three scenarios
were considered for the arrangement of active clusters within the agglomerate: separate
clusters, clusters in contact with each other, and overlapping clusters. The following are the

key findings derived from these investigations:

i.  The fuel cell performs better with catalyst agglomerates featuring “separate”
active clusters than those feature “contacting” or “overlapping” clusters and this is
due to higher specific surface area demonstrated by the separate active clusters.

ii.  This impact (i.e. the impact of the internal structure of the agglomerate on the fuel
cell performance) becomes more profound as the size of the agglomerate increases.
It was shown that the maximum current density with “separate” active clusters is
larger than that with “contacting” active clusters by more than 12% and this is
because the fuel cell becomes more mass transport resistance limited with larger
agglomerates.

iili.  The modelled agglomerate perform better with decreasing size. The volumetric
current density was found to increase by two order of magnitude when catalyst
agglomerate size decreases from 1000 nm to 100 nm. This is attributed to better
catalyst utilisation of the smaller agglomerates.

iv.  Considering the current and future advancements in the nano- and micro-fabrication
technologies, it is recommended to design catalyst agglomerates with “separate”
active clusters as they improve the fuel cell performance and also reduce the catalyst
loading.
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Chapter 6 Influence of the agglomerate shape of catalyst on the
PEM fuel cell performance investigated by a multiscale

model

6.1 Abstract

This chapter thoroughly investigates the impact of agglomerate shapes in the catalyst layer
of a PEM fuel cell on its overall performance, presenting a novel multiscale model.
Traditional models commonly assume a uniformly spherical catalyst layer, whereas
micrographs reveal that agglomerates come in various shapes. In contrast, this model
numerically integrates the effects of agglomerate microstructure at the scale of the PEM fuel
cell. The key assumption is that agglomerates can take any form, with particular focus on
spherical, cubic, polyhedral, cylindrical, and ellipsoidal shapes in this study. Initially, the
model solves for the agglomerate-scale behaviour, extracting reactant concentrations and
current density. These values are then applied to the fuel cell-scale model, yielding the
performance curves. Consequently, researchers gain the freedom to explore diverse
agglomerate shapes, unrestricted by the limitations of traditional uniform models. The
findings indicate that larger agglomerates (radius > 1000 nm) have a more pronounced
influence on fuel cell performance, and when agglomerates adopt an ellipsoidal shape, the
maximum current density increases by approximately 28%. Furthermore, this study

establishes a significant correlation between agglomerate shape and fuel cell performance.

Keywords: Multi-scale model, Agglomerate model, Catalyst layer, PEFCs

114



6.2 Introduction

Proton Exchange Membrane Fuel Cells (PEMFC) have garnered considerable attention due
to their remarkable efficiency, environmental friendliness, and emission-free characteristics
as power generation devices [149],[150],[151],[152],[114]. Nonetheless, the
commercialization of PEMFC faces impediments owing to the substantial cost of the catalyst
employed in the electrochemical process [106]. Currently, platinum (Pt) stands as the
predominant catalyst material utilized in low-temperature fuel cells[135]. Although
researchers have made notable strides in mitigating platinum loading through alloying with
other metals, this strategy presents inherent challenges pertaining to the catalyst's stability
and durability[153]. An alternative avenue emerges for cutting the platinum loading: the
optimization of the catalyst structure. Such optimization holds the promise of significantly
augmenting the catalyst's specific surface area, thereby inducing a more homogenous
dispersion of platinum particles and ultimately leading to a substantial enhancement in the

utilization efficiency[154],[119].

Controlling the shape and structure of the agglomerate can reduce the cost of catalysts and
enhance their performance[155],[156]. Agglomerates with a high surface area are highly
favorable for catalytic performance. Numerous reports have shown that controlling the shape
of catalyst aggregates can improve the electrochemical activity of the catalysts[157]. These
structurally engineered carriers can lead to a more uniform distribution of platinum
nanoparticles on the agglomerate and increase the efficiency of reactant transport[158],[159].
While these experiments are very helpful in finding the optimal catalyst structure, they are
often extremely expensive and time-consuming. Therefore, it is highly necessary and
important to use more efficient and cost-effective methods such as computational models to

search for the best catalyst structure[160].
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Currently, the most widely employed structure for conventional commercial catalysts is
typically believed to consist of aggregates composed of platinum and carbon. Abundant
micrographs depict these agglomerates as having a semi-spherical shape[142]. In previous
simulations, the most common models used were the homogeneous model and the aggregate
model. The homogeneous model assumes that the catalyst layer is a porous material
composed of platinum, carbon, and aggregates uniformly distributed in all
directions[161],[162],[163]. While this structure can be used to predict the impact of the
catalyst layer configuration on fuel cell performance, and it cannot be employed to
investigate the influence of the actual microscopic structure within the catalyst layer on
performance. Another frequently used model is the agglomerate model, which assumes that
the aggregates are spherical and covered by a thin layer of ionomer [148],[132],[134]. While
this model is closer to reality than the homogeneous model, it lacks the flexibility to

effectively study the impact of aggregate shape on fuel cell performance.

To investigate the influence of the microscopic structure of the catalyst layer on fuel cell
performance, it is necessary to construct a multiscale model that examines the impact of
microstructures at the agglomerate scale on the fuel cell performance. This model comprises
two components: the agglomerate scale and the fuel cell scale. Multiscale models for
studying catalyst structure in this manner are not widely reported. Kamarajugadda and
Mazumder [164] developed a generalized flooded agglomerate model to study the effect of
overlapping unequal-radius spherical aggregates on fuel cell performance. Their research
revealed that overlapping aggregates perform better than single agglomerate of the same
volume. Hussain et al. [165] developed a three-dimensional numerical model for ordered-
structure cathode catalyst layers to investigate the impact of structural parameters on fuel
cell performance. The study demonstrated a significant effect of the spacing between carbon

nanotubes (CNTSs) on reactant transfer. Liang et al. [166] developed a cross-dimensional
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model to study oxygen transport, exploring oxygen transport behavior under different

structural parameters and operating conditions.

The aim of this study is to investigate the impact of catalyst agglomerate shape on the fuel
cell performance. To accomplish this goal, a multi-scale modeling framework for Polymer
Electrolyte Fuel Cells (PEFC) has been devised. Within this multi-scale model, the
performance of a three-dimensional agglomerate model is intricately connected to that of a
one-dimensional PEFC model. Furthermore, an exploration of the modeling framework's

sensitivity to the size of the catalyst agglomerate has been conducted.

6.3 Model description

In this study, it was aimed to investigate the impact of catalyst agglomerate shape on the
performance of Polymer Electrolyte Fuel Cells (PEFC). To achieve this, two numerical
models of different scales were developed, thus creating a robust multiscale approach. The
first part involved establishing a model at the agglomerate scale, thus enabling the current
density under varying concentrations and overpotentials through iterative solutions to be
obtained. This provided valuable insights into the behaviour of the catalyst agglomerate
under different conditions. In the second part, the integration of the agglomerate-scale model
with the fuel cell-scale model was achieved. By doing so, this could thoroughly examine
how the agglomerate's shape influences the overall performance of the fuel cell. This
approach allowed one to gain a deeper understanding of the complex interactions occurring
at different scale within the PEFC system. Overall, this research provides valuable
knowledge for optimizing the design and performance of PEFCs by considering the intricate

effects of catalyst agglomerate shape on the fuel cell's performance.
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Figure 6.1 A schematic showing the multi-scale structure of the catalyst layer [141].

Analyzing the microscopic images of the catalyst displayed in Figure 6.1 reveals that the
agglomerates present within the catalyst layer do not consistently adopt a uniform
distribution in the form of spheres. The catalyst agglomerates developed in this study are
characterized by distinct active and non-active regions. The active domains (highlighted by
the red sections in the figure) are comprised of platinum nanoparticles, carbon particles, and
ionomer. Conversely, the non-active regions are assumed to exclusively consist of ionomer
material. To facilitate comparisons, the only variable under investigation in this study is the
shape of the catalyst, as depicted in Figure 6.2: (i) spherical, (ii) square, (iii) octahedron, (iv)
cylindrical, and (v) ellipsoidal. The agglomerate model proposed in this chapter adheres to
a 10:1 ratio between the agglomerate's radius and the thickness of the non-active region.
Consequently, when the agglomerate radius measures 100 nm, the non-active region
maintains a 10 nm thickness. Given the symmetry of the constructed geometries and for
computational efficiency, the generated agglomerate represents just 1/8 of its actual size.
The equations governing the reactions and transport phenomena within the agglomerate will

be expounded upon in the subsequent sections of this chapter.
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Figure 6.2 A schematic of the shapes of the agglomerate.

6.3.1 Agglomerate model

The transport of the reactant gas (oxygen, in this context) within the agglomerate is
realistically envisioned as taking place via diffusion, resulting in its subsequent engagement
with the active clusters positioned inside the agglomerate for reaction. and described with

the following equation [146]:

VDI VCo, = Roxnyo, = 0 (6.1)
where, Cy, stands for the molar concentration of oxygen in solution, while Vfo T denotes

the effective diffusivity of dissolved oxygen within the ionomer phase. This value is

established by utilizing the Bruggeman relation [26]:

peff — { D,  inthe non-active region
e el°D, (6.2)
in the active clusters
Within this formula, D, denotes the diffusivity of dissolved oxygen within the ionomer, &,

stands for the volume fraction of the ionomer phase present in the active region, and Reyn, o,
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represents the oxygen molar consumption rate. This specific value is determined by the

subsequent expression:

R _( 0 inthe non-active region
exn,0, — kCOZ (6.3)
in the active clusters

ipa —aF

k = 2 P (7™ (6.4)
)

In this equation, k represents the reaction rate constant, i, denotes the exchange current
density, F stands for the Faraday’s constant, Cgff signifies the reference concentration of the
dissolved oxygen, a represents the charge coefficient, T is the temperature, R corresponds to

the universal gas constant, n indicates the activation over-potential which is one the input

variables for the model, and a represents the specific surface area of the catalyst [108]:

Within this formula, k symbolizes the reaction rate constant, i, embodies the exchange
current density, F represents Faraday's constant, Cgff signifies the reference concentration
of dissolved oxygen, a relates to the charge transfer coefficient, T denotes temperature, R

stands for the universal gas constant, n signifies the activation over-potential, a vital input

parameter for the model, and a represents the specific surface area of the catalyst.

[,:A
q = PPt (6.5)
Lcl

where ,.corresponds to the quantity of loaded platinum, A, signifies the electrochemical
surface area encompassed by the platinum catalyst, and L.; represents the thickness of the
catalyst layer. The average current density of the agglomerate (notated as /,,) is calculated

by applying Faraday's principle:
logg = 4FkCy, (6.6)
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In this context, C—O2 symbolizes the average concentration within the active clusters. The
boundary conditions, utilized for solving the equations mentioned earlier, are visualized in
Figure 6.3. At the agglomerate's surface, a consistent dissolved oxygen concentration (Co, )
is upheld, while symmetrical lines within the computational domain are subject to a zero flux

of dissolved oxygen concentration (VCy,=0).

Figure 6.3 The boundary conditions used for the agglomerate model.

For solving Equation (6.1), the software COMSOL Multiphysics 6.0 was utilized. The
GMRES (Generalized Minimum Residual) iterative linear solver was implemented. The
refinement of the mesh was concentrated around the interfaces connecting active clusters
and non-active regions. An assessment of mesh independence was carried out, involving a
reduction of the maximum mesh size from 0.003 to 0.0003. This alteration resulted in a
minor average current density variation of less than 1%. Consequently, the mesh with a
maximum size of 0.003 was chosen. This mesh configuration comprised approximately
110,000 elements; Figure 6.4 illustrates the modelled geometry of the catalyst agglomerate
with well-defined active clusters and the accompanying mesh structure. The computational
process, encompassing mesh generation and model solution, demanded approximately 60

minutes, utilizing an Intel Xeon 3.80 GHz processor.
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L.

Figure 6.4 Schematic of the meshed geometry of the agglomerate model.

6.3.2 PEFC model

Figure 6.5 presents a schematic of the 1-D PEFC model, highlighting the boundary
conditions employed for solving the model — these conditions will be revisited in a later
section. To enhance clarity, it is assumed that the fuel cell functions under isothermal and
low-humidity conditions, aimed at isolating thermal and saturation impacts. As a result,
solely the conservation equations for chemical species and charge are considered. Following

this clarification, the subsequent section delineates the fundamental equations that govern

the model.
do,
x| °
Dspna = Ecent GDL MEMBRANE GDL P, =0
| ] |
(———————————— . —
G =Co CCL ACL G =0

Figure 6.5 A schematic demonstration of the boundary conditions used in the 1-D

PEFC model.
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The equation representing the continuity is formulated as follows:
V-(pti) =0 (6.7)

The velocity vector is denoted by 1, while p represents the gaseous mixture's density. The

conservation of species equations are derived from the subsequent expression:
p(i-V) = —V() +R; (6.8)

where w; indicates the fraction of mass associated with species i, j; represents the mass flux
relative to the velocity of species i, which is averaged by mass, and R; is the parameter within
this equation that signifies the rate of generation or reduction. The specific definition of j; is

provided below [119]:

_ M VM 6.9
Ji = —pw; Z DiekffM—(Vu)k + Wy 7) ©.9)
% k
where Dy ¢ signifies the effective diffusivity of chemical species i within chemical

species k, with w representing the mass fraction of the species, and p indicating the density
of the gas mixture. For ideal gas mixtures, the density is formulated as follows:

_pM

-5 (6.10)

p

where p signifies the absolute pressure. The molecular weight, denoted as M, is established

as

(6.11)

M = ZXiMi
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where y; is the mole fraction of the chemical species i and M; is the molar mass, The

effective diffusivity Dy . in the GDL or the catalyst layer (CL) is calculated by:

where y; denotes the mole fraction of the chemical species i, while M; signifies the molar
mass. The computed effective diffusivity value, Dy .rf, Within either the Gas Diffusion

Layer (GDL) or the Catalyst Layer (CL), is calculated by the following equations:
Dik,eff = 0.00884'818Dik (612)
Dixer = €ci” Dik (6.13)

The porosity of the GDL is represented by &, and the source term R; presented in Equation

(6.8) is defined by:

R, =— (6.14)

where n corresponds to the number of electrons exchanged in the reaction (4 for oxygen and
2 for hydrogen and water). The computation of the local volumetric current density,
represented as I, relies on the findings obtained from the agglomerate-scale model, as further

detailed later in this section. The determination of water vapor is accomplished by:
St,0 = 2R; + ndV - i/F (6.15)

The drag coefficient, noted as nd, is a factor in the equation, and the equations governing the

conservation of charge are provided by:
V(—0,Vps) =V - i (6.16)

V(—oV¢,) = —V-i (6.17)
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where g, and g; represent the electrical conductivity of the solid phase and the ionic
conductivity of the ionomer phase, respectively. Similarly, ¢¢and ¢, characterize the
potentials within the solid and ionomer phases. It's noteworthy that Equation (6.17) applies
to both Gas Diffusion Layers (GDLs) and Catalyst Layers (CLs), whereas Equation (6.18)
is specific to the Catalyst Layer (CL) and the membrane electrolyte. Describing the local

activation over-potential n in the cathode's catalyst layer,n. follows as:

Ne = ¢s — Py — Eeq (6.18)

The theoretical cell potential, denoted as E,,, was computed utilizing the Nernst equation
[37] and determined to be 1.221V. Similarly, the local activation over-potential in the anode's

catalyst layer,n, is expressed as:

Na = ¢s — Py (6.19)

The calculation of the local volumetric current density within the cathode's catalyst layer,

denoted as 1., is accomplished through the utilization of the subsequent equation [119].

I = Iagg(1 — &) (6.20)

The computation of the local volumetric current density within the cathode's catalyst layer,
referred to as I, involves the utilization of the subsequent equation. Here, 1,4, signifies the
average volumetric current density of the modeled agglomerate, derived from Equation (6.6),

while g, stands for the porosity of the catalyst layer. It's noteworthy that I.varies with both

the cathode activation overpotential and the concentration of dissolved oxygen. As a result,

logq is recurrently determined by employing realistic values for the cathode activation
overpotential and the concentration of dissolved oxygen. The resulting values of I,,, are

subsequently employed as inputs in an interpolation function for the computation of /..
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Figure 6.6 illustrates a typical interpolation function for the volumetric current density of the
agglomerate. On a different note, the local volumetric current density at the anode is derived

using the following variation of the Butler-VVolmer equation:

[ o= (aaFn) (—aan> (6.21)
a = loal|exp(—r exp (—m

i, =1lpq 1_[ )anl/n 1_[ (—— ) agvi/n (6.22)
" v Pires Pires

Qg =N — (6.23)

Within this equation, i, represents the reference exchange current density for a single unit
of active surface area, a stands for the active surface area, determined through the application
of Equation 6.5. Moreover, a, and a, stand for the charge transfer coefficients associated
with the anode and cathode electrodes, respectively. Additionally, n signifies the number of
participating electrons. The overpotential, denoted as 7, is calculated using Equation 6.19.
Importantly, it should be noted that the exclusive purpose of the Butler-Volmer equation is
to compute the anodic local current density, referred to as I,. Conversely, the cathodic local

current density is obtained through the utilization of Equation 6.20.

When considering a specific cell potential, the local volumetric current density at either the
cathode or anode is averaged across the length of the catalyst layer. This averaged value is
then multiplied by the corresponding length, resulting in a data point on the polarization
curve. The arrangement of boundary conditions used in the model is depicted in Figure 6.5.
The concentration boundary conditions were imposed on both the left and right sides of the

computational domain. Similarly, the solid-phase potential was assigned at the
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corresponding positions; it matches the cell potential at the outermost point of the cathode
GDL and remains zero at the outermost point of the anode GDL. Conversely, zero-flux
ionomer-phase boundary conditions were enforced at the outermost points of the catalyst
layers. For solving the governing equations in the fuel cell scale model, COMSOL
Multiphysics® 6.0 was utilized. The selected solver for this purpose was MUMPS, a well-
known sparsely direct and highly parallel linear system solver. The computational domain
was discretized, with particular attention given to refining the mesh near the interface
between the catalyst layer and the GDL. This refining process was conducted until a solution
that was independent of the mesh size was achieved. The maximum element size was defined
as 0.012 pum, along with a maximum element growth rate of 1.2. This choice aimed to prevent
any unstable behaviour in the high current density region of the polarization curve. Larger
element sizes were determined to be inappropriate, while smaller ones had minimal impact
on the current density values. The resulting mesh configuration comprised approximately

125 elements.
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Figure 6.6 Interpolation plot for the agglomerate volumetric current density.

Table 6.1 The parameters used in the models.

Parameter value

Thickness of membrane (Lem) 30um

Thickness of catalyst layer (L;) 15um

Thickness of GDL (Lsp;) 250um
Cathode charge transfer coefficient (a,) 3.39

Pressure (p) 1.5atm
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Temperature (T)

Faradays’ constant (F)

Universal gas constant (R)

Henry's constant (H)

Electrochemical active area of platinum particles (4,,)

Platinum loading (l,;)

Anode Exchange current density (igq)

Cathode Exchange current density (io )

Reference dissolved 0, concentration (c(r,:f )
Porosity of anode/cathode CL (&)

Porosity of anode/cathode GDL ()

lonomer volume fraction in the agglomerate (&,)

Oxygen diffusivity in the ionomer (D,)

Oxygen in nitrogen diffusivity (Do,—n,)

353K

96485Cmol =1

8.314mol 1K1

31664 Pa-m3®mol~1

40m?g~1 [147]

2

0.4mgcm™

100Am 2

0.015Am™2 [119]

0.85molm™3 [119]

0.48

0.6

0.5 [119]

8.45 x 1071° m?2 /s [146]

1.86 X 107> m? /s [146]
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Oxygen in Water vapour diffusivity (Do,—p,o)

Water vapour in nitrogen diffusivity (Dy,,-y,)

Electric conductivity of gas diffusion layer (ogp.)

Electric conductivity of electrolyte (a,,)

Electric conductivity of catalyst layer (o)

Net drag coefficient, (nd)

6.4 Results and discussion

6.4.1 Validation of the model

2.47 x 107> m?/s [146]

2.58 x 107> m?/s [146]

100 S/m [119]

0.8 S/m

30 S/m [119]

1(n < 0.25V) 46n? —
31.52n +5.7(0.25 < 7 <
0.35V) 0.3(n > 0.2V)

[146]

To verify the accuracy of the present multi-scale model, it is crucial to compare its output,

represented as a polarization curve, with the corresponding results obtained from the

conventional model where the impact of agglomerates is analytically linked. Under the

assumption of spherical agglomerates, the cathodic current density utilized for validation is

formulated as follows [138], [137]:

3 6
' Tagg 1 TaggQagg
V = 4 ) C —_—  (— -|—
c I (1 cl) 03,0 3 (Erk Aagg(Tagg+Sagg)De

(Tagg+bagg)
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where Cy, ,stands for the predetermined oxygen concentration at the surface of the ionomer

film. This concentration can be determined through the utilization of Equation 6.25.

Co, gRT (6.25)
Core =y

Where Cy, , denotes the concentration of oxygen within the gas phase before it gets

assimilated into the ionomer film's surface. R stands for the ideal gas constant, and H
represents Harry's constant. For the purpose of this discussion, the agglomerate is assumed

takes on a spherical form. The specific surface area of the agglomerate, defined as a4y, is

calculated through the following equation:

dmr, 3 (6.27)

— =
4/371’T‘agg Tagg

Qagg =
With the agglomerate's radius designated as 7,44, the efficiency factor of the spherical
agglomerate E,. employed in Equation 6.24 can be calculated as follows [148], [146]:

1 1 1 (6.28)
Er = _( - )
®; ‘tanh(3®d,) 3¢,

The Thiele modulus, represented by @, , can be determined through the following equation:

(6.29)

Tagg k
3 Deff

e

CDL:

The equations for comparison with the numerical model involve calculating the cathode
current density of the analytical model through the utilization of the equation: (6.24), (6.25),

(6.26), (6.27), (6.28), (6.29).
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Figure 6.6 visually demonstrates the notable correspondence between the polarization curves
produced by both approaches. This result instils a sense of confidence in the accuracy of the

predictions provided by the multi-scale model developed within this investigation.
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Figure 6.7 The polarisation curves generated from the multi-scale model and the

conventional agglomerate PEFC model (red line).

6.4.2 Catalyst agglomerate performance

Figure 6.8 illustrates the performance curves derived from the agglomerate-scale models
applied to agglomerates of varying shapes (“'spherical”, "cubic”, "octahedral”, "cylindrical",
and "ellipsoidal™) and sizes (100 and 1000 nanometers). Correspondingly, Table 6.2 (and
6.3) outlines the average volumetric current density for each respective scenario. The
findings from these analyses shows that: as the dimensions of the agglomerate decrease, the

catalyst agglomerate's performance improves, indicated by an increase in the maximum
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current density. To exemplify, in the case of the "ellipsoidal™ agglomerate, diminishing the
radius from 1000 nanometers to 100 nanometers culminates in an impressive 72-fold
escalation in the average volumetric current density. This augmentation can be attributed to
the heightened catalyst utilization demonstrated by the smaller agglomerates. Essentially,
within these agglomerates, the reactant gas (in this case, oxygen) undergoes swift
consumption as it enters the active clusters (see Figure 6.7). Consequently, a noteworthy
portion of the active region remains largely untapped. This tendency becomes more
significant with larger catalyst agglomerates, resulting in a reduced volumetric current

density exhibited by these agglomerates.

Table 6.2 The volumetric current density look up table of the 100nm agglomerates

with different internal structure.

Volumetric Current Density 100(Am?3)

Overpotential(V) spherical cubic octahedron cylinder ellipsoid
-0.1 1.20E+06  1.20E+06 1.20E+06 1.20E+06 1.20E+06

-0.14 2.68E+06 2.68E+06  2.68E+06 2.68E+06 2.68E+06

-0.18 5.97E+06 5.97E+06 5.97E+06 5.97E+06 5.97E+06

-0.22 1.33E+07 1.33E+07 1.33E+07 1.33E+07 1.33E+07

-0.26 2.96E+07 2.97E+07 2.97E+07 2.97E+07 2.97E+07

-0.3 6.61E+07 6.61E+07 6.61E+07 6.61E+07 6.61E+07

-0.34 4.89E+08 4.89E+08 4.90E+08 4.90E+08 4.91E+08
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-0.38

-0.42

-0.46

-1

3.54E+09

2.26E+10

9.37E+10

247E+11

4.77E+11

7.11E+11

1.20E+06

2.68E+06

5.97E+06

3.56E+09

2.33E+10

1.04E+11

2.88E+11

5.73E+11

8.69E+11

1.20E+06

2.68E+06

5.97E+06

3.57E+09

2.37E+10

1.11E+11

3.37E+11

7.75E+11

1.38E+12

1.20E+06

2.68E+06

5.97E+06

3.62E+09

2.58E+10

1.51E+11

5.05E+11

1.06E+12

1.65E+12

1.20E+06

2.68E+06

5.97E+06

3.63E+09

2.62E+10

1.62E+11

6.11E+11

1.36E+12

2.22E+12

1.20E+06

2.68E+06

5.97E+06

Table 6.3 the volumetric current density look up table of the 1000nm agglomerates

with different internal structure.

Volumetric Current Density 1000nm(Am3)

Overpotential(V) spherical

-0.1

-0.14

-0.18

-0.22

-0.26

1.20E+06

2.67E+06

5.94E+06

1.32E+07

2.90E+07

cubic

1.20E+06

2.67E+06

5.94E+06

1.32E+07

2.91E+07

octahedron

1.20E+06

2.67E+06

5.95E+06

1.32E+07

2.92E+07

cylinder

1.20E+06

2.67E+06

5.96E+06

1.33E+07

2.95E+07

ellipsoid

1.20E+06

2.67E+06

5.96E+06

1.33E+07

2.95E+07
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-0.34

-0.38

-0.42

-0.46

6.29E+07

3.65E+08

1.30E+09

3.10E+09

5.61E+09

7.87E+09

8.95E+09

9.21E+09

1.20E+06

2.67E+06

5.94E+06

6.35E+07

3.83E+08

1.46E+09

3.65E+09

6.65E+09

9.36E+09

1.07E+10

1.11E+10

1.20E+06

2.67E+06

5.94E+06

6.39E+07

3.95E+08

1.61E+09

4.45E+09

9.63E+09

1.56E+10

1.89E+10

1.96E+10

1.20E+06

2.67E+06

5.95E+06

6.54E+07

4.53E+08

2.31E+09

6.47E+09

1.20E+10

1.69E+10

1.97E+10

2.06E+10

1.20E+06

2.67E+06

5.96E+06

6.56E+07

4.62E+08

2.57E+09

8.07E+09

1.62E+10

2.43E+10

2.90E+10

3.05E+10

1.20E+06

2.67E+06

5.96E+06
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Figure 6.8 The contours of the oxygen distribution in the 100nm agglomerate (a)

overlap, (b) contact and (c) separate.

The second observation is that, regardless of the agglomerate size, the performance of
agglomerates with larger contact surface area of active clusters is superior. In this study,
when the agglomerate has an ellipsoidal shape, its performance is the best. This is because
ellipsoidal agglomerates have the largest total surface area, while spherical agglomerates
have the smallest total surface area; the larger the surface area of the active region of the
agglomerate, the better the catalyst utilization. As explained in Section 6.2, the curves shown
in Figure 6.8 are used as interpolation functions for the proton exchange membrane fuel cell

scale model.
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Figure 6.9 The volumetric current density of the agglomerate as a function of

activation overpotential and dissolved oxygen concentration for two agglomerate sizes

(100 and 1000 nm) and three different internal structures (separate, contacting and

overlapping active clusters).

6.4.3 Fuel cell performance

Figure 6.9 presents the polarization curves of proton exchange membrane fuel cells featuring

catalyst agglomerates of varying sizes (100 and 1000 nanometers) and five distinct shapes

("spherical”, "cubic"”, "octahedral”, "cylindrical”, and "ellipsoidal™).
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Figure 6.10 The polarisation curves of the modelled fuel cell with 100 nm radius

agglomerates characterised by separate, contacting or overlapping active clusters.

Upon examination, it becomes evident that fuel cells equipped with ellipsoidal-shaped
agglomerates manifest superior performance. This is attributed to the ellipsoidal
agglomerates having a larger specific surface area compared to the other shapes. Beyond the
influence of shape, our observations unveil an intriguing trend: as the agglomerate radius
increases from 100 to 1000 nanometers ( Figure 6.10), the impact of agglomerate shape on
fuel cell performance assumes a heightened significance. For instance, among smaller
agglomerates, the ellipsoidal-shaped ones exhibit a marginal 1.8% increase in maximum
current density compared to spherical-shaped active clusters. On the other hand, for larger
agglomerates, the ellipsoidal-shaped agglomerates show a remarkable approximately 28%

surge in maximum current density over their spherical-shaped agglomerate.
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Figure 6.11 The polarisation curves of the modelled fuel cell with 1000 nm radius

agglomerates characterised by separate, contacting or overlapping active clusters.

These results highlight the substantial influence of catalyst shape on overall fuel cell
performance. This phenomenon can be attributed to larger catalyst agglomerates presenting
longer diffusion paths, resulting in an increased mass transport resistance when compared to
their smaller agglomerates. This implication is particularly notable in regions of high current
density, where the fuel cell's performance is more significantly constrained by mass transport
resistance. The sensitivity to agglomerate size aligns cohesively with the research findings

reported by Kamarajugadda et al. [137] and Ismail et al. [119].
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6.5 Conclusions

This study introduces a novel multiscale model that investigates the impact of catalyst
agglomerate micro shapes on the overall performance of fuel cells, aiding in the optimization
of catalyst shapes. The main innovation of this model lies in its ability to integrate both the
agglomerate scale and fuel cell scale. This integration is crucial because catalyst
agglomerates, as observed in micrographs of the catalyst layer, are not always perfectly
spherical; they exhibit various geometrical structures. With the emergence of new synthesis
methods and continually improving nanomanufacturing technologies, obtained the
capability to design catalysts with diverse materials and structures. By combining these
scales, the efficiency of designing new catalysts is enhanced. The primary focus of this
article is to explore, though not exclusively, the impact of catalyst shapes — spherical, cubic,
octahedral, cylindrical, and ellipsoidal — on fuel cell performance. The process involves two
steps: first, solving the agglomerate model through reaction-diffusion equations, and then
coupling these results with the fuel cell model to obtain polarization curves. These results
are compared and validated against traditional models. After achieving good consistency,
this multiscale model is used to study the size effect and the impact of agglomerate shapes

on overall fuel cell performance. Ultimately, the following findings were uncovered:

i When agglomerates are small (100nm), the impact of agglomerate shape on fuel
cell performance is not significant. The performance differences caused by the
five different agglomerate shapes can be almost ignored.

ii. When agglomerates are larger (1000nm), the agglomerate shape has a significant
effect on fuel cell performance. Under this size, ellipsoidal-shaped agglomerates

yield the best fuel cell performance, with a current density increase of about 28%
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compared to spherical-shaped agglomerates. This is because ellipsoidal
agglomerates offer a larger specific surface area.

The size effect of agglomerates is substantial. Smaller agglomerates lead to better
fuel cell performance, with a 26% increase in maximum current density
compared to larger agglomerates. This is due to smaller catalysts providing

shorter diffusion paths, resulting in improved catalyst utilization.

142



Chapter 7 Conclusions and Future Work

7.1 Conclusions

This thesis presents a simulation and optimization study focusing on the flow field channel
and catalyst layers in polymer electrolyte membrane fuel cells (PEMFCs). The research on
the flow field plates primarily centres on optimizing their cross-sectional shapes using three-
dimensional numerical models. In the case of the catalyst layer, two main models were
employed. The first is a traditional model used to investigate the fundamental catalyst
parameters, while the second is a multiscale model designed to delve into the microstructure
and shape of catalyst agglomerates, exploring how these factors influence the overall

performance of the fuel cell.

The investigation into the flow channel configurations revealed that there is a shift from
square to trapezoidal cross-sections and the adoption of a hybrid cross-section, featuring a
square inlet and trapezoidal outlet, which significantly improved the fuel cell performance.
The hybrid configuration, in particular, demonstrated a 5% increase in the current density at
0.4 V, attributed to the enhanced reactant gas supply, heat dissipation, and water removal.
Furthermore, reducing the outlet height of the hybrid cross-section by transitioning from 1
mm to 0.25 mm led to a 6% increase in the current density at 0.4 V, highlighting the

importance of the outlet geometry in the optimizing performance.

Exploring the catalyst layer microstructures yielded valuable and important insights. Higher
platinum loading and smaller platinum particle radius were identified as catalyst layer
parameters that improve the PEMFC performance. Additionally, increasing the
electrochemical active area was found to enhance the fuel cell efficiency, underlining the

significance of the catalyst structure and composition. Comparing the agglomerate model to
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the homogeneous models revealed that the agglomerate model more accurately simulates the

PEMFC operation, particularly in the concentration loss region.

The introduction of a multiscale modeling framework that integrated the catalyst
agglomerate-scale and fuel cell-scale models provided a deeper understanding of how the
internal structure of the catalyst agglomerates impacts the fuel cell performance. The
findings indicated that the fuel cells perform optimally with agglomerates featuring separate
active clusters. The impact of the agglomerate structure becomes more pronounced as the
agglomerate size increases, with smaller agglomerates exhibiting superior catalyst utilization.
This study recommends designing catalyst agglomerates with separate active clusters to

improve the fuel cell performance while reducing the catalyst loading.

Furthermore, the multiscale model that explored the influence of catalyst agglomerate shapes
on the fuel cell performance, offering valuable insights into the catalyst shape optimization.
The model integrated the agglomerate and fuel cell scales and demonstrated that, at smaller
agglomerate sizes (100 nm), the agglomerate shape had minimal impact on the performance.
However, at larger agglomerate sizes (1000 nm), ellipsoidal-shaped agglomerates exhibited
the best performance, with a significant increase in the current density compared to
spherical-shaped agglomerates. This underscores the importance of considering the

agglomerate size and shape in the catalyst design.

In summary, this study has contributed to a comprehensive understanding of factors
influencing the PEMFC performance and optimization, paving the way for more efficient

and affordable fuel cell technology.
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7.2 Future work

This thesis has introduced a promising novel and important design for flow field channels
aimed at improving reactant transportation and water removal. It has also outlined a

comprehensive approach to the design of innovative catalysts for PEM fuel cells.

For the flow channel, this thesis has primarily focused on simulating single parallel flow
channels. To further advance this research, it is crucial to extend this design and explore its
suitability in various other common flow configurations, with particular attention to the
serpentine flow configuration. Additionally, it is imperative to investigate the potential
application of this hybrid design throughout the entire fuel cell system. These expanded
applications hold the promise of offering valuable insights on multiple fronts. Firstly, they
will shed light on how the performance of fuel cells equipped with the proposed flow channel
design is influenced by different flow configurations and computational domain scales. This
will involve comparing the performance of a single turn of the fuel cell to that of the entire
fuel cell system. Moreover, this extended research can delve deeper into the sensitivity
analysis of other key parameters, including water and thermal management. Furthermore, it
is essential to incorporate experimental validation into these future research investigations

to ensure the design's practical viability.

For the catalyst, this thesis has explored certain pivotal catalyst parameters using two distinct
models. Nevertheless, there remain critical factors that demand further investigation in future
research works. For instance, the impact of catalyst degradation, poisoning, and overall
durability — factors with profound implications for the catalyst performance — should be
subject to more comprehensive exploration. Moreover, within the multiscale modelling, it is
worth noting that the agglomerate model developed in this thesis did not account for the

influence of liquid water. Given that water generated during the cathode oxygen reduction
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reaction can significantly affect the reactant transport, future research should prioritize the
development of more precise models that incorporate this aspect. While this thesis
successfully achieved coupling between a three-dimensional agglomerate model and a one-
dimensional fuel cell, future efforts should be geared towards the creation of even more
accurate three-dimensional-to-three-dimensional models. Ultimately, for long-term research
goals, integrating experimental data into simulations has the potential to expedite the
discovery and synthesis of catalysts that are not only more efficient but also more cost-

effective.
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