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ABSTRACT

Liquid water management in the cathode of polymer electrolyte membrane fuel cells

(PEMFC) is crucial to efficient transport of gases and to maintaining electrochemical activ-

ity in the catalyst layer. Cracks and interfacial voids are typical of catalyst layers in oper-

ating cells, and are thought to affect water management and other transport properties such

as gas diffusion and conductivity. This thesis investigates the effect of such morphological

imperfections on liquid water transport using a combination of numerical techniques. Both

the catalyst layer and microporous layer parts of the cathode are considered. The layers

are first numerically reconstructed using data from advanced microscopy, and cracks, per-

forations and interfacial voids are created. Lattice Boltzmann simulations of the dynamics

liquid water imbibition process are performed to study the effect of characterizing features

of the cracks and interfacial voids such as aperture area, degree of protrusion, and tortu-

osity. The resulting liquid water distributions were then input into a pore scale model to

characterize the effect of the morphological features on other transport properties, such as

effective diffusivities and conductivities.

Larger crack apertures were found to increase liquid water uptake, and elongated cracks

allowed for faster breakthrough at lower saturation levels. A notable observation is that

short and large interfacial cracks have a higher liquid water uptake potential due to the

lower effective capillary pressures. It was also found that elongated cracks aligned with

the pressure gradient provide preferential pathway, and a capillary pressure increase that

favours liquid water transport towards the membrane and mitigates flooding. The effective

diffusivity increased for all crack protrusion depths, even for the wet catalyst layer, likely

due to low liquid water saturation. The geometry with the most elongated crack showed

a significant increase in gas diffusion under wet conditions, indicating that enhanced gas

transport is achievable when liquid water removal is effective. Protonic and electrical con-

ductivities decreased for all crack shapes due to higher contact resistance.
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Chapter 1

Introduction

1.1 Motivation

Polymer electrolyte membrane fuel cells (PEMFCs) convert the chemical energy of a

fuel, primarily hydrogen, into electricity in a clean reaction. They are suitable for portable

applications due to the low operating temperatures and high efficiency. PEMFCs fuelled

with hydrogen produced from renewable energy sources are a viable solution to reducing

carbon emissions associated with the transportation industry, a prominent contributor to the

current carbon crisis [5].

PEMFCs need to overcome two major challenges before they can be competitive enough

to widely commercialize: cost and durability. The most significant part of the cost is the

platinum catalyst for high electrochemical activity in the catalyst layer[6]. As it will be

explained in detail in section 2.2, the mass exchanges in the fuel cell are as follows. At

the anode, the hydrogen splits into protons and electrons, and the electrons pass through an

external circuit to subsequently recombine with protons and oxygen at the catalyst layer of

the cathode where clean water is produced as a result of the chemical reaction [7]. Assuring

effective mass transport increases reaction rates and allows for lower platinum loading.
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The polymer electrolyte membrane requires sufficient hydration to avoid dry-out and

to attain high proton conductivity, however liquid water generated at the cathode can block

access to reaction sites which impedes gas mixing and consequently decreases the effi-

ciency of the device. An excess of liquid water in the porous layers is known as flooding

and limits the electrochemical activity in the catalyst layer, therefore the removal of water

in this region is essential to achieve optimal fuel cell performance [8].

Substantial advances in water management have been made by including a microporous

layer (MPL) [9] and increasing the hydrophobicity of the porous layers [10]. Studies on

interfacial effects between the catalyst layer, the MPL and the gas diffusion layer (GDL)

demonstrated that interfacial cracks play an important role in mass transport processes and

liquid water distribution in the cathode [11]. Cracks occur naturally through the manufac-

turing process [12] as well as during the operating cycles of the fuel cell due to the swelling

and contracting of the porous layers [13] and other factors discussed in section 3.2. These

cracks are typically considered mechanical defects, however some crack structures between

porous layers could participate in water management [14].

Experimental studies have demonstrated that creating laser-cut perforated pores in the

porous layers of the cathode offers a preferential path for liquid water and improves liquid

water transport [15, 16]. This phenomenon is due to the lower capillary pressure and a

reduced flow resistance in the perforated pore. If these constructed pores are properly

engineered, they can be conducive to effective water removal and increased performance

[17].

The impact of interfacial structures was analyzed by Han and Meng [18] by numer-

ically creating perforations in the randomly generated MPL and GDL porous structures

and simulating the liquid water transport using a two-dimensional, two-phase lattice Boltz-

mann method (LBM). The qualitative analysis conducted by Han and Meng agrees with

the experimental observation that large cracks and interfacial structures provide preferen-
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tial water transport pathways and can convenience water removal in flooding conditions.

This numerical technique also enabled the authors to test various perforated pore orien-

tations and arrangements to approach an optimally engineered interfacial pore structure

which amplified the observed effects of controlled liquid water transport.

The focus of this work is to numerically model the effect of cracks on liquid water

transport and other transport properties such as gas diffusion and conductivity through a

lattice Boltzmann method and a pore scale model. The computational geometries are ob-

tained by FIB-SEM reconstruction, then perforated pores of various structural geometries

are introduced in order to simulate gas and liquid water transport through the porous layers

using a three-dimensional LBM. The LBM, which solves the discrete Boltzmann equation,

is the method of choice due to its ability to simulate multiphase flows. The model uses a

multiple relaxation time collision operator and is based on the diffuse interface theory [19].

Gas diffusion and conductivity are strongly dependent on the nano and micro structure

of the porous layers [20], therefore to obtain a full understanding of the processes in the

PEMFC when cracks are involved, their effect on mass transport is modelled. The com-

putational modelling of the two-phase flow through the micro porous geometries of the

catalyst layer is achieved using a high resolution pore scale model [4]. A reconstructed

three dimensional catalyst layer is used, and the finite volume method is used to discretize

the governing flux equations for mass transport and electrochemical reactions in the recon-

structed porous domain.

1.2 Organization

The topics discussed in each chapter are listed as follows.

Chapter 2 contains a review of liquid water management issues in PEMFC, techniques



4

used to mitigate the issues in the cathode, and a discussion on modelling liquid water

transport in the porous media.

Chapter 3 describes the origin of cracks and morphological defects in the fuel cell and

discusses their effect on performance. The characteristics of cracks observed in the

cathode which are used as inspiration for the shape of the computationally imple-

mented cracks in the study are presented.

Chapter 4 gives an overview of the numerical techniques including the reconstruction pro-

cess to obtain a computational geometry of a realistic cathode, the lattice Boltzmann

method used to model liquid water transport, and the pore scale model which models

electrochemical activity and the mass transport in the cathode.

Chapter 5 presents the details of the experiments and a discussion of the results.

Chapter 6 concludes the work and gives an outlook on future work.
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Chapter 2

Liquid water management in PEMFC

cathodes

2.1 Overview

This chapter discusses the issues of water management in the cathode of PEM fuel

cells. The discussion begins with an overview of the mechanics of the fuel cell and the

chemical reactions which lead to water generation. The different facets of the impact of

liquid water on fuel cell performance is then explored, followed by techniques used to

mitigate these water management issues such as increasing hydrophobicity in some layers,

adding a microporous layer between the catalyst layer and the gas diffusion layer, and

changing the flow field design of the current collector plates. The chapter concludes with a

discussion on the challenges of numerically studying liquid water dynamics and the method

used in this work is introduced.
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2.2 Liquid water generation

The hydrogen fuel is supplied across the area of the fuel cell using flow plates at the an-

ode of PEMFC while oxygen or air is channelled at the cathode. At the anode the hydrogen

splits into protons and electrons, with the help of a platinum catalyst. The anode reaction

is expressed in equation 2.1. The overall reaction is illustrated in figure 2.1.

H2 ��! 2H+ + 2 e� (2.1)

Figure 2.1: Mass transport in PEMFCs.

The electrode membrane is composed of a polymer backbone and is sulfonated with

hydrophobic acid clusters which permit a high proton conductivity when adequately hy-
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drated [21, 22]. The membrane has a high band gap which isolates the electrons so they

pass through an external circuit where the electrical energy is provided.

The protons and electrons move to the catalyst layer, a porous structure with a thickness

of 5-30 µm which consists of carbon particles with a radius averaging 50 nm and platinum

particles, all covered by an ionomer. The protons travel through the ionomer, the electrons

are conducted in the carbon particles and they are recombined with the oxygen at an active

site with the aid of platinum as catalyst. The oxygen reaches the active site by diffusing

through the pores from the cathode flow channel. The product of this chemical reaction is

clean water [8]. The chemical reaction and species transport in the cathode is demonstrated

in figure 2.2. The chemical reaction for the cathode and the overall reaction are expressed

in equations 2.2 and 2.3 respectively.

Figure 2.2: Schematic of mass and charge transport dynamics in the cathode of a PEMFC.
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1

2
O2 + 2H+ + 2 e� ��! H2O (2.2)

H2 +
1

2
O2 ��! H2O (2.3)

The water leaves the catalyst layer and moves toward the microporous layer (MPL) and

the gas diffusion layer (GDL) and eventually leaves via the flow channels in the current

collecting plates.

2.3 Impact on performance and transport properties

The efficiency of the device relies on the efficient transport of gases and water through

the porous layers of the fuel cell. It was experimentally shown that electron and proton

transport are affected by water vapour transport [8], and the impact of liquid water transport

should also be further studied.

Water is transported in the electrolyte from the anode to the cathode through electro-

osmotic drag, due to water molecules having a polar attraction to the positively charged

protons [22]. Water is also generated in the cathode through the oxygen reduction reaction

(ORR) and often condenses due to the low operating temperatures of PEM fuel cells [23].

Liquid water is removed from the catalyst layer by evaporation and transport by capillary

action towards the GDL and flow channels. If the uptake rate of liquid water in the cathode

is larger than the rate of liquid water removal, excess water accumulates, referred to as

flooding [24]. Common conditions which lead to flooding include operating at high current

density such that water is generated faster than the media is able to remove it, or operating

under low temperature and low gas flow rates which lead to condensation of the water

vapour and low current densities.

Flooding in the cathode blocks pores in the CL and GDL which reduces gas transport.
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Blocked pores in the catalyst layer limit access of oxygen to platinum sites, thus reducing

the electrochemical activity [8, 23]. Many experimental studies of the polarization curve,

a plot showing the relation of the cell voltage with respect to current density, show that

performance is negatively affected by flooding [23]. The performance curve are steeper for

cells under flooding conditions and begin to drop at lower current densities. The blockages

in the cathode can lead to non-uniform distribution of reactants across the cells in the stack

leading to variable and unpredictable performance [25].

However as discussed in the previous section, the ionic conductivity of the polymer

electrolyte membrane is optimal when humidified. High water removal rate in the cell

can cause membrane dehydration, and the consequential ohmic losses reduce efficiency,

increase temperature and can accelerate membrane degradation such as thinning and the

formation of pinholes [25, 23]. These issues underscore that a delicate balance of water

during operation is critical to ensure optimal performance of fuel cells.

Water also plays an important role on degradation due to an imbalance of reactants. The

hydrogen reaction at the anode is unaffected by flooding in the cathode and will continue

to deliver high current, however if active sites are blocked at the cathode and the protons

and electrons cannot be consumed, the potential difference will increase. In locations of

fuel starvation at the cathode, the high current causes an acceleration of carbon corrosion

and platinum dissolution [23, 21]. This reduction in carbon support and catalyst reduces

the connectivity of the conducting materials to the active sites and decreases performance

[26].

Additionally, for use in subfreezing temperatures, the inefficient removal of liquid water

can lead to mechanical degradation if the water solidifies and expands to form ice. Efforts

are made to remove water from the system by purging and applying external heat to the

fuel cell before shutdown with minimal energy [8].
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2.4 Water management techniques

Without efficient water management, performance is decreased due to flooding of the

cathode. Liquid water removal involves phase change and transport through the porous

layers to be removed by the flow plate channels. The diffusion media which have a higher

porosity than the catalyst layer provide support for the thin catalyst layer, disperse gases,

heat and provide a path for electrons. They also serve to remove water from the cata-

lyst layer to the flow channels through capillary effect since water will preferentially fill

larger pores in a hydrophobic media. The two-phase dynamics observed suggest that water

transport is strongly affected by the capillarity and wettability of the GDL [10] as well as

the pressure in the cathode [27]. These characteristics can be used to improve the water

management aspect of the diffusion media and are discussed in this section.

Hydrophobicity

The gas diffusion layer can be treated with hydrophobic material such as polytetraflu-

oroethylene (PTFE), commonly known as Teflon, to change its wetting properties [25].

When porous layers are coated with hydrophobic materials, liquid water tends to decrease

its surface area with the solid, which increases the contact angle [12] and facilitates removal

of liquid water in the porous layers.

However excessive PTFE loading can lead to entry pressure in the MPL capillaries

which are too high which discourages water transport from the catalyst layer to the GDL

and lead to flooding [25]. Controlled patterned hydrophobicity could dedicate separate

pathways for gas transport, and others for liquid water transport [28].

To simulate the effect of hydrophobicity on liquid water transport, numerical simula-

tions adopting the Shan-Chen multi-phase approach lattice Boltzmann method were per-

formed with randomly generated geometries with a prescribed porosity [10]. The wettabil-

ity of the GDL was varied and the simulation indicates that as the hydrophobicity increases
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the amount of liquid water in the porous layers decreases

Experimental studies were also conducted on PTFE treated and non-treated gas diffu-

sion layers [29]. Compared to the the fuel cell with the PTFE treated GDL, the polarization

curve for the fuel cell with untreated GDL shows a steeper decline in potential at lower

current densities which suggests that flooding occurred. These results show that better

performance was obtained with the PTFE coated layer.

Unfortunately, as observed during lifetime tests, the operating conditions and the inter-

action with water affect the hydrophobicity of the material, reducing fuel cell performance

over time [23].

Microporous layer

The microporous layer (MPL) is a widely used fine pore structure located between the

catalyst layer and the gas diffusion layer (GDL) and provides effective water transport. The

GDL is composed of carbon fibres, while the MPL is composed of carbon particles, coated

with PTFE as well [30].

A recent numerical study by Kim et al. [10] explores the effect of increasing the MPL

thickness through lattice Boltzmann simulations, which suggestis that the GDL has a lower

water content when a thicker MPL is used. Weber et al. [31] performed two dimensional

two-phase numerical simulations and attributed the increase in performance with the MPL

to improved water management and reduced ohmic losses. The reduction in ohmic losses is

due to the improved interfacial contact between the catalyst layer and the diffusion media.

Experimental studies by Qi et al. [32] showed that MPLs provide benefits such as pre-

venting the catalyst from penetrating in the GDL, increasing contact between the catalyst

layer and the diffusion media as well as improving water management. The authors sug-

gested that the microporosity and uniform pore distribution affected were the main factor

in the MPL’s impact on water transport. Bresciani et al. [27] showed that the MPL causes
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the breakthrough pressure to increase and hypothesized that since the pore radius is lower

than in the GDL, capillary pressure must reach higher levels in the CL in order to enter the

diffusion media. This aids the MPL in focusing liquid water in a few injection spots into

the GDL [8]. Nishiyama et al. [33] experimentally showed that under wet conditions, the

cell where the MPL morphology and wettability yielded the highest capillary pressure in

the MPL had the highest performance due to lower liquid saturation.

The MPL is understood to have larger saturated vapour pressure than the GDL due

to the lower porosity which makes condensation and flooding less likely in hydrophobic

media[25]. The water is required to build up pressure before entering the MPL which also

allows for pressure to build up in the GDL and simultaneously push water towards the

membrane as well as encourage water transport in less hydrophobic pores towards the flow

channel where the water is expelled [25, 34].

Flow field design

Once liquid water reaches the flow field plates, it must be removed from the system.

The flow field channels are responsible for supplying oxygen to the cathode and evacuate

the water. The flow field plates are crucial for electron transport and their contact resistance

with the GDL must be minimized.

Liquid typically condenses and accumulates under the land at the interface [8]. The

geometry of the channels is important as water moves with more ease into a flow channel

with round land edges compared to right angled edges. The water in the channels are

flushed out by gas pressure build up.

Flow field design can mitigate channel clogging [16, 35]. A flow field design which is

typically ineffective is the conventional flow field where the channels are straight and par-

allel. In this case diffusion dominates the transport process, therefore at low gas pressures

water accumulates and this leads to a non uniform supply of gas to the cathode [25]. In
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contrast, a serpentine flow field design which has long channels with many turns establishes

a strong pressure drop with respect to neighbouring channels. This features encourages the

gas to exit the channel in regions of high pressure and passing through the GDL toward

the regions of low pressure. The enhanced gas flow effectively encourages transport of the

liquid water out of the electrode [25].

2.5 Numerical study of liquid water dynamics

Modelling techniques for PEM fuel cells have evolved from one dimensional single

phase flow to three dimensional multi-phase flow [25].

Models applying the computational fluid dynamics method (CFD) coupled with elec-

trochemical reactions have become very advanced [36]. However, in this approach the

water phases are modelled individually with diffusion and challenges remain in modelling

phase change interaction between the phases which limits the reliability in predicting water

transport and flooding [24, 31, 37].

A popular two phase flow pore-scale model for porous structures is the pore network

model (PNM), based on local pore dynamics where transport of liquid water is dominated

by capillary action [38, 30]. The model allows one to study the path of least resistance,

the behaviour of clusters towards a path for breakthrough, and the behaviour of the system

once breakthrough is achieved. A significant limitation to the PNM is the simplification of

the flow processes which does not allow for viscous coupling [39].

The lattice Boltzmann method (LBM) is used in this work to because it can model

multi-phase fluid transport with interfacial dynamics effects from capillary and viscous

forces [40, 41, 42]. The density distribution function of velocity and of the order parameter,

defined as the density difference between the liquid and gas phase, are evaluated at each

node in the computational domain based on the free energy model by Swift et al. [41].
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Based on the Shan and Chen [43] approach for interaction between particles, a collision

operator models surface tension. In addition, the contribution by Nui et al. [19] allows for

modelling a system with high density and viscosity ratios which typically allow for better

modelling of the gas diffusion layer, is of essence in modelling water transport in a system

comprised of a catalyst layer and a microporous layer with cracks. An overview of the

MRT-LBM method applied in this work can be found in section 4.3.
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Chapter 3

Structures in PEMFC cathodes

3.1 Overview

Interfacial topology between the layers of the fuel cell affect thermal resistance, contact

resistance, and mass/charge transport. The multifaceted impact of structures at the MPL

and CL interface have not been extensively studied [1]. Imperfections such as fractures and

delaminations are inevitable in fuel cells, and the circumstances under which they form are

described in the first section of this chapter. The known effect of cracks on performance and

open questions are then discussed, and the types of cracks found at the MPL|CL interface

which inspired the morphology of the cracked geometries used in the simulations of this

work, are presented in the final section.

3.2 Mechanical defects in PEMFC

Defects in the porous layers arise during the fabrication and the operation process [44].

The conditions leading to their formation is discussed in this section, as well as current

efforts to numerically model their propagation in fuel cells.
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3.2.1 Degradation

Freeze and thaw cycles which occur in sub zero environments are known to induce

cracks due to the stress caused by the expansion of residual of water in the pores as it freezes

[1, 44]. Oszcipok et al. [45] conducted experimental studies to measure the impedance and

obtain polarization curves of fuel cells operating in freezing conditions and unveiled the

degradation caused by ice formation.

Qiu et al. [46] observed the formation of cracks after they performed 300 accelerated

relative humidity cycles as well as 40 start/stop cycles. This is explained due to the temper-

ature rises and relative humidity increase during operation, which cause the layers to swell.

Under high current densities the temperature of the cell is higher and the relative humidity

is lower than at low current densities. The ionomer uptakes water and swells under high

water content, which can cause stresses and microcracks in the ionomer when the system

dries [47]. Due to the varying composition, nonuniform water content and temperature, the

layers have different expansion ratios and interfacial cracks form at the interfaces through

the start/stop cycles [23].

Mechanical loads also play a key role in the formation of cracks. The contact points of

the diffusion media with the flow plates are regions of high stress in a fuel cell stack and

a gradient in pressure, or variable pressure distribution can enhance stress in some regions

[23].

Large pores in the gas diffusion layer are hypothesized to produce cracks in the mi-

croporous layer due to a lack in mechanical support [2]. Other processes that can lead to

morphology changes are corrosion of the carbon particles acting as catalyst support and

ionomer degradation [8], however it is not clear if such structural changes affect crack

formation [23].
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3.2.2 Manufacturing

Fractures occur during manufacturing due to the drying of the hydrophobic coating.

Some methods used in manufacturing can partake in the formation of cracks, voids and

interfacial gaps. The manufacturing process is done layer by layer. First a MPL is formed

by rolling, spraying, screen-printing, or brushing a viscous solution which includes car-

bon powder onto a hydrophobic carbon cloth [48]. It is then dried, chemically treated and

washed to remove the salts that were used to form the viscous mixture. After drying, the

pores are formed by sintering under high temperatures [49]. The gas diffusion electrode

method to assemble the gas diffusion media, catalyst layer and polymer membrane first

involve adding the catalyst solution trough brushing, blade or spray onto the diffusion me-

dia, which is set on a hot plate. For effective proton conductivity between the polymer

electrolyte and the catalyst layer, a solution such as Nafion is sprayed on the catalyst. Once

the electrodes are assembled, they are thoroughly rinsed with hot water and dried and hot

pressed onto the polymer membrane. An alternative technique to assemble the electrode

is to apply the catalyst ink to a sheet for support, then hot press the catalyst layer to the

polymer membrane. The sheet is then peeled off the catalyst layer and hot pressed to the

diffusion media [50].

The high temperatures used to assure electrical contact between the layers induces frac-

tures due to the varying expansion ratios related to temperature [48]. The manufacturing

methods used to assemble the layers also affect crack distribution and size. For exam-

ple, Yan et al. [51] showed that the screen-printing method for applying the MPL yields

smaller cracks than the spraying process [51]. Aditionally Aoyama et al. [50] observed that

there were fewer interfacial gaps between the polymer membrane and the catalyst layer in

the fuel cells assembled by the decal transfer method than by the gas diffusion electrode

method, however there were more gaps at the catalyst layer and gas diffusion media inter-

face for the system assembled using the decal transfer method. In both cases, the interface
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assembled through hot pressing yielded more interfacial defects.

In systems where fibres from the GDL protrude into the MPL, an elevated crack density

is observed [48], so interfacial roughness is also important to correct.

Materials, chemicals and physical procedures can be altered in order to reduce crack

formation in the membrane electrode assembly. For example, to mitigate the formation of

defects during drying, an applied pressure-controlled technique can be used to reduce the

drying rate at high temperatures [52].

The size of the pores in the catalyst layer was observed to be proportional to the thick-

ness of cracks [53]. One of the factors influencing the pore size is the duration of mixing the

solution and it was observed that the longer the solution is mixed, the fewer cracks emerge

in the assembly process [53]. The chemical composition in the catalyst layer solution can be

adapted to impede the agglomeration process effectively reducing pore size, and to reduce

interfacial tension with the MPL during the drying process by varying viscosity, which

would reduce the volume of cracks [44]. Additionally, as experimentally determined by

Suzuki et al. [54], the materials used are critical. The authors compared carbon black, tra-

ditionally used as carbon support, and multi-walled carbon nanotubes (MWCNTs) blended

in catalyst ink for catalyst layer fabrication. The porous structure with MWCNT, yielded

lower porosity, larger pores, and fewer cracks.

3.2.3 Modelling the formation of cracks

The cracks formed in the microporous layer from the drying and sintering process share

many similarities with clay-rich soils that are subjected to extreme drying such as intersect-

ing angles and relative area through the cracks [37]. The crack patterns and evolution can

therefore be modelled stochastically using models for fragmentation of drying soil [55] and

cohesive zone models which considers the effect of external forces [56].

Banan et al. [13, 14] implemented a a two-dimensional finite element model based on
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cohesive zone theory to study the effect of relative humidity and heat cycles as well as

vibrations on the propagation of cracks in the membrane electrode assembly. The simula-

tions uncovered that relative humidity and heat cycling primarily led to significant crack

propagation, while the vibrations mainly caused delaminations at the interfaces.

Incorporating the effect of water in the system in crack propagation models should be

considered for fuel cells. Fowler and Scott [57] have proposed a single phase multiphysics

elastohydrodynamic model for the propagation of a crack filled with a liquid in a porous

medium. The model, governed by elastohydrodynamic equations for crack propagation

and a pore pressure field, was intended for soil systems such as drainage networks forming

in porous rocks and hydraulic fractures formed in oil drilling. The system differs from fuel

cells primarily in the acting forces since in their model gravity acts in the direction of crack

propagation.

These models require nodes from which cracks propagate. The interfacial structures

resulting from the manufacturing process have not yet been considered as an initial state

for such models [1] and should be studied in the future.

3.3 Effect on performance

Mechanical defects have a multifaceted impact on the performance of fuel cells since

a reduction in contact area and water pooling affect liquid and gas transport, temperature

conductivity as well as contact resistance [58].

To experimentally compare the performance of fuel cells with negligible and significant

defects, Manahan et al. [11] have introduced cracks in the catalyst layer at the interface

with the microporous layer to occupy 6% of the interface. Under wet and dry conditions,

100% relative humidity and below 70% relative humidity, respectively, gas diffusion was

higher by 0.5% in the fuel cell with cracks. The polarization curves were also obtained
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for the cracked fuel cell and the authors observed that the wet and dry conditions affected

the regions of low, intermediate and high current densities differently. In the region of

very low current density, the cracked system performed better under dry conditions by

producing a 1.6% higher voltage. However, for moderate current densities, the fuel cell

under wet conditions outperformed the experiment under dry conditions by 2.5%. Finally

in the region of high current densities the cracked cathode provided higher voltage under

dry conditions by 38.2%. The authors also compared the fuel cells with negligible and

significant cracks under wet conditions and found that the cracked system performed worse

under low and moderate current density conditions, possibly due to lower percentage of

electrochemically active area caused by the removal of the platinum from the carbon and

ionomer interface [1]. Conversely, the cracked system performed slightly better than the

non-cracked system under high current density, possibly due to superior water management

in flooding conditions.

Similar experimental studies were conducted by Gerteisen et al. [16] where large

straight pores of diameter 1µm and spaced 1mm apart were produced in a GDL using

laser beams. The fuel cell with the perforated GDL performed better than the unaltered

fuel cell at high current density, increasing the limiting current density by 8% under dry

conditions and by 22% under wet conditions. The improvement of the overpotential also

suggests less limitation on oxygen transport. This study shows the potential of using cath-

odes with engineered perforations during the manufacturing process in order to enhance

water management.

The crack density and area of the cracks seem to increase proportionally with hydropho-

bicity in the MPL [37, 59]. The small hydrophobic pores and high capillary pressure in the

MPL discourage condensation, so the water transport is typically in vapour form and con-

densation occurs in the larger pores of the GDL. However, in hydrophobic structures, larger

pores encourage condensation and water uptake due to capillary effect and reduced flow
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resistance. The cracks would then offer liquid water preferential pathways[18], enhance

water removal from the catalyst layer, encourage fingering in the GDL due to discrete

injection spots and enhance liquid and gas transport in the GDL [37, 27, 27]. This phe-

nomenon is speculated to improve water management at high current densities [38]. While

water preferentially enters large cracks since the capillary pressure in the cracks are larger

than in nanopores, the gas can travel in the unobstructed smaller pores. Alternatively, the

preference of water to travel to large pores can also cause an accumulation and trapping of

water in cracks [44].

Pore network modelling by Ma et at. [37] showed that when 1% of an MPL is cracked

the permeability of the cell can increase by 2 to 5 orders of magnitude, depending on the

area of the crack. Han and Meng [18] numerically studied the effect of interfacial structures

on liquid water transport by creating perforations in the porous structure and simulating the

mass transport using a two dimensional two-phase lattice Boltzmann method. The porous

structure of the MPL and GDL was randomly generated to obtain a desired porosity and

average pore size. Four different perforated pore geometries were studied: without perfo-

rations, with one large perforated pore oriented perpendicular to the interface, with three

perforated pores of the same orientation and size, and finally with a large pore parallel to

the MPL and GDL interface and a second perforated pore perpendicular to the interface.

In the base case with no perforated pores, liquid water appears to chaotically penetrate

through the pores and small droplets emerge at multiple locations along the top channel.

For the case of the induced single pore, the water preferentially travels through the perfo-

rated pore and a single large droplet emerges at the end of the crack. In the case of the

three perforated pores, the water moves faster in the large pores with low liquid saturation

in the porous region. In the final case, the water first occupies the crack along the interface,

then travels along the GDL in the perpendicular crack. In this case, the liquid water travels

almost solely through the perforated pores.
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Medici and Allen [38] applied a two-dimensional two-phase flow network model to

a geometry composed of cylindrical tubes and random pore size. The simulations show

that while cracks encourage fingering, the crack reduces the capillary pressure of the MPL

and the injection pressure of the water into the GDL is similar to a porous transport layer

without an MPL [38].

The contact resistance model used by Swamy et al. [58] which takes surface profile

information from optical profilometry suggests that large interfacial gaps due to imperfect

contact between the CL and MPL lead to water accumulation and store 6-18% of the water

in the system. This would limit gas transport as discussed in the previous chapter. The low

surface contact between the layers would obstruct the electron path and increase contact

resistance [1, 20].

Cracks in the GDL, which arise as clamping pressure is increased, affect the pressure

drop in the channel as discovered by Haase and Rauber [60].

Cracks in the electrodes curtail structural integrity and durability, so further studies

should take place to understand the impact of realistic imperfections including cracks, holes

and surface roughness on water flow, oxygen transport and performance [34, 48].

3.4 Cracks observed in the cathode

Several experimental studies have been conducted to visualize the cracks present in the

cathode. This section is dedicated to discussing characteristic morphological features of

different types of cracks.

Hizir et al. [1] have used scanning electron microscopy (SEM) and optical profilometry

with sub-micron resolution to characterize the MPL and CL surfaces. As observed in figure

3.1, the MPL has a higher surface roughness than the CL. The roughness and interfacial

structures have a height on the order of 10µm and can accumulate water. This was corrob-



23

Figure 3.1: SEM image of (a) microporous layer surface (b) catalyst layer surface. Figure
reprinted from Hizir et al. [1] with permission from Elsevier.

orated by a similar optical profilometry experiment performed by Swamy et al. [58] where

they calculated a peak average of surface roughness of 25µm for the MPL, and 10µm for

the CL. They calculated the width of the gaps are around 20µm.

Deep and half cracks are present in the MPL and CL. The cracks in the CL are described

as thin ribbons and are generally parallel. Hizir et al. [1] calculated the crack density of

the surface area of the CL to be 3.4 ± 0.2%, and the crack width is seemingly constant at

about 15µm in the centre of the cracks. In contrast, elongated cracks in the MPL which

can span the whole length of the layer have random orientation, irregular width, and can

have thicknesses of up to 60µm as observed in figure 3.2. Holes occur on the surface with

diameters of about 100µm. The crack density of the MPL surface was observed to vary

between 2.8% and 8.9% depending on the frequency of holes in the region. SEM images

like the one presented in figure 3.2 show a transition region with MPL media and GDL

fibres. The elongated crack in the MPL of figure 3.2 suggests that some cracks can extend

into the MPL and GDL interface [1]. These observations were corroborated by the SEM

experiments performed by Martinez-Rodriguez et al. [61] where they reported the width

of MPL cracks to be between 4.4µm to 32µm and that the volume of the cracks increase

proportionally to the hydrophobicity in the MPL.
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Figure 3.2: Cross-sectional SEM image of a microporous layer. The gas diffusion layer can
be seen at the bottom and the arrows indicate the flow path. Figure reprinted from Hizir et
al. [1] with permission from Elsevier.

Prass et al. [2] have also conducted experimental studies to characterize the MPL and

CL interface at the cathode. X-Ray micro computer tomography (X-mCT) was used to

image at high resolution on the order of micrometers. The electrode was assembled using

the decal transfer method and the results revealed that large interfacial gaps were commonly

found near elongated cracks as observed in figure 3.3.

3.5 Summary

As discussed in this chapter, there are multiple possible causes for the formation of

imperfections in the electrodes. The source of the degradation and the manufacturing tech-

niques each produce cracks and interfacial structures of distinct characteristics.

The effect of cracks on performance is multifaceted and seems to improve performance

through enhanced water management under wet conditions and high current density, but

reduce performance under dry conditions due to an increase in contact resistance.

Previous numerical and experimental studies which aimed to uncover the role of cracks

on water transport and performance have mainly focused on elongated and thin cracks.
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Figure 3.3: X-Ray micro computer tomography (X-mCT) images of the cross-section of
a cathode where (a) is the original image, (b) highlights the CL|MPL interface, (c) is a
contrasted and manipulated image and (d) is the reconstructed three dimensional structure.
Figure reprinted from Prass et al. [2] with permission from Elsevier.

The goal of this study is to investigate the effect of main crack characteristics identified

in the previous subsection such as length, volume, area and tortuosity on the multi-phase

transport dynamics.
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Chapter 4

Modelling PEMFC cathodes

4.1 Overview

The focus of this thesis was to investigate the effect of crack and surface/interfacial

protrusion using a combination of experimental characterization and numerical methods

developed in the last few years at the University of Victoria’s ESTP lab [4, 7, 62]. This

chapter serves to introduce these methods and provide an overview of the theory to give

context to the scope and limitations of the numerical techniques.

The first section describes briefly the two techniques used to generate numerical ge-

ometries of the catalyst layer for the computation. The geometries used in the numerical

simulations involve a catalyst layer reconstructed from FIB-SEM imaging and are further

manipulated to achieve higher resolution and obtain an ionomer and platinum distribution

through stochastic measures.

The second section focuses on the lattice Boltzmann method, based on the work by Niu

et al. [19], which allows simulation of two-phase flow in the porous layers. We begin with

describing the lattice Boltzmann equation and the BGK approximation. The discretization

is shown and the multiple relaxation time lattice Boltzmann method in 3 dimensions with
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19 lattice velocities is presented. The governing equations based on the diffuse interface

theory are introduced and their final form with the lattice Boltzmann method are presented

and boundary conditions are discussed. The primary output of the method is a porous

material sample with evolving water distribution at every time step.

The final section gives an overview on the pore scale model, the governing equations,

the boundary conditions and the numerical method. The final geometry of the lattice Boltz-

man simulation with water distribution is used as input to the pore scale model.

The coupling between the numerical methods for the catalyst layer reconstruction, lat-

tice Boltzmann method and the pore scale model is illustrated in figure 4.1. The geometry

of the cathode is transferred between methods.

Figure 4.1: Coupling of the lattice Botlzmann technique and the pore scale model.
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4.2 Catalyst layer reconstruction

The CL reconstruction procedure follows the previous work at UVic’s ESTP lab and

involves image acquisition, image processing, and numerical reconstruction of the sample.

A brief description of the various steps is presented below with more details given in Singh

et al. [62].

4.2.1 FIB-SEM reconstruction

The technique used to image and numerically reconstruct the catalyst layer relies first

on Focused Ion Beam milling combined with Scanning Electron Microscopy (FIB-SEM).

The physical catalyst layer sample is sliced using a sharp blade and a 3-D stack of images

is obtained using a dual field-emission SEM and FIB where the electron beam is at an angle

of 52 �with respect to the ion beam and the surface of the slice [63]. The slices were cut

20 nm apart and produced 50 slices and providing together a stack of images representing

a three dimensional sample of size 1 µm ⇥ 1.98 µm ⇥ 1 µm.

The SEM images were processed by aligning the geometry to correct for the effects

from the angled SEM image, and the solid and gas pixels were distinguished and contrasted

to yield a binary image like the one in figure 4.2. The porosity was calculated to be 0.34

with an average pore size of 50 nm.

This geometry is used for lattice Boltzmann simulations since the method does not

require differentiation between the carbon and ionomer since the simulation involves liquid

water percolating through a solid, while disregarding the bulk properties of solid matrix of

the porous structure.
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Figure 4.2: One of the slices in the x-y plane of the catalyst layer of dimensions 1 µm ⇥
1.98 µm ⇥ 1 µm. The white represents the gas and the grey represents the solid with no
distinction between the carbon and ionomer.

4.2.2 Stochastic reconstruction

The catalyst layer consists of carbon black spheres with a thin ionomer coating and

platinum particles. The pore scale model simulates mass transport, charge transport, and

electrochemical reactions, therefore a geometry which distinguishes between the ionomer,

platinum, and carbon solids is required [7].

To produce a high resolution geometry of this kind, an initial seed of carbon spheres

was optimized to match with the FIB-SEM images of lower resolution using a two point

correlation function. The generated image has an isotropic resolution of 5.95 nm compared

to the originally imaged CL which is limited to a resolution of 20nm in one direction

[62]. The geometry is generated with a prescribed mean and standard deviation for the

carbon sphere radius, porosity, ionomer to carbon ratio as well as platinum particle size

and loading.

To numerically represent the presence of the ionomer, the cells which are next to a

carbon cell are considered for conversion from gas to ionomer. The platinum particles are

considered as non-volumetric elements and placed at the surface between carbon spheres

and ionomer.

This method was used to generate the reconstructed catalyst layer displayed in figure
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4.3 and the three dimensional reconstruction is displayed in figure 4.4.

Figure 4.3: One of the slices in the x-y plane of the catalyst layer of dimensions 1.398
µm ⇥ 1.815 µm ⇥ 1.499 µm. The white represents the carbon, the black represents the
ionomer and the grey represents the gas.

4.3 Lattice Boltzmann method (LBM)

4.3.1 Boltzmann equation

The Boltzmann equation, which represents the velocity distribution function of parti-

cles, is at the foundation of the LBM. To describe the arrangement of particles in a macro-

scopic system, Ludwig Boltzmann applied probability theory to microscopic properties.

In the context of a single phase gas, we can describe the probability, p, of a particle with

a distribution function f(r) in the gas to be located in a volume, dr, is defined as follows:

p(r 2 V ) =

Z

V

f(r)dxdydz =

Z

V

f(r)dr. (4.1)

The macroscopic properties of interest such as velocity, pressure, density can readily be
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Figure 4.4: A reconstructed catalyst layer of dimensions 200 nm ⇥ 200 nm ⇥ 200 nm. The
carbon spheres are in blue, the ionomer in green, and the gas pores in yellow. Figure from
Lange et al. [3].

obtained from the velocity distribution function, u = (u, v, w). Combining the spacial and

velocity distribution functions, p, is the probability of a particle to have a velocity which

exists in the velocity space du as well as having spacial coordinates within the volume dr.

p(u,r) =
Z

f(u,r)dudr (4.2)

To obtain the distribution function for the subset of m particles in a system of N par-

ticles, we integrate out all particles outside of the subset of interest by integrating over

infinite coordinate space which sets all probabilities in this limit to 1. The distribution

function for m, and two particles are expressed in equation 4.3 and 4.4 [64].

f

m(u1, r1, ..., um, rm) =
Z 1

�1
f

N(u,r)dum+1drm+1...duNdrN (4.3)
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f

1(u1, r1)f 2(u2, r2) = f

2(u1, r1, u2, r2) =
Z 1

�1
f

N(u,r)du3dr3...duNdrN (4.4)

These equations exhibit the principle of molecular chaos as the colliding particles have

uncorrelated velocities which are independent of position. The Boltzmann equation pre-

sented in equation A.11 is obtained by considering molecular fluxes and collisions in a

representative space as detailed in Appendix A.

@
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@r
(nf) +

F
m

· @

@u
(nf) =

Z 1

�1

Z 4⇡

0

n

2(f 0
f

0
1 � ff1)ur(�d⌦)du1. (4.5)

We tagged n along for conceptual purposes in equation A.1, but we can drop it to have

an expression with only the probability density function f . The following form is common,

where Qf (f, f) is the collision integral [65].

@tf + u@rf +
F
m

@uf = Qf (f, f). (4.6)

Qf (f, f) =

Z Z
(f 0

f

0
1 � ff1)ur�d⌦du1. (4.7)

The BGK approximation

The Bhatnagar-Gross-Krook (BGK) collision model introduces a relaxation term to

simplify the collision integral, Qf (f, f) [66].

The distribution function, f , can be considered as having an equilibrium, f (eq), and

non-equilibrium, f (neq), component.

f = f

(eq) + f

(neq) (4.8)

The model assumes that the mean free path of the particles is much smaller that the
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characteristic length scale of the system, such that Kn ⌧ 1. In this case, we can approx-

imate that the distribution function at equilibrium, f (eq), follows the Maxwell distribution

function for a monoatomic gas, as follows [65].

f

(eq) = n

✓
m

2⇡kBT

◆ 3
2

e

� m
2kBT

(u�u)2
, (4.9)

where kB is the Boltzmann constant.

The distribution function for the perturbation of equilibrium, f (neq), can be approxi-

mated to be the first Chapman Enskog expansion of the distribution function, f .

The simpler term, Qf (f), can be conceptualized by considering that every collision

changes the distribution function proportionally to the departure from equilibrium, where

⌧ is the collision time. The long form expression, equation 4.11, is used for computational

purposes.

Qf (f) = �1

⌧

f

(neq)
, (4.10)

Qf (f) = �1

⌧

(f � f

(eq)), (4.11)

The BGK form, also referred to as “single time relaxation”, of the Boltzmann equation

is thus,

@tfi + u@rf +
F
m

@uf = �1

⌧

(f � f

(eq)). (4.12)

The mass density, ⇢, can be extracted as follows.

⇢(r, t) =
Z

mf(r, u, t)du (4.13)
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4.3.2 Lattice Boltzmann equation

The lattice Boltzmann equation is a discretized form of the Boltzmann equation. The

distribution function f(r, u, t) is reduced to a discrete distribution function in physical

space and time, fi(r, t), and the velocity space is discretized such that each discrete distri-

bution function have an associated discrete velocity, ei. The discretization is shown below.

@fi

@t

+ ei
@fi

@r
+ a@fi

@ei
= �1

⌧

(fi � f

(eq)
i ) (4.14)

We can expand and substitute ei = �r/�t to obtain the BGK lattice Boltzmann equa-

tion expressed in equation 4.17.

fi(r, t+�t)� fi(r, t)
�t

+ ei
fi(r +�r, t+�t)� fi(r, t+�t)

�r

= �1

⌧

(fi� f
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i )� arefi

(4.15)
fi(r, t+�t)� fi(r, t)

�t

+
fi(r + ei�t, t+�t)� fi(r, t+�t)

�t

= �1

⌧

(fi � f

(eq)
i )� arefi

(4.16)

fi(r + ei�t, t+�t)� fi(r, t) = ��t

⌧

(fi � f

(eq)
i )� arefi�t (4.17)

The terms on the left hand side represent the streaming process where particles scatter

after the collision and flow in the system. The term on the right and side embodies the

processes involved in the collision of particles.

The BGK collision model alone leads to numerical instabilities and a viscosity-dependent

velocity field [67]. A multiple relaxation time (MRT) lattice Boltzmann technique adjusted

for two-phase flows with high density ratios using two distribution functions mitigates these

issues. The method and its implementation are presented in the following section.
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4.3.3 Multiple relaxation time lattice Boltzmann method (MRT-LBM)

Diffuse interface theory

The diffuse interface theory allows us to model multi-phase flows with high density

ratios and various viscosities [19, 68, 69]. The behaviour of the fluid is governed by the

Navier-Stokes equation expressed in equation 4.18, and the Cahn-Hilliard equation ex-

pressed in equation 4.19, allows one to model the interface between the liquid and gas

phases.

@⇢u
@t

+r · ⇢uu = �r · P + ⌘r2u + Fb (4.18)

@'

@t

+r · 'u = Mr2
µ (4.19)

Where u is the fluid velocity, ⇢ is the mass density, ⌘ is the viscosity, P is the gradient

of the pressure tensor, Fb is the body force, ' is the density difference between two phases,

M is the mobility, and µ is the chemical potential.

The MRT-LBM technique is applied using both the Navier-Stokes equation where the

distribution function is of the velocity field with a total density of different phases and

the Cahn-Hilliard equation where the distribution function is the local order parameter ',

which allows for tracking of the interface [19].

D3Q19 model

The numerical solution of the LB equation requires discretization in a lattice domain.

The D3Q19 model was proposed by d’Humières et al. [70] is used which has 19 lattice

velocities in a cubic lattice. The 3D lattice is shown in figure 4.5 and the particle can

stream in one of 19 directions, including remaining in its position. The model is defined by
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the following lattice velocities, where i represents the different directions:

ei =

8
>>>>>><

>>>>>>:

(0, 0, 0) i = 0

(±1, 0, 0), (0,±1, 0), (0, 0,±1) i = 1� 6

(±1,±1, 0), (±1, 0,±1), (0,±1, 1) i = 7� 18

(4.20)

Figure 4.5: 3D lattice for the D9Q19 model .

The lattice tensors of high rank are not always isotropic due to the symmetry of the

lattices, but this can be corrected by adding weighing coefficients wi for the different speeds

corresponding to different directions. The adjusted equilibrium distribution function, f (eq),

weighing coefficients are indicated in equation 4.21 and 4.22 where c = �r/�t is the ratio

between the lattice spacing �r and the time step �t, both set to 1.

f

(eq)
i = �wi⇢


1 +

ei · u
c

2
+

(ei · u)2

2c4
� |u|2

2c2

�
(4.21)
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wi =

8
>>>>>><

>>>>>>:

1
3 i = 0

1
18 i = 1� 6

1
36 i = 7� 18

(4.22)

The local density, ⇢ and the momentum, j, can be calculated.

⇢ =
X

i

fi (4.23)

j = ⇢u =
X

i

eifi (4.24)

The transformation matrix, M, is used to convert the distribution functions fi and f

(eq)
i

in velocity space to macroscopic variables such that

m = Mf = (⇢, e, jx, qx, jy, qy, jz, qz, 3pxx, pww, pxy, pyz, pxz, txyz)
0 (4.25)

where m is the velocity moment, ⇢ is density, e is the energy, j is momentum, q is related

to the energy flux, p is pressure.

A relaxation matrix, ⇤, has diagonal elements which are the relaxation parameters

corresponding to each moment in m.

Following the diffuse interface theory, the lattice Boltzmann technique is applied using

the Navier-Stokes and Cahn-Hilliard equations and yields two distribution functions. The

final discretized form with the multiple relaxation time adjustment is expressed by the

density distribution function vector, f, in equation 4.26 and the order-parameter distribution

function vector, g, in equation 4.27.
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�
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f (r, t)
�
+�t

✓
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◆
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(4.26)

g(r + ei�t, t+ �t) = g(r, t)� M�1⇤g(mg(r, t)� meq
g (r, t)) (4.27)

where the final term is a result of the Taylor expansion of the force term in equation

4.17, and G is defined in equation 4.28.

G(r, t) = wi
ei � u
c

2
· (Fext + µr�) (4.28)

The density distribution vector, f, and the order parameter vector, g, describe the dy-

namic behaviour of the multiphase system and are solved for each location and time step.

4.3.4 Boundary conditions

In this numerical technique, a fixed volume of liquid water is placed at the boundary

associated with the high pressure, the lower boundary perpendicular to the y axis. The

opposite boundary is assigned a lower pressure in the y direction. The simulation then

allows water to drain through the pores of the closed volume towards the boundary with

the lowest pressure. A contact angle, ✓, is also prescribed to the system.

Periodic boundary condition

As illustrated in figure 4.6, periodic boundary conditions are implemented for the bound-

aries perpendicular to the x and z axes. If the fluid reaches a periodic boundary, it will leave

the system at this edge and emerge from the opposite boundary into the system with the
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same properties such as direction and velocity.

Figure 4.6: Schematic demonstrating the periodic boundary condition.

Bounce-back boundary condition

In the case where a fluid encounters a solid such as a carbon particle, the bounce-back

condition is applied to satisfy the no-slip condition for continuum flow where the fluid has

a zero velocity at the boundary. As illustrated in figure 4.7, properties of a particle colliding

with a solid particle are reflected by 180 degrees.

4.4 Pore scale model

4.4.1 Governing equations

The model consists of governing equations for mass transport and electrochemical reac-

tions. Oxygen transport is driven by diffusion while water vapour transport has an electro-

osmotic drag component in addition to diffusion. The diffusion component of the gases
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Figure 4.7: Schematic demonstrating the bounce back boundary condition.

is expressed with Frick’s law. The proton and electron transport parameters are calculated

using Ohm’s law. The following expression represents the transport flux vector including

oxygen, water vapour, proton and electron transport fluxes [3].

�t =

2

66666664

�O2,t

�H2O,t

�H+,t

�e,t

3

77777775

=

2

66666664

�DO2rCO2

�DH2OrCH2O � nd�m

F r�m

��mr�m

�sr�s

3

77777775

(4.29)

�t is the transport flux, DO2 and DH2O are the oxygen and water vapour diffusivities,

CO2 and CH2O are the oxygen and water vapour concentrations, �m and �s are the mem-

brane potential (proton transport) and solid potential (electron transport) respectively, �m

and �s are the membrane and solid conductivities. F is the Faraday constant and nd is the

electro-osmotic drag coefficient.

A reaction flux vector, �r, is calculated for each parameter using the Tafel equation

from electrochemical kinetics theory, which relates the rate of an electrochemical reaction

to the overpotential [3]. The reaction flux vector is expressed as follows.
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�r is the reaction flux, i0 is the exchange current density, ↵c is the charge transfer coeffi-

cient, CO2,ref is the reference oxygen concentration at environmental conditions, R is the

universal gas constant and T is the temperature. The values of the reference parameters

used in this model are defined in Lange et al. (2010) [3].

The system is assumed to be steady-state and isothermal, and combining the fluxes,

transport for each species is governed by.

r · (�t + �r) = r · (�) = 0 (4.31)

Diffusion in the pores

The oxygen and water vapour diffusivity, DO2 and DH2O are obtained by considering

both the bulk diffusivity, Db, and Knudsen diffusicity, DKn and are described by the fol-

lowing relation [71].

1

DH2O
=

1

DKn,H2O
+

1

Db,H2O
(4.32)

1

DO2

=
1

DKn,O2

+
1

Db,O2

(4.33)

The bulk oxygen diffusivity for each gas is assigned a constant value representing the

binary diffusion, diffusion between two molecules, of the gas into nitrogen [7].

Knudsen diffusion is accounted for when the mean free path of the particle is of the

same order as the pore size. Under these conditions, the particles frequently collide with the
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boundaries. This is the case for gasses in a small capillary pore such as the one illustrated

in figure 4.8 since low density fluids have a large mean free path. The Knudsen diffusivity

is calculated as follows, using the kinetic theory of gases and the dusty gas model [72].

DKn =
hdihvi

3
= 4850hdi

r
T

M

(4.34)

d is the diameter of the pore, v is the mean molecular velocity and M is the molecular

weight of the gas.

Figure 4.8: Schematic of a molecule undergoing Knudsen diffusion in a capillary. Figure
from Lange et al. 2012 [4].

The total diffusivity is predominantly represented by the bulk diffusivity in relatively

large pores, and the Knudsen diffusivity in small pores [4] . Numerically, Knudsen dif-

fusivity depends on the calculated value of the pore diameter. Solving for this value is a

challenge due to the random three dimensional shape of the pores.

4.4.2 Boundary conditions

Dirichlet boundary conditions are applied to the two parallel faces along the y-axis,

where the concentration of the gases, the potentials, and the temperature are different at

each boundary. Their values are displayed in table 4.1 [4]. Periodic boundary conditions

are used for the remaining four faces. These conditions drive the average mass transport in

the z-direction. The system is set to operate at a relative humidity of 98%, so liquid water

is not generated. However, liquid water can be present in the system, although it is static

and phase interactions are not modelled.



43

Table 4.1: Boundary conditions for the parallel surfaces along the y-direction.

Variable Boundary 1 Boundary 2
CO2 10.1⇥ 10�6 mol

cm3 10.0⇥ 10�6 mol
cm3

CH2O 15.9⇥ 10�6 mol
cm3 16.0⇥ 10�6 mol

cm3

�m 1.7 V 1.708 V
�s 1.3 V 1.30018 V
T 353.0 K 353.1 K

4.4.3 Numerical method

The governing equations are discretized in mesh elements using the finite volume

method [7]. To solve for the fluxes, the system expressed by equation 4.31 is integrated

over a control volume and by using Green’s theorem, is converted to a surface integral as

follows.

y

r · (�)dV =
x

� ·AdS ⇡
X

� ·A = 0 (4.35)

Without the consideration of electrochemical reactions, the influx of a mass type such

as an electron, proton, oxygen or water molecule in a computational cell would be equal

to its outflux. Lange et al. [7] showed that when the electrochemical reactions were con-

sidered for the calculation of the fluxes, the difference in the influx and outflux was small.

The outflux value is therefore used as an approximation for the flux when computing the

transport parameters.

By Fourrier and Frick’s law, the flux of a quantity, x, can also be expressed as

�x = �Xeff
(x2 � x1)

l

, (4.36)

where l is the length of the solution domain, Xeff is the effective transport parameter and

x1 and x2 are the values of the quantity at the boundaries. Using equation 4.36 and fluxes
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obtained from equation 4.35, the effective transport properties are computed.

In order to calculate Knudsen diffusivity, an effective pore diameter is calculated for

each computational cell tagged as a gas. This is achieved by averaging thirteen diameters

obtained in different directions: along the x, y and z axis, two diagonals for each of the

x-y, x-z, and y-z planes with a slope of one and negative one, and four diagonal directions

through the three dimensional space [73].

The system is solved using an inexact Newton method, and the simulations are con-

sidered to have converged when the nonlinear root mean square calculated with a Newton-

Raphson solver converges to machine zero [7]. The simulation is parallelized to run on 64

processors, using a localized ILU preconditioner [3].
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Chapter 5

Modelling transport properties in

perforated cathode CL and MPL

5.1 Overview

The effect of select crack characteristics such as size of aperture, degree of protrusion

and tortuosity on liquid water, oxygen transport and conductivity are studied using the

MRT-LBM and PSM models described in the previous chapter. The parameters and initial

conditions are described for these models and results are discussed.

5.2 Drainage process in the cathode

The water is generated in the catalyst layer of the cathode at electrochemically active

sites, then a portion of it moves towards the gas diffusion layer while an other moves to-

wards the membrane if the pressure is insufficient to drive the water through the MPL,

and/or if water is taken up by the membrane. The modelling approach used here resolves

water transport at the pore scale and necessitates some simplifications, including decou-

pling from the adjacent boundaries (membrane and channel). The computationally inten-
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sive LBM simulations also do not account for internal water production which requires

coupling to the electrochemical reaction. Water transport in porous layers is modelling the

drainage process, meaning that water supply is prescribed at one of the boundaries and

the acting forces from capillary action and a pressure gradient will encourage the water to

percolate through the layer. This method is effective to determine preferential pathways

for liquid water due to unobstructed capillary action in a dry sample, it also represents

the simulation analogue to physical imbibition/drainage experiments commonly used to

characterize porous media.

It is to be noted that after the water travels across the layer and reaches the end of the

computational domain, the water is not removed and continues to accumulate, increasing

liquid saturation. In real cathodes, when water reaches the interface, referred to as break-

through, the water is removed from the MPL into the GDL. The breakthrough point is made

evident and discussed for the experiments.

Several geometries and corresponding dimensions are used in this study, so the pressure

gradient across the boundaries perpendicular to the flow direction (y) for all experiments

is 1.8kPa per number of lattice units in the y direction. Since the lattice unit is 20nm for

these experiments, the pressure gradient is 90Pa/nm. The number of iterations performed

was 100 000, which represents time steps in LB units. In this work the lattice length scale,

�r, and lattice time step, �t, are unity such that �r = �t = � = 1.

The contact angle, which is the angle formed by the liquid interface on a solid, de-

scribes the wettability. The contact angle of the system was set as constant throughout the

system and a value of 110� was used based on reported values for common hydrophobic

(nonwettable) materials in the cathode [74].

Other constants include surface tension, which was set to 0.0625 N/m, and the initial

density of liquid and gas which were chosen to be 1000 kg/m3 and 1.14 kg/m3 respectively.
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5.2.1 Perforated reconstructed catalyst layers

An initial study is performed on a reconstructed catalyst layer from FIB/SEM imag-

ing as described in section 4.2.1 and has dimensions 1 µm ⇥ 1.98 µm ⇥ 1 µm. This

simulation focuses on liquid water transport so the geometry does not need to distinguish

between ionomer and platinum and is therefore composed of only two phases: solid and

gas. Various geometries with different crack structures were constructed by replacing pre-

determined solid cells with gas cells. Two notable sets of experiments were conducted with

the reconstructed catalyst layer.

The first set of structures were constructed to study the effect of the length of cracks in

the porous layer. As shown in figure 5.3, the crack stems from the bottom of the CL, the

boundary connected to a large volume of water, and the base area of 14400 nm2 is constant

as the length of the crack is varied. The water transport for a geometry with no cracks,

a crack length of 0.5µm, and a crack spanning the length of the CL can be visualized in

figure 5.1. In the second experiments the area of the crack is varied for a constant length of

crack, which is 1.98 µm and spans the length of the CL. The evolution of saturation in the

domain with time is shown for both experiments in figure 5.2.

These simulations suggest that the saturation increases proportionally to the area of the

crack, and that the elongated crack reaches breakthrough more rapidly. The simulations

also suggests that the short interfacial crack have very little effect on water transport.

Due the limitations of computational resources, the computational domain is too small

to represent some of the large cracks discussed in section 3.4, so small cracks are consid-

ered. A drawback of small cracks is that they can be of similar size to large pores. For

example, in the cracked reconstructed geometry, large pores are connected to the perfora-

tion as observed in figure 5.3. Large pores can also encourage water transport which can

make it difficult to isolate the effect of the crack on transport. In fact, some of the larger

pores are located at the lower boundary and can ambiguate our study of interfacial cracks.
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These results corroborate the two dimensional lattice Boltzmann study by Han and

Meng [18], where it was observed that cracks give a preferential path for liquid water

transport due to their lower capillary pressure with respect to their surroundings. Perform-

ing the analysis with a three dimensional model is important since the effect of friction

can not be fully captured due to a smaller surface area in two dimensions. Information on

porosity and surface area can not both be representative of a realistic geometry in a two

dimensional modelling scheme.
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(a) No perforation,
t = 7000 �

(b) 0.5µm perforation,
t = 7000 �

(c) 1.5µm perforation,
t = 7000 �

(d) No perforation,
t = 20000 �

(e) 0.5µm perforation,
t = 20000 �

(f) 1.5µm perforation,
t = 20000 �

(g) No perforation,
t = 50000 �

(h) 0.5µm perforation,
t = 50000 �

(i) 1.5µm perforation,
t = 50000 �

Figure 5.1: Water transport through a reconstructed catalyst layer of dimensions 1 µm ⇥
1.98 µm ⇥ 1 µm. The base area of the perforation is constant and the depth of the crack is
indicated under each image.
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(b) Evolution of saturation for varying base area of cracks and a con-
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Figure 5.2: Evolution of saturation in the CL for different crack structures. The markers
indicate the breakthrough points for each geometry.

Figure 5.3: Slice of the reconstructed geometry with a perforation 1.5µm in length along
the y axis.
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5.2.2 Perforated idealized catalyst layers

The irregular pore structure of the reconstructed catalyst layer poses difficulties when

studying the effect of other cracks in the porous media. As we have a reasonably good

understanding of liquid water transport in non cracked porous media from the literature,

the effect of cracks should be isolated.

An idealized porous structure consisting of regularly positioned spheres is therefore

proposed for the catalyst layer which represents the salient characteristic of the layer. A

porosity of 0.40 was achieved compared to 0.34 for the reconstructed layer used in the first

experiment, however it is still representative of the porosities observed in catalyst layers

[75]. The size of the spheres, r = 100nm are larger than the carbon particles used in the

manufacturing process, as they are meant to represent not only the carbon, but also the

large grouping of agglomerated carbon spheres with ionomer in the catalyst layer.

The spheres were arranged in a hexagonal close-packed (hcp) symmetry since stagger-

ing the spheres avoids the tubular gaps present in some symmetric lattice structures such as

the simple cubic lattice. A slice of the idealized geometry is presented in figure 5.4.

Figure 5.4: Slice of the idealized CL of dimensions 1 µm ⇥ 1.98 µm ⇥ 1 µm with no
perforations. The solid and gas are represented by white and black respectively.

The first set of experiment, where the base area of the cracks remained constant as the

length increased was reproduced using this new geometry and the results can be visualized

in figure 5.5. Compared to the reconstructed geometry, the new geometry shows a similar

rate of water transport for all cracked and non cracked structures, however the effect from

the crack is accentuated and isolated from other capillary effects in the porous structure.
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(a) No perforation,
t = 7000 �

(b) 0.5µm perforation,
t = 7000 �

(c) 1.5µm perforation,
t = 7000 �

(d) No perforation,
t = 20000 �

(e) 0.5µm perforation,
t = 20000 �

(f) 1.5µm perforation,
t = 20000 �

(g) No perforation,
t = 50000 �

(h) 0.5µm perforation,
t = 50000 �

(i) 1.5µm perforation,
t = 50000 �

Figure 5.5: Water transport through a symmetrically constructed catalyst layer of dimen-
sions 1 µm ⇥ 1.98 µm ⇥ 1 µm. The base area of the crack is constant and the depth of the
crack is indicated under each image.
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5.2.3 Effect of crack morphology on liquid water transport

Using the idealized porous structure introduced in the previous section to isolate the

effect from the crack, select characteristics of cracks such as crack depth for a fixed aper-

ture size, degree of protrusion and tortuosity are explored for cracks in the CL and MPL. A

hexagonal close-packed (hcp) symmetry was also constructed for the MPL where the poros-

ity is 0.55 and the sphere radius is 80nm, both representative values for realistic MPLs.

Effect of crack length with fixed aperture

In the previous section, a set of symmetrical geometries were constructed where the

aperture of the crack was held constant and the depth of the cracks were varied to span a

quarter, a half, two thirds and the full length of the CL. It was observed that breakthrough

occurred earlier and with lower saturation with elongated cracks, indicating that the porous

regions which would be electrochemically active in a realistic case, would be free of water

when the water is removed by the GDL. The short interfacial crack has high saturation at

breakthrough meaning that when the water is removed by the GDL, the electrochemical

area would be flooded by water.

In order to investigate how much of the effect can be attributed to the larger void volume

of the longer cracks, corresponding to lower pore pressure and enhanced liquid water trans-

port, we examine geometries with fixed volume of the perforation and vary the protrusion

of the crack in the following section.

Effect of crack protrusion

A discussed in section 3.4, interfacial holes and dents at the interface of the CL and

MPL can occupy as much volume as the elongated cracks that span the depth of the CL or

MPL. However, it is speculated that interfacial structures and elongated cracks have very

different effects on water transport, hence to study the effect of degree of protrusion into
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the length of the layers, the volume is kept constant and the shape of the crack was varied

from short and wide to thin and long.

The cracks were implemented in the CL and the MPL in separate experiments and can

be visualized in figures 5.6 and 5.7. In both cases, the layer which is perforated has a

volume of 8µm3 and the cracks have a volume of 0.4µm3 which is 5% of the volume of

the layer, and stem from the interface. When the CL is non perforated, it takes t = 75000�

for water to reach the CL|MPL interface, therefore when studying the cracks in the MPL a

shorter CL of 400nm in length was used to maintain the interfacial effects but have water

reach the interface much sooner to study its behaviour in the MPL.

The total computational size of for the geometries with cracked CLs and MPLs are 2µm

⇥ 4µm ⇥ 2µm and 2µm ⇥ 2.4µm ⇥ 2µm respectively. Since the elongated cracks have

a slab shape as opposed to a pinhole, the length of the crack in the z direction was fixed,

and the length of the cracks in the x and y direction were varied across all geometries. The

dimensions of the cracks and the associated visual representation are presented in table 5.1.

Table 5.1: Geometry of the cracks, listed in order of least protruded (short and wide) to the
most protruded (long and thin) into the CL.

Depth of protrusion Shown in figures Dimension of the perforation (x, y z)
0.5µm 5.6b and 5.7b 0.8µm ⇥ 0.5µm ⇥ 1µm
1µm 5.6c and 5.7c 0.4µm ⇥ 1µm ⇥ 1µm
1.5µm 5.6d and 5.7d 0.267µm ⇥ 1.5µm ⇥ 1µm
0.5µm 5.6e and 5.7e 0.2µm ⇥ 2µm ⇥ 1µm

For the experiments with the cracks in the catalyst layer (geometries in figure 5.6), the

evolution of saturation can be observed in figure 5.8. Compared to the simulation with

no cracks, the water uptake is increased with the presence of the interfacial crack, even

prior to the water reaching the crack. This suggests that despite being 1.5µm from the

large perforation, the liquid water is influenced by the low pressure of the perforation. A

visualization of water transport with the full length crack in the CL (figure 5.6e) is shown
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(a) (b) (c) (d) (e)

Figure 5.6: Slices of symmetrically constructed CL (bottom half) and MPL (top half) ge-
ometries with perforated cracks in the CL of constant volume and varying degree of protru-
sion. The depth of the perforations along the direction of the flow, the y axis, are (a) 0µm,
(b) 0.5µm, (c) 1µm, (d) 1.5µm, and (e) 2µm. The total geometry has dimensions 2 µm ⇥
4 µm ⇥ 2 µm.

(a) (b) (c) (d) (e)

Figure 5.7: Slices of symmetrically constructed CL (bottom 17% of the layer) and MPL
(top) geometries with perforated cracks in the MPL of constant volume and varying degree
of protrusion. The depth of the perforations along the direction of the flow, the y axis, are
(a) 0µm, (b) 0.5µm, (c) 1µm, (d) 1.5µm, and (e) 2µm. The total geometry has dimensions
2 µm ⇥ 2.4 µm ⇥ 2 µm.

in figure 5.9. The crack in the CL not only keeps porous regions around the crack free from

flooding, but also creates a focused injection point into the MPL which leaves large areas

clear from water which encourages gas mixing.

The evolution of saturation for the experiments with the cracks in the microporous

layer (geometries in figure 5.7), is shown in figure 5.10. Since the domain is shorter, all

geometries reaches breakthrough. The longer and thinner geometries achieve breakthrough
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Figure 5.8: Evolution of saturation for a fixed crack volume and varying degrees of pro-
trusion in the CL. The two of the geometries reached breakthrough, as indicated by the
markers.

(a) t = 7000� (b) t = 20000� (c) t = 50000�

Figure 5.9: Water transport in a crack spanning the length of the CL. The breakthrough
point occurs at t = 50000�.

first with significantly lower saturation, however after all geometries reach breakthrough

and when t = 100000� have passed, the amount liquid water saturation is larger for the

shorter and larger cracks despite all cracks having the same void volume. This can be

explained by the effective capillary pressure, the difference between the pressure of the

liquid and gas phase. The capillary pressure at t = 100000� for the cracks protruding
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0.5µm, 1µm, 1.5µm and 2µm into the system are 0.0848 atm, 0.1933 atm, 0.3488 atm, and

0.5973 atm respectively.
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Figure 5.10: Evolution of saturation for a fixed crack volume and varying degrees of pro-
trusion in the MPL. The breakthroughs are indicated by the markers.

The high capillary pressure in the system with the elongated crack can be explained

by water pressure building up in the crack since it is a preferential path, and creating a

large pressure difference between the phases. After it reaches breakthrough, the pressure

in the crack is too large to encourage much more water uptake, but the water can continue

to enter slowly in the high pressure capillary pores. This would encourage some water to

move towards the membrane while also mitigating flooding.

In the short cracks, the water transport across the layer which is driven by an applied

pressure gradient is slowed down by the presence of a large pore with low capillary pres-

sure. To reach the end of the layer, the water must flow through the small pores which

increases the pressure of the gas and lowers the liquid water pressure, reducing the average

capillary pressure of the system. Since low capillary pressures encourage liquid water up-

take, the cracks with a lower degree of protrusion will take up a larger amount of water after

breakthrough. In much larger pores interfacial pores, the low pressure could counteract or
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be stronger than the pressure gradient. In this case much more water would accumulate in

the void before enough pressure is build to move through the pores, leading to liquid water

pooling.

These results corroborate the experimental study conducted by Gerteisen et al. [16]

where large straight perforations were introduced to a GDL using laser beams. They also

observed reduced saturation at high current densities, in the range limited by mass transport.

Their experiments showed that this improvement on water transport resulted in a higher

limiting current density as well as a better overall performance of the test cell with the

perforated GDL.

Effect of tortuosity

A degree of tortuosity is observed in long and thin cracks as presented in figure 3.2, and

the effect of tortuosity on water transport is explored. The tortuous shapes were created

using the same geometries as in the previous section, however creating new cracks by

taking away spheres at certain angles in the MPL and CL. Since taking away spheres made

for a cleaner cut when the slope was aligned with the nodes of the hexagonal close-packed

(hcp) lattice, the slope of the perforation is different in the CL and MPL. Tortuosity is

defined as the ratio of the length of the curve to the distance between the ends. The slope of

the tortuous crack which is displayed in figure 5.11c in the CL is 1.5, yielding a tortuosity

of 1.20. The constructed tortuous crack in the MPL is shown in 5.12c and has a slope of 1,

which yields a tortuosity of 1.41.

The evolution of saturation for the experiments is shown in figure 5.13 for the cracked

CL and in figure 5.14 for the cracked MPL. In both experiments, the breakthrough of the

tortuous cracks occurs later and with slightly higher saturation than for the straight crack,

suggesting that the higher tortuosity slightly reduces the water management benefits of

elongated cracks.
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Again, the shorter domain offered by the system with cracks in the MPL allows us to

see how the systems behave after breakthrough. As can be observed from figure 5.14, the

crack with tortuosity of 1.41 has higher liquid saturation after t = 100000� compared to the

crack with tortuosity of 1. The effective capillary pressure after t = 100000� for the cracks

of tortuosity 1 and 1.41 in the MPL are 0.5973 atm and 0.3815 atm respectively, suggesting

that the straight crack is a more preferential path as water primarily passes through the

perforation and builds up pressure, creating a large pressure difference between the phases

and discouraging entry of water into the porous region. In the case of the tortuous crack,

due to the inertia of the water and the pressure gradient not always being aligned with the

direction of the perforation, a portion of the water strays from the path and the pressure in

the crack is reduced as water flows between the solid spheres. This allows the system

to uptake more water after breakthrough, as supported by the lower effective capillary

pressure of the system.

(a) (b) (c)

Figure 5.11: Slices of symmetrically constructed CL (bottom) and MPL (top) geometries
with perforated cracks of constant volume and varying degree of tortuosity. The CL in (a)
has no perforation, and the tortuosity of the perforations along the direction of the flow, the
y axis, are (b) 1 , (c) 1.20.
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(a) (b) (c)

Figure 5.12: Slices of symmetrically constructed CL (bottom) and MPL (top) geometries
with perforated cracks of constant volume and varying degree of tortuosity. The MPL in
(a) has no perforation, and the tortuosity of the perforations along the direction of the flow,
the y axis, are (b) 1 , (c) 1.41.
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Figure 5.13: Evolution of saturation for a fixed crack volume and varying tortuosity in the
MPL. The breakthroughs are indicated by the markers.
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Figure 5.14: Evolution of saturation for a fixed crack volume and varying tortuosity in the
CL. The breakthroughs are indicated by the markers.

5.3 Effect of catalyst layer cracks on transport properties

As discussed in section 3.3, cracks not only influence liquid water transport, but also gas

diffusivity and conductivity due to a reduction in contact area. In order to study the effect

of perforations on other transport properties such as oxygen and water vapour diffusion,

electron and proton conductivity, and thermal conductivity, the pore scale model is coupled

with the lattice Boltzmann model. The pore scale model takes as input a geometry with

information on five phases including gas, carbon, platinum, ionomer and liquid water. The

initial geometry used in this process was obtained with the method described in section

4.2.2 and is presented in figure 4.3. The geometry has dimensions 4.7 µm ⇥ 6.1 µm ⇥

5.04 µm.

For the dry geometry used as a starting point to the the lattice Boltzmann model, the

information on four phases obtained from the reconstructed CL (carbon, ionomer, gas and

platinum) was reduced to two phases (gas and solid). Water was dispersed throughout the

catalyst layer as described in the previous section such that liquid water saturation was 0.25
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in the catalyst layer. A computationally generated MPL with random distribution of carbon

spheres of radius 4 and of porosity 0.6 was appended to the end of the CL to remove

the water and avoid accumulation of water at the boundary during the lattice Boltzmann

simulation.

In this experiment, the cracks with constant volume and varying degree of protrusion

are used, however the larger geometry allowed for larger cracks. The CL has a volume of

8µm3, and the cracks have a volume of 0.4µm3 which is 5% of the volume of the layer, as in

the previous experiments. The dimensions of the perforated pores from the least protruded

to the most protruded into the CL are indicated in table 5.2.

Note that the perforated volumes are equal for each geometry, however the random

structure of the reconstructed CL can lead to large pores connected to the volume which

adds uncertainty to the effective crack volume.

The gas transport in the pore scale model is driven by a difference in concentrations at

opposite boundaries, therefore the liquid water distribution for this experiment can not be

obtained from a percolation study as in the previous section because the constant influx of

water at the boundary would interfere with gas transport.

A realistic model for water transport in the cathode would include water production in

the catalyst layer. It would ideally be responsive to the amount of water and connectivity

of pores to represent a reduction of chemical reaction rates under flooding conditions. As

an exploratory step towards such a model, water was dispersed through the cathode and the

water transport was modelled with no regeneration of water in appendix B. The results are

preliminary, but the water distribution after t = 3000� is obtained for this experiment using

the technique outlined in appendix B and the reconstructed geometry described above.

A visualization of the water distribution after t = 3000� is provided in figure 5.15

and the saturation levels at that time are listed in table 5.2. It should be noted that the

liquid saturation in the crack of protrusion depth 1.2µm is larger than in the geometry with
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no cracks, suggesting that liquid water has accumulated in the interfacial gap and it has

hindered water management. The water distribution information at t = 3000� was merged

with the original dry geometry containing information on ionomer, platinum, carbon and

gas and used as input to the pore scale model.

Table 5.2: Liquid water saturation at t = 3000� for each geometry, listed in order of least
protruded (short and wide) to the most protruded (long and thin) into the CL.

Liquid saturation at t = 3000� Dimension of the perforation (x, y z)
0.1569 0µm ⇥ 0µm ⇥ 0µm
0.1537 0.8µm ⇥ 1.2µm ⇥ 1.4µm
0.1517 0.4µm ⇥ 2.6µm ⇥ 1.4µm
0.1519 0.28µm ⇥ 3.9µm ⇥ 1.4µm
0.1485 0.2µm ⇥ 5.2µm ⇥ 1.4µm

(a) 1.2µm protrusion depth of perforation,
t = 3000 �

(b) 5.2µm protrusion depth of perforation,
t = 3000 �

Figure 5.15: Water distribution in the merged layers for two crack morphologies at 3000�.

To accentuate the effect of the liquid water on gas transport, the perforated geometries
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described in table 5.2 with no liquid water were also used as input to the pore scale model.

The effective diffusivity of gases is presented as a function of the depth of protrusion of

the perforation in figure 5.16. For the dry samples, the oxygen and water vapour diffusion

increase steadily with the depth of protrusion. The wet sample does provide an increase

in diffusion, suggesting that since the water does not completely fill the crack, they offer a

preferential path for oxygen and water vapour as well. Note that the liquid saturation for

these structures are very low as indicated in table 5.2, and in flooding conditions the pores

may be completely blocked, reducing gas diffusion. Under wet conditions, the geometry

with the most protruded perforation showed a similar increase in diffusivity when compared

to the dry geometry which shows that when liquid water removal is effective, enhanced gas

transport is achievable.

The impact of perforations on effective electron and proton conductivity are shown in

figure 5.17. The decrease in conductivity across all cracked geometries are largely due

to an increase in contact resistance. This loss could be tolerated in fuel cells operating at

high power density where flooding would cause losses in electrochemical activity and the

benefits of water management due to elongated cracks could outweigh the losses associated

with contact resistance.
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Figure 5.16: Effective gas diffusivity with mass flow in the y direction.
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Figure 5.17: Effective proton diffusivity with mass flow in the y direction.
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Chapter 6

Conclusions and future work

6.1 Conclusions

This thesis contributes to the understanding of liquid water transport in fuel cell cath-

odes and in particular on the impact of morphological imperfections that are typical of

physical cathodes: cracks and interfacial protrusions. Prior work in the Energy Systems

and Transport Phenomena Lab at the University of Victoria had focused on LBM and pore

scale modelling of catalyst layers. Building on this, in this thesis we examine for the first

time the effect of cracks in a composite layer with a catalyst layer and microporous layer

using the three dimensional LBM and pore scale model methodologies.

A multiple relaxation time lattice Boltzmann method (MRT-LBM) was used to study

the effect of select crack characteristics on liquid water transport in the catalyst layer and

microporous layer using a drainage process. To isolate the effect of the cracks from other

large pores, symmetrically constructed layers were implemented. The increase in the crack

aperture increased liquid water uptake proportionally with the area of the base of the crack,

and water in tortuous cracks reached breakthrough slightly later than water in the straight

crack. Perforations with constant volume and varied protrusion depths into the layer es-
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sentially compared large interfacial gaps or holes to thin elongated cracks of equal volume.

Elongated cracks allowed for faster breakthrough and lower saturation levels. The experi-

ments are consistent with our understanding of how capillary pressure affects gas and liquid

water transport.

A notable observation is that short and large interfacial cracks have a high potential of

liquid water uptake due to the lower effective capillary pressures, however it does not lead

to an increase in water management. Elongated cracks in the direction of the pressure gra-

dient are a preferential pathway for liquid water and since less water strays from the path

to travel through small pores, the capillary pressure increases which simultaneously en-

courages water to move towards the membrane and mitigates flooding. The large pressure

of water in elongated cracks also allow for a large breakthrough pressure, thus providing

effective injection sites into the subsequent layer of the cathode.

Additionally, gas diffusion as well as electron and proton conductivities were modelled

in geometries with cracks of varying degrees of protrusion and a liquid water distribution

which was obtained from the lattice Boltzmann method. A volume of liquid water was dis-

persed across the cracked geometries and modelled using the lattice Boltzmann simulation.

The water distribution after t = 3000� was used as input to the pore scale model to mea-

sure other transport properties. The effective diffusivity increased for all crack protrusion

depths, even for the wet catalyst layer, likely due to low liquid water saturation. The geom-

etry with the most elongated crack showed a significant increase in gas diffusion under wet

conditions, showing that when liquid water removal is effective, enhanced gas transport is

achievable. The proton and electron conductivities decreased for all crack shapes due to an

increase in contact resistance.
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6.2 Future work

Simulations that are completely representative of the water transport process in a fuel

cell during operation would require coupling of the LBM model with distributed water

generation at the local reaction sites within the catalyst layer. Preliminary simulations in

this direction were presented in appendix B and issues regarding the ability of the MRT-

LBM to model phase change were discussed. Further work is needed to systematically

couple the simulations with electrochemistry and to incorporate appropriate modelling of

phase change kinetics.

In this work, the interface between the porous layers was perfect, meaning it was

smooth and there was no overlap region where both components of the CL and the MPL

could be found. For a more realistic representation of interfacial morphologies in the cath-

ode, an imperfect interface should be created, and a larger computational domain should

be used.

Furthermore, the effect of water on the conductivity of the ionomer was also neglected,

but should be modelled to further our understanding of the influence of water in the cathode.
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Appendix A

Derivation of the Boltzmann equation

To arrive at the Boltzmann equation, we must make the assumption that the density of

the matter is low such that only binary collisions can be considered.

Furthermore, for a system with N particles, we can express the number of particles in

a physical and velocity space, dN as

dN = nf(u, r)dudr (A.1)

Deconvoluting the the collision mechanism will help construct the Boltzmann equation.

Let’s begin with an expression for the rate of change of the number of molecules in dudr:

� =
@

@t

(nf) drdu (A.2)

Next we consider how the number of molecules change in dudr. First, we consider

the molecules with velocity u moving through the physical space dr. We can assume u be

constant in dr by making the approximation that the spacial distribution function is constant

over the small collision region. As shown by equation A.3 we start by expressing the flux

of number of molecules, � across a surface dS of dr, where er is the unit normal to dS,
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with the intention of applying Gauss’ Theorem in order to express the vector field inside

the volume.

�u = �
Z

S

(u · er)nf dSdu (A.3)

Next Gauss’ theorem is applied, recalling that dr is the volume, therefore to integrate

with respect to the volume, we use the volume element d(dr). The rate of change of the

number of molecules becomes

�u = �
Z

dr

r · (nfu) d(dr)du. (A.4)

With further manipulation, keeping in mind that the divergence of u, a constant over the

spacial element, is 0.

�u = �r · (nfu) drdu

= �[rnf · u + nf(r · u)] drdu

= �u · @

@r
(nf) drdu

(A.5)

Second, we take into account the effect of external forces on the velocity. The number

of molecules with force F = mu̇ moving across a surface dS of the physical space is

�F = �
Z

S

(u̇ · er)nf dSdu. (A.6)

Similar mathematical as above yields the final yields

�F = � F
m

· @

@u
(nf) drdu. (A.7)

Finally, assuming that the collision is instantaneous, the encounter causes a change
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in the particles’ velocity, with the position remaining unchanged. We will consider the

collision between particles with velocity u and u1, ur being the relative velocity of u with

respect to u1, which have velocities u0 and u0
1 after the collision (u, u1 ! u0

, u0
1).

The differential cross section between the particles after the collision is �d⌦, where �

is the cross section and ⌦ is the solid angle, so the volume this differential space occupies

is ur�d⌦.

The number of particles of velocity u and u1 is nf1u1 and nf1u respectively. The

number of u, u1 ! u0
, u0

1 collisions are therefore

n

2
ff1ur�d⌦du1dur. (A.8)

Let’s now consider collisions producing particles with velocity u and u1, referred as

inverse collisions, u0
, u0

1 ! u, u1. The mathematics is similar, and we keeping in mind that

symmetry allows us to equate the differential cross sections and velocity space elements

pre and post collision (�d⌦du1dur = (�d⌦)0du0
1du0 ) , the number of these collisions is

n

2
f

0
f

0
1ur(�d⌦)du1dur. (A.9)

Therefore the total rate of production of particles with velocity u, integrated over all

possible particles in u1, and solid angles is

�collision =

Z 1

�1

Z 4⇡

0

n

2(f 0
f

0
1 � ff1)ur(�d⌦)du1dur. (A.10)

Combining expressions A.2, A.5, A.7 and A.10 for the rate of change of the number of

molecules in dudr for all the processes involved in the collision, we can obtain after some
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manipulation the Boltzmann equation:

@

@t

(nf) + u · @

@r
(nf) +

F
m

· @

@u
(nf) =

Z 1

�1

Z 4⇡

0

n

2(f 0
f

0
1 � ff1)ur(�d⌦)du1. (A.11)



83

Appendix B

Evolution of water in the catalyst layer

As discussed at the beginning of chapter 5, a realistic model for water transport in the

cathode would include water production in the catalyst layer. It would ideally be respon-

sive to the amount of water and connectivity of pores to represent a reduction of chemical

reaction rates under flooding conditions. As an exploratory step towards such a model,

water was dispersed through the cathode and the water transport was modelled with no

regeneration of water. The geometries used are the assembled CL and MPL structure with

perforations in the CLs of constant volume and different degrees of protrusion shown in

figure 5.6. To add water in the domain, a random number generator was used to find gas

cells next to carbon spheres and replace them with water droplets to represent water being

generated at the carbon interface. The process was repeated until liquid water saturation

reached 0.25 in the catalyst layer.

As observed in the visualization in figure B.2 for water transport in an elongated crack,

part of the water travels through the crack while a large fraction of the water changes phase

as it travels through the pores.

The evolution of the water saturation is presented in figure B.3 for all crack morpholo-

gies. The saturation drop suggests liquid water changing phases as it travels through the
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Figure B.1: Slice of the reconstructed geometry with no perforations and water compu-
tationally added until liquid water saturation reached 0.25 in the catalyst layer. The gas,
liquid water and solid are represented by the shades white, grey and black respectively.

small pores as visualized in figure B.2. These results are to be viewed with caution because

the MRT-LBM used in this study does not properly model phase change. Further work is

needed to systematically couple the simulations with electrochemistry and to incorporate

appropriate modelling of phase change kinetics [76].
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(a) t = 0 � (b) t = 300 � (c) t = 600 �

(d) t = 900 � (e) t = 1200 � (f) t = 1500 �

Figure B.2: Water transport through a symmetrically constructed CL(bottom half) and
MPL(top half) geometry with an elongated crack spanning the length of the CL at intervals
of 300s.
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Figure B.3: Evolution of saturation for an elongated crack in the CL and an initial distribu-
tion of water.


