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Abstract

The microstructure of the CL has a significant impact on the performance, durability and
cost of the PEM fuel cells. The CL is a complex and heterogeneous porous material con-
sisting of carbon-supported catalyst, ionomer and pore. An ideal CL microstructure should
provide good gas diffusion, water removal, protonic and electronic transport, and close con-
tact for the three-phase boundaries where electrochemical reaction takes place. However,
during fuel cell operation, the structure deteriorates, and the performance degrades. The
CL microstructure degradation mechanism is still not clear, and the optimal CL structure
is unknown.

In order to understand the CL microstructure, extensive studies need to be conducted
iteratively on numerous samples to find the optimal microstructure. The utilization of ex-
perimental imaging methods like FIB-SEM and X-ray CT offers a realistic microstructure
but a trade-off of expensive cost and time, making it impractical for the iterative design
process. Therefore, statistical reconstruction of microstructure has become a useful tool to
reconstruct the CL microstructure based on statistical information extracted from experi-
mental images in practical time and funding. Additionally, due to the lack of experimental
means in examining the CL microstructure real-time during fuel cell operation, it is still
unclear how the CL morphology evolves during the fuel cell operation under vehicle.

The objective of this thesis research are (i) to develop an algorithm to reconstruct CL,
(ii) to numerically study the CL morphological changes during dynamic fuel cell operation
under vehicle driving profile, (iii) to investigate how the CL morphology evolves after cyclic
loading.

In the present thesis research, a hybrid CL reconstruction method has been developed
and programmed to reconstruct the CL microstructure based on statistical information
in experimental images. The statistical correlation functions employed to characterize
the experimental images are the two-point correlation function and lineal path function,
which are closely related to specific surface area and cluster size in the porous media and
to estimate transport properties such as permeability and diffusion coefficient. Then, a
three-dimensional numerical model has been developed with the reconstructed geometry to
study the morphology variations under different driving profiles. The main features of the
numerical models are the inclusion of CZM for interface delamination and the temperature
and humidity-dependent viscoplastic material properties. The governing equations are
described and solved using a FEM based software, ANSYS Mechanical.

The reconstruction methods are validated against existing analytical solution and the
fracture model and viscoplastic model used in the numerical model are validated against
experimental solution where good agreements are observed. Subsequently, the numerical
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model based on the reconstructed CL structure is developed to investigate the CL mor-
phological evolution under different dynamic fuel cell cyclic operating conditions. The
effects of hygrothermal amplitude, fuel cell start-up/shutdown frequency, driving dura-
tion and parking length are investigated. It is summarized that (1) the outer regions of
the agglomerate where not mechanically supported by other agglomerates are more sus-
ceptible to delamination; (2) the agglomerate surface dip where the surface concaves in
is more resistant to being damaged; (3) the region where multiple agglomerate surfaces
intersect shows better resistance to delamination. Two main structural changes in CL
are observed: (i) the ionomer thickening due to the plastic strain accumulation in the
ionomer, and (ii) the delamination at the interface between the ionomer and the catalyst
agglomerate. A competition has been observed between the ionomer’s yield failure and the
ionomer/catalyst-agglomerate interface failure. The findings in the thesis research provide
insights into CL mechanical degradation mechanism and hence allow the development of
methods to the durability of the PEM fuel cells.
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Chapter 1

Introduction

1.1 Background

Considering the prevailing energy crisis and increasing global carbon emissions, the soaring

demand for clean alternative power sources for stationary, vehicular and portable applica-

tion put fuel cell under the spotlight. A fuel cell is an energy conversion device converting

the chemical energy in fuels and oxidants into electricity directly. PEM fuel cells are one

major fuel cell type which primarily uses hydrogen as fuel and features a proton-conducting

polymer electrolyte membrane [1]. The PEM fuel cells are more energy e�cient thanks

to the high power density of hydrogen and do not generate greenhouse gas emissions [2].

In recent years, PEM fuel cells receive enormous attention in vehicular application, espe-

cially in commercial vehicles including buses [3] and trucks [4] because they provide the

scalability for minimized increased weight, fast fueling and longer range, when compared

to battery electric vehicles.

However, the performance (power density), high cost and long term durability are the
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main obstacles for the commercialization of PEM fuel cells and fuel cells development

is also restricted by hydrogen production, storage and distribution and proper hydrogen

infrastructure network [5,6]. This research is motivated by the commercialization of PEM

fuel cells.

1.2 Principle of PEM Fuel Cells

The key components of a PEM fuel cell stack consists of a solid polymer membrane, two

electrodes, two 
ow channels and two distribution plates as illustrated inFig. 1.1 . Each

electrode consists of a GDL and a CL where electrochemical reaction takes place. At

the anode side, hydrogen gas is pumped into the 
ow channels and then di�use to the

anode CL through GDL. At the anode CL, hydrogen is catalytically split into protons

(or hydrogen ions) and electrons. The protons permeates through hydrated PEM to the

cathode CL while electrons are rejected by high electronic resistance membrane to force

to travel through an external circuit to the cathode side, thus powering external load.

Simultaneously, oxygen gas is supplied to the cathode CL in a similar fashion. At the

cathode CL, the oxygen molecules reacts with the protons just travelled through the PEM

and the electrons coming from the external circuit to form water molecules.

At the anode side, the electrochemical reaction where hydrogen molecule spilt into

protons and electrons is called the HOR or anode half-cell reaction is represented by

H2 ��! 2 H+ + 2 e�

2



At the cathode side, the electrochemical reaction where protons, electrons and oxygen

molecules are combined to form water is called the ORR or cathode half-cell reaction is

shown below
1
2

O2 + 2 H + + 2 e� ��! H2O

As a result, the overall reaction is obtained by summing up the two half-cell reactions

represented below

H2 +
1
2

O2 ��! H2O + Waste Heat + Electricity

Fig. 1.1: Schematic of a PEM fuel cell unit with principal components identi�ed.

At the cathode CL, water is generated during ORR at the reaction sites and permeates

through the cathode GDL into 
ow channel. In the fuel cell literature, these reaction sites
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are typically called TPBs. The TPBs are the interface of the ion conductor (electrolyte),

the electron conductor (Pt/C) and the pore providing gaseous fuel molecules. The good

contacts at TPBs are strongly correlated with the reaction rate and performance of fuel

cell. Therefore, the understanding of CL microstructure and study of its degradation

mechanism is extremely pivotal in improving both performance and durability.

1.3 Catalyst Layers of PEM Fuel Cells

The catalyst layer of the PEM fuel cells is a key component as it contains the reaction sites

for electrochemical reactions to take place, transfers electrons and protons and provides a

pathway for reactant gas supply and product water removal via pore [1,7{9].

The most popular CL is composed of the carbon-supported catalyst (e.g., Pt/C), the

ionomer (e.g., Na�on), and the pore phase. Catalyst used in PEM fuel cells includes

platinum, and platinum alloys and other materials such as cobalt and nickle have been

implemented in many works. However, platinum still remains the most popular material

since it provides the best combination of oxygen binding energy and maximal activity ac-

cording to Sabatier principle [10]. Since catalysts are often extremely expensive, they are

typically decorated onto a high-surface-area supporting materials such as Vulcan XC-72,

carbon nanotubes and Ketjan black [11]. The supporting carbon material provides an in-

expensive, stable, corrosion-resistant, and electrically conductive porous support structure.

Electrolyte material, such as the Na�on, is added to bind carbon-supported catalyst and

to provide a protonic pathway for protons to reach reaction sites, namely, TPBs. As shown

schematically inFig. 1.2 , the electrochemical reactions only take place where electrolyte,
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gas, and electrically connected catalyst regions are in contact. In the cathode CL, the

carbon-supported catalyst forms agglomerates covered with the ionomer, which is a thin

�lm with a thickness of only a few nanometers [12].

Fig. 1.2: (Left) Schematic of the reactant transport in the cathode catalyst layer; (Center)
Zoomed image of the catalyst agglomerate covered by ionomer thin �lm; (Right) Schematic
of O2 mass transport resistance network of undamaged and delaminated ionomer.

Catalyst Layer Morphology Variations

For a successful cathode half-cell reaction, protons and electrons are required to arrive at

the Pt surface via the ionomer network and carbon support to the Pt surface, respectively.

Therefore, it is of importance to enhance the proton transfer and oxygen permeation in
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the ionomer for better performance. During dynamic fuel cell operation, the catalyst layer

microstructure deteriorates. One of the degradation mechanisms is the ionomer thin �lm

is delaminated and peeled away from the catalyst agglomerate during the cyclic loading

conditions [13{15]. As illustrated inFig. 1.2 , the interface delamination may completely

cut o� the protonic access to the Pt, and hence performance degrades. The non-uniformity

and discontinuity of ionomer coverage on carbon-supported platinum catalysts leads to

poor performance [16]. In addition to interface delamination, Pokhrelet al. investigates

the failure analysis of catalyst layer via X-ray CT and observes that the ionomer phase

morphs from a thin �lm structure at the BOL to a dense structure at the EOL [17]. In

their study, the ionomer volume fraction in CL increases in volume fraction from 21 % at

BOL to 51 % at EOL while the pore space volume decreases from 54 % to 23 %. The

increased ionomer volume fraction at EOL is the result of plastic strain accumulation as the

water molecules are trapped in the side groups of the ionomer. The observed morphological

variations drastically in
uences the oxygen permeation in solid ionomer to the Pt reaction

sites and oxygen di�usion in secondary pore.

Oxygen O2 molecules travel via secondary pore, dissolve at ionomer/pore interface,

di�use in the ionomer thin �lm, and arrive at Pt catalyst surface in the cathode CL. As

shown in Fig. 1.3a , resistance network theory is often used to characterize the transport

process. The e�ective gas-phase transport resistance (Re� ;pore) consists of bulk di�usion

resistance (Rbulk ) and Knudsen di�usion (RKn ) obeying Fick's law. The solid phase trans-

port includes resistance at the interface between the ionomer and pores (Ri=pores), the

ionomer thin �lm ( Ri ), and the interface between the Pt and ionomer (Ri=pt ). As illus-

trated in Fig. 1.3b , the degraded ionomer with a higher volume fraction at EOL leads
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(a)
(b)

Fig. 1.3: Schematic of resistance network forO2 transport in cathode catalyst layer at (a)
beginning of life; (b) end of life.

to increased di�usion resistance in the solid ionomer (Ri ), and hence deteriorates the fuel

cell performance. Moreover, the ionomer expansion leads to decreased porosity and causes

increased resistance in e�ective gas-phase transport resistance (Re� ;pore). Although both

the interface delamination and ionomer expansion degenerate the fuel cell performance, the

detailed mechanism on how the CL structural degrades is still not clear. Due to the limita-

tion in experimental apparatus to measure the CL structural variations in real-time during

operation, numerical modelling becomes a valuable tool to provide insight into the CL mor-

phological variations under fuel cell dynamic operation. Therefore, a numerical study on

CL morphology variations has been conducted to explore the CL structural degradation.

Catalyst Layer Reconstruction

To analyze the morphological variations in CL, an accurate representation of CL mi-

crostructure is necessary. In fuel cell literature, CL reconstruction is summarized into
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experimental reconstruction and statistical reconstruction. Despite high accuracy, the ex-

perimental method's high cost, limited spatial resolution and long time prohibit iterative

CL design, including many di�erent fabrication conditions and catalyst layer composi-

tion. Hence, it is more practical to employ statistical reconstruction, sub-categorizing into

image-based reconstruction and fabrication-based reconstruction. The image-based recon-

struction extracts the statistical information from the experimental images. An energy

minimization method is often employed to randomly swap the voxels in the reconstructed

structure until the di�erence in statistical information from the experimental images and

the reconstructed structure is less than a tolerance value. The fabrication method is gen-

erally based on the classic randomly packed spheres model with carbon particles idealized

as spheres, platinum uniformly dispersed on the perimeter of carbon sphere, and ionomer

assumed to be uniformly covering the carbon-supported platinum. It typically reconstructs

the CL based on the order of the fabrication process by seeding the carbon spheres, dispers-

ing the platinum and binding with the ionomer. Di�erent catalyst ink compositions are

used to calculate the volume fraction of each phase for the fabrication-based method. The

image-based reconstruction o�ers accurate microstructure reconstruction, but the recon-

structed geometry consists of isolated voxel and sharp edges, leading to stress singularity

and di�culty in convergence in numerical modelling. The fabrication-based method is easy

to implement, but the only statistical information it contains is the volume fraction, which

is inadequate to statistically characterize CL microstructure. Therefore, a hybrid recon-

struction method is developed to reconstruct an accurate representation of CL based on a

randomly penetrable sphere model and statistical information from experimental images.

Subsequently, the reconstructed CL is adopted for the delamination model to study the
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morphology variation.

1.4 Objectives and Scope of the Thesis

The scope of the thesis research is shown inFig. 1.4 . The objective of this thesis research

are (i) to develop an algorithm to reconstruct catalyst layer, (ii) to numerically study the

CL morphological changes during dynamic fuel cell operation during vehicle driving pro�le,

(iii) to investigate how the CL morphology evolves after cyclic loading.

Fig. 1.4: Objectives and scopes of the thesis work.

The thesis is divided into six chapters. The �rst chapter presents an introduction to the

research problem, background information, working principles of PEM fuel cells and CLs,

and objective and scope are presented. In chapter 2, a literature review of experimental

and numerical studies on CL reconstruction and catalyst layer delamination are presented.

Chapter 3 presents the sphere-based CL reconstruction methodology and implementation

and its results. Chapter 4 presents the model formulation for the study of morphological

changes in CL. Chapter 5 presents the results for morphological changes in CL during

dynamic driving cycles. Last but not least, Chapter 6 summarizes the contributions of this
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work and recommendation for future work.
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Chapter 2

Literature Review

In this chapter, a comprehensive literature review is conducted with an emphasis on (i)

catalyst layer reconstruction, and (ii) the catalyst layer degradation.

2.1 Catalyst Layer Reconstruction

A good understanding of the microstructure of CL is essential for estimating macro-

properties, structure operational degradation to evaluate the fuel cell performance. As

illustrated in Fig. 2.1 , various approaches have been conducted to reconstruct CL. The

following section discusses the methodologies in CL reconstruction in the fuel cell literature.
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Fig. 2.1: Schematic summary of microstructure reconstruction method.

2.1.1 Experimental Imgaing Techniques

Experimental techniques to characterize and reconstruct CL typically is 3D imaging-based

techniques, such as FIB-SEM [18{24], or X-ray CT [25{28].

FIB-SEM is a new approach to investigate and analyze the three-dimensional internal

microstructures due to their good performance. The FIB is used for milling the sample

material serially, and SEM is responsible for the exposed cross-sectional area of the sample.

FIB and SEM beams typically have a coincident angle of 52� to 54� . Then those cross-

sections are merged into a three-dimensional structure. FIB-SEM is an invasive technique

with a resolution of up to 1 nm in the imaging plane and 10-20 nm in the slicing direction.

Its limitation includes the inability to separate the ionomer and carbon phases, 2D/3D

distribution of phases, etc [19].

The X-ray CT is a non-invasive technique and has recently shown a bright future for

analyzing CL due to its ability to separate di�erent phases [26,29]. The sample is imaged
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from various angles, and projections of the structure in a di�erent plane are generated.

Those projections are combined using a computational tomographic reconstruction algo-

rithm to acquire a three-dimensional structure. Conventional Micro-CT has a resolution

of around 1�m , which is not su�cient to resolve the nanoscale morphology of CL. More

recent nano-CT has a resolution around 10nm which provides valuable insights on the size

and shape of the CL agglomerates but unfortunately do not resolve features like smaller

pores within the agglomerates.

Overall, the experimental methods o�er a relatively realistic 3D reconstruction of the

structure, but those methods are costly and time-consuming, making it very impractical

to perform extensive parametric studies for the CL optimization process.

2.1.2 Fabrication-based Reconstruction

To extensively investigate, manipulate and then optimize the catalyst layer structure, many

works focused on the mathematical reconstruction of the CL. One of the most popular ap-

proaches in literature is to simulate the reconstruction based on the fabrication process

due to its simplicity and robustness [30{36]. Typically, the CL consists of carbon, plat-

inum and ionomer with a proper composition such as Pt loading, Pt/C and Na�on wt.%.

Based on the composition information, the volume fraction of each phase is derived as the

convergence criteria for the fabrication-based reconstruction methods. The carbon is ide-

alized as spheres and randomly generated until the carbon volume fraction has been met.

Then Platinum and Na�on are deposited on carbons to reach satis�ed volume fraction to

obtain the �nal structure [30,32]. Moreover, some spherical agglomerate surrogate model
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has been incorporated in the reconstruction process to simulate the aggregation mechanics

in ink preparation [34]. In these studies, the reconstructed geometry is generally validated

against the pore size distribution of the CL [35,36].

Despite the popularity of fabrication-based reconstruction method, this methods are

not able to capture all the processes of fabrication. The catalyst layer structure is heav-

ily dependent on its fabrication process including mixing, ultrasonic treatment, coating,

drying process [37]. The physics of some of fabrication process is neither well understood

not modelled in fabrication-based methods which makes the reconstructed structure sus-

ceptible. Additionally, the detailed validation against the pore size distribution is rarely

reported in the literature and typically involves many parameter tuning resulting in the

parameterization of reconstruction process extremely cumbersome.

2.1.3 Image-based Reconstruction

As previously mentioned insection 2.1.1 , the advancement in imaging techniques o�ers a

more realistic 3D microstructure of the CL, typically costly and time-consuming, making

it impractical to extensively explore CL structure in the engineering design process. A

more popular way is to characterize the experimental CL images statistically and then

stochastically reconstruct a new CL structure that shares the same statistical information

with experimental images. Those functions that characterize microstructure are referred to

as microstructural correlation function such as two-point correlation function [38], surface

correlation function [39], lineal-path function [40], chord length function [41], etc. More

information on the correlation function used in the statistical characterization of the porous
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medium is available insection 3.1 .

The image-based reconstruction method extracts the statistical information from 2D or

3D digitized images as a reference state. Voxels are randomly generated until the number

of voxels in each phase is the same as those in experimental images. Subsequently, an

energy function is de�ned to quanti�es the di�erence between statistical information of the

reference structure and the trial structure. The reconstruction problem turned into an op-

timization problem to minimize the energy function by randomly swapping the location of

voxels in two di�erence phases. Many di�erent approaches to minimize the energy function

has been proposed to reconstruct porous medium, such as �ltered gaussian �elds [42{44],

simulated annealing [45{47] and more recently generative adversarial networks [48, 49].

Those approaches continue to swap the voxel until the di�erence in statistical information

between the image and reconstructed structure (namely energy) is below a tolerance value

(convergence criteria).

Although the image-based reconstruction provides reasonable CL microstructure, it suf-

fers from high computational cost compared with fabrication-based method. Some hybrid

method has been proposed to combine the merits of both methods [45, 50]. Additionally,

there are few studies that focus on using multiple statistical correlation functions to re-

construct the CL [44,51]. Furthermore, the majority of the reconstruction work has been

focused on the accuracy of the void phase during reconstruction because their research fo-

cuses on transport phenomena using FVM or LBM requiring the accuracy of the pore phase

structure. In this thesis research, a hybrid reconstruction method has been developed and

programmed to reconstruct the CL microstructure with an emphasis on solid-phase recon-

struction by multiple statistical correlation functions to study the morphological variations
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under cyclic loading.

2.1.4 Summary

A summary of some of the most representative research conducted in the CL reconstruction

is listed in Table. 2.1 in chronological order. Among those methods discussed above,

experimental reconstruction methods like FIB/SEM and X-ray nano CT o�er realistic

CL microstructure but are too expensive and time-consuming for conducting parametric

studies on CL optimization. The fabrication-based reconstruction method is simple and

easy to implement, but reconstructed CL only contains low-order statistical information

like volume fraction of di�erent phases. The image-based reconstruction method generates

CL microstructure containing high-order statistical information, but the voxelized structure

has sharp edges and dead voxel, leading to stress singularity and convergence issues. The

hybrid reconstruction method proposed and developed in the present study uses a collection

of spheres instead of voxels to ensure smooth edge for subsequent modelling work and

generate high accuracy reconstructed CL microstructure containing high-order statistical

information like the two-point correlation function and lineal path function.

2.2 Catalyst Layer Degradation

Poor durability is one of the main obstacles in the commercialization of PEM fuel cells.

Despite inevitable fuel cell performance degradation, an improved understanding of damage

initiation and propagation mechanisms could be employed to constructively control and
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Table 2.1: A summary of representative CL reconstruction method in fuel cell literature.

Authors Reconstruction Method Data Source Stat. Info Ref.
2006 Mukherjee et al. Filtered Gaussian Fields 2D TEM NormalizedS2 [43]
2008 Hattori et al. Fabrication based Catalyst Composition � [30]
2009 Kim et al. Simulated Annealing Analytical for overlapping disks S2 [45]
2010 Siddique et al. Fabrication based Catalyst Composition � [32]
2012 Epting et al. X-ray nano CT - - [29]
2014 Singh et al. Simulated Annealing FIB/SEM S2 [19]
2015 Pant et al. Simulated Annealing 2D SEM S2; L; C [51]
2015 Gao et al. FIB-SEM - - [23]
2016 Inoue et al. FIB-SEM - - [24]
2021 Hou et al. Fabrication based Catalyst Composition � [36]
Present study Hybrid Method 3D CL Microstructure S2; L -
Note: � the volume fraction, S2 the two-point correlation function, L the lineal path function and C the chord length function.
Details on those statistical correlation functions is available in the next chapter.

mitigate the degradation rate to improve long-term durability. The exact degradation

mechanism in PEM fuel cells remains unknown, but the deterioration in the fuel cell is a

result of interconnected chemical and mechanical degradation, as schematically shown in

Fig. 2.2 .

Fig. 2.2: Schematic summary of degradation mechanism in CL.
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2.2.1 Chemical Degradation

Chemical degradation is a complicated process, and many researchers have found out that

chemical degradation plays a vital role in performance loss [52, 53]. The formation of

radicals such as peroxide (HO�) and hydroperoxide (HOO�) induces many undesirable

electrochemical reactions, leading to the degradation of the ionomer molecular structure

in both the membrane and CL [54]. There are still debates over whether the degradation

initially begins at the anode side and migrates towards the cathode side [55,56] or the other

way around [57,58]. The radical is produced by two di�erent pathways including formation

of hydrogen peroxideH2O2 as intermediate species and a direct reaction ofH2 and O2 at the

platinum surface. The hydrogen peroxide formation mechanism is illustrated inFig. 2.3 .

The incomplete reaction between electrons and hydrogen protons forms hydrogen peroxide.

Hydrogen peroxide formation via a two-electron reduction of oxygen is shown below,

O2 + 2 H + + 2 e� ��! H2O2 E0 = 0:695V vs: VRHE

Fig. 2.3: Hydrogen peroxide formation mechanism.

Hydrogen peroxideH2O2 has a longer lifetime than radicals. It may detach from Pt

surface, di�use far from its formation sites and decompose into radicals in the presence

of transition metal cation or heat. The radicals that attack the ionomer end-groups are
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widely accepted as the source of ionomer degradation mechanisms [59], leading to ionomer

thinning [60].

Platinum dissolution and carbon corrosion are considered the primary chemical degra-

dation mechanism [61] leading to a series of secondary chemical degradation mechanisms,

including Ostwald ripening [62], particle migration and agglomeration [63], and detach-

ment of catalyst particles [64]. The dissolved platinum even catalyzes the carbon corrosion

reaction and aggravates the degradation rate [65]. Cathode carbon support degradation is

one of the crucial factors for the reduced lifetime of PEM fuel cells. In an electrochemical

environment, carbon corrosion proceeds by the following reaction [66]:

C + 2 H2O ��! CO2 + 4 H + + 4 e� E0 = 0:207V vs: VRHE

The above reaction indicates that the oxidation of carbon can occur when the cathode

potential exceeds 0.207 Vvs VRHE , leading to negligible carbon corrosion under operating

conditions and considerable carbon corrosion under transient operating conditions, such

as start-up/shutdown and localH2 starvation [67]. The carbon corrosion leads to a severe

loss of CL structural integrity and collapse of the support structure, reducing the porosity

and increasing mass transport resistance [68].

2.2.2 Mechanical Degradation

While chemical degradation gradually deteriorates the catalyst coated membrane (CCM),

mechanical degradation is responsible for irreversible physical damage including cracks,

delamination and pinholes [15,69,70], as schematically shown inFig. 2.4 .
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(a) Cracks [15].
(b) Pinhole and microcracks [69].

(c) Interface delamination [70].

Fig. 2.4: Mechanical degradation modes of the catalyst layer (a) crack formation; (b) pin-
hole; (c) delamination.

The cracks in the CL increase the CL resistance, aggravate the water 
ooding problem

and lead to non-uniform current distribution. The pinholes lead to hydrogen crossover and

cell voltage decay. Delamination may cause peeling of CL o� the membrane leading to an

increase in activation losses. It may also occur inside the CL leads to the breakage of the

ionomer network. The impact of these mechanical degradation modes is summarized in

Table. 2.2 .
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Table 2.2: Di�erent types of degradation modes and its impact in fuel cell.

Degradation
Mode

Impact of degradation modes in fuel cell.

Cracks [71]

ˆ Increase resistance in the CL

ˆ Aggravate water 
ooding

ˆ Non-uniform current distribution

Pinhole [69]

ˆ Hydrogen crossover causing hot spots

ˆ Cell voltage decay

ˆ Instant electrode short-circuits

Delamination [70]

ˆ Increase in activation losses

ˆ Peel o� CL

ˆ Break ionomer network in CL

While a series of complex chemical and mechanical degradation is responsible for pin-

holes formation, the combined e�ect of mechanical stress like clamping stress and cyclic

hygrothermal stress is the root cause for crack and delamination. The clamping stress

is initially applied to ensure good electrical contact between the fuel cell components.

The cyclic hygrothermal stress is induced by cyclic changes of relative humidity (RH) and

temperature inside the catalyst layer. The combined mechanical stress causes the cyclic

expansion and shrinkage of the ionomer in the CL, leading to crack formation, and the

occurrence and growth of delamination.

Morphologies of the catalyst layer have a huge impact on performance degradation.

Park et al. investigates the ionomer coverage on carbon black (CB)-supported Pt catalyst

and graphitized carbon black (GCB)-supported Pt catalyst, as illustrated inFig. 2.5a and

Fig. 2.5b , respectively. They discover di�erent carbon support has a signi�cant impact on
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ionomer coverage, closely related to performance loss. Parket al. conducts failure analysis

on catalyst layer using X-ray CT and discovers that the volume fraction of ionomer phase

increases from 21 % at BOL to 51 % at EOL, as shown inFig. 2.5c . The nanoscale

ionomer exhibits thickness-dependent proton conductivity and water uptake behavior [72].

Moreover, the increase in ionomer thickness also increases transport resistance forO2 in

the ionomer.

(a) C-Pt/CB [16]. (b) C-Pt/GCB [16].

(c) Ionomer expansion [17].

Fig. 2.5: Morphologies of the ionomer covered on the carbon-supported Pt catalysts: (a)
C-Pt/CB; (b) C-Pt/GCB. Morphological variation at the end of service life including (c)
Cracked catalyst surface and ionomer volume expansion.
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Experimental

An essential step towards understanding crack and delamination is �rst to understand the

resistance to fracture of the CCM under di�erent levels of hygrothermal loading conditions

and loading direction. Although load for crack and delamination can be arbitrary, any

stress state could be decomposed into a combination of three fundamental independent

stress modes as schematically illustrated inFig. 2.6 .

Fig. 2.6: Schematic of three fracture modes are de�ned: Tensile fracture (Mode I), in-plane
shear fracture (Mode II) and out-of-plane shear fracture (Mode III).

Di�erent material testing techniques have been developed and employed to characterize

the catalyst-coat membrane's resistance to fracture in each mode including the double edge

notch tension test [73, 74], trouser tear test [73, 75{77], knife slit test [73, 78] and double

cantilever beam test [79]. Those works on fracture toughness are valuable and widely

employed in simulation work.

Ex-situ experiments have also been done to investigate the e�ect of cyclic hygrothermal

stresses on fuel cell crack formation and propagation. Jianet al. conducted wet-dry cycles

on the catalyst layer and observed considerable growth of catalyst agglomerate and crack

formation [80]. Changet al. studied the e�ect of cyclic relative humidity and temperature,

respectively and found out that cyclic relative humidity is the main driving force for crack
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propagation, but combined hygrothermal cycles lead to the more severe crack. It is mainly

because the high temperature and high relative humidity weaken the material strength of

the ionomer [81].

Numerical

Modelling e�orts have been made on simulating crack and delamination behaviour in the

CCM, particularly under cyclic relative humidity and temperature. Bananet al. employed

the �nite element method (FEM) along with the cohesive zone model (CZM) to investigate

the e�ect of hygrothermal cycling and vibration, respectively, on the in-plane membrane

crack and interfacial delamination propagation in CCM [82{84]. Dinget al. proposed a

node release algorithm in FEM to numerically studied the through-plane crack growth in

fuel cell membrane [85]. Qinet al. studied the e�ect of crack location and fuel cell start-up

time on delamination behavior [86]. In addition to the interfacial delamination between the

CL and the membrane investigated above, delamination also occurs inside the CL where

cyclic hygrothermal stresses separate the ionomer from the Pt/C agglomerate. A series of

research studies have been conducted separately on investigating the interface delamination

between the ionomer and catalyst agglomerate inside the catalyst layer [13, 15, 87] with a

simpli�ed 2D model. Ronget al. in a sequential work stochastically reconstructs a 2D CL

of size 20 pixels by 20 pixels based on TEM image and found out the cyclic hygrothermal

stress causes a decrease in the connection between di�erent solid phases, which may indicate

performance degradation [14].
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2.2.3 Summary

A summary of modeling work on CL delamination is listed inTable 2.3 in chronologi-

cal order. Among these works, delamination propagation at the CL/Membrane interface

has already been investigated under various fuel cell loading conditions. For delamination

between di�erent solid phases inside the CL, the understanding of how the interface de-

lamination propagates between the ionomer and the agglomerate is preliminary examined

for di�erent representative or reconstructed two-dimension models. This present study is

Table 2.3: A summary of modelling work for CL delamination in fuel cell literature.

Authors Scale Geometry Delamination Location Ref.
2007 Rong et al. Microscale Assumed 2D Ionomer/Agglomerate [13]
2007 Rong et al. Microscale Reconstructed 2D Ionomer/Agglomerate [14]
2014 Banan et al. Macroscale Fuel Cell Stack 2D In-plane CL/Membrane [82{84]
2016 Ding et al. Macroscale Fuel Cell Stack 2D Through-plane MEA [85]
2018 Chang et al. Microscale Assumed 2D Ionomer/Agglomerate [15]
2021 Qin et al. Macroscale Fuel Cell Stack 2D In-plane CL/Membrane [86]
Present Study Microscale Reconstructed 3D Ionomer/Agglomerate -

focused on the development of a reconstruction method exhibiting statistical information

of real experimental CL images and the development of a numerical model to investigate

the microstructure changes between di�erent phases in CL. The follow is the contribution

of the present thesis research:

ˆ Development of a hybrid reconstruction method based on simulated annealing to

reconstruct the CL on top of the classic randomly packed spheres model but with

the inclusion of multiple statistical correlation functions;

ˆ Understanding the impact of dynamic driving conditions on CL microstructure changes
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to improve the understanding of the mechanical degradation mechanism. Due to the

lack of experimental means for investigating the CL microstructure variation during

the fuel cell operation, the microstructure changes is studied numerically.
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Chapter 3

Statistical Characterization and

Reconstruction

This chapter is intended to describe the detailed reconstruction method and statistical

functions used in this study.

3.1 Theory of Statistical Characterization

3.1.1 Indicator Functions

The indicator function is used to distinguish di�erent phases in porous structure. A random

media can have multiple phasesi = 1,2,3,...n. For the catalyst layer, it consists of pore,

carbon, ionomer and platinum. By grouping carbon, ionomer and platinum together into

a solid phase, the catalyst layer is simpli�ed to a binary state consisting of solid phase and
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pore phase (i = solid, pore). Assuming that each phasei occupies a volume subsetVi of

the total volume V, the indicator function for phasei is de�ned as [39]

I (i )(x) =

8
>><

>>:

1; if x 2 Vi

0; otherwise
(3.1)

where superscripti means di�erent phases,Vi means the volume subset occupied by phase

i , x is a geometric point in this porous media.

Summing Eq. 3.1 over solid and pore phase, the following equation is obtained

X

i

I (i )(x) = I (solid) (x) + I (pore) (x) = 1 (3.2)

Eq. 3.2 simply means that each geometric pointx must belongs to one certain phase.

In this case, it would be either solid or pore phase. The addition of the probability of

�nding a solid phase and a pore phase at a given locationx would be unity as follows

Pf I (solid) (x)g + Pf I (pore) (x)g = 1 (3.3)

Knowing the exact structure of the catalyst layer is to know the indicator functions

at each geometric pointx of the random media. In the thesis, the catalyst layer used is

digitized as a collection of pixels in 2D or voxels in 3D which is considered as the geometric

point x. Therefore, knowing the indicator function for every pixel/voxel is to knowing the

exact structure of the catalyst layer.
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3.1.2 One-point Correlation Function

The one point correlation function is de�ned as the probability of �nding a given phase at

any given locationx. The one-point correlation function for phasei is de�ned as

S(i )
1 (x) = Pf I i (x)g = � i (3.4)

where� i is the volume fraction of phasei .

Fig. 3.1: A schematic showing instances of one-point correlation function (White phase is
pore and grey phase is solid).

The one-point correlation functionS1 is the probability that a randomly sampled point

in the media will be in the same phase as shown inFig. 3.1 and this probability is

equivalent to � i , the volume fraction of phasei .
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3.1.3 Two-point Correlation Function

The two-point correlation function S2 is the probability of �nding any two points x1 and

x2 in the same phase i. For an isotropic and homogeneous media, a vector could be used

to connect two pointsx1 and x2, i.e. r = x2 � x1. The two-point correlation function for

phasei can be de�ned as

S(i )
2 (r ) = Pf I (i )(x1) = 1 ; I (i )(x2) = 1 g (3.5)

Fig. 3.2: A schematic showing instances of two-point correlation function in dashed blue
lines with arrowheads (White phase is pore and grey phase is solid).

Fig. 3.2 illustrates two instances of two-point correlation function. Spore
2 (r1) and

Ssolid
2 (r2) stand for the probability of �nding end points of line segmentsr1 and r2 be-

longing to pore phase and solid phase, respectively.

The two point correlation function has the following asymptotic behavior in two-phase
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medium when the length of line segment r approaches to zero and in�nity [88]

lim
r ! 0

S(i )
2 (r ) = S(i )

2 (0) = � i

lim
r !1

S(i )
2 (r ) = � 2

i

(3.6)

As shown in Eq. 3.6 , it is clear that two-point correlation function contains certain

geometric information of the porous media since the asymptotic behavior approaches to

volume phase fraction.

Moreover, the speci�c surface areas is de�ned as the area of two-phase interface per

unit volume of the medium and it is a crucial characteristic length scale in porous medium.

Assuming continuous medium, the speci�c surface areas is related to two-point correlation

in di�erent dimensions D [89]

d
dr

S2(r )jr =0 =

8
>>>>>><

>>>>>>:

� s
2 D = 1

� s
� D = 2

� s
4 D = 3

(3.7)

where D is dimension ands the speci�c surface area.

The speci�c surface area has also been used in several permeability approximation

models [90,91]. Therefore, two-point correlation function is also connected with transport

properties.

In addition to estimation of permeability using speci�c surface areas, permeability �

can also be estimated by empirical equation using characteristic length scale as a estimator.
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The empirical equation is used to curve-�tting the experimental results for permeability

measurement and it is shown below [92]

� = a + bln � void + cln � (3.8)

� =
Z 1

0

norm
S(void)

2 (r )dr (3.9)

norm
S(void)

2 (r ) =
S(void)

2 (r ) � � 2
void

� void � � 2
void

(3.10)

where � is the permeability, � void the volume fraction of pore phase,� the characteris-

tic length scale, S(void)
2 the normalized two-point correlation function (also called auto-

correlation function) and a, b, c are �tting coe�cients used in [92].

To summarize, the two-point correlation function has been used to estimate speci�c

surface area and characteristics length scale for two-length medium to estimate permeabil-

ity. It is also related with geometric properties. Therefore, since the two-point correlation

function is related with both geometric and physical properties of the porous medium, it

is included in the catalyst layer characterization and reconstruction process.

3.1.4 Lineal Path Function

The lineal path function is de�ned as the probability that a line segment of lengthr lies

entirely in the phasei when randomly thrown into the sample [39]. It can be represented

mathematically as [40]

L (i ) (r ) = Pf I (i )(x1) = 1 ; I (i )(x1 + dr) = 1 ; I (i )(x1 + 2dr) = 1 ; � � � ; I (i )(x2) = 1 g (3.11)
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wherex1 and x2 are two points in space, line lengthr is de�ned asr = x2 � x1, and dr is

the in�nitesimal change in r.

Fig. 3.3: A schematic showing instances of lineal path function in solid red lines with
arrowheads and instances of two-point correlation function in dashed blue line with arrow-
heads (White phase is pore and grey phase is solid).

The lineal path function L (i ) (r ) is a monotonically decreasing function because the

space available in phasei decreases as the length of line segmentr is increased. At the two

extreme cases, the lineal path function approaches asymptotically as follows [39]

lim
r ! 0

L (i )(r ) = L (i )(0) = � i

lim
r !1

L (i )(r ) = 0
(3.12)

As depicted in Fig. 3.3 , the two solid red line segments are instances of lineal path

function. L (pore) (r1) stands for the the probability of �nding a line segment of length

r1 wholly residing in the pore phase. Two-point correlation function represented by the
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dashed blue lineS(pore)
2 (r1) stands for the probability of �nding two end points of a line

segmentr1 residing in the pore phase.

The two-point correlation function S(i )
2 (r ) only requires two endpoints of line segment

r residing in the same phasei while the lineal path function L (i )(r ) requires the whole line

segmentr residing in the same phasei ; hence the lineal path function contains certain

information on phase connectivity that is not captured by the two-point correlation func-

tion [88]. Additionally, the lineal path function is the integral form of the chord length

function [41], similar to the pore size distribution function and characterizes cluster sizes

in the microstructure; hence lineal path function is used for estimating the di�usion coef-

�cient for Knudsen di�usion [93]. Therefore, the lineal path function has been selected to

characterize and reconstruct catalyst layer.

3.1.5 Orthogonal Sampling Method and Boundary Treatment

The de�nitions of the statistical functions discussed so far in this chapter are in its contin-

uous form. However, digital images are encountered in most of the engineering application.

The discrete nature of digitized images provides easier ways to extract statistical informa-

tion via sampling method. Practically speaking, orthogonal sampling method has been

used in the correlation function computation in order to save computational costs rather

than random sampling method. During sampling, boundary treatment including normal

boundary treatment and periodic boundary treatment is also crucial in extracting statis-

tical information and reconstruction.

As shown inFig. 3.4 , a pixelized porous medium image of size 6 by 6 in pixels consists
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of pore phase in white and solid phase in grey. The orthogonal sampling method for a 2-D

pixelized images is to sample every row and column of the image. Once sampling for all

rows and columns are obtained, they are averaged separately in each direction.

(a) Normal boundary treatment. (b) Periodic boundary treatment.

Fig. 3.4: Schematic illustration of computation ofSsolid
2 (r ) by orthogonal sampling with

normal and periodic boundary treatment. The normal boundary treatment takes sampling
points until at the edge of the image, while the period boundary treatment loops around
the perimeter to the other side of the image (shown in green curved lines with arrowheads).

For a pixel column, the two-point correlation is computed as

Si
2(r ) =

1
L y � r

L y � rX

1

I i
x;y I i

x;y + r (3.13)

whereL y is the length in y-direction.

When it comes to orthogonally sample an image, there are two types of boundary treat-

ment. The normal boundary treatment is to sample from the beginning of an image to the
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end of it. As shown inFig. 3.4a , there are three instances of column sampling ofSsolid
2 (r )

with orthogonal sampling. For computingSsolid
2 (r ) with normal boundary treatment, as

r increases, the number of sampled points decrease since the sampling process stops at

the edge of an image. However, it is di�erent in the case of periodic boundary treatment

where the sampling process is looped around to the the start of the image for line segment

r as schematically illustrated inFig. 3.4b . Typically, normal boundary treatment is used

at edges without periodicity, while periodic boundary treatment is for the edges requiring

periodicity.

Orthogonal sampling of lineal path functionL (i )(r ) for digitized images is di�erent

from computation of two-point correlation function. The lineal path functionL (i )(r ) for a

pixelized image is de�ned as the probability of �nding a line crossingr pixels which belongs

to phasei . Prior to the computation of lineal path function L (i )(r ), the chord length for

phasei must be calculated. As schematically shown inFig. 3.5 for the computation of

L solid(r ), the iteration stops whenever it encounters an interfacial pixel (pore pixel) and

then the chord of lengthl of solid pixel has been recorded. Once chord lengthl is known,

for a pixel column, the lineal path function for phasei is de�ned as

L i (r ) =

8
>><

>>:

l � r
L y � r when 0� r � l

0 otherwise
(3.14)

wherel is the chord length andL y the height of the image.

In this thesis research, the orthogonal sampling with the normal boundary treatment

has been used to compute the statistical functions from images because those images are
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Fig. 3.5: Schematic illustration of computation ofL solid(r ) by orthogonal sampling with
normal boundary treatment.

generally from experimental image technique where edge periodicity is absent. As for

reconstruction of the CL, a combination of both normal and periodic boundary treatment

has been used to estimate the structure in this thesis. Normal boundary treatment has

been selected to reconstruct the through-plane direction of the CL, while the periodic

boundary treatment has been chosen to reconstruct the in-plane of the CL. As the CL

is designed with lower platinum loading for cost reduction, the thickness (through-plane

direction) is much smaller than the catalyst layer's length and width (in-plane direction).

The reconstructed catalyst layer is a sub-volume of the catalyst layer and it needs to be

representative of the whole CL. Therefore, periodic boundary treatment has been used in
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in-plane direction to ensure periodicity for in-plane dimensions (length and width), while

normal boundary treatment has been employed in the through-plane direction (thickness)

where periodicity is no longer required due to small thickness compared with the length

and width of the CL.

3.2 Validation of the Statistical Function Algorithm

Before the reconstruction process, it is crucial to validate the accuracy of the algorithm

that computes the statistical function against available analytical solution for idealized

porous medium. The idealized porous medium is the randomly packed penetrable spheres

model, which is an extension of the well-known randomly packed impenetrable spheres

model, as schematically represented inFig. 3.6 .

(a) Impenetrable spheres model. (b) Penetrable spheres model.

Fig. 3.6: Schematic of randomly packed impenetrable and penetrable spheres model.

Berryman [94] and Coker [89] mathematically derived the analytical solution for two-
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Table 3.1: Input and output parameters for the randomly generated penetrable spheres.

Parameters Symbol Value Units
Input Parameters

Number of Spheres Nsphere 110 -
Sphere Radius Rsphere 8 Voxels
Domain Size N 3 643 Voxels

Output Parameters
Pore Volume Fraction � pore 0.4518 -

Sphere Packing Density � 0.00037 sphere
voxel3

point correlation function and lineal path function for void phase in randomly packed

penetrable spheres model, respectively.

Firstly, a random number generator has been used to randomly spawn sphere of radius

Rsphere inside a computational domain size of 64 x 64 x 64 until the total number of spheres

Nsphere, as shown inFig. 3.7 . Then the pore volume fraction� pore is calculated by iterating

through the whole domain to determine whether the voxel center is inside any of the spheres

to obtain the total number of pore voxel then divided by the total number of voxels.

The sphere packing density� is de�ned as [94]

� =
� 3 ln � pore

4�R 3
sphere

(3.15)

where� pore is the pore volume fraction andRsphere the radius of sphere.

The detailed input and output parameters used are listed inTable. 3.1 .
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(a) Pore phase. (b) Solid phase.

Fig. 3.7: Segmented phases in randomly generated penetrable solid spheres (a) pore phase
(purple); (b) solid phase (red).

3.2.1 Validation of Two-point Correlation Function

The analytical solution for the two-point correlation function of void phase in a randomly

packed penetrable spheres model is given as [94]

Spore
2 (r ) = expf� �V 2 (r )g

V2 (r )
R3

sphere

=

8
>><

>>:

4�
3

�
1 + 3r

4Rsphere
� r 3

16R3
sphere

�
for r

Rsphere
< 2

8�
3 for r

Rsphere
� 2

(3.16)

whereV2(r ) is the union volume of two spheres of the same radiusRsphere apart from each

other by distancer . When r is zero, two spheres overlap each other and the union volume

V2(r ) is 4�
3 R3

sphere. When r � 2Rsphere, the union volumeV2(r ) is the total volume of two
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spheres8�
3 R3

sphere.

(a) Two-point correlation function Spore
2 . (b) Lineal path function L pore.

Fig. 3.8: Comparison of analytical and estimated (a) two-point correlation function for the
pore phase; (b) lineal path function for the pore phase.

The comparison of analytical and computed two-point correlation function for the pore

phase is shown inFig. 3.8a . An orthogonal sampling with normal boundary treatment has

been adopted to compute the two point correlation functionSpore
2 (r ) for the pore phase.

Reasonable agreement has been observed inFig. 3.8a until the distance r approaches half

of the domain sizeN . The two-point correlation function does not include any long-range

information [95], hence not suitable to characterize long-range features of the microstruc-

ture statistically [96]. It is also why the two-point correlation function alone is not capable

of characterizing the CL microstructure, and combination with other statistical functions

is necessary, such as lineal path function. Moreover, the asymptotic behavior (whenr ! 0,

Spore
2 (r ) ! � pore; when r ! 1 , Spore

2 (r ) ! � 2
pore) agrees fairly well as previously discussed
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in Eq. 3.6 . Therefore, the algorithm for computing the two-point correlation function is

validated against the analytical solution.

3.2.2 Validation of Lineal Path Function

The analytical solution for the lineal path function for the pore phase is given as [89]

Lpore(r ) = �
1+ 3r

4R sphere
pore (3.17)

As shown inFig. 3.8b , the numerical results agree fairly well with the analytical results

for lineal path function of pore phaseLpore(r ). Moreover, the asymptotic behavior (when

r ! 0, Lpore(r ) ! � pore; when r ! 1 , Lpore(r ) ! 0) agrees fairly well as previously

discussed inEq. 3.12 . Therefore, the algorithm for computing the lineal path function

is validated against the analytical solution. The combination of the two-point correlation

function and the lineal path function is adopted for the reconstruction part of this thesis

research.

It needs to be addressed that the analytical solution for bothSpore
2 and Lpore is derived

based on continuous domain. In contrast, the reconstructed structure is based on dis-

cretized domain. The discrepancy between the analytical and estimated solution becomes

less and less as more voxels have been used to discretize the domain. The domain sizeN 3

used in the validation is 643. As the domain sizeN is increased, the discrepancy decreases.
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