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Abstract
The structure of the catalyst layers (CLs) has a decisive impact on the performance,
durability, and cost of polymer electrolyte membrane (PEM) fuel cells – these are the
main technical challenges to the commercialization of PEM fuel cells. The porous CL
conventionally consists of carbon-based platinum (Pt/C) and ionomer (Nafion polymer).
An ideal CL should maintain the desired structure with sufficient gas diffusion and
water removal channels (pores), proton transport media (ionomer), electron travel
pathways (catalyst particles), and optimal three-phase boundaries (TPBs) where
electrochemical reaction occurs (reaction sites). Practically, the CL is formed during the
fabrication process which determines the physical structures, often represented by
porosity, mean pore size, pore size distribution (PSD) and specific surface area. The
physical structures, in turn, determine the effective transport properties such as effective
mass diffusion coefficient and permeability for the reactant in the CLs. However, there
is still no clear understanding of what is the optimal structure for the CLs.
To investigate the structure of CLs, three aspects are studied in the present
thesis work: (i) the effect of fabrication process on the resulting structure, (ii) the effect
of the CL structure on its macro-properties, and (iii) the effect of the structure and
macro-properties on the mass transport phenomena and the associated cell performance.
Many factors including fabrication techniques and CL compositions have a significant
impact on the structure formation of CLs. However, how these factors affect the
structure is still unclear. Additionally, there lacks experimental characterization of the
structure such as porosity, PSD, specific surface area, mean pore size, and surface
fractal dimension, as well as mass transport properties such as effective diffusion
coefficient and gas permeability for the CLs in literature. With the experimentally
determined structural and mass transport parameters of the CLs and the associated
electrodes, the mass transport phenomena in PEM fuel cells can be quantitatively
analyzed.
In the present thesis work, the CL pore structure is experimentally
characterized by the method of standard porosimetry (MSP), which is established
based on the phenomenon of capillary equilibrium in the wetted porous materials. By
iv

the means of MSP, a comprehensive characterization of the structure in terms of
porosity, PSD, specific surface area, mean pore size, and surface fractal dimension is
obtained. In addition, the effective diffusion coefficient of the CL is studied by the
modified Loschmidt Cell, built based on the Fick’s law of diffusion. The parameters
including effective diffusion coefficient, diffusion resistivity, and its relation with the
porosity and mean pore size is investigated. Further, the permeability is measured
based on Darcy’s law via a custom-engineered apparatus developed in my thesis work.
The effect of Pt loading, temperature, flow rate, and gas species is explored in this
thesis study. With the experimentally determined pore structure characterization and
mass transport properties, a numerical study is performed for the better understanding
of the mass transport mechanisms in the porous electrodes. The cell performance
conducted in our lab is also reported in the present thesis for a better understanding of
the ex-situ experiment and a comparison with the numerical modeling.
The experimental and numerical studies presented in the present thesis work is
of great significance to (i) understand the structure of the CLs, (ii) to understand the
relation between the structure and the mass transport properties such as the effective
diffusion coefficient and permeability, and (iii) to understand the effect of the
structural parameters and mass transport properties on the mass transport phenomena
and hence the cell performance in the PEM fuel cells.
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Chapter 1
Introduction
1.1 Background
A fuel cell is an electrochemical device that directly converts the chemical energy
stored in fuels and oxidants into electric energy [1]. A polymer electrolyte membrane
(PEM) fuel cell utilizes a solid membrane to transport protons from the anode to the
cathode. The PEM fuel cell is becoming a promising alternative power source,
especially suitable for portable and vehicular applications, due to its unique advantages,
such as quiet working process, low operating temperature, high energy conversion
efficiency, and low exhaust emission [2–12].
However, the cost reduction, performance improvement, and durability
enhancement are the major challenges to the commercialization of the PEM fuel cells.
According to the DOE report in 2017 [13], the fabrication of catalyst layers (CLs)
costs as much as 41% of the PEM fuel cell stack for large-volume fabrication
techniques. Two technical pathways to reduce the cost of the CLs are (i) enhancing
performance and durability and (ii) reducing the use of expensive catalysts. However,
these two pathways are often in a trade-off relation, which is highly related to the CL
fabrication process.
Many efforts have been devoted to the optimization of the CL fabrication,
which is still far away from the commercial stage. However, it is still unclear why the
final structure of the CLs varies considerably with different fabrication methods and
how the structure affects the CL macro-properties and performance. Therefore, the
present thesis studies are mainly concentrated on (i) the characterization of the CL
structure resulted from different fabrication methods with various materials and
compositions and (ii) the investigation of how the CL structure influences its macroproperties and the cell performance.
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1.2 Principle of PEM Fuel Cells
The major components of a PEM fuel cell unit include a solid membrane, two
electrodes, two flow channels, and two distribution plates as shown in Fig. 1. Each
electrode consists of one CL, where the electrochemical reaction occurs, and one gas
diffusion layer (GDL), which is used to support the mechanically weak CL. At the
anode, hydrogen gas is introduced to the anode electrode through flow channels and
then diffuses into the anode CLs via GDLs. At the anode CL, hydrogen molecules
break into protons (or hydrogen ions) and electrons. The generated protons are
transported to the cathode side by the membrane; however, the electrons are rejected
by the membrane due to its enormous electric resistance and are forced to travel
through an external circuit to the cathode side. Meanwhile, on the cathode side,
oxygen gas is supplied in the cathode flow channels. Oxygen gas from the flow
channels arrives at the cathode CL through the GDLs. At the cathode CLs, protons
from the membrane, electrons from the external circuit, and oxygen molecules from
outer supply are combined, thus generating electricity and producing water and heat
simultaneously.
On the anode side, the chemical reaction, in which molecular hydrogen breaks
into protons and electrons, is called the hydrogen oxidation reaction (HOR). The HOR,
which is also known as the anode half-cell reaction, is shown below,
H2 → 2H

2e-

On the cathode side, the chemical reaction, in which the protons, electrons,
and external oxygen molecules are combined to form water, is called oxygen
reduction reaction (ORR). The ORR, which is also known as the cathode half-cell
reaction, is shown as follows,
1
O 2H
2 2

2e- →H2 O

Base on the above analysis, the overall chemical reaction in a PEM fuel cell is
H2

1
O → H2 O Heat Electricity
2 2
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Fig. 1. Schematic of polymer electrolyte membrane (PEM) fuel cells.
The reaction product water appears at the three-phase boundary (TPB) area,
which is the interface of solid catalyst (carbon supported platinum, Pt/C) phase,
ionomer phase, and void region, in the cathode CLs. The chemical reaction occurs
efficiently unless all active catalyst sites are accessible to the reactants, protons, and
electrons, and are able to repel water product efficiently. Otherwise, the accumulation
of an excess amount of water on the cathode side would occupy the reaction sites and
lead to water flooding which is detrimental to the PEM fuel cell performance. Thus,
the understanding of the CL structure is necessary to manage water effectively.
However, no sufficient quantitative data on the pore structure of the CLs are available
in literature. In other words, the thin CL involves complicated processes of reactant
supply, chemical reactions, electron and proton transport, and product management.

1.3 Catalyst Layers of PEM Fuel Cells
The major components in PEM fuel cells are summarized in this section including the
membrane, GDLs, bipolar plates, and with a focus on the CLs. The associated
component functions, materials, geometric dimensions, and other requirements are
discussed below.
The membrane is used to transport positive ions from the anode to the cathode,
to insulate negative electrons and to separate reactants (H2 and O2). Therefore, the
membrane should be a good conductor for protons, a good insulator for electrons, and
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mechanically and chemically strong [14–17]. At the present stage, the most commonly
used membranes are perfluorosulfonic acid (PSFA) membranes such as Nafion®
(DupontTM), Gore-Select® (GoreTM), and Aciplex® and Flemion® (AsahiTM) [18]. The
Nafion material, a polymer created by the DuPont company with a structure that
resembles Teflon, has a long-term stability in oxidative or reductive environments
[19]. More importantly, the Nafion polymer is prevalent due to its relatively lower
cost and ease of fabrication. A thicker Nafion membrane shows better electric
insulation and better mechanical and chemical strength but larger protonic resistance,
and vice versa [11]. Therefore, the thickness of solid membranes should be optimized
in practical application to achieve optimal performance, and the typical range of the
thickness is approximately 25-175 μm. In addition, the protonic conductivity of the
PEM increases with its water content, as the water can ionize the acid groups of the
membrane material. Thus, the humidification of the reactants on both the anode and
cathode sides is necessary to reduce protonic resistance. However, excessive
humidification can lead to liquid water flooding, thus blocking the reactant gasses
from moving to reaction sites and significantly lowering the performance of the PEM
fuel cells. Therefore, water management is a significant issue in PEM fuel cells, and
the amount of water in PEM fuel cells needs to be balanced so that insufficient
humidify and water flooding can be avoided. In this thesis work, Nafion 211 with a
typical thickness of 25.4 μm is selected to study the performance of CLs considering
its low protonic resistance.
GDLs are usually used to support and protect the mechanically weak CLs, to
transport chemical reactants, to conduct generated electrons, and to remove the
produced liquid water efficiently [20–31]. As the physical support of the membranes
and CLs, the GDLs are attached to the outside of the CLs. Current commercially
available GDLs consist of two carbon-based porous layers. One is a macroporous
carbon fiber paper (or cloth) substrate with a thickness of 100-300 μm, and the other
one is a thinner micro-porous layer (MPL) consisting of carbon black powders and
hydrophobic agents to increase the ability to expel excess water from CLs to the
exhaust channels. In this study, a commercially available GDL (i.e., AvCarb
GDS3250), which is composed of an AvCarb's proprietary carbon fiber paper, a PTFE
treatment, and an MPL coating, is utilized.
Bipolar plates (a.k.a. flow field plates or distribution plates) are used to collect
electrons and to insulate reactants between different cell units. Flow channels, cutting
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on both sides of the bipolar plates, are used to transport chemical reactants (hydrogen
and oxygen gasses) from an external supply to the surface of electrodes. The collected
electrons then travel through an external circuit thereby powering the electrical load.
In the present study, the flow channels are only cut on one side of the plates as only
one cell unit is studied, and the plates are referred to as the distribution plates
throughout the thesis for consistency.
Two CLs are tightly attached on both sides of the PEM and covered by the
two GDLs. The functions of the CLs are to provide a platform for electrochemical
reactions, to provide a flow pathway for reactants supply and products removal, and
to transport the electrons and protons [1,19,32–37]. The catalyst is the most critical
issue for the present PEM fuel cell research. Although the reaction of oxygen and
hydrogen to form water can generate electricity and heat spontaneously, the reaction
rate is extremely slow under normal conditions. Therefore, the catalyst is required to
promote the electrochemical reactions under a relatively low temperature of 60-80 oC,
under which the membranes are well-hydrated and exhibits the best performance.
The present CLs typically consist of catalyst particles (e.g., Pt/C), binding
materials (e.g., Nafion), and void regions. Electrocatalysts in PEM fuel cells including
Pt and binary, ternary, or even quaternary Pt-transition metal alloys, such as PtCo, PtCr-Ni, and Pt-Ru-Ir-Sn, have been proposed and implemented in many studies [18].
At the present stage, the most popular catalyst used in PEM fuel cells is platinum (Pt),
although the above substitutes are currently under active research. Pt is widely used to
enhance the reaction rate and selectivity of a particular reaction and to lower the
Gibbs function of activation by providing more active areas for adsorption and
dissociation of the reactants and products. During the practical CL fabrication, Pt is
often supported by high-surface-area carbon materials, such as Vulcan-XC 72, Ketjen
black, or Black pearls BP2000 [18]. Carbon serves as an essential medium to
transport the generated electrons to the GDLs during electrochemical reactions.
Meanwhile, the carbon supported platinum must have a good contact with ionomers
to stabilize the catalyst particles and to transport protons from the catalyst sites to the
membrane thus ionomer is often added not only to work as a binder but also to
improve the protonic conductivity of the CLs. Therefore, to achieve an acceptable
reaction rate, the CLs must ensure sufficient three-phase interfaces of catalysts,
ionomers, and reactant gasses. The electrochemical reactions only occur at the
interfaces: reaction gasses accumulate at the TPB through the void region, electrons
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travel through carbon particles between the TPB and GDLs, and protons travel
through ionomers between the TPB and membranes. In addition, the generated water
product should be repelled promptly to avoid water flooding problem, although a
proper amount of water should be maintained in order to avoid the membrane being
over dried.
Therefore, the structure of the CLs should be carefully controlled to obtain a
better cell performance, and the optimized balance among the three phases is crucial
since each phase may dramatically limit the electrochemical reaction rate. Due to the
complex processes of electrochemical reaction, heat generation, and electron and
proton transport, the CLs should be comprehensively optimized although the CLs are
the thinnest components in PEM fuel cells.

1.4 Objectives and Scope of the Thesis
Enormous effort has been made by the researchers to achieve a high-performance,
long-lasting, and low-cost CL; however, the optimization of the CLs still needs to be
improved. Many factors including coating techniques, catalyst ink composition, and
fabrication conditions have a huge impact on the optimization of the CLs.
Unfortunately, these factors are still not fully understood because how they affect the
structure of the CLs and how the structure affects the CL macro-properties as well as
the cell performance, are still unclear.
Therefore, the objectives of this thesis study are (i) to experimentally
investigate how the CL fabrication process affects the CL structure, (ii) to
experimentally study how the CL structure affects the CL macro-properties, and (iii)
to understand how the CL macro-properties influence the mass transport phenomena
and cell performance.
The scope of the thesis study is shown in Fig. 2. In this thesis, the structure of
the CLs in the PEM fuel cells is investigated by experimental techniques to develop a
fundamental understanding of the structure formation, the structure characterization,
and the associated mass transport properties including the effective diffusion
coefficient and permeability. Numerical techniques are employed to investigate the
mass transport phenomena in PEM fuel cells based on the experimentally determined
structural and mass transport properties of the porous media including CLs, and the
numerical results are validated by the experimentally determined cell performance.
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Fig. 2. Objectives and scope of the thesis work.
This thesis is divided into seven chapters. In chapter one, an introduction to
the research problem, background information, working principles of PEM fuel cells
and CLs, and objectives and scope are presented. A detailed literature review is put
forward in chapter two. In chapter three, the details of the experiment development
are given, while in chapter four the experimental results are analyzed. Based on the
experimental results, a numerical model is developed and the corresponding
numerical results are presented in chapter five and six. Finally, chapter seven gives a
summary of the conclusions and the recommendations for future work.
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Chapter 2
Literature Review
In this chapter, a comprehensive literature review is conducted with a focus on (i) the
effect of the CL fabrication process on the CL structure, (ii) the effect of the CL
structure on the CL macro-properties, and (iii) the effect of the CL macro-properties
on the cell performance.

2.1 Effect of Fabrication Process on Structure
2.1.1 Fabrication Techniques
In this section, the CL fabrication techniques are comprehensively reviewed, and the
corresponding advantages and disadvantages are discussed. According to the
materials and catalyst loading employed, these CL fabrication methods are classified
into three generations, and a comparison of these methods is presented in Table 1.
Table 1. Comparison of different fabrication methods of catalyst layers
Fabrication method

1st generation

2nd generation

3rd generation

Catalyst

Pt black

Pt/C

Pt

Binder

PTFE

Ionomer

N/A

Organic fluid/water

Organic fluid/water

N/A

Pt loading (mgꞏcm )

4

0.4

<0.1

Thickness

5~30 µm

5~30 µm

~1 µm

Durability

High

Medium

Low

Material cost

High

Medium

Low

Equipment cost

Low

Low

High

Catalyst Utilization

~20%

~40%

N/A

Solvent
-2

Note: thickness depends on the Pt loading applied.
The first-generation CLs were developed in 1967 and made of PTFE-bounded
Pt black catalysts with a typical catalyst loading of 4 mgꞏcm-2 [38,39]. The function of
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the PTFE material in the CLs is to act as a binder to stabilize the catalyst particles and
to improve the hydrophobicity of the CLs. However, the amount of PTFE in the
catalyst ink needs to be optimized as a high PTFE content may cause the catalyst
particles being wrapped in the final deposition, thereby reducing the oxygen
permeability, protonic conductivity, and catalyst utilization [38]. The optimal PTFE
content is 10-40% for this type of catalyst ink. To improve the ionic conductivity, the
first-generation CLs are typically impregnated with Nafion polymer by brushing or
spraying. However, the catalyst utilization of these CLs remains as low as 20%. The
low catalyst utilization may result in an extremely high cost, although these CLs
exhibit an excellent long-term performance [39].
To reduce the Pt loading in the CLs, Ticianelli et al. [40] first substituted
carbon supported platinum (Pt/C) for the Pt black particles in 1983. Additionally,
Wilson et al. [38] replaced the hydrophobic PTFE material with hydrophilic Nafion
polymer, which is the same as the membrane material. The Pt loading was thus
reduced to ~0.4 mgꞏcm-2 with an equivalent cell performance in comparison with the
first-generation methods. The replacement of Nafion polymer helped increase the
power density to twice of that in the PTFE-bounded CLs. This replacement enhanced
the active reaction area from 22% (first-generation fabrication methods) to 45.4%
(second-generation fabrication methods, a.k.a. thin-film methods). It should be
noticed that the value of 45.4% implies that there is still sufficient room to improve
and optimize the second-generation method [8,11,33,41]. The thickness of the secondgeneration CLs is typically less than 30 µm (depending on the catalyst loadings), and
this helps reduce the resistance of mass transport, thus inhibiting the polarization and
improving the cell performance. This thin-film method is most commonly used in the
industry due to the CLs’ good performance, high durability, and relatively low cost
for the material and fabrication.
To further increase the utilization of the catalysts, direct Pt depositions without
carbon support are employed on the GDLs with Nafion polymer partially covered. By
this method, the CL can be made ultra-thin at the thickness level of ~1 μm with an
ultra-low platinum loading of <0.1 mgꞏcm-2. These ultra-thin film methods are actively
investigated recently including sputtering deposition [42] and ion-beam [43].
However, since the Pt loading is extremely low, the ultra-thin CLs may have an
extremely low durability, even though it reduces the cost dramatically.
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In summary, the first-generation methods have the best long-term performance;
however, the extremely high cost made this method less prevalent in the industry.
Vice versa, the third generation methods reduce the cost dramatically; however, these
methods are still impractical for the mass production due to their complex fabrication
equipment and unverified long-term performance [39]. The second-generation method
shows a good balance of the long-term performance and fabrication cost; however,
there is still sufficient room to improve the performance by optimizing the CL
structure. Therefore, the second-generation method will be studied the thesis work to
achieve a better understanding of the CL structure.

2.1.2 Fabrication vs. Structure Formation
Although extensive studies are focused on the structural changes in the CLs during a
long-term operation [44,45], less attention has been paid to the initial structure
formation, which determines the macro-properties and the associated CL performance.
Many factors, including catalyst ink composition, ink preparation, and ink coating
processes, determine the structure of a fresh CL [46–48], as shown in Fig. 3.
Currently, the CL conventionally consists of carbon-supported platinum (e.g.,
Pt/C) and ionomer (e.g., Nafion polymer) with a comprehensively optimized ratio. A
good design of the CLs should be able to maintain the desired structure with sufficient
gas diffusion and water removal channels (void regions), electron travel pathways
(catalyst particles), proton transport media (ionomer), and most importantly, optimal
three-phase boundaries (TPBs) where electrochemical reactions occur [19]. The
optimized ratio determines the performance of the CLs, and some of the published data
are summarized in Table 2. It can be seen that the optimized ratio varies significantly
for different cases even though the same Pt loading and similar fabrication techniques
are applied [35,46,48–58]. The causes of this variation remain unclear and are probably
because of the rarely reported fabrication conditions performed by different researchers.
Additionally, the ink preparation procedures, including ingredients mixing and
ultrasonic conditions, are also extensively studied. Especially, the ultrasonic conditions
should be optimized to enhance the catalyst ink activity and the uniform distribution of
catalyst particles; however, an extended irradiation might be harmful to its composition
and morphology due to the cavitation and sonolysis phenomena [47]. Bruno and
Jonathan [47] applied an ultrasonic machine with a frequency of 40 kHz to the catalyst
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inks. They claim that aggressive ultrasonic treatment, e.g., more than 2-3 hours, might
lead to a reduction in electrochemical surface area (ECSA) due to the possible ablation,
agglomeration, and dissolution of Pt nanoparticles. In this study, a 40 kHz ultrasonic
bath is utilized to disperse the catalyst inks, and the ultra-sonication duration remains
one hour to achieve a good dispersion and to avoid material degradation.
Furthermore, the fabrication methods are also influenced by the resulted CL
structure. Three most prevalent modes for the second-generation methods are catalyst
coated on GDL substrate (CCS, also called CCGDL in some studies), catalyst coated on
membrane (CCM) and decal transfer methods (DTM) [14]. Different fabrication
methods exhibit various cell performances; however, it is almost impossible to identify
which methods are more efficient from the literature review [14].

Fig. 3. Factors determining the structure of the catalyst layers.
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Table 2. Optimal parameters of catalyst layers in literature
Optimal Ink Composition

Solid Content

Ink Application

Pt loading
(mg cm-2)

References

Pt/C

Nafion

Solvent

75%

25%

IPA/glycerol

N/A

CCM, printing

0.04

Saha et al. [52]

64%

36%

IPA

~4%

CCM, spraying

0.10

Gode et al. [46]

70%

30%

DI water

N/A

CCM, painting

0.10

Xiong and Manthiram [51]

43%

57%

Aliphatic alcohol

N/A

CCM, rolling

0.40

Lee et al. [53]

67%

33%

Glycerol/ethanol

N/A

CCS, spraying

0.10

Passalacqua et al. [35]

67%

33%

N/A

N/A

CCS, painting/printing

0.20

Gamburzev and Appleby [54]

70%

30%

Water

N/A

CCS, spraying

0.20

Qi and Kaufman [55]

60%

40%

Glycerol/IPA/ethanol

N/A

CCS, brushing

0.20

Antolini et al. [57]

75%

25%

IPA

23%

CCS, air-brushing

N/A

Barrio et al. [58]

70%

30%

N/A

N/A

N/A

N/A

Hongsirikarn et al. [49]

65%

35%

1-heptanol/ethylene
glycol

33.67%

CCS, screen printing

0.40

Bonifácio et al. [48]

71%

29%

2-propanol

N/A

CCS, casting

0.40

Song et al. [50]

IPA
0.10
50%
50%
IPA
N/A
CCS, brushing
0.25
60%
40%
20%
IPA
0.50
80%
Note:
1. Pt/C is 20 wt. % Platinum on Vulcan XC-72, from E-TEK Division of De Nora, Inc., USA;
2. Nafion content comes from Nafion solution (5 wt. %, DuPont);
3. Solvent includes isopropyl alcohol (IPA) and deionized (DI) water;
4. CCM means catalyst coated on membranes;
5. CCS means catalyst coated on gas diffusion layers (substrate).
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Sasikumar et al. [56]

2.2 Effect of Structure on Macro-property
2.2.1 Structure vs. Macro-property
Many factors, including catalyst particles distribution, ionomer content, and pore
structure, determine the macro-properties (e.g., electronic conductivity, protonic
conductivity, effective diffusion coefficient, and permeability) of the CLs [18,59];
however, these factors are primarily affected by the structure of the CLs. As shown in
Fig. 4, the heterogeneous structure of the CL consists of the essentially non-uniform
distribution of reaction sites, void regions, and surface profile [60]. Uneven reactions
sites and void regions may lead to a non-uniform chemical reaction rate, causing
uneven water production, uneven heat production, uneven electricity generation and
uneven distribution of radical species at discrete regions in the CLs. The local excess
water may occupy the reaction sites, reduce the porosity, and worsen the diffusion and
convection of the reactants in the CLs, thereby deteriorating the reactant supply at
discrete regions [61]. Additionally, if water is insufficiently supplied at some reaction
sites due to local overheat or high gas resistance, the electrochemical reaction cannot be
proceeded successfully [1]. Similarly, if the generated heat is not removed efficiently,
‘hot spots’ may occur at the corresponding reaction sites and cause the cracks and
delamination of the CL and membrane, further increasing the ionic resistance and
causing malfunction of the CL and membrane [34,44]. Moreover, uneven distribution
of radical species and current density may worsen the temperature distribution and
cause various chemical degradation, including carbon corrosion, Pt sintering and
dissolution, and ionomer resolving [45,59,62], therefore leading to a poor catalyst
utilization. Material degradation will also cause pinholes in CLs and with the help of
mechanical and thermal stress cycling due to uneven surface profile and temperature
distribution [7], and these pinholes may propagate to cracks and delamination which
would cause malfunction of the CLs.
Furthermore, Pt and carbon degradation will decrease the electronic
conductivity, and ionomer resolving will reduce the protonic conductivity of the CLs.
The material degradation and stress cycling will change the pore structure of the CLs,
and the effective diffusion coefficient and permeability will be reduced accordingly. As
a result, the structure of the CLs determines the macro-properties of CLs especially for
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effective diffusion coefficient and permeability, thus degrading the performance at high
current density region.
However, there lacks experimental data on the pore structure, effective diffusion
coefficient, and permeability for the CLs. It is still unclear how the fabrication process
affects the pore structure and how the pore structure influences the effective diffusion
coefficient and permeability.

Fig. 4. Relation between the catalyst layer structure and macro-properties.

2.2.2 Pore Structure
The pore structure of the CL determines its macro-properties including electrical
conductivity, protonic conductivity, effective diffusion coefficient, and permeability.
Especially, at high current density regions, the performance of the PEM fuel cells is
limited by the reactant and product transportation, which means that the effective
diffusion coefficient and permeability of the CLs should be optimized accordingly to
enhance the mass transport and cell performance of the PEM fuel cells. Therefore, it
is of great importance to understand the CL structure; however, the data on the
porosity and pore size distribution (PSD) of the CLs are very limited in literature, and
a comprehensive understanding of the CL structure requires more characterization
parameters such as pore surface area, mean pore size, etc. For a better clarification,
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the basic concepts of the pore structure and the methods to determine the PSD are
reviewed in this chapter.
2.2.2.1 Basic Concepts of Pore Structure
(1) Pore Size Classification
Most materials are more or less porous; actually, it is tough to achieve a solid material
that does not contain any pores. Some physical properties of the CLs such as bulk
density, thermal conductivity and the ability to transport reactant gas and water
depend on the porous structure, thus the control of the porosity and PSD is of great
importance for CL fabrication. The pores are often ideally considered in a shape of
cylinders, cavities, slits, and spheres [63]. According to the International Union of
Pure and Applied Chemistry (IUPAC) [63], the pores in the CLs are often assumed to
be in the cylindrical shape of different diameters for the PSD measurement. The pore
size is classified into three categories based on the diameter of the cylindrical pores:
micropores (<2nm), mesopores (2nm~50nm) and macropores (>50nm) according to
IUPAC, as shown in Fig. 5.

Fig. 5. Pore size classification based on different diameters.

(2) Porosity
The porosity is defined as the volumetric ratio of the pores to the total (bulk) volume
of a sample. According to the definition, the values of porosity lie between 0 and 1, or
as a percentage between 0% and 100%.
(3) Pore Size Distribution
PSD is another important parameter to evaluate a porous material [64]. The PSD
commonly refers to the volumetric ratio of the pores with a particular radius to the
total void volume of the sample. For a given porous sample, the fraction of the pores
in a certain size range, e.g., with the radius of 10~20 nm, can be determined by
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reading the PSD curve. The detailed calculation of these structural parameters is
available elsewhere in Chapter 3.2.
2.2.2.2 Experimental Methods for Pore Size Distribution
Traditional methods to measure the porosity and PSD of a sample include mercury
porosimetry [3,6,65–74], gas adsorption [75–77], capillary condensation [76],
displacement method [78], liquid extrusion [79], low-angle X-ray scatting [80],
optical microscopy and electron microscopy [46]. However, each of these methods
has its disadvantages and limitations [71,72,75,76,79]. The method of mercury
porosimetry may deform the test samples due to the high pressure of mercury. The
gas adsorption and capillary condensation methods are suitable for only a small range
of pore size. The centrifugal porosimetry and displacement methods work well only to
measure the large pores. The liquid extrusion method is unable to detect micro-pores.
The small-angle X-ray scattering can be used only for limited pore radius and may
often output unreliable results. The experimental results of optical microscopy,
scanning electron microscopy, transmission electron microscopy, and atomic force
microscopy rely on the data-processing algorithm, and the PSD is calculated mostly
from CL surface images. Therefore, a method of standard porosimetry (MSP) is
employed in this study, because it not only eliminates most of the above
disadvantages and limitations (e.g., no damage to soft and frail materials) but also can
detect a broad range of pore sizes (0.3nm-300μm) as shown in Fig. 6.

Fig. 6. Comparison of the pore size ranges that different methods can be used to
determine the pore structure of porous media.
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The MSP is established based on the capillary equilibrium between two wet
porous media which are closed touched [67–69]. During the experiment, the test
samples are completely submerged in octane for a sufficiently long time.
Subsequently, the wet samples are dried in a heating station, and a small portion of
the liquid evaporates from the wet samples. The mass of the evaporated liquid can be
calculated by contrasting the sample mass difference before and after the evaporation,
which can be transferred to the pore volume. In comparison with the standard sample,
the relation between the pore volume and pore size can be established.

2.2.3 Effective Diffusion Coefficient
2.2.3.1 Fick’s Law of Diffusion
Diffusion is often referred to as the net motion of molecules from one location to
another as a result of random molecular motion [3,81–85]. The diffusion process can
be driven by a pressure gradient, temperature gradient, external force field, and
concentration gradient [86]. In this study, only the concentration diffusion is
considered. The bulk diffusion coefficient is the measure of the diffusion process
between two species driven by the collisions between molecules without the
interference by any objects. Fick (1855) first applied the equation of heat conduction
derived by Fourier (1822) to the diffusion of mass [87] with the assumption that the
mass flux due to diffusion is proportional to the concentration gradient [81].
𝐽

𝐷

𝜕𝑐
𝜕𝑥

(2.1)

where J is the molar mass flux in kmolꞏm-2ꞏs-1, c is the concentration of the diffusion
substance in kmolꞏm-3, x is the space coordinate in m, and D is the diffusion
coefficient in m2ꞏs-1.
For the mass transfer due to diffusion in porous GDLs and CLs, the molar flux
of a species is governed by the Fick’s law of diffusion with the assumption of
isotropic materials.
𝐽A

𝐷eff

𝜕𝑐A
𝜕𝑥

(2.2)

where JA is the molar flux of species A (e.g., O2 in this study) in kmolꞏm-2ꞏs-1, cA is
the concentration of the species A in kmolꞏm-3, and Deff is the effective diffusion
coefficient in m2ꞏs-1. The effective diffusion coefficient is theoretically smaller than
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the bulk diffusion coefficient since the presence of the solid material makes the
species harder to travel through a limited void region. In practice, the value of Deff is
usually determined via experimental methods.
The diffusibility, β, is defined as its effective diffusion coefficient, Deff,
divided by the bulk diffusion coefficient, Dbulk [3,66,88,89]. This parameter is also
often studied in literature as a function of only the pore structure.
𝛽

𝐷
𝐷

(2.3)

2.2.3.2 Experimental Methods for Diffusion Coefficients
Many experimental methods are used to determine the diffusion coefficient as
summarized in Fig. 7 [90], including close-tube, two-bulb, evaporation-tube, opentube, capillary leak, and diffusion-bridge methods. However, each method has its
disadvantages and limitations.

Fig. 7. Principal experimental methods for diffusion coefficients.
The closed-tube method developed by Loschmidt in 1870 was used to measure
the binary diffusion coefficients experimentally for ten gas pairs at a temperature of
252 to 293 K [90]. This experiment utilized a long tube closed at both ends and an
metal plate at the middle of the tube to control the diffusion process. A sensor
controlled by a computer helps to record the composition changes as a function of
time after a definite period of diffusion. This method is reliable, and the relative
uncertainty for bulk diffusion coefficient measurement can be as small as 1-3%. Many
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researchers modified this method to determine the effective diffusion coefficients of
the porous media based on resistance network theory [91,92].
The two-bulb method established by Ney and Armistead in 1947 [90] utilizes
two bulbs connected via a narrow tube, where the diffusion occurs. After an short
period since the diffusion process starts, the concentration of the gas species in the
bulbs varies exponentially with time and the diffusion coefficient can be found with
the help of the relaxation time. The uncertainty and sources of uncertainty are similar
to those of the closed-tube method. This method is less affected by convention flux
due to the narrowness of the connecting tube; however, the Knudsen effects might
introduce uncertainties to the results and a numerical constant depending on the
geometrical configuration should be determined. Besides, this method is tough to be
modified to measure the effective diffusion coefficient of the CLs.
The evaporation tube method developed by Stefan in 1873 [90] is suitable to
determine the diffusion coefficients of the vapor-gas mixtures. This method utilizes an
open tube partially filled with a liquid, and the evaporation rate of this liquid is
affected by diffusion through an inert gas and by vapor removal at the tube outlet. The
rate of the liquid loss is observed over extended periods of time (about half a day) so
that the diffusion coefficient can be determined. The main disadvantages of this
method are the long experimental time, the extreme sensitivity of the temperature and
pressure measurements, and the existence of impurities. The uncertainty of this
method is larger than 7.5% which is worse than the closed-tube and two-bulb methods.
The open-tube method utilizes a gas container filled with a gas [90]. At a
given moment, the top of this container is open, and the gas will diffuse into the
ambient atmosphere. Thus the diffusion coefficient can be calculated by analyzing the
remaining gas composition after a known time. Reducing the effect of convective and
controlling the temperature and pressure would be significant challenges for this
method.
The diffusion-bridge method (Bendt in 1958) is a steady-state method for
diffusion coefficient measurement by analyzing two steady gas streams flowing
across a hollow capillary tube [90]. The flow rates of the two gas streams can be
controlled to generate any desirable pressure difference across the capillary. This
method works good for a large range of temperature, but requires calibration of the
porosity of the system and is less frequently used to measure the diffusion coefficients
in reality.
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Of all the above methods, the closed tube method is most commonly used to
determine the diffusion coefficients of the gas pairs because of its feasibility of
modification for the porous media, high accuracy, short experimental time, ease of
operation, and simple experimental configuration. In this study, the Loschmidt Cell
method is modified to measure the effective diffusion coefficients of the CLs based
on resistance network theory.
2.2.3.3 Correlation of Pore Structure and Effective Diffusion Coefficient
Three mechanisms drive the diffusion in pores including bulk diffusion (a.k.a.
ordinary or Fickian diffusion), Knudsen diffusion, and surface diffusion [93,94]. In
this study, surface diffusion is negligible in this study as it involves the motion of gas
molecules at the solid material surfaces. Bulk diffusion is mainly driven by the
collisions between molecules while Knudsen diffusion is driven by the collisions
between molecules and pore walls when the pore diameter is comparable to or smaller
than the mean free path of the gas molecules [94,95]. Knudsen number is used to
determine the diffusion mechanism that dominates in pores of various pore diameters.
Knudsen number, Kn, is calculated through the following equation.
𝐾n

𝑓
𝑙

(2.4)

where f in m is the mean free path of gas molecules, and l in m is the characteristic
length scale of the medium (e.g., pore diameter in this study). The mean-free path of a
gas species can be determined by the following equation assuming ideal gas and
Maxwellian motion in all directions [96]:
𝑓

𝑘B 𝑇
√2𝑝𝜋𝑑

(2.5)

where kB is Boltzmann constant in JꞏK-1, T is the absolute temperature in K, p is the
pressure in Pa, and d is the collision diameter in m. For N2 and O2 gasses in this study,
the mean free path at standard temperature and pressure is around 70 nm [97]. When
Kn << 0.1, the diffusion occurs in a continuum regime and bulk diffusion dominates in
this regime; when Kn >> 10, the mass transfer is dominated by Knudsen diffusion.
For porous media of sufficiently large pore size (e.g., GDLs with typical pore
size larger than 1 μm), the diffusion is mainly driven by the collisions between
molecules and thus the effects of collisions between the molecules and the walls are
negligible. The effective diffusion coefficient in this type of materials is mainly
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related to the volume fraction of the void region (i.e., porosity, ε) and the length
fraction of the tortuous flow path to the straight line length (i.e., tortuosity, τ) [92].
The effective diffusion coefficient of porous media is described using the following
equation [92].
𝜀𝐷bulk
𝜏

𝐷eff

(2.6)

For unconsolidated material, the tortuosity ranges from 1.5 to 2.0 [95];
however, tortuosity is an unknown value for most porous media. Thus, the effective
diffusion coefficients of porous materials are mostly determined by experiments.
For simplicity, many other empirical models are established to predict the
effective diffusion coefficients of porous materials as a function of only porosity,
including Bruggeman approximation [98,99], Neale and Nader model [100],
Tomadakis and Sotirchos model [101], Mezedur model [102], Zamel model [88] and
Das model [30] as shown in Table 3.
Table 3. Models to predict the effective diffusion coefficient of porous materials
Model

Effective Diffusion Coefficient

Bruggeman
(1937)
Neale and
Nader (1973)

𝐷eff
𝐷eff

𝜀

.

Note
Spherical

𝐷bulk 

2𝜀/ 3

particles
Spherical

𝜀 𝐷bulk

particles

Source

Eq. #

[89,103]

(2.7)

[100]

(2.8)

[101]

(2.9)

[102]

(2.10)

[88]

(2.11)

[30]

(2.12)

Tomadakis
and Sotirchos

𝐷eff

𝜀 𝜀

𝐷eff

1

1

𝐷eff

1

2.76𝜀cosh 3𝜀

0.037 /0.963

.

𝐷bulk

Fibers

(1993)
Mezedur et al.
(2002)
Zamel et al.
(2009)

0.33

Das et al.

𝐷eff

(2010)

𝜀
𝐷bulk

𝜀

.

𝐷bulk 0

𝜀

1.92

Tetragonal

0.65)
3 1 𝜀
3 𝜀

network
𝐷bulk

Fibers

1)
3 1 𝜀 𝐷bulk
3𝐷bulk
2𝜔𝐷mem 𝜀
𝐷bulk
3 𝜔

Catalyst
layers

Note: Dmem is the diffusivity in ionomer, and ω is the volume fraction of ionomer in
catalyst layers.
However, for porous media of tiny pore size (e.g., in CLs with typical size less
than 100 nm), the effect of the collisions between the molecules and pore walls (often
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refers to Knudsen diffusion) should be taken into consideration. The above mentioned
empirical models over-predicted the effective diffusion coefficient of the CLs since a
significant portion of the pores have a diameter less than the mean free path of gas
molecules. Thus, the measurement of the PSD of this kind of material is of great
importance.
In a single cylindrical pore, the effective diffusion coefficient is calculated by
Bosanquet's formula [104] taking both Fickian diffusion and Knudsen diffusion into
consideration (when neither Fickian nor Knudsen diffusion is fully dominant in the
void region):
1
𝐷Kn

1
𝐷eff,pore

1
𝐷bulk

(2.13)

where Deff,pore is the effective diffusion coefficient in a single pore, DKn is the
Knudsen diffusion coefficient, and Db is the bulk diffusion coefficient.
The Knudsen diffusion coefficient is calculated by the following equation:
𝐷Kn

𝑅u 𝑇
4
𝑑pore
3
2𝜋𝑀

(2.14)

where DKn is the Knudsen diffusion coefficient in m2ꞏs-1, dpore is the pore diameter in
m, Ru is the universal gas constant in Jꞏkmol-1ꞏK-1, T is the temperature in K, and M is
the molecular weight of the gas species in kgꞏkmol-1.
There are also many models to predict the bulk diffusion coefficient, of which
Marrero and Mason’s model is widely used in literature because the uncertainty of
this model is ~3% [90]. The bulk diffusion coefficient for oxygen and nitrogen gas
pair can be calculated using the following equation [90]:
𝑙𝑛 𝑝 ∙ 𝐷bulk

𝑙𝑛 1.13

10

1.724 ∙ 𝑙𝑛 𝑇

(2.15)

where Dbulk is the bulk diffusion coefficient for species O2 and N2 in cm2ꞏs-1, p is the
total pressure in atm, and T is the temperature in K for the range of 285K ~ 104 K.

2.2.4 Gas Permeability
2.2.4.1 Darcy’s Law
The gas permeability of the GDLs and CLs is usually determined by using Darcy’s
law. It should be noted that Darcy’s law is valid only for a slow flow, while a
modified version of Darcy’s law (i.e., Forchheimer Equation) must be considered for
high-velocity flows (with high Reynolds numbers greater than 1-100 for packed
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particles [105]). This is because the inertial effect becomes significant [93,106].
However, the pore Reynolds number for air in the PEM fuel cell electrodes is in the
order of 10-4 [107], and it is also true in the current experimental setup. The small pore
Reynold number indicates that the inertial effect is negligible and Darcy’s law is valid
for this study.
The general form of Darcy’s law is express as,
𝑢

𝐾
∇𝑝
𝜇

(2.16)

where u is the superficial velocity of the fluid passing through the porous media in
mꞏs-1, K is the permeability coefficient in m2, μ is the gas viscosity in Paꞏs, and p is
the pressure in Pa.
2.2.4.2 Experimental Methods for Permeability
The permeability of the porous layers of PEM fuel cells is commonly determined
based on Darcy’s law by measuring the pressure drop at a specific flow rate across the
samples [20,83,107–114]. Table 4 summarizes some experimental data on the
permeability for the GDLs in PEM fuel cells. It suggests that the permeability of the
carbon paper/cloth is in the order of 6-70×10−12 m2, and that of the GDL (i.e., carbon
paper/cloth + MPL) is in the range of 0.3-1.1×10−12 m2. However, the experimental
data on the gas permeability of the CLs or the entire (or catalyzed) electrodes of PEM
fuel cells is unavailable in literature. Further, it must be noticed that the experimental
data in Table 4 are obtained under room conditions.
Table 4. Experimental data on the gas permeability of the porous media in polymer
electrolyte membrane (PEM) fuel cells.
Porous Media Type

PTFE
Treated

MPL

Thickness

Working

[µm]

Fluid

TGP-H-060

Paper No

No

190*

TGP-H-090

Paper No

No

280*

TGP-H-120

Paper No

No

370*

E-Tek

Cloth No

No

N/A

In-plane

Through-plane

Permeability

Permeability

[10

Air

-12

Cloth Yes

Yes

454*

Humidified
air
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m]

[10

-12

12.6

20.8

12.2

14.4

14.7

11.3

63.8

36.7

Dry air
E-Tek ELAT

2

N/A

Source

2

m]

0.47-1.11
0.36-0.73

[107]

[20]

SGL 34BA

Paper 5 wt%

No

251-255**

N/A

25.0-27.4

SGL 34BC

Paper 5 wt%

Yes

314-317**

N/A

0.66-0.67

MPL

N/A

N/A

61-64**

N/A

0.13-0.14

SGL 10BA

Paper 5 wt%

No

400**

N/A

37.4

SGL 24BA

Paper 5 wt%

No

195**

N/A

14.5

SGL 34BA

Paper 5 wt%

No

285**

N/A

16.3

AvCarb P75

Paper No

No

210**

N/A

5.70

TGP-H-090

Paper No

No

290**

N/A

8.99

E-Tek

Cloth No

No

360**

N/A

69.4

TGP-H-120

Paper No

Yes

434**

N/A

0.295

TGP-H-120

Paper 20 wt%

Yes

388**

N/A

0.436

TGP-H-120

Paper 20 wt%

Yes

434**

N/A

0.336

TGP-H-120

Paper 20 wt%

Yes

486**

N/A

0.202

TGP-H-120

Paper 40 wt%

Yes

434**

N/A

0.085

SGL 10AA

Paper No

No

390**

N/A

24.2

SGL 10BA

Paper 5 wt%

No

400**

N/A

27.2

SGL 10CA

Paper 10 wt%

No

400**

N/A

22.2

SGL 10DA

Paper 20 wt%

No

400**

N/A

21.9

SGL 10EA

Paper 30 wt%

No

374**

N/A

23.9

EP 40

Paper No

No

200**

N/A

7.20

N/A

Oxygen

Air

Air

Air

Note: 1. Experimental data on permeability are collected at room conditions;
2. MPL refers to the microporous layer;
3. PTFE represents polytetrafluoroethylene or Teflon;
4. * denotes the data taken from the manufacturer, and ** denotes the data taken from literature.

It is evident that despite its importance, the effect of CL on the permeability of
the entire electrode of PEM fuel cells has not been investigated adequately. Therefore,
one of the sub-objectives of the present study is to measure the permeability of the
GDL with and without CL and the CL through ex-situ experiments such that the
measured permeability values can be useful for modeling and simulation studies.
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[106]

[115]

[116]

[108]

2.2.4.3 Correlation of Pore Structure and Permeability
The gas permeability of the electrode (i.e., GDL and CL combined) is controlled by
its overall porous structure. Many models have been developed based on the pore
structure to predict the gas permeability of different porous layers in PEM fuel cells.
Table 5 summarizes the most commonly used models for the porous layers in PEM
fuel cells [93,101,109,117–120]. These models are widely employed for the porous
media consisting of either spherical particles or fibers. Tomadakis et al.
[101,109,117,118] developed different models based on fibrous materials with various
structures. These models indicated that the permeability of the fibrous materials is
significantly affected by the fiber diameter, porosity, and fiber direction. The other
models are established based on spherical particles [93,119,120], and these models
showed that the permeability is dependent on the spherical particles’ diameters and
porosity. A considerable amount of effort has been devoted to developing a general
formula to estimate the permeability of different porous layer structures [109,120];
however, such a general formula does not exist yet because the permeability depends
on the fiber/particle shape, size distribution, and their packing structure [93,120,121].
In PEM fuel cells, the porous electrode is a combination of the carbon fibers, carbon
particles, Pt/C particles, PTFE, and ionomers, and its complex structure makes these
models fail to predict the permeability of the electrode accurately. Further, the gas
permeability also can be affected by many other factors. Klinkenberg (1941) pointed
out that the gas permeability also depends on the gas properties, and the experimental
results indicated that the air permeability of the Jena glass filter can be 28% smaller
than hydrogen permeability in the same materials [112]. Zamora et al. (2015) also
proved that the permeability of the MPL made of Vulcan XC72 particles for hydrogen
is about 20% higher than that for the oxygen and air [122]. This observation implies
that the hydrogen is easier to pass through the GDL and CL than the air in operating
PEM fuel cells. In addition, the mean pressure of the gases in the porous samples also
influences the permeability of gases because the mean free path of the gas varies with
pressure [112].
Table 5. Models to predict the gas permeability of the porous media in polymer electrolyte membrane
(PEM) fuel cells.
Model

Material
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Note

Reference

Eq. #

ε –porosity
𝐾

𝜀
𝐾

𝑉pore
𝑆pore

General

Kc –Kozeny constant

porous media

Vpore –pore volume

[109]

(2.17)

[109,117]

(2.18)

[109,118]

(2.19)

[101,109]

(2.20)

[93,119]

(2.21)

[93,120]

(2.22)

Spore –pore surface
𝐾

𝐾

𝑟 𝜀
4𝐾 ln𝜀

𝑟 𝜀
4𝐾 1 𝜀

Random

r – fiber radius

overlapping

ε –porosity

fiber structures

Kc –Kozeny constant

Random non-

r – fiber radius

overlapping

ε – porosity

fiber structures

Kc –Kozeny constant
r – fiber radius

𝐾

𝑟

𝜀 𝜀 0.11
1 𝜀
𝛼 1 𝜀

8 𝑙𝑛𝜀

0.11

Fibrous

ε –porosity

material

α –0.785 through-plane
0.521 in-plane

𝐾

𝑑 𝜀
150 1 𝜀

𝐾

𝑑 𝜀 .
5.88

0.35

𝜀

0.7

Spherical

d –particle diameter

particles

ε –porosity

Spherical

d –particle diameter

particles

ε –porosity

Note: Kozeny constant is an unknown parameter for most porous materials.

Due to its unique structure of the limited small dimensions in thickness and
the presence of electrical current, it is challenging to conduct in-situ experimental
measurement of various properties in an operating PEM fuel cell, and numerical
models and simulations have been instrumental in providing an understanding of
PEM fuel cell operation and performance [123,124]. PEM fuel cell operation and
performance are essentially determined by the balance between the mass transport of
gases through GDL and CL and the electrochemical reactions occurring on the
catalyst surface. It is hence well known that in PEM fuel cells the mass transport of
gases through GDL and CL is very significant factors affecting their performance
[11]. However, due to the lack of experimental data in literature, many modeling and
simulation studies, even some recent ones, either take the permeability values of the
CLs or electrodes from another modeling and simulation study in literature, or simply
assume some guessed values [123,125,126], and the value used in the modeling and
simulation studies varies by many orders of magnitude, for example, from 10-15 to 1012

m2 [123–126]. Some other modeling and simulation studies may just estimate the
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permeability values from some theoretical models as shown in Table 5. But as
discussed earlier, these models in Table 5 may not be suitable for the catalyzed
electrodes or CLs because of their uniquely different compositions and structures.
Therefore, ex-situ experimental study to measure gas permeability of GDLs, CLs and
catalyzed electrodes is urgently required for the modeling and simulation as well as
the design calculation of PEM fuel cells.

2.3 Effect of Macro-Property on Performance
The performance of the PEM fuel cells is usually characterized by a polarization
curve which is a plot of the cell potential versus current output [1]. The current output
is normalized by the area of fuel cells in a unit of Aꞏcm-2 to provide comparable
performance with other fuel cells of different types and sizes. The polarization curve
is a critical indicator of the PEM fuel cell performance. As shown in Fig. 8, a sample
polarization curve demonstrates various energy losses (or voltage drops) in a PEM
fuel cell.
For a single PEM fuel cell, the thermo-neutral voltage is defined as the voltage
a PEM fuel cell would have if all chemical energy stored in H2 and O2 is converted to
electricity. It is impossible for PEM fuel cells to maintain the voltage at such a high
level due to unavoidable heat generation during PEM fuel cell operation.
Theoretically, there exists a maximum achievable voltage which is called reversible
voltage, and the cell can only operate at the reversible cell potential under the
thermodynamically reversible condition. However, in a practical PEM fuel cell, the
cell voltage decreases as the increase of current due to four major types of irreversible
losses: the losses due to fuel crossover and internal currents, activation loss, ohmic
loss, as well as concentration loss.
Fuel crossover and internal currents are associated with the waste of fuels and
electrons passing through the electrolyte [1]. Ideally, the electrolyte only transports
protons and insulates fuel gasses for PEM fuel cells; however, a small amount of fuel
and electrons passing through the membranes as the diffusion is always possible. The
diffusion does have a remarkable impact on the open circuit voltage (OCV). Thus,
this OCV is always lower than the reversible voltage. This type of energy loss
decreases considerably and even diminishes when the current density increases.
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Additionally, the nature of the PEM dominates this kind of energy loss which is
beyond the scope of this research [1].
Activation loss arises from the slow rate of electrochemical reactions on the
electrode surface, and a portion of energy is consumed to speed up the
electrochemical reactions so that the demanded current can be achieved. Electrons and
protons do not participate in the reactions immediately when they are released. The
reactions only proceed when a certain amount of electrons and protons accumulates
on the surface of the electrodes. The activation loss leads to a rapid voltage drop at the
small current density region as shown in Fig. 8. The nature of catalysts and the
structure of CLs determine the activation loss. Currently, Pt shows the best
performance to minimize activation loss of PEM fuel cells due to its excellent activity,
selectivity, and stability [127], and a higher surface area which is determined by the
structure of CLs is also believed to be able to lower the activation loss. However, the
activation loss only dominates when the current is small and does not increase too
much as current increases [1]. In practice, PEM fuel cells operate at a higher current
density region to obtain a larger power output where ohmic and concentration losses
dominate.
Ohmic loss arises due to electrical resistance in the cell, including the ionic
resistance to the ion flows in the electrolyte and electric resistance to the electron
flows in the rest of the cell components [1]. The ohmic loss leads to a linear drop of
voltage against the increasing cell current. This ohmic loss is represented by the linear
fall in voltage in the middle of the polarization curve as shown in Fig. 8. For a welldesigned and properly-established PEM fuel cell, the ohmic resistance mainly comes
from the membrane. The Ohmic loss is also significantly affected by the electric and
protonic conductivities of the CLs. However, a poor design of CLs could also
significantly influence the ionic, electronic, and interfacial resistance for the whole
fuel cell. The
Concentration loss is important at high current density due to the mass transfer
rate from channels to the catalyst layers. The limited transfer rate results in the
depletion of reactants near the reaction sites, and the mass transfer can be further
restricted by the over-accumulated reaction products, blocking the reactants from
approaching the reaction sites [1]. Three principal components significantly contribute
to the concentration loss, including flow channels, GDLs and CLs. The concentration
loss is affected by the effective diffusion coefficient and permeability of the GDLs
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and CLs. Extensive numerical and experimental studies have been made to investigate
the effect of flow channels and GDLs on the concentration losses [1,61,92]; however,
the effect of CLs is still unclear, and the experimental data are rarely available in
literature.
Recently, industry trends to operate the PEM fuel cell at the high current
density region to obtain a higher performance (voltage and power); thus, the mass
transport limitations are paramount. Therefore, the micro-porous structure and
transport coefficient of different components, especially for the CLs, should be
accurately measured to improve the numerical models and understand the fabrication
and optimization of the CLs.

Fig. 8. A typical polarization curve of a single polymer electrolyte membrane (PEM)
fuel cell (OCV denotes the open circuit voltage, Er is the reversible voltage, and Eth is
the thermo-neutral voltage).

2.3.1 Experimental
Mass transport limitation is recognized as the major obstacle that prevents the PEM
fuel cells from achieving a high current density, which is crucial to improving the cell
performance. Typically, the mass transport involves the effective transport of oxygen,
hydrogen, product water (both liquid and vapor phase), electrons, and protons. The
oxygen transport is more significant than hydrogen due to its low kinetics, and the
existence of both liquid and vapor water makes the oxygen supply at the reaction sites
even more complicated. In practice, humidified air is often used as the cathode
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reactant gas, and the oxygen transport through the porous electrode is regarded as the
most challenging technical difficulties, which is dominated by two major mechanisms:
convection (driven by pressure gradient) and diffusion (driven by concentration
gradient) [3,5,7,128].
The porous media’s capability of transporting reactant gas through convection
is characterized by permeability [5]. Higher gas permeability indicates that the gas
species are easier to be transported through the porous layers under a given pressure
difference. The permeability value is usually experimentally determined by Darcy’s
law which describes the relation between the flow rate and pressure gradient across
the porous media [5,20,83,107]. Zhao et al.[5]’s work indicated that the Pt loading
and Pt/C ratio are significant factors that affect the permeability of the porous media.
Their results also exhibited that the thickness variation due to different design
parameters of the CLs also affects the diffusion rate dramatically. For a specific
porous layer with a constant gas permeability and thickness, the gas flow rate is
determined by the gas pressure difference on both sides of the porous media. However,
in PEM fuel cells, the measurement of the tiny pressure difference over the distance
of a few microns is almost impossible.
The ability of the gas diffusion in porous media is measured by the effective
diffusion coefficient [3,9]. The effective diffusion coefficient is commonly
determined through Fick’s law of diffusion, by measuring the gas concentration
changes over time at a specific point in a binary diffusion system [66,90,91]. The pore
structure, including porosity, pore size, and tortuosity, has a significant impact on the
values of the effective diffusion coefficients. In addition, the thickness of the porous
layer also dramatically affects the diffusion process. For a specific porous layer with a
constant effective diffusion coefficient and thickness, the species transport rate is
determined by the gas concentration difference between both sides of the porous layer;
however, it is almost impossible to experimentally monitor the species concentration
inside the PEM fuel cell porous media.
The mass transport properties are highly dependent on the pore structure of the
GDLs and CLs. However, the pore structure including porosity, pore size, tortuosity,
and other parameters varies significantly from the fabrication of the CLs as well as the
materials applied. The values of CL porosity, for instance, varies from 30%-60% in
literature [98,125,129–131], and this variation results in a significant difference in
mass transport as well as cell performance. In addition, the liquid water due to
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reaction and phase change will exist in the porous media in PEM fuel cells, which
may dramatically reduce the effective porosity, blocking the reactant supply.
In addition to the structure of the porous media, the working conditions also
have a significant impact on the mass transport mechanisms and processes [6,8,132].
At the cathode side of the PEM fuel cells, the oxygen is usually supplied from the air
in the flow channels. Oxygen passes through the GDLs and arrives at CLs, where
oxygen reacts with protons, generating water. The oxygen is continuously consumed
at the cathode CL, thus generating a pressure and concentration gradient. However, it
is extremely difficult to accurately measure the pressure and oxygen concentration
inside the extremely thin porous GDLs and CLs, which necessitates the simulation of
mass transport with actual component dimensions and mass transport properties of the
porous electrodes for the understanding of mass transport phenomena in PEM fuel
cells.

2.3.2 Numerical
With the development of PEM fuel cell technology in recent years, numerical
simulation is becoming more important to investigate the mass transport,
electrochemical reaction, and heat and water management in PEM fuel cells, which
are difficult to be studied by experimental methods. The transport phenomena inside
the PEM fuel cells are complex, and many uncertainties are related to the mass
transport properties such as effective diffusibility and permeability of the porous
GDLs and CLs. The effective diffusibility, representing the ability of the gas species
to transport within porous media by diffusion, may vary from 0.01~0.9 as predicted
by the models in Table 3; the permeability value, representing the degree of the
convection in GDLs and CLs, may vary from 10-14~10-10 m2 as shown in Table 4. The
significant variations in mass transport properties may result in many uncertainties in
the simulation results, which highlighted the importance of the accurate determination
of the mass transport properties, and it will improve the simulation based on these
experimental data.
There are various modeling studies focusing on water transport through the
membrane and the two-phase water transport in the GDLs and CLs. For the water
transport in membranes, three major approaches, such as diffusive approach,
convective (or hydraulic) approach, and chemical potential approach, are available in
literature [32,61,121,133–141]. The proton concentration in the membrane is assumed
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to be constant in the first two approaches, and the electric potential in the membrane
is dominated by Ohm’s law. However, the third approach assumes that the proton
concentration varies with the water content. It should be noted that all these
approaches are only valid in certain situations due to many simplifications, and many
parameters or correlations, especially the third approach, remain unknown and
requires further exploration. For the two-phase water transport in the GDLs and CLs,
another three approaches are widely employed in many studies, including the mixture
approach,

the

two-fluid

approach,

and

the

volume-of-fluid

approach

[98,125,128,131,134,135,142,143]. Among these three approaches, the two-fluid
approach solves the governing equations for both phases separately, and specifically,
in the PEM fuel cell modeling, this approach is often simplified by integrating the
continuity with the momentum equation via Darcy’s law and porous media’s capillary
pressure function. Sohn et al. [128] numerically investigated the hydrogen and oxygen
transport mechanisms using COMSOL Multi-physics by separating the total reactant
flux into convective and diffusive flux components based on the dimensional and
mass transport parameters taken from literature. Their results indicated that the
oxygen diffusion dominates in cathode GDL, while hydrogen convection and
diffusion are equally important in anode GDL [128]. However, which mechanism
dominates in different porous layers, e.g., GDLs or CLs, is still unclear.

Table 6. Mass transport parameters in PEM fuel cell modeling.
Reference

S. Um et al. (2000) [98]

Z. Wang et al. (2001)
[125]

Dimension

Porosity

*L=7.112 cm
*δgdl=254 μm
*ε GDL = 0.4
*δcl=28.4 μm
*δmem=230 μm
*Hcha=76.2 μm
*L=2 cm
*δelectrode=500 μm ***ε = 0.3
*Hcha=700 μm

Permeability

Diffusibility

Validation

*KGDL=1.76×10-11m2

Bruggeman’s
correlation

Experimental
data from
literature

**K=10-13m2

From literature N/A

L. Wang et al. (2003)
[17]

N/A

N/A

N/A

Bruggeman’s
correlation

Experimental
data

U. Pasaogullari et al.
(2004) [129]

*δgdl=300 μm

*ε GDL = 0.5

*KGDL=5×10-13m2

Bruggeman’s
correlation

N/A

*ε GDL = 0.7
*ε CL = 0.2

*KGDL=3.0 ×10-12m2
*KCL=3.0 ×10-14m2

Bruggeman’s
correlation

N/A

*L=20 cm
*Hcha=0.5 mm
*Wcha=1 mm
Q. Ye et al. (2007) [130]
*Wrib=1 mm
*δgdl=180 μm
*δmem=50 μm
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Y. Jiang et al. (2018)
[141]

*Hcha=1 mm
*Wcha=1 mm
*Wrib=0.5 mm
*δgdl=300 μm
*δmem=10 μm

*ε GDL = 0.6
*ε CL = 0.3

*KGDL=1.0 ×10-11m2
*KCL=1.0 ×10-13m2

Bruggeman’s
correlation

Experimental
data from
literature

Present Study

Measured

Measured

Measured

Measured

Experimental
data

Note:

*

Sources not specified

**

Assumed values

***

Data taken from the publications

Table 6 summarizes the major component structure and mass transport
properties in literature. It is found that most of the models assume equal thickness for
the anode and cathode CLs; however, practically, due to the various Pt loadings
applied at the anode and cathode, a difference in thickness is always expected
[3,6,7,10,11]. The varied thicknesses in the anode and cathode CLs should be
introduced into the numerical models as the thickness of the CLs has a significant
impact on the effective diffusion and permeation resistivity [3,5,11], which has been
paid less attention in literature. The porosity of the GDL and CL, which is important
for the reactant and water transport, also varies greatly from 0.3 to 0.7 in previous
numerical studies as shown in Table 6 [17,98,125,129–131]. However, these porosity
values are taken from either unknown sources or other published experimental data.
In addition, the permeability of the electrode is also varied significantly from ~10-11 to
~10-14m2, and these data are difficult to be measured and often assumed or taken from
the published data [17,98,125,129–131]. The diffusibility is often taken from the
empirical correlations or literature [17,98,125,129–131], which may not be suitable
for the CLs or catalyzed electrodes as the structure of the CLs is complicated due to
the presence of the catalysts and ionomers [3,6]. Therefore, the experimental
measurements of the component structure and mass transport properties are essential,
and the validation with the corresponding in-situ experiment is necessary.

2.4 Summary
Extensive work has been done to optimize the CLs of PEM fuel cells in literature.
However, much of this work is trial and error experiment in general and lacks
understanding of the structure of the CLs. The literature review indicates that the
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fabrication processes strongly affect the structure of the CLs, further influencing the
macro-properties of the CLs and the cell performance. Therefore, understanding the
structure of the CLs is of great significance for the optimization of the PEM fuel cells.
This present study is important since PEM fuel cells are considered to be a
viable alternative power source and further research is needed to promote its
commercialization. Macro-properties of the CLs, e.g., effective diffusion coefficient
and permeability, are the limiting factors of the reaction rate at high current density
regions, thus a better understanding of the CL structure is urgent. This thesis study is
focused on the development of a comprehensive understanding of the relation among
fabrication, structure, macro-property, and performance of the CLs. By completing
this research, the following contributions to the science will be made:
(1) Understanding how the CL fabrication process determines the structure of
the CLs. the In this thesis study, the experimental data on the pore structure
characterization such as the porosity, PSD, pore surface area, mean pore size are
investigated, and the effect of the fabrication process especially the materials and
fabrication methods are studied;
(2) Understanding the impact of the structure of the CLs on their macroproperties. The structure affects the macro-properties, e.g., the effective diffusion
coefficient and permeability, and the mechanisms remain unclear. Some studies focus
on correlating the porosity with the effective diffusion coefficient and permeability of
the porous materials, but these models over predict the effective diffusion coefficient
and permeability of the CLs, as they failed to consider the Knudsen effects when the
CLs contain micropores and mesopores of which the diameters are too small (<50
nm). This thesis study aims to provide the experimental data on the effective diffusion
coefficient and permeability of the CLs, and to investigate the relation between the
pore structure and the mass transport properties;
(3) Understanding how the macro-properties of the CLs, e.g., effective
diffusion coefficient and permeability, affects the mass transport and hence the cell
performance. Due to the lack of experimental means for the investigation of mass
transport inside the cells during the cell operation, the mass transport inside the PEM
fuel cells under various operating conditions has to be simulated numerically.
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Chapter 3
Experiment Development
The experimental methods employed in this thesis work consist of five major
components: fabrication of CLs, characterization of pore structure, measurements of the
effective diffusion coefficient, determination of permeability, and test of cell
performance. The pore structure, effective diffusion coefficient, and permeability are
measured based on ex-situ methods, which can characterize CLs individually. The cell
performance is characterized based on in-situ methods using a commercially available
cell performance test station. The uncertainty of each experimental method is identified
and quantified accordingly considering both bias and precision errors, and all
uncertainties are studied within 95% confidential intervals unless otherwise specified.
Some of the explanations for the experimental apparatus and experimental development
are based on the journal articles [2,3,5,6].

3.1 Fabrication of Catalyst Layers
The thin-film methods (or the second-generation methods defined in the previous
chapters) are employed in the present thesis work due to its unique advantages, such as
the balance among the performance, durability, and cost, in comparison with the first(a.k.a. PTFE-bound method) and third-generation methods (a.k.a. ultra-thin-film
method). Additionally, the thin-film methods demonstrate a great space for further
improvements by optimizing the structure of the CLs. The fabrication of the CLs using
the thin-film methods in this research involves two major processes: catalyst ink
preparation and ink coating.

3.1.1 Catalyst Ink Preparation
The catalyst ink is prepared following a similar procedure to that in [3,6–8].
Specifically, the catalyst particles, Nafion solution, and solvent (Isopropanol and
deionized water) are mixed following a procedure shown in Fig. 9. The ink preparation
system consists of a digital balance, an ultrasonic machine, and several clean droppers
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and vials. The amount of each material is weighted by a digital balance (Sartorius ALC210.4, the capacity of 210g with a resolution to 0.0001 g). An ultrasonic bath (Fisher
Scientific

TM
,

9.5L) is used to make sure that all the substances in the catalyst ink are

dispersed uniformly by keeping a constant ultrasonic power, frequency, duration, and
temperature. The catalyst ink in the present study is prepared by mixing Pt/C particles
(catalyst), Nafion solution (5% Nafion®PFSA ionomer as a binder for catalyst particles),
and the mixture of water and IPA (working as solvent) under ultrasonic conditions. The
Pt/C particles, isopropanol, and water are firstly mixed in a vial. Isopropanol is the
major component of solvent due to its fast evaporating rate and good dispersion of
ionomer and catalyst particles [144]. Then the mixture is treated ultrasonically for 10
min to make the particles uniformly distributed in the solvent. Subsequently, an
appropriate amount of Nafion solution is added to the above mixture. Finally, the ink
solution is subject to 60 min of sonication to ensure each ingredient uniformly dispersed
in this solution. The ultrasonic treatment duration should be carefully controlled. If the
treating time is too short, the particles and ionomers are unable to be uniformly
dispersed in the ink and lower the ink activity; otherwise, if too long, cavitation and
sonolysis phenomena will be harmful to the composition and morphology of the CLs
[47]. In this research, a 60 min ultrasonic treatment is sufficient to disperse the particles
and to avoid material degradation problems [47].
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Set Target Ink Composition
Calculation:
Weight of Pt/C
Weight of Nafion Solution
Weight of Isopropyl alcohol
Weight of H2O(l)
Mix Pt/C, isopropyl alcohol and H2O(l)
Ultrasonic treatment for 10 mins
Drip Nafion Solution into the mixture
Ultrasonic treatment for 60 mins
Final prepared catalyst ink

Fig. 9. Catalyst ink preparation procedures.

3.1.2 Catalyst Layer Fabrication Procedures
Three prevalent modes of the thin-film methods are widely employed in literature:
catalyst coated on GDL substrate (CCS or CCGDL), catalyst coated on membrane
(CCM), and decal transfer method (DTM) [1,5,11,14,19,52,144–153] as shown in Fig.
10. It should be noted that during the DTM, the catalyst is applied onto a nonporous
decal substrate, followed by a hot pressing process. As this method has a risk of uneven
and incomplete transfer of catalyst from the decal substrate to the membrane, this
method may not be appropriate for the development of low-Pt-loading electrodes [145].
For these reasons, the present studies focus on the CCM and CCS methods.
In the present study, all catalyst inks are coated using an airbrush (Paasche
TALON) by spraying the prepared ink onto the surface of substrates. The spraying
method is advantageous in comparison with other techniques such as blading and
brushing when the Pt loading is very low (e.g., 0.1 mgꞏcm-2) as it is easier to for
spraying to control the amount of ink applied while offering excellent surface
properties [144]. For CCS methods, catalysts are coated on the surface of GDL and
then the prepared electrodes (GDL+CL) are combined with a membrane in between to
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fabricate the membrane electrode assembly (MEA). For CCM, catalysts are directly
coated on the surface of membranes on both sides, then two pieces of GDLs are
attached on the outer side of CLs. For each method, the catalyst inks are coated using
spraying technique and then dried in a vacuum environment with the temperature of
60 oC. The spraying and drying processes are repeated until the desired Pt loading is
achieved.

Fig. 10. Three major modes of the thin-film catalyst layer fabrication methods.
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3.2 Pore Structure of Catalyst Layers
The method of standard porosimetry (MSP) is selected to measure the pore size
distribution (PSD) of CLs due to its wide range of measurable pore size, no
deformation to the tested porous samples, non-poisonous working liquid and good
agreements with other methods. The Standard Porosimeter (SP) 3.1 manufactured by
POROTECH is utilized to test the samples automatically.

3.2.1 Principle of Standard Porosimetry
The MSP is developed based on the phenomenon of capillary equilibrium
[67,68,154], which means that if two or more porous materials stay together for a
sufficiently long time in a wetting liquid, they will have the same capillary potentials
(capillary pressure is one kind of the capillary potential):
𝑝ca

𝑝ca

𝑝ca

𝑝ca

(3.1)

where pca is the capillary pressure of i th layer of porous media.
The MSP experimentally determines the relationship between the liquid
volume (Vt) in the test sample and the liquid volume (Vs) in the standard sample:
𝑉t

𝑓V 𝑉s

(3.2)

The liquid distribution in the standard sample can be expressed as a function
of pca and is provided by the manufacturer as follows.
𝑉s

𝑓s 𝑝ca

(3.3)

The liquid distribution in the tested samples regarding pca is determined:
𝑉t

𝑓V 𝑓s 𝑝ca

(3.4)

The capillary pressure, pca, can be expressed as the Young-Laplace equation
[67]:
𝑝ca

2𝜎cos𝜃
𝑟max

(3.5)

where σ is the surface tension of the liquid, θ is the wetting angle, and rmax is the
maximum pore radius filled with liquid. Hence the function between Vt and rmax
becomes:
𝑉t

𝑓V 𝑓s

2𝜎cos𝜃
𝑟max

𝐹 𝜃, 𝑟max
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(3.6)

For octane, the wetting angle is almost zero for all materials, thus Eq. (3.6)
can be simplified to,
𝑉t

2𝜎
𝑟max

𝑓V 𝑓s

𝐹 𝑟max

(3.7)

On the other hand, the total pore volume, Vpore, of the test samples can be
determined as follows:
𝑚sat – 𝑚dry
𝜌

𝑉pore

(3.8)

where msat is the total mass of the saturated sample, mdry is the total mass of the dry
sample, and ρ is the density of the octane.
The bulk volume, Vbulk, can be calculated:
𝑉bulk

𝜋𝑑 𝛿𝑁
4

(3.9)

where d is the diameter of the test sample, 𝛿 is the thickness of the sample and N is
the number of the samples being tested together. In this case, d = 23 mm, and N = 2.
The porosity, ε, is defined as:
𝑉pore
𝑉bulk

𝜀

(3.10)

The pore surface area, Spore, can be calculated from the integral pore radius
distribution curve by using the following equation [65]:
max

𝑆pore

2

1 𝑑𝑉t
𝑑𝑟
𝑟 𝑑𝑟

(3.11)

min

The specific surface area, SSA, is defined by the following equation in order
to make a good comparison with other samples,
SSA

𝑆pore
𝑉bulk

(3.12)

The mean pore size, MPS, is defined as [3,6,93]:
MPS

4𝑉pore
𝑆pore

(3.13)

The fractal dimension, FD, can be determined based on the relation between
the fractal surface area, Spore, and the pore radius or “scale”, r, used to measure the
surface area, according to the following relation,
SSA

𝑘FD 𝑟
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(3.14)

where kFD is the constant that describes the shape of the solid elements in the porous
media. The values of kFD and FD can be determined by curve fitting of the pore
surface area distribution using Eq. (3.14).
The relation between the liquid content in the test sample and that in the
standards can be determined by measuring the mass variation of each sample with a
high-accuracy balance. Referring to the given PSD curve of the standard sample
(provided by POROTECH, Ltd.), the pore volume and maximum pore size occupied
by the liquid can be obtained.
Fig. 11 represents the process of how the PSD is determined by the MSP
method. On the left side, curve 2 shows the relationship between Vs and Vt which is
measured by the MSP. On the right part of this figure, the pore volume of the standard
sample presents a function of log (rmax). Curve 1 is the PSD curve for the standard
sample given by the manufacturer. Curve 3 is the cumulative PSD of the tested
samples which presents in the final results.

Fig. 11. Principles of the method of standard porosimetry: (1) Pore size distribution
(PSD) curves for the standard sample; (2) Vs vs. Vt; (3) PSD curves for the tested
sample [67,68].

This experiment assumes that the wetting angles of the liquid octane for all
contacted sample bodies are equal to zero. For a particular case of capillary
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equilibrium, the Vs and Vt determine point B on curve 2. Then point A can be found as
presented in Fig. 11, in which the maximum size of pores filled with the liquid in the
standard sample can be determined. Due to capillary equilibrium, the maximum pore
size of the test samples remains the same. By referring to point C in this figure, the
relationship between Vt and rmax can be established. By repeating the evaporating and
measuring procedures, more data points are collected to generate the PSD curve for
the tested sample. The overall distribution curve 3 for the test sample is thus
determined.

3.2.2 Experimental Setup
The experimental system setup is shown in Fig. 12. The experiment system consists
of the following major components: (1) heating bottle, (2) vacuum pump, (3)
clamping device, (4) digital balance, (5) standard porosimeter, (6) working liquid
(octane), (7) sealed bottle, and (8) drying station.

8

4

5

6
7

3
1
2

Fig. 12. Experiment system setup of the method of standard porosimetry (MSP): (1)
heating bottle, (2) vacuum pump, (3) clamping device, (4) digital balance, (5)
standard porosimeter (manufactured by Porotech, Ltd.), (6) working liquid (octane),
(7) sealed bottle, and (8) drying station.
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The heating bottle is used to heat the samples before each measurement, and
the samples are totally dried after 30 mins. The vacuum pump is mainly used to create
a vacuum environment so that the pores in the material are free of water vapor in the
air. The clamping devices as shown in Fig. 13 can fix the samples and slightly push
them together. The stacked samples achieve capillary equilibrium after evaporating a
small amount of octane. The digital balance with the high accuracy and resolution
measures and records the mass change of these samples. The MSP automatically
measures the mass of the samples with the help of the clamping devices. Octane is the
working fluid since its wetting angle is almost zero degrees in all samples. The drying
station is the place where the samples are dried at the temperature of 35 оС. More
detailed information about the experiment devices is shown in Table 7.
Upper clamping device

Middle clamping device

Lower clamping device

Upper standard sample

Test sample

Lower standard sample

Fig. 13. Test samples, standard samples, and clamping devices.
Table 7. Major experimental devices for the method of standard porosimetry (MSP)
Equipment

Specification

Manufacturer

Dimensions: 840x800x660 mm(W-H-D)
Standard

Mass: 85 kg (without a vacuum pump)

Porosimeter 3.1

AC 110V/60Hz

POROTECH LTD.

Maximum power: 1 kW
Porous Teflon material in a disk-like shape
Standard sample

Thickness: ≤ 1 mm

GORETM

Diameter: 20 mm
Digital Balance

Repeatability: ± 0.0001 g
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Sartorius ALC-210.4

(For automatic

Linearity: ± 0.0003 g

measurements)

Resolution: 0.0001 g
Capacity: 210 g

Digital Balance
(For manual
measurements)

Repeatability: ±0.000015 g
Linearity: ±0.00015 g

Sartorius MSE125P

Resolution: 0.00001 g
Capacity: 60 g

Vacuum Pump

120V 3A

POROTECH LTD.

Heater

AC 110V

POROTECH LTD.

Electronic disk

Accuracy: ±0.004 mm

The Fred V. Fowler

micrometer

Resolution: 0.001mm

Company
-3

Density of the octane: 702.2 kgꞏcm
n-Octane

Surface Tension: 0.02175 Nꞏm-1

Sigma-Aldrich Co. LLC.

Wetting Angle: 0°

3.2.3 Experimental Procedures
(1) Test sample preparation
The test samples are cut into a disk-like shape with a diameter of 2.3 cm using a die.
3~5 layers of samples are placed together as an individual test object so that the
assembled test samples are thick enough to uptake sufficient liquid. Therefore, an
adequate number of measurement points (e.g., ~100 points in this case) can be
achieved to plot a relatively smooth PSD curve as shown in Fig. 11.
The geometrical sizes (thickness and diameter) of the samples are measured
directly by the micrometer. Additionally, the compacted dry test samples and two dry
standard samples are weighed separately by using the digital balance. Thus, the dry
mass of the samples, mdry, is determined
𝑚dry

𝑚

𝑚2

(3.15)

where m1 is the total mass of the clean bottle and the test sample, and m2 is the mass
of the clean empty bottle.
(2) Experimental Procedures
After preparing the test specimens, this experiment is conducted in three major steps.
First of all, the two standard samples and the test sample are dried in the heating
bottle in a vacuum environment. The heating temperature keeps at 180 oC which can
be adjusted according to the tested materials . After heating for 30 minutes, the
samples are totally dried, which means that all pores in the samples are empty.
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Secondly, a bottle seals the three totally dried samples under a vacuum environment.
Subsequently, this bottle is filled with octane, and the samples are entirely immersed
in the octane for 30 minutes. Thirdly, after the capillary equilibrium is achieved, the
prepared samples are closely assembled in three individual clamping devices, which
have been weighed ahead individually. Then the assembled samples and clamping
devices are placed under the normal force of 6.86 N, under which the samples will not
be damaged and can keep closely contacted. The samples achieve a new capillary
equilibrium after a small portion of the liquid evaporating from these samples by
heating at the temperature of 35 оС for 1.5 minutes. Subsequently, a manipulation
robot (as shown in Fig. 14) controlled by the computer program realizes the MSP
automatically. The manipulation robot arm moves the clamping devices with samples
from the drying station to the weighing station. The robot arm helps separate these
clamping devices individually and measure the mass of each clamping device (upper,
middle, and lower) with the corresponding sample, respectively (as shown in Fig. 15).
Thus, the mass of the evaporated octane from each sample can be calculated by
subtracting two adjacent measurements. This weighing process takes 1 minute. After
the weighing process, these samples and clamping devices are reassembled, reheated
and pressurized again. The above procedures are then repeated about 100 times until
the samples are totally dried when the mass of the samples keeps unchanged. Thus the
volume and weight of the liquid in these samples at different stages are estimated
from the recorded data, which are collected and stored in the computer. The relation
between the volume of the liquid in the porous test sample and that in the standard
samples, together with known PSD curve of the standard sample provided by the
manufacturer, gives a PSD curve for the sample under study [67,68]. Thus, the
porosity and PSD of the tested material can be determined. Each type of materials is
tested and measured at least three times to guarantee the accuracy and reduce the
reading errors.
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Manipulation robot

Weighing station

Heating station

Fig. 14. Manipulation robot of the method of standard porosimetry (MSP).

Fig. 15. Automatic weighing processes of the method of standard porosimetry (MSP).

Base on the above test procedures, the pore volume of the test samples can be
determined as follows,
𝑉pore

𝑚sat_bs

𝑚b
𝑚dry_bs
𝜌octane

𝑚b

(3.16)

where msat_bs is the total mass of the saturated sample and clean bottle, mdry_bs is the
total mass of the dry sample and clean bottle, mb is the mass of the clean bottle, ρoctane
is the density of the octane.
The effective area, A, of samples is calculated using the following equation,
𝐴

1
𝜋𝑑
4

where d is the diameter of the samples.
The bulk density of the test samples can be calculated by the following,
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(3.17)

𝜌bulk

𝑚dry_bs 𝑚b
1
𝜋𝑑 𝛿
4

(3.18)

where mdry_bs is the mass of clean bottle and dry test sample, and mb is the mass of the
clean empty bottle, and δ is the thickness of the tested specimen.
The porosity, ε, of the test sample becomes,
𝜀

𝑚sat_bs

𝑚b
𝑚dry_bs
1
𝜋𝑑 𝛿𝜌octane
4

𝑚sat_bs 𝑚dry_bs
1
𝜋𝑑 𝛿𝜌octane
4

𝑚b

(3.19)

3.2.4 Uncertainty Analysis
Based on the above analysis, the estimate of the uncertainty of the pore volume and
porosity is a root sum square,
𝑈rss

𝜕𝑓
𝑈
𝜕𝑥

𝜕𝑓
𝑈
𝜕𝑥

⋯

𝜕𝑓
𝑈
𝜕𝑥N N

(3.20)

where f is the function of the pore-structural parameter, such as pore volume, porosity,
and pore surface area, x denotes the parameters, and N is the number of these
parameters.
Detailed calculation of measurement uncertainty is shown in Appendix I. The
calculation results indicate that the maximum relative uncertainty of the pore volume
and porosity, for example, occurs for the low-Pt-loading CLs, which is 5.1% and
7.3%, respectively. The CLs with a low Pt loading (0.1 mg cm-2) has a small thickness
of 9.7 μm, and the CL can only hold a small amount of liquid. Due to the limitation of
the digital balance, a smaller mass of liquid always results in a less relative accuracy.
Additionally, the relative measurement uncertainty of PSD also depends on the
uncertainty of the standard sample which is < 1 % according to Volfkovich and
Sakars [67]. Therefore, the MSP used in this study is suitable for the GDLs, CLs, and
electrodes, and the measurement uncertainty is acceptable.
It should be pointed out that for ultra-low-Pt-loading CLs with thicknesses
much smaller than 10 μm, the pore structure characterization using MSP should be
carefully conducted. Improvements of the experimental equipment are required to
further reduce the measurement uncertainty, e.g., by sample stacking and using a
high-accuracy balance.
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3.3 Effective Diffusion Coefficient of Catalyst Layers
The closed-tube method (a.k.a. Loschmidt Cell) is employed in this study to measure
the effective diffusion coefficient of CLs due to its relatively high accuracy, easiness
of operation, and feasibility of controlling experimental time. A Loschmidt Cell
utilizes a long tube closed at both ends, and an opening mechanism separates the gas
pair at the middle of the tube. Initially, the top and bottom chambers are filled with
two gas species respectively, and when the mechanism opens, the diffusion starts.
Subsequently, the concentration of one gas species is measured and recorded by a
sensor. The composition change is a function of time after a definite period of
diffusion. In this research, oxygen gas diffuses in nitrogen gas is studied by an oxygen
sensor installed inside the nitrogen chamber.

3.3.1 Principle of Loshmidt Cell
The development of the diffusion theory is crucial to calculating the diffusion
coefficient by analyzing the signals provided by the oxygen sensor in the Loschmidt
Cell. The diffusion process in the chamber follows Fick’s law of diffusion given
below:
∂𝑐
∂𝑡

𝐷

∂ 𝑐
∂𝑥

∂ 𝑐
∂𝑦

∂ 𝑐
∂𝑧

(3.21)

where ci is the concentration of species i in molꞏm-3, t is the diffusion time in s, D is
the diffusion coefficient in m2ꞏs-1, and x, y, and z are the spatial dimensions in m. x
and y are the space dimensions along the diameter direction, and z is the space
dimension along the height of the chambers.
This problem can be simplified to be one-dimensional and along the height
direction. This assumption is valid since the height is much longer than the diameter
of the diffusion region. Thus, the governing equation is simplified and re-written as
𝜕𝑐
𝜕𝑡

𝐷

𝜕 𝑐
𝜕𝑧

(3.22)

According to the experimental setup and procedures, the initial conditions are,
𝑐

𝑐
𝑐

top

bot

𝑓𝑜𝑟 0
𝑓𝑜𝑟

𝐿
2

𝑧
𝑧

𝐿
,𝑡
2

0

0, 𝑡

0

(3.23)

where citop and cibot in molꞏm-3 are the initial concentrations of species i in the top and
bottom chambers, respectively.
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Since no gasses can escape from the chambers to the outside environment, the
insulation boundary conditions are,
∂c
|
∂z

/

0 𝑓𝑜𝑟 𝑡

0

(3.24)

Many analytical solutions of the above equation are developed based on
specific initial and boundary conditions. A detailed derivation of these solutions is
shown in Appendix II. The solution of the diffusion equation with space for a short
period of time is provided by Crank [81],
𝑐 z, t

𝑐 bot
𝑧
erfc
2
2 𝐷eq 𝑡

(3.25)

This equation is developed based on semi-infinite-length model and the error
compared to the general finite-length solution is negligible (See Appendix II for
more information). Therefore, Eq. (3.25) is a valid approximation, and the semiinfinite-length solution is used in this experiment to process the oxygen concentration
data to obtain the equivalent diffusion coefficient [91].

Fig. 16. The concentration evolution of O2 in a binary gas mixture of nitrogen-oxygen
at 20 oC. The red line represents the experimental data, and the blue line is the curve
fitting using Eq. (3.25).
(1) For a single porous layer (i.e., the ‘substrate’ case)
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The resistance network as shown in Fig. 17 helps obtain the effective diffusion
coefficient of the gas pair in the porous samples. The equivalent diffusion resistance is
equal to the sum of the diffusion resistance in the chamber and that in the sample.
Diffusion is the most dominant transport mechanism in these chambers, and advection
effects are negligible. The fluid motion is considered to be tiny, in other words, the
fluid is motionless.

Fig. 17. Resistance network due to diffusion in the chamber and the sample – Req is
the equivalent resistance, R1 is the resistance due to the diffusion in the chamber, and
R2 is the resistance due to the diffusion in the sample.
The equivalent diffusion resistance in the chamber is [3],
𝑧
𝑅eq
𝐷eq 𝐴c

(3.26)

where Req in sꞏm-3 is the equivalent resistance due to diffusion in the medium with the
length z, z in m is the diffusion distance in the diffusion direction, Deq in m2ꞏs-1 is the
equivalent diffusivity in the medium, and Ac in m2 is the cross-sectional area available
for the diffusion. The equivalent diffusivity can be found by fitting Eq. (3.25) to the
experimental data as shown in Fig. 16.
The resistance due to diffusion in the chamber is,
𝑅

𝑧 𝑙
𝐷bulk 𝐴c

(3.27)

where R1 is the resistance due to bulk diffusion in the chamber, and Dbulk is the bulk
diffusion coefficient.
The resistance due to diffusion in the porous samples is,
𝑅

𝑙
𝐷eff Ac
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(3.28)

where R2 is the resistance due to diffusion in the sample, l is the thickness of the
samples and Deff is the effective diffusion coefficient.
According to the resistance network theory,
𝑅eq

𝑅

𝑅

(3.29)

The effective diffusion coefficient of the substrate (e.g., GDL) is,
𝐷eff

𝑙
𝑧
𝐷eq

𝑧 𝑙
𝐷bulk

(3.30)

The rewritten equation can be,
𝐷eff,sub

𝑧
𝐷eq,sub

𝑙sub
𝑧

𝑙sub
𝐷bulk

(3.31)

(2) For two porous layers (i.e., the ‘substrate + CL’ case)
In this study, the CL has to be supported by a relatively strong porous substrate since
CLs are very thin and composed of unconsolidated particles. For CCS, the prepared
samples can be directly tested by the Loschmidt Cell; however, for CCM and decal
method, a substitute porous substrate has to be selected to replace the PEM or decal
substrate. This substitute substrate should be carefully chosen to avoid blocking of
pores of the substrate and maintaining the same structure of the original CCM or decal
method. The algorithm to determine the effective diffusion coefficient of the CLs is
shown in Fig. 18. The final equation to calculated Deff of the CL is given as follows
by resistance network theory.
𝐷eff,CL

𝑧
𝐷eq,total

𝑙CL
𝑧
𝐷eq,sub
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𝑙CL
𝐷bulk

(3.32)

Fig. 18. Resistance network due to diffusion in the chambers, catalyst layer samples,
and porous substrates.

3.3.2 Experimental Setup
A Loschmidt Cell consists of two chambers separated by a sliding gate as shown in
Fig. 19. The top chamber and bottom chamber with an interior length and diameter of
42.5 cm and 3.8 cm are used to hold Nitrogen and Oxygen gasses, respectively. The
N2 and O2 gasses can be separated or connected by the sliding gate made of a nonporous metal. Two mass flow controllers (Omega, Model FMA-5508) with a flow
capacity of 0-500 SCCM are used to control the flow rate of N2 and O2 during the
calibration and experimental processes. An oxygen sensor (Ocean Optics FOXYAL300) is used to measure the oxygen concentration in the oxygen-nitrogen binary
mixture. Its aluminum jacked optical fiber probe with a diameter of 300 μm is
installed in the top chamber as shown in Fig. 19. Detailed specifications of the major
experimental components can be found in Table 8.
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Temp. Sensor
Pressure Sensor
xp
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Sliding Gate
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Pressure Sensor
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4
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-L/2

Fig. 19. Schematic diagram of the Loschmidt cell: (1) O2 inlet, (2) N2 inlet, (3) O2
inlet, and (4) gas outlet.
Table 8. Specifications of major experimental components for the Loschmidt Cell
Equipment

Specification

Manufacturer

Working Gasses N2-O2
Chambers

----

Diameter: 3.8125 cm (11∕2 in)

----

Length: 42.5 cm (1647∕64 in)
Oxygen sensor

Accuracy: ± 0.02% O2 @ 1% O2
± 0.2% O2 @ 20% O2
Temperature range: 0 to 50°C (specified)
o

Bare Fiber Oxygen
Sensors- Pyro Science
Item No. OXB50-HS

Thermocouple

Accuracy: ±0.2 C

OMEGA

Pressure sensor

Accuracy: ±0.08 % FS

OMEGA, PX419-26BV

Range: 26 to 32 inHg (i.e.,
88kPa~108kPa)
Flow controller

Accuracy: ±1.5% FS, including linearity

Omega,

Model

FMA-

Repeatability: ±0.5% FS

5512

Temperature

Electrical Requirements:115V, 60Hz

Thermo Fisher Scientific

Controller

Temperature Range: -25° to +100°C
Flow Rate (Metric): 20 Lꞏmin-1

Electronic disk

Accuracy: ±0.004 mm
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The Fred V. Fowler

micrometer

Resolution: 0.001 mm

Company (IP54)

Note: FS denotes the full scale.

3.3.3 Experimental Procedures
The typical calibration and experimental processes are shown in Fig. 20, and can be
implemented by following eight steps as shown below:
1. Close Inlet 3, and open the sliding gate;
2. Inlet 1 and 2 is open and filled with O2 and N2 gasses respectively with a flow rate
of 500 SCCM for 15 mins while outlet 4 is opened to expel the originally existed
gas in the chambers (calibrate 50% O2 point);
3. Close Inlet 1, and fill the chambers with N2 gas through Inlet 2 for another 15 mins
(calibrate 0% O2 point);
4. Close the sliding gate, and open inlet 2 and inlet 3 to fill N2 and O2 gasses,
respectively;
5. Purge gas in both chambers for 15 mins;
6. All valves are closed;
7. To keep the pressure inside the diffusion cell at atmosphere pressure, both outlet
valve 1 and 4 are opened for 2 seconds and then closed (maintain the same pressure
for both chambers);
8. Sliding gate is set to be opened smoothly so that the diffusion starts, and the
temperature, pressure and O2 concentration changes are monitored and measured
with sensors and recorded by the computer automatically.
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(a) Calibration Process

(b) Purge & fill Process (c) Experimental Process

Fig. 20. Experimental procedures for the Loschmidt Cell.

3.3.4 Uncertainty Analysis
The uncertainty analysis for the measurement of the effective diffusion coefficient is
discussed in Appendix III. The uncertainty analysis indicates that for a wellcalibrated Loschmidt Cell, the uncertainty in the results is greatly affected by the
experimental time (or the oxygen concentration range used to calculate Deff), probe
location, and numbers of samples stacked. To minimize the relative uncertainty
(<10%), the probe location is set at 10 mm, four layers of samples are stacked for
each measurement, and the data points with a concentration of 5-30% (usually
experimental time within 1 min) are selected for the curve fitting.
It should be pointed out that for ultra-thin CLs (much less than 10 μm), the
current experimental setup should be carefully improved to reduce the measurement
uncertainty. Measures can be taken to further improve the experiment, such as
optimization of sensor location, numbers of sample stacking, and selection of oxygen
concentration and time range for data analysis.

3.4 Permeability of Catalyst Layers
3.4.1 Principle of Permeability Measurement
The gas permeability of the porous electrode is determined by using Darcy’s law. It
should be noted that Darcy’s law is valid only for a slow flow, while a modified
version of Darcy’s law (i.e., Forchheimer Equation) must be considered for highPage 55 of 171

velocity flows with high Reynolds numbers greater than 1-100 [5,105]. This is
because the inertial effect becomes significant [93,106]. However, the pore Reynolds
number for air in the PEM fuel cell electrodes is in the order of 10-4 [107], and it is
also true in the current experimental setup. The small pore Reynold number indicates
that the inertial effect is negligible and Darcy’s law is valid for this study.
The general form of Darcy’s law is,
𝐾
∇𝑝
𝜇

𝑢

(3.33)

where u is the superficial velocity in mꞏs-1, K is the permeability in m2, μ is the gas
viscosity in Paꞏs, and p is the pressure in Pa.
The superficial velocity is defined as follows:
𝑢

𝑄
𝐴

𝑚𝑅u 𝑇
𝐴𝑀𝑝

(3.34)

where Q is the volumetric flow rate in m3ꞏs-1, ṁ is the mass flow rate in kgꞏs-1, Ru is
the universal gas constant in Jꞏkmol-1ꞏK-1, T is the temperature in K, A is the crosssectional area of the samples in m2, and M is the molecular weight of the gas in in
kgꞏkmol-1.
By substituting Eq. (3.34) into Eq. (3.33) and then integrating Eq. (3.33) from
the inlet pressure, pin, in Pa to the outlet pressure, pout, in Pa across the thickness, δ, in
m of the test porous sample, Darcy’s law yields [20,107]:
𝐾

2𝜇𝛿𝑅𝑇𝑚
𝐴𝑀 𝑝in 𝑝out

(3.35)

The permeability tests are repeated five times under each condition, and the
standard deviation is typically within 1-2% for the GDLs with and without the CLs,
and still within 5% for the worst case when the CL permeability is determined.

3.4.2 Experimental Setup
Fig. 21 shows the experimental setup used to measure the permeability of the
electrode. The electrode samples are placed between two gas chambers. The interior
length and diameter of the two chambers are 42.5 cm and 3.8 cm, respectively. The
cross-sectional area of the tested samples is 11.3 cm2. The nitrogen and oxygen gases
with a purity level of 99.99% and the dried air are used as the test gas, respectively;
and they are supplied by gas tanks separately. These gases are introduced into the top
chamber through valve #1, forced to pass through the samples, and expelled to the
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ambient atmosphere through valve #2. Two pressure sensors and thermocouples are
installed in both chambers to measure the pressure and temperature of the gases,
respectively. The flow meter is employed at the inlet in order to control the mass flow
rates of the supplied gases.
In this study, the temperature at which the permeability is measured is
controlled by a water loop as shown in Fig. 21. A thermal bath (Thermo Fisher
Scientific) is used to maintain the desired temperature with an accuracy of 0.2 oC.
Thermocouples located in both chambers in order to ensure the temperature
uniformity throughout during the test periods. In order to simulate the PEM fuel cell
environment, the measurements are conducted over a range of temperatures (25, 37.5,
50, 62.5, and 75 oC).

Fig. 21. Experimental setup for the gas permeability measurement. Air, oxygen, and
nitrogen are used as the test gas, respectively, in the present study.

3.4.3 Experimental Procedures
A leak-check is performed before each experiment, and the experiment is conducted
under predetermined operating conditions. The measurement procedure for each
sample can be generalized into the following steps:
1. The temperature of both chambers is set to the desired value, e.g., 25 oC.
2. The inlet valve is open and the entire chambers are filled with the gas, e.g., air.
3. The filling process lasts for more than 3 minutes with a flow rate of 500 SCCM.
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4. After the flow is stabilized, the pressure and temperature of both the top and bottom
chambers are recorded.
5. Change the flow rate to 400, 300, 200, and 100 SCCM, and repeat step 4 for each
flow rate.
6. Change the gas species, e.g., oxygen and nitrogen, and repeat step 2-5.
7. Change the temperature to 37.5, 50, 62.5, and 75 oC respectively, and repeat step 16 for each temperature.
The experimental procedure is continued with either the uncatalyzed GDL or
the catalyzed GDLs (nine samples in total) being placed in the middle of the two
connected chambers. Since in the PEM fuel cells, the mass transport of air or oxygen
in the cathode is much slower than that of hydrogen in the anode, and cathode process
is far more important in affecting the PEM fuel cell performance, only the
permeability for air, oxygen, and nitrogen are measured in this study.

3.3.4 Uncertainty Analysis
The permeability, K, is a multiple-variable function. The uncertainty in a multivariable function K = func(x1, x2, … xN) due to uncertainties in variables x1, x2, …, xN
are evaluated by the root sum square product of the individual uncertainties computed
to the first-order accuracy as [107]:
𝜕𝐾
𝑈
𝜕𝑥

𝑈

(3.36)

where the partial derivative represents the sensitivity of K to the ith variable xi. xi
represents the temperature, pressure, thickness, cross-sectional area, viscosity, and
mass flow rate as indicated in Eq. (3.35). The uncertainties in independent variables
are obtained either from the manufacturer’s specifications for the instrument or from
the measurement taken in the laboratory. In order to ensure the repeatability, each test
is repeated three times on separate days.
It should be pointed out that for ultra-thin CLs (much thinner than 10 μm), the
permeability measurement should be carefully improved for the reduction of
measurement uncertainty. A high accuracy pressure sensor and a large-range flow rate
controller can be employed for the experiment improvement.
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3.5 Performance of Catalyst Layers
The performance of the CLs is tested by Fuel Cell Automated Test Station (FCATS,
G20) which is manufactured by Greenlight Innovation.

3.5.1 Experimental Setup
The overall performance of PEM fuel cells depends on CLs where the chemical
reaction occurs. The most common indicator of fuel cell performance is the currentvoltage (I-V) curve (or polarization curve) by plotting the cell potential (V) against
the current density (Aꞏcm-2).
(1) PEM Fuel Cell
A single PEM fuel cell with an active area of 45 cm2 is used to test the performance of
the CLs. The PEM fuel cell consists of a Nafion 211 membrane, two CLs, two
commercially available GDLs, two flow field plates with flow channels carved on one
side, two current collectors, and two aluminum endplates. Detailed information is
shown in Table 9.
Table 9. Summary of standard polymer electrolyte membrane (PEM) fuel cell stacks
Cell Components

Properties

Value

Membrane

Membrane type

NafionTM 211

Thickness

225 µm

Porosity

0.75

Current collector

Material

Copper

Distribution plate

Material

Graphite

GDL (anode and cathode)

(2) Fuel Cell Automated Test Station (FCATS, G20)
The fuel cell test station is manufactured by Greenlight Innovation and can be used to
control the fuel cell relative humidity, temperature, pressure and stoichiometry of the
reactant gasses on both anode and cathode sides. In this case, the above parameters
are constant to make sure the CLs are tested under the same conditions. The operating
parameters and conditions are controlled via software with the help of a computerbased control and data acquisition system.
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The commercially available G20 test station requires the supply of hydrogen
(fuel), air (oxidant), coolant water (temperature control), and nitrogen (used during
the machine start-up and shut-down to purge out any reactant gasses that might be
present inside the fuel cell). The reactant gasses are humidified by steam injection
using deionized (DI) water; furthermore, the humidity level of the reactants is
controlled by the adjusting the dew point temperature and inlet temperature.
Backpressure is controlled by are backpressure regulator. The mass flow controller is
connected to the computer system and located before the steam injection system.
Load box is integrated into the FCATS and is used to measure the voltage and current
response of fuel cell and to dissipate the power generated by the fuel cell.

3.5.2 Experimental Procedures
(1) Gas Leakage Testing
Gas leakage is the major safety hazard for the experiment and may deteriorate the cell
performance, further influencing the performance of the fuel cells. Principal sources
of the gas leakage include inappropriate component design, seal failure, membrane
degradation, electrode assembly failure, and insufficient pressure applied by the
clamping force. Nitrogen is used to test leaking from both sides of the fuel cells, and
the experiment is only safe for no warning signs.
(2) Cell Performance Testing
After the leaking test, the anode and cathode inlets connect the hydrogen and air
supplies, respectively. This machine controls the operating conditions including the
stoichiometric ratio, back pressure, temperature (cell and reactants) and relative
humidity. Then the current density varies from 0 to the maximum current density
(where cell voltage ~0 V), and the FCATS records the corresponding voltage. The
detailed experimental condition in the present study is shown in Table 10.
Table 10. PEM fuel cell test conditions in the present study
Parameters

Values

Operating temperature

75 oC
Anode: 4.45 SLPM
Cathode: 9.00 SLPM
Anode: 100%
Cathode: 100%

Gas flow rates
Humidified gases
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Outlet pressure

Anode: 35 kPag
Cathode: 35 kPag

3.6 Summary
The experimental methods employed in this thesis work consist of five major
components: fabrication of CLs, characterization of pore structure, measurements of
the effective diffusion coefficient, determination of permeability, and test of cell
performance. Specifically, the pore structures of the prepared electrodes and CLs are
investigated by the method of standard porosimetry (MSP) in terms of pore size
distribution (PSD), porosity, pore surface area distribution, specific surface area
(SSA), and mean pore size, and surface fractal dimension. The effective diffusion
coefficient, diffusion diffusibility, and diffusion resistivity are measured based on
Fick’s law of diffusion via a modified Loschmidt Cell. The gas permeability and
permeation resistivity of the porous materials are determined based on Darcy’s law
via a custom-engineered apparatus. The cell performance is tested using a
commercially available test station. The corresponding experimental principles,
apparatus, procedures, and uncertainty analysis are explained in details in this chapter.
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Chapter 4
Experimental Results
In this chapter, the major experimental results are presented in four aspects: pore
structure characterization, effective diffusion coefficient, permeability, and cell
performance. Some of the results presented in this chapter are based on the journal
articles [2,3,5–7].

4.1 Pore Structure Characterization
The pore structures of the catalyzed electrodes are investigated by the method of
standard porosimetry (MSP) in terms of pore size distribution (PSD), porosity, pore
surface area distribution, specific surface area (SSA), and mean pore size, and surface
fractal dimension.

4.1.1 Pore Size Distribution (PSD)
PSD is the relative amount of each pore size in a representative volume of porous
materials [155] and is usually represented by a probability density function indicating
the pore volume at a given pore size. Since the pore shapes in natural objects are
mostly irregular, the pore size is only meaningful when the equivalent pore shapes are
assumed, and in the present study, the equivalent cylindrical pores are considered. In
most of the porous media, the pore sizes are distributed over a wide range of values,
and this parameter quantitatively describes the uniformity and complexity of the pore
structure.
Fig. 22 (a) and (b) indicate the cumulative PSD of the electrodes containing
two different types of catalysts with the Pt/C ratios of 30% and 60%, respectively. As
can be seen, for the low Pt loading of 0.1 mgꞏcm-2, the volume of the pores larger than
1 μm is decreased slightly for both two types of catalysts in comparison with the
uncatalyzed GDL. This is likely due to the penetration of the small catalyst particles
and ionomers into the GDLs; therefore, some large pores are occupied by the catalyst
particles and ionomer, leading to a slight decrease in the volume of large pores.
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However, as the Pt loading is increased to 0.4 mgꞏcm-2, these two types of catalysts
behave differently. For 30% Pt/C, the large pores (>1 μm) continue to reduce since
the catalysts and ionomers trend to penetrate into and occupy more large pores; while
for 60% Pt/C, more large pores are introduced by the thicker CLs. In other words, the
pore volume and PSD of the electrodes can be changed by two means: reduced pore
volume due to the material (catalyst particle and ionomer) penetration into GDLs and
increased pore volume due to the presence of the deposited CLs. The combined effect
of these two factors should be further determined based on other parameters, e.g.,
porosity.
Fig. 22 (c) and (d) exhibit the differential PSD of the electrodes with two
different types of catalyst, 30% and 60% Pt/C, respectively. The radii of the pores can
be as large as 10 μm. It is seen that for the same type of catalyst, as the Pt loading is
increased, the volume of the pores smaller than 100 nm increases (see Fig. 22 (a) and
(b)). This increase is likely due to the presence of more catalyst particles in the CLs
with higher Pt loadings. For the constant Pt loading, the volume of pores smaller than
100 nm for 30% Pt/C (see Fig. 22 (a)) is much higher than that for 60% Pt/C (see Fig.
22 (b)). This implies that a lower Pt/C ratio requires more carbon particles in order to
maintain the same Pt loading, and a larger amount of carbon particles leads to a
significant increase in small pores, formed between the carbon particles with a
diameter ranging from 30 to 50 nm.

(a) Cumulative pore size distribution for 30% Pt/C.
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(b) Cumulative pore size distribution for 60% Pt/C.

(c) Differential pore size distribution for 30% Pt/C.
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(d) Differential pore size distribution for 60% Pt/C.
Fig. 22. Pore size distribution (PSD) of the porous electrodes with the Pt loadings and
catalyst types of (a) cumulative PSD for 30% Pt/C, (b) cumulative PSD for 60% Pt/C,
(c) differential PSD for 30% Pt/C, and (d) differential PSD for 60% Pt/C (Vpore is pore
volume, Vbulk is bulk volume, and r is the pore radius).

4.1.2 Porosity
Porosity is a measure of the volumetric fraction of the pores in a porous medium. A
larger porosity indicates that there are more void regions in the porous media which
can be used for transporting oxygen, hydrogen, and water in PEM fuel cells, yielding
a smaller mass transport resistance, hence a better cell performance. Therefore, to
accurately measure the porosity is of great significance for the performance of the
electrodes as well as the PEM fuel cells.
Fig. 23 (a) and (b) present the relationships between the pore volume, bulk
volume, and porosity for the electrodes with the two types of catalysts (30% and 60%
Pt/C) studied, respectively. It can be observed that for a given type of Pt/C catalyst,
the bulk volume presents a linear increase with the Pt loading since the amount of CL
ingredients (Pt/C and ionomer) increases proportionally. This is because, for a given
type of Pt/C catalyst, an increase in the Pt loading increases the thickness of the
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electrode, as the cross-sectional area of the sample is fixed. For example, the electrode
thickness increases from 221.6±2.1 μm (for the GDL investigated in the present study)
to 243.0±2.1 μm for 30% Pt/C and to 231.0±2.1 μm for 60% Pt/C, respectively [5].
However, the pore volume of these electrodes does not change too much. As the
porosity is defined as the ratio of pore volume to bulk volume, the porosity of the
electrode for a higher Pt loading is decreased significantly. Similarly, for the same Pt
loading, a higher Pt/C ratio requires fewer amounts of carbon and ionomer, thus
resulting in a thinner electrode with a smaller bulk volume. Therefore, a Pt/C ratio of
30% results in a thicker and less porous electrode as compared to that of 60% Pt/C.

(a) Pore volume and bulk volume.

(b) Porosity.
Fig. 23. Pore volume and porosity of the electrodes with various Pt loadings and two
types of catalysts of 30% and 60% Pt/C.
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4.1.3 Pore Surface Area Distribution
Pore surface area distribution, similar to the PSD, is defined in this section as the
probability density function of the amount of surface area at a given pore size. This
parameter quantifies the surface area in either large or small pores and can be an
indicator of the quantity of electrochemical reaction sites.
Fig. 24 (a) and (b) indicate the cumulative surface area distribution of the
pores from the maximum to minimum size for five types of prepared electrodes. The
cumulative surface area shown represents the total pore surface area integrated from
the maximum pore sizes to the given pore size, normalized by the total bulk volume
of the sample involved. As can be seen, the surface area is greatly contributed by the
small pores, e.g., 95.0%-96.5% for the pores with a radius smaller than 100 nm. In
addition, for 60% Pt/C, 0.1 mgꞏcm-2 Pt loading leads to a 1.2% increase in the specific
surface area, while 0.4 mgꞏcm-2 Pt loading causes a 24.0% increase. The rises of the
pore surface area are contributed by the presence of small Pt/C particles, resulting in
more chemical reaction sites. Further, for a smaller Pt/C ratio, more surface area can
be observed with a constant Pt loading. The increase in surface area is due to the
larger amount of carbon particles utilized. Meanwhile, only the pores larger than 3.2
nm is considered in order to study the pore surface area. This is because the pores
with a range from 0 to 3.2 nm have negligible volumes as shown in Fig. 23 (a) and (b),
while the relative uncertainty in pore volume within this range can be as large as
100%. Therefore, the surface area calculated from the pores with a size range from 0
to 3.2 nm is unreliable, which is excluded from the pore surface area analysis in this
study.
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(a) Cumulative surface area distribution for 30% Pt/C.

(b) Cumulative surface area distribution for 60% Pt/C.
Fig. 24. Cumulative surface area distribution of the porous electrodes with various Pt
loadings and different types of catalysts: (a) 30% Pt/C and (b) 60% Pt/C.

4.1.4 Specific Surface Area (SSA)
The specific surface area is often defined as the total surface area of a porous medium
per unit of bulk volume or mass. It has a particular importance for reaction rate,
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permeability, and other physical properties. Fig. 25 represents the volume-based
specific surface area for the uncatalyzed and catalyzed electrodes considering the
pores larger than 3.2 nm. As can be seen, as more catalysts are deposited on top of
GDLs, the specific surface area increases significantly. For example, for 30% Pt/C,
even though the thickness of the 0.4 mg cm-2 is increased by only 7.5% in comparison
with that of the 0.1 mg cm-2, the specific surface area is increased by 35.2%. Similarly
to the 60% Pt/C, the thickness increase is only 2.9%, while the SSA increase can be
19.4%. The increase in the surface area is contributed to by the small pores formed
due to the presence of the catalyst particles.

Fig. 25. Specific surface area of the porous electrodes with various Pt loadings and
different types of catalysts.

4.1.5 Mean Pore Size
The mean pore size is defined as four times of the pore volume to the corresponding
pore surface area. It represents the characteristic size of the pathways in the porous
media, and a smaller mean pore size indicates that it is more difficult for reactant
gases or liquid water to pass the media.
Fig. 26 presents the mean pore size of the electrodes with various Pt loadings
and different types of catalysts. For the same type of catalysts, as the Pt loading is
increased to 0.4 mgꞏcm-2, more Pt/C particles and ionomers are deposited on the
GDLs. Because the CL is becoming thicker, the mean pore size decreases accordingly.
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The mean pore size is equal to four times the ratio of pore volume to the pore surface
area. A slight decrease in pore volume and a significant increase in pore surface area
lead to the decrease in the mean pore size. In addition, for the constant Pt loading,
reducing the Pt/C ratio leads to a significant drop in mean pore size. This is expected
because a small Pt/C ratio results in more small pores in the electrode as discussed in
previous sections.

Fig. 26. Mean pore size of the porous electrodes with various Pt loadings and
different types of catalysts.

4.1.6 Surface Fractal Dimension
Surface fractal dimension is a measure of the complexity of the porous structure.
Normally, the Euclidean or topological dimension of a surface equals 2; however, the
fractal dimension of the porous media, FD, as defined in Eq. (3.14), can take a noninteger dimension between 2 and 3, and its value rises with the surface complexity or
roughness [156,157]. When the fractal surface area is determined at different scale
levels using various methods (e.g., gas adsorption [75], liquid extrusion [158], MSP
[67–69], etc.), the fractal dimension can be calculated by fitting the data of the surface
areas at different scale levels to Eq. (3.14). The value of k is a measure of the shape of
the solid elements, which is formed during the fabrication or formation of the porous
materials, while FD is the fractal dimension which is a quantitative measure of the
solid element distribution in space.

Page 70 of 171

Table 11 presents the fractal dimension and the corresponding constant (or
shape factor of the solid element) calculated through curve fitting. The pore surface
area is a function of the fractal dimension, FD, and the constant, kFD. Using the least
square curve fitting method as implemented in MATLAB’s lsqcurvefit function [106],
the experimental data on the surface area distribution are fitted to Eq. (3.14), and the
values of the fractal dimension, FD, and the constant, kFD are obtained for the best fit.
As can be seen, the surface fractal dimensions of the uncatalyzed and catalyzed
electrodes are within the range of 2.7-2.9. As the Pt loading is increased, the fractal
dimension and shape factor increase. This indicates that the surface properties and
pore structure of the porous media become more complicated due to the addition of
more Pt, carbon, and ionomer. Similarly, when the catalyst is changed to 60% Pt/C,
the fractal dimension, FD, and the shape constant, kFD, are smaller in comparison with
30% Pt/C. This is because less carbon and ionomer are sprayed on the GDL when the
Pt loading is constant and less carbon and ionomer means that the pore structure is
less affected than that of 30% Pt/C. Therefore, the fractal dimension is a good
indicator of the complexity of the pore structure of the electrodes.
Table 11. Fractal dimension of the uncatalyzed and catalyzed electrodes.
GDL

GDL+CL (30% Pt/C)

GDL+CL (60% Pt/C)

0

0.1

0.4

0.1

0.4

FD

2.709

2.716

2.877

2.715

2.818

kFD [×106]

0.95

1.1

1.9

1.0

1.5

0.9890

0.9724

0.9967

0.9750

0.9889

Pt Loading [mg cm-2]

R2 (coefficient of
correlation)

In order to further explore the fractal dimension theory, a BET surface area is
measured for the electrode with 30% Pt/C and the Pt loading of 0.4 mgꞏcm-2. The
BET test is conducted by a Quantachrome Autosorb ASIQ-MP instrument, using
nitrogen as the probing gas. The test sample is prepared in a square shape with a
cross-sectional area of 0.85 cm2. The sample is outgassed at 343K for 24h to remove
any remaining moisture. The surface area is obtained through the analysis of the
nitrogen adsorption at the temperature of 77K, in which the amount of nitrogen
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adsorption onto the pore surface is correlated to the total geometric surface area. The
BET method to derive the pore surface area from physisorption isotherm is based on
the following BET equation [63].
1

𝑝
𝑛 𝑝

𝑛 𝐶

𝑝

𝐶 1𝑝
𝑛 𝐶 𝑝

(4.1)

where n is the amount of adsorbed nitrogen in mole at the relative pressure p/po, nm is
the monolayer capacity, and C is the constant determined by isotherm shape.
According to Eq. (4.1), a linear correlation is established if p/n(po-p) is plotted against
p/po. The slope, (C-1)/nmC, and the intercept value, 1/nmC, are determined from the
linear plot so that the monolayer capacity nm is derived. The BET surface area,
A(BET), can be determined using the following equation:
𝐴 BET

𝑛m 𝑁A 𝐴N2

(4.2)

where NA is the Avogadro constant, and AN2 is the cross-sectional area of a nitrogen
molecule at 77K (0.162 nm2). A detailed explanation of the BET method can be found
in [63,77,159].
Fig. 27 (a) presents the PSD obtained from the BET method. The pore volume
is divided by the cross-sectional area in order to provide a better comparison with the
MSP data. As can be seen, the maximum pore size determined by the BET method is
251 nm (i.e., log(r)=2.4), which is inconsistent with the MSP method. The obvious
difference between the BET and MSP methods indicate that the BET method is not
suitable for the electrode material tested in this study, as the electrode has a wide range
of pore size from 0 to 10 μm. Fig. 27 (c) compares the pore surface areas obtained via
the MSP and BET methods. The pore surface area obtained from the MSP is calculated
based on the specific PSD (marked as a black line in Fig. 27 (a).) with the assumption
that all the pores are constant and have a cylindrical shape.
The BET surface area is calculated using Eqs. (4.1) and (4.2) by analyzing the
nitrogen gas adsorption isotherm as shown in Fig. 27 (b). The surface area distribution
(red line) indicates that if the minimum pore size is becoming smaller, the measured
pore surface area will increase exponentially. The equivalent half size of the nitrogen
molecule can be as small as 0.201 nm at the temperature of 77K, under which the BET
method is conducted. Based on the fractal dimension theory, the calculated surface
area of the pores larger than 0.201 nm will be 102,000 cm2 per unit of cross-sectional
area. The actual measured surface area based on the physical adsorption of nitrogen is
around 83,000 cm2, which is in the same order of the predicted value. The measured
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value is about 17% smaller than the calculated value – this finding implies that the
nitrogen molecules may not be able to access all the pores with a size of 0.201 nm. In
addition, the BET method is not suitable for large pores, which could be another
reason why the total surface area obtained by the BET method is relatively lower than
the expected value. This interesting finding signifies the interrelation between these
two independent techniques used for the characterization of porous media, and the
theory of fractal dimension can be considered to be a bridge between these two
methods.
The experimental results and fractal dimension also suggest that the actual
geometric surface area of the pores for the whole size range is actually unmeasurable.
The surface area is only meaningful when the minimum “scale” size is given.
However, the fractal dimension theory provides a new and practical pathway to
determine the surface area if the minimum pore size of interest is given.

(a) Comparison of pore size distribution
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(b) Nitrogen gas adsorption isotherm

(c) Comparison of pore surface areas
Fig. 27. Characterization of the pore structure of the catalyzed electrode using the
Brunauer-Emmett-Teller (BET) method: (a) Comparison of pore size distribution
(PSD), (b) nitrogen gas adsorption isotherm, and (c) comparison of pore surface areas.
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4.1.7 Comparison of Pore Structure between CCM and CCS
Methods
In order to comprehensively compare the CCM and CCS methods, the electrode
samples prepared by 60% Pt/C catalysts with the Pt loading of 0.1, 0.2, 0.3, and 0.4
mgꞏcm-2 are compared in this section.
SEM is employed to demonstrate the impact of material penetration on the
morphology and structure of the prepared CCS electrodes. It should be pointed out
that the SEM imaging is only applied to the CCS electrodes since the effect of
material penetration is relatively small for CCM methods as the catalyst is deposited
on the membrane rather than highly porous GDLs. In addition, only the typical lowand high-Pt-loading electrodes (i.e., 0.1 and 0.4 mgꞏcm-2) are selected and compared
to the uncatalyzed GDL substrate by the SEM techniques.
Fig. 28 shows the morphology and structure of the surface and cross-section
of the reference GDL and electrodes. As can be seen, at the 100x magnification, there
exist many noticeably large pores (20-50 μm) on the MPL surface, and the carbon
fibers are completely underneath the MPL. After a small amount of catalyst ink is
deposited (0.1 mgꞏcm-2), the main macro-porous structure seems to remain almost the
same – the pre-existing large pores are still clearly visible; however, the MPL
morphology is altered and the fibers near the top surface can be clearly identified.
However, as the catalyst loading is increased (from 0.1 to 0.4 mgꞏcm-2), most of the
large surface pores disappear, and the carbon fibers are no longer visible from the face
view. Instead, some macro-scale cracks are observed to form throughout the CL
surface during the drying process. With the identical composition of the catalyst ink,
the catalyst loading (hence the CL thickness) has a significant impact on the
morphology and structure of the low- and high-Pt-loading electrodes. It is also clear
that as the catalyst loading is increased, the CL structure becomes comparatively
denser, and this observation is reasonable as more CL materials including Pt, carbon
carriers, and ionomer are deposited, resulting in a thicker CL architecture (see the
images at 2,000x magnifications in Fig. 28). At 20,000x magnifications, it is clearly
observed that the particle/agglomeration size of the CLs is much smaller than that of
the MPLs, meaning that during the deposition process, some catalyst particles and
ionomers will inevitably fall into the pores and cracks of the MPLs. This material
penetration is likely to cause changes in the pore structures of the GDLs and CLs. It
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should be noted that it is extremely difficult to distinguish the material penetration
into GDL by only using cross-sectional SEM images, which necessitates the
comparison the CCM and CCS electrodes through quantitative ex-situ and in-situ
characterizations, such as thickness, porosity, surface area, diffusion resistivity,
permeation resistivity, and cell performance.

Low-Pt-Loading Electrode
0.1 mgꞏcm-2

High-Pt-Loading Electrode
0.4 mgꞏcm-2

MPL Surface

CL Surface

CL Surface

MPL Surface

CL Surface

CL Surface

GDL Cross Section

MPL Cross Section

MPL Cross Section

MPL Surface

CL Surface

CL Surface

20,000x

2,000x

100x

Uncatalyzed GDL
0.0 mgꞏcm-2

Fig. 28. Scanning electron micrographs of the CCS electrodes with low and high Pt
loadings at various magnifications: Row 1 and 3 are the face view, and Row 2 is the
cross-sectional view.

The structural parameters such as pore size, porosity, and pore surface area are
of great significance because they have a significant impact on the mass transfer
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resistance and reaction rate. In the present study, the MSP is utilized to directly
measure the porous characteristics of GDLs, CCM CLs, and CCS electrodes. It should
be noted that the pore structure of the CLs in CCS electrodes cannot be measured
directly due to the penetration of material into GDLs during the fabrication process. In
addition, the pore structure of the CCM electrodes can be determined indirectly from
the pore structure of GDLs and CCM CLs using Eq. (4.3).

Fig. 29. Pore volume per unit of face view area of the electrodes prepared by the
CCM and CCS methods with various Pt loadings from 0.1 to 0.4 mgꞏcm-2.
Fig. 29 exhibits the PSD of the CCM and CCS electrodes with various Pt
loadings between 0.1 and 0.4 mgꞏcm-2. The experimental results clearly demonstrate
that the pore structure of the electrodes is significantly affected by the different
catalyst deposition processes. For CCM electrodes, the volume of the large pores with
the radius larger than 10 μm is found to increase with the catalyst loading. A higher Pt
loading means more materials exist in the prepared CL, resulting in a thicker structure
as shown in the SEM images (see Fig. 28). In CCM electrodes, the impact of material
penetration may be negligible as the catalyst ink is unable to penetrate into
membranes; therefore, the increased pore volume can be largely ascribed to the pore
structure of the CLs. For CCS electrodes, the volume of the large pores with the
radius larger than 10 μm decreases as Pt loading is increased. This is likely due to the
particle penetration effect – when a certain amount of catalyst ink is deposited on top
of the GDL, the ink penetrates into the GDL pore region, which means the catalyst
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particles and ionomer will block large pores, causing a drop in the volume of the large
pores. In this scenario, the decline in the volume of the large pores (>1 μm) resulted
from material penetration can be as large as 24% at the Pt loading of 0.4 mgꞏcm-2.
Similarly, both catalyst deposition methods generate more small pores in
comparison to the reference GDL, but the mechanisms are slightly different. For the
CCM electrode, the increase in the small pores (< 10 nm) is mainly due to the
addition of the CLs since the material penetration during the deposition process is
negligible. For the CCS electrode, the volume of the small pores (< 10 nm) is 6-20%
larger than that of the CCM electrode, depending on the Pt loadings applied. This
volume increase is not only caused by the existence of the CL but also contributed to
by the penetration of the catalyst ink into the GDL pores, due to which the large pores
in GDLs become smaller pores.

Fig. 30. Porosity of the electrodes prepared by the CCM and CCS methods with
various Pt loadings from 0.1 to 0.4 mgꞏcm-2.

Fig. 30 demonstrates the porosity of the CCM and CCS electrodes with
various Pt loadings from 0.1 to 0.4 mgꞏcm-2. The porosity of the GDLs, CCS
electrodes, and CCM CLs is directly measured through the MSP, while the effective
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porosity of the CCM electrodes is calculated from the combination of the GDLs and
CCM CLs using Eq. (4.3).
𝜀eff

𝑉p,GDL
𝑉b,GDL

𝑉p,CCM
𝑉b,CCM

𝑉p,membrane
𝑉b,membrane

(4.3)

where Vp is the pore volume, and Vb is the bulk volume of the corresponding
components. It should be noted that the pore volume of the membrane is negligible in
comparison with that of the CLs and GDLs. The neglected pore volume in membranes
is carefully validated by immersing the membranes in octane under a vacuum
condition for two hours, during which no observable changes in thickness and weight
can be found.
It is found that the electrode porosity for both electrodes is slightly smaller
than that of GDL substrates due to the deposition of the CLs, such that the porosity of
the CLs is almost half of the GDLs demonstrating a much denser structure of CLs,
consistent with the SEM images in Fig. 28. As the Pt loading is increased from 0.1 to
0.4 mgꞏcm-2, the porosity of the entire electrodes is observed to become smaller
gradually from 0.72 to 0.65 for the CCM and from 0.72 to 0.69 for the CCS electrodes
since the pore structure becomes denser due to the deposition of the CLs. Further,
with identical Pt loadings, the CCM electrode’s porosity is found to be smaller than
that of its CCS counterpart because CL thickness plays a predominant role in the
entire electrode structure. The porosimetry results indicate that the material
penetration into the GDL pores leads to a significant decrease in the pore volume
while reducing the overall thickness and bulk volume. The combined effect of these
two factors made the CCS electrode less porous than the reference GDL substrate, but
more porous than the CCM electrode. This finding shows a good agreement with
Reshetenko et al. [153]’s results.
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Fig. 31. Specific surface area of the electrodes prepared by CCM and CCS methods
with various Pt loadings from 0.1 to 0.4 mgꞏcm-2.

Fig. 31 represents the specific surface areas of the CCM and CCS electrodes
with the catalyst loadings between 0.1 and 0.4 mgꞏcm-2. The surface area of the GDLs,
CCS electrodes, and CCM CLs is calculated based on the measured PSD following a
procedure that is similar to [6]. The surface area of CCM electrode is a combination
of those of the GDLs and CCM CLs, while the surface area of CCS CLs is calculated
by simply subtracting the surface area of GDLs from those of CCS electrodes for the
purpose of comparison. It is found that all the electrodes have more surface area than
GDLs, and as the Pt loading is increased, the specific surface area of the electrodes
increases significantly. Moreover, the CCM electrodes possess larger surface areas
than their CCS counterparts. By neglecting the penetration effect in CCM electrodes,
the increase of surface area can be attributed to the addition of relatively thicker CLs
in comparison with the CCS electrodes – this is reasonable, particularly considering
the thickness differences between the CLs deposited onto membranes (8.6-34 μm) and
GDLs (3.6-10 μm). Since the geometric surface is an indicator of the availability of
the electrochemically active surface, the CCM electrodes are likely to provide
superior electrochemical performance during cell operation.
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4.2 Effective Diffusion Coefficient
The effective diffusion coefficients of the catalyzed electrodes and CLs made of 60%
Pt/C catalysts with the Pt loading of 0.1, 0.2, 0.3, and 0.4 mgꞏcm-2 are investigated in
this section. In order to ensure the accuracy of the Loschmidt cell, the bulk diffusion
coefficient is firstly measured under various temperatures from 25-60 oC, and the
results are compared with the classic Marrero and Mason’s formula. The effective
diffusion coefficients of the electrodes and CLs are measured under the temperature
of the typical cell operation (i.e., 25 and 75 oC), and their relationship with the
porosity and pore size distribution are determined. Finally, the effect of the CCM and
CCS fabrication methods on the effective diffusion resistivity, which considers both
thickness and effective diffusion coefficient, are discussed.

4.2.1 Validation of Loschmidt Cell
Table 12 compares the measured bulk diffusion coefficient of oxygen-nitrogen gases
at different temperatures against the theoretical bulk diffusion coefficient obtained by
Marrero and Mason’s formula (i.e., Eq. (4.4)). It can be seen that the relative errors
between the measured and theoretical values can be as small as 3.6%. According to
Marrero and Mason [90,160], the bulk diffusion coefficients for the O2-N2 gas pair
have sufficient accuracy (up to 3% error) using the following formula, This suggests
that the experimental results are at an acceptable level of accuracy.
𝐷bulk

1.13

10

𝑇

.

(4.4)

𝑝

where Dbulk is bulk diffusion coefficient in m2ꞏs-1, T is the gas temperature in K, and p
is the pressure in atm.
Table 12. Bulk diffusion coefficients of oxygen in nitrogen for different temperatures
Measured diffusion

Marrero and Mason’s

coefficient

formula [90]

(10-5 m2ꞏs-1)

(10-5 m2ꞏs-1)

20

2.13±0.06

2.10

1.4

25

2.17±0.06

2.14

1.4

30

2.20±0.07

2.16

1.9

35

2.26±0.07

2.21

2.2

Temperature
o

( C)
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Relative Error
(%)

45

2.38±0.08

2.31

3.0

50

2.44±0.08

2.36

3.4

55

2.51±0.09

2.42

3.5

60

2.62±0.13

2.53

3.6

The bulk diffusion coefficient shown in Table 12 is measured at the beginning
of each measurement to make sure the experimental apparatus is functioning well.
Additionally, to ensure the accuracy and repeatability of the measurements, three sets
of measurements of diffusion coefficients for each parameter (e.g., temperature, Pt
loading, and Ionomer ratio) are conducted. One set is carried out for the bulk region to
make sure the machine is running well, one for the substrate, and another one for the
combination of substrates and CLs. Each set consists of 3 measurements to ensure the
repeatability.

4.2.2 Effective Diffusion Coefficient Measurement
Fig. 32 (a) exhibits the effective diffusion coefficient of the electrodes with a range of
Pt loadings from 0.0 to 0.4 mg∙cm-2 at the temperature of 25 and 75 oC, respectively.
As discussed earlier, a higher Pt loading can lead to a thicker CL, lower porosity, and
smaller mean pore size. Thus, the effective diffusion coefficient of the electrode with
a higher Pt loading becomes smaller as shown in Fig. 32 (a). The corresponding
diffusion resistivity equals the thickness divided by the effective diffusion coefficient.
Due to the thicker electrode and its associated lower diffusion coefficient, the
diffusion resistivity of the higher-Pt-loading electrode becomes larger as indicated in
Fig. 32 (b). It should be noted that a higher operating temperature will promote the
diffusion of oxygen through the porous electrode, resulting in a lower mass transport
resistance.
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(a) Effective diffusion coefficient.

(b) Diffusion resistivity.
Fig. 32. Diffusion properties of the porous electrodes with different Pt loadings of 0.0,
0.1, 0.2, 0.3, and 0.4 mgꞏcm-2 at the temperature of 25 and 75 oC: (a) Effective
diffusion coefficient and (b) diffusion resistivity.

In order to determine the effective diffusion coefficients of the CLs alone, the
catalyzed and uncatalyzed GDLs are measured separately. From the effective
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diffusion coefficients of the catalyzed and uncatalyzed GDLs shown in Fig. 32, the
effective diffusion coefficients of the CLs can be calculated based on the resistance
network theory [106] as follows:
eff
𝐷CL

𝛿GDL_CL

𝛿GDL

𝛿GDL_CL
𝐷GDL_CL

𝛿GDL
𝐷GDL

(4.5)

where δ is the thickness of the corresponding component. The results determined are
given in Table 13. The repeatability is within 8.3% for all cases. It is seen that the
effective diffusion coefficients of the CLs are about one order of magnitude smaller
than that of the uncatalyzed GDL measured in this study, and this observation is also
consistent with the previous results as shown in Shen et al.’s work using Al2O3 as the
substrate [91]. The average effective diffusion coefficients of the CLs are (4.2±0.9) ×
10-7 and (4.6±0.5) × 10-7 m2ꞏs-1at 25 and 75 oC, respectively. The current experimental
data are slightly larger than those in Shen et al.’s work due to the different materials,
composition, and fabrication methods employed, and the substrate selection might
also contribute to the difference. It should be noted that this study utilizes a
commercial GDL as the substrate, which means the results are more related to the
practical PEM fuel cell operating conditions. It might be mentioned that the present
study uses 60% Pt/C catalyst. If lower Pt/C catalyst is used, and for the same Pt
loading for the electrode, more carbon and ionomer content will be present, resulting
into a thicker CL [11], and also since the CL has smaller pore sizes and porosity than
the uncatalyzed electrode [11], the entire catalyzed electrode will have lower porosity
and lower effective diffusion coefficient as a result, which is undesirable for the mass
transport. On the other hand, the effective catalyst surface area is increased for lower
Pt/C catalyst with the same Pt loading. Therefore, the final cell performance will be a
balance between the reduced mass transport and increased reactive surface area [11].
Table 13. Effective diffusion coefficient of the catalyst layers.
-2

Pt loading [mgꞏcm ]
25 oC
o

75 C

Effective diffusion coefficient of catalyst layers [10-7 m2ꞏs-1]
0.1

0.2

0.3

0.4

4.9±0.3

4.6±0.1

4.4±0.3

2.8±0.1

5.1±0.4

4.8±0.4

4.5±0.1

3.9±0.1

Note: the effective diffusion coefficients of the uncatalyzed GDL measured in this
study is 20.8 × 10-7 and 25.0 × 10-7 m2ꞏs-1 at 25 and 75 oC, respectively.
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4.2.3 Relation between Pore Structure and Effective Diffusion
Coefficient
Fig. 33 (a) and (b) illustrate the effect of porosity and mean pore size on the effective
diffusion coefficients, respectively. Experimental results indicate that the effective
diffusion coefficient is directly related to the porosity. Higher porosity has a positive
impact on enhancing the effective diffusion coefficient. This trend is found to be in
good agreement with the empirical correlation models shown in Table 3. Results
suggest that mean pore size can also have a significant effect on the effective
diffusion coefficients as shown in Fig. 33 (b). The effective diffusion coefficients of
the catalyzed electrodes present a clear increasing trend with the mean pore size.
When the pore size is small, the gas molecules collide more frequently with the pore
surface, resulting in a larger diffusion resistance (a.k.a. the Knudsen effect). The
Knudsen diffusion coefficient, which is proportional to the pore diameter [91,161],
indicates that the sample with a large mean pore size has a higher capability for
diffusion. The Knudsen diffusion becomes significant when the pore size is less than
one micrometer. As discussed earlier, the electrode with higher Pt loadings possesses
a higher pore surface area and smaller mean pore size, thus leading to a lower
effective diffusion coefficient.

(a) Effective diffusion coefficient vs. Porosity.
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(b) Effective diffusion coefficient vs. Mean pore size.
Fig. 33. Relation between the diffusion coefficient of the porous electrodes and the
pore structure in terms of (a) porosity and (b) mean pore size.

Fig. 34 represents the comparison of the experimental data with the different
models as a function of porosity. The description of these models is given in Table 3.
It can be observed that the experimental data are much smaller than the predicted
values. Among these models, Zamel et al.’s model is the closest to predict the
effective diffusion coefficient of the porous electrode in PEM fuel cells. However,
this model still over-estimates the effective diffusion coefficient of the electrode by
almost 53% as shown in Fig. 34. This over-prediction is likely due to the presence of
the CL and a microporous layer which results in a smaller mean pore size of the
catalyzed electrode. The gas species experience higher diffusion resistances in smaller
pores, and thus the effective diffusion coefficient is lower for the porous media with
smaller pore sizes. This indicates that the Knudsen effect has to be considered for CLs
and catalyzed electrodes. It should be noted that Das et al.’ model is not included
since the porosity of the CL only is required. This parameter cannot be measured in
this study because the CLs are too thin and too delicate to be separated from the
GDLs.
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Fig. 34. Comparison of the experimental data with the empirical models.

4.2.4 Comparison of Diffusion Resistivity between CCM and CCS
Methods
Diffusion resistivity, defined as the ratio of thickness to the diffusion coefficient, is a
critical parameter that quantifies the easiness of oxygen, for example, to diffuse from
the bulk channel to the reaction sites in CLs through the electrodes [3]. Physically, a
thicker porous medium with a lower effective diffusion coefficient results in a higher
diffusion resistance, which makes it more difficult to transport oxygen at the cathode
electrode. The effective diffusion coefficient of the GDLs and CCS electrodes is
measured directly using a modified Loschmidt Cell, during which the diffusion
resistivity of the CLs is determined (see [3] for more details). The effective diffusion
resistivity, Rd, which is defined as the diffusion distance over diffusion coefficient, is
used to evaluate the easiness of the porous media to transport gasses by diffusion.
𝑅d

𝑙
𝐷eff

(4.6)

where l is the diffusion distance, and Deff is the effective diffusivity of the porous
media. As the diffusion of oxygen in the cathode is much slower than that of
hydrogen in the anode [3], only O2-N2 gas pair is studied for the diffusion resistivity
of the electrodes. The determination of Deff is available in detail elsewhere [3].
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Fig. 35 presents the diffusion resistivity of the electrodes prepared by CCM
and CCS methods with various Pt loadings from 0.1 to 0.4 mgꞏcm-2. The results
indicate that both the CCM and CCS electrodes have much higher diffusion resistivity
than the GDLs. This is contributed to by the presence of CLs. Moreover, a thicker CL
on the same GDL yields a larger diffusion resistance, thus the diffusion resistance of
the CCM electrodes is much larger than that of CCS electrodes as the CLs in CCM
electrodes are much thicker than those in CCS electrodes, which is discussed earlier.
This finding also demonstrates that the CL plays a predominant role in gas diffusion
throughout the entire electrode, which cannot be neglected in the studies of mass
transport in PEM fuel cells even though the CL is very thin.

Fig. 35. Diffusion resistivity of the electrodes prepared by CCM and CCS methods
with various Pt loadings from 0.1 to 0.4 mgꞏcm-2.

4.3 Permeability
In order to investigate the effect of the CLs on the permeability of the porous
electrode, nine groups of samples, including GDLs and catalyzed electrodes made of
30% and 60% Pt/C catalysts with the Pt loadings of 0.1, 0.2, 0.3, and 0.4 mgꞏcm-2, are
tested. Table 14 summarizes the detailed information of the prepared electrodes and
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is provided in this section for a better comparison. As can be seen, the thickness of the
electrode increases almost linearly with the Pt loading for a given type of Pt/C catalyst,
because more materials (Pt/C and ionomer) are deposited on the substrate surface for
higher Pt loadings. Similarly, for the same Pt loading, a higher Pt/C ratio means less
carbon and ionomer are utilized, resulting in a thinner electrode. On the other hand,
the porosity for the entire electrodes tested reduces with an increase in the thickness
of the entire electrodes.
Table 14. Thickness and porosity of the prepared electrodes.
Pt loading

GDL

GDL+CL (30% Pt/C)

[mgꞏcm-2]

0.0

0.1

0.2

0.3

0.4

221.6

226.0

233.1

239.0

±2.1

±2.1

±2.1

74.7

71.4

±1.0

±1.0

Thickness [μm]
Porosity [%]

GDL+CL (60% Pt/C)
0.1

0.2

0.3

0.4

243.0 224.6

226.4

229.2

231.0

±2.1

±2.1

±2.1

±2.1

±2.1

±2.1

67.9

66.1

65.3

72.0

71.0

69.1

68.8

±1.0

±0.9

±0.9

±1.0

±1.0

±1.0

±1.0

Note: The thickness is measured using a micrometer, and the porosity is measured by
the standard porosimetry using Octane. The GDL consists of a carbon paper and a
micro-porous layer (MPL), and the catalyst layer is coated on top of the MPL.
The experimental results are presented below in three subsections: the effect
of the Pt loading and Pt/C ratio, temperature, as well as gas species.

4.3.1 Effect of Pt loading and Pt/C ratio
The air permeability of the PEM fuel cell electrode with various Pt loadings of 0.1,
0.2, 0.3 and 0.4 mgꞏcm-2 as well as two different Pt/C ratios of 30% and 60% are
investigated at the controlled temperature of 25 oC in this section. Fig. 36 (a) and (b)
present the relationships between the superficial velocities of air and their associated
pressure gradients in the electrodes containing a CL made of 30% and 60% Pt/C
catalyst, respectively. The air velocity in the electrode under a certain pressure
gradient is governed by the porous structure, which explains the different slopes of the
experimental data for different Pt loadings and Pt/C ratios as shown in Fig. 36. It can
be observed that the gas velocity increases almost linearly with the pressure gradient
following Darcy’s law. For the same type of catalyst, it is found that a higher pressure
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gradient is required to maintain the equivalent gas velocity for the higher Pt loading.
This implies that a thicker CL resulting from a higher Pt loading can lead to a higher
mass transport resistance. Table 14 clearly indicates that a higher Pt/C ratio results in
a thinner CL under the constant Pt loading, hence a smaller resistance to mass
transport. This suggests that the flow rate of gases in the electrode of 60% Pt/C is
larger than that of 30% Pt/C at the fixed pressure gradient. Error bars in Fig. 36
correspond to the uncertainty in the calculated superficial velocity and pressure
gradient, and the error bars are relatively small.

(a) 30% Pt/C
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(b) 60% Pt/C
Fig. 36. Superficial velocity vs. pressure gradient for air at 25 oC in uncatalyzed and
catalyzed GDLs with various Pt loadings for different types of catalysts: (a) 30% Pt/C
and (b) 60% Pt/C.
Further, the ratios of the permeability to the gas viscosity are presented by the
slope of the lines in Fig. 36. Since all measurements are conducted at fixed
temperatures, the slopes of the lines in Fig. 36 are used to determine the permeability
of the porous electrodes. In other words, the higher slopes indicate larger gas
permeability values. Fig. 36 clearly demonstrates that the uncatalyzed GDL (or 0.0 Pt
loading) exhibits the highest slope among all the nine tested samples, yielding the
highest permeability. This is because the uncatalyzed GDL has the smallest thickness
and mass transport resistivity in comparison to the catalyzed GDLs with different Pt
loadings, which is labeled as “GDL+CL” in the figure. When the Pt loading is
increased from 0.0 to 0.4 mgꞏcm-2, the thickness of the electrode is also increased
noticeably in accordance due to the addition of Pt, carbon, and ionomer. The CL
structure contains less void regions than the GDLs; therefore, it can be seen that the
overall porosity of the electrode is reduced following the slope drops as the Pt loading
is increased. In addition, increasing the Pt/C ratio from 30% to 60% with fixed Pt
loadings results in a thinner CL because less carbon and ionomer are deposited. As a
result, the corresponding mass transport resistivity is reduced with higher Pt/C ratios.
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Fig. 37. Air permeability of the electrodes vs. Pt loadings at 25 oC for different types
of catalysts (30% and 60% Pt/C).
Fig. 37 shows the effect of different Pt loadings between 0.1 and 0.4 mgꞏcm-2
on the air permeability. The results are obtained for Pt/C ratios of 30% and 60% at the
fixed temperature of 25 oC. It reveals that the presence of the CL leads to a sharp
reduction in the gas permeability by 58% - 77% in comparison to the uncatalyzed
GDL, because of the increased thickness and reduced overall porosity of the electrode
as shown in Table 14. Further, the gas permeability slightly drops as the Pt loading is
increased, indicating a slower gas flow in the CL structures. In addition, a higher Pt/C
ratio results in a higher permeability value because the electrode is thinner and more
porous, thereby leading to a lower mass transport resistance. The experimental results
also indicate that the CL can be considered as the main contributor to the mass
transport limitations in PEM fuel cells. This is because the gas permeability of the
catalyzed GDL is reduced by 2.3-4.5 times compared to the uncatalyzed GDL. In
other words, the transport resistivity of the porous electrode increases due to the
presence of the CL structure, which is further influenced by the amount of Pt loading
and the type of the catalyst (Pt/C ratio) used.
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From the permeability of the catalyzed and uncatalyzed GDLs shown in Fig.
37, the effective gas permeability of the CLs can be calculated based on the resistance
network theory [106] as follows:
eff
𝐾CL

𝛿GDL_CL

𝛿GDL

𝛿GDL_CL
𝐾GDL_CL

𝛿GDL
𝐾GDL

(4.7)

where L is the thickness of the corresponding component. The results so determined
are given in Table 15. It is seen that the effective gas permeability of the CLs is about
2 orders of magnitude smaller than that of the uncatalyzed GDL measured in this
study, and this observation is also consistent with the previous results as shown in
Table 4. This is significant because in most of previous modeling and simulation
studies of PEM fuel cells, the CL permeability is either entirely neglected, or simply
guessed, as mentioned earlier in the introduction section, the two orders of magnitude
smaller permeability value in the CL would pose a significant resistance to the
transport of the reactant gas to reach the catalyst surface for electrochemical reaction.
The permeability data reported here can be used for the modeling and simulation
studies of PEM fuel cell operation and performance to improve the understanding of
the physical processes involved in an operating PEM fuel cell and will be also useful
for fuel cell industry in their design calculations of PEM fuel cells meeting specific
performance targets.
Table 15. Effective gas permeability of catalyst layers.
Catalyst Type

CL (30% Pt/C)

CL (60% Pt/C)

Pt loading [mgꞏcm-2]

0.1

0.2

0.3

0.4

0.1

0.2

0.3

0.4

Air Permeability [10-15 m2]

1.5

2.6

3.6

3.7

1.6

1.5

2.2

2.2

Note: effective gas permeability of the GDL measured in this study is 138.8×10-15 m2.

4.3.2 Effect of Temperature
The performance of the PEM fuel cells can be significantly affected by the operating
temperatures, and the gas permeability of the electrodes is also influenced according
to Darcy’s law. Therefore, the air permeability of the PEM fuel cell electrodes is
investigated at different temperatures of 25, 37.5, 50, 62.5, and 75 oC.
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Fig. 38. Superficial velocity vs. pressure gradient/viscosity for air in catalyzed GDLs
with Pt loadings of 0.1 mgꞏcm-2 for 30% Pt/C at various temperatures.
Fig. 38 represents the results of the superficial velocity versus the ratio of the
pressure gradient to viscosity for one specific sample (i.e., catalyzed GDL with 30%
Pt/C under the Pt loading of 0.1 mgꞏcm-2) at various temperatures. In this figure, the
slope of each line equals the air permeability of the same sample at different
temperatures. It can be observed that the slope of 25 oC is the smallest, and increased
as the temperature rises from 25 to 75 oC. This indicates that the temperature does
have an impact on the permeability of the gases; however, as the lines are relatively
close to each other, the effect of the temperature may not be significant within the
range of 25-75 oC. It should be pointed out that similar trends can be found for all the
samples at various temperatures not only for air but also for oxygen and nitrogen
gases. For simplicity, only one sample is presented in this section.
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(a) 30% Pt/C

(b) 60% Pt/C
Fig. 39. The effect of temperature on the air permeability of the electrodes with five
different Pt loadings of 0.0, 0.1, 0.2, 0.3 and 0.4 mgꞏcm-2 and two different Pt/C ratios
of (a) 30% and (b) 60%.
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Fig. 39 (a) and (b) demonstrate the effect of temperature on the air
permeability for different Pt/C ratios of 30% and 60%, respectively. As can be seen,
the gas permeability is increased slightly as the temperature is increased from 25 to 75
o

C for the same electrode. This implies that gases with higher temperatures possess

better capabilities to penetrate the porous samples. However, it can be noted that the
uncertainty margins at various temperatures are overlapped significantly for the tested
cases. This suggests that the impact of the temperature on the air permeability will be
marginal for PEM fuel cell electrodes in the temperature range between 25 and 75 oC.

4.3.3 Effect of Gas Species
Since the air and oxygen are commonly used as oxidant reactants, the permeability of
the electrodes in PEM fuel cells to these two gases is investigated. Further, nitrogen
permeability is also measured because nitrogen is another major species in air.

(a) 30% Pt/C
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(b) 60% Pt/C
Fig. 40. Comparison of gas permeability of electrodes to air, oxygen, and nitrogen at
75 oC.
Fig. 40 shows the permeability of the electrodes for oxygen, air, and nitrogen
at a fixed temperature of 75 oC. The largest gas permeability corresponds to oxygen,
closely followed by air. The lowest permeability is measured for nitrogen, the species
with the smallest molecular weight of the three gases investigated. Similar trends can
be found for all the electrodes under different temperatures. These variations in the
permeability among the three gases can be related to the sizes of the gas molecules,
which govern the capability of the gas species to flow through the micropores
[112,122]. Moreover, for a given electrode, the difference in obtained permeability
values for oxygen, air, and nitrogen is less than 5% and is within the range of the
measurement uncertainties. This is because the oxygen, air, and nitrogen have a high
similarity in terms of molecular weight, molecular diameter, and viscosity. The
measured permeability values of the GDLs with MPLs are in good agreements with
Tseng et al.’s work [116], while the permeability of the catalyzed GDLs is much
smaller than that of the uncatalyzed GDLs.
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4.3.4 Comparison of Permeation Resistivity between CCM and CCS
Methods
Gas permeation resistivity is a parameter that represents the porous media’s capability
in mass transport, particularly when the pressure-driven convection is dominant [5].
The gas convection is affected by not only the cell operation but also the thickness
and permeability of the porous components. In this study, gas permeation resistivity is
defined as the thickness over permeability, indicating that a thicker porous medium
with a lower permeability results in a higher resistance to the convection in porous
media. The permeation resistivity of the GDLs, CCS electrodes, and CCS CLs is
measured using a custom-built instrument based on Darcy’s law, which is similar to
the studies in [5]. The permeation resistivity (similar to the definition of diffusion
resistivity), Rp, is defined as the thickness over permeability, representing the
difficulty of the porous media to transport gases by the pressure-driven convection
𝑅p

𝑙
𝐾

(4.8)

where K is the gas permeability.

Fig. 41. Permeation resistivity of the electrodes prepared by CCM and CCS methods
with various Pt loadings from 0.1 to 0.4 mgꞏcm-2.
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Fig. 41 presents the permeation resistivity of the electrodes prepared by CCM
and CCS methods with various Pt loadings from 0.1 to 0.4 mgꞏcm-2. As can be seen,
the permeation resistance in the prepared electrodes is much higher than that of the
GDLs. Similar to the effective diffusion resistivity, a thicker CL on the same GDL
yields a much higher permeation resistivity, representing the difficulty for the
convection of gases in the CLs. At low Pt loadings (e.g., 0.1 mgꞏcm-2), the permeation
resistivity of CCM and CCS is 6.18×109 and 3.82×109 m-1, respectively. As the Pt
loading is increased to 0.4 mgꞏcm-2, the permeation resistivity of CCM electrode is
almost tripled (1.97×1010 m-1), while that of the CCS electrode is increased by only
62%. The results indicate that the thickness of the CLs is crucial to the permeation
resistivity in the entire electrode. The permeation resistivity together with the gas
diffusion resistivity demonstrates that the mechanisms of mass transfer (especially for
oxygen transport) can be significantly different in CLs and GDLs when different Pt
loadings are applied to the entire electrodes.

4.4 Cell Performance
The polarization performances of the cathode electrodes prepared by CCS and CCM
methods with the catalyst loadings of 0.1 and 0.4 mgꞏcm-2 are investigated in a single
fuel cell with an active area of 45 cm2. In the present study, only the typical low- and
high-Pt-loading electrodes are selected for the cell performance tests. The in-situ tests
are performed under the same conditions: the temperature of 75°C, the backpressure
of 35 kPag, and the anode and cathode flow rates of 4.45 and 9.00 SLPM for
hydrogen and air, respectively. The relative humidity of hydrogen and air is
maintained at 100%.
Fig. 42 (a) demonstrates the cell potential versus current density of the four
electrodes. Apparently, the high-Pt-loading CCM and CCS electrodes output almost
identical voltages in the low current density regions (<0.15 Aꞏcm-2) where activation
loss dominates. The similar OCV and activation-region performance observed clearly
indicates that even though the CCM and CCS electrodes have different structure and
mass transport resistivity, they can still perform comparably as the pore surface areas
in the CCM and CCS CLs are almost identical when the Pt loading is 0.4 mgꞏcm-2. In
the medium current density region where ohmic loss dominates, the current density of
the high-Pt-loading CCM electrode is about 1.27 Aꞏcm-2 at the cell voltage of 0.6 V,
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while that of the CCS electrode is 1.19 Aꞏcm-2 – this corresponds to the performance
difference of about 6.3%. The superior ohmic-polarization performance of the CCM
electrode could be an indicator of relatively better interfacial characteristics between
the CL and membrane achieved with the CCM method. Similarly, at high current
density region where concentration loss dominates, the CCM electrode presents
slightly better performance than its CCS counterpart. For example, at the current
density of 1.90 Aꞏcm-2, the CCM electrode with the Pt loading of 0.4 mgꞏcm-2 output
the voltage of 0.48 V, while its CCS counterpart yields the voltage of 0.46 V – this
corresponds to the performance improvement of about 4.2%. For high-Pt-loading
CCM electrodes, the improved cell performance within the entire range of
polarization curves can be attributed to the better interfacial contact between the CL
and membrane resulted from the direct catalyst deposition onto the membrane.
However, it is seen that the cell performances obtained for the high-Pt-loading CCM
and CCS electrodes are still close to each other, clearly indicating that at high-Pt
loadings (e.g., 0.4 mgꞏcm-2), the penetration of materials into the GDL has a limited
effect on the performance characteristics as the portion of inactive Pt nanoparticles is
relatively small.
However, for low Pt loadings (e.g., 0.1 mgꞏcm-2), the cell performance is
significantly affected by the catalyst deposition locations, as presented in Fig. 42 (a).
It is found that the CCM and CCS electrode exhibits quite different cell performances
in the activation, ohmic, and concentration polarization regions. For example, the
CCM electrode is found to output a 4.4% higher OCV than its CCS counterpart,
indicating that the CCS electrode provides relatively fewer reaction sites, consistent.
As the current density is further increased, the performance difference between the
CCM and CCS electrodes becomes even more obvious. For example, at the current
density of 0.5 Aꞏcm-2, the output voltage of the CCM electrode is around 0.68 V,
which is about 31% lower than that of CCS electrode (i.e., 0.47 V). The performance
drop continues to enlarge at high current regions. For example, at the current density
of 1.1 Aꞏcm-2, the voltage drop from CCM to CCS electrode can be as large as 88%.
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(a) Polarization curve

(b) Power density
Fig. 42. (a) Polarization curve and (b) power density of the cathode CCM and CCS
electrodes with the Pt loadings of 0.1 and 0.4 mgꞏcm-2. The ratio of cathode to anode
Pt loading is set at 4:1. Test condition: cell temperature of 75oC, cell backpressure of
35 kPag, and fully-humidified air and hydrogen of 9.00 and 4.45 SLPM.
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The performance deterioration from CCM to CCS electrodes at various Pt
loadings can also be clearly identified from the power density curves as shown in Fig.
42 (b). For example, at high Pt loadings, the maximum power densities for CCM and
CCS electrodes are 0.91 Wꞏcm-2 and 0.87 Wꞏcm-2, respectively - the difference is only
4.3%. However, when the Pt loading is decreased to 0.1 mgꞏcm-2, the maximum
power density for CCM and CCS electrodes decreases to 0.61 Wꞏcm-2 and 0.24
Wꞏcm-2, respectively. In other words, the maximum power density is decreased by 60%
from CCM to CCS methods at the low catalyst loading of 0.1 mgꞏcm-2. This dramatic
performance deterioration is likely due to the material penetration into the GDLs
during the catalyst deposition, causing some catalysts inactive in electrochemical
reactions.

4.5 Summary
In this chapter, the major experimental results are presented in four aspects: pore
structure characterization, effective diffusion coefficient measurement, permeability
determination, and cell performance testing.
The pore structures of the prepared electrodes are investigated by the method
of standard porosimetry (MSP) in terms of pore size distribution (PSD), porosity, pore
surface area distribution, specific surface area (SSA), and mean pore size, and surface
fractal dimension. It is observed that the presence of the CL is of great significance to
the overall pore structure of the electrode. As the Pt loading is increased, the electrode
porosity decreases. Specifically, for 30% Pt/C, the electrode porosity decreases from
75% of the uncatalyzed GDL to 65%; and for 60% Pt/C, the porosity is reduced to
69%. It is also seen that the pores smaller than 100 nm in all the catalyzed electrodes
increase with the Pt loading in comparison with the uncatalyzed one. These pores
significantly contribute to the formation of the specific pore surface area (SSA) such
that 95.0-96.5% of the cumulative pore surface area is taken up by the pores smaller
than 100 nm. For the constant Pt loading, the electrode made of a lower Pt/C ratio
yields a thicker electrode, lower porosity, larger SSA, and smaller mean pore size.
The surface fractal dimension of the electrode, between 2.709 and 2.877, is found to
increase either with increasing Pt loading or decreasing Pt/C ratio, indicating more
complex structure resulted from the fabrication of the CL on the electrode. Overall,
this pore structure characterization highlights the importance of the CLs, hence its
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design parameters, i.e., Pt loading and Pt/C ratio, on the pore structure of the entire
electrode in PEM fuel cells.
The measurement of the effective diffusion coefficient is based on Fick’s law
of diffusion via a modified Loschmidt Cell. It is found that the effective diffusion
coefficient decreases due to the smaller porosity and mean pore size for the higher-Ptloading electrodes. In addition, a higher temperature enhances the effective diffusion
coefficient by 15-25% from 25 oC to 75 oC, which are the typical operating
temperatures of PEM fuel cells. Finally, the effective diffusion coefficient of the CL
is about 4.6 ×10-7 m2ꞏs-1 at 75 oC. These results highlight the importance of CLs, with
a focus on the impact of the Pt loading, in determining the overall mass transport in
the porous electrode of PEM fuel cells.
The determination of permeability is based on Darcy’s law via a customengineered apparatus. It is observed that the presence of the CL leads to a 58-77%
drop in gas permeability in comparison with the uncatalyzed GDL. For consideration
based on catalyst alone, the catalyst with a higher Pt/C ratio has higher gas
permeability than the catalyst with a lower Pt/C ratio because of the thickness and
porosity of the entire electrodes with a constant Pt loading. Similarly, for the
electrodes made of the same type of catalyst, the permeability is larger for the
electrode with a lower Pt loading, leading to better mass transport in the porous
electrode. The effective gas permeability of the CLs is (1.5-3.7) × 10-15 m2, which is
about two orders of magnitude smaller than that in the GDLs. In addition, a higher
temperature results in a higher gas permeability value, although the enhancement is
small within the temperature range tested (25-75oC). Also, oxygen shows a slightly
higher permeability value than air and nitrogen; however, the difference is within 5%
for all cases because oxygen and nitrogen have similar molecular properties. These
results highlight the importance of CLs, hence the Pt loading and Pt/C ratio, in
determining mass transport in the porous media in PEM fuel cells. The permeability
data reported can be used for the accurate modeling and simulation studies of PEM
fuel cell operation and performance to improve the understanding of the physical
processes involved in an operating PEM fuel cell, and will be also useful for fuel cell
industry in their design calculations of PEM fuel cells meeting specific performance
targets.
The cell performance is tested using a commercially available test station. At
high Pt loadings (e.g., 0.4 mgꞏcm-2), the CCM and CCS electrodes yield comparable
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cell performance, while at low Pt loadings (e.g., 0.1 mgꞏcm-2), the maximum power
density of the CCS electrode deteriorates as much as 60% than that of CCM. This
study provides practical insights into the effect of two extensively used catalyst
deposition methods (CCM and CCS) on the morphological, structural, physical, and
electrochemical characteristics of the fuel cell electrodes, reveals the main advantages
of the CCM method over its CCS counterpart, and consequently indicates the
possibility of further performance improvements through an effective catalyst
deposition method.
In order to further investigate the mass transport phenomena in PEM fuel cells,
the ex-situ experimental data on the pore structure, effective diffusion coefficient, and
permeability can be introduced to the current numerical models, and the in-situ
experimental data on the cell performance can be used to validate the numerical
results. These results can be used to improve the understanding the mass transport in
PEM fuel cells.
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Chapter 5
Model Development
In this chapter, a three-dimensional numerical model has been developed based on the
electrochemical reactions and transport processes inside the associated CLs, GDLs,
and flow channels at the anode and cathode separated by the membrane. The model
development has been discussed in three aspects: numerical formulation, boundary
conditions, as well as grid independence and convergence criteria.

5.1 Numerical Formulation
A comprehensive PEM fuel cell model involves the electrochemical reaction kinetics
and the transport of multi-component multi-phase species as well as electrons and
protons. The PEM fuel cell in the present study has 36 straight flow channels in
parallel for either anode or cathode. Therefore, a single channel pair is selected in the
present numerical studies, and the computational domain is composed of nine
components including a membrane, two CLs, two GDLs, two flow channels, and two
distribution plates as shown in Fig. 43. Twelve conservation equations regarding the
mass, momentum (x-, y- and z-components), gas species (oxygen, hydrogen, and
water vapor), dissolved and liquid water, electronic and protonic potential, and energy
are developed as shown in Table 16 and Table 17 [137,138]. For a better illustration,
the x direction is referred to as the stream-wise direction hereafter, and the y and z
directions are herein defined as the through-plane and in-plane directions, respectively.
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(a) Dimensions

(b) Computational Domain and Meshes
Fig. 43. Computational domain for the simulation.
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Table 16. Conservation equations.
Domains solved in

Property

Conservation equation

Mass

∇ ∙ 𝜌g 𝑢⃗g

Momentum

𝜌g 𝑢⃗g 𝑢⃗g
∇∙
𝜀 1 𝛷l

Gas species

∇ ∙ 𝜌g 𝑢⃗g 𝑌i

∇ ∙ 𝜌g 𝐷ieff ∇𝑌i

Liquid water

∇ ∙ 𝑓𝜌 𝑢⃗g

∇ ∙ 𝜌 𝐷 ∇𝛷

𝑆m

Dissolved water

0

Ionic charge

0

eff
∇𝜑ion
∇ ∙ 𝜅ion

0

eff
𝜅ele
∇𝜑ele

Electronic charge

∇∙

∇∙

Energy

𝜌𝑐p

eff
fl

Flow channel, GDL, CL

(5.1)

Flow channel, GDL, CL

(5.2)

Flow channel, GDL, CL

(5.3)

Flow channel, GDL, CL

(5.4)

Membrane, CL

(5.5)

𝑆ion

Membrane, CL

(5.6)

𝑆ele

BP, GDL, CL

(5.7)

Entire cell components

(5.8)

∇𝑝g

𝜌
∇ ∙ 𝐷 ∇𝜆
𝐸𝑊

𝑢⃗ 𝑇

Equation #

𝜇g ∇ ∙

∇

𝑢⃗g
𝜀 1

∇

𝛷l

𝑢⃗gT
𝜀 1

2
𝜇 ∇ ∇∙
3 g
𝜀 1

𝛷l

𝑢⃗g

𝑆u

𝛷l

𝑆i
𝑆

𝑆

eff
∇ ∙ 𝑘fl,sl
∇𝑇

𝑆T

Table 17. Source terms of the governing equations.
Cell
Component

Source terms
𝑆m
‐3

𝑆u
‐1

‐2

𝑆l

Si
‐2

‐3

‐1

‐3

𝑆d
‐1

𝑆ele
‐3

‐1

‐3

𝑆ion

𝑆T

‐3

‐3

(kg∙m ∙s )

(kg∙m ∙s )

(kg∙m ∙s )

(kg∙m ∙s )

(kmol∙m ∙s )

(A∙m )

(A∙m )

(W∙m )

BP

0

0

0

0

0

0

0

eff
‖∇𝜑ele ‖ 𝑘ele

Channel

𝑆v

0

𝑆v

GDL

Anode CL

Cathode CL
Membrane

0
𝜇g
𝑢⃗
𝐾g g

𝑆H2

𝑆v

𝑆O2

𝑆v
0

𝜇g
𝑢⃗
𝐾g g
𝜇g
𝑢⃗
𝐾g g
0

𝑆

𝑆v-l

0

0

0

0

𝑆

𝑆v-l

𝑆v-l

0

0

0

𝑗a
𝑀
2𝐹 H2

𝑆v-l

𝑗a

𝑗a

𝑆H2
𝑆

𝑆d-v

𝑆eod

eff
‖∇𝜑ele ‖ 𝑘ele

𝑗a |ŋact |

eff
‖∇𝜑ele ‖ 𝑘ele

𝑆pc

eff
‖∇𝜑ion ‖ 𝑘ion

𝑆pc

𝑆d-v 𝑀H2 O 𝑆v-l
𝑗a
𝑀
4𝐹 O2

𝑆O2
𝑆v

𝑆v-l

𝑆d-v 𝑀H2O 𝑆v-l
0

𝑗c
2𝐹

0

𝑆d-v

𝑆eod

0

Note: BP, GDL, CL denote bipolar plate, gas diffusion layer, and catalyst layer, respectively.
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𝑗c
0

𝑗c
0

𝑗c 𝑇∆𝑠
4𝐹

𝑗c |ŋact |

𝑆pc

eff
‖∇𝜑ele ‖ 𝑘ele

eff
‖∇𝜑ion ‖ 𝑘ion

𝑆pc

eff
‖∇𝜑ion ‖ 𝑘ion

Eqs. (5.1) and (5.2) are the conservation equations of mass and momentum for
the gas mixtures, and Eq. (5.3) denotes the transport of various gas species, such as
hydrogen, oxygen, and water vapor. The superficial velocity is employed in the
present study to ensure the mass conservation at the channel-GDL interfaces. All the
gas species involved in the present model are assumed to follow the ideal gas law, and
the mixture density, ρg in [kgꞏm-3], is calculated as follows,
𝜌

𝑝

𝑌
𝑀

𝑅𝑇

(5.9)

where Y is the mass fraction of the gas species i in the mixture.
The mixture dynamic viscosity in Eq. (5.2) is determined through the kinetic
theory expressed as
𝑋𝜇
∑ 𝑋𝜓

𝜇g

1
𝜓

𝜇
𝜇
8 1

.

(5.10)
.

𝑀
𝑀
.

𝑀
𝑀

(5.11)

where X is the molar fraction of the gas species. The experimental correlations of the
dynamic viscosity of a single species under various temperatures and pressures can be
found in Table 18.
A source term due to the resistance to the gas convection in the porous media
is introduced in the momentum equation (see Eq. (5.2) and Table 17). The convective
gas transport is highly associated with the porous structure of the GDLs and CLs as
well as the liquid water volume, which may block the pathways for gas transport. The
pore structure determines the intrinsic permeability, K0 in [m2], of the porous media
when liquid water is absent. This value may vary significantly from 10-15 to 10-12 [m2]
in various studies [98,125,129–131], which may introduce a large uncertainty when
modeling the mass transport in GDLs and CLs. Thus the value of the intrinsic
permeability is experimentally determined in the present study. The effect of water on
the permeability of the gas and liquid phases is considered via modifying the
permeability [129] using the following equations by considering the local volumetric
fraction of the liquid water, 𝛷l
𝐾g

𝐾0 1

𝛷l

.
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(5.12)

𝐾l

𝐾0 𝛷l

.

(5.13)

The species transport is governed by Eq. (5.3) considering the convective and
diffusive mass transport as well as species generation and consumption due to
reactions. Many models are established to estimate the effective diffusivity based on
the porosity of the porous media. These models assume the effective diffusivity as a
function of the pore structure and bulk diffusivity. The bulk diffusivity is a function of
pressure and temperature, while the effect of pore structure for a given porous media
(fixed porosity and touristy) can be represented by a dimensionless constant, β(ε,τ),
which is experimentally determined in the present study. The measured diffusibility is
about one to two orders of magnitude lower than those predicted by the empirical
models [3], and this will definitely affect the mass transport in the porous media
significantly. It should be noted that the constant, β(ε,τ), is measured using the
nitrogen-oxygen gas pair, and in the simulation work, this constant is applied to all the
other gas species, such as hydrogen, oxygen, and water vapor, in GDLs and CLs.
Similar to the permeability, the effective diffusivity can also be affected by the
existence of liquid water in the electrode during the actual cell operation. Therefore,
the effective diffusivity of the GDLs and CLs may be considered as [3,61,88]
𝐷ieff

𝐷i 𝛽 𝜀, 𝜏 1

𝛷l

.

(5.14)

The total flux of the gas species i, Jm,itotal, can be calculated as the sum of the
convective, Jm,iconv, and diffusive components, Jm,idiff [128]:
conv
𝐽m,i
diff
𝐽m,i
total
𝐽m,i

𝜌g 𝑢⃗g 𝑌i

(5.15)

𝜌g 𝐷ieff ∇𝑌i

(5.16)

conv
𝐽m,i

diff
𝐽m,i

(5.17)

The liquid water is assumed to have a constant density as shown in Table 18
since the changes in its density within the temperature and pressure range of the fuel
cell operation are negligible. The transport of liquid water is expressed in Eq. (5.4).
The interfacial drag coefficient, f, is calculated using the following equation [162].
𝑓

𝐾l 𝜇g
𝐾g 𝜇l

(5.18)

The capillary diffusivity, Dl in [m2ꞏs-1], of the liquid water in GDLs and CLs
are defined as
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𝐾l 𝑑𝑝ca
𝜇l 𝑑𝛷l

𝐷l

(5.19)

where the capillary pressure, pca, is determined via the Leverett function based on the
surface tension, contact angle, intrinsic permeability, porosity, and volumetric fraction
of liquid water [15,61]:

𝑝ca

⎧𝜎 cos 𝜃 𝜀
⎪
𝐾0
𝜀
⎨
⎪𝜎 cos 𝜃 𝐾
0
⎩

.

.

1.42 1
1.42𝛷l

𝛷l

2.12 1

2.12𝛷l

𝛷l

1.26 1

𝛷l

1.26𝛷l ,

,

𝜃

90o

𝜃

o

(5.20)
90

where the surface tension and contact angle are given in Table 18, and the intrinsic
permeability and porosity of the GDLs and CLs are measured in the present study.
The water phase change between the vapor and liquid is

𝑆v-l

𝑆h cond 𝐷v
𝜀 1 𝛷l 𝜌v 𝜌sat ,
𝑑
𝑆h evap 𝐷v
⎨
𝐴
𝜀𝛷l 𝜌v 𝜌sat ,
pore
⎩
𝑑
⎧𝐴pore

if 𝜌v

𝜌sat

if 𝜌v

𝜌sat

(5.21)

where 𝑆h cond and 𝑆h evap are the dimensionless rates of phase transfer due to the
condensation and evaporation (in the range of 0.00204 to 0.245) [61], Dv is the
diffusivity of the water vapor in [m2ꞏs-1], d is the chracteristic length of the water
diffusion in [m], 𝛷l is the liquid volume fraction, and 𝜌v and 𝜌sat are the densities of
the actual water vapor and saturated water vapor in [kgꞏm-3], respectively. When the
actual vapor density is higher than the saturated vapor, condensation occurs;
Otherwise, evaporation occurs.
The transport of the dissolved water in the membrane is governed by Eq. (5.5).
The water transfer between the vapor and dissolved phase in the membrane is
expressed as
𝑆d-v

𝜁d-v

𝜌mem
𝜆
𝐸𝑊 d

𝜆equil 1

𝛷l

(5.22)

where the water transfer rate between dissolved and vapor water, 𝜁d-v = 1 s-1, is taken
in the present study [61,136].
The dissolved water content, λd, is defined as follows,
𝜆d

𝐸𝑊
𝑐
𝜌mem H2O
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(5.23)

In addition, the equilibrium dissolved water content, λequil, is expressed as
[135,163],
𝜆equil

0.3

6𝑎 1

tanh 𝑎

0.5

3.9√𝑎 1

tanh

𝑎

0.89
0.23

(5.24)

where a denotes the water activity defined as,
𝑋v 𝑝g
𝑝sat

𝑎

2𝛷l

(5.25)

where psat in [Pa] is the saturated vapor pressure determined by the following equation
[98],
𝑝sat

101325

10

.

.

.

.

(5.26)

The diffusivity of the dissolved water in membranes, Dd in [m2ꞏs-1], is
calculated as [135,163],
𝐷d

4.1

10

𝜆d
25

.

1

tanh

𝜆d

2.5
1.4

(5.27)

The water transport via the electro-osmotic drag (EOD), Seod, from the anode
to the cathode through the membrane is,
𝑆eod

∇∙

𝑛d eff
𝜅 ∇𝜑
𝐹 ion ion

(5.28)

where nd is the EOD coefficient, indicating the number of water molecules traveling
eff
is the effective ionic conductivity in [Sꞏm-1], 𝜑ion
with each proton in ionomers, 𝜅ion

is the ionic potential in [V]. The EOD coefficient, nd, can be calculated using the
following equation
𝑛d

2.5𝜆d
22

(5.29)

The electronic and protonic potentials in the cell are governed by Eqs. (5.6)
eff
in [Sꞏm-1], of the GDLs and CLs can
and (5.7). The effective ionic conductivity, 𝜅ion

be calculated via,
eff
𝜅ion

𝜔

.

𝜅ion

(5.30)

where ω is the volumetric ratio of the ionomer in the corresponding domain, and the
ionic conductivity of the membrane, 𝜅ion in [Sꞏm-1], is determined through the
following expression [98]
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0.5139𝜆d

𝜅ion

1
303.15

0.326 exp 1268

1
𝑇

(5.31)

eff
The effective electronic conductivity, 𝜅ele
in [Sꞏm-1], of the GDLs and CLs is

usually modified via the Bruggeman’s correlation as follows
eff
𝜅ele

1

𝜀

.

𝜔

𝜅ele

(5.32)

The volumetric reaction rates in the anode and cathode CLs, ja and jc in [Aꞏm3

], are determined via the Butler-Volmer equations
𝑗a

1

ref
𝛷l 𝑗0,a

𝑗c

1

ref
𝛷l 𝑗0,c

.

𝑐H2
𝑐Href2
𝑐O2
𝑐Oref2

exp

2𝐹𝛼a
𝜂
𝑅𝑇 act

exp

2𝐹𝛼c
𝜂
𝑅𝑇 act

(5.33)

exp

4𝐹𝛼a
𝜂
𝑅𝑇 act

exp

4𝐹𝛼c
𝜂
𝑅𝑇 act

(5.34)

ref
ref
and 𝑗0,c
in [Aꞏm-3] are the reference volumetric current densities for the
where 𝑗0,a

anode and cathode, respectively. F is the Faraday’s constant in [Cꞏkmol-1]. ηact in [V]
is the activation overpotential. The charge transfer coefficients for the anode and
cathode 𝛼a and 𝛼c can be found in Table 18.
The energy conservation is expressed in Eq. (5.8). The effective volumetric
heat capacities are calculated using the following equation,
𝜌𝑐p

eff

𝜀 𝛷l 𝜌l 𝑐p

fl

𝐾l 𝜇g
l𝐾 𝜇
g l

𝛷l 𝜌g 𝑐p

1

(5.35)

g

where (cp)g is the mixture specific heat capacity in [Jꞏkg-1ꞏK], which is calculated as
𝑐

-1

-1

∑i 𝑌i 𝑐p . The volumetric effective thermal conductivity, k in [Wꞏm ꞏK ], is
i

determined via Eqs. (5.36)-(5.38).
eff
𝑘fl,sl

𝜀 𝛷l 𝑘l

𝛷l 𝑘g

1

𝜓

𝜀

𝜔 𝑘sl

𝑋𝑘
∑ 𝑋𝜓

𝑘g

1

1

𝜇
𝜇
8 1

.

(5.36)
(5.37)

.

𝑀
𝑀
𝑀
𝑀

𝜔𝑘mem

.

(5.38)

where the subscripts fl, sl, l, g, and mem denote fluid, solid, liquid, gas, and
membrane, respectively. As the specific heat capacity and thermal conductivity of an
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individual substance are almost independent of the temperature within the range from
0-100 oC, both of them are considered as constant in the modeling as summarized in
Table 18.
The function of latent heat, Spc, in [Wꞏm-3] is calculated below according to
the rate of phase change and water transfer,
ℎcond 𝑆v-l
ℎcond 𝑆v-l

𝑆pc

in GDL
in CL

𝑆d-v 𝑀H2O

(5.39)

where hcond in [Jꞏkg-1] is the latent heat of condensation, which strongly depends on
temperature, T in [K], and the following linear correlation is employed [139]
ℎcond

2438.5𝑇

3170700

(5.40)

Table 18. Physical and electrochemical properties and correlations used in the present study.
Parameter

Correlation

Hydrogen dynamic viscosity (kgꞏm-1ꞏs-1) [139]
-1

-1

.

10

𝑇⁄292.25

.

𝑇

127

.

𝜇v

7.512

10

𝑇⁄291.15

.

𝑇

120

.

-1

-1

𝜇l

2.414

10

-1

-1

Oxygen diffusivities (m ꞏs ) [139]
2

-1

Water vapor diffusivities in anode (m ꞏs ) [139]
2

-1

Water vapor diffusivities in cathode (m ꞏs ) [139]
Specific heat capacities of H2, O2, vapor water, and
liquid water [139]

1.055

10

𝑇⁄333.15

.

101325⁄𝑝

𝐷O2

2.652

10

𝑇⁄333.15

.

101325⁄𝑝

𝐷va
𝑐p

𝑘H 2

liquid water [139]

𝑘v

Entropy change of reaction (Jꞏkmol ꞏK ) [139]
-1

∆𝑠
𝜎

Surface tension (Nꞏm )

1.055

𝐷vc

Thermal conductivities of H2, O2, vapor water, and
−1

𝜂act

Transfer coefficient [139]

𝛼a

anode (Aꞏm ) [139]
Volumetric reference exchange current density in

10

14283

H2

2014

v

𝑇⁄333.15

.

101325⁄𝑝

𝑇⁄333.15

.

101325⁄𝑝

𝑐p
𝑐p

0.1672

919.31

O2

4182

l

𝑘O 2

0.0261

𝑘l

0.0264
0.6

163110
0.0001676𝑇

Overpotential (V) [139]

-3

10

2.982

273.15K

Volumetric reference exchange current density in

. ⁄

10

𝐷H2

𝑐p

cathode (Aꞏm ) [139]

72

8.46

Hydrogen diffusivities (m ꞏs ) [139]

-3

𝑇

𝜇O2

Liquid water dynamic viscosity (kgꞏm ꞏs ) [139]

−1

.

𝑇⁄293.85

10

-1

Water vapor dynamic viscosity (kgꞏm ꞏs ) [139]

2

3.205

-1

Oxygen dynamic viscosity (kgꞏm ꞏs ) [139]

2

𝜇H2

𝑇

𝜑ele
𝛼c

0.1218

373.15K

𝜑ion
0.5

ref
𝑗0,a

ref
𝑗0,a

353.15K

ref
𝑗0,c

ref
𝑗0,c

353.15K

Note: T in K, and p in Pa.

Page 113 of 171

exp

1400

1
𝑇

1
353.15

exp

7900

1
𝑇

1
353.15

5.2 Boundary Conditions
The boundary conditions in the modeling include the inlet reactant flow conditions,
operating temperature, operating pressure and electric loads. The anode mass flow
rate of the computational domain, ṁa, is 0.124 slpm, and at the cathode side, ṁc = 0.25
slpm, which is consistent with the experimental conditions. A constant outlet pressure
is specified at the flow channel outlets (35 kPag). A constant temperature is defined at
the anode and cathode flow channel inlets and the surrounding walls (348 K). The
liquid water volume fraction in the channels is zero with the assumption that the
liquid water can be effectively removed from the channels. The molar concentration
of the H2 and O2 at the anode and cathode channel inlets are determined as follows:
a
𝑝g,out
∆𝑝ga 𝑅h,a 𝑝sat
𝑅𝑇ina

𝑐H2
𝑐O2

c
0.21 𝑝g,out
∆𝑝gc
𝑅𝑇inc

(5.41)

𝑅h,c 𝑝sat

(5.42)

The pressure differences in Eqs. (5.41) and (5.42), which can be estimated
based on the average current density and the frictional pressure loss in the channel,
are marginal in comparison with the absolute pressure in straight channels (this
assumption is further confirmed by the numerical results that the pressure differences
between the inlet and outlet for anode and cathode are about 0.08% and 0.25% of the
absolute pressure, respectively), but this assumption should be carefully justified for
large-scale stacks composed of multiple cells or serpentine channels [164,165]. The
electric potential at the bottom of the cathode distribution plate as shown in Fig. 43 is
set at zero, while the electric potential at the top surface of the anode distribution plate
is the difference between the reversible and operating cell voltages [61,98,135,136].
𝜑

a,top

𝐸r

c,bot

0

𝜑

𝐸cell

𝜂total

(5.43)

where Vrev is the reversible cell voltage, which is determined via the Nernst equation
[135].

𝑉rev

∆𝑔ref
2𝐹

∆𝑠ref
𝑇
2𝐹 0

𝑇ref

𝑅𝑇0
ln
2𝐹
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𝑝Hin2
𝑝ref

𝑝Oin2
𝑝ref

/

(5.44)

5.3 Grid Independence and Convergence Criteria
The conservation equations are discretized via the second-order upwind method and
are solved using FLUENT, a commercial software package, with user-defined
functions based on finite volume methods. The SIMPLE algorithm is employed to
couple the pressure and velocity field. A set of numerical tests have been performed
to ensure the independence of the numerical solutions from the grid size. The grid
numbers in x, y and z directions (Nx, Ny, and Nz) are determined separately by varying
the grid number in only one direction while fixing the grid numbers in the other two
directions. For instance, to determine the Nx, the grid numbers in the y and z
directions are fixed at Ny = 10 and Nz = 18, respectively. The value of Nx is varied
from 10 to 70. The current density obtained by the high grid number of Nx = 70 is
selected as the “exact solution”, and the relative errors, Errx are defined as
𝐸𝑟𝑟

𝜃

𝜃

(5.45)
100%
𝜃
where θ denotes the variable to be compared (i.e., the average current density).
Fig. 44 (a) demonstrates the effect of Nx on the errors of the average current
density due to various Nx values applied. It is seen that the solution precision
increases with the grid number. However, when the grid number Nx is larger than 50,
the changes in solution is almost negligible. Similar to Nx, the values of Ny and Nz are
determined according to the following equations,
𝐸𝑟𝑟
𝐸𝑟𝑟

𝜃
𝜃

𝜃
𝜃

100%

(5.46)

𝜃

(5.47)
100%
𝜃
In this study, the values of Ny varies from 5 to 25 while Nx = 50 and Nz = 18
are fixed. The values of Nz varies from 12 to 20 at Nx = 50 and Ny = 20. Fig. 44 (b)
and (c) indicate that when Ny ≥ 20 and Nz ≥ 18, the errors in the average current
density due to a further increase in grid numbers are negligible. Therefore, it is
reasonable to assign the grid number in x, y and z directions to be 50, 20 and 18 as
larger numbers of grids do not change the results much but increase the computational
time exponentially.
Strict convergence criteria are carefully determined for the residue of all
variables, and the effect of the residue value on the average current density is
investigated by varying the residue from 10-3 to 10-9 while keeping the abovePage 115 of 171

determined grid numbers constant. The error is calculated by assuming 10-9 is the
“exact solution” based on the following equation.
𝜃

𝐸𝑟𝑟

𝜃

100%
𝜃
where θ is the variable to be compared (i.e., the average current density).

(5.48)

Fig. 44 (d) indicates that the error becomes negligible when the residue value
is smaller than 10-8, which exhibits a sufficient accuracy. Therefore, the residue of 108

is employed for the present study.
In addition, to make sure the physical properties are converged, the average

current densities at the top and bottom surfaces of the corresponding anode and
cathode distribution plates are sufficiently close to each other with an error smaller
than 0.1%. Similar grid independence studies and convergence criteria are available
elsewhere for the PEM fuel cell modeling [121,135,137,139].

(a) Nx

(b) Ny

(c) Nz

(d) Convergence Criteria

Fig. 44. Determination of the grid numbers and convergence criteria: (a), (b)
and (c) are the number of the grids for each cell component in x, y, and z directions,
respectively; (d) is the convergence criteria for the residue.
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5.4 Summary
In the chapter, a three-dimensional numerical model has been developed based on the
electrochemical reactions and transport processes inside the associated CLs, GDLs,
and flow channels at the anode and cathode separated by the membrane. Governing
equations of continuity, momentum, gas species transport, electronic and protonic
potential, liquid and membrane water, and energy are coupled with chemical reaction
kinetics by introducing various sources terms. The dimensions of the fuel cell
components, the pore structure of the porous media (GDLs and CLs), and mass
transport properties such as permeability and effective diffusibility are experimentally
determined. These experimental parameters are introduced into the two-fluid model,
and the simulation results are validated with the experimental current-voltage (I-V)
curves (i.e., polarization curves). The work done in this chapter will make the
numerical modeling more relevant to the actual PEM fuel cell operation.
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Chapter 6
Comparison and Numerical
Results
The experimental results in aspects of component dimensions, pore structure
characterization, effective diffusibility, and permeability are incorporated into the
modeling. The simulation results are presented in terms of convective and diffusive
oxygen fluxes. The dimensions of the porous media are measured using a micrometer,
the porosity is investigated by the MSP, the permeability is determined by a customengineered apparatus based on Darcy’s law, and the effective diffusibility is studied
by the modified Loschmidt Cell based on Fick’s law of diffusion.
Table 19 summarizes the major parameters measured and then used for the
present model simulation. It should be noted that the thicknesses of the anodic and
cathodic CLs are 8.6 and 34.0 μm, respectively. The thickness varies significantly, as
the Pt loading in the anode and cathode is 0.1 and 0.4 mgꞏcm-2, respectively, resulting
in a significant difference in thickness, which is more realistic than many other studies
in which the anode and cathode CLs are assumed identical (e.g., [128,140,163]). The
permeability of the GDLs and CLs in the present study is 1.39×10-13 and 1.6-2.18×1015

m2, respectively, which are about 1-2 orders of magnitude smaller than those

reported in literature (e.g., [98,125,130,131]). The diffusibility of the GDLs and CLs
is 0.094 and 0.015-0.019, which are much smaller than the values determined by the
Bruggeman’s correlation (widely used in the previous modeling studies) as a function
of the porosity of each porous cell component.
Table 19. Experimental data on pore structure characterization and mass transport
properties.
Parameter

Value

Unit

Experimental method or theory

Thickness of membrane

25.0

μm

Micrometer

Thickness of anode CL

8.6

μm

Micrometer
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Thickness of cathode CL

34.0

μm

Micrometer

Thickness of anode and cathode GDLs 221.6

μm

Micrometer

Length of channel

9.0

cm

Ruler

Height of channel

1.0

mm

Ruler

Width of channel

1.0

mm

Ruler

Porosity of anode CL

0.54

--

Standard porosimetry

Porosity of cathode CL

0.40

--

Standard porosimetry

Porosity of GDL

0.75

Permeability of anode CL

1.6×10

--15
-15

Permeability of cathode CL

2.18×10

-13

Standard porosimetry
2

Darcy’s law

2

Darcy’s law

2

m

Darcy’s law

m

m

Permeability of GDL

1.39×10

Effective diffusibility of anode CL

0.019

--

Loschmidt Cell (Fick’s law)

Effective diffusibility of cathode CL

0.015

--

Loschmidt Cell (Fick’s law)

Effective diffusibility of GDL

0.094

--

Loschmidt Cell (Fick’s law)

Note: CL and GDL denote the catalyst layer and gas diffusion layer, respectively.

6.1 Comparison with Experimental Results
With the above-determined mass transport properties, the current-density-voltage
relation and power-density-voltage relation are simulated at various output voltages.
Fig. 45 compares the simulated polarization and power density curves with the
experimental data under the identical operating conditions The in-situ experiment is
conducted for the PEM fuel cell of an active area of 45 cm2 with the cathode and
anode Pt loadings of 0.4 and 0.1 mgꞏcm-2, respectively. The cell performance is tested
under the conditions: cell temperature of 75oC, cell backpressure of 35 kPag, and
fully-humidified air and hydrogen with the flow rates of 9.00 and 4.45 slpm for the
entire cell. The experimental data has been reported in our previous studies [11]. The
simulated results exhibit a good agreement with the experimental data, which may be
attributed to the experimentally determined pore structure characterization and mass
transport properties, and indicates that the model is reasonably validated with good
accuracy.
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Fig. 45. Comparison of the simulation and experimental data on the polarization curve
and power density. Cell temperature: 75oC; cell backpressure: 35 kPag; humidified air
and hydrogen.

6.2 Local Oxygen Flux
The local oxygen flux in the fluid zones (i.e., the cathode channel, GDL, and CL) can
be affected by various parameters such as the pressure gradient and oxygen
concentration gradient, which are extremely difficult to be determined by
experimental means.

6.2.1 Effect of Current Density
The average current density of the cell is associated with the electrochemical reaction
rate, which determines the rates of the oxygen consumption as well as water
production, thus influencing the internal pressure and oxygen distribution within the
PEM fuel cells. Therefore, the current density may significantly affect the oxygen
transport phenomena within the PEM fuel cells. The x- and y-direction oxygen mass
fluxes along the central line in the cathode channel, GDL, and CL is discussed, while
the z-component flux is ignored, as the z-component flux (smaller than 10-11 kgꞏm-2ꞏs1

) is negligibly small, which is at least five to six orders of magnitude smaller than its

x- and y-directional counterparts.
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(a) Convective mass flux of oxygen

(b) Diffusive mass flux of oxygen

Fig. 46. Local (a) convective and (b) diffusive mass fluxes of oxygen in x direction
(stream-wise direction) at the center (x = 50% channel length) of the cathode channel,
gas diffusion layer and catalyst layer under the various average cell current densities
corresponding to the various given cell voltages.
Fig. 46 presents the local convective and diffusive mass fluxes of oxygen in
the x direction (i.e., the stream-wise direction) at the center (x = 50% channel length)
of the cathodic channel, GDL, and CL under various output voltages and current
densities. It is found that the x-component diffusive oxygen flux is of the order of 10-6
kgꞏm-2ꞏs-1, which is almost negligible in comparison with its convective counterpart,
which is of the order of 100 kgꞏm-2ꞏs-1. In other words, the convective oxygen flux in
stream-wise direction dominates in the cathodic flow channel.
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(a) Convective mass flux of oxygen

(b) Diffusive mass flux of oxygen

Fig. 47. Local (a) convective and (b) diffusive mass fluxes of oxygen in y (throughplane) direction at the center (x = 50% channel length) of the cathode for the various
average cell current densities corresponding to the various given cell voltages.
Fig. 47 indicates the local oxygen mass fluxes due to convection and diffusion
in the y-direction (i.e., through-plane direction) at the shared central line (x = 50%
channel length) of the cathode channel, GDL, and CL under various current densities.
The y-component oxygen flux is of great significance in PEM fuel cells as it
represents the amount of oxygen transported from the channel toward the reaction
region (i.e., the CL) during the cell operation. Under small current densities (e.g., 0.10
and 0.34 Aꞏcm-2), a negative convective flux can be found in the channel (see Fig. 47
(a)), which indicates that the oxygen may be convectively carried from the GDL to
the channel center due to the boundary layer effect. Under the high current density
(e.g., 1.22 Aꞏcm-2), all convective fluxes are from the channel toward the CL, this is
probably due to the resulted high rate of oxygen consumption, creating a lower
pressure in the CL (see Fig. 48 (a) and Fig. 49 (a)), which drags the bulk air in. It can
be seen that the boundary layer near the porous layer negatively affects the transport
of the oxygen, and the effect of the boundary layer is more evident when the current
density is small. The results also suggest that if measures can be taken to force the
reactants to flow toward the CL, the mass transport can be likely improved [166].
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(a) Streamline & pressure distribution

(b) Oxygen distribution

Fig. 48. (a) Streamline & pressure distribution and (b) oxygen distribution in the
cathode catalyst layer at the various average cell current densities corresponding to
the various given cell voltages: (cross-section parallel to the y-z plane at x = 50%
channel length).
For the diffusive oxygen fluxes (see Fig. 47 (b)), the oxygen transport rate is
the highest near the channel-GDL interface. Generally, the diffusive flux is increased
with the increased current density, since a larger rate of electrochemical reactions
indicates a higher rate of oxygen consumption, which causes a depletion of oxygen in
the CL. Therefore, under high current densities, the oxygen concentration difference
between the channel and CL is larger than that under smaller current densities as
shown in Fig. 48 (b). The large concentration difference thus results in a high
diffusive oxygen flux under high-current-density operations as shown in Fig. 47 (b).
At constant current densities, the diffusive flux in the GDL decreases slightly as the
oxygen approaches the CL. Further, the diffusive flux in the CL drops quickly as the
oxygen travels toward the membrane interface. The rapid drop of the diffusive oxygen
flux in the CL is attributed to the fast oxygen consumption during the cell operation
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through electrochemical reactions. The rapid oxygen consumption causes the oxygen
concentration to be maintained at a relatively low level (e.g., 1-10% under the current
density of 0.10 Aꞏcm-2) in the CL as shown in Fig. 48 (b), generating a large oxygen
concentration gradient in the CL (see Fig. 48 (b)) and GDL (see Fig. 49 (b)).

(a) Flow field & pressure distribution

(b) Oxygen distribution

Fig. 49. (a) Velocity field & pressure distribution and (b) oxygen distribution in the
cathode gas diffusion layer at the various average cell current densities corresponding
to the various given cell voltages: (cross-section parallel to the y-z plane at x = 50%
channel length).
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6.2.2 Effect of Stream-wise Location
As the channel length is about 90 times longer than the channel width and height, the
pressure and oxygen concentration at the different stream-wise locations may vary
significantly due to the electrochemical reactions and pressure drop in the channel
along the stream-wise direction. Therefore, it is necessary to study the effect of
stream-wise locations on the mass transport phenomenon inside the PEM fuel cells.
The case of 0.76 Aꞏcm-2 is presented as representative.

(a) Convective oxygen mass flux

(b) Diffusive oxygen mass flux

Fig. 50. Local convective (a) and diffusive (b) mass fluxes of oxygen in the x
direction (stream-wise direction) at the different stream-wise locations in the cathode
channel, gas diffusion layer and catalyst layer under the average cell current density
of 0.76 Aꞏcm-2: P1-5 represent the locations of 10%, 30%, 50%, 70% and 90% of the
channel length downstream of the channel inlet.
Fig. 50 (a) and (b) show the x-component convective and diffusive oxygen
mass fluxes at the different stream-wise locations in the cathode channel, GDL, and
CL under the current density of 0.76 Aꞏcm-2. It is seen that the diffusive oxygen flux
is in the order of 10-6 kgꞏm-2ꞏs-1, which is much lower than its convective counterpart
(in the order of 1 kgꞏm-2ꞏs-1). Near the channel inlet, e.g., at the location P1 which is
10% of the channel length downstream of the inlet, the flow has not been fully
developed, the x-directional (or stream-wise) convective mass flux near the channel
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center is smaller than those at other locations as shown in Fig. 50 (a). When the
stream-wise location is sufficiently far away from the inlet, e.g., P2-5, the xcomponent oxygen flux, which is closely related to the x-direction velocity according
to Eq. (5.15), exhibits almost the same profile as shown in Fig. 50 (a). It is also
observed that the convective flux in GDL and CL is almost negligible.

(a) Convective oxygen mass flux

(b) Diffusive oxygen mass flux
Fig. 51. Local (a) convective and (b) diffusive mass fluxes of oxygen in the y
direction (through-plane direction) at the different stream-wise locations in the
cathode channel, gas diffusion layer and catalyst layer under the average cell current
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density of 0.76 Aꞏcm-2: P1-5 represent the locations of 10%, 30%, 50%, 70% and 90%
of the channel length downstream of the channel inlet.
Fig. 51 exhibits the y-component (through-plane) local convective and
diffusive mass fluxes of oxygen at the different stream-wise locations in the cathode
channel, GDL, and CL under the current density of 0.76 Aꞏcm-2. It is found that near
the inlet, the y-component convective oxygen flux is significant, and this is mainly
because the gas flow has not been fully developed yet, as can be seen in Fig. 52. In
the GDL and CL, the convective oxygen flux is about one to two orders of magnitude
lower than that in the channel; however, it is slightly affected by the stream-wise
locations (see Fig. 51 (a)). The very small convective oxygen flux in the porous
electrode (i.e., GDL and CL) is due to the very small gas permeability, which
indicates a very large resistance for the convective flow in comparison with that in the
flow channel, as shown in Fig. 52 (a). On the other hand, the diffusive oxygen flux in
the porous media seems less affected by the stream-wise locations as the oxygen
concentration in the porous electrode does not change much along the stream-wise
direction (see Fig. 52 (b)), leading to similar local reaction rates (see Fig. 52 (c)). Due
to the similar reaction rates in the CL and the similar oxygen concentration in the
channel, the local oxygen fluxes from channel to CL at different stream-wise
locations is almost the same (see Fig. 51). It should be noted that in the flow channel,
the y direction (through-plane) diffusive flux varies dramatically at different locations
(see Fig. 51 (b)), because the oxygen concentration in the channel has been reduced
noticeably along the stream-wise direction as the electrochemical reaction proceeds
(see Fig. 52 (b)).
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(a) Velocity field

(b) Oxygen distribution
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(c) Local reaction rates in cathode catalyst layer
Fig. 52. (a) Velocity field, (b) oxygen distribution and (c) local reaction rates at the
average cell current density of 0.76 Aꞏcm-2: (cross-sections parallel to the y-z plane
located at the 10%, 30%, 50%, 70% and 90% of the channel length downstream of the
channel inlet).

6.3 Average Oxygen Flux
The average oxygen flux from the channel toward the reaction sites is of great
significance for the PEM fuel cell operation. The major mass transport resistance
comes from the porous media; therefore, it is of great significance to investigate the
average oxygen mass flux in the porous electrode.

(a) 0.60V, 1.22 Aꞏcm-2

(b) 0.70V, 0.76 Aꞏcm-2
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(c) 0.80V, 0.34 Aꞏcm-2

(d) 0.90V, 0.10 Aꞏcm-2

Fig. 53. Area-weighted average oxygen fluxes through the cross sections parallel to xz plane in cathode gas diffusion layer and catalyst layer at the different average cell
current densities of (a) 1.22 Aꞏcm-2, (b) 0.76 Aꞏcm-2, (c) 0.34 Aꞏcm-2 and (d) 0.10
Aꞏcm-2, respectively.
Fig. 53 shows the area-weighted average oxygen mass fluxes through the
cross sections parallel to x-z plane in the cathode GDL and CL at the various current
densities. It is found that for a given current density, the total average oxygen flux in
the GDL is constant along the y-direction toward the CL, while that in the CL is
gradually reduced when the oxygen is approaching the membrane because the oxygen
is consumed throughout the CL. The convective flux in the entire electrode is about 520% of the diffusive counterpart. Under the small current densities (e.g., 0.10 Aꞏcm-2),
the total average flux in the GDL is relatively low (8.07×10-5 kgꞏm-2ꞏs-1), and the ratio
of the convective to the diffusive flux is maintained at a high level of ~22%,
indicating that the convective mass transfer in the porous electrode is not negligible
(see Fig. 53 (d)). It can be seen from Fig. 54 (d) and Fig. 55 (d) that the oxygen
concentration in both CL and GDL is relatively uniform at a high level (17.5-18.0%),
thereby generating a small diffusive flux. Similarly, the pressure gradient in the
porous CL (see Fig. 48 (a)) and GDL (see Fig. 49 (a)) is relatively small, generating a
small convection in the porous media.
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(a) 0.60V, 1.22 Aꞏcm-2

(b) 0.70V, 0.76 Aꞏcm-2

(c) 0.80V, 0.34 Aꞏcm-2

(d) 0.90V, 0.10 Aꞏcm-2

Fig. 54. Oxygen mass fraction in the cathode catalyst layer at the different current
densities of (a) 1.22 Aꞏ Pressure cm-2, (b) 0.76 Aꞏcm-2, (c) 0.34 Aꞏcm-2 and (d) 0.10
Aꞏcm-2, respectively.
However, as the current density is increased (e.g., 1.22 Aꞏcm-2), the total flux
in the GDL can be as high as 1.01 ×10-3 kgꞏm-2ꞏs-1, and the convective flux is
relatively small and is only about 5-14% of the diffusive flux, depending on the
closeness to the membrane. It is interesting to find that the convective transport of the
oxygen toward the membrane is more difficult in the CL at high current densities (see
Fig. 53 (a)), and the diffusive flux dominates in the GDL and CL. This is mainly
because the oxygen concentration is extremely low in the CL (see Fig. 54 (a) and Fig.
55 (a)) due to the rapid electrochemical reactions, generating a large oxygen
concentration between the CL-membrane interface and the GDL-channel interface.
The results indicate that if measures can be taken to enhance the convection inside the
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porous media, e.g., the design of baffle plates in the flow channels [166], the oxygen
supply under high current densities can be potentially improved.

(a) 0.60V, 1.22 Aꞏcm-2

(b) 0.70V, 0.76 Aꞏcm-2

(c) 0.80V, 0.34 Aꞏcm-2

(d) 0.90V, 0.10 Aꞏcm-2

Fig. 55. Oxygen mass fraction in the cathode gas diffusion layer at the different
current densities of (a) 1.22 Aꞏcm-2, (b) 0.76 Aꞏcm-2, (c) 0.34 Aꞏcm-2 and (d) 0.10
Aꞏcm-2, respectively.

6.4 Summary
In the present study, a three-dimensional numerical model for the polymer electrolyte
membrane (PEM) fuel cells has been developed based on the electrochemical
reactions and transport processes inside the associated catalyst layer (CL), gas
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diffusion layers (GDL), and flow channel at the anode and cathode separated by the
membrane. Governing equations of continuity, momentum, gas species transport,
electronic and protonic potential, liquid and membrane water, and energy are coupled
with chemical reaction kinetics by introducing various sources terms. The dimensions
of the fuel cell components, the pore structure of the porous media (GDL and CL),
and mass transport properties such as permeability and effective diffusibility are
experimentally determined. These experimental parameters are introduced into the
two-fluid model, and the simulation results are validated with the experimental
current-voltage (I-V) curves (i.e., polarization curves). The experimental results
indicate that permeability of the GDL and CL in the present study is 1.39×10-13 and
2.18×10-15 m2, respectively, which are about 1-2 orders smaller than the reported data
in the literature. The diffusibility of the GDLs and CLs is 0.094 and 0.014, which are
much smaller than the values determined by the Bruggeman’s correlation, which is
widely used in the numerical simulation for PEM fuel cells. The simulation results
based on these mass transport properties indicate that the local mass flux of oxygen is
highly dependent on the average current density and the location inside the cell.
Specifically, in the cathode electrode of the PEM fuel cell, the in-plane and streamwise oxygen fluxes (10-11 ~ 10-6 kgꞏm-2ꞏs-1) are negligibly small in comparison with
their through-plane counterpart (~10-3 kgꞏm-2ꞏs-1). The average flux of convection can
be as large as 20% of its diffusive counterpart at a small current density (0.10 Aꞏcm-2),
while the ratio of the convective to diffusive oxygen flux is reduced to as small as 514% under the large current density of 1.22 Aꞏcm-2, indicating a potential for the
performance improvement of the PEM fuel cells by enhancing the convection in GDL
and CL.
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Chapter 7
Conclusions and Future Work
In this research, a comprehensive understanding of the structure of catalyst layers
(CLs) is investigated through experimental and numerical techniques. The
experimental methods include the method of standard porosimetry (MSP), the
Loschmidt Cell, permeability measurement, and cell performance testing. The MSP,
which is established based on the phenomenon of the capillary equilibrium in porous
media, is employed to characterize the structure of the CLs in terms of porosity, pore
size distribution (PSD), pore surface area, mean pore size, and surface fractal
dimension. The Loschmidt Cell, built based on the Fick’s law of diffusion, is used to
study the effective diffusion coefficient and the corresponding diffusion resistivity.
The permeability measurement based on Darcy’s law has been developed in this
research to investigate the gas permeability and permeation resistivity. A
commercially available automatic test station is used to test the fuel cell performance.
With the measured parameters, the current two-fluid PEM fuel cell modeling has been
improved, and a numerical study is performed to investigate the mass transport within
the PEM fuel cells. The simulation work is focused on the convective and diffusive
oxygen transport fluxes in the channels, gas diffusion layers (GDLs) and CLs.

7.1 Conclusions
In this research, experimental and numerical approaches are utilized to obtain a
comprehensive understanding of the effect of CL fabrication process on the structure
formation, the effect of CL structure on the CL macro-properties, and the effect of the
structural and macro-properties on the mass transport phenomena and cell
performance. The key conclusions from this research are
o The structure of the CLs is determined by the fabrication process, and specifically,
the catalyst loading, types of catalysts, and fabrication methods all have a decisive
effect on the structure formation. For the constant Pt loading and the same type of
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catalyst, the electrode prepared by the method of catalyst coated on membrane
(CCM) presents a denser structure and larger geometric surface area than its
counterpart prepared by the method of catalyst coated on GDL substrate (CCS).
For the same electrode preparation method, as the Pt loading is increased, the
electrodes tend to have smaller porosity but larger pore surface area.
o The presence of the CLs in the catalyzed electrodes is of great significance to the
overall pore structure of the catalyzed electrodes. The pore size of the electrode
has a wide range from a few nm to a few hundred μm. The pores smaller than 100
nm in the electrodes are increased with the increased Pt loading in comparison
with the uncatalyzed GDL. These small pores contribute to 95.0-96.5% of the
surface area even though their volume is less than 23% of the total pore volume.
o The effective diffusion coefficient of the GDLs, CLs, and electrodes can be
measured by the Loschmidt Cell with an acceptable accuracy. The effective
diffusibility of the GDLs, CLs, and electrodes is much smaller than the data
reported in literature and the values determined by the Bruggeman’s correlation
(widely used in the current modeling studies) as a function of the porosity of each
porous cell component.
o The gas permeability of the GDLs, CLs, and electrodes determined in the present
thesis study is about 1-2 orders of magnitude smaller than the data widely
employed for modeling in literature. In addition, a higher temperature results in a
higher gas permeability value, although the enhancement is small within the
temperature range tested (25–75 °C). Also, oxygen shows a slightly higher
permeability value than air and nitrogen; however, the difference is within 5% for
all cases because oxygen and nitrogen have similar molecular properties.
o The structure of the prepared CLs and electrodes by CCM and CCS methods has a
significant impact on the mass transport properties and cell performance. The
reduction in the porosity and the increase in the pore surface area due to the CCM
methods are found to affect the mass transport negatively but the electrochemical
performance positively in comparison of the CCS method. Such a trade-off
relationship leads to significantly different cell performance characteristics. At
high Pt loadings (e.g., 0.4 mgꞏcm-2), the CCM and CCS electrodes yield
comparable cell performance, while at low Pt loadings (e.g., 0.1 mgꞏcm-2), the
maximum power density of the CCS electrode deteriorates as much as 60% than
that of CCM. Therefore, the method of catalyst coated on substrate (CCS) is not
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suitable for the low-Pt-loading (e.g., 0.1 mgꞏcm-2) electrodes unless the material
penetration into the GDL void regions can be inhibited.
o The simulation results based on the 60% Pt/C catalysts with the Pt loading of 0.4
mgꞏcm-2 indicate that the convective oxygen flux in the GDL and CL from the
channel toward the membrane can be as large as 20% of the diffusive counterpart
at the low current density (e.g., 0.10 Aꞏcm-2), while the ratio can be reduced to as
low as 5-13% at the high current density region (e.g., 1.22 Aꞏcm-2). The results
suggest that if measures can be taken to enhance the convection in the porous
media under high current densities, the transport of oxygen to the reaction sites
can be considerably improved.

7.2 Future Work
The experimental methods presented in this thesis can be further extended to
characterize the CLs with various compositions by other fabrication techniques. The
numerical methods can be continued if further ex-situ experimental data are collected.
Future work for this research area can be summarized as follows:

o Many factors affect the structure of the CLs and the electrodes including the Pt
loading, Pt/C, and fabrication methods, which is identified and quantitatively
analyzed in the present thesis study. Some other parameters such as fabrication
conditions, catalyst composition, novel catalyst or ionomer, and hot pressing may
also significantly affect the structure of the CLs and hence the catalyzed
electrodes. It would be interesting to investigate the effect of these parameters on
the structure formation of the CLs.
o Fractal dimension of the CLs and electrodes has been identified as a good
indicator of the complexity and uniformity of their structure. The fractal
dimension theory has been identified as a good explanation of why the pore
surface area of a specific porous material varies significantly due to the different
measurement methods employed. It would be interesting to further investigate the
relationship between the fractal dimension and the mass transport properties, such
as the effective diffusion coefficient and permeability.
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o The measured mass transport properties, such the effective diffusion coefficient
and permeability, of the GDLs, CLs, and electrodes are much lower than the data
reported and the values predicted by the empirical correlations in literature. It
would be useful if a new empirical correlation can be developed specifically for
the CLs, and the developed correlation will be useful for the numerical modeling
of PEM fuel cells.
o Finally, if a comprehensive database of the pore structure characterization, mass
transport properties, and cell performance can be established for different types of
CLs, more numerical studies can be carried out. The mass transport and the cell
performance can be better understood in the ultra-low-Pt-loading (<0.1 mgꞏcm-2)
PEM fuel cells, which is of great significance to the PEM fuel cell
commercialization.
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Appendix I
Uncertainty Analysis of Standard Porosimetry
The measurement uncertainty of the method of standard porosimetry (MSP) comes
from two major sources: bias uncertainty and precision uncertainty. The main factors
determining the measurement uncertainty are discussed in this section.
(1) The 0th order uncertainty
The 0th order uncertainty is the design stage uncertainty, which is entirely due to the
instrument resolution and random reading uncertainty.
(a) For the micrometer, the 0th order uncertainty comes from two aspects:
The instrument uncertainty (Uc)m
(Uc)m=±0.004 mm

(95% confidence)

The random error from reading instrument (uo)m
(Uo)m=±1/2*resolution=±0.0005 mm

(95% confidence)

The design stage uncertainty of the (ud)m
𝑈

𝑈

𝑈

0.00403 mm

(95% confidence)

As can be seen, the majority of the (ud)m is due to the micrometer accuracy,
and the reading error is tiny.
(b) For the digital balance, the 0th order uncertainty comes from three aspects:
The instrument linearity (Ul)b
(Ul)b=±0.0003g

(95% confidence)

The instrument repeatability (ur)b
(Ur)b=±0.0001g

(95% confidence)

The random error from reading instrument (uo)b
(Uo)b=±1/2*resolution=±0.00005g

(95% confidence)

The design stage uncertainty of the (Ud)b
𝑈

𝑈

𝑈

𝑈

0.00032 g

(95% confidence)

As can be seen, the majority of the (Ud)b is due to the digital balance linearity,
and the reading error is tiny.
(c) Another uncertainty source is the PSD curve of the standard samples given by the
manufacturer. By comparing with the given curve as shown in Fig. 11, the PSD of the
test samples can be achieved. The uncertainty of the PSD curve of the test samples is
affected by the uncertainty of the given curve. However, the uncertainty of the given
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curve is not provided by the manufacturer. So this design stage uncertainty due to the
PSD curve of the standard samples is not discussed in this section.
(2) The 1st order uncertainty
According to the previous experiment conducted, time is not a factor of the
measurement uncertainty. Thus, the 1st order uncertainty equals to the 0th order
uncertainty.
(3) The Nth order uncertainty
The Nth order uncertainty is the presented result uncertainty, which is related to the
instrument calibration characteristics and often allows a direct comparison between
the results of similar tests using different instruments or at different test facilities.
The uncertainty of the pore volumes and porosity, for example, is analyzed in
this section.
(a) The pore volume
The pore volume can be calculated using the following equation,
𝑚sat_bs

𝑉pore

𝑚b
𝑚dry_bs
𝜌octane

𝑚b

(I.1)

where ρoctane is the density of the octane, msat_bs is the total mass of the saturated
sample and clean bottle, mdry_bs is the total mass of the dry sample and clean bottle,
and mb is the mass of the clean bottle.
The uncertainty of the pore volume, (Uv)rss, can be calculated by the following
equation,
𝑈

rss

𝜕𝑉pore
∆𝑈
𝜕𝑚sat

𝜕𝑉pore
∆𝑈
𝜕𝑚dry

𝜕𝑉pore
∆𝑈
𝜕𝜌octane

(I.2)

where ∆Um= (Ud)m, and ∆Uρ ≈ 0. The uncertainty of pore volumes of different CLs is
calculated, and the results are shown in Table 20.
Table 20. Uncertainty of the pore volume of catalyst layers (CLs) for CCM method
Pt loading
Pore volume

mgꞏcm-2

0.1

0.2

0.3

0.4

3

2.2

4.0

5.6

7.1

3

mm

Uncertainty

mm

±0.1

±0.1

±0.1

±0.1

Relative uncertainty

%

5.1

2.9

2.0

1.6

(b) The porosity
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The porosity of the sample can be calculated using the following equation,
𝜀

𝑉pore
𝑉total

𝑉pore
1
𝜋𝑑 𝛿
4

(I.3)

The uncertainty of the porosity (Uε)rss can be calculated by the following
equation,
𝑈

𝜕𝜀
∆𝑈 pore
𝜕𝑉pore

rss

𝜕𝜀
∆𝑈
𝜕𝑑

𝜕𝜀
∆𝑈
𝜕𝛿

(I.4)

After completing all the tests of samples in this experiment, the final Nth order
uncertainty can be calculated according to the above equations. The uncertainty of
porosity for different CLs is calculated and shown in Table 21.
Table 21. Uncertainty of the porosity of catalyst layers (CLs) for CCM method
Pt loading

mgꞏcm-2

0.1

0.2

0.3

0.4

Porosity

--

0.55

0.51

0.50

0.40

Uncertainty

--

±0.04

±0.02

±0.01

±0.01

Relative uncertainty

%

7.31

4.14

2.91

2.30
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Appendix II
Solutions for One-Dimensional Diffusion Problem
Developing the diffusion theory for a Loschmidt Cell is crucial to obtain the
equivalent diffusion coefficient further to apply to the resistance network theory to
calculate the effective diffusion coefficient of the tested porous media.
The diffusion process in the chamber follows Fick’s law of diffusion given below:
𝜕𝐶
𝜕𝑡

𝐷

𝜕 𝐶
𝜕𝑥

𝜕 𝐶
𝜕𝑦

𝜕 𝐶
𝜕𝑧

(II.1)

where Ci is the concentration of species i, t is the diffusion time, D is the diffusion
coefficient and x, y and z are the space dimensions. x and y are the space dimensions
along the diameter direction, and z is the space dimension along the height of the
chambers.
This problem is simplified to be one-dimensional and along the height
direction. This assumption is valid since the height is much longer than the diameter
of the diffusion region. Thus, the governing equation is simplified and re-written as:
𝜕𝐶
𝜕𝑡

𝐷

𝜕 𝐶
𝜕𝑧

(II.2)

There are various solutions to this simplified problem. A general solution of
Fick’s law for finite length tube and a solution for semi-infinite length tube are
discussed in detail as shown below.
(1) General Solution of Fick’s law for a finite length
According to the experimental procedures, at the beginning of the experiment,
the bottom chamber is full of oxygen gas while the top chamber is full of nitrogen gas
as shown in Fig. 56. Thus, the initial conditions are,
𝐶

𝐶

𝑓𝑜𝑟 0

𝐶 𝑓𝑜𝑟

𝐿
2

𝑧
𝑧

𝐿
,𝑡
2
0, 𝑡

0

(II.3)

0

where Cit and Cib are the initial concentrations of species i in the top and bottom
chambers, respectively.
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Fig. 56. Computational domain of the diffusion in a finite length tube.

Since no gasses can escape from the chambers to the outside environment, the
insulation boundary conditions are,
∂C
|
∂z

0 𝑓𝑜𝑟 𝑡

/

0

(II.4)

To solve the partial differential equation, a standard method of obtaining a
solution is to assume that the variables are separable.
C

𝑍 𝑧 𝑇 𝑡

(II.5)

where Z is a function of only z and T is a function of only t.
1 𝑑𝑇
𝑇 𝑑𝑡

𝐷𝑑 𝑍
𝑍 𝑑𝑧

(II.6)

The left-hand side depends on t only, while the right-hand side depends on z
only. Both sides, therefore, must be equal to the same constant, which is taken as –
λ2D. Now we can obtain two ordinary differential equations:
1 𝑑𝑇
𝑇 𝑑𝑡
1𝑑 𝑍
𝑍 𝑑𝑧

–𝜆 𝐷

(II.7)

–𝜆

(II.8)

By solving these two ordinary differential equations constrained by the
boundary conditions, the concentration is,
C

𝐴 sin 𝜆𝑧

𝐵 cos 𝜆𝑧 𝑒 –
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(II.9)

where A and B are the integration constants. To satisfy the initial condition Cit ≠ Cib,
A≠0 and B=0 should be made. To satisfy the boundary condition, λ=(2n+1)π/L for
(n=0,1,2,…). Thus, the above equation simplifies to
𝐴 sin 𝜆𝑧 𝑒 –

𝐶

(II.10)

Since the one-dimensional diffusion equation is a linear equation, the most
general solution can is:
𝐶

𝐴 𝑠𝑖𝑛 𝜆 𝑧 𝑒 –

∑

𝑀

(II.11)

, λn=(2n+1)π/L

where M, An, and λn are determined by the initial condition. Applying the initial
condition results in the following:
𝐶

𝑀
𝑀

𝐶

∑

𝐴 sin 𝜆 𝑥

∑

𝐴 sin

(II.12)

, λn=(2n+1)π/L

𝜆 𝑥

(II.13)

, λn=(2n+1)π/L

where x is an arbitrary positive distance less than L/2. Thus,
𝑀
𝐶

𝐶

2∑

𝐶

𝐶

(II.14)

2

𝐴 sin 𝜆 𝑧

(II.15)

, λn=(2n+1)π/L

By multiplying both sides by sin (pπz/L) and integrating from 0 to L using the
relationships
0,
𝐿
,
2

𝑝𝜋𝑧
𝑚𝜋𝑧
sin
𝑑𝑧
sin
𝐿
𝐿

𝑚

𝑝

𝑚

𝑝

(II.16)

Thus, the term An can be determined
𝐶

𝐴

𝐶
𝜋

2
2𝑛

(II.17)

1

where n=0, 1, 2…
The final general solution to this problem is
𝐶

𝐶

𝐶
2

2 𝐶

1

𝐶
𝜋

2𝑛

1

sin

2𝑛

1 𝜋𝑧
𝐿

exp

𝐷 2𝑛

1 𝜋 𝑡
𝐿

(II.18)

where n = 0, 1, 2…This solution is regarded as the true values as long as n is
sufficiently large. However, this solution is not practical for curve fitting due to a
large number of terms involving in the calculation. A solution for semi-infinite length
is developed below to simplify the curve fitting algorithm.
(2) Solution of Fick’s law for semi-infinite length
By analyzing the proposed problem, the diffusion rate of O2 and N2 is the
same thus the O2 concentration at the interface is regarded as constant. This analysis
Page 159 of 171

is verified by Eq. (II.18) when z = 0. Considering the top half tube as a semi-infinite
medium, z > 0, when the boundary condition keeps as a constant O2 concentration C0
= (Cit+Cib)/2, and the initial concentration is zero throughout the medium.

Fig. 57. Computational domain of the diffusion in a semi-infinite length tube.

The boundary conditions are,
𝐶 ,
0 ,

𝐶

𝑓𝑜𝑟 𝑧
𝑓𝑜𝑟 𝑧

0

(II.19)

∞

Moreover, the initial condition is,
𝐶

0 , 𝑓𝑜𝑟 𝑧

0 𝑎𝑛𝑑 𝑡

0

(II.20)
-pt

Multiplying both sides of Fick’s diffusion equation by e

and integrating on t

from 0 to ∞ we obtain the following equations
𝑒

𝜕𝐶
𝑑𝑡
𝜕𝑡
𝑒

𝐶𝑒

𝑝
𝜕
𝜕𝑧

𝜕 𝐶
𝑑𝑡
𝜕𝑡

𝐶𝑒

𝐶𝑒

𝑑𝑡
𝜕 𝐶
𝜕𝑧

𝑑𝑡

𝑝𝐶

(II.21)
(II.22)

Since the term in the square bracket vanishes at t = 0 by applying initial
conditions, and at t = ∞ through the exponential factor. Thus the initial Fick’s
diffusion equation reduces to,
𝐷

𝜕 𝐶
𝜕𝑧

(II.23)

𝑝𝐶

Applying the boundary condition we can have,
𝐶

𝐶𝑒

𝑑𝑡

𝐶
,
𝑝

0,

𝑧

0

𝑧

∞

Thus the solution of the ordinary differential equation is,

Page 160 of 171

(II.24)

𝐶

𝐶
𝑒
𝑝

(II.25)

where q2=p/D.
Thus the following equation is established,
𝑒
𝑝

𝐶
𝑒
𝐶

𝑑𝑡

(II.26)

The Laplace Transform (see Table 2.2 in Crank’s book [81]) shows that the
transform of the above equation is,
𝐶

𝐶 erfc

𝑧

(II.27)

2√𝐷𝑡

Thus the above equation can be rewritten as,
𝐶
𝑧
erfc
2
2√𝐷𝑡

𝐶

(II.28)

(3) Comparison of two solutions
Eq. (II.18) best predicts the oxygen concentration change over time at a
specific position in the chamber. However, to obtain the equivalent diffusion
coefficient directly by using this equation is impractical since the calculation involves
too many terms to get a high accuracy. Many researchers indicate that Eq. (II.28) is a
good approximation [91] of the real values. When time is short, this equation shows
excellent agreement with the ‘finite-length’ solution. A detailed comparison is shown
below.
For most cases of this research, the probe location, diffusion coefficient, and
experimental time are taken within a specific region as shown in Table 22. The
comparison of the two solutions is made for this research.
Table 22. Parameters of diffusion for the uncertainty analysis of the Loschmidt Cell
Parameters

Unit

Values

Probe location, z

mm

5-30

Time, t

s

0-120

Equivalent diffusion coefficient, D

m2ꞏs-1

(1-3)×10-5

Chamber length, L

cm

42.5

Oxygen concentration, C

%

0.2-50
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In practice, we use m=0-10,000 to approximate the real results. By residual
analysis of Eq. (II.18),
𝐶

𝐶

𝐶

2 𝐶

,

𝐶

2

𝐷 2𝑛

exp

𝐿
2𝑛 1

𝜋

1 𝜋 𝑡
sin

2𝑛

1 𝜋𝑧
𝐿

(II.29)

1 𝜋𝑧

(II.30)

H. O. T.
The higher order term of this equation is,
𝐻. 𝑂. 𝑇.

2 𝐶𝑡𝑖

𝐶𝑏𝑖
𝜋

∞

1 2 𝜋2 𝑡

𝐷 2𝑛

exp

2

𝐿
2𝑛

𝑛 10,001

2𝑛

sin

1

𝐿

Furthermore, the H.O.T. of this equation,
|𝐻. 𝑂. 𝑇. |

2𝐶𝑏𝑖
20,003𝜋

exp

𝐿2

,

2𝐶𝑏𝑖
𝐿
20,003𝜋 2𝜋√𝐷𝑡
𝐶𝑏𝑖 𝐿

20,003𝜋 √𝐷𝑡

erfc

1 2 𝜋2 𝑡

𝐷 2𝑛

𝑒
,

√

𝑑𝑥

/

20,001𝜋√𝐷𝑡
𝐿

Within the experimental range in this study, as shown in Table 22, the
maximum error is,
max error

max

|𝐻. 𝑂. 𝑇. |
𝐶𝑖

6.6𝑒

As can be seen, when m = 0-10,000 the error due to H.O.T. can be neglected.
Furthermore, the relative error between Eq. (II.28) and Eq. (II.18) is less than 6.1e-12.
Thus, it is reasonable to utilize Eq. (II.28) for curve fitting in this study because it is
simpler and outputs excellent agreement with the theoretical values. Shen et al.’s
work [91] supports this finding, and the maximum relative error between the semiinfinite-length solution and the general finite-length solution is negligible. Therefore,
Eq. (II.28) is a valid approximation, and the semi-infinite-length solution is used in
this experiment to process the O2 concentration data to obtain the equivalent diffusion
coefficient.
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Appendix III
Uncertainty Analysis of Loschmidt Cell
The measurement uncertainty is analyzed to identify the accuracy of the experimental
apparatus. For a well-calibrated experimental apparatus, the effective diffusion
coefficient can be determined by analyzing Eq. (3.25) for semi-finite length diffusion
problem. A traditional method for calculating the uncertainty of Deff is through a rootsum-square (RSS) method.
The uncertainty of effective diffusion coefficient measurements by a wellcalibrated Loschmidt cell machine mainly comes from three major aspects: (1) O2
concentration measurements over time at a specific probe location; (2) Deq calculation
by curve fitting algorithm; (3) Deff calculation by resistance network analysis.
(1) O2 concentration measurements over time at a specific probe location:
The O2 concentration measurements are determined by an oxygen sensor as well as
the measurement of probe location. According to the manufacturer, the accuracy of
the oxygen sensor is ±0.02% O2 @ 1% O2 and ±0.2% O2 @ 20% O2. The O2
concentration range of 5~30% is the most concerned in this study. Thus the
instrument uncertainty (0th or design-stage uncertainty) of ±0.2% (assuming 95%
confidential interval) will be used to do the uncertainty analysis for this experiment. A
computer records the time of each measurement point, and the uncertainty is subtle
compared to the time step of each measurement. Thus, the uncertainty in time
recording is assumed to be zero for the following uncertainty analysis. In summary,
this experiment requires a high-accuracy oxygen sensor.
(2) Deq calculation by curve fitting algorithm:
The dependence of different parameters on the equivalent diffusion coefficient can be
predicted using the following equations:
i
𝐷eq

𝑧
erfc
4𝑡

2𝑐i
𝑐b

(III.1)

where Dieq is the ith measurement of O2 concentration in m2ꞏs-2, z is the distance of the
probe from the surface of the sample in meters, c is the corresponding gas
concentration, and the subscript b means bottom chamber.
Ideally, if the probe location and oxygen concentration can be accurately
measured at a specific diffusion time, the Deq can be determined by analyzing each
single measurement point. In this case, each measurement of O2 concentration at a
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given moment has a unique impact on the Deq calculation, and this impact is evaluated
by the root-sum-square method as described by the following equations.
u Di

eq

 D i

D i
D i
D i
 ( eq z ) 2  ( eq t ) 2  ( eq Ci ) 2  ( eq Cb ) 2 
Cb
C i
t
 z


1/ 2

(III.2)

where
i
𝜕𝐷eq
𝜕𝑧

𝑧
erfc
2𝑡

i
𝜕𝐷eq
𝜕𝑡
i
𝜕𝐷eq
𝜕𝑐i
i
𝜕𝐷eq

𝜕𝑐ib

𝑧
4𝑡

𝑧
erfc
𝑡
𝑧
erfc
𝑡

2𝑐i
𝑐b
2𝑐i
𝑐b

erfc
2𝑐i
𝑐b

erfc

2𝑐i
𝑐b

2𝑐i 1
𝑐b 𝑐b
2𝑐i
𝑐b

erfc

𝑐i
𝑐b

where u is the uncertainty, and Δ means the design-stage uncertainty. Based on the
previous analysis, Δz = 4.3 μm, Δt =0 s, Δci=0.2%, and Δcb=0.
However, in practice, the equivalent diffusion coefficient is calculated from a
set of measurements of oxygen concentration over time by curve fitting rather than
being measured directly by the experiment equipment. Thus, the contribution of all
the measurement points to the Deq is estimated by the root-mean-square (RMS)
methods.

𝑈

1
𝑁

eq

/

𝑈

(III.3)

i
eq

where N is the number of measurement points that are used for curve fitting to obtain
Deq.

(3) Deff calculation by resistance network analysis
The uncertainty of the effective diffusion coefficient is also subject to the
measurements of the thickness of CLs, the probe location and the equivalent diffusion
coefficients in different experiment steps determine the accuracy of effective diffusion
coefficients. The dependence of different parameters on the effective diffusion
coefficient of substrates can be evaluated by the following equation,

𝐷eff,sub

𝑧
𝐷eq,sub

𝑙sub
𝑧

𝑙sub
𝐷bulk
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(III.4)

The uncertainty of the effective diffusion coefficient of the substrate, Usub, is
calculated by the root sum square method,
1/ 2

 D

D
D
D
usub  ( eff ,sub l)2  ( eff ,sub z)2  ( eff ,sub uD )2  ( eff ,sub ubulk )2 
eq,sub
z
Deq,sub
Dbulk
 lsub


(III.5)

where

𝜕𝐷eff,sub
𝜕𝑙sub

𝑧
𝑧
𝐷eq,sub 𝐷bulk
𝑧 𝑙sub
𝑧
𝐷bulk
𝐷eq,sub

𝜕𝐷eff,sub
𝜕𝑧

𝑙sub
𝑙sub
𝐷eq,sub 𝐷bulk
𝑧 𝑙sub
𝑧
𝐷bulk
𝐷eq,sub

𝜕𝐷eff,sub
𝜕𝐷eq,sub
𝜕𝐷eff,sub
𝜕𝐷bulk

𝑧
𝐷eq,sub

𝑙sub 𝑧
𝑧 𝑙sub
𝐷eq,sub
𝐷bulk

𝑙sub 𝑧 𝑙sub
𝑧 𝑙sub
𝑧
𝐷bulk
𝐷bulk
𝐷eq,sub

where l is the thickness of the three corresponding samples.
The dependence of different parameters on the effective diffusion coefficient
of catalyst layers can be estimated by the following equation,

𝐷eff,CL

𝑧
𝐷eq,total

𝑙CL
𝑧
𝐷eq,sub

𝑙CL
𝐷bulk

(III.6)

The uncertainty of the effective diffusion coefficient of the catalyst layers, ucl,
is calculated by the root-sum-square method,
  D eff ,CL

 D eff , CL
 D eff , CL
 D eff ,CL
 D eff , sub
l)2  (
z)2  (
u D
u D
 u bulk ) 2 
u CL   (
)2  (
)2  (
eq , total
eq , sub





l
z
D
D
D

CL
eq , total
eq , sub
bulk


(III.7)
where

𝜕𝐷eff,CL
𝜕𝑙CL

𝜕𝐷eff,CL
𝜕𝑧

𝑧
𝐷eq,sub
𝑙CL
𝑧
𝐷eq,sub 𝐷bulk

𝑧
𝐷eq,total
𝑧
𝐷eq,total

𝑙CL
𝐷eq,sub
𝑙CL
𝑧
𝐷eq,sub 𝐷bulk

𝑙CL
𝐷eq,total
𝑧
𝐷eq,total
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1/2

𝜕𝐷eff,CL
𝜕𝐷eq,total
𝜕𝐷eff,CL
𝜕𝐷eq,sub
𝜕𝐷eff,CL
𝜕𝐷bulk

𝑙CL 𝑧
𝑧
𝐷eq,total

𝑧
𝐷eq,sub

𝑧

𝑧

𝑙CL
𝐷eq,total
𝐷bulk

𝑙CL 𝑧
𝐷eq,total
𝑧
𝐷eq,total

𝐷eq,sub
𝑙CL
𝑧

𝐷eq,sub

𝑙CL
𝐷eq,sub
𝐷bulk
𝑙CL
𝐷bulk
𝐷bulk

Therefore, the uncertainty in the effective diffusion coefficient of catalyst
layers can be determined.
Furthermore, the relative uncertainty of the Deff is a very complex function of
the oxygen concentration, experimental time, probe location, thickness of catalyst
layer, substrate material, and catalyst layer material.

𝑅𝑈

𝑈

eff,CL

𝐷eff,CL

Func 𝑐i , 𝑡, 𝑧, 𝑙CL , Substrate, CL, etc.

In this study, for a specific catalyst layer, the uncertainty analysis is conducted
to select the substrate, to evaluate the experimental time, to optimize the probe
location and to determine the number of sample stacking to minimize the
measurement uncertainty. For illustrative purpose, a case study is conducted based on
the experimental results provided by Shen et al. [91] which indicate the effective
diffusion coefficient is (1.47±0.05) ×10−7m2s−1 under the temperature of 25 oC and the
pressure of 1 atm. The corresponding diffusibility of the CL is around 0.0073 which
depends on the porous structure of the catalyst layers.
(a) Effect of Probe Location
Based on the information found in Shen et al.’s work as shown in Table 23,
the experimental process is simulated using the analytical method and the relative
uncertainty analysis is conducted based on the above discussion. The experimental
time of one minute and the diffusibility and thickness of the substrate with 0.2 and
225 μm, respectively are used to do the uncertainty analysis.

Table 23. Parameters and experimental conditions taken from Shen et al.’s work for
the uncertainty analysis of the Loschmidt Cell
Parameters

Unit

Values

Temperature, T

o

25

C
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Pressure, p

atm

1

Thickness of CL, lCL

μm

29

Effective diffusion coefficient, Deff,CL

m2ꞏs−1

(1.47±0.05)×10−7

Diffusibility of CLs, ε= Deff,CL/Dbulk

--

0.0073

The relative uncertainty of the effective diffusion coefficient of CLs at
different probe location is shown in Fig. 58. As can be seen, when probe location is
less than 0.005 m, resistance network has a huge impact on the uncertainty, which
means that the probe location is too close to the surface of the catalyst layers.
However, when the probe location is larger than 0.020 m the measurement uncertainty
is mainly determined by curve fitting algorithm which means the probe location is too
far from the source of the diffusion, and it is difficult to detect the oxygen
concentration change. Therefore, there exists an optimum range of probe location for
a specific sample and system configuration. In this case, the probe location is fixed at
0.010 m away from the sliding gate.
y
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Fig. 58. Effect of probe location on the measurement uncertainty of the effective
diffusion coefficient of catalyst layers (Cls), Deff,CL.
(b) Effect of Data Point Selection
Based on the calculation, the relative uncertainty is still large at the probe
location of 0.010 m. Further study indicates that the data points (measurement time
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and concentration range) selected for curve fitting are also crucial to minimize the
relative measurement uncertainty. Eq. (III.2) describes the parameters determining
the equivalent diffusion coefficient before performing resistance network analysis.
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Fig. 59. Effect of data point selection on the measurement uncertainty of the
equivalent diffusion coefficient of catalyst layers (CLs), Deq.

Fig. 59 shows the plot of the uncertainty vs. oxygen concentration. As can be
seen, when the concentration is smaller than 5% or larger than 30%, the absolute
uncertainty is much greater than those in the range of 5-30%. Thus, for the future
experiment, the data point with an oxygen concentration of 5-30% will be used for
curve fitting, further obtaining the equivalent diffusion coefficient. This finding is
also true for different probe locations (0.005-0.020mm). At various probe location, 530% concentration associates with different experimental time. In this case, the
experimental time is at most one minute due to the probe location of 10 mm.
By processing the data in this range, the relative uncertainty in the effective diffusion
coefficient of CLs can further reduce to 6% which is sufficient for engineering
problems.
(c) Effect of Instrument Selection
Under the same system configuration (e.g., probe location, chamber length and
diameter, and O2-N2 gas pair) and the same data analysis procedure (e.g., data point
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selection, curve fitting algorithm, and resistance network theory), the parameters of
various instruments are investigated to ensure reasonable results.
As can be seen in Table 24, the results indicate that the measurement results
can be very accurate and precise when high-quality instruments (i.e., oxygen sensor,
length measurement instruments, and time recording) work for this experiment.
However, the instrument cannot be unlimited improved due to the limited budget. In
this case, the design-stage uncertainty of oxygen sensor is 0.2%, the design-stage
uncertainty of micrometer is 4.3 μm, and the design-stage uncertainty in time
recording is almost zero for the computer. With the current experimental instruments,
the relative uncertainty can be as low as 6% for most cases which satisfied our
requirement.

Table 24. Effect of instrument selection on the measurement uncertainty of the
effective diffusion coefficient of catalyst layers (CLs), Deff,CL
Parameters
Uncertainty of Oxygen Sensor

Uncertainty of Micrometer

Uncertainty of Time
Recording

Value Unit

Relative Uncertainty [%]

0.1

%

7.71

0.2

%

9.18

1.0

%

29.74

1

μm

6.04

4.3

μm

9.18

10

μm

17.55

0.01

s

9.18

0.02

s

9.25

0.1

s

11.25

(d) Effects of Sample and Substrate Specification
In practice, the thickness and effective diffusion coefficient of different CLs
fabricated with different techniques vary widely. Based on our previous
measurements and the data from Shen et al., the thickness of the catalyst layers ranges
from 9-50 μm, and the diffusibility of the CL varies from 0.005-0.1. To examine the
accuracy of the current system configuration, the current data analysis procedure, the
current instruments, and the properties of CLs are investigated in this study, and the
results are shown in Fig. 60.
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As can be seen, the results indicate that within our predicted range, the relative
uncertainty is within 10-15% for most cases. For some cases (e.g., thickness = 9 μm
and Deff / Dbulk = 0.1), the relative uncertainty can be as large as 35%. Thus, some
other measures should be taken to reduce the relative uncertainty such as sample
stacking, adjusting the probe location, and applying a more accurate oxygen sensor.

Fig. 60. Effect of material properties on the measurement uncertainty of the effective
diffusion coefficient of catalyst layers (CLs), Deff,CL.
(e) Effect of Sample Stacking
For some cases, the relative uncertainty can be as large as 20-35% which is
still unacceptable in engineering problems. Sample stacking is a powerful method to
reduce the relative uncertainty. As can be seen, when the number of sample stacking
increases, the relative uncertainty reduces dramatically. However, the number of
samples cannot be unlimited increased because if the samples are too thick by
stacking, it will cause a sealing problem. Therefore, in this case, the number of
samples is set to be 3 to reduce the measurement uncertainty meanwhile maintaining a
low leakage level.
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For the case of sample thickness of 10 μm and diffusibility of 0.03, by sample
stacking from 3 pieces to 25 pieces, the relative uncertainty can be reduced from
39.21% to 12.25% as shown in Fig. 61. Thus, sample stacking is a potential way to
reduce the measurement uncertainty.
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Fig. 61. Effect of sample stacking on the measurement uncertainty of the effective
diffusion coefficient of catalyst layers (CLs), Deff,CL.
The above uncertainty analysis is conducted according to an artificial
specimen; in reality, each measurement should be analyzed based on the actual
measurement results obtained from the experiment. The major parameters of the
experimental setup and data analysis algorithm are determined based on the above
discussion for the samples studied in this research to minimize the relative
measurement uncertainty. Therefore, the probe location is 10 mm, the oxygen
concentration of 5-30% is taken for curve fitting, and three pieces of samples are
stacked together for each measurement. These parameters help maintain the
measurement uncertainty within 12% for almost all current samples under study, and
the experimental setup requires specific modifications if some samples are extremely
thin (less than10 μm).END
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