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Abstract 

The microporous layer (MPL) in polymer electrolyte fuel cells is known to enhance 

performance and durability of the membrane electrode assembly. However, the design 

and functional understanding of the MPL has been predominantly empirical to date, as its 

key structural parameters and transport properties are difficult to determine due to the lack 

of MPL-specific measurement techniques. The present work aims to establish a 

specialized framework for 3-D image based morphological characterization for two types 

of MPL materials using carbon black (CB) nanoparticles and graphite particles. The 

proposed framework features a tuned focused ion beam-scanning electron microscope 

(FIB-SEM) imaging technique and an in-house developed procedure for image processing 

and reconstruction of the true 3-D structure which is validated with measured porosimetry 

data for a pure MPL sample. The effects of FIB milling parameters are evaluated and 

tuned to prevent image bias and damage to the delicate MPL structure. The pore size 

distribution of the reconstructed MPL structure is determined using a modified algorithm 

based on 3-D Euclidian distance transform (EDT) and the results are found to be in good 

agreement with the measured data. The 3-D reconstructed models containing the 

structural information are utilized as numerical domains for calculation of key MPL material 

properties, namely effective diffusivity, tortuosity, and effective thermal conductivity. By 

comparing the obtained material properties in the through-plane and in-plane directions, 

the CB MPL is determined to be isotropic, the fine graphite particle MPL to be transversely 

isotropic and the coarse graphite particle to be anisotropic. The obtained material 

properties are useful in the areas of modeling, material development, and membrane 

electrode assembly (MEA) design. 

Keywords:  Polymer electrolyte fuel cell; Microporous layer; Gas diffusion layer; 

Focused ion beam-scanning electron microscope; Characterization 
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Chapter 1.  
 
Introduction 

A fuel cell is an electrochemical device that converts the chemical energy stored 

in the fuel and the oxidant into electricity. A fuel cell differs from a battery with regards to 

storage of the reactants external to the cell instead of internal storage. This leads to 

continuous operation of the fuel cell if a supply of fuel and oxidant is available. There are 

varieties of fuel cell designs based on ion transport medium (electrolyte), operating 

temperature, fuel type, and power output. The polymer electrolyte membrane (PEM) fuel 

cell may become the prominent energy delivery device of the 21st century. The 

characteristics of the PEM fuel cell are low operating temperature (60⁰C – 80⁰C), high 

power density, and low emission. The PEM fuel cell can be used as a power generator or 

an engine for a wide range of motive, stationary, and portable applications.  

1.1. Working principle 

 

Figure 1.1. Schematic of a single cell PEM fuel cell. 
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A PEM fuel cell is composed of an anode electrode, the electrolyte membrane, a 

cathode electrode, and bipolar plates (BPs) (Figure 1.1). The porous anode and cathode 

electrodes consist of the gas diffusion layer (GDL), the catalyst layer (CL), and often a 

microporous layer (MPL) between the GDL substrate and the CL. The porous CL consists 

of many agglomerates, each of which is made up of a cluster of carbon black particles 

with dispersed platinum catalyst particles on its surface. The platinum-carbon catalyst 

particles are held together by an ionomer. In the PEM fuel cell, hydrogen supplies fuel to 

the anode electrode. The hydrogen diffuses through the anode GDL and the anode MPL 

before reaching the anode catalyst layer (ACL). The hydrogen at the ACL is oxidized via 

the hydrogen oxidation reaction (HOR): 

𝐻2 → 2𝐻+ + 2𝑒−                      𝐸𝑎𝑛𝑜𝑑𝑒
𝑂 = 0.0𝑉 1.1 

The protons travel through the ionomer in the ACL and the membrane electrolyte layer to 

the cathode catalyst layer (CCL). Meanwhile, electrons travel via the electron conducting 

particles (catalyst and carbon black) in the ACL to the anode GDL, and then via the anode 

BP to the external circuit, doing the electrical work before arriving at the cathode. Then 

electrons are transported through the cathode BP to cathode GDL and finally reaches the 

CCL. At the same time, oxygen or air is supplied to the cathode electrode. The oxygen 

diffuses through the cathode GDL and the cathode MPL before reaching the CCL. The 

oxygen at the CCL is reduced via the following oxygen reduction reaction (ORR):  

2𝐻+ + 2𝑒− +
1

2
𝑂2 → 𝐻2𝑂              𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑂 = 1.23𝑉 
1.2 

Although the half-cell reactions, equations 1.1 and 1.2 are written as a single step, multiple 

intermediate reaction pathways are possible at each of the electrodes.  

The overall reaction is the fuel (hydrogen) reacting with the oxidant (oxygen) 

producing water, electrical energy, and waste heat: 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 + ℎ𝑒𝑎𝑡              𝐸𝑐𝑒𝑙𝑙

𝑂 = 1.23𝑉 
1.3 

The product water formed in the catalyst agglomerate reaches the pore space in the CCL 

where it is desorbed into either water vapour or liquid water depending on the local relative 

humidity. The water is then transported through the cathode GDL and removed from the 

cell via the oxygen or air stream in the cathode flow channels. However, part of the product 
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water may also travel through the membrane and reach the anode ionomer. This occurs 

because of the gradients of hydraulic pressure and/or water concentration between the 

CCL and the ACL. The back diffused water (phenomenon referred to as “back-diffusion”) 

is then transported via the pore space in the ACL where it is desorbed into either water 

vapour or liquid water depending on the local relative humidity. The back diffused water is 

then transported through the anode GDL and removed from the cell via a hydrogen stream 

in the anode flow channels. The phase change of water within the fuel cell is dictated by 

local heat generation or cooling since the local relative humidity (RH) is strongly linked to 

the local temperature. The presence of MPL between GDL and CL is known to assist 

water transport and removal processes, although the exact mechanisms are still debated 

[1]. Waste heat is generated due to the irreversibility of converting chemical energy into 

electrical energy. Also, the continuous transport of electrons and protons through the 

different layers of the fuel cell results in waste heat generation. The primary mode of heat 

transfer within the fuel cell is via heat conduction through the solid phase and to a lesser 

degree via convection or radiation in the pore phase. Therefore, estimating the effective 

thermal conductivity of individual layers is necessary to determine the heat transfer within 

the fuel cell. The reactant gas stream in the anode and cathode flow channels eventually 

removes the heat generated within the fuel cell components. In addition, a cooling flow 

channel built within the bipolar plate can remove the heat generated, especially for a 

higher power output fuel cell stack.  

The fuel cell thermodynamic efficiency is given by the ratio of the actual electrical 

work to maximum available work: 

𝜂𝑡ℎ =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑤𝑜𝑟𝑘

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑤𝑜𝑟𝑘
=

𝛥𝑔

𝛥ℎ
 

1.4 

where Δ𝑔 (𝐽 𝑚𝑜𝑙−1) is the change of Gibbs free energy per mole of hydrogen for the overall 

reaction and Δℎ (𝐽 𝑚𝑜𝑙−1) is the change in enthalpy per mole of hydrogen for the overall 

reaction [2]. By using equation 1.4, the maximum theoretical efficiency can be calculated 

to be 83% for liquid water as the by-product at 25⁰C. The equation 1.4 cannot, however, 

determine the electrical energy output for a specific fuel cell configuration.  
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1.2. Polarization curve 

During the fuel cell operation, multiple complex interlinked phenomena occur. 

These phenomena influence reaction pathways, reaction kinetics, mass and species 

transport, and energy losses. An understanding of electrochemical kinetics is necessary 

to assess the impact of the individual fuel cell component’s design on overall system 

performance. A graph of voltage versus current is used to describe fuel cell performance, 

usually referred to as a polarization curve. Three regions (voltage losses) that characterize 

the polarization curve are kinetic losses, ohmic losses, and mass-transport loss (Figure 

1.2).  

 

Figure 1.2. Sample fuel cell polarization curve showing kinetic losses, ohmic 
losses, and mass-transport loss. 

Kinetic losses are related to processes occurring during electrochemical reactions 

on the electrode surfaces (HOR or ORR). They are dominant under low power density 

operations and can be minimized by using a catalyst. In PEM fuel cells, the platinum 

catalyst is used to speed up reaction rates. The cell voltage at zero current is referred to 
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as open circuit voltage (OCV). It is always lower than the reversible voltage (1.23 V, 

equation 1.3) due to fuel crossover and internal currents. The ion conducting membrane 

is electrically nonconductive and ideally impermeable to gases. In practice some amount 

of hydrogen from the anode travels through the membrane and reacts with oxygen at the 

cathode resulting in fewer electrons traveling through the external circuit, thus reducing 

the overall efficiency of the fuel cell. The ohmic losses are associated with electronic and 

protonic resistances. The electronic resistance arises due to electrons’ mobility through 

various diffusion layers and interconnections between layers. The transport of ions (H+) 

through the PEM and ionomer in the CLs corresponds to protonic resistance. Protonic 

resistance is inversely proportional to the relative humidity of the cathode electrode [3] 

and is only a weak function of temperature [4].  

Mass-transport loss arises due to a decrease in the concentration of reactants at 

reaction sites, as they are consumed along the flow channel from the inlet to the outlet. At 

higher current density there is a sharp drop in voltage due to an insufficient supply of 

reactant to the reaction sites. Even with a sufficient supply of reactant sometimes excess 

water accumulates blocking reaction sites and resulting in a mass-transport loss 

(commonly referred to as ‘water flooding’ phenomena). Therefore, the removal of excess 

water from the electrodes is necessary for operating the PEM fuel cell at a high current 

density. The relationship between operating cell potential, reversible potential, and voltage 

losses is:  

𝑉 = 𝜂𝑂𝐶𝑉 − 𝜂𝐻𝑂𝑅 − 𝜂𝑂𝑅𝑅 − 𝜂𝑒− − 𝜂𝐻+ − 𝜂𝑚𝑥 1.5 

where 𝜂OCV is the OCV loss,  𝜂𝐻𝑂𝑅 is the kinetic loss from the HOR, 𝜂𝑂𝑅𝑅 is the kinetic loss 

from the ORR, 𝜂𝑒− is the ohmic loss from electron transport, 𝜂𝐻+ is the ohmic loss from 

proton transport and 𝜂𝑚𝑥 is the mass-transport loss.  

During the last decade, significant progress has been made in increasing PEM fuel 

cell performance and durability. The performance and durability of the PEM fuel cell is 

strongly linked to the materials used in the fuel cell system, notably the proton exchange 

membrane, catalyst layers, and gas diffusion layers of the membrane electrode assembly 

(MEA) [5]. The morphological characterization and thorough knowledge of the properties 

of these materials are necessary for the design optimization of electrode materials. 

Numerous experimental and numerical studies have been published to describe transport 
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phenomena at micro/nano length scales in the PEM fuel cell and their impact on fuel cell 

performance. These studies inherently make use of key parameters such as porosity, 

mean pore diameter, diffusivity, tortuosity, thermal conductivity, electrical conductivity, and 

permeability which depend on the detailed morphology of the material [6–8]. It is nearly 

impossible to rigorously determine such parameters without access to accurate three 

dimensional (3-D) structural information.  

1.3. The gas diffusion layer 

The catalyst coated membrane (CCM) found at the center of the PEM fuel cell is 

made up of the membrane (10 - 50 µm) coated with the platinum catalyst layer (10 – 20 

µm) on either side. Surrounding this, 150 – 400 µm thick GDLs connect the CCM to the 

BPs at the anode and cathode electrodes. The BPs have flow channels for distributing 

fuel and oxidant over the surface of the electrodes. The GDL acts as the transitional 

material between CCM and BP and has several functions: 

• The GDL is sufficiently porous (≥75%) to allow for free diffusion of reactant 
gases from the flow channel to the reaction sites, including reaction sites 
located under both channels and lands of the BP. 

• The solid phase of the GDL provides mechanical stability for the MEA and a 
pathway for thermal and electrical conduction between the CL and BP. 

• The GDL serves in the removal of product water at the cathode CL reaction 
sites to reach the flow channels without affecting the flow of reactants.   

• The GDL maintains good contact with the BP and CL to minimize thermal and 
electrical contact resistance. 

Carbon papers, felts, and cloths are commonly used as GDL substrates, consisting of a 

matrix of carbon fibers (approximately 8 µm diameter) held together by a graphitized 

binder [9]. The fibrous substrate acts as backing material which governs the GDLs 

mechanical behavior under compression, bending and shear strength. GDL consists of 

macro-scale pores ranging from 10 µm to 100 µm. The hydrophobic agent namely the 

polytetrafluoroethylene (PTFE) is added to the GDL substrate to aid with liquid water 

removal.  

The optimal GDL substrate design is essential to avoid ‘water flooding’ phenomena 

and to operate the cell at high power density [10]. Therefore, a great deal of research has 
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been dedicated to the estimation of the transport properties of the GDL by theoretical and 

analytical methods, and the obtained mathematical expressions are commonly employed 

in the macroscopic PEM fuel cell modelling and analysis [11]. These formulations assume 

that the porous media consists of a uniform, repetitive solid matrix, which is a significant 

simplification in the case of the GDL. Consequently, the resulting estimations of transport 

properties and fuel cell performance have a high degree of uncertainty [12]. Analytical 

studies are often complemented by experimental work, both ex situ and in situ techniques 

are employed in determining the transport properties [13–19]. For instance, diffusion 

coefficients have been measured using both ex situ and in situ methods for different GDL 

materials [13,14,18]. Numerical methods are also becoming more popular, such as the 

stochastic virtual modelling technique proposed by Schladitz et al. [20–22]. The stochastic 

technique is used to generate 3-D structures based on known parameters as inputs, e.g., 

porosity, fiber diameter, and section intensities, which can be measured either by 

experiment or 2-D image analysis of material samples [23,24]. The obtained 3-D structural 

model is then used as the domain for numerical simulations of transport properties [25,26]. 

A useful summary of this approach is provided in the book chapter by Mukherjee et al. 

[27].  

1.3.1. The microporous layer  

The microporous layer (MPL) is a relatively recent addition to the GDL that is 

arguably the least studied layer in the MEA with regards to its properties and role towards 

performance enhancement [11]. The MPL generally consists of a mixture of carbon black 

nanoparticles and PTFE, and is coated on the GDL side facing the CL. The carbon 

nanoparticle based MPL has a mean pore size in the range 15 – 200 nm, along with 

surface cracks ranging from 5 to 25 µm [28,29]. MPL enhances the structural integrity of 

the MEA by creating a buffer region between the GDL and CL. MPL effectively protects 

the CCM against perforation by the GDLs carbon fibers. There is a clear consensus that 

MPL has a positive impact on overall fuel cell performance [1,30]. However, there is a lack 

of understanding of the underlying mechanisms that create the positive effect  [31,32]. The 

MPL requirements that guide the design process are: 

• Water transport properties that strike a balance between water removal and 
water supply; 
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• Gas permeability that provides a sufficient supply of reactants to the catalytic 
sites; 

• Excellent electrical conductivity and low interfacial electrical contact resistance;    

• Thermal conductivity that promotes temperature uniformity, balanced thermal 
management, and low interfacial thermal contact resistance; 

• High structural integrity and optimal pore size (micropores and mesopores) 
distribution; 

• Enhanced chemical stability under different operating conditions; and 

• Low cost manufacturing. 

The accurate determination of MPL transport properties is critical for further 

advances in this area. Provided that MPLs of realistic thicknesses cannot be fabricated as 

discrete objects, direct measurements of their transport properties are usually not feasible. 

Instead, MPL transport properties are estimated by comparing the measurements on bare 

GDL and GDL-MPL assembly. This approach was used to estimate the diffusion 

coefficient of commercially available carbon felt (SGL®) and found a 39% reduction in 

through-plane diffusivity upon application of MPL onto the GDL surface [19]. Numerical 

studies based on stochastic models have also reported that the presence of MPL leads to 

reduced diffusivity of the GDL-MPL assembly [33,34]. Experimentally obtained values of 

MPL thermal conductivity cover a wide range (0.035 - 3.87 W m-1 K-1) [35–41]. The 

structural properties of the MPL, including penetration depth, thickness, and porosity, are 

normally estimated using crude methods based on visual inspection or capillary pressure 

measurements [42,43]. The MPL specific properties estimated from composite GDL 

substrates coated with MPL have a high degree of uncertainty.  

1.4. Imaging techniques  

The morphological characterization of the PEM fuel cell electrodes is possible at 

various length scales ranging from micro to nanometers (Figure 1.3). The mercury 

intrusion porosimetry (MIP) and gas adsorption techniques can be used to estimate bulk 

porosity, pore sizes, and surface area [44,45]. The MIP is a destructive technique but an 

easy method to characterize porous media that contain pores in the range 0.003 µm to 

360 µm [46]. The mercury’s distinctive high surface tension makes the method appropriate 

to characterize porous media that contain both hydrophobic and hydrophilic pores. The 
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correlation between applied pressure and injected mercury into the sample is used to 

determine pore size distribution. Both MIP and gas adsorption techniques are limited by 

the effect of pore throats [44] and inaccessible closed pores [47]. The experimental 

methods that measure bulk properties are unsuitable for detailed characterization of the 

internal structure. Since the PEM fuel cell materials are inherently heterogeneous, 

rigorous quantification of the properties in multiple directions and locations is imperative. 

The use of morphological characterization of materials is further augmented by the fact 

that a small variation in manufacturing can lead to substantial changes in bulk properties. 

Therefore, the establishment of a microstructural analysis tool is necessary to accurately 

capture the unique internal structure and thereby estimate consistent transport properties.  

 

Figure 1.3. Resolution of various morphological characterization techniques 
(MIP, TEM, SEM, and XCT) and mean pore size range in CL, MPL, and 
GDL. 

The use of imaging techniques can provide local information in multiple directions 

usually at the cost of a smaller region of interest (RoI). The commonly used tomography 

methods to obtain the detailed internal structure of the fuel cell electrodes are X-ray 

computed tomography (XCT), transmission electron microscopy (TEM), and focused ion 

beam-scanning electron microscopy (FIB-SEM). The TEM in conjunction with the 

ultramicrotome can be used to obtain volumetric structural information [48]. The superior 

resolution capability of TEM makes it possible to resolve the dispersed platinum catalyst 

particles on carbon support as well as ~10 nm thick ionomer around the carbon support 

[49]. The ultramicrotome based sample preparation is shown to be less damaging to the 

CL structure when compared to FIB [49]. However, the size of the representative volume 

that can be analyzed is a limiting factor to fully characterize the morphology of the structure 

[50,51].  
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The XCT is a proven, non-destructive method to resolve the 3-D structure of 

porous materials with high spatial resolution. Advanced X-ray synchrotron facilities can 

provide a resolution up to 50 nm [52], a level which has also been achieved using 

commercial XCT equipment with specialized X-ray optics [53]. The low energy (5.4 keV) 

nano-XCT has been shown to improve the contrast among materials with low density and 

low atomic number [54]. The differentiation of carbon black and PTFE within MPL has 

been achieved by manually selecting the greyscale value threshold and pre-knowledge of 

carbon black and PTFE weight fractions[55]. However, the soft nature of the MPL poses 

a technical challenge (in terms of time, cost, and specialized equipment) to prepare thin 

samples suitable for nano-XCT.  

SEM is a well known technique that provides high contrast and high-resolution 

images. However, SEM is limited to two-dimensional (2-D) imaging and image 

segmentation can be harder due to the “strong edge” effect (the interfacial edge between 

the solid and pore phase is clearly visible). Alternatively, a dual beam FIB-SEM system 

can be used to obtain three-dimensional (3-D) visualization of the material. In FIB-SEM, 

an ion beam is used to erode the material (sectioning) and the SEM is used to image the 

exposed material. A stack of 2-D images through the thickness of the material is obtained 

by repeating the sectioning and the imaging procedure [56]. The use of epoxy resin to fill 

the pores in the positive electrode of lithium ion battery [57] and the anode of solid oxide 

fuel cells (SOFC) [58] has been shown to alleviate the “strong edge” effect, improving 

accuracy and reducing segmentation time. The use of epoxy resin or other high contrast 

material in CL and MPL is problematic since only connected pores can be filled and the 

epoxy resin can also cause damage to the delicate structure of CL and MPL.  

1.5. Scope and objectives 

The objective of the present work is to develop an enhanced morphological 

characterization framework specifically for the MPL, featuring a customized FIB-SEM 

imaging method that does not require any sample preparation and accurately reproduces 

the true original structure. Two types of MPL materials are characterized: the carbon black 

(CB) nanoparticle and the graphite particle based MPLs. In contrast to previous studies 

[59–61], both the directional and spatial heterogeneity of the sample is considered. In 

addition, the effects of FIB sectioning step size and direction are analyzed to quantify any 

deposition or damage caused by the ion beam and to decouple the impact of the milling 
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on the results. Finally, new procedures for extraction of structural parameters and effective 

properties are presented, including porosity, pore size distribution, effective diffusivity 

based on combined bulk and Knudsen diffusion, tortuosity, and effective thermal 

conductivity. The proposed characterization framework is validated with the measured 

pore size distribution of a physical MPL material coated on a blank substrate, and the 

results are compared to measured GDL properties and literature data.  

1.6. Thesis structure and contributions 

The organisation of this thesis is as follows:  

• In Chapter 2, the customized framework is set up to obtain the 3-D  

morphological characterization of the MPL materials. The FIB-SEM imaging 

technique procedure is established to capture high resolution images of the CB 

and graphite particle based MPLs. The specific image processing protocols are 

set up to capture the internal microstructure of the MPL. Details are given for 

the novel algorithm used to obtain the structural parameters and transport 

properties of the reconstructed models of the MPL.  

• In Chapter 3, the 3-D reconstructed MPL models are used as computational 

domains to deduce key structural parameters and effective transport 

properties. The results obtained are validated against the experimentally 

measured pore size distribution and porosity. Wherever possible the calculated 

effective transport properties of the MPL samples are compared to measured 

GDL properties and other relevant data from the literature.  

• In Chapter 4, the key findings, and observations of the 3-D framework for 

characterizing the MPL materials are listed. The differences between the two 

types of MPL materials studied are summarized. Also, potential future work 

that can be carried out is suggested. 

The publications arising from this work are: 

• “A Customized Framework for 3-D Morphological Characterization of 

Microporous Layers” Nanjundappa, A., et al., Electrochimica Acta 110 (2013), 

349-357, 2013 
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• “Three-Dimensional Morphological Characterization of Micro Porous Layers” 

Sadeghi Alavijeh, A., Nanjundappa, A., et al., 222nd ECS Meeting, Honolulu, 

2012 

• “Characterization of Micro-Porous Layer: Experimental Images to Multiscale 

Multiphysics Modelling” Nanjundappa, A., et al., 63rd Annual Meeting ISE, 

Aug 2012, Prague, 2012 
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Chapter 2.  
 
Methodology 

The word tomography is derived from the Greek words, ‘tomos’ (slice or section) 

and ‘graphein’ (to write or to describe). The FIB-SEM nanotomography exemplifies this 

etymology. The FIB microscopy is like SEM, except that the beam that is rastered over 

the sample is an ion beam instead of an electron beam. In the FIB-SEM dual beam system, 

the sample is sectioned using the FIB and the result is written in the form of digital data 

via an SEM scan. A 3-D structure of the sample is obtained when the individual sections 

(tomograms) are stitched together representing the original object. The factors that 

influence the results when performing 3-D reconstruction of materials by serial sectioning 

are:  

• The size of the feature being reconstructed when compared to instrument 
resolution; 

• Ion beam damage and heating; 

• Data collection: maintaining parallel slices, the precision of slicing 
increment and planarization of the surface; and 

• 3-D reconstruction: image processing routine (complexity vs. accuracy), 
data-set size and quantitative data analysis. 

Part of the material in this chapter is excerpted, changed, and reproduced with 

permission from the following paper that I co-authored: 

“A Customized Framework for 3-D Morphological Characterization of Microporous 

Layers” Nanjundappa, A., et al., Electrochimica Acta 110 (2013), 349-357, 2013. 

2.1. Image acquisition 

The FEI Dual Beam (DB) Strata® 235 FIB-SEM system was used to perform 

nanotomography for the following three MPL samples: (1) Carbon black (CB) nanoparticle 

MPL with 40% PTFE; (2) Coarse graphite (CG) particle MPL with 18% PTFE; and (3) Fine 

graphite (FG) particle MPL with 18% PTFE (Figure 2.1). The high precision Ga+ ion milling 

enables serial cross-sectioning of the surface. Combining ion milling with high resolution 
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cross-sectional SEM imaging results in high-quality volumetric information of the material. 

The two beams have a coincident angle of 52°, as shown schematically in Figure 2.2. 

Because of the delicate nature of the MPL structure, the present imaging method was 

developed intentionally to avoid sample preparation that may otherwise damage the 

structure. The image acquisition process involves the following steps: (1) deposition of 

platinum layer; (2) milling a promontory; (3) fiducial mark; (4) milling; and (5) imaging. 

 

Figure 2.1. Top-down SEM images of the three MPL samples under study: (a) 
Carbon black nanoparticle; (b) Fine graphite particle; and (c) Coarse 
graphite particle. 

The surface of the sample was coated with a thin layer (100 – 200 nm) of platinum 

(Pt) prior to side-wall milling to prevent damage to the delicate structure of the MPL from 

Ga+ ion bombardment. The Pt layer also reduces the redeposition effect caused by ion 

beam induced decomposition of the precursor gases. Further, the Pt layer serves to planar 

the surface which would prevent striations in the face of the cross section (the “curtain 

effect”) and avoid the swelling effect [56]. The cross-sectional surface of the specimen to 

be imaged was exposed as a promontory by milling away the surrounding region, rather 
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than using a large rectangular trench [58,59]. The promontory (Figure 2.2) compared to a 

rectangular trench reduced horizontal gradients and shadowing artifacts, both of which 

would otherwise complicate the image processing. The fiducial mark is the reference mark 

that is visible in all the 2-D SEM images. The fiducial mark is necessary for aligning the 

stack of 2-D images. Here the fiducial mark was created by sputtering a “rectangular pillar” 

like shape far from the cross-sectional surface to be imaged. 

 

Figure 2.2. Schematic of the FIB-SEM imaging configuration. The sectioning step 
sizes were 20 nm for carbon black nanoparticle MPL Domain 1 and 10 
nm for Domains 2 and 3. The sectioning directions for Domains 2 and 
3 were mutually perpendicular to each other. 

The primary concern in FIB milling of MPL samples is that the Ga+ ion beam can 

cause local heating, damaging the structure and changing the chemical structure. The 

heat damage depends on the following factors: (1) ion beam current and radius; (2) 

accelerating voltage of ion beam; (3) thermal conductivity of the sample; (4) sample 

geometry; and (5) contact to a heat reservoir. The ion beam’s kinetic energy is converted 

to heat, with only a small fraction emitted as energetic particles or radiation. The steady-

state temperature rise of the sample can be determined by the following equation [62]: 

𝑇 =
𝑃

𝜋𝑎𝜅
 

2.1 
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where 𝑃 is the beam power, a is the radius of the circular ion beam profile on the sample 

surface and κ is the thermal conductivity of the sample. For commercially available FIBs 

the ratio "𝑃 𝑎"⁄  ranges from 1 𝑊 𝑚−1 to 1000 𝑊 𝑚−1. The temperature rise is negligible 

for samples with good thermal conductivity even for extreme beam conditions. For carbon 

black nanoparticle MPL (𝜅 ~ 0.1 𝑊 𝑚−1 𝐾−1), temperature rise of less than 10⁰ C can be 

achieved with " 𝑃 𝑎⁄ " values of less than 3 𝑊 𝑚−1, which is at the low end of what is 

available in commercial FIBs. Ion beam heating effects can also be diminished by placing 

the sample in contact with a heat reservoir.  

The highest ion beam accelerating voltage available in FEI DB Strata® 235 is 30 

kV. The ion beam diameter decreases with an increase in ion beam voltage. The highest 

resolution ion beam image is possible with the smallest ion beam diameter. There are four 

default low ion beam currents available with the FEI DB Strata® 235: 1 pA, 10 pA, 30 pA, 

and 50 pA. 1 pA and 10 pA ion beam currents are not suitable for milling the CB MPL due 

to difficulty in obtaining a clear focused image. The 30 pA ion beam current was chosen 

over 50 pA to reduce re-deposition effects and obtain clear, focused images. Thus, an 

optimized milling current of 30 pA at 30 kV accelerating voltage was determined to prevent 

Ga+ ion deposition and damage of the bare specimen. The selected milling current is much 

lower than that used in previous studies [60,61] and is required to obtain a realistic 

structural reconstruction without additional sample preparation.  

To reduce the time and cost of experimentation compared to complete statistical 

analyses [60,63], a manual screening approach was used to identify a suitable region of 

interest that is representative of the overall structure of the sample. Three different imaging 

domains of the CB MPL were selected for this study, as illustrated in Figure 2.2. The 

domains were chosen to analyze the effect of sectioning step size and direction. For 

Domain 1, a step size of 20 nm was used. In addition, two more adjacent domains 

(Domains 2 and 3) were selected with a lower step size (10 nm) and mutually 

perpendicular sectioning directions to account for directional heterogeneity as well as 

spatial heterogeneity of the structure (Figure 2.2). For Domain 1, 70 slices were milled 

while for Domains 2 and 3, 140 slices were milled. For each of the three domains, high-

resolution SEM images of the slices with 8.5 nm pixel size were captured. In theory, there 

is no limit to the number of slices that can be obtained, but in practice, the limitations are 

enforced by time constraints. The total image acquisition time for Domain 1 was about 10 
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hours and for Domain 2 and 3 about 16 hours. A raw image of a CB MPL slice is shown 

on the left in Figure 2.3, revealing round carbon nanoparticles held together by the PTFE.  

 

Figure 2.3. Raw SEM image of carbon black nanoparticle MPL and voxel size for 
Domains 1, 2, and 3. 

To reduce the cost and time for image acquisition the proper ion beam milling 

current for the FG and CG MPL samples was determined to be 50 pA and 100 pA 

respectively. The higher beam currents for FG and CG MPL samples result in faster mill 

rate and tend to increase the amount of re-deposited material and/or melt the surrounding 

material. The systematic study showed the ion beam heating damage in polymers (some 

properties analogues to MPL) can be avoided by maintaining a low ion beam current, less 

than 100 pA [64]. For ion beam currents under 100 pA, the polymer sheet kept its 

nanostructured morphology and wrinkle free on the sheet surface [64]. The inherent 

thermal conductivity of graphite particle is orders of magnitude higher compared to the CB 

nanoparticle; therefore, the temperature rise for the FG and CG samples (equation 2.1) 

under higher beam current is lower than that of CB MPL sample. Based on the features 

to capture and the total milling time, the right step size for FG and CG MPL samples were 

50 nm and 100 nm respectively. For the FG MPL sample, 80 slices were milled while for 

the CG MPL sample, 40 slices were milled. Only one domain was obtained for both FG 

and CG samples with the SEM image resolution of 25 nm and 37 nm respectively. Raw 

images of FG and CG MPL slices are shown in Figure 2.4, revealing the graphite particle’s 

disc-like shape along its thickness. Table 2.1 summarize the SEM image resolution, FIB 

step size and domain size for three MPL samples. 
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Table 2.1 Image resolution, step size and domain size for three MPL samples 

Sample 
SEM Image 
resolution (nm) 

FIB Step 
size (nm) 

Domain size (TP * IP * SD) 
µm 

CB 

Domain 1 8.5 20 2.8 * 1.4 * 1.4 

Domain 2 8.5 10 2.8 * 1.4* 1.4 

Domain 3 8.5 10 2.8 * 1.4 * 1.4 

FG 25 50 7 * 5 * 4 

CG 37 100 10 * 10 * 4 

 

Figure 2.4. Raw SEM image and voxel size of the a) fine graphite particle and b) 
coarse graphite particle MPLs. 
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2.2. Image processing1  

The FIB-SEM raw images need to be processed to ensure accurate quantification 

of the internal structure of the sample. MPL specific image processing protocols were 

established in the present study using ImageJ® open source scientific image analysis 

software. The main steps in the image processing are (1) image alignment; (2) viewing 

angle correction; (3) cropping; (4) image noise reduction; and (5) segmentation, as 

depicted for the CB MPL image in Figure 2.5. Ultra high resolution SEM images are 

needed to resolve the nanoscale features of the MPL. A slight change in the viewing angle 

will result in beam shift and image displacement in successive slices. Misalignment was 

addressed by using an image alignment algorithm, the Lucas-Kanade algorithm [65]. The 

fiducial marker present in all the image slices (shown on the left side of the raw image in 

Figure 2.5) acts as a matching feature to make the alignment process straightforward. The 

lateral dimensions along the x-axis were obtained by the calibrated SEM sliced image. 

Next, the off-normal viewing angle θ, equal to 52° between the SEM beam source and the 

cross-sectional surface being imaged was considered. The viewing angle correction was 

implemented by stretching the images vertically along the y-axis, by the factor f, 

accounting for angular projection: 

𝑓 =
1

𝑠𝑖𝑛(𝜃)
 

2.2 

Once all the SEM images were properly aligned and viewing angle correction 

applied, the final domain (RoI) was cropped. It is necessary to convert the individual 2-D 

pixel into a corresponding voxel (3-D pixel) for further evaluation of structural properties. 

The image stack is stretched and interpolated in the sectioning direction to obtain the 

voxels. The voxel is defined by x, y, and z position in the volume as well as by the vector 

s, the secondary electron signal information. The next step is to develop proper 

segmentation protocols to transform each voxel in the entire grayscale image into a binary 

dataset consisting of pore and solid phases. The bright areas in the SEM image 

correspond to the solid phase cut by the FIB, and the dark areas are the pore phase. The 

solid phase of the MPL material includes hydrophilic carbon nanoparticles and 

 

1 The rest of the chapter describes the image processing steps and determination of structural 
properties using the CB MPL datasets as an example. The process is also applicable to FG and 
CG MPL datasets.  
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hydrophobic PTFE. These two solid phases were difficult to distinguish in the obtained 

FIB-SEM datasets and beyond the scope of the present study. Despite taking advantage 

of cross-sectioning a promontory, the raw images inevitably have horizontal gradients and 

shadowing artifacts. These artifacts reduce the accuracy of the image segmentation into 

solid and pore phase. The artifacts were corrected by applying median filter as a 

preconditioning step before the segmentation. The absence of brightness gradients 

between consecutive images was verified and adjusted using a brightness and contrast 

(B&C) tool for each image slice. 

Image segmentation is an active field of research, and there are three 

segmentation methods: manual; auto; and semi-auto methods. The simplest and most 

precise method of segmentation is manual segmentation; however, the method is time 

consuming, can be subjective and is impractical for large datasets. The most commonly 

employed method to segment voxel/pixel based datasets is auto segmentation, where a 

certain value threshold is set to automatically binarize the image [66]. This helps to finish 

the segmentation quickly, but the accuracy is lower than that of manual segmentation. If 

brightness intensity is the only criteria used to set the threshold value, then applying auto 

segmentation tends to falsely assign the voxels as pores instead of solids or vice-versa. 

The semi-auto approach consists of two steps: first, the optimized threshold value is 

applied during the pre-selection stage and then the results are improved manually during 

the second stage [67]. This semi-auto approach reduces the segmentation time compared 

to the manual segmentation, but it is still time intensive due to the manual screening after 

the auto segmentation.  

 

Figure 2.5. The main image processing steps. 



21 

In a SEM image, the interfacial edge between the solid and pore phase is clearly 

visible. The downside of this “strong edge” effect of a SEM image is that the interfacial 

edge that encapsulates the solid phase is brighter than the inside part of the material. 

When imaging a highly porous MPL microstructure the large focal depth in a SEM image 

results in material from the layers beneath to be visible through the pores (“shine-through” 

artifact). Hence, there are two problems in applying the certain value thresholding 

algorithm. Firstly, the solid phase is reconstructed as a hollow structure and secondly, the 

solid phase is captured even before appearing in the cross section, resulting in a pillar like 

structure along the sectioning direction. The widely used automatic global thresholding 

methods applied to the MPL structural characterisation are Otsu’s and ISODATA 

[55,59,60,63,68]. The inaccuracies in the estimated material properties due to the 

application of automatic thresholding method has been demonstrated quantitatively with 

tortuosity values [68] and pore-volume [54]. In the current study keeping accuracy in mind, 

manual segmentation is employed to circumvent the “strong edge” effect and “shine-

through” artifact. The manual segmentation process consists of tracking the changes 

between two consecutive images to differentiate the solid phase from the pore phase. 

Further the process consists of finding the solid phase contours using the brightness 

gradient within each image. Finally, the obtained segmented 3-D domain accurately  

depicts the internal structure of the MPL.   

2.3. Calculation of porosity and pore size distribution 

The pore size distribution (PSD) is a key characteristic of GDL and MPL materials. 

However, to the author’s knowledge, the explicit pore size distribution of pure MPL 

materials is unknown and has not been previously reported in the literature. The present 

method employed to calculate the pore sizes of the 3-D reconstructed MPL structure is 

based on the Euclidean distance transform (EDT) [69]. For a given binary image (zeros 

and ones), as illustrated in Figure 2.6a, the Euclidean distance is calculated from each 

voxel (pixel in the 2-D example) with value 1 to the nearest voxel with value 0. This results 

in a distance map, where every voxel representing pore phase is assigned the Euclidean 

distance to the nearest voxel representing solid phase. The pores are then defined as 

spheres with a center given by the maxima of the distance map and the height of the 

maxima corresponding to the sphere (pore) radius. The EDT algorithm for a 2-D circular 

hole is depicted in Figure 2.6b as an example of the results obtained by the algorithm. The 
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3-D EDT used to calculate the PSD in the present work was implemented using the 

MATLAB® function “dwdistsc1” [70]. The function “dwdistsc1” is based on a fast line 

algorithm and implemented in a vector processing architecture. It can handle large 

datasets and is faster than the native MATLAB® function “bwdist”. Further, the function 

“dwdistsc1” can handle anisotropic aspect ratio voxel datasets, and the function was 

therefore applied to the current datasets since the sectioning step size is different than the 

pixel size of the SEM images. For every voxel of the reconstructed volume, the 3-D EDT 

algorithm finds the largest possible spherical pore that holds that voxel. The number of 

voxels with the same diameter corresponds to a given pore size class. The table of pore 

volume versus pore size class for a reconstructed 3-D volume is thus obtained. The 

porosity of the sample is obtained by dividing the total 3-D pore volume by the total volume 

of the sample domain.   

 

Figure 2.6. Example of a) Euclidean distance and b) Euclidean distance 
transform (EDT) algorithm applied to a 2-D circular pore. 

The porosity of MPL is commonly estimated by comparing the changes of 

porosimetry data of the bare GDL upon the application of an MPL to its surface. These 

measurements assume a range (~50-100 μm) for MPL thickness, which leads to a range 

(~0.4-0.6) of porosity values that is too wide to assess the accuracy of segmentation 

protocols. Therefore, in the present study, mercury intrusion porosimetry (MIP) data were 
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obtained for the pure MPL sample coated on a polyimide film. The sample was inserted 

into the penetrometer of a Micromeritics AutoPoreIII porosimeter and the air was removed 

to ensure all the pores within the sample were completely evacuated. The mercury was 

then introduced into the capillary tube at 1.47 psia and subsequently the pressure was 

increased incrementally to 24000 psia to obtain 10 nm mean diameter pores. The 

penetrometer measures the incremental and cumulative pore volumes normalized by the 

sample weight. The correlation between the intrusion equilibrium pressure (𝑝𝑒𝑞) and mean 

pore diameter (𝑑) is given by the equation:  

𝑝𝑒𝑞 = −
4𝜓 𝑐𝑜𝑠 𝜙

𝑑
 

2.3 

where 𝜓 is the surface tension and 𝜙 is the contact angle. The porosity of the sample 

obtained by the MIP measurements needs to account for the non-porous polyimide film. 

The MIP measurement of the blank film was therefore performed to decouple its impact 

on sample porosity and pore size distribution. Despite the film being a non-porous 

material, the MIP measurement detected mercury intrusion in the film. The mercury 

intrusion volume in the film can be attributed to space between the layers and irregular 

edges as a result of sample cutting performed prior to placing the sample into the 

penetrometer (“the edge effect”).  

2.4. Calculation of effective transport properties 

The internal morphology plays a significant role in the transport phenomena in 

porous media. In the case of MPL, only limited knowledge on morphology is available and 

transport properties are therefore difficult to predict. The present MPL characterization 

framework, however, provides useful insight into the MPL morphology and a suitable 

platform for relatively accurate calculations of the MPL specific transport properties. The 

current study focuses on effective diffusivity, tortuosity, and thermal conductivity. 

2.4.1. Effective diffusivity 

The effective diffusivity, 𝛾, is a non-dimensional, normalized quantity defined as 

the ratio of the effective diffusion coefficient of a diffusive species in a porous media, 𝐷𝑖
𝑒𝑓𝑓

, 

to the bulk diffusion coefficient, 𝐷𝑖
𝑏: 
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𝐷𝑖
𝑒𝑓𝑓

= 𝛾𝐷𝑖
𝑏 2.4 

For macro and microporous media such as GDL substrates, the above formula is 

sufficient to calculate the effective diffusivity based on bulk diffusion. Bulk diffusion occurs 

when collision between gas molecules is more likely than with the pore wall. However, for 

nanoporous media such as the present MPL, Knudsen effects must also be considered. 

Hence, the local diffusion coefficient, 𝐷𝑖 is expressed as a function of the bulk diffusion 

(particle/particle collisions) and Knudsen diffusion (particle/wall collisions) coefficients 

[71]: 

𝐷𝑖 = (
1

𝐷𝑖
𝑏 +

1

𝐷𝑖
𝐾)

−1

 
2.5 

where 𝐷𝑖
𝐾is the local Knudsen diffusion coefficient is expressed as a function of the pore 

diameter: 

𝐷𝑖
𝐾 =

𝑑

3
√

8𝑅𝑇

𝜋𝑀𝑖
 

2.6 

where 𝑑, 𝑅, 𝑇, and 𝑀𝑖 are the local pore diameter, universal gas constant, temperature, 

and molar mass of the diffusing species. It is noteworthy that in contrast to regular bulk 

diffusion, the Knudsen and mixed diffusion regimes depend on the properties of individual 

molecules as well as the local pore morphology. For the MPL, oxygen is the primary 

species of interest and therefore reported here, although the calculation method is valid 

for any other diffusing species (e.g., 𝐻2, 𝐻2𝑂). The local pore morphology is conveniently 

obtained from the reconstructed MPL model, using the EDT algorithm described in section 

2.3, to compute the local pore diameter. 

The diffusion model was implemented using the finite element method (FEM) 

based commercial software package COMSOL® Multiphysics. The model was 

implemented using LiveLink™ for MATLAB® package which connects COMSOL® to the 

MATLAB® scripting environment. The MATLAB® scripting reduced the total runtime by 

automating the simulation setup and analysis process. The segmented image by itself can 

act as a finite element mesh, but mesh is further refined using the “hauto” function [72]. 

The “hauto” function has 9 predefined options to select the degree of mesh resolution from 

extremely fine to extremely coarse. The details about predefined mesh settings and mesh 
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element size parameters can be found in the COMSOL Multiphysics Programming 

Reference Manual [73]. Further the “hauto” function could be used to automate the 

convergence and mesh independence study. The diffusion model calculates the effective 

diffusivity based on subscale computational domains extracted from the reconstructed 

MPL models. The fixed concentration drop, Δ𝑐, was specified through Dirichlet boundary 

conditions on the top and bottom surfaces of the domain in the principal direction of 

diffusion, while symmetric boundary conditions were applied on the sides to prevent any 

net flux in the in-plane direction. No-flux boundary conditions were applied at the internal 

interfaces between the solid and pore phases. The diffusion equation was solved to 

compute the concentration field in the domain: 

𝛻 ∙ (−𝐷𝑂2
𝛻𝑐𝑂2

) = 0 2.7 

The effective diffusivity of the structure was then obtained by expressing the net flux 

through the structure, 𝐽,̇ as a function of the overall concentration gradient using Fick’s 

law: 

𝐽̇ = 𝛾𝐷𝑂2

𝛥𝐶𝑂2

𝑙
 

2.8 

where 𝑙 is the directional thickness of the domain. 

2.4.2. Tortuosity 

The estimation of tortuosity of a material is not trivial, which is why a wealth of 

tortuosity calculation methods have been developed across multiple fields of research 

[74]: electrochemistry, geology, medicine, heating, ventilation, and air conditioning 

(HVAC), acoustics, etc. In geometrical terms, tortuosity, 𝜏 is defined as ratio of shortest 

convoluted path length through the porous medium, Δ 𝐿𝑐 to the Euclidean distance 

between the starting and end point of that path, Δ 𝐿 (Figure 2.7). As such, tortuosity, 𝜏 has 

value equal to or greater than unity.  

𝜏 =
𝛥𝐿𝑐

𝛥𝐿
 

2.9 

From the above geometric perspective, the effect of conduction, advection and diffusion 

processes in a porous medium are not considered. To describe the structure of the fuel 
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cell electrodes, the concept of tortuosity is applied in a broader way than a simple 

geometric measure; tortuosity is used to quantify and describe the resistance of the 

electrode to a flux. 

 

Figure 2.7. Illustration of a tortuous path through a porous structure. 

Originally, Epstein differentiated between the ‘geometric tortuosity’ and ‘tortuosity 

factor’ using a capillary model [75]. Tortuosity factor accounts for additional path length 

and its effect on species diffusing through the porous media. To describe Knudsen 

transport in porous media, an effective diffusivity, 𝐷𝑖
𝑒𝑓𝑓

is defined which relates the bulk 

diffusion coefficient (𝐷𝑖
𝑏), tortuosity (𝜏), and sample porosity (𝜀):  

𝐷𝑖
𝑒𝑓𝑓

=
𝜀

𝜏
× 𝐷𝑖

𝑏 2.10 

The use of porosity-tortuosity relationship is one of the straightforward ways to deduce the 

tortuosity of the porous medium. The Bruggeman equation is the most widespread relation 

applied in the modeling of electrochemical devices [76]. The equation 2.11 presents the 

general form of the Bruggeman relationship, where 𝛼 is the Bruggeman exponent, which 

in its standard form is equal to 1.5.  The scaling factor, 𝜎 is the fitting parameter to fit the 

experimentally derived tortuosity data and is equal to 1 in the Bruggeman’s original 

equation. 

𝜏𝐵𝑟𝑢𝑔𝑔𝑒𝑚𝑎𝑛 = 𝜎 × 𝜀(1−𝛼) 2.11 

ΔLc

ΔL
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The lack of detailed geometrical information related to the complex fuel cell 

electrode structure in 3-D had prevented the extraction of meaningful data on the tortuosity 

of the electrode materials. In absence of the 3-D structural information, tortuosity is 

experimentally derived by means of diffusion cell experiments and electrochemical 

measurements. The experimentally determined tortuosity values are valid only for a 

specific experiment at hand, as changes in operating conditions such as temperature, set-

up and gas composition affect the results. Moreover, tortuosity is usually used as a fitting 

parameter in experimental data and hence depend on the chosen calculation method [77]. 

During the last decade relatively easy access to sophisticated tomography instruments 

has increased the availability of 3-D microstructural information and characterization 

techniques.  

In image-based models the tortuosity is calculated by two main approaches: 

geometric-based and flux-based algorithms. The geometric based algorithm calculates 

the tortuosity of the porous material using equation 2.9. The shortest pathway through the 

porous material is commonly determined by the pore centroid method [78] or the fast-

marching method [79]. The flux-based method calculates tortuosity by considering flux-

like behavior of transport phenomena through the porous material. Further, the flux-based 

algorithms are divided into voxel-based and mesh-based algorithms. In voxel-based 

approach the calculations are performed directly on the segmented voxel dataset of the 

reconstructed volume [80]. In mesh-based algorithm, a mesh is created for the segmented 

reconstructed volume before performing the tortuosity calculations. The mesh sensitivity 

analysis is carried out to decouple the influence of finite mesh on the tortuosity value. In 

this study, the finite element method was used to determine the flux in the reconstructed 

MPL samples as described in section 2.4.1. The tortuosity of the sample was calculated 

using equation 2.10, which is equivalent to: 

𝜏 =  {
𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑓𝑙𝑢𝑥 𝑜𝑓 ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑚𝑒𝑑𝑖𝑢𝑚

𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑓𝑙𝑢𝑥 𝑜𝑓 ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 𝑚𝑜𝑑𝑒𝑙
}

× (𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)  

2.12 

2.4.3. Effective thermal conductivity 

The temperature distribution and heat transfer within the MPL depend upon its 

thermal conductivity. In the present study, the reconstructed MPL models were employed 
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together with a numerical algorithm to calculate the effective thermal conductivity of the 

solid phase of the structure. Provided that the carbon and PTFE components have 

different thermal conductivities and could not be distinguished by the images, an effective 

media approach was considered to estimate the feasible range of thermal conductivity. 

The upper bound (𝐾𝑚𝑎𝑥) corresponds to a distribution of PTFE that provides the least 

possible thermal resistance, and vice versa for the lower bound (𝐾𝑚𝑖𝑛): 

𝐾𝑚𝑎𝑥 = 𝜐𝑃𝑇𝐹𝐸  𝐾𝑃𝑇𝐹𝐸 + (1 − 𝜐𝑃𝑇𝐹𝐸) 𝐾𝑝 2.13 

𝐾𝑚𝑖𝑛 = (
𝜐𝑃𝑇𝐹𝐸

𝐾𝑃𝑇𝐹𝐸
+

1 − 𝜐𝑃𝑇𝐹𝐸

𝐾𝑃
)

−1

 
2.14 

where 𝐾𝑃𝑇𝐹𝐸 is the thermal conductivity of PTFE, 𝐾𝑃 is the thermal conductivity of CB 

nanoparticle or CG/FG particle and 𝜐𝑃𝑇𝐹𝐸 represent the volume fraction of PTFE. The 

steady state heat conduction equation was solved in COMSOL® Multiphysics for a 

predefined temperature drop, Δ𝑇, applied to the domain boundaries in the heat transfer 

direction, like the procedure for diffusion calculation in section 2.4.1: 

𝛻 ∙ (−𝐾 𝛻𝑇) = 0 2.15 

where 𝐾 is the local thermal conductivity, in this case represented by either 𝐾𝑚𝑎𝑥 or 𝐾𝑚𝑖𝑛. 

The corresponding heat flux 𝑄̇, quantified from the obtained temperature field was used 

to evaluate the effective thermal conductivity, 𝐾𝑒𝑓𝑓, for both upper and lower bounds: 

𝑄̇ = 𝐾𝑒𝑓𝑓 (
𝛥𝑇

𝑙
) 

2.16 

A summary of the methodology used to quantify the key structural parameters and 

effective transport properties of the MPL is provided in Figure 2.8. 
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Figure 2.8. The framework used for quantification of structural parameters and 
effective transport properties. 
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Chapter 3.  
 
Results and discussion 

The 3-D reconstructed MPL models were obtained by the customized FIB-SEM 

based morphology characterization framework. Models were then used as the 

computational domain for the numerical algorithms to calculate the key structural 

parameters and effective transport properties of the MPL samples. The results obtained 

for pore size distribution, effective diffusivity, tortuosity, and effective thermal conductivity 

are summarized and discussed in the following sections. 

Part of the material in this chapter is excerpted, changed, and reproduced with 

permission from the following paper that I co-authored: 

“A Customized Framework for 3-D Morphological Characterization of Microporous 

Layers” Nanjundappa, A., et al., Electrochimica Acta 110 (2013), 349-357, 2013. 

3.1. Porosity and pore size distribution 

To calculate the porosity and PSD of the MPL, the proposed EDT algorithm was 

first analyzed. The algorithms for both 2-D and 3-D EDT implementation were considered; 

the 2-D approach was expected to be more economical and less time consuming, while 

the 3-D approach was expected to be more accurate considering the non-uniform 

structure of the MPL. The calculated PSD for CB MPL Domain 1 is shown in Figure 3.1 

for 2-D and 3-D EDT. As can be seen, there are significant differences between the two 

EDT approaches. Although the curve shapes are similar, the 2-D EDT appears to 

consistently underestimate the pore size by 20–30 nm, on average. This difference is likely 

attributed to the high degree of pore connectivity in the MPL that is only captured by the 

3-D approach, which is therefore advantageous for MPL studies despite being more 

computationally expensive. The 3-D reconstructed CB MPL domains have global porosity 

in the range of 62-65% in all three domains. In previous reports, the MPL porosity was 

estimated by comparing the changes of porosimetry data of a bare GDL substrate upon 

the application of an MPL to its surface [81]. These measurements assumed a range 

(∼50–100 µm) for MPL thickness, which led to a range (∼0.4–0.6) of porosity that is too 

wide to assess the accuracy of the segmentation protocols. Therefore, in the present 
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study, the MIP measurements for a pure MPL sample coated on a polyimide film resulted 

in a porosity of ∼61%. The MIP porosity values obtained were adjusted to take into 

account the mercury intrusion in the polyimide film (“the edge effect”). The reconstructed 

3-D structure obtained by the present FIB-SEM approach thereby appears to be a realistic 

representation of the expected solid and pore distribution of the physical MPL material. 

 

Figure 3.1. Difference between 2-D and 3-D Euclidean distance transform results 
for carbon black nanoparticle MPL Domain 1.  

Figure 3.2 depicts the measured differential pore volume (DPV) and cumulative 

volume fraction (CVF) versus the pore diameter for CB MPL coated on polyimide film. The 

effective particle spacing for the CB nanoparticles results in two distinctive pore size 

regions. Figure 3.2 (a) shows the two regions, the first region with the distinctive peak 

(mode-1) around pore diameter of 100 nm and the second region with uncharacteristic 

peak around 1 µm (mode-2). The uncharacteristic peak around 1 µm is due to surface 

cracks and pores in the range of 1 to 60 µm (Figure 3.3). The surface cracks [28] and 

pores were formed during drying and sintering processes as a result of drastic changes in 

the volume of the MPL mixture. Further, the polyimide film’s impact on PSD is observed 

for pore diameters above 10 µm. During the operation of the fuel cell it is likely that liquid 

water accumulates in these surface cracks and pores resulting in a decrease in fuel cell 

performance because of ‘water flooding phenomena’. This can also contribute to 

membrane dehydration under low humidity operation [29]. Hence, having homogeneous 
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pore size distribution in the MPL structure may improve the performance and mechanical 

durability of the fuel cell [28]. Therefore, in the current study the RoI of the CB MPL sample 

was chosen to avoid the surface cracks and pores (Figure 3.3).  

 

 

Figure 3.2. The measured a) differential pore volume and b) cumulative volume 
fraction as a function of pore diameter for CB MPL coated on 
polyimide film. 
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Figure 3.3. The surface cracks and pores on the CB MPL samples. 

The PSD obtained for all three MPL domains using the 3-D EDT and the measured 

MIP data for a pure MPL sample coated on a blank polyimide film are provided in Figure 

3.4. All three domains are shown to have similar PSD and the obtained curves agree 

reasonably well, on average, with the measured data across the entire range considered. 

The slight variations with the measured data can be attributed to the fact that PSD 

obtained by MIP assumes cylindrical pore shape with a circular opening; hence, MIP 

measurements tend to slightly overestimate the volume occupied by small pores in the 

case where larger pores are only accessible through smaller ones (throat effect [44]). Most 

MPL pores are found to be between 20 and 300 nm in diameter. Domain 3 had somewhat 

smaller typical pore size than the other two domains, although the small difference 

detected here is likely a result of the regular material variability expected to be present in 

the MPL. The Knudsen number defined as the mean free path of the diffusing species 

(i.e., oxygen) divided by the characteristic length (i.e., mean pore diameter) was found to 

be on the order of ∼1, thus within the transition regime between continuum and molecular 

diffusion. Therefore, particle/wall collisions cannot be neglected, and Knudsen effects 

must be considered when estimating the transport properties of the MPL. 
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Figure 3.4. Pore size distribution obtained by the FIB-SEM based image 
reconstruction and Euclidean distance transform method compared 
to MIP data for a CB MPL coated on a blank substrate. 

Figure 3.5 depicts the measured DPV and CVF versus the pore diameter for FG 

and CG MPLs coated on polyimide film. It is observed from the DPV measurements that 

the FG MPL sample follows unimodal distribution of pore diameter whereas the CG MPL 

sample follows bimodal distribution. Table 3.1 summarizes the characteristic pore 

diameters and the average particle size for the three MPL samples studied. It is observed 

that the average graphite particle size of 6 µm corresponds to CG MPL sample results in 

bimodal distribution (mode-1 and mode-2) of pore diameter. The bimodal distribution was 

also observed for graphite particles with sizes up to tens of micrometer (23 µm) [82]. The 

integrated pore volume under the mode-1 peak is almost equal for the FG and CG MPL 

samples, which is likely due to solvent evaporation during the drying and sintering 

processes. Whereas the mode-2 for CG MPL sample is due to the effective particle 

spacing of the microstructure, it is noteworthy that the FG MPL sample did not exhibit a 

mode-2 peak, which is likely due to its relatively small graphite particle size. Table 3.2 

compares the global porosity value for the three samples studied using 3-D FIB-SEM 

reconstructed model and MIP measurements. The porosity values obtained from the 3-D 

FIB-SEM reconstructed model were 4-5% lower than the MIP measured data for the FG 
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and CG MPL samples, which is an acceptable difference considering the much smaller 

domain size of the model, which does not capture large pores. In addition to the smaller 

domain size, the underestimation of porosity value for the FG and CG MPL may be due 

to an increase in the amount of re-deposited material under higher ion-beam currents. As 

noted earlier (section 2.1) the beam current of 50 pA for FG MPL sample and 100 pA CG 

MPL sample were used to reduce the time and cost of image acquisition. Also, for the CG 

MPL sample the small domain size directly resulted in not resolving the mode-2 (Figure 

3.6). Overall, the PSD of the model is in good agreement with the MIP data for the 

characteristic mode-1 pores for both FG and CG MPL samples. These pores are expected 

to dominate the pore phase transport properties of these materials. 

Table 3.1. The characteristic pore diameters and average particle size for the 
three MPL samples. 

Sample Mode-1 (µm) Mode-2 (µm) Average particle size (µm)  

CB 0.1 1 0.04 

FG 0.27 Not applicable 2 

CG 0.65 3.8 6 

 

Table 3.2. The sample porosity value for the three MPL samples obtained using 
3-D FIB-SEM reconstructed model and MIP measurements. 

Samples MIP FIB-SEM 

CB 61% 63% 

FG 53% 49% 

CG 53% 48% 
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Figure 3.5 The measured a) differential pore volume and b) cumulative volume 
fraction as a function of pore diameter for FG and CG MPLs coated 
on polyimide film. 
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Figure 3.6. Pore size distribution obtained by the 3-D FIB-SEM reconstructed 
model and MIP data for the FG and CG MPL samples. 

3.2. Effective transport properties   

The calculated effective diffusivity of oxygen in air for the three domains of the CB 

MPL sample is depicted in Figure 3.7a. The effective diffusivity is presented in the three 

principal directions, namely the through-plane (TP), in-plane (IP), and sectioning directions 

(SD). The average effective diffusivity is found to be between 0.15 and 0.22 for the global 

porosity of 62–65% in all three domains. Although the average values vary among the 

three principal directions, the difference is within the variability of each dataset. Hence, 

the diffusion characteristics of the MPL are determined to be isotropic, with an average 

effective diffusivity of 0.18. The choice of sectioning direction, which is mutually 

perpendicular for Domains 2 and 3, also has no statistical influence on the results. The 

multi-domain strategy was also carried out to negate any effect of the ion beam milling 

and sectioning step size on the obtained structural parameters. The tuned MPL 

characterization framework thus appears to provide reliable results for diffusion.  
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In a previous FIB-SEM based study [59], the effective diffusivity of the 

reconstructed MPL structure with 40% porosity was estimated to ∼0.18 based on the 

Tomadakis and Sotirchos method [83]. In another study, the model based on finite volume 

approximation to solve Fickian diffusion in a 3-D FIB-SEM generated structure with 42% 

porosity reported effective diffusivity values from 0.12 to 0.35 within the structure. Although 

the literature data for effective diffusivity are comparable to the present results, the 

previously reported values were likely overestimated due to the use of empirical 

correlations with limited applicability [59] and neglecting Knudsen diffusion [60] but 

augmented because of the low porosities. As mentioned in the introduction, MPL is not a 

standalone layer and measurements are normally carried out using a GDL/MPL assembly. 

Chan et al. [42] reported the measured diffusivity coefficient of oxygen–nitrogen mixture 

as 0.073 for an MPL coated on SolviCore carbon paper. A series network resistance was 

used for the estimation, although the precise thickness and penetration depth of the MPL 

were not taken into account.  

The calculated tortuosity values for the CB MPL sample domains are given in 

Figure 3.7b and the average tortuosity is about 3.6. The overall trends are consistent with 

those found for diffusivity. PEM fuel cell models often use empirical models to determine 

the effective diffusivity as a function of bulk material properties such as porosity and 

tortuosity; the most common one being the Bruggeman relation (Equation 2.11). The 

Bruggeman approximation of effective diffusivity and tortuosity for CB MPL material 

resulted in values of 0.48 and 1.27, respectively. These estimates are in considerable 

disagreement with those of the reconstructed FIB-SEM 3-D models, questioning the 

validity of the Bruggeman approximation in describing transport phenomena in the MPL 

structure. 

The effective thermal conductivity obtained for the three CB MPL domains is 

displayed in Figure 3.8. Figure 3.8a represents the upper bound with an average of ∼0.29 

W m-1 K-1 and Figure 3.8b indicates the lower bound with ∼0.13 W m-1 K-1 on average. The 

exact effective thermal conductivity of the material is somewhere within these bounds, 

depending on the PTFE distribution; however, the obtained range of 0.1–0.3 W m-1 K-1 is 

expected to be realistic and useful. One other study has reported thermal conductivity of 

0.6 W m-1 K-1 for a bare MPL with lower porosity of 50% and lower PTFE content of 22% 

[55]. As mentioned earlier, there is significant variation within the reported experimental 

values of the MPL thermal conductivity, ranging from 0.04 – 4 W m-1 K-1, due to the 
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complexity of the measurements, the presence of thermal contact resistance, and the 

uncertainty associated with the influence of (and coupling with) the GDL substrate. 

 

Figure 3.7. (a) Effective diffusivity and (b) tortuosity obtained for the three 
reconstructed domains for the CB MPL sample in the through-plane 
(TP), in-plane (IP), and sectioning directions (SD). 
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Figure 3.8. Effective thermal conductivity obtained for the three CB MPL domains 
in the through-plane (TP), in-plane (IP), and sectioning directions 
(SD), indicating (a) upper bound and (b) lower bound. 
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Figure 3.9a compares the calculated effective diffusivity of the CB MPL sample 

with that of the FG and CG MPL samples. The graphite particles in both FG and CG 

samples have uniform distribution across the surface with no visible surface cracks or 

pores (Figure 2.1). The thin platelet shaped graphite particles tend to stack with 

preferential orientation horizontally along the two mutually perpendicular in-plane 

directions. Furthermore, the layered stacking of graphite particles in the through-plane 

direction leads to an interconnected pore network throughout the microstructure. Within 

the variability of the dataset, the effectivity diffusivity value for the FG MPL sample in the 

in-plane directions (~0.135) is about twice that of the through-plane direction (~0.06). 

Hence, the diffusion characteristics of the FG MPL are determined to be transversely 

isotropic. However, the effective diffusivity values for CG MPL sample showed less distinct 

difference between the IP and TP directions (Figure 3.9a). The calculated tortuosity values 

for the FG and CG samples follow a similar trend as that of diffusivity (Figure 3.9b). The 

tortuosity value for the FG MPL sample (Figure 3.9b) in the in-plane directions (~8.0) is 

twice that of the through-plane direction (~3.7). The tortuosity values for the CG MPL 

sample in the three mutually perpendicular directions are 6 (TP), 3 (IP) and 5 (SD). The 

anisotropy exhibited by the CG MPL sample may be due to the larger particle size when 

compared to the FG sample. The anisotropy of the CG sample can also be attributed to 

the heterogeneous nature of the microstructure as observed in the PSD (Figure 3.5). 

Hence, the diffusion and tortuosity characteristics of the CG MPL are determined to be 

anisotropic.  

The effective thermal conductivity obtained for the three MPL samples namely CB, 

FG, and CG are displayed in Figure 3.10. The intrinsic thermal conductivity of graphite 

particles is about two orders of magnitude higher than that of CB nanoparticles. Therefore, 

the gap in effective thermal conductivity between the CB MPL sample and the FG and CG 

MPL samples is more pronounced in the upper bound values (Figure 3.10a) when 

compared to the lower bound values (Figure 3.10b). The exact effective thermal 

conductivity of the FG and CG MPL samples is somewhere within the upper and lower 

bounds, depending on the PTFE distribution. The true values are likely to be closer to the 

upper bound values due to the planar stacking of graphite particles and relatively low 

PTFE content. The upper bound effectivity thermal conductivity value for the FG MPL 

sample in the in-plane directions (50 W m-1 K-1) is about 40% higher that of the through-

plane direction (35 W m-1 K-1). The effective thermal conductivity values for the FG MPL 
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sample show similar trends as seen in the effective diffusivity and tortuosity values. The 

upper bound effectivity thermal conductivity value for the CG MPL sample in the three 

mutually perpendicular directions are 42 W m-1 K-1 (TP), 57 W m-1 K-1 (IP) and 41 W m-1 

K-1 (SD). The effective thermal conductivity value for the CG MPL sample show slightly 

less anisotropy when compared to the effective diffusivity and tortuosity values. To the 

best of the author’s knowledge, no similar imaging based studies have been previously 

reported for a graphite particle based MPL, and detailed validation of the results is difficult. 

The graphite particle MPLs effective thermal conductivity is about 150 times higher than 

that of the CB MPL sample. The higher thermal conductivity MPLs aids in removal of water 

under high current density operation leading to improved fuel cell performance (inhibiting 

“water flooding” phenomena). In sum, the range of effective transport properties found by 

the present approach is likely realistic for the MPL structure based on CB nanoparticle as 

well as graphite particles under 4 µm size and the findings may be useful as a benchmark 

for future research in this field. 
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Figure 3.9. (a) Effective diffusivity and (b) tortuosity obtained for the CB, FG, and 
CG MPL samples in the through-plane (TP), in-plane (IP), and 
sectioning directions (SD). 
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Figure 3.10. Effective thermal conductivity obtained for the CB, FG, and CG MPL 
samples in the through-plane (TP), in-plane (IP), and sectioning 
directions (SD), indicating (a) upper bound and (b) lower bound. 
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Chapter 4.  
 
Conclusions and future work 

The overall aim of this thesis was to evaluate the microstructure and related 

transport characteristics for two types of MPL materials based on spherical CB 

nanoparticles and disc-like graphite particles. To carry out this goal, a complete, 

customized framework for morphological characterization of MPLs was developed and 

presented. For this purpose, the real 3-D reconstructed structure of the MPL was obtained 

by capturing high-resolution images using a tuned FIB-SEM tomography method 

developed specifically for analysis of bare MPL samples with minimal sample preparation 

and other interferences. A suitable segmentation protocol for obtaining 3-D reconstructed 

structures was established. The porosity and pore size distribution calculated using a 

novel algorithm based on Euclidian distance transform, were found to be in good 

agreement with measured data for the MPLs coated on a blank substrate.  

The key material properties of the MPL considered in this study, namely effective 

diffusivity, tortuosity, and effective thermal conductivity, were obtained from reconstructed 

MPL models representing three different domains of the CB MPL sample to analyze the 

impact of ion beam sectioning step size and direction. With the customized 

characterization approach, the milling parameters were found to have no significant bias 

on the results. Moreover, the obtained data for the CB MPL sample showed the 

microstructure as isotropic with respect to all structural parameters considered. The 

obtained CB MPL structure’s effective diffusivity of ~0.18 and tortuosity of ~3.6 are 

believed to be much more realistic than estimations based on the Bruggeman 

approximation and other empirical correlations, due to their limited applicability for MPLs. 

The obtained data for the FG MPL sample shows the microstructure as transversely 

isotropic with respect to all structural parameters considered. The deduced structural 

parameters for the CG MPL sample shows the microstructure as anisotropic. The 

anisotropy can be attributed to larger particle size compared to the FG MPL sample and 

the heterogeneous microstructure seen in the PSD. 

Also, for the first time, the effective thermal conductivity of a graphite particle based 

MPL was reported using the present characterization framework. The true values of 
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effective thermal conductivity of graphite particle MPLs are likely to be closer to the upper 

bound values because of TP stacking of graphite particles and low PTFE content of 18%. 

The upper bound effectivity thermal conductivity value for the FG MPL sample in the in-

plane directions (50 W m-1 K-1) is about 40% higher that of the through-plane direction (35 

W m-1 K-1). Whereas the effective thermal conductivity of the CB MPL sample is found to 

be within the range of 0.1–0.3 W m-1 K-1. The FG and CG MPLs effective thermal 

conductivity is about 150 times higher than that of the CB MPL sample. The current study 

elucidates the importance of rigorous estimation of the key structural parameters, and it is 

expected that the customized characterization framework as well as the obtained material 

properties that are otherwise difficult to measure will find widespread application in the 

fuel cell research community in the areas of modeling, material development, and MEA 

design. 

The use of water-soluble binder in the MPL mixture could prevent the formation of 

surface cracks and pores on the surface of the CB MPL sample. Further can address the 

impact of surface cracks and pores on the performance and mechanical durability of the 

fuel cell. 

The use of low energy nano-XCT could resolve the mode-2 of PSD for CG MPL 

sample and could also potentially differentiate between graphite particle and PTFE 

phases, subject to resolution limitations. The use of a low energy laser cutter for preparing 

the sample needed for nano-XCT analysis would reduce the sample preparation time 

when compared to the Ga ion FIB lift-out technique.  

The xenon (Xe) ion plasma FIBs higher current and higher sputtering rate could 

resolve the mode-2 of PSD for CG MPL sample. Xe ion plasma FIB could also reduce the 

sample preparation time for nano-XCT analysis when compared to the Ga ion FIB lift-out 

technique [84]. Further investigation is necessary to quantify the Xe ion plasma FIB 

induced artifacts on MPL and compare it to Ga ion FIB.  

The obtained 3-D FIB-SEM reconstructed dataset may also serve as a training 

dataset for convolutional neural network (CNN) models. The CNN would reduce the 

dependency on the highly time consuming manual segmentation approach and could 

handle larger datasets. A well trained CNN model could reduce the image processing time 

by automating the image classification and image segmentation steps [85]. 
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