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Abstract 

Polymer electrolyte membrane (PEM) fuel cells offer a promising pathway toward reducing 

reliance on carbon-emitting energy technologies. However, their widespread implementation is 

hindered by high costs, primarily attributed to mass transport losses during high current density 

operation caused by inefficiencies in liquid water management. This thesis comprises two studies 

that characterize liquid water saturations at the pore scale of the gas diffusion layer (GDL) and 

their impact on performance. First, pore-scale saturation is defined for the first time through 

visualization techniques, revealing that pores are partially saturated rather than fully saturated, and 

local saturation in the bulk GDL influences pore saturation. Next, the impact of reactant gas 

relative humidity (RH) on liquid water saturation and PEM fuel cell performance is determined. 

Local saturation was observed to increase with RH, leading to a corresponding rise in pore 

saturation. This thesis provides insight into the design of new, more efficient materials for 

improved PEM fuel cell performance. 
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Chapter 1 – Introduction 

1.1 Preamble 

While energy demands are continually increasing worldwide, there is also a competing, pressing 

need to shift away from carbon-emitting energy sources due to anthropogenic climate change. 

Alternative energy technologies are critically needed to meet our energy demands without 

contributing further to carbon emissions [1]. While solar and wind power have been widely 

implemented to address these challenges, they are intermittent sources that fluctuate with local 

environmental conditions [2]. Polymer electrolyte membrane (PEM) fuel cells are promising for 

providing green, on-demand electricity due to their ability to provide on-demand, zero-emission, 

and continuous electric power when supplied with hydrogen fuel and oxygen from air, producing 

only water and heat as by-products [3]. The transportation sector is an ideal target for PEM fuel 

cell applications as it was the second largest source of greenhouse gas emissions (GHGs) in 2022 

[4]. PEM fuel cells are an appealing alternative to conventional internal combustion engine 

vehicles not only for the elimination of harmful GHGs but for their high efficiency, high power 

output, and scalability [5]. However, the implementation of PEM fuel cells is not without its own 

challenges; high costs related to materials and performance efficiency at high current density 

operation are an obstacle to their widespread adoption [6]. 

The gas diffusion layer (GDL), a thin, porous carbon fibre material, is an integral part of the fuel 

cell as it facilitates the diffusion of reactants to reaction sites at the catalyst layer (CL) as well as 

the transport of product liquid water out of the fuel cell. At high current densities, fuel cell 

performance is primarily limited by mass transport losses, where inadequate reactant delivery 

hinders the continuation of electrochemical reactions due to excess liquid water in the pores of the 
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GDL. While efforts need to be made to reduce liquid water saturation in the GDL to mitigate mass 

transport losses, a water balance must be maintained in the cell to obtain sufficient hydration of 

the PEM in order to preserve ionic conductivity for efficient reactions. Thus, effective water 

management strategies are imperative to improving PEM fuel cell performance.  

1.2 Objectives 

The objective of this thesis is to identify the mechanisms governing water transport at the pore 

scale within the cathode GDL of a PEM fuel cell to help inform the design of new materials for 

more efficient water management with the goal of reducing mass transport losses. By reducing 

mass transport losses, PEM fuel cells can operate more efficiently and at higher current densities 

for a wider range of applications. This objective will be achieved through the following sub-

objectives: 

1. To visualize liquid water distributions at the pore scale to better understand water transport 

mechanisms in the GDL. By improving the understanding of liquid water movement in the 

GDL, we can inform the design of new materials for more effective water management in 

the fuel cell. 

2. To determine the impact of inlet gas relative humidity (RH) on liquid water distributions 

in the GDL at the pore scale and on PEM fuel cell performance. By deducing the role of 

RH in water transport mechanisms, we can provide insight into more efficient operating 

conditions for improved PEM fuel cell performance. 

1.3 Contributions 

1.3.1 First-authored journal manuscripts 
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This thesis comprises two studies, currently being prepared as first-authored manuscripts, detailed 

as follows: 

• L. Kober, P. Shrestha, E. Chadwick, C. T. Ham, S. Gasilov, A. Webb, A. Bazylak, 

“Distinction and relationship between local and pore-scale saturation in fuel cell gas 

diffusion layers clarified via high-speed operando tomography,” (in preparation for 

journal submission, Chapter 4) 

• L. Kober, P. Shrestha, E. Chadwick, S. Gasilov, A. Webb, A. Bazylak, “Identifying 

relationships between inlet gas relative humidity and liquid water saturation in polymer 

electrolyte membrane gas diffusion layers via operando tomography,” (in preparation for 

journal submission, Chapter 5) 

These studies were completed with the support of research members from the Thermofluids for 

Energy and Advanced Materials (TEAM) lab at the University of Toronto. Pranay Shrestha 

assisted with the design of the experimental hardware and experiments. Eric Chadwick assisted 

with experiments and provided feedback on data analysis. Additionally, Dr. Adam Webb, Dr. Ning 

Zhu and Dr. Sergey Gasilov from the Canadian Light Source provided administrative and 

operational support for the X-ray computed tomography experiments. 

1.3.2 Co-authored manuscripts 

 

• C. T. Ham, P. Shrestha, L. Kober, S. Gasilov, A. Webb, A. Bazylak, “Identifying 

Temperature-dependent Pore-scale Gas Transport in PEM Electrolyzers using Operando 

X-ray Computed Tomography,” (in preparation for journal submission) 

1.3.3 Conference presentations and abstracts 
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• L. R. Kober, P. Shrestha, C. T. Ham, and A. Bazylak, “Investigating the Capability of 

High-speed Operando Sychrotron X-ray Computed Tomography to Image Porous 

Materials in Fuel Cells: An Optimized Fuel Cell Design”, 17th International Symposium on 

Polymer Electrolytes, Oct. 2-7, 2022. 

• L. Kober, P. Shrestha, C. Ham, and A. Bazylak, “Investigating the Influence of Humidity 

on Liquid Water Transport Mechanisms in Fuel Cell Gas Diffusion Layers Using Operando 

X-Ray Computed Tomography,” ECS Meeting Abstracts, vol. MA2022-02, p. 1411, Oct. 

2022, doi: 10.1149/MA2022-02391411mtgabs. 

• L. Kober, P. Shrestha, S. Lytle, and A. Bazylak, “Investigating the Influence of Inlet 

Relative Humidity on Polymer Electrolyte Membrane Fuel Cell Performance by 

Visualizing 4-D Water Distributions in Gas Diffusion Layers,” ECS Meeting Abstracts, 

vol. MA2023-02, p. 1785, Dec. 2023, doi: 10.1149/MA2023-02371785mtgabs. 

1.4 Thesis Organization 

This thesis is organized into six chapters. In Chapter 1, a high-level background into PEM fuel 

cells is provided. Additionally, this chapter describes the motivation for visualizing liquid water 

distributions at the pore scale in cathode GDLs. Chapter 2 provides a thorough literature review 

on PEM fuel cells including the chemistry, components, water transport mechanisms, and mass 

transport losses within them. Chapter 3 details the methodology used to carry out experiments as 

well as the methods used for image processing and data analysis for Chapters 4 and 5. In Chapter 

4, the impact of local saturation on pore-scale saturation is investigated by applying the 

methodology in Chapter 3 to visualize pore-scale water in the GDL. In Chapter 5, the impact of 

RH on pore-scale water distributions and PEM fuel cell performance is determined by applying 

the methodology presented in Chapter 3 to visualize liquid water distributions at the pore scale and 
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connect them to performance. Finally, Chapter 6 provides a summary of the contributions of the 

studies presented in Chapters 4 and 5 and presents recommendations for future work. 
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Chapter 2 – Background  

 

This chapter provides a detailed background on polymer electrolyte membrane (PEM) fuel cells 

to establish context for the research contributions presented in this thesis. An overview of PEM 

fuel cell operation is presented first, followed by a description of its components and their influence 

on performance. Finally, a review of imaging and modelling techniques used in the elucidation of 

water transport mechanisms in PEM fuel cell gas diffusion layers is provided. 

2.1 An overview of the PEM fuel cell 

The PEM fuel cell is an electrochemical energy conversion device that converts chemical energy 

into useful electricity through the reactions of hydrogen and oxygen at the catalyst layer (CL) 

(commonly platinum) of an ionically conductive catalyst-coated membrane (CCM). The internal 

components of the PEM fuel cell make up the membrane electrode assembly (MEA) which 

consists of a CCM placed between two porous electrodes, the anode and the cathode, which are 

then encased by bipolar plates (Figure 2-1).  
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Figure 2-1: Schematic showing cross-section of a PEM fuel cell. 

 

The anode and cathode facilitate the half-cell reactions that make up the complete reaction within 

the cell, where gaseous hydrogen and oxygen combine to produce water. At the anode, the half-

cell reaction is referred to as the oxidation reaction, where hydrogen is oxidized at the CL to 

produce 2 protons (H+) and 2 electrons (e-): 

H2 → 2H+ + 2e− (2.1)  

 

The protons are conducted through the PEM while the electrons travel to an external circuit to 

power a device. At the cathode, the half-cell reaction is referred to as the reduction reaction, where 
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oxygen is oxidized by combining with the conducted hydrogen protons and the electrons from the 

external circuit to produce water and heat: 

1

2
O2 + 2H+ + 2e− → H2O (2.2)  

 

Combined, these half-cell reactions form the following complete reaction that occurs within the 

cell: 

H2 +
1

2
O2 → H2O (2.3)  

 

2.2 Components of the PEM fuel cell 

In this section, the components that make up a typical PEM fuel cell will be discussed in detail to 

help provide context for their role in the operation of the cell. 

2.2.1 Catalyst-coated membrane  

The CCM is a tri-layer structure at the centre of the PEM fuel cell that consists of a PEM coated 

with a catalyst layer that is bound together by an ionomer. While it facilitates the reactions in the 

cell, it also acts as a barrier between the anode and the cathode. 

2.2.1.1 Polymer electrolyte membrane  

The PEM is a thin, solid, and selectively permeable material which selectively conducts protons 

(H+) from the anode to the cathode in the hydrogen oxidation reaction while providing electrical 

insulation between the electrodes. It maintains gas separation between the cathode and anode to 

prevent fuel crossover which can lead to cell inefficiencies and safety issues [7]. It also provides 
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mechanical support to prevent deformation under compressive stress in the cell with varying 

operating conditions, including changes in temperature and humidity [8]. The most commonly 

used PEM is Nafion, which is a sulfonated tetrafluorethylene-based fluoropolymer with two main 

components, (1) hydrophobic backbone made of polytetrafluoroethylene (PTFE) that provides 

chemical resistance, mechanical strength, and hydrophobicity, and (2) hydrophilic side chains that 

contain sulfonic acid groups that ionize in the presence of water, forming mobile protons and 

facilitating proton conduction [9]. The advantages of using Nafion include high proton 

conductivity under well-hydrated conditions, excellent chemical and mechanical stability, and 

well-established manufacturing process and widespread availability. Sufficient hydration of the 

PEM is key to maintaining high proton conductivity, so water management in PEM fuel cells is of 

the utmost importance. 

2.2.1.2 Catalyst layer  

The CL is typically a layer of nanometer-sized particles of platinum dispersed on a carbon support. 

Supported platinum catalyst particles are bound together by a proton-conducting ionomer, which 

facilitates the oxidation of hydrogen molecules on the anode side of the PEM fuel cell and the 

reduction of oxygen on the cathode side of the cell [10]. The proton-conductive ionomer binder 

allows protons to travel through the catalyst layer to the PEM, which then transports them to the 

cathode reaction sites.  

2.2.2 Gas diffusion layer  

The gas diffusion layer (GDL), a porous, often heterogeneously structured material, is instrumental 

in the operation of a PEM fuel cell as it facilitates the diffusion of reactant gases to the CL and the 

transport of liquid water away from the CL. It is commonly composed of an electronically 

conductive carbon-based substrate and in some cases, is coated with a microporous layer (MPL) 
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made up of carbon black mixed with a hydrophobic binder (e.g., PTFE) [11]. It is critical for GDLs 

to be made of electronically conductive material in order to provide a conductive pathway for 

electrons between the CL and the bipolar plates. It also provides mechanical support for the thin 

CL and PEM, preventing deformation under compressive loads in the cell. While the presence of 

water is necessary in maintaining proton conductivity of the PEM, excess water in the GDL can 

lead to flooding and performance loss in the PEM fuel cell due to the blockage of oxygen to 

reaction sites [12]. Thus, the substrate material is typically coated with a hydrophobic binder, such 

as PTFE, to assist with effective water management and prevent flooding [13]. Understanding 

liquid water transport in the GDL is paramount in order to optimize the GDL structure and design 

more efficient fuel cells; therefore, it is often an area of interest in fuel cell research. 

2.2.3 Bipolar plates 

Also known as flow fields, these electrically conductive structural supports are situated on the side 

of the GDL opposite to the catalyst layer and are used to deliver reactants and expel product water 

from the fuel cell. The bipolar plates are manufactured with void spaces known as channels which 

provide pathways for species to move relatively unimpeded in and out of the fuel cell. The solid 

material surrounding the channels are known as the lands, which are in direct contact with the 

GDL substrate so that electrons produced at the CL can be transported to an external circuit. During 

fuel cell operation, product water has been known to accumulate mostly under the land regions 

rather than under the channels, due to their manufacture from hydrophilic materials and smaller 

pore sizes induced by compression [14], [15].  
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2.3 Water transport mechanisms in the GDL 

In this section, we discuss the physics that governs vapour and liquid phase water transport in the 

GDL. Water transport in the GDL involves complex interactions between liquid and vapour 

phases. These processes are driven by capillary forces, phase change dynamics, diffusion, and 

pressure gradients. Liquid water is generated at the cathode as a byproduct of the oxygen reduction 

reaction, while water vapour is present in the cell at the CL/GDL interface due to the evaporation 

of liquid water as a result of exothermic reactions and humidified reactant gases supplied to the 

cell.  

2.3.1 Liquid water phase water transport in the GDL 

Capillary transport is widely considered the dominant mechanism for liquid water transport in the 

GDL [16]. Capillary pressure (𝑃𝑐) drives liquid water through the pores and is inversely 

proportional to pore radius (𝑟): 

𝑃𝑐 = −
2𝛾 cos 𝜃

𝑟
(2.4)  

where 𝛾 is the surface tension of water and 𝜃 is the contact angle of water to the surface, which 

determines hydrophobicity. To facilitate water transport and alleviate potential flooding, the GDL 

is generally coated with a hydrophobic treatment, such as PTFE, which alters the surface energy 

of the porous structure, affecting the capillary pressure [17]. In work by Nam et al. and Pasaogullari 

et al., the transport of liquid water from the membrane to the GDL is presented as an “upside-down 

tree” capillary network, where a high number of small capillary networks evenly dispersed across 

the membrane converge into larger capillaries and eventually results in one large capillary reaching 

breakthrough at the GDL/flow field interface [18], [19]. However, Litster et al. discovered that 

liquid water transport is instead dominated by capillary fingering and channeling and features 
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numerous “dead-ends”, where water transport in capillaries recedes when an adjacent 

breakthrough channel is formed [16]. Bazylak et al. identified that liquid water follows preferential 

pathways as a result of localized hydrophilic pathways in the bulk hydrophobic GDL that are 

induced by compressive damage at the GDL surface due compressive stresses on the GDL [20]. 

At the pore scale, liquid water preferentially occupies larger and more hydrophilic pores [21], [22]. 

2.3.2 Vapour-phase water transport in the GDL 

The dominant mechanism for gas-phase transport in the GDL is diffusion, where vapour molecules 

diffuse to different parts of the GDL as a result of concentration gradients [23]. These 

concentration gradients are induced in the GDL because of the thermal gradient from the CL to 

the flow fields [23], [24] due to the heat generated at the CL interface during the exothermic 

electrochemical reactions and condensation at the flow fields.  

For gas-phase flow in porous media, such as the GDL, the properties of the porous media, such as 

porosity and tortuosity, affect the rate of diffusion through the media which is often inhibited. 

Porosity is a measurement of the void space in a material and is defined as the ratio between the 

volume of the void space to the total volume of the material [25]. Tortuosity is a measure of 

convolution in path length in porous media compared to the linear path length across the media in 

the direction of transport. The more tortuous the path, the longer the path length and the greater 

the reduction in effective diffusivity [26]. 

The effective diffusivity for gas-phase flow in porous media can be represented as  

𝐷𝑒𝑓𝑓 = 𝐷
𝜑

𝜏
(2.5)  

where 𝐷𝑒𝑓𝑓 is the effective bulk-gas diffusivity, 𝐷 is the diffusivity in gas, 𝜑 is the porosity, and 

𝜏 is the tortuosity.  
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The addition of an MPL to the GDL has been shown to enhance vapour transport by decreasing 

thermal conductivity and increasing temperatures at the CL [27], [28]. However, the addition of 

an MPL leads to an unavoidable increase in diffusion path length, increasing tortuosity and 

decreasing effective diffusion across the cathode [29]. 

2.4 Mass transport losses 

Mass transport losses in the PEM fuel cell occur when reactant gas flow to the CL is impeded, 

typically by the liquid water produced at the CL in the cathode from the oxygen reduction reaction. 

Mass transport losses are intensified with increasing current density because higher reaction rates, 

needed for greater electrical output, lead to increased liquid water production. In order to reduce 

mass transport losses, effective water management strategies must be employed to ensure effective 

reactant delivery to the CL. One method for managing water in the GDL is the addition of an MPL, 

which is a layer with sub-micron sized pores placed on the CL/GDL interface side of the cell. The 

addition of an MPL to GDL substrate has shown to make significant improvements in the 

management of liquid water in the GDL, where liquid water removal is enhanced and liquid 

saturation in the catalyst layer is reduced, allowing the cell to operate at higher current densities 

[30]. Understanding liquid water transport mechanisms is key for developing more efficient water 

management strategies and can assist in the development of new materials for reduced mass 

transport losses. 

2.5 Visualization techniques for fuel cell materials 

A popular method used to understand water transport mechanisms in the GDL is visualization 

through imaging techniques. X-ray radiography is one technique that can provide useful 

information about water accumulation in the GDL. In x-ray radiography, a 2-dimensional (2-D) 
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image of the internal structure of the GDL is produced which captures the layers and structures in 

a single plane, compressing three-dimensional information into a flat image with high temporal 

resolution for high-speed measurements. Previous studies have used X-ray radiography to 

contribute valuable information on liquid water evolution and accumulation within the cathode 

GDL [31-34]. Hinebaugh et al. used synchrotron x-ray radiography to study the time evolution of 

liquid water in an operating PEM fuel cell; they observed that liquid water first appeared at the 

cathode catalyst layer and then travelled laterally (in-plane direction) across the land and channel 

regions, and that liquid water accumulated in possible areas of delamination of the GDL from the 

CL [35]. Antonacci et al. used a combination of electrochemical impedance spectroscopy (EIS) 

and synchrotron X-ray radiography to observe changes in GDL water content over time with 

increasing current density and found that water content increased with current density until a 

threshold where increases in current density did not impact local liquid water content in the GDL 

[36]. While X-ray radiography has proven to provide important insight into the behaviour of water 

in the GDL, the loss of depth information limits our knowledge in the third dimension and prevents 

us from observing separate water clusters and water within individual pores.  

X-ray computed tomography (CT) is a non-destructive imaging technique that generates a 3-

dimensional (3-D) image of a sample and has been employed in numerous PEM fuel cell studies 

for its ability to provide detailed information about the complete internal structure of the GDL and 

water at the pore scale [37-41]. X-ray CT has been used to image cells operando to analyze 

dynamic processes of fluids in GDLs. Eller et al. used X-ray tomographic microscopy (XTM), a 

type of X-ray CT that specializes in high spatial resolution, on an operando cell to observe liquid 

water at technically relevant conditions and analyzed the distribution of water cluster size and 

connectivity [42]. They identified four different types of water clusters in the GDL substrate based 
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on connectivity and found that water clusters under the channels drain directly into the channels 

and do not grow above a certain volume of water, while under the lands water clusters of much 

higher volume accumulate. Dörenkamp et al. also used XTM to study the transient development 

and interaction of multiple percolating water clusters in a GDL as well as droplet formation in the 

channels. They found that there are transient instabilities in developed percolating water networks, 

and the disconnection between a droplet and its feeding cluster can lead to the sudden removal of 

large volumes of water into the channels, which can open up intermediate pathways for improved 

reactant transport [43]. 

2.6 Pore network modelling for water transport 

Pore network modelling (PNM) is a popular technique used for modelling pore-scale water 

transport within the GDL. In these models, porous media is represented by a network of pores 

interconnected via cylindrical throats where the geometric characteristics of the media are 

maintained, such as pore diameter, throat diameter, and pore volume [44]. In PEM fuel cell 

research, pore networks are often developed from X-ray CT images of GDLs to accurately 

represent the geometry and use the results of experimental studies to validate the model. PNM is 

desirable for modelling pore-scale dynamics due to its relative accuracy that is comparable to other 

techniques while it demands a lower computational cost [45], [46]. Shahraeeni et al. developed a 

PNM based on patterns of liquid water flow inside the GDL in previous studies [47], [48]. They 

measured flow rates numerically to estimate water saturation in both untreated and PTFE treated 

GDLs, and found that in thin GDLs, the addition of a hydrophobic agent improves fuel cell 

performance by reducing GDL saturation, however in thick GDLs, the effect of hydrophobic 

treatment is insignificant [49]. Aghighi et al. applied a PNM to the cathode GDL to investigate 

mechanisms leading to liquid water formation in the cell and were able to predict the phase change 
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of water under varying operating conditions. Their work shows that spatial temperature and vapour 

gradients lead to the condensation of water in colder zones of the cathode, especially under the 

lands. PNMs have also been employed to investigate the effects of the presence of an MPL on 

liquid water transport [50]. Nakajima et al. constructed a PNM with the aid of focused ion beam-

scanning electron microscopic (FIB-SEM) observation of the 3-D structure of an MPL through 

pore size distribution. They simulated air and liquid water permeabilities as well as oxygen 

diffusivities in the MPL intruded with water [51]. From these studies, the insight gained from PNM 

in the prediction of multiphase water flow coupled with its low computational cost shows its value 

in the investigation of water transport in the GDL. 

2.7 Chapter Summary 

 

In this chapter, a comprehensive background on PEM fuel cells, including electrochemistry, 

important components, and water transport mechanisms, was discussed. Mass transport losses 

were introduced, along with their impact on PEM fuel cell performance, highlighting the 

importance of studies in water transport mechanisms in the GDL. Next, techniques for visualizing 

liquid water in PEM fuel cells were introduced, where methods such as X-ray CT are discussed as 

valuable methods for characterizing pore-scale transport of liquid water. Finally, PNM approaches 

for modelling multi-phase flow in the GDL were discussed with key examples of its capabilities.  

In this thesis, X-ray CT was used simultaneously with electrochemical testing of an operando fuel 

cell to visualize pore-scale water distributions in the cathode GDL and characterize their impact 

on performance; the methodology used to achieve this is presented in Chapter 3. In Chapter 4, we 

focus on a phenomenon known as partial pore filling, where pores in the GDL substrate exhibit 

saturations less than 1, which is often not accounted for in modelling. We explore the link between 



17 

 

local saturation conditions in the bulk GDL and partial pore filling and the potential impacts that 

this has on our understanding of pore-scale liquid water distributions. In Chapter 5, we evaluate 

the effects of inlet gas relative humidity on partial pore filling regimes and investigate the 

formation of new water transport pathways. The work in this thesis provides a better understanding 

of water transport mechanisms at the pore scale in the GDL, which can help inform the 

development of new GDL materials for enhanced liquid water management. 
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Chapter 3 – Methodology 

3.1 Introduction 

This chapter describes the methodology used to isolate 3-dimensional (3-D) water distributions 

generated in the GDL substrate of the operando polymer electrolyte membrane (PEM) fuel cell 

used in the experiments conducted in Chapters 4 and 5. In this chapter, we first describe the details 

of the imaging setup and settings used to capture X-ray computed tomography (CT) images of the 

PEM fuel cell active area. We then provide the details of the PEM fuel cell including the hardware 

and materials used across experiments. Finally, we discuss the image acquisition process and the 

details of the image processing techniques used to extract pore-scale data from our X-ray CT 

images for analysis, including image reconstruction, subtraction, and segmentation. The 

methodology for determining local and pore saturation in the GDL substrate with the use of a pore 

network is detailed in both Chapters 4 and 5 for the corresponding experiments. 

3.2 X-ray CT imaging settings 

X-ray computed tomography imaging was conducted at the 05B1-1 bending magnet beamline in 

the Biomedical Imaging and Therapy (BMIT) facility at the Canadian Light Source (CLS) in 

Saskatoon, Canada [52]. The PEM fuel cell (Figure 3-1a) was mounted on a flat stage and oriented 

in the in-plane direction of the X-ray beam (membrane electrode assembly (MEA) parallel to 

filtered white beam, energy level 33 keV). Low energy photons were removed from the beam by 

employing a 0.8 mm-thick aluminum filter. After passing through the cell, a LuAG scintillator (50 

µm thickness) (WE Micro, Opt. Peter) transformed the transmitted X-ray irradiance into visible 

light which was then captured by a scientific complementary metal-oxide-semiconductor 

(sCMOS) camera (Marana, Andor). For steady state investigation of liquid water distributions, the 
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camera captured 2000 2-dimensional (2-D) tomographic projections of the MEA over 180 ° of 

rotation at an exposure time of 20 ms, resulting in a total scan time of 40 s per CT image. The 

images captured a field of view (FOV) of 650 x 2048 px (1.59 x 5.0 mm) at a pixel size of 2.44 

µm. Before conducting experiments, flat field images of the beam were taken with the sample 

absent to correct for bright spots in the beam in image reconstruction. Dark frames were also 

collected with the beam off to correct for camera noise in reconstruction. 

 

 

Figure 3-1: (a) A schematic of the novel fuel cell with custom-made rotary unions and slip rings 

for seamless rotation during computed tomography. The tubing / electrical connections to and from 
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the rotatory unions / slip rings remain stationary during rotation of the central imaging cell, 

allowing for continuous rotation of the cell. The +z axis is the axis of rotation for the cell. (b) The 

star pattern used to secure the compression case to the end plate, where screws are secured in the 

order starting with 1 and ending in 8. 

3.3 Cell design and materials 

To acquire a three-dimensional (3D) image of the materials and the processes which occur within 

a fuel cell, a custom fuel cell (Figure 3-1) was designed and assembled specifically for the purposes 

of X-ray CT. The current cell design features a small active area to facilitate high-resolution pore-

scale imaging (micron-scale resolution) with complete capture of the active area within the field 

of view of the camera. Specifically, the active area was 3.0 mm x 2.4 mm (0.072cm2) to fit within 

the field of view of 650 x 2048 pixels at the desired pixel resolution of 2.44 µm. 

The fuel cell (Figure 3-1a) features graphite flow fields, copper current collectors, and machined 

Aluminum 6061 end plates and end plate adapters. End plate adapters were introduced in the 

design to facilitate the connection of the other cell components to the rotary unions on each end of 

the cell. The rotary unions are directly connected to the electrical slip rings, with the other end of 

the cathode slip ring attached to the aluminum mounting plate which rotates. Corrosion and scratch 

resistance were two parameters heavily considered in this design, as carbon corrosion can lead to 

reduced cell electrochemical performance and durability [53], [54]. To combat this issue, the 

current collectors were electroplated with hard gold (16 microinch gold over 55 microinch nickel) 

to provide corrosion resistance while maintaining electrical conductivity, and the aluminum end 

plates and adapters were hard anodized for corrosion and scratch resistance.  
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A noteworthy aspect of the new cell design is the inclusion of heated water lines for highly precise 

cell temperature control. Water channels are embedded in the end plate adapters where water is 

circulated through the cell using a circulating heated water bath (Fisherbrand Isotemp 4100). The 

cell temperature is accurately measured through a T-type thermocouple (Omega Engineering, Inc.) 

located just underneath the active area in the cathode bipolar plates. 

3.3.1 Rotary unions and slip rings for continuous cell rotation 

To prevent flooding in the cathode gas diffusion layer (GDL), water management techniques can 

be optimized through informed material design [55], [56]. This information can be achieved by 

enhancing the understanding of liquid water transport mechanisms in the GDL, which in turn can 

be accomplished by observing the transient behaviour of water. To reveal transient transport 

mechanisms, high temporal resolution in imaging is necessary. Continuous rotation enables fast 

acquisition of consecutive scans without the need to stop cell rotation, providing high temporal 

resolution across multiple scans. 

In previous iterations of our CT cell [57], continuous rotation was difficult to achieve due to the 

wrapping of gas and heating tubes, as well as electrical wires, around the cell structure as the cell 

rotated on the CT stage. As a result, very few complete consecutive rotations were possible with 

the cell attached to the stage, limiting the temporal resolution of the collected data. In our new 

design, rotary unions and slip rings were selected as a solution to the issue of cell rotation. Figure 

3-1a shows the strategic placement of a rotary union and slip ring on each side of the cell, each 

containing one inner piece that rotates along a rotational axis (shown as the +z axis in Figure 3-1a) 

and an outer piece that remains stationary. This is implemented in the current CT cell design by 

connecting the gas and water lines to the stationary portion of the rotary union and the electrical 

connections to the stationary electrical wiring of the slip ring. The portion of the cell between the 
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rotary unions, which encompasses the region of interest, rotates along the axis of rotation of the 

CT stage along with the internal components of the rotary unions and slip rings. The stationary 

parts of the cell are fixed to the stationary part of the stage via rigid steel posts. As the innermost 

part of the cell rotates with the stage, fluid lines and wiring remain stationary and do not invade 

the field of view. 

3.3.2 Sealing case for uniform compression 

A critical aspect of the small-scale fuel cell design is the compression and sealing of the gas 

diffusion layer. The current cell design features a rounded, hollow case which encompasses the 

active area and is bolted to the end plates via a symmetrical flange on both sides (shown in yellow 

in Figure 3-1a). The bolts are equally spaced around the outer circular portion of the case, which, 

when tightened carefully and gradually following a star pattern (Figure 3-1b), apply a uniform and 

sufficient amount of compression to the membrane electrode assembly (MEA) within the active 

area. Uniform and sufficient compression is vital to the proper performance of a fuel cell as it 

limits the potentially drastic mass transport losses that incur due to fuel crossover and reduces 

contact resistance as well as uneven gas distribution [58-60]. In addition to the structural design, 

polyetheretherketone (PEEK) was selected for the compression case because it did not deform 

under the torque induced by the cell rotation and was transparent to the white beam, providing 

beam access to the active area materials. 

To determine the quality of GDL compression, an in-plane cross-sectional view of the MEA 

structure in the assembled fuel cell was analyzed (Figure 3-2). Through this view, ideal 

compression is identified by the absence of gaps between the GDL, catalyst coated membrane 

(CCM), and flow field channels, and over-compression is indicated by a significant deformation 
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of the CCM as well as the GDL being forced into the channels. Figure 3-2 demonstrates an example 

of relatively even, ample compression. 

 

 

Figure 3-2: 2D radiograph showing a vertical cross-sectional view of the compressed membrane 

electrode assembly between the flow field channels for a fuel cell build with Toray 060 10% wt. 

GDL. 

3.3.3 Cell materials 

Between the current collectors, graphite flow fields with 3 parallel channels (0.5 mm wide, 0.5 

mm deep) separated by lands (0.5 mm wide) were employed. A 5-layer MEA was fitted between 

the flow fields and consisted of a Nafion™ NR211 catalyst coated membrane (CCM) with a 

loading of 0.3 mg Pt·cm-2 on both the anode and cathode sides of the cell (Ion Power, USA). The 

gas diffusion layer (GDL) selected for both the cathode and anode was 10% Wet Proofed Toray 

060 Carbon Paper (2.4 x 3.0 mm, 190 µm thickness) (Fuel Cell Store, USA) and was sealed on the 

outer edges by 150 µm-thick polyethylene naphthalate (PEN) gasket sheets for ~20% compression 

of the GDL.  
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3.4 Image reconstruction 

To find the centre of rotation and reconstruct the collected 2-D tomographic projections into 3-

dimentional (3-D) image stacks, the UFO-tofu software kit (EZ-UFO), an in-house graphical user 

interface by the CLS, was utilized [61]. Prior to reconstruction, dark and flat field corrections were 

applied by subtracting the averaged dark field image from the image stack and then dividing the 

intensities in the dark-corrected image by the averaged flat field image. Next, phase retrieval, 

which computes and applies a Fourier filter to correct phase-shifted data [62], was enabled in EZ-

UFO to improve contrast between phases and assist with segmentation. The “finding large spots” 

filter was applied to remove bright spot artifacts by finding large spots with extreme values in the 

images. Ring removal, which utilizes a PIV filter that generates ring patterns, was enabled in EZ-

UFO to remove ring artifacts. Finally, the filtered back projection algorithm, which first uses a 1D 

projection filter to enhance high frequencies and dampen low frequencies and then spreads the 

filtered projection data back into the image, was used to reconstruct the volume [63]. 

3.5 Image pre-processing 

After reconstruction, pre-processing was completed using ImageJ (open-source image processing 

software) [64] to rotate, crop, and adjust the contrast of the image stacks. Each image stack was 

rotated to the same position to assist with future image registration. The reconstructed images were 

cropped from 2048 x 2048 x 650 px (5.0 x 5.0 x 1.59 mm) to 1130 x 882 x 53 px (2.76 x 2.15 x 

0.13 mm) to obtain a representative sample of the cathode GDL for analysis [65]. The intensity 

threshold of the images was then adjusted to increase the contrast of the images and improve 

segmentation. The images were then converted to 8-bit for further processing.  
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3.6 Segmentation of liquid water 

To segment water in our reconstructed CT scans, we performed an image subtraction between a 

saturated image and a dry reference image of the same GDL. However, for subtraction to be an 

effective process to isolate water distributions in saturated images, the dry reference and saturated 

image must be perfectly aligned. Across CT scans, sample movement and/or deformation can 

occur, and images may not be at the same rotation angle. To solve this problem and ensure 

alignment, we used image registration methods to apply a series of transformations to one image 

to match the position of the other image, which remained stationary. If sample deformation is not 

expected, rigid transformations can be applied to an image, such as translation, rotation, or scaling. 

However, in this case rigid transformations were not sufficient, and a non-rigid technique, called 

simpleitk demons registration, was implemented through Dragonfly software (Object Research 

Systems) [66].  
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Figure 3-3: A 2-D cross-sectional image slice of the cathode GDL at a depth of 65.9 µm from the 

cathode CL to showcase the image processing procedure used to segment water: (a) OCV reference 

image, (b) operando image of GDL at 2.0 A·cm-2 current load and 90% RH aligned with (a) using 

simpleitk demons registration in Dragonfly, (c) isolated liquid water as a result of subtracting (a) 

from (b), and (d) water (cyan) which has been filtered and segmented from (c) and superimposed 

on dry OCV image (grayscale) to show water distribution. White scale bar in (a) represents a length 

of 0.5 mm. Images are taken with a pixel resolution of 2.44 µm. 
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The simpleitk demons registration method iteratively computes the displacement field which will 

map a moving image onto a fixed image, where a displacement field is an image whose pixel type 

is some vector type with a number of elements equal to the dimension of the fixed image [67]. 

After registration, the fixed, dry reference image (Figure 3-3a) was subtracted from the registered, 

saturated image (Figure 3-3b) to isolate the water present in the saturated image. The subtraction 

process involved taking two images as an input and producing a new output image. Each pixel of 

this new output image was calculated as the difference between corresponding pixel values of the 

first and second images. The output pixels are given by: 

 

𝑄(𝑖, 𝑗) = 𝑃1(𝑖, 𝑗) − 𝑃2(𝑖, 𝑗) (3.1)  

 

where 𝑄(𝑖, 𝑗) are the pixels of the output, 𝑃1(𝑖, 𝑗) are the pixels of the saturated image and 𝑃2(𝑖, 𝑗) 

are the pixels of the dry reference. 

The resulting output image was the isolated water present in the GDL in the saturated state (Figure 

3-3c), which could then be easily segmented into void space and water and superimposed onto the 

segmented dry reference GDL to observe water in the pore space of the GDL (Figure 3-3d). 

3.7 Segmentation of fibres and void space 

To prepare for the generation of a pore network for extracting pore-scale information of the dry 

and saturated GDL substrate, segmentation of the fibres from the void space was necessary. We 

began by taking a dry reference image (humidified flow of air and hydrogen at OCV) (Figure 3-

4a) of the GDL and applying a 3-D median filter with a 3-pixel radius in ImageJ to smooth the 

image and reduce the effects of noise for improved segmentation of the fibres from the void space 
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(Figure 3-4b). The median filter was chosen over a mean filter, as it often preserves details and 

edges in the image more effectively. The median filter achieved this by looking at the nearby 

neighbours of each pixel and deciding whether each pixel is representative of its surroundings. It 

then replaced the pixel value with the median of the surrounding values, which was done in a 3x3 

square in all three directions (X, Y, Z) for the case of the 3-D median filter in Fiji. 
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Figure 3-4: A 2-D cross-sectional image slice of the cathode GDL at a depth of 45.9 mm from the 

cathode catalyst layer to showcase the image processing procedure used to calculate porosity: (a) 

OCV reference image, (b) 3D median filter with 3-pixel radius applied to (a), (c) automatic Otsu 

threshold applied to b), and (d) outliers less than 3 pixels in radius removed and “despeckle” 

applied to (c). White scale bar in (a) represents a length of 0.5 mm. Images are taken with a pixel 

resolution of 2.44 µm. 
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Thresholding was a necessary step for separating objects of interest from the background in an 

image. In this case we were interested in isolating the GDL fibres from the void spaces in the 

images. Otsu’s threshold is a popular automatic image thresholding technique for images with 

bimodal histograms (histograms with two distinct peaks) [68], [69] and was selected in this case 

for its simplicity and effectiveness [70-72] (Figure 3-4c). In Otsu’s method, each pixel is assigned 

to one of two classes, background or foreground. At a basic level, the threshold produced by Otsu’s 

method is determined by either minimizing intra-class intensity variance or maximizing inter-class 

variance [73]. After thresholding, further image processing was necessary as some noise was still 

present in the form of random outliers in the image which did not correspond to fibres. To filter 

this noise, another automatic 3x3 median filter called “despeckle” in Fiji was applied, followed by 

a process to remove outliers based on a pixel radius threshold (Figure 3-4d).  

The result of the above processing was an 8-bit binarized image stack with fibres represented by a 

pixel intensity of 255 and void space represented by a pixel intensity of 0. This image stack was 

then imported into Dragonfly for the purpose of creating a pore network of the GDL, a process 

which will be described in Chapters 4 and 5. 
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Chapter 4 – Distinction and relationship between local and pore-

scale saturation in fuel cell gas diffusion layers clarified via high-

speed operando tomography 

 

4.1  Introduction 

 

The cathode gas diffusion layer (GDL), a heterogeneous structure necessary for the even 

distribution of reactants to the catalyst layer (CL) and for the efficient drainage of product water, 

is often an area of interest when it comes to improving polymer electrolyte membrane (PEM) fuel 

cell performance [74]. Excess water production at high current density operation can cause 

flooding in the GDL which impedes reactant gas transport to reaction sites at the CL, especially in 

the channel region [19], [75], [76]. This results in major mass transport losses and a degradation 

in cell performance. Recently, an interest has been generated on the topic of partially filled pores. 

Shrestha et al. used synchrotron X-ray computed tomography (CT) to study 3-dimensional (3-D) 

pore-scale liquid water distributions in a PEM fuel cell operating at low current density and found 

that water invasion only partially filled certain pores and suggested that mixed wettability in pores 

due to heterogeneous polytetrafluoroethylene (PTFE) distribution in the GDL impact the 

phenomena of partially filled pores [77]. Wiesner et al. introduced new mixed wettability 

algorithms to predict mixed wetting behaviour of PTFE coated GDLs and proposed that partial 

pore filling can occur due to differences in contact angles on adjacent walls of a single pore which 

influence the capillary pressure of the pore voxel [78]. While these studies provide an informative 

introduction to the partial occupation of water in GDL pores, much remains to be understood about 

the causation and implications of partially filled pores. Understanding the way in which water 

occupies the pores and impedes reactant gas pathways in the GDL is critical to improving the 
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performance and durability of PEM fuel cells, as it can help inform the design of GDL materials 

to balance membrane hydration and water retention in the cathode. 

In this chapter, we showcase a new PEM fuel cell design for imaging the cathode GDL using 

synchrotron X-ray CT. We present operando synchrotron X-ray CT images visualizing water 

distributions in 4-dimensional (4-D) at the pore scale. With our images, we conduct a pore-scale 

analysis of water at different current density steps with a focus on individual pore saturation, where 

we define pore saturation to be the ratio of liquid water in a saturated pore to the void space within 

the pore when empty. We distinguish this from the definition of local saturation, which refers to 

the ratio of liquid water in the GDL to the void space in the GDL. With these results, we can help 

improve the accuracy of computational models in the prediction of liquid and gas transport through 

the cathode GDL. Additionally, we also provide considerations for the design of new materials to 

mitigate mass transport losses in PEM fuel cells to enable their use for high current density 

applications. 

4.2  Methods 

 

In Chapter 3, we detailed the hardware and imaging setup used to capture operando X-ray CT 

images of the PEM fuel cell cathode GDL in order to resolve 3-D water distributions. In this 

section, we outline the experimental operating conditions and procedure used in this chapter in 

Section 4.2.1. We then provide the imaging procedure used to capture our 2-dimensional (2-D) X-

ray CT image stacks in Section 4.2.2. The methodology presented in Chapter 3 was then used to 

convert the 2-D image stacks into 3-D volumes of the GDL materials, isolate liquid water in the 

GDL at constant current densities through image subtraction, and segment the different materials 

in the GDL. We also outline the procedure for determining local and pore saturation through the 
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development of a pore network based on a dry reference image of the GDL operating at OCV 

conditions. 

4.2.1 Experimental operating conditions 

 

The cell temperature was held constant at 60 °C via heated water circulation. Inlet gases (both 

hydrogen and air) were humidified at 57.7 °C, corresponding to a symmetrical relative humidity 

of 90%. A back pressure of 100 kPa was applied to the anode and cathode, and hydrogen and air 

were supplied to the anode and the cathode (in counterflow configuration) at 0.375 slpm each. Due 

to the small active area of the cell, the balanced flow rate (0.375 slpm) was selected to ensure that 

the cell could sustain high current densities while not completely drying out the membrane. High 

current density performance was prioritized to allow us to observe high amounts of water 

accumulation in the GDL, as our objective is to observe water distributions and dynamic behaviour 

at the pore scale. 

Experiments were performed using a Scribner 850e Fuel Cell Test Station (Scribner, USA). 

Humidified gases were first flowed through the heated cell without current load for 5 minutes to 

obtain a stabilized OCV reading. Constant current load was then applied in denominations of 0.25 

A·cm-2 over a range beginning at 0.25 A·cm-2 and ending at cell failure (inability of cell to reach 

the target current density), which was ~2.0 A·cm-2 for the operating conditions stated above. Each 

current load was applied to the cell for 15 minutes to reach a stable voltage reading.  

4.2.2 Imaging schedule 

 

Before conducting experiments, flat field images of the beam were taken with the sample absent 

to correct for bright spots in the beam in image reconstruction. Dark frames were also collected 

with the beam off to correct for camera noise in reconstruction. The protocol for image collection 



34 

 

across the experiment began with taking a dry reference scan of the active area at stabilized OCV. 

After 12 minutes of constant current load application, one scan was taken to capture the steady 

state distribution of water at the intended current load. This process was repeated for each change 

in current load throughout the experiment. At the end of the experiment, a dry reference scan at 

OCV was taken again.  

4.2.3 Determining local and pore saturation 

 

To obtain the local saturation of the GDL, we first segmented a dry reference image of the GDL 

into the fibre structure and void space. We then segmented the water from the subtracted image, 

such as in Figure 3-3d, and divided the water volume by the void volume: 

𝑆𝐿 =
𝑉w

𝑉𝑣

(4.1)  

 

where S is local saturation, 𝑉𝑤  is the volume of water and 𝑉𝑣  is the volume of void space. 
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Figure 4-1: Steps to obtain isolated pores for analysis: (a) Segmented fibre structure, (b) Pore 

network model created from the fibre structure in (a) using OpenPNM, (c) Pores with any volume 

of water present (each colour corresponds to a different pore), created by intersecting segmented 

water with the pore network model in (b), and (d) The isolated water (cyan) contained within the 

pores in (c) (remaining colours). 

To isolate the pores and the water within them for our pore-scale analyses, OpenPNM was utilized 

to create a pore network of the GDL [79]. To create this PNM, we first segmented the fibres from 

a dry reference image of the GDL (Figure 4-1a). We then used the OpenPNM feature under Pore 

Network Modelling in Dragonfly (ORS Research Systems) to create the pore network from the 

segmented fibres. The default settings (Sigma value = 0.4, R max = 4, edge tolerance = 0.10%, 

phase index = 0) were used to create the resulting network in Figure 4-1b. Next, we isolated the 

pores that contained water by intersecting the segmented water with the pore network, selecting 

the “Keep Intersected” option. The result was the set (multi-region of interest (ROI)) of pores in 

the network where water is present (wet” pores) (Figure 4-1c). To get average pore saturation, 
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𝑆𝑃,𝑎𝑣𝑔, the volume of the isolated water (cyan in Figure 4-1d), 𝑉𝑊 , was divided by the volume of 

the “wet” pores (all colours in Figure 8c), 𝑉𝑃,𝑊: 

𝑆𝑃,𝑎𝑣𝑔 =
𝑉𝑊

𝑉𝑃,𝑊

(4.2)  

 

Using the scalar generator menu item, we extracted label, volume, and centre of mass index for 

each of the empty “wet” pores. To obtain information about the water occupying these pores when 

saturated, we created a new multi-ROI by subtracting the isolated water from the “wet” pores. The 

resulting multi-ROI was a collection of all the “wet” pores minus the water occupying each pore; 

that is, each pore contained only the empty space in the pore left over after the invasion of water. 

Using the scalar generator again, we extracted the pore label and volume of the pores for the new 

multi-ROI representing the empty volume of each of the pores minus the water contained in them. 

To calculate the liquid water saturation of each pore with the data extracted from the new multi-

ROI, we used the following formula: 

𝑆𝑃 =
𝑉𝑃,𝐸 − 𝑉𝑃,𝐹

𝑉𝑃,𝐸

(4.3)  

Where 𝑆𝑃 is the liquid water saturation of the pore, 𝑉𝑃,𝐸  is the volume of the empty pore, and 𝑉𝑃,𝐹  

is the volume of the empty space remaining in the pore after water invasion.  

4.3 Results and Discussion 

 

In this section, the constant-current electrochemical performance of the cell and the results of 

operando imaging are discussed. The electrochemical performance of the cell is first reported 

alongside operando images of the cathode GDL (Section 4.3.1). We then discuss the existence of 

partially filled pores in water distributions and their relationship to local saturation, which are first 
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quantified and visualized through pore-scale analyses in a spatial context (Section 4.3.2) and then 

in a temporal context (Section 4.3.3). Finally, we demonstrate the implications of partially filled 

pores on oxygen transport in the GDL and the impact that neglecting this finding has on pore-scale 

modelling (Section 4.3.4). 

4.3.1 Electrochemical performance and operando imaging 

 

Benchmark testing of the CT cell indicated comparable performance to lab-scale fuel cells found 

in previous studies [80], showing a distinct mass transport dominant region where losses are no 

longer linear after 1.0 A∙cm-2 (Figure 4-2a). Water accumulation in the cathode GDL gradually 

impeded performance as current density increased, reaching a limit of ~2 A∙cm-2. At 2.0 A∙cm-2, 

large amounts of water accumulated under the land regions of the GDL (Figure 4-2c), as expected 

in carbon paper GDLs based on previous studies [81], [82]. Despite adequate performance, the 

OCV was relatively low (0.81 V, Figure 4-2a), which was likely caused by partial membrane 

dehydration due to high gas flow rates and prior tests at lower humidity.  
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Figure 4-2: a) Polarization and power density curves for Toray 060 10% wt. operated at 90% inlet 

relative humidity (RH) with b) dry reference image slice at OCV and c) water droplet distribution 

at same slice close to limiting current (2.0 A·cm-2). OCV is 0.81 V and power density peaks at 

about 1.25 A·cm-2. The polarization curve demonstrates high activation losses by the large drop 

from OCV to the first current step of 0.25 A·cm-2. However, we shift our focus to the mass 

transport region as we are interested in water distributions within the GDL and their contributions 

to performance loss. A cross-sectional through-plane image of the GDL at a depth of 43.9 µm from 

the catalyst layer is shown in (b) operating at OCV and in (c) operating close to limiting current at 

2.0 A·cm-2 showing signs of liquid water saturation. 
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4.3.2 Pore saturation increases with local saturation 

 

In the following sections, we discuss how average pore saturation tends to follow changes in local 

water saturation content in the GDL (e.g. higher pore saturation corresponds to higher local 

saturation). This is true in both the through-plane and in-plane directions. Additionally, we discuss 

the higher, heterogeneous accumulation of water under the land regions of the GDL than under the 

channels, and the resulting low pore saturation under the channel regions.  

4.3.2.1 Pores are more saturated at the CL-GDL interface than at the GDL-FF interface 

 

The 3-D images collected in this study enable us to view water distributions in the GDL at the pore 

scale. We can visualize individual pores in multiple planes of view, where a single pore is 

highlighted within the fibrous structure of the GDL such as in Figure 4-3. To represent the mean 

pore saturation at the CL-GDL interface, a partially filled pore located at the CL-GDL interface 

with a similar saturation to the mean is visualized (Figure 4-3). In Figure 4-3, water (cyan) is 

separated from the empty pore space (yellow). The water droplet is mostly spherical and occupies 

the more central region of the pore where the diameter is wider and less constricted than in 

crevices. Partial pore filling was also observed by Shrestha et al. [77], who had suggested that this 

phenomenon is due to capillary barriers imposed by narrow constrictions in pore morphology or 

mixed wettability conditions in GDL fibers and channel boundaries.  
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Figure 4-3: A single pore located at the CL-GDL interface is visualized from the i) xy plane, ii) yz 

plane, and iii) xz planes. The pore is only partially filled with a similar saturation to that of the 

mean at the CL-GDL interface (43.7%), where water (cyan) can be clearly separated from the 

empty pore space (yellow). 

In the through-plane direction, water accumulation throughout the GDL is observed to be highest 

at the CL-GDL interface and gradually decreases until a peak in concentration right before the 
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GDL-FF interface (Figure 4-4). Water accumulation at the CL-GDL interface is highest because 

it is the source of water production in the cell. Conversely, high water saturation also occurs at the 

GDL-FF interface under the lands due to condensation of water vapour caused by thermal 

gradients and contact with the bipolar plates which provides a cooling effect. Thermal gradients 

emerge as reactions generate heat at the catalyst layer. As water travels towards the bipolar plates, 

condensation occurs due to the lower temperatures as well as with contact with the cooler bipolar 

plates. When comparing pore saturation to local saturation at the same through-plane depth, we 

find that pore saturation trends follow those of the local saturation. 
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Figure 4-4: Pore water saturation (light blue) and local water saturation (dark blue) in the GDL at 

2.0 A·cm-2 in the through-plane (+Z) direction is described simultaneously where there is a large 

range of pore saturation points at each depth, but averages and ranges follow the local saturation 

curve at major points of interest – primarily the peaks and troughs. Local saturation is the highest 

at the catalyst layer-GDL interface and slowly decreases until there is a peak in saturation close to 

the flow field-GDL interface. Pore saturation also follows this pattern. 

4.3.2.2 Local and pore saturation is higher under the land regions 

 

Liquid water tends to accumulate significantly more under the land regions of the GDL than under 

the channel regions (86.0% under lands, 14.0% under channels) and that similarly, pores are more 
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saturated under the lands than under the channels on average (19.3% under lands, 11.3% under 

channels) (Figure 4-5). As observed in previous studies [81-83], we expected to see more water 

under the land regions of the GDL; however, our observation of higher pore saturation under the 

lands further corroborates what appears to be a strong relationship between local saturation and 

pore saturation.   

In addition to low local saturation in the channel regions, pore diameter influenced by GDL 

compression may contribute to low pore saturation in the channel regions. The physical barrier of 

the lands at the GDL-FF interface leads to greater compression of the GDL under the lands. 

Previous studies have shown that higher compressive loads reduce pore diameter and porosity in 

the GDL [84], [85], consistent with our observations of smaller average pore diameters under the 

lands compared to the channels (Table in Figure 4-5). Since larger pores retain water less 

effectively, water tends to accumulate more easily in the smaller pores under the lands, resulting 

in higher pore saturation in these regions. 
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Figure 4-5: Pore water saturation (light blue) and local water saturation (dark blue) in the GDL at 

2.0 A·cm-2 in the in-plane (+X) direction are described together where the bar at the top of the 

graph represents the positions of the lands (dark grey) and the channels (light grey) with respect 

to the x-axis. High local and pore saturation are observed under the land regions of the GDL 

compared to under the channel regions, which are influenced by reduced pore diameters under the 

lands. Due to higher local saturation across the in-plane direction than across the through-plane 
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direction, the y-axis limit in this figure is higher than in Figure 4-4. Mean and median pore 

diameters for each land and channel region of the GDL are reported in the table below the plot. 

4.3.3 Evolution of pore and local saturation as a function of current density 

 

The observed trend that pore saturation increases with local saturation is also observed at lower 

current densities and becomes more prominent with an increase in current density (Figures 13 and 

14). At 1.25 A·cm-2 current density operation, water is only present in the first half of the GDL 

closest to the CL-GDL interface as water production increases in the CL (Figure 4-6a), but not 

enough for water to have accumulated in the rest of the GDL. At 1.5 A·cm-2, significantly more 

water is present in the GDL at the mid point as well as near the flow field as water production 

increases and water travels from the CL to the flow field region (Figure 4-6b). At 1.75 A·cm-2, 

there is again a significant increase in water in all regions of the GDL, with the highest production 

of water still at the CL-GDL interface as reactions continuously take place (Figure 4-6c). Moving 

further away from the CL-GDL interface, local saturation gradually decreases until a peak at the 

GDL-FF interface caused by the accumulation of water under the land regions of the GDL. This 

peak increases significantly with current density as does the temperature at CL reaction sites, 

which can be exacerbating the thermal gradient and increasing humidity in the cathode, creating 

more favourable conditions for condensation at the GDL-FF interface. 
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Figure 4-6: Local and pore saturation in the through-plane direction are represented at current 

densities of (a) 1.25 A·cm-2, (b) 1.50 A·cm-2, and (c) 1.75 A·cm-2. Even at low current densities 

where there is low water content in the GDL, mean pore saturation levels still tend to follow 

changes in local saturation. 

At 1.25 A·cm-2, when there is very little water present in the cathode, average pore saturation under 

the channel regions of the GDL is negligible while there is some pore filling under the land regions 

(Figure 4-7a). Local saturation under the lands dramatically increases from 1.25 A·cm-2 to 1.50 

A·cm-2; conversely, pore saturation increases minimally among the pores which were already 

saturated at the previous current step, while new areas in the GDL that did not previously display 

saturated pores see a notable increase in pore saturation (Figure 4-7b). From 1.50 A·cm-2 to 1.75 

A·cm-2, local saturation continues to increase as pores become more saturated on the left side, but 

less saturated on average in some areas on the right side (Figure 4-7c). From 1.75 A·cm-2 to 2.00 

A·cm-2, local saturation almost doubles under the land regions, while the channels generally 

remain dry. However, pore saturation increases greatly in all regions of the GDL, excluding the 

middle channel (Figure 4-5). The case in which the local saturation may be higher than the pore 

saturation could be attributed, for example, to the scenario where there are few large pores that are 

only partially filled. The minimal increase in pore saturation among existing saturated pores from 

1.25 A·cm-2 to 1.50 A·cm-2 may be explained by mixed wettability conditions within the individual 

pores, where certain areas of the pores may be more resistant to the invasion of water than 

surrounding pores which were previously unfavourable to invade. The gradual increase in pore 

saturation in the channel regions of the GDL from 1.25 A·cm-2 to 1.75 A·cm-2 is the likely cause 

for the increase in mass transport losses within this performance region which are represented by 

the gradual decrease in the polarization curve slope in Figure 9. The higher increase in pore 
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saturation in the channels between 1.75 A·cm-2 and 2.00 A·cm-2 may also be the cause for the 

increase in mass transport losses over this period, which is indicated by the steeper decrease in 

performance compared to the previous current densities. Finally, the gradual increase in mass 

transport losses over time, despite minimal water content in the channels at lower current densities, 

suggests that water under the land regions still affects performance, although water under the 

channels typically has a greater impact [76]. 
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Figure 4-7: Local and pore saturation in the in-plane direction are represented at current densities 

of (a) 1.25 A·cm-2, (b) 1.50 A·cm-2, and (c) 1.75 A·cm-2. Like the pattern observed when current 

density is close to limiting current, pore saturation closely follows trends in local saturation at 

lower current densities when water is present. This pattern becomes more pronounced with an 

increase in current density. 

4.3.4 Partially saturated pores mean lower oxygen transport resistance than assumed in 

modelling 

 

We observe that most pores are partially filled rather than fully filled as is usually assumed in 

numerical modelling of gas flow through saturated GDLs. The influence of pore shape and mixed 

wettability on pore capillary pressures is likely the cause of partial pore filling. Previous work 

shows that water preferentially flows through larger pores and throats [86] and is retained more in 

pores with higher hydrophilicity [87]. Pore shape also causes partial pore filling by influencing 

capillary pressure within the pore. For example, small crevices at the edges of pores tend to be 

more hydrophobic due to the presence of PTFE agglomerates, and the combination of size and the 

likelihood of hydrophobicity in these small crevices increases the capillary pressure needed to 

overcome for water to invade, leaving water more likely to avoid these spaces. Figure 4-3 

demonstrates this phenomenon, where water resides in the open space of the pore rather than filling 

the crevices at the edges first. In the through-plane direction, hydrophobic and hydrophilic pores 

may also contribute to differences in pore saturation throughout the thickness of the GDL, aside 

from the effects of water production at the catalyst layer and water accumulation at the flow field. 

The mix of hydrophobic and hydrophilic pores may also have an impact on the range in pore 

saturation in the in-plane direction, although the location of pores with respect to the lands and 



51 

 

channels have a more dominant effect due to the difference in GDL compression and thermal 

gradients between the land regions and the channel regions. 

The implication of partially filled pores is that the calculated oxygen transport resistance when 

assuming fully filled pores is higher than the actual oxygen transport resistance occurring in 

experimental tests. To quantify the impact that partially filled pores have on gas transport through 

the cathode compared to the assumption of fully filled pores, we calculated air permeability 

through the GDL in the through-plane, in-plane, and cross-plane directions. Air permeability 

through the GDL was calculated for three conditions: dry, fully saturated pores at 2.0 A·cm-2, and 

partially saturated pores at 2.0 A·cm-2. For the fully saturated condition, each pore that contained 

any amount of water in the experimental images was blocked to portray a fully filled pore instead. 

For the partially filled condition, the experimentally accurate pore saturations were maintained. 

The results show that compared to the fully saturated condition, permeability was 26.4% higher in 

the through-plane direction and 50.9% higher in the cross-plane direction with the partially 

saturated condition. In the in-plane direction, the GDL was impermeable under the fully saturated 

condition due to water blocking pathways under the lands of the flow field, but the partially filled 

GDL had a relative permeability of 0.72 to the dry condition. These metrics are available in Table 

4-1 below. It is important to note that these permeability calculations were performed for the case 

where we held the number of pores constant; however, in future, the comparison would be 

strengthened if we held the overall saturation constant (i.e. the total amount of water within the 

GDL was the same). 

These findings can be used to adjust current methods of modelling saturation in carbon fibre GDLs 

and will lead to more accurate representations of mass transport and its effect on fuel cell 

performance. 
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Table 4-1: Comparison of air permeability of fully vs partially saturated pores in the GDL at 2.0 

A·cm-2 calculated in GeoDict and using the dry GDL as a reference. 

 

Pore State 

Current 

Density 

(A cm-2) 

Through-plane 

Permeability 

(z-direction) 

Cross-plane 

Permeability  

(y-direction) 

In-plane 

Permeability  

(x-direction) 

Abs. 

(m2) 
Rel. (-) 

Abs. 

(m2) 
Rel. (-) 

Abs. 

(m2) 
Rel. (-) 

Dry 0 7.21E-12 - 1.12E-11 - 8.24E-12 - 

Fully saturated  2.0 5.22E-12 0.72 6.40E-12 0.57 N/A* - 

Partially saturated  2.0 6.59E-12 0.91 9.62E-12 0.86 5.98E-12 0.73 

*The fully saturated GDL was impermeable in the x-direction due to completely blocked pathways 

by liquid water under the flow field lands. 
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4.4 Chapter Summary 

 

In this chapter, we utilized synchrotron X-ray CT to visualize liquid water accumulation in the 

cathode GDL of an operating PEM fuel cell at the pore scale. We define and quantify pore-scale 

saturation for the first time in fuel cell GDLs and discovered that pores are partially filled rather 

than completely saturated throughout the GDL. We found that, on average, pore saturation 

increases with local water saturation. We observed that the local saturation is highest at the CL-

GDL interface in the through-plane direction, and therefore results in higher average pore 

saturation in that region. We also observed higher local saturation under the land regions of the 

GDL than under the channel regions which correspond to, on average, higher individual pore 

saturation under the lands. These trends appear at both low and high current density and become 

increasingly prominent with higher current density. We infer that the combination of pore 

morphology and mixed wettability at the pore scale influences the overall saturation of a pore at 

any given time. This includes the favourability of one pore to be filled over an adjacent one, and 

additionally, this favourability can change over time as a pore becomes more saturated. The 

existence of partially filled pores leads to a significant underestimation of GDL permeability in 

modelling which influences the accuracy of these results when compared to the actual water 

distributions as a result of experimental PEM fuel cell operation. To better improve the accuracy 

of modelling water transport in GDLs, and ultimately leverage the results to inform better design 

of GDL materials for enhanced liquid water transport, a more in-depth investigation into pore-

scale mixed wettability is recommended. 
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Chapter 5 – Identifying relationships between inlet gas relative 

humidity and liquid water saturation in gas diffusion layers via 

operando tomography 

5.1 Introduction 

 

Product liquid water in the cathode gas diffusion layer (GDL) can lead to uneven oxygen gas 

delivery to the catalyst-coated membrane (CCM) which reduces polymer electrolyte membrane 

(PEM) fuel cell efficiency; therefore, there is significant value in the study of liquid water 

development and distribution in the cathode GDL. One operating condition that is of major 

importance is inlet gas relative humidity (RH), which can greatly impact PEM fuel cell 

performance due to its role in membrane hydration and water formation in the cathode GDL. 

Extensive studies have been conducted to characterize the influence of inlet RH on PEM fuel cell 

performance including gas mass transfer resistance [88-90], membrane resistance [88], [90-93] 

and electrode kinetics [88], [89], [91]. Some studies have even used X-ray computed tomography 

(CT) to visualize relationships between inlet gas RH and liquid water distributions in the GDL. 

Eller et al. used X-ray tomographic microscopy (XTM) (high resolution X-ray CT) to show liquid 

water at different feed gas humidities and current densities, analyzing the distribution of water 

cluster sizes based on the quantification of local and average saturation [42]. From these results, 

they defined and quantified categories of water cluster connectivity. Chen et al. also used XTM to 

visualize and characterize liquid water distributions in the microporous layer (MPL) and GDL 

substrate as a function of inlet gas RH and current density under humid operating conditions at 

low temperature (45 °C) [94]. They observed only small amounts of liquid water under the channel 

regions of the MPL/GDL, except under high current density and high RH conditions. Additionally, 
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they discovered that little to no liquid water was present in the MPL away from the catalyst layer 

(CL)-MPL interface at lower RH and lower current density, while liquid water was observed only 

under the land regions at higher RH and current density conditions. While these studies contribute 

important insight into the impact of RH conditions on water distributions in the GDL, much still 

stands to be understood about the effect of RH on pore-scale water saturation. This understanding 

can provide insight for engineers to optimize fuel cell materials and operating strategies to ensure 

effective hydration of the membrane, minimal flooding and mass transport losses, and enhanced 

PEM fuel cell durability. 

In this study, we examine the impact of symmetrical RH conditions at low temperatures (60 °C) 

on the liquid water accumulation in the cathode GDL using a small-scale PEM fuel cell. We 

visualize pore-scale water distributions of the operando PEM fuel cell through synchrotron X-ray 

CT images to determine the effects of inlet RH on liquid water transport and pore saturation, which 

we define in the previous chapter as the ratio of liquid water to void space in the pore when empty, 

in the cathode GDL. 

5.2 Methods 

 

In Chapter 3, we detailed the hardware and imaging setup used to capture operando X-ray CT 

images of the PEM fuel cell cathode GDL in order to resolve 3-dimensional (3-D) water 

distributions. In this section, we outline the experimental operating conditions and procedure used 

in this chapter in Section 5.2.1. We then provide the imaging procedure used to capture our 2-

dimensional (2-D) X-ray CT image stacks in Section 5.2.2. The methodology presented in Chapter 

3 was then used to convert the 2-D image stacks into 3-D volumes of the GDL materials, isolate 

liquid water in the GDL at constant current densities through image subtraction, and segment the 
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different materials in the GDL. Finally, we provide the comprehensive methodology used to 

determine local and pore saturation with a pore network model for each of the 3 RH conditions in 

Section 5.2.3. 

5.2.1 Experimental operating conditions and procedure 

 

The PEM fuel cell was operated and imaged at 3 symmetrical inlet gas RH conditions: 80% RH, 

90% RH, and 100% RH. Symmetrical back pressure of 1 atm was applied at each anode and 

cathode sides. A reactant gas flow rate of 0.375 slpm was supplied in counterflow configuration 

to the cell. To maintain a cell temperature of 60 °C, a circulating hot water bath was employed to 

provide heated de-ionized water to the current collectors adjacent to the graphite flow field plates 

(Fisherbrand Isotemp 4100). A T-type thermocouple was placed inside the cathode flow field for 

precise temperature control (Omega Engineering, Inc.). To achieve each relative humidity 

condition, inlet gases were humidified to temperatures of 55.3 °C (80% RH), 57.7 °C (90% RH), 

and 60 °C (100% RH) for the corresponding experiment. Experiments were conducted in order of 

increasing RH, first at 80% RH, then 90% RH, and finally 100% RH.  

Each experiment was performed with a Scribner 850e Fuel Cell Test Station (Scribner, USA). In 

each experiment, humidified gases were first flowed through the heated cell without current load 

for 5 minutes to obtain a stabilized OCV reading. Constant current load was then applied in 

denominations of 0.25 A·cm-2 over a range beginning at 0.25 A·cm-2 and ending at cell failure 

(inability of cell to reach the target current density), which was 2.25 A·cm-2 for 80% RH, 1.75 

A·cm-2 for 90% RH, and 1.5 A·cm-2 for 100% RH. Each current load was applied to the cell for 

15 minutes to reach a stable voltage reading. To ensure all water in the GDL was removed from 

the previous experiment before dry reference images were obtained for the next experiment, the 
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following purging protocol was employed between each experiment: flow humidified N2 for 3 

minutes, flow humidified reactants (H2 and O2) for 3 minutes, flow dry N2 for 2 minutes, then flow 

dry reactants for 2 minutes. After purging, the inlet gas humidifier temperature was increased to 

reflect the new RH condition and the experiment was repeated after humidifier temperature 

stabilized. 

5.2.2 Imaging schedule 

 

Before conducting experiments, flat field images of the beam were taken with the sample absent 

to correct for bright spots in the beam in image reconstruction. Dark frames were also collected in 

the absence of the X-ray beam to correct for camera noise in reconstruction. The protocol for image 

collection across experiments began with taking a dry reference scan of the active area at stabilized 

OCV prior to each experiment. After 12 minutes of constant current load application, one scan was 

taken to capture the steady state distribution of water at the intended current load. This process 

was repeated for each change in current load throughout the experiment. At the end of the 

experiment, the purging protocol was implemented and a dry reference scan at OCV was taken 

again. This imaging protocol was repeated for each RH condition. 

5.2.3 Determining local and pore saturation 

 

To obtain local and pore-scale liquid water saturation data, Dragonfly’s pore network modelling 

(PNM) tool was used. The tool utilizes the OpenPNM package developed by Gostick et. al [95]. 

To create the pore network model, we first segmented the GDL fibres from the void space in the 

dry reference image. To segment the fibres, Otsu’s threshold, a popular automatic image 

thresholding technique, was applied to the dry reference image [96]. The result was an 8-bit binary 

image where the isolated fibres were assigned a pixel intensity value of 255 and the void space 
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was assigned a pixel intensity value of 0. The segmented fibres were used as the boundary for the 

pores, and then the PNM was developed using the default settings (Phase index = 0, Sigma = 0.4, 

R max = 4, Edge tolerance = 0.10%). The resulting PNM was a list of 6,478 empty pores with 

information including their label, volume, equivalent diameter, and centre of mass location index.  

To calculate the saturation of individual pores, we first isolated the pores that contained water in 

the scans acquired at a steady current density. In this study, we focused on the results at 1.75 A·cm-

2 since it was the highest current density shared by all 3 RH conditions, and we wanted to 

investigate the GDL at highly saturated conditions. To isolate the pores containing water at 1.75 

A·cm-2, we used the Boolean operation “Keep Intersected” in Dragonfly between the PNM and 

the isolated water extracted from each of the subtracted saturated images at 80% RH, 90% RH, 

and 100% RH. This process resulted in one set (multi-region of interest (ROI)) of pores that 

contained water at 1.75 A·cm-2 for each RH condition. We then created a union between the 3 new 

multi-ROIs, and the result was a new PNM consisting of only the pores that contained any volume 

of water at 1.75 A·cm-2 at any of the 3 RH conditions (3,867 pores). Using the scalar generator 

menu item, we extracted label, volume, and centre of mass index for each of the empty pores. To 

obtain information about the water occupying the pores at each RH condition, we created 3 new 

multi-ROIs by subtracting the isolated water at each RH condition from the union developed 

above. The resulting multi-ROI for each RH condition was a collection of all the pores in the union 

with a subtraction of the water occupying each pore; that is, each pore contained only the void 

space in the pore remaining after the invasion of water. Using the scalar generator again, we 

extracted the pore label and volume of the pores for each of the 3 new multi-ROIs representing the 

empty volume of each of the pores minus the water contained in them at 1.75 A·cm-2 for each RH 

condition. 



59 

 

 

To calculate the liquid water saturation of each pore with the data extracted from each of the multi-

ROIs, we used the following formula: 

𝑆𝑃 =
𝑉𝑃,𝐸 − 𝑉𝑃,𝐹

𝑉𝑃,𝐸

(5.1)  

Where 𝑆𝑃 is the liquid water saturation of the pore, 𝑉𝑃,𝐸  is the volume of the empty pore, and 𝑉𝑃,𝐹  

is the volume of the empty space remaining in the pore after water invasion.  

5.3 Results and Discussion 

 

In this section, we examine the relationships between the constant-current electrochemical 

performance of the fuel cell and liquid water accumulation in the cathode GDL, where we resolve 

both the local and pore saturation of the GDL. We studied the impact of inlet relative humidity on 

the electrochemical performance of the fuel cell via iR-corrected voltage and power density 

performance (Section 5.3.1). We then discuss the impact of inlet relative humidity (RH) on the 

local and pore saturation patterns in the cathode GDL in both the through-plane and in-plane 

directions (Section 5.3.2). Finally, we discuss the influence of RH on the formation of new 

transport pathways, and we discuss the impact of this new knowledge on developing water 

management strategies and water transport models for advancing electrochemical performance 

(Section 5.3.3). 

5.3.1 Electrochemical performance 

 

Improvements to the electrochemical performance of the fuel cell are observed as we decrease the 

RH of the inlet. Specifically, higher current and power densities are reached at lower RH 

conditions (Figure 5-1). Electrochemical testing was conducted using the same membrane 
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electrode assembly (MEA) for each humidity condition, and performance was evaluated at 80%, 

90% and 100% RH (symmetrically applied on the anode and cathode). The iR-corrected 

polarization curve (Figure 5-1a) shows a decrease in OCV with increasing RH, which we attribute 

to the membrane degradation from hydration and dehydration cycling that occurred due to the 

necessary gas purging at the end of each polarization cycle. Our custom fuel cell is unintentionally 

susceptible to this type of degradation due to its small active area, which is required for CT 

imaging.  

The polarization curves comparing the inlet conditions are shown in Figure 5-1a, and we observe 

that with increasing RH, the overpotentials increase at each current density (Figure 5-1a). Further, 

the maximum current density increases with decreasing RH: at 80% RH, the maximum current 

density is 2.25 A·cm-2, at 90% RH the maximum current density reaches 1.75 A·cm-2, and at 100% 

RH the maximum current density only reaches 1.5 A·cm-2. As RH decreases, peak power density 

also increases (27.4% from 100% RH to 80% RH) (Figure 5-1b) and occurs at a higher current 

density (1.25 A·cm-2 for 100% RH and 1.75 A·cm-2 for 80% RH). These performance 

improvements are attributed to the smaller polarization losses at 80% RH in the activation loss 

dominant region (< 0.25 A·cm-2) and mass transport dominant region (> 1.00 A·cm-2) of the 

polarization curve (Figure 5-1a). The mass transport losses are lower as a direct result of the drier 

conditions at 80% RH, which leads to a decrease in liquid water accumulation in the cathode gas 

diffusion layer (GDL) and enables enhanced reactant transport to the catalyst layer (CL). Similarly, 

the lack of liquid water at the CL leads to higher oxygen content at the reaction sites thereby lower 

activation losses.  
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Figure 5-1: Electrochemical performance of the cell for each operating relative humidity 

showing (a) polarization curve and (b) power density curve. Performance of the cell improves 

with decreasing inlet relative humidity, as voltage and power output increases, onset of mass 

transport losses occurs at higher current density, and limiting current is higher as humidity 

decreases. 

5.3.2 Local and pore saturation increase with inlet relative humidity 

 

5.3.2.1 Pore saturation is more evenly distributed in the through-plane direction at high 

RH conditions 

 

In Chapter 4, we observed that in the through-plane direction from the catalyst layer (CL) to the 

flow field (FF), local saturation is highest at the CL-GDL interface, which corresponds to higher 

pore saturation at the CL-GDL interface. To investigate the relationship between local and pore 

saturation at varying RH conditions, we chose to focus on the liquid water distribution at 1.75 

A·cm-2, since this was the highest current density reached at all RH conditions tested in this study. 

The local and pore saturations are mapped in the through-plane direction by accounting for all 

pores in the in-plane direction (across the lands and channels) at each through-plane location for 

each RH condition (Figure 5-2). We find that local saturations increase with RH, and we identify 

a correlation between the local and pore saturation, both generally increasing with increasing RH 

(Figure 5-2). At 80% and 90% RH (Figure 5-2a and 2b), we see that pore saturation follows the 

local saturation throughout the through-plane direction, increasing and decreasing with respect to 

the in-plane direction. At the 100% inlet RH condition, pore saturation is more evenly distributed 

throughout the through-plane compared to the drier RH conditions. The saturation profile also 

becomes more evenly distributed at 100% RH, but still fluctuates in a similar pattern to the 

saturation profile at 90% RH. 
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Compared to the 80% RH condition, at 90% RH, the pore saturation is high at the CL-GDL and 

GDL-FF interfaces but decreases in these regions as humidity rises to 100% RH.  At 100% RH, 

more significant water accumulation leads to the formation of new pathways, thus facilitating the 

removal of liquid water to adjacent pores rather than a concentration of liquid water in one location. 

At the GDL-FF interface, there is the added presence of a physical barrier (the lands) which further 

encourages liquid water accumulation. This barrier inhibits the further through-plane movement 

of liquid water, and instead encourages the lateral (in-plane) dispersion of liquid water into 

adjacent pores. We propose that this behavior likely contributes to the observed increase in average 

pore saturation in the channel regions when increasing from 90% RH to 100% RH (5-3b and 5-

3c). Moreover, since the efficiency of the cell is lower at 100% RH compared to the other RH 

conditions (indicated by lower voltage at the same current density), more waste heat is generated 

at 100% RH than at lower RH conditions. This excess heat may lead to higher rates of evaporation 

and lower pore saturation at the CL-GDL interface.  
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Figure 5-2: Local and pore saturation mapped across through-plane (from catalyst layer to flow 

field interface) depth at (a) 80% RH, (b) 90% RH, and (c) 100% RH for cell operating at 1.75 

A·cm-2.  

5.3.2.2 In-plane local and pore saturation 

 

Here we also present the local and pore saturation in the in-plane direction by accounting for all 

pores in the through-plane direction at each in-plane location (Figure 5-3). We see again that local 

and pore saturation increase with RH. Increasing the relative humidity from 80% RH to 90% RH 

results in significant increases in the local and pore saturations in all GDL regions in the through-

plane direction. However, while increasing the relative humidity from 90% RH to 100% RH results 

in an overall higher saturation profile, at the same time, we observed that the pore saturation 

decreases in some regions even though adjacent regions become more saturated, particularly under 

the land regions of the GDL. We attribute these changes in saturation to new transport pathways 

at 100% RH that are formed adjacent to formerly filled and isolated pores at 90% RH. In some 

areas, the newly formed transport pathways provided an alternative pathway for liquid water to 

exit the previously filled pores. We propose that the newly wetted pores (being more hydrophilic 

than when they were previously dry pores) exhibited lower threshold capillary pressures for 

invasion, thereby providing new preferential transport pathways for liquid water transport. 
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Figure 5-3: Local and pore saturation mapped across in-plane (through flow field regions) depth 

at (a) 80% RH, (b) 90% RH, and (c) 100% RH.  

5.3.3 Some areas of pores become less saturated at higher RH 

 

To gain deeper insight into the formation of new liquid water pathways, we analyzed a network of 

interconnected pores at the pore scale. This network, comprising seven pores, is analyzed in the 

xy, xz, and yz planes at a selected location to provide an example comprehensive view of the pores 

and their saturation levels (Figure 5-4). To compare pore saturation as a function of the RH, the 

network is visualized at four RH conditions: dry (Figure 5-4a), 80% RH (Figure 5-4b), 90% RH 

(Figure 5-4c), and 100% RH (Figure 5-4d). As we increase the RH, water clusters extend to pores 

adjacent to the pores initially filled at a lower RH, and the saturations of most pores increase.  
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Figure 5-4: Cross sectional views (xy, xz, and yz planes) of a representative example, connected 

cluster of pores in the GDL at (a) dry, (b) 80% RH, (c) 90% RH, and (d) 100% RH conditions. 

Crosshairs indicate the location of each cross-sectional view. Each pore is numbered and 

identified by a unique colour, while water is identified by cyan.  

To examine the impact of increasing RH on pore filling  more closely, we observe the set of pores 

shown in the xz plane alongside the changes in liquid water volume and pore saturation for pores 

1, 2, 3, and 5 (Figure 5-5). For each of these pores, saturation and liquid water volume increase 
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with RH. Pores 1-3 exhibit small increases in liquid water volume when increasing the RH from 

80% RH to 90% RH, but these pores next exhibit a more significant increase in liquid water volume 

when increasing from 90% RH to 100% RH. However, pore 5 exhibits a small increase in liquid 

water volume and pore saturation from 90% RH to 100% RH, despite much more significant 

increases in liquid water volume at 100% RH in each of the adjacent pores. Revisiting Figure 5-4, 

we see that some pores, such as pore 7, even exhibit a decrease in saturation when RH conditions 

increase from 80% RH to 90% RH (Figure 5-4b and 5-4c). We propose that in some pores, such 

as pore 7, liquid water is removed via newly formed transport pathways. The subsequent increase 

in saturation from 90% to 100% RH (Figure 5-4c and 5-4d) is attributed to the pressure required 

to fill pore 7 being less than the pressure required to continue filling the new water pathway formed 

at 90% RH.  
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Figure 5-5: Pore saturation and water volume plotted at each relative humidity for (a) Pore 1, (b) 

Pore 2, (c) Pore 3, and (d) Pore 5 alongside the xz cross-sectional view of the pore cluster for (i) 

80% RH, (ii) 90% RH, and (iii) 100% RH. For each pore, saturation increases with relative 

humidity. 

Our observations of preferential pore filling and the formation of new liquid water pathways are 

supported by a 3-D analysis of the same pore cluster (Figure 5-6), with cross-sections in the xz and 

yz planes compared at the following conditions: dry (Figure 5-6a), 80% RH (Figure 5-6b), 90% 

RH (Figure 5-6c), and 100% RH (Figure 5-6d). Six of the eight pores are visible in Figure 5-6. At 

80% RH, the pink (pore 5), yellow (pore 3), and dark purple (pore 7) pores contain liquid water. 

At 90% RH, liquid water remains in the pink (pore 5) and yellow (pore 3) pores while also 

extending to adjacent green (pore 8) and pink (pore 5) pores. At 100% RH, liquid water 

accumulates within the previously filled pores (pores 3, 5, and 7) and additional liquid water 

invades the remaining light purple pore (pore 2). The consistent retention of liquid water in specific 

pores across RH levels suggests preferential filling of certain pores (pores 3, 5, and 7), followed 

by the formation of new pathways in adjacent pores (pores 1, 2, and 8) as local water concentration 

and adjacent pore wettability increases. 
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Figure 5-6: 3-D view of pore cluster 1 at (a) dry, (b) 80% RH, (c) 90% RH, and (d) 100% RH 

conditions. Water appears to selectively fill the same pores first (dark purple, yellow) then 

expand into adjacent pores as local water concentration increases, and initial pores become more 

filled. 

These observations regarding the selective filling of pores and the formation of new water transport 

pathways have several implications. First, the progressive expansion of water pathways to adjacent 

pores as RH increases highlights the dynamic nature of liquid water distribution in the GDL. These 

expanding clusters of transport pathways suggest that water transport is highly sensitive to local 

saturation conditions and capillary pressures. Next, the observation that the saturation within pore 

7 decreases between 80% and 90% RH indicates that newly formed water pathways can act as 

drainage paths, establishing the redistribution of liquid water within the GDL. The subsequent 

increase in saturation of pore 7 from 90% RH to 100% RH suggests that pore filling behaviour 
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depends on capillary forces and local pore geometries, as was discussed in Chapter 4. This 

nonlinear saturation behaviour (decrease in saturation from 80% to 90% RH, increase in saturation 

from 90% to 100% RH in pore 7) exhibited by some pores shows the complex interactions between 

capillary forces, pathway formation, and pore connectivity.  

These implications provide important insight when it comes to water management strategies and 

modeling water transport in GDLs under varying RH conditions. In developing effective water 

management strategies in PEM fuel cells, the dynamic redistribution of water at varying RH 

conditions must be considered to prevent flooding in the cathode GDL. Additionally, 

understanding the cause for and characteristics of developed drainage pathways could assist in the 

optimization of internal GDL structures to enhance water evacuation and maintain gas 

permeability. Furthermore, developing GDLs with controlled pore size distributions can help tune 

local capillary pressures to facilitate uniform water distribution, reducing mass transport losses 

caused by uneven saturation and, consequently, uneven oxygen delivery to the CL. Finally, models 

of water transport in GDLs must consider nonlinear and dynamic behaviour to accurately predict 

PEM fuel cell performance under varying RH conditions for enhanced predictive accuracy. 

5.4 Chapter Summary 

 

In this chapter, we studied the effects of inlet gas RH on local and pore saturation in the cathode 

GDL by visualizing liquid water at the pore scale with operando synchrotron X-ray CT. At an 

operating temperature of 60 °C, we found that in the 80%-100% RH range, lower RH conditions 

result in better electrochemical performance with a peak power increase of 27.4% when reducing 

the RH from 100% to 80%. Additionally, we observed an increase in maximum operating current 

density with decreasing RH. Analysis of the CT images of the GDL shows that local water 
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saturation increases with RH. When coupling the performance results with our CT images of the 

local water distribution in the GDL, we propose that mass transport losses are the limiting factor 

for the performance degradation associated with increasing the RH. While membrane conductivity 

and performance typically increase with RH at higher temperatures, the decrease in performance 

that we see with an increase in RH at a more moderate temperature implies that mass transport 

losses at higher RH are more detrimental to performance than a more hydrated membrane is 

beneficial. We also found that pore saturation increases with local saturation, and that pores are, 

on average, more saturated at higher RH conditions due to the higher local saturation. However, 

we also observe a decrease in pore saturation in some regions throughout the GDL when increasing 

from 90% RH to 100% RH, which we attribute to the formation of new, adjacent liquid water 

transport pathways. We propose that as pores in initial pathways become more saturated and water 

flows into surrounding pores, lower threshold capillary pressures are induced in the surrounding 

pores due to changes in wettability conditions in the newly wetted pores, which are more 

hydrophilic than prior to invasion. These new pores then become preferential drainage paths for 

previously wetted pores, leading to decreasing saturations. Our results suggest that pore filling 

behaviour depends on local capillary forces and wettability influenced by RH conditions. 

Furthermore, these findings imply that water transport through the GDL is highly sensitive to local 

saturation conditions and capillary pressures, and that newly formed water transport pathways can 

act as drainage paths which redistribute water throughout the GDL. Altogether, our findings 

demonstrate that the highly complex factors, such as capillary forces, pathway formation, and pore 

connectivity, influence local pore filling in an operating fuel cell and must be considered in the 

design of new materials and to improve the accuracy of numerical models.  
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Chapter 6 – Conclusions and future work 

6.1 Summary of findings 

The overall objective of this thesis was to add to our understanding of the mechanisms of water 

transport in the cathode gas diffusion layer (GDL) of a polymer electrolyte membrane (PEM) fuel 

cell at the pore scale. To accomplish this, X-ray computed tomography (CT) was employed to 

visualize water in the individual pores of the GDL in 3-dimensions (3-D) in an operando fuel cell 

across varying operating conditions. In Chapter 3, the methodology used to reconstruct and 

segment the CT images in order to isolate the product liquid water generated by fuel cell operation 

was explained. In the methodology sections of Chapters 4 and 5, the process for determining local 

and pore saturation in the GDL was detailed. 

In Chapter 4, we visualized and quantified pore-scale liquid water accumulation in the cathode 

GDL of an operating PEM fuel cell, uncovering key insights into saturation behavior, including 

the prevalence of partially filled pores and the influence of morphology and wettability on water 

distribution. Using the methodology presented in Chapter 3, we imaged a custom, in-house 

operando PEM fuel cell using synchrotron X-ray CT to capture 3-D water distributions in the GDL 

at increasing current densities. We then isolated these distributions to investigate the way in which 

liquid water occupies individual pores, and how the existence of partial pores affects air transport. 

The key findings of this study are as follows: 

 

1. We define and quantify pore-scale saturation (for the first time) in fuel cell GDLs at 

statistically representative scales. Partial filling of pores was observed, and pores were 

more saturated closer to the catalyst layer (CL)-GDL interface (43.7% saturated on 
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average) than at the flow field (FF)-GDL interface (27.9% saturated on average). 

Additionally, we found that pore saturation increased with increasing local saturation in 

the GDL. This trend is present at both low and high current densities and more pronounced 

as current density increases. 

 

2. Higher local water saturation was observed under the land regions (86.0% of total 

saturation) in the GDL, where the individual pores were more saturated (19.3% under 

lands, 11.3% under channels). This trend appears at both low and high current densities 

and becomes increasingly prominent with higher current density. 

 

3. The oftentimes default assumption of fully saturated pores in numerical models could lead 

to significant underestimation of GDL permeability. A GDL with partially filled pores has 

a 26.3% higher through-plane permeability and 50.3% higher in-plane permeability of air 

compared to a GDL with fully saturated pores. 

 

The findings presented in Chapter 4 bring a new understanding to liquid water distributions in the 

GDL through the identification and investigation of pore-scale liquid water occupation. With these 

results, we can help improve the accuracy of predictions of liquid water transport by modelling 

techniques. 

In Chapter 5, we investigated the impact of inlet gas relative humidity (RH) on local and pore 

saturation in the cathode GDL of an operating PEM fuel cell using operando synchrotron X-ray 

CT, revealing that RH significantly influences electrochemical performance, local saturation, pore-
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filling behavior, and water redistribution through complex interactions between capillary forces, 

wettability, and pathway formation. The key findings of this study are as follows: 

 

1. At a relatively low cell temperature (60 °C), PEM fuel cell performance increases with a 

decrease in RH. Peak power increases by 27.4% when inlet gas RH is decreased from 100% 

RH to 80% RH. Maximum operating current density also increases with a decrease in RH. 

 

2. Pore saturation tends to coincide with local saturation, where local saturation and average 

pore saturation both increase with RH. This affects the permeability of air through the 

GDL, where oxygen transport resistance increases with RH. 

 

3. In some regions of the GDL, pore saturation decreases with an increase in relative humidity 

from 90% RH to 100% RH. This is attributed to the formation of new preferential liquid 

water pathways, which implies that water transport through the GDL is highly sensitive to 

local saturation conditions and capillary pressures, and that newly formed water pathways 

can act as drainage paths which redistribute water throughout the GDL. 

 

The findings in Chapter 5 provide a deeper understanding of how RH influences liquid water 

distribution and electrochemical performance in PEM fuel cell GDLs, highlighting the critical role 

of pore-scale dynamics, capillary forces, and pathway formation. These insights are essential for 

improving numerical models and guiding the design of advanced GDL materials to optimize water 

management and fuel cell performance. 
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In conclusion, the contributions of this thesis have helped advance our understanding of the 

mechanisms governing liquid water transport at the pore scale in the cathode GDL of a PEM fuel 

cell, which is critical for optimizing water management in PEM fuel cells. By addressing these 

mechanisms, this work provides foundational insights that can improve the design of GDL 

materials and fuel cell models, enabling more efficient and reliable fuel cell operation under 

varying conditions. 

6.2 Future Work 

6.2.1 Influence of MPL on partial pore filling and drainage paths 

In this study, we observed liquid water distributions in the GDL substrate material, and how partial 

pore filling is influenced by local saturation conditions. However, many studies have demonstrated 

that the addition of a microporous layer (MPL) to the GDL substrate can improve liquid water 

management in PEM fuel cells [97-100]. Gostick et al. used ex-situ measurements of water 

saturation and the corresponding capillary pressure at the precise moment of water breakthrough 

in GDL samples, both with and without an MPL [97]. They demonstrated that water breaks through 

the MPL at a few isolated locations at the MPL-GDL interface, and that subsequent water 

percolation through the GDL starts at these locations rather than the entire face of the GDL. In the 

measurements of GDL without an MPL, water clusters can form dead-ends in the substrate on the 

way to break-through at the flow channels. However, the addition of an MPL leads to far fewer 

dead-ends, reducing the overall liquid water saturation in the substrate.  

From the conclusions of the study done in this thesis, we predict that the presence of an MPL can 

induce lower pore saturation in the substrate due to lower local saturations, increasing the 

permeability of air through the substrate and enhancing gas transport through the cathode. 
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Furthermore, the MPL may mitigate the need for drainage paths due to reduced local and pore 

saturation. Future work in this area will provide a better understanding of the role of the MPL in 

improved water management in GDLs and how they impact PEM fuel cell performance. 

6.2.2 Combining measurement of internal contact angles in pores with pore saturation 

In this work, we observed that higher local water saturation generally results in higher pore 

saturations, on average. For example, in Chapter 5, local saturation increases with RH, increasing 

average pore saturation. However, in some regions we observed a decrease in pore saturation with 

increasing RH. This effect was attributed to the formation of new, adjacent liquid water pathways 

that act as drainage paths for existing saturated pores. We proposed that these new pathways are 

formed by the following process: 

1. Initial, preferential pores are saturated initially and fill to a certain threshold. 

2. As the saturation in the initial pores increases with local saturation (e.g., due to increases 

in RH), excess water must move into neighboring pores. 

3. Due to different, more favourable wettability conditions in the newly invaded pores, water 

begins to drain from the initially saturated pores creating a new preferential pathway. 

To investigate the true nature of this phenomenon and better understand the physics which governs 

partial pore filling, we propose the measurement of contact angles within GDLs at different levels 

of local saturation.  

The contact angle is the angle formed at the junction where a liquid, solid, and gas meet. It 

quantifies the wettability of a solid surface by a liquid and is a key parameter in understanding 

surface interactions. Referring to the literature presented in Chapter 2, the contact angle (𝜃) (and 

thus wettability) affects capillary pressure (𝑃𝑐) in a pore: 
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𝑃𝑐 = −
2𝛾 cos 𝜃

𝑟
(2.4)  

where hydrophobic pores exhibit higher capillary pressure and hydrophilic pores exhibit lower 

capillary pressure. Thus, hydrophilic pores are more favourable to liquid water invasion. Our 

proposition in this study is that drainage pathways form due to lower capillary pressures induced 

by the changing wettability in the pores as they fill with water, since pores have been shown to 

exhibit mixed wettability due to heterogenous polytetrafluoroethylene (PTFE) treatments on fibres 

[101], [102]. Therefore, capillary pressures in the pore can change with saturation.  

Lacking a reliable method for internal contact angle measurements, the fuel cell community 

depends on goniometer and tensiometer-based contact angle measurements corrected for the 

external surface morphology of the GDL (Young’s contact angle), which are not accurate to actual 

conditions within individual pores as they assume pores to have uniform hydrophobicity. Due to 

the lack of direct access to the internal surfaces of the pores, measurement of the true local contact 

angles is challenging. AlRatrout et al. developed a computational method to calculate contact 

angles from segmented X-ray CT images of a porous medium filled with fluids [103]. This 

algorithm determines the local contact angles based on the pore space images. The contact angles 

reported by this method are the measured local contact angles, rather than Young's contact angles. 

Liu et al. applied this method to micro-X-ray CT images of water-filled commercial GDLs to 

calculate internal contact angles at the GDL fibre-water-air triple-phase contact point and reported 

the distribution of contact angles within GDLs for the first time. They used 3-D maps of the contact 

angles and pore sizes to simulate water transport through the pores and were able to produce results 

much closer to those of experimental ones compared to constant, goniometer-measured contact 

angles [104].  
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Since this work involves visualization of water in the pores with X-ray CT under varying 

conditions, we propose that this method for contact angle measurement be applied at different 

levels of GDL saturation. The result of the internal contact angle measurements can assist us in 

explaining the true cause of new drainage pathways for initial liquid water pathways and provide 

us with a deeper understanding of the mechanisms of liquid water transport in GDLs with mixed 

wettability. 

6.2.3 High-speed operando tomography for liquid water pathway development 

In this thesis, we studied steady-state water distributions at stabilized current densities, where 

initial preferential pathways have already been established. In Chapter 5, the focus of the study 

was directed at the differences between stable water distributions under varying RH at the same 

current density. While this still provides important insight into water transport mechanisms in the 

GDL and is useful for understanding long-term operating conditions, the study of the dynamic 

development of preferential liquid water pathways can provide insight into dynamic behavior, 

enabling the optimization of GDL design to minimize flooding, especially during start-up or 

fluctuating operation. 

To study fast dynamics of water in the GDL, high-speed operando tomography has been employed. 

Recently, Dörenkamp et al. used sub-second operando X-ray tomographic microscopy (XTM) 

(high resolution X-ray CT) to study the transient development and interaction of multiple 

percolating water clusters in a GDL and droplet formation in the channel [105]. They demonstrated 

that water droplet formation and propagation is a fast process, with instabilities in droplet dynamics 

occurring within 3 s and channel break-through occurring in as fast as 33 s. They observed that 

when a droplet becomes disconnected from its feeding cluster, a sudden removal of large water 

volumes from the GDL to the channel can occur. This process subsequently opens intermediate 
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pathways, enhancing reactant transport. Their work suggests that pore morphology is crucial for 

the stability of percolating networks within porous media. However, they did not study the effects 

of wettability on percolation pathways and dynamic behaviour, which also plays an important role 

in liquid water transport. 

Knowing that droplet formation is a fast process, an area of future work that can be built from the 

work in this thesis is the implementation of fast operando X-ray tomography to study the initial 

formation of preferential pathways as well as the formation of their drainage paths. Coupling the 

study of dynamic and steady state liquid water transport pathways can provide a holistic 

understanding of water behavior in the GDL, enabling better design and management strategies 

for enhanced PEM fuel cell performance and longevity. 
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