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Abstract 

 
The catalyst layer of a proton exchange membrane (PEM) fuel cell is a porous mixture of 

polymer, carbon, and platinum.  The characteristics of the catalyst layer play a critical role in 

determining the performance of the PEM fuel cell.  In this research, sample membrane electrode 

assemblies (MEAs) are prepared using various combinations of polymer and carbon loadings 

while the platinum catalyst surface area is held constant.  For each MEA, polarization curves are 

determined at common operating conditions.  The polarization curves are compared to assess the 

effects of the catalyst layer composition.  The results show that both Nafion and carbon content 

significantly affect MEA performance.  The physical characteristics of the catalyst layer 

including porosity, thickness, active platinum surface area, ohmic resistance, and apparent 

Nafion film thickness are investigated to explain the variation in performance.  The results show 

that for the range of compositions considered in this work, the most important factors are the 

platinum surface area and the apparent Nafion film thickness.   
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1 Introduction 

Proton exchange membrane fuel cells, or polymer electrolyte membrane fuel cells 

(PEMFCs), use hydrogen and oxygen to create electrical power through an electrochemical 

reaction. Fuel cells are being investigated for use in vehicles, portable devices, and stationary 

power applications. The success of fuel cells in these applications will depend on reductions in 

cost. Specifically, cost reduction through improvements in catalyst layer performance and 

reduction of catalyst loading have been and continue to be a focus for research. Catalyst layer 

optimization can both reduce cost and increase the power output of PEMFCs, making them more 

attractive alternatives for potential applications. This section discusses the history of fuel cells, 

their operation, the importance of the fuel cell catalyst layer, and the purpose of this research. 

1.1 History of Fuel Cells 

The origins of fuel cells date back to 1838, when an experiment by scientist William 

Grove showed that combining hydrogen and oxygen could generate a small current. Earlier work 

showed that passing electricity between two electrodes in water caused the water to decompose 

into hydrogen and oxygen, but Grove took this phenomenon a step further. In his experiment, 

Grove placed two platinum electrodes in a sulfuric acid electrolyte. The other ends of the 

electrodes were placed in containers of hydrogen and oxygen gas. He noted that a constant 

current would flow between the electrodes and that the gases were depleted and the electrolyte 

level rose in the containers as current flowed.  

The development of proton exchange membrane or polymer electrolyte membrane (PEM) 

fuel cells occurred in the early 1960s by two engineers at General Electric, Thomas Grubb and 

Leonard Niedrach. General Electric had developed a fuel cell for the military that was fueled by 

hydrogen created from lithium hydride. This fuel mixture was contained in canisters that could 

be easily supplied to personnel in the field. The cell was compact and portable, but its platinum 

catalysts were expensive. PEMFC technology was also used in the early days of the Gemini 

space program to provide a power source with longer life than batteries could offer1. 
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 General Electric continued working on PEM fuel cells into the mid-1970s, but soon 

other groups also began investigating PEM cells. In the late 1980s and early 1990s, researchers 

at Los Alamos National Laboratory experimented with ways to reduce the amount of platinum 

required in fuel cells, achieving order-of-magnitude reductions in platinum loading. Success with 

reducing platinum loading coupled with the recent need for cleaner, more efficient power sources 

has lead to increased research of PEMFCs. 

1.2  PEM Fuel Cell Operation 

Proton exchange membrane fuel cells work in a similar manner to William Grove’s 

original fuel cell. In a PEM cell, the electrolyte consists of a thin polymer sheet or membrane. 

This membrane is coated on both sides by a catalyst layer that facilitates the reaction of hydrogen 

and oxygen, creating the membrane electrode assembly (MEA). Hydrogen is supplied at the 

anode of the cell, where it is ionized into protons and electrons. The positively charged protons 

diffuse through the membrane to the cathode. The electrons flow from the anode to the cathode 

through an external circuit to provide electric power. Oxygen flows over the cathode of the cell, 

and the electrons, protons and oxygen combine to form water. The processes, components, and 

flow paths for a PEM fuel cell are shown in Figure 1-1. 
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Figure 1-1. Diagram of PEM fuel cell operation. 

 

The chemical reactions that govern the anode and cathode processes are shown in 

equations 1.1 and 1.2, respectively. The overall reaction is given in equation 1.3. 

Anode:  
−+ +→ eHH 442 2     (1.1) 

Cathode: OHeHO 22 244 →++ −+
   (1.2) 

Overall: OHOH 222 22 →+     (1.3) 

The half reactions occur within the catalyst layers. The composition of the catalyst layers affects 

the performance of the fuel cell and the utilization of the catalyst. 

A single fuel cell only creates a maximum voltage of about a volt and generates a small 

amount of power from this electrochemical reaction. Typically, cells are assembled in series to 

form stacks that have useful voltages and power outputs. 
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1.3 Role of the Catalyst Layer 

The catalyst layer of a PEM fuel cell is the part of the cell where the electrochemical 

reactions occur. To promote these reactions, the catalyst layers must allow transport of reactants, 

ions, electrons, and products, and must provide a large catalyst surface area to promote the half 

reactions.  

Each catalyst layer consists of four different phases: an ionomer phase, a carbon phase, a 

platinum phase, and void space or pores. The oxygen reaction is typically the limiting reaction, 

so the catalyst layer is described here in terms of the cathode. At the cathode, the ionomer phase 

allows for the conduction of hydrogen ions from the membrane to the reaction sites and acts as a 

diffusive medium for the oxygen gas. The carbon phase conducts electrons to the reaction site 

and provides a support for the platinum particles. The pores allow oxygen to flow through the 

layer and aide in the removal of the product water. The catalyst layer structure is shown in a 

simplified form in Figure 1-2. 

 

Pores 

Nafion film 

Pt/C 
catalyst

Agglomerate 
 

Figure 1-2. Simplified structure of the fuel cell catalyst layer. 

 

The catalyst layer geometry can be described as a collection of agglomerates. The 

agglomerates contain carbon-supported platinum particles surrounded by ionomer. Between the 

agglomerates are pores. The oxygen gas diffuses through the pores and dissolves into the 

ionomer. The oxygen then diffuses through the ionomer to the platinum reaction sites. There, it 

combines with the protons and electrons to make water. The water then dissolves into the 
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ionomer and diffuses out to the pores. From the pores, water is transported by evaporation or 

capillary action out of the catalyst layer. 

1.4 Important factors in catalyst layer performance 

The catalyst layer plays many different roles that require conflicting characteristics. The 

ideal catalyst layer would have the following characteristics: 

1. low thickness, 

2. low mass transport resistance,  

3. high electrical and ionic conductivities, and 

4. high platinum surface area. 

In addition to these factors, the catalyst layer should also contain as little platinum mass as 

possible in order to minimize the platinum cost.  

Catalyst layer thickness affects the utilization of catalyst sites and gas transport 

capability. At high current densities, the active area of the catalyst layer is narrowed to a thin 

region due to limitations in mass transport. By making the catalyst layer thinner, more of the 

platinum catalyst can participate in the reactions, increasing the platinum utilization within the 

layer. In addition, thinner catalyst layers reduce the paths that reactant gases, electrons, and 

protons must travel to reach the reactant sites. 

Low mass transport resistance within the catalyst ensures that enough reactants can reach 

the catalyst sites. Mass transport resistances limit the maximum current that can be achieved with 

the cell. These mass transport limitations cause a drop in voltage at high current levels. 

Achieving low mass transport resistance requires both a high porosity in the catalyst layer and a 

low diffusion resistance. High porosity increases the gas flow to the reaction sites and allows the 

product water to flow out of the catalyst layer easily. However, too much porosity increases the 

resistance of the layer, by decreasing the number of paths available for ion and electron flow. 

Low diffusion resistance facilitates the transport of reactants through the Nafion to the platinum 

catalyst sites. The diffusion resistance is influenced by the thickness of the Nafion layer through 

which the reactant gases must diffuse. 
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High ionic and electrical conductivities require having a sufficient amount of both 

platinum and carbon. However, having too much of these materials will block the pores and 

increase the thickness of the layer. This suggests that an optimum level of ionomer and carbon 

exists within the catalyst layer.  

A high platinum surface area increases the area available for reactions to occur. This is 

not the same as simply having more platinum in the catalyst layer – the only portion of the 

platinum used is that which is on the surface of the platinum particle. Therefore, smaller 

platinum particles give a greater surface area for a given amount of platinum. Proper dispersion 

of the platinum is also essential because if two platinum particles touch within the catalyst layer, 

some of the surface area of each has been lost. 

1.5 Purpose of Research 

The purpose of this research is to determine the composition and the related physical and 

electrochemical characteristics of the catalyst layer that maximize the performance of a fuel cell. 

 Specifically, the research will determine the loadings of ionomer and carbon in the catalyst layer 

that yield the best performance for a given platinum surface area.  By optimizing catalyst layer 

composition, the performance of the catalyst layer can be improved and the platinum catalyst can 

be used more effectively.  This research also seeks to explain how composition affects physical 

and electrochemical characteristics of the catalyst layer and how these characteristics relate to 

performance. 

Using tools including scanning electron microscopy, cyclic voltammetry, and current 

interrupt studies, the influence of catalyst layer characteristics such as thickness, mass transport 

resistance, electrochemically active surface area, and ohmic resistance will be evaluated to 

determine their influence on performance and their relation to composition.  Results from this 

research will provide a better understanding of catalyst layer phenomena and will help to guide 

the design and fabrication of high performance catalyst layers. 
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2 Literature Review 

Researchers have made great strides toward achieving high efficiency PEMFCs through 

the development and manufacture of high performance catalyst layers. This literature review 

examines the progress made in catalyst layer research. The review is divided into sections 

addressing construction methods, composition, and porosity. 

2.1  Construction Methods 

Ticianelli et al.2 investigated the performance effects of incorporating Nafion into porous 

gas diffusion electrodes. The electrodes were treated by brushing 5% wt Nafion solution onto a 

catalyzed gas diffusion layer, drying the electrode to remove the solvents, and then hot pressing 

the electrode onto a Nafion membrane. Performance was compared with the untreated gas 

diffusion electrodes and high-platinum-loading (4 mg/cm2) electrodes. Higher performance 

levels were achieved by incorporating Nafion into the electrode than with previous catalyst layer 

technology. Cyclic voltammetry tests showed that the increased performance was due in part to 

an increase in active surface area associated with the increased Nafion loading. Adding Nafion 

provided additional ionic pathways to the catalyst sites thus making more sites active. The 

improvement in performance was mitigated by the mass-transport limitations in the cell caused 

by higher Nafion loadings.  

Wilson and Gottesfeld3 developed a new way to incorporate Nafion into the catalyst layer 

that increased the utilization of the catalyst over previous electrodes. In their method, the Teflon 

formerly used as a binding agent within the active layer was replaced with Nafion. Nafion in 

solution was blended with the platinum/carbon particles into an ink that was cast onto Teflon 

blanks. The blanks were then baked to remove the solvents in the ink. The blanks were then hot-

pressed onto the membrane, and the Teflon backing was removed, leaving the catalyst layer 

behind. This resulted in better performance due to an improved interface between the membrane 

and catalyst layer. The electrodes prepared using this technique outperformed conventional 

electrodes containing three times more platinum. This procedure is the basis for the MEA 

fabrication method used in this research, and it is widely used as a construction technique. Figure 

2-1 shows an overview of this construction method. 
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1) Teflon blank 2) Apply catalyst
ink

3) Bake decal

4) Hot press decal to
membrane

5) Peel off decal to
create finished MEA

 
Figure 2-1. Wilson and Gottesfeld MEA construction technique4. 

 

Research by Loffler et al.5 and focuses on catalyst layer preparation techniques that 

selectively locate the platinum in specific regions of the catalyst layer. They conclude that by 

only locating platinum at the boundary of a carbon/ionomer interface, better platinum utilization 

can be achieved. 

2.2 Catalyst Layer Composition 

Wilson and Gottesfeld3 used a weight ratio of Nafion to platinized carbon of 1 to 3 in 

their catalyst layer construction method. However, no evidence of optimization is given to 

validate this ratio. They suggest that the optimal catalyst layer is very dense and very thin, and it 

has an appropriate ratio of platinum, carbon, and ionomer. They do not attempt to define the 

appropriate ratio of an optimal catalyst layer. 

 Watanabe et al.6 found that 0.2 microns of Nafion covering the platinum catalyst was 

optimal through their rotating disk electrode experiments. They used solid platinum electrodes 

coated with a Nafion film to determine the effect of Nafion on the hydrogen oxidation and 

oxygen reduction reactions. With a film thickness greater than 0.2 microns, the diffusion rate of 

the reactant gases was the limiting factor on fuel cell performance. For Nafion layers thinner than 
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0.2 microns, reaction kinetics was the limiting process. They concluded that these findings could 

aid in the design of fuel cell electrodes. 

Poltarzewski et al.7 investigated the effects of the loading and distribution of Nafion in 

the fuel cell catalyst layer. They constructed MEAs by floating a catalyzed gas diffusion 

electrode in a Nafion solution and varied the Nafion loading from 0.2 to 1.7 mg/cm2 by varying 

the electrode’s exposure time in the solution. The authors found that a Nafion loading of 0.9 

mg/cm2 was optimum; this loading showed the lowest ionic resistance and the highest 

electrochemical activity.  They also found that Nafion loadings greater than 0.9 mg/cm2 showed 

a constant pore volume, suggesting that increasing Nafion loading past 0.9 mg/cm2 serves only to 

deposit a layer of Nafion on the electrode surface. 

Uchida et al.8 investigated the effects of ionomer content in catalyst layers with ionomer 

loadings from 0.1 to 1.4 mg/cm2 and 0.5 mg/cm2 of platinum using 25% weight platinum on 

carbon. The authors determined that an ionomer loading of 1.0 mg/cm2 increased the cell 

performance over the entire operating range. Mercury porosimetry♦ showed that pores in the 

range of 0.02 to 0.04 µm remained constant as ionomer loading increased, but pores in the 0.04 

to 1.0 µm range decreased as ionomer loading increased. The authors concluded that the ionomer 

only exists in these larger, secondary pores since the volume of smaller pores was unchanged as 

Nafion content increased.  

Paganin et al.9 investigated the effects of both platinum to carbon ratio and Nafion 

loading on performance. Nafion loadings from 0.87 to 2.6 mg/cm2 were investigated with a 

platinum loading of 0.4 mg/cm2 using 10% platinum on carbon. The authors fit their 

experimental polarization data to the form of equations 2.1 and 2.2 to get the cell potential, E, as 

a function of current density, i 

                                                
♦ Mercury porosimetry is a technique that determines the pore volume and pore size distribution of a porous 

material by forcing mercury into the pores under pressure. The pressure, P,  at which mercury enters a pore of a 

particular diameter, D, is determined by the Washburn equation: 
D

P θγ cos4
=  where γ is the  surface tension of 

mercury and θ is the contact angle between mercury and the pore wall. 
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( ) RiibEE o −−= log      (2.1) 

( )o
ro ibEE log+=      (2.2) 

where Er is the reversible cell voltage, b is the Tafel slope, io is the exchange current density of 

the oxygen reduction reaction and R represents the contributions of linear polarization 

components, such as charge transfer resistance, electrolyte resistance, and diffusion resistance. 

They found that the value of Eo didn’t change much in the range of Nafion loadings from 1.75 to 

2.2 mg/cm2. The authors concluded that this suggests active electrochemical areas, membrane 

resistances, and linear diffusion components were the same in this range, and that 1.75 to 2.2 

mg/cm2 Nafion was the ideal loading range for catalyst layers constructed with 10 percent 

catalysts. The study also investigated the catalyst layer using 10 to 80 percent platinum on 

carbon catalysts with Nafion loadings scaled to remain in the ideal range. The best overall 

performance was achieved with 20% platinum on carbon at 0.4 mg/cm2 of platinum and 1.1 

mg/cm2 Nafion based on an examination of polarization curves. This construction had the lowest 

linear resistance and the highest value for Eo when polarization results were fit to the Tafel 

equation. 

Antolini et al.10 also investigated the effect of Nafion loading on gas diffusion electrode 

performance. Tests were conducted on the electrodes for the oxygen reduction reaction in 1.0 M 

H2SO4. They constructed electrodes using 20% platinum on carbon catalyst and Nafion by 

brushing the mixture onto a carbon diffusion layer. Nafion loadings from 0 to 1.46 mg/cm2 were 

studied. The authors found that a Nafion loading of 0.67 mg/cm2 gave the best performance. This 

loading minimized the activation overpotential and polarization resistance and maximized the 

electrochemical active area.  

Passalacqua et al.11 studied low platinum loading electrodes with a variable Nafion 

content. They defined a parameter called NFP, which is the weight percentage of Nafion in the 

catalyst layer, as defined by equation 2.3 

CPtNaf

Naf

LLL
L

NFP
++

=      (2.3) 

where LNaf, LPt, and LC represent the loadings of Nafion, platinum, and carbon in mg/cm2. 

Passalaqua et al. reviewed previous work by Uchida8, Paganin9, and Antolini10, each of whom 
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found a different Nafion loading to be optimal. However, when the previous work was 

considered using the NFP parameter, each study had chosen a Nafion loading that resulted in an 

NFP of about 33 percent. Passalacqua et al. also found an optimal NFP of 33 percent during 

experiments investigating NFPs from 14 to 66 percent. The results were consistent with the 

findings of the previous work. In this study, 33% Nafion by weight corresponded to a Nafion 

loading of 0.24 mg/cm2. Electrodes in this experiment consisted of 20 percent platinum on 

Vulcan XC-72 carbon at a platinum loading of 0.1 mg/cm2, for a total catalyst loading (platinum 

and carbon) of 0.5 mg/cm2. Mercury porosimetry and cyclic voltammetry# were used to evaluate 

pore size distribution and electrochemical surface area. The study showed that while pore 

volume was nearly constant at less than a 33% NFP, the specific pore volume decreased as NFP 

increased beyond 33%. The active electrochemical surface area was also shown to decrease with 

increased Nafion loading. 

A summary of these Nafion content findings is given in Table 2-1. 

                                                
# Cyclic voltammetry is an electrochemical test that can be used to determine active catalyst area. See section 3.6 for 

more information. 



12 

 

Table 2-1. Summary of previous findings on optimal Nafion content. 

Authors Electrode 
Construction 

Platinum Type & 
Loading 

Ionomer Content of 
Best MEA 

Optimum 
NFP 

Wilson and Gottesfeld3 Catalyzed 
membrane 

20% Pt on C, 
various loadings n/a 25-28% 

Watanabe et al.6 Nafion-coated 
platinum Solid Pt electrode 0.2 um thick layer n/a 

Poltarzewski et al.7 Catalyzed 
diffusion layer 

20% Pt on C, 
0.5 mg/cm2 0.9 mg/cm2 23% 

Uchida et al.8 Catalyzed 
diffusion layer 

25% Pt on C, 
0.5 mg/cm2 1.0 mg/cm2 33% 

Paganin et al.9 Catalyzed 
membrane 

10% Pt on C, 
0.4 mg/cm2 1.75-2.2 mg/cm2 33% 

Antolini et al.10 Catalyzed 
diffusion layer 

20% Pt on C, 
0.2 mg/cm2 0.67 mg/cm2 40% 

Passalacqua et al.11 Catalyzed 
diffusion layer 

20% Pt on C, 
0.1 mg/cm2 0.24 mg/cm2 33% 

 

2.3 Catalyst Layer Porosity 

In addition to studying the influence of composition on performance in general, 

researchers have focused on catalyst layer porosity as a specific characteristic that is likely to 

affect performance. 

Kong et al.12 varied the diffusion layer pore size by using Li2CO3 as a pore former in the 

MEA construction. The pore former was incorporated into the diffusion layer mixture of Teflon 

and carbon powder, which was rolled onto a carbon cloth substrate and dried. The diffusion layer 

was then treated with sulfuric acid to dissolve the Li2CO3. The catalyst layer consisted of 20% Pt 

on Vulcan XC-72 carbon, at a platinum loading of 0.4 mg/cm2. Nafion was brushed onto the 

diffusion layer using a hot coating method to achieve a loading of 0.75 mg/cm2. The authors 

concluded that the distribution of pore sizes has a greater impact on the performance than the 

total porosity. Mercury porosimetry showed that pores with diameters less than 20 µm made up 

80% of the total pore volume. Pore-forming studies showed that there is an optimum macropore 

(diameters from 5 to 20 µm) volume that enhances the cell performance. The authors attribute 

this optimum to enhanced water removal capability of the macropores, which enhances mass 

transport capabilities. 
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Ihonen et al.13 investigated the porosity of the catalyst layer using both nitrogen 

adsorption and mercury porosimetry techniques. An investigation of the raw platinum on carbon 

catalyst showed pores smaller than 10 nm, indicating that a pore system exists within the carbon 

particles, since they are 30-50 nm in size. The catalyst layer had no pores in the 10 nm size 

range, indicating that the Nafion in the layer either fills these pores or completely surrounds the 

carbon particles without penetrating these pores. This is in agreement with Uchida et al.6 who 

found that pores in the 20-40 nm range didn’t change as Nafion increased. Porosimetry showed 

that the majority of the pores are in the 20-100 nm range, which the authors correlate to the pore 

system between the catalyst layer agglomerates. 

Escribano et al.14 found that increasing the Nafion ratio in the catalyst layer decreased the 

average pore size, the pore size range, and the porosity of the layer. This correlated well with 

their experimental results, which showed reduced gas diffusion with increased Nafion content. 

They also showed that hot-pressing the MEA significantly decreases the pore size in the catalyst 

layer. The authors found that 26 percent of the active layer should be porous in order to achieve 

the best performance. They determined that a catalyst layer consisting of 26 percent Nafion, 26 

percent Teflon, and 48 percent platinum/carbon by filled volume gave the best performance. 

2.4 Contribution of this Work to Catalyst Layer Advancement 

This research evaluates the effect of catalyst layer composition on fuel cell performance 

and attempts to explain the performance variation in terms of catalyst layer morphology and 

active catalyst area. A series of catalyst layers with different compositions were fabricated, the 

performance of each catalyst layer evaluated, and thorough analysis of the characteristics of each 

catalyst layer conducted. The analysis identifies the characteristics that are most important in 

catalyst layer construction and how they relate to one another. The results of this work will 

improve the understanding of the catalyst layer and help to define the best composition for the 

construction of catalyst layers for high-performance PEMFCs. 
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3 Experimental Procedures 

This section details an experimental design for the investigation of the effect of catalyst 

layer composition, the method of sample preparation, and the assembly of the fuel cell. 

Procedures and equipment used to conduct performance tests, cyclic voltammetry tests, current 

interrupt tests, and scanning electron microscope (SEM) investigations are described.  

Performance tests provide an indication of how well a particular catalyst layer performs. 

Current interrupt tests and cyclic voltammetry offer insight into ohmic losses and the active 

catalyst area of the catalyst layer. Investigations using SEM techniques provide information 

about the thickness and porosity of the catalyst layer. 

3.1 Design of Experiment 

The goal of our experiment is to investigate the effect of catalyst layer composition on 

fuel cell performance. The three components of the layer are carbon, platinum, and Nafion. 

Previous work has shown that the active electrochemical area of the catalyst layer is an important 

factor in cell performance.  

In our experiment, we hold the gross catalyst surface area constant while varying both 

Nafion content and carbon content at three different levels. However, previous studies were 

designed using platinum loading as a controlled parameter. The electrochemical reactions 

governing fuel cell performance are surface phenomena. Platinum loading only effects 

performance if the platinum surface area is also increased. Thus, holding gross platinum surface 

area constant is an improvement on previous techniques. 

The gross catalyst surface area is the total platinum surface area of the raw carbon-

supported catalyst. The amount of the gross catalyst area available for chemical reactions, the 

active catalyst surface area, is determined by the structure of the catalyst layer. Reactants must 

be able to reach the platinum site and Nafion must be in contact with the site in order for the site 

to be active. 
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The goal of this work is to evaluate the composition and catalyst layer characteristics that 

yield the best performance for a given investment in catalyst surface area. The gross catalyst 

surface area, APt, is calculated by equation 3.1, 

Pt
Pt

Pt
L

A α





=
1000

     (3.1) 

where LPt is the platinum loading in mg/cm2, αPt is the specific surface area of platinum, in m2/g 

for the given type of platinum catalyst, and 1000 is a unit conversion factor. Specific surface 

areas for the catalysts used were obtained from E-Tek and are shown at the bottom of Table 3-1. 

Carbon was varied over three different loadings, low (0.758 mg/cm2), medium (1.30 

mg/cm2), and high (2.34 mg/cm2). Achieving equal gross platinum surface areas for three 

different carbon loadings required the use of three different types of carbon-supported platinum 

catalysts. The experimental design also led to three different platinum loadings on a mass basis. 

However, chemical kinetics depend on surface area, and the gross platinum surface area was the 

same for all samples.  

Nafion was also varied at three levels, around a midpoint of 33% Nafion by weight (NFP 

as defined by equation 2.3), as suggested by Passalacqua et al10. About this midpoint, we 

investigated 25% NFP and 41% NFP. The combinations of carbon and Nafion correspond to a 

two-factor, three-level experiment, thus creating nine combinations. These combinations are 

given in Table 3-1. The columns labeled Carbon Loading and NFP show the carbon loading and 

Nafion weight percentage. Nafion loading and platinum loading are also presented in Table 3-1 

for convenience in comparing to experimental data by other researchers. 
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Table 3-1. Specifications for MEAs constructed and catalysts used. 

Sample 
Name NFP Carbon Loading 

(mg/cm2) 
Nafion Loading 

(mg/cm2) 
Catalyst 

Type 
Pt Loading 
(mg/cm2) 

Catalyst Surf 
Area (m2/cm2)

MEA 1 0.250 0.758 0.421 A 0.505 
MEA 7 0.250 1.300 0.542 B 0.325 
MEA 5 0.250 2.340 0.867 C 0.260 
MEA 2 0.330 0.758 0.622 A 0.505 
MEA 8 0.330 1.300 0.800 B 0.325 
MEA 4 0.330 2.340 1.281 C 0.260 
MEA 3 0.410 0.758 0.878 A 0.505 
MEA 9 0.410 1.300 1.129 B 0.325 
MEA 6 0.410 2.340 1.807 C 0.260 

0.0364 

Catalyst Types15: 
A: 40% Pt on Vulcan XC-72 Carbon; αPt = 72 m2/g; Pt particle size = 3.9 nm 
B: 20% Pt on Vulcan XC-72 Carbon; αPt = 112 m2/g; Pt particle size = 2.5 nm 
C: 10% Pt on Vulcan XC-72 Carbon; αPt = 140 m2/g; Pt particle size = 2.0 nm 

 

3.2 Preparation of MEA Samples 

The MEAs used in this experiment are constructed using techniques developed by Wilson 

and Gottesfeld3. With the Wilson and Gottesfeld technique, catalyst ink is mixed, and then the 

ink is spread onto a Teflon decal, dried, and hot-pressed onto a pre-treated Nafion membrane. 

Each of these steps will be discussed in detail in this section. 

Electrodes were prepared using platinum-on-carbon catalyst (see Table 3-1), a 5% by 

weight Nafion solution (Electrochem), and glycerol. The Nafion solution was added to a vial and 

weighed. The platinum-on-carbon catalyst was then added to the Nafion solution to achieve the 

desired composition, and stirred for 1 hour. Glycerol was then added to the mixture in a ratio of 

one part glycerol to two parts Nafion solution and stirred. The ink was ultrasonically mixed to 

eliminate large clumps of catalyst within the mixture. The mixture was then stirred overnight or 

until all clumps were removed. 

The prepared ink was brushed onto Teflon blanks to form the catalyst layer. Prior to 

coating, the blank was sprayed with a mold release agent and weighed to determine its mass. 

After coating, the blank was dried in an oven at 140oC for 10-20 minutes to remove solvents 

from the ink. The painted blank was weighed and the mass of the uncoated blank subtracted to 
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determine the mass of the catalyst layer. The process was repeated until the desired catalyst layer 

mass was achieved. The blank was then dried overnight to ensure thorough removal of solvents 

from the catalyst layer and the sample was weighed again to determine the final catalyst layer 

mass. 

The Nafion membrane (Nafion 112, Ion Power) was pretreated to convert it to the sodium 

(Na+) form from the standard proton (H+) form. This conversion gives the membrane a higher 

glass transition temperature, which improves its melting characteristics, thus permitting better 

adhesion between the membrane and the catalyst layer during hot-pressing. To convert the 

membrane to this form, it was boiled in 1% NaOH by weight for an hour. The membrane was 

then dried on a vacuum plate at 130ºC for five minutes. 

Blanks were then placed on both sides of the pretreated membrane, creating a sandwich. 

The sandwich was placed in a hot press preheated to 210ºC and pressed at 100 pounds for one to 

two minutes. The pressing force was then increased to 500 pounds and the membrane assembly 

was pressed for five minutes. The membrane was then removed and cooled under light pressure 

for 10 minutes. The Teflon blanks were removed leaving the catalyst layer adhered to the 

membrane to form an MEA. The MEA was boiled in 0.5 M H2SO4 for two hours to return the 

membrane to the original H+ form. The MEA was then dried on a vacuum hot plate at 60ºC for 

15-20 minutes, and was ready for use. The final dimensions of the MEAs used in this work are 

shown in Figure 3-1. 
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Figure 3-1. Dimensions of the MEAs used in this work. 

 

3.3 Construction and Assembly of the Fuel Cell 

The fuel cell test fixture used in this work has a 5 cm2 active area. The cell is composed 

of 11 main pieces: two end plates, two current collectors, two graphite plates, two Teflon 

gaskets, two gas diffusion layers, and the MEA. This assembly allows the reactants and products 

to flow to and from the MEA in the center of the cell. Figure 3-2 shows the orientation between 

parts of the fuel cell.  
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Figure 3-2. Schematic of the fuel cell assembly. 

 

The end plates serve as the clamp that holds the cell components together and house the 

connections for the reactant gas supply lines. Eight quarter-inch bolts are located around the 

perimeter of the end plates. The bolts pass through one end plate and are screwed into threaded 

holes in the other plate. The bolts were tightened in a cross pattern to ensure a uniform pressure 

distribution across the MEA. The end plates also contain cartridge heaters that maintain a 

constant temperature for cell operation. Gold-plated copper collector plates were placed inside 

each end plate to collect the current produced by the cell. Each plate has a terminal at the top 

where connections to equipment or instrumentation are made. 

Moving toward the center of the assembly, the next layer in the cell is the graphite plate, 

which transmits current produced by the cell to the collector plates and contains the gas flow 

channels that bring the reactant gases to the MEA. These channels also serve as the exit path for 

any unused gas and excess water in the cell. The gas channels are serpentine in shape, winding 

back and forth across the active area of the MEA. The gas diffusion layer (E-Tek uncatalyzed 
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ELAT™), denoted GDL, is a porous layer made from Teflon-treated carbon cloth. The GDL was 

placed over the gas channels to evenly distribute the gas over the MEA and to transmit current 

from the catalyst layer to the graphite plate. Teflon treatment of the diffusion layer helps to 

transport excess water from the catalyst layer of the MEA to the serpentine gas channels. 

The last component of the cell fixture is the fiberglass-reinforced Teflon gasket. The 

gaskets are the same thickness as the gas diffusion layer, and they serve as a spacer and seal. The 

gaskets surround the GDL to prevent it from crushing when the cell is clamped together with the 

end plates. They also prevent gas from exiting through the side of the cell rather than flowing 

through the gas channels in the graphite plates. A picture of the two halves of the cell is shown in 

Figure 3-3. 

 
Figure 3-3. Fuel cell fixture with end plates, current collectors, and graphite plates. 

 

Before the fuel cell was assembled, the parts were cleaned to ensure minimal contact 

resistance within the hardware and help achieve the best cell performance. The end plates, 

graphite plates, and current collectors were washed with deionized water. The cleaned parts were 

then assembled as shown in Figure 3-3. Next, Teflon gaskets were cut with a razor blade using a 

plastic template that reflects the dimensions of the MEA (see Figure 3-1) and then rinsed in 

deionized water. The GDL was then cut to fit inside of the gaskets. After the gaskets and GDLs 

were cut, a gasket was placed on one half of the assembled cell and a GDL carefully placed 
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inside the gasket. The assembly was checked to ensure that the GDL and the gasket didn’t 

overlap, which could cause uneven pressure on the MEA. The MEA was then placed over the 

gasket and GDL and covered by the other gasket and GDL. The other half of the fuel cell fixture 

was then placed over the assembly, and the bolts were tightened by hand. The bolts were then 

tightened to 60 in-lb in increments of 5 in-lb in a cross pattern to ensure even pressure across the 

membrane. Preliminary experiments showed that a torque of 60 in-lb provided low contact 

resistance between the MEA and the fuel cell fixture and prevented reactant leakage through the 

Teflon gaskets. 

3.4 Operation of Test Stand 

The test stand used in this work was designed and constructed by our fuel cell research 

group. The stand was validated using a series of experiments with other MEAs. The following is 

a description of the system, discussion of the data acquisition system, and an overview of 

operating procedures. 

3.4.1 System Description 

The test stand in this work allows for the operation of one fuel cell with control of cell 

temperature and voltage and control of the dewpoint temperature, inlet temperature, pressure, 

and flow rate for each reactant gas.  

Gas flow is controlled using mass flow controllers (Sierra Instruments). These controllers 

are operated with a 0-5 VDC signal corresponding to zero to full scale flow. An analog control 

signal is sent to the mass flow controllers using a National Instruments card controlled by 

LABView software. 

The reactants are humidified by flowing the gas through a bubble humidifier (see Figures 

3-4 and 3-5). The humidifier is a 24-inch long stainless steel cylinder wrapped with resistance 

heaters and insulation and filled with a 21-inch column of water. The gas flows into the bottom 

of the cylinder through a small filter that disperses the gas as a stream of tiny bubbles. The gas 

then flows up through the water to the exit at the top of the cylinder, collecting moisture along 

the way. Calibration experiments using a relative humidity sensor verified that for the flow rates 
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used here, the dewpoint temperature of the gas approaches the temperature of the water. The 

temperature of the water is controlled by a temperature controller (Eurotherm) that regulates the 

power supplied to the heaters in response to a thermocouple located near the bottom of the water 

column. Once the gases leave the humidification cylinders, they flow into the fuel cell through 

temperature-controlled lines (Omega). The relative humidity at the fuel cell inlet is determined 

by the dewpoint temperature of the gas leaving the humidifier (Tdp) and the temperature of the 

gas entering the cell (Tcell) using equation 3.4, 

)(
)(

cellsat

dpsat

TP
TP

RH =      (3.4) 

where Psat is the saturation pressure at the given temperature. This pressure can be found using 

tables or calculated using equation 3.5, which is a curve fit proposed by Springer et al16:  

3723 104454.1101837.902953.01794.2)(log TTTTPsat ⋅⋅+⋅⋅−⋅+−= −− .  (3.5) 

Reactant gas pressures are controlled using needle valves downstream of the fuel cell. 

The valves are adjusted by hand until the desired pressure is reached. Excess water in the exhaust 

gas stream is removed using water traps upstream of the needle valves. 

The fuel cell voltage is controlled using an electronic variable load (Dynaload). This load 

controls the cell voltage and measures current using a four-point electrical configuration. This 

load is controlled by a 0-10 volt output signal from LABView. Figure 3-4 shows a diagram of 

the test stand. A picture of the stand is shown in Figure 3-5. 
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Figure 3-4. Diagram of fuel cell test stand. 

 

 
Figure 3-5. Picture of fuel cell test stand. 
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3.4.2 Data Acquisition 

Data acquisition for the test stand is accomplished automatically using National 

Instruments LABView software, a Hewlett-Packard data acquisition unit, and a National 

Instruments analog output card. This equipment allows voltage measurement on 17 channels, 

type-T thermocouples on 13 channels, current measurement on 10 channels, and analog output 

on 8 channels. 

For this work, we monitor the operating conditions of the test stand and measure the fuel 

cell voltage and current. These measurements are taken at the locations in the system indicated in 

Figure 3-6. 
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Figure 3-6. Locations of measurement points. 
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3.4.3 Operating Procedures and Conditions 

To minimize variability in the experimental results, a strict sequence was established for 

conducting the experiments in this work. The MEAs were first conditioned, polarization curves 

obtained, and then current interrupt and cyclic voltammetry investigations conducted.  

The MEAs must be conditioned after they are constructed before they will achieve 

maximum performance. The MEAs were placed into the fuel cell fixture as described in section 

3.3. The MEAs were conditioned by operating the cell at 0.5 Volts for 24 hours at a temperature 

of 80ºC with super-saturated reactant gases carrying a mist of liquid water. 

After fully conditioning the MEAs, performance tests were conducted. The test consisted 

of measuring polarization curves at four pressures and two humidity levels. All tests were 

conducted with the cell at a temperature of 80ºC using humidified air as the cathode reactant gas 

and humidified hydrogen as the anode gas. The anode and cathode gases were supplied to the 

cell at a flowrate five times that required for stoichiometric operation at a current of 6 Amps: 

0.55 SLPM for air and 0.25 SLPM for hydrogen. Table 3-2 shows the pressures and humidity 

levels tested in the order the tests were conducted. 

Table 3-2. Operating conditions for performance tests. 

Test # Pressure (psig) Relative Humidity (%)
1 0 70
2 10 70
3 20 70
4 30 70
5 0 100
6 10 100
7 20 100
8 30 100  

 

After the completion of the tests in Table 3-2, the cell was again run at a voltage of 0.5 

Volts for 12 hours. Tests 5 through 8 were then repeated at the same operating conditions to 

ensure repeatability of the results. 
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3.5 Current Interrupt 

Current interrupt tests were conducted to determine both the activation and ohmic 

overpotentials of each MEA. These overpotentials were used to determine the ohmic resistance 

and Tafel parameters of each MEA. 

Different components of the overpotential govern the behavior of a fuel cell at different 

points in its operating range. At low current densities, activation overpotential is dominant. The 

activation overpotential is attributable to reaction rate limitations, which require some voltage to 

drive the chemical reaction that transfers electrons to and from the electrode. At moderate 

current densities, ohmic overpotential dominates the behavior of the fuel cell. Ohmic losses are 

caused by resistance to electrical conduction through the electrode connections and GDL and 

resistance to ionic conduction in the membrane and catalyst layer. At high current densities, mass 

transport overpotential dominates the cell behavior. Mass transport losses result from restrictions 

to reactant gas flow and from diffusive losses along the reactant flowpath. These losses prevent 

sufficient transport of reactants and lead to depletion of reactants at the electrode surface. Figure 

3-7 shows a typical polarization curve and identifies the losses that are dominant in each region. 
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Figure 3-7. Polarization curve identifying major losses at different operating points. 
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The activation overpotential in the MEA is caused by an electrode phenomenon called 

the charge double layer. In the cathode catalyst layer, electrons collect on the surface of the 

catalyst particles. Hydrogen ions, which are attracted to the negatively-charged electrons, will 

collect on the adjoining electrolyte surface. Thus, the catalyst/electrolyte interface has a layer of 

negatively charged particles and a layer of positively charged particles – a double layer. The rate 

at which the charged particles react (according to equation 1.2) is controlled by the density of the 

charged particles, the catalyst type, and the catalyst surface area. The accumulation of electrons 

and ions along the catalyst-electrolyte interface generates a voltage, which is called the activation 

overpotential. A large catalyst surface area, which provides more reactions sites, helps to reduce 

the accumulated charge and decrease the activation overpotential. The charge double layer acts 

like an electrical capacitor, since it serves as a place to store energy. Thus, if the current changes, 

it will take time for the charge to dissipate or collect17.  

Current interrupt tests rely on the dissipation time associated with the charge double layer 

to distinguish between activation and ohmic losses. In a current interrupt test, the cell is set to 

provide current at a level for which mass transport limitations are minimal (i.e. operation outside 

of the mass transport limited region shown in Figure 3-7) using the electronic load. Then, the cell 

current is switched to zero, allowing the cell voltage to return to the open circuit voltage. The 

voltage waveform is captured using a storage oscilloscope. When the current is interrupted, the 

ohmic overpotential of the MEA immediately reduces to zero. However, the activation 

overpotential, which is associated with the charge double layer, takes longer to dissipate. By 

measuring the instantaneous voltage change of the cell when the current is interrupted, the ohmic 

overpotential can be distinguished from the activation overpotential. Figure 3-8 shows a sample 

waveform and ohmic and activation overpotentials. 
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Figure 3-8. Typical voltage waveform from current interrupt test. 

 

Current interrupt tests were conducted upon conclusion of performance tests. For the 

current interrupt tests, the cell was operated with reactant gases at 100 percent relative humidity, 

a cell temperature of 80ºC, and ambient pressure. Air was supplied at 0.55 SLPM at the cathode 

and hydrogen was supplied at 0.25 SLPM at the anode. The test was conducted at six different 

current levels, corresponding to six different operating voltages.  

Due to limitations in the slew rate of the electronic load, the current was not instantly 

interrupted, but reduced to zero over a short time period. The load was determined to interrupt 

the current over a time period of about 0.6 ms from inspection of waveforms and data. After this 

time period, the slope of the current interrupt waveform began to change, indicating that ohmic 

losses had been eliminated and the activation voltage was beginning to decay. The ohmic 

resistance of the cell was determined from the ohmic overpotential and the current prior to 

interruption using Ohm’s law. To ensure that the ohmic and activation overpotentials were 

determined accurately, the cell resistances for each operating voltage were compared and 

verified to be the same.  
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To investigate the reaction kinetics, the activation overpotentials at all six points were 

used to determine the constants in the Tafel equation,  









=

oi
iAV ln       (3.6) 

where V is the activation overpotential, i is the current density, and A and io are constants. The 

exchange current density, io, is directly related to the active catalyst area. For a hydrogen fuel 

cell, the constant A can be determined by 

F
TRA
⋅⋅

⋅
=

α2
      (3.7) 

where R is the universal gas constant, T is the temperature at which the reaction occurs, F is 

Faraday’s constant and α is the charge transfer coefficient. The charge transfer coefficient is the 

proportion of the electrical energy applied used in changing the reaction rate, and its value 

depends on the reaction involved and the electrode material16.  

A least-squares method was employed to fit the current and activation overpotential data 

to equation 3.6. The exchange current density for a fuel cell electrode is related to the cell 

temperature, the reactant concentration, the reactant pressure and the catalyst area. In this 

experiment, operating conditions for each electrode were constant. Thus, the exchange current 

density for the MEAs should be proportional to the catalyst area. 

3.6 Cyclic Voltammetry 

Cyclic voltammetry tests were conducted to determine the active electrochemical surface 

area of each MEA. The electrochemical surface area is a key factor in an MEA’s performance. 

All MEAs in this study had the same gross catalyst surface area. However, differences in catalyst 

layer structure and construction variability affect the active area of the fabricated MEAs. For the 

platinum catalyst to be active in the electrochemical reactions (equations 1.1-1.3), it must be in 

contact with electrical and ionic conduction paths and reactants. As the Nafion loading in the 

catalyst layer increases, more of the catalyst surfaces are connected by ionic pathways to the 

electrolyte. However, too much Nafion creates added resistance for oxygen to diffuse to the 

reaction sites. In addition, more Nafion can cause interruptions in the electronic pathways, 
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preventing these catalyst sites from receiving electrons and preventing them from being active in 

the electrochemical reactions. Cyclic voltammetry provides a method for quantifying the catalyst 

area that is active. 

Cyclic voltammetry tests were conducted using a method similar to O’Hayre et al.18. In 

this test, the voltage was linearly cycled from -0.1 V to 1 V and back to -0.1 V using a 

potentiostat (PAR 273). Humidified hydrogen gas was flowed over the counter electrode, while 

humidified nitrogen was flowed to the working electrode. The counter electrode also served as 

the reference electrode due to its negligible overpotential. The current between the working and 

counter electrodes was recorded by the potentiostat. The fuel cell catalyst layers serve as the 

electrodes in this test. Three cycles of this voltage sweep were conducted, and the last cycle was 

recorded. Figure 3-9 shows a schematic of the setup for these tests. Figure 3-10 shows three 

cycles of the voltage waveform applied to the cell. 
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Figure 3-9. Cyclic voltammetry test setup. 
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Figure 3-10. Voltage wave used in cyclic voltammetry tests. 

 

At the start of the test, hydrogen adsorption to the platinum occurs because of the applied 

potential. As the voltage increases, hydrogen desorption from the platinum begins (equation 3.8), 

and the hydrogen is oxidized as electrons leave the electrode (equation 3.9). The electrons that 

leave the electrode during this process comprise the desorption charge. During the reverse 

sweep, the hydrogen is again reduced (equation 3.10), and re-adsorbed to the platinum (equation 

3.11) as electrons are supplied to the electrode. The electrons supplied during this process 

comprise the adsorption charge. 

HH ads →       (3.8) 

−+ +→ eHH       (3.9) 

 HeH →+ −+      (3.10) 

 adsHH →       (3.11) 

To provide a baseline, the test was also conducted with nitrogen gas flowing through both 

sides of the cell. Again, the current was recorded during the last of three voltage cycles. This 
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baseline indicates the charge double-layer that builds up across the electrolyte during the test. 

This charge double-layer is due to the capacitive nature of the cell and the rapid changes in 

voltage imposed during the test, and it is independent of the processes described in equations 3.8 

through 3.11.  

The platinum area is calculated by determining the charge associated with the adsorption 

and desorption of hydrogen. Each of these charges is obtained by integrating the cell current over 

time and subtracting the double layer charge determined in the baseline test. Ideally, the 

adsorption and desorption charges would be the same. In practice, they differ somewhat, and the 

average of the two charges is taken as the charge transferred during the adsorption/desorption of 

a hydrogen monolayer. Previous work18 has determined that the charge of monolayer hydrogen 

adsorption on atomically smooth platinum, Qm, is 210 µC/cm2. Thus, the active surface area, Aact, 

can be calculated by 

m

da
act Q

QA /=       (3.12) 

where Qa/d is the average of the adsorption/desorption charges. Figure 3-11 shows the adsorption 

and desorption regions of a cyclic voltammetry waveform and indicates the contribution of the 

charge double layer. 



33 

 

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

-0.2 0 0.2 0.4 0.6 0.8 1

Voltage (V)

Cu
rr

en
t D

en
si

ty
 (A

/c
m

2 )

Baseline

CV waveform

Desorption  region

Adsorption region

Double layer charge

 
Figure 3-11. Cyclic voltammetry waveform showing adsorption and desorption regions. 

 

3.7 Scanning Electron Microscopy 

Scanning electron microscopy was used to obtain a cross-sectional view of the MEA. 

This technique provided information about the morphology of the catalyst layer, including the 

catalyst layer thickness. 

The catalyst layer thickness was obtained by measuring at 10 equally-spaced points along 

the catalyst layer cross-section. These measurements were averaged to obtain the thickness value 

used for calculations and comparison. 

The porosity of the layer can be determined using the catalyst layer thickness in 

combination with the area of the catalyst layer and the catalyst layer mass. The porosity, ε, as a 

percentage of the total volume is calculated by, 

( )
meas

PtPtCCnafnaf

t
LLL ρρρ

ε
++

−== 1     (3.13) 
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where t is the cross-sectional thickness of the layer as determined by SEM, ρNaf is the Nafion 

density, ρC is the carbon density, and  ρPt is the platinum density. The loadings for each catalyst 

layer are given in Table 3-1. Table 3-3 shows the density values used for the catalyst layer 

materials. 

Table 3-3. Densities of catalyst layer components. 

Material Density (mg/cm3) 
Nafion (50% RH)19 2000 

Platinum20 21450 
Activated Carbon21 1800 

 
Samples were prepared for SEM examination using a freeze-cutting technique. With this 

technique, the sample was held in liquid nitrogen for 2 minutes. The sample was then removed 

and a razor blade was pushed through the sample vertically until the sample fractured. This 

fractured edge was used for investigation. 

3.8  Summary of Experimental Methods 

The compositions of the samples in this work were designed on the basis of equal gross 

active platinum surface area. These samples were fabricated using the decal technique of Wilson 

and Gotesfeld3. A total of nine samples were constructed at three different carbon loadings and 

three different Nafion percentages. 

The techniques described in this chapter were used to determine the performance and to 

characterize the effects of thickness, mass transport resistance, ohmic resistance, and catalyst 

surface area. Performance was determined by conducting tests to obtain polarization curves for 

each sample. Scanning electron microscopy provided information on catalyst layer thickness and 

porosity. Current interrupt tests yielded information regarding the activation and ohmic 

overpotentials. From these overpotentials, resistances and Tafel parameters were determined. 

Cyclic voltammetry indicated the active catalyst area of each sample. Results from these tests 

provided insight into the effects of catalyst layer characteristics and provided a better 

understanding of catalyst layer phenomena. This will help guide the design and fabrication of 

high performance catalyst layers. 
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4 Test Results 

This chapter describes the results of tests to evaluate the effect of catalyst layer 

composition on fuel cell performance and explains the performance variation in terms of catalyst 

layer thickness, mass transport limitations, ohmic losses, and active catalyst surface area. The 

characteristics of each catalyst layer are analyzed using scanning electron microscopy, current 

interrupt techniques, and cyclic voltammetry. The results help to identify the phenomena that 

have the greatest effect on catalyst layer performance and provide a better understanding of the 

important factors for catalyst layer design.  

4.1 Performance Comparison of Samples 

After conditioning the MEAs for 24 hours, polarization curves were obtained for a 

variety of operating conditions. The MEAs were tested with reactant gases at 70% and 100% 

relative humidity. Tests at 100% relative humidity were duplicated to check the repeatability of 

MEA performance. 

Performance of the MEAs was quantified in two ways. The maximum power density of 

each cell was calculated from the polarization data. The current density of the MEA at specified 

cell voltages was also used as a measure of performance. 

The best performance was obtained with a catalyst layer containing 33% Nafion, a carbon 

loading of 1.30 mg/cm2, and 20% platinum on carbon catalyst. This construction generated a 

maximum power density of 0.479 W/cm2 and had a maximum current density of 1.39 A/cm2.  

4.1.1 Evaluation of Polarization Curves 

Polarization curves of the samples with reactant gases at 100% relative humidity and 30 

psig are shown in Figure 4-1. Polarization curves at 70% relative humidity and 30 psig are 

shown in Figure 4-2. Performance of all samples was higher with the reactants at 100% relative 

humidity. This can be attributed to the increased water content of the Nafion, which enhances the 

ability for proton conduction both in the membrane and the catalyst layer. Complete polarization 

data for the samples at all operating conditions are provided in Appendix A. 
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MEAs 3 and 6 showed poor behavior throughout their operating range. The steep slope of 

these curves suggests severe mass-transport limitations throughout the operating range. Curves 

for MEAs 7 and 8 indicate that these samples have very little mass transport resistance, since 

they exhibit a gradual, linear decline in voltage as current density increases. The steep slope in 

the ohmic region of polarization curves for MEA 2 and MEA 9 indicate a high ohmic resistance.  
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Figure 4-1. Polarization curves for samples, reactants at 100% RH and 30 psig. 
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Figure 4-2. Polarization curves for samples, reactants at 70% RH and 30 psig. 

4.1.2 Effect of Composition on Performance  

Work by other researchers has shown that a catalyst layer containing 33% Nafion yielded 

optimal performance. Figures 4-3 and 4-4 show the effect of composition on the performance of 

samples in this work and support the findings of Passalaqua et al.11 for catalyst layers using 

medium and high carbon loadings. Samples constructed with low carbon loadings performed 

best with 33% Nafion in the catalyst layer at 70% RH. However, at 100% RH, low carbon 

samples performed best with only 25% Nafion in the catalyst layer. Results reported in the 

following sections suggest that the maximum at 33% NFP occurs when the effects of an increase 

in active platinum area caused by increased Nafion loading have reached a balance with 

limitations caused by the diffusion resistance associated with a thicker Nafion film surrounding 

the catalyst.  

MEA 4 was determined to be defective based on low open circuit voltage, unusual 

polarization curve behavior, unusually high ohmic losses and erratic cyclic voltammetry results. 

Attempts to produce further samples were unsuccessful due to incomplete transfer of the catalyst 

layer to the membrane during hot-pressing. This suggests that the combination of high carbon 
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content and low Nafion content creates a composition that is infeasible for the construction of 

catalyst layers. Except for polarization curves shown in Figures 4-1 and 4-2, results for MEA 4 

were omitted from this thesis. 
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Figure 4-3. Effect of composition on maximum power density; 100% RH and 30 psig. 
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Figure 4-4. Effect of composition on maximum power density; 70% RH and 30 psig. 

 

The results presented in Figures 4-3 and 4-4 also demonstrate the importance of carbon in 

the catalyst layer. Prior work has viewed carbon only as a carrier for platinum. Here, the results 

show that carbon affects performance even when gross platinum surface area is held constant. 

The presence of carbon in the catalyst layer is important for the conduction of electrons to the 

catalyst sites. Moreover, carbon supports the platinum catalyst and provides a structure over 

which Nafion is distributed. A maximum in performance is shown at medium carbon loadings, 

containing about 1.30 mg/cm2. This corresponds to catalyst layers constructed with 20% 

platinum on carbon catalysts. Paganin et al.9 also found that 20% catalysts yielded the highest 

performance, though this was not correlated to specific carbon loadings. 

4.2 Evaluation of Catalyst Layer Thickness Using SEM Techniques 

Scanning electron microscopy was used to obtain a cross-sectional view of the MEA 

samples. Each cross section provided a view of two identically prepared catalyst layers. 

Thickness measurements were taken of both replicates at 10 equally-spaced points along the 
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catalyst layer cross-section. Figure 4-5 shows an SEM picture of MEA 11 at 1500 times 

magnification and the points at which the thickness was measured. A complete set of SEM 

pictures at different magnifications for each MEA is provided in Appendix B. 

 
Figure 4-5. SEM image showing thickness measurement points. 

 

These measurements were averaged to obtain the thickness value used for calculations to 

determine the porosity of each catalyst layer. The thicknesses of each replicate of the samples 

were very consistent, having a maximum difference of 11 percent (MEA 5). This indicates that 

the MEA construction method is capable of producing catalyst layers with a repeatable thickness. 

Table 4-1 shows the average thickness for the catalyst layers on each side of the MEA. Table 4-1 

also shows the pore volume and porosity for each MEA averaged over both catalyst layers. The 

porosity was calculated according to equation 3.13. Specific pore volume is also given based on 

the average catalyst layer weight. 
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Table 4-1. Thickness, pore volume and porosity of samples. 

Properties Averaged Over Both Catalyst Layer Replicates 

Sample Replicate 

Average 
Layer 

Thickness 
(µm) 

Thickness 
(µm) 

Solid 
Volume 
(cm3) 

Actual 
Volume 
(cm3) 

Pore 
Volume 
(cm3) 

Specific 
Pore 

Volume 
(cm3/g) 

Porosity 
(% vol) 

1 10.99 MEA 1 
2 9.88 

10.43 0.0033 0.0052 0.0019 5.704 37.0 

1 10.96 MEA 2 
2 11.76 

11.36 0.0040 0.0057 0.0017 4.112 29.1 

1 8.74 MEA 3 
2 8.74 

8.74 0.0043 0.0044 0.0000 0.083 0.8 

1 28.20 MEA 4 
2 28.76 

28.48 0.0087 0.0142 0.0055 7.990 38.8 

1 25.25 MEA 5 
2 28.34 

26.79 0.0100 0.0134 0.0034 4.337 25.6 

1 33.31 MEA 6 
2 34.49 

33.90 0.0114 0.0169 0.0056 6.179 33.0 

1 9.25 MEA 7 
2 8.59 

8.92 0.0050 0.0045 -0.0005 -1.212 -11.6 

1 15.40 MEA 8 
2 15.71 

15.56 0.0057 0.0078 0.0021 4.344 27.0 

1 19.25 MEA 9 2 18.39 18.82 0.0066 0.0094 0.0028 4.982 29.7 

 

The catalyst layer thickness decreased as the carbon level decreased. However, no 

relationship with the Nafion weight percentage was shown over the range of compositions 

investigated in this work. Figure 4-6 shows the effects of composition on catalyst layer thickness. 

Ihonen et al.13 also showed that decreasing carbon content led to decreased thickness; Nafion 

percentage was not varied in their work. This increase in thickness with carbon loading is as 

expected. The carbon catalyst creates the porous structure, and Nafion fills in some of these 

pores. Thus more carbon creates a larger-volume structure, leading to a thicker catalyst layer. 

The thickness of MEA 7 was less than the solid volume thickness of the electrode. This 

led to negative pore volumes and negative porosity. This suggests that the composition of this 

sample was other than that specified. Attempts to examine replicates of MEA 7 yielded similar 

thicknesses. 
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Figure 4-6. Effect of composition on catalyst layer thickness. 

 

Greater thickness would be expected to reduce performance creating longer pathways for 

mass transport and electronic and ionic conduction, causing increased cell resistance. Although 

thickness varied by more than a factor of 3, no relationship was found between catalyst layer 

thickness and performance over the range of thicknesses investigated in this work. This result 

suggests that the electronic and ionic resistances, as well as the resistance to gas flow, associated 

with the catalyst layer are relatively small. The effects of thickness must be viewed as only one 

factor in an experiment in which other factors have significant effects. Figure 4-7 shows the 

effect of thickness on performance. 
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Figure 4-7. Effect of catalyst layer thickness on performance. 

 

4.3 Evaluation of Mass Transport Resistance 

Mass transport resistance is caused by limitations in reactant flow to catalyst sites. Gas 

flow can be limited by small pores, tortuosity (i.e. the degree of twisting or crookedness of the 

pores), and water accumulation in pores. Mass transport limitations can also be due to reactant 

diffusion through the Nafion surrounding the catalyst sites. Thicker coatings of Nafion 

surrounding catalyst particles create longer diffusion paths and increase diffusion resistance. 

4.3.1 Evaluation of Porosity 

Gas must flow through the pores of the catalyst layer to the reaction sites, suggesting that 

porosity may be an important factor affecting performance. Prior work by Escribano et al.14 

found that the ratio of Nafion in the catalyst layer was a key parameter for determining the 

overall porosity. Results from MEAs tested here show little correlation between porosity and 

composition. MEA 3, which had a high Nafion loading and low carbon content, exhibited a very 

low porosity (< 1%). The solid volume of MEA 7 exceeded the actual volume, which is not 
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possible. This suggests that the composition of MEA 7 may have been other than that specified 

in Table 3-1. For all other samples, porosities varied between 25 and 40 percent with no 

correlation to composition. Table 4-1 (see section 4.2) showed porosities and pore volumes for 

each sample. Figure 4-8 shows the effect of composition on porosity.  
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Figure 4-8. Effect of catalyst layer composition on porosity. 

 

The lack of porosity in MEA 3 is consistent with its poor performance and restricted 

ability for mass transport. However, as illustrated in Figure 4-9, there seems to be little 

correlation between performance and porosity for the other samples. This result suggests that 

porosity in the range of 25% to 41% NFP is sufficient to allow the necessary gas flow to and 

from the reaction sites. 
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Figure 4-9. Effect of porosity on fuel cell performance. 

 

Even though there was no correlation between porosity and performance, inspection of 

SEM images shows a difference in catalyst layer structure between samples that performed well 

and those that performed poorly. Figure 4-10 shows MEA 8, the best-performing sample in this 

test, and MEA 3, the worst-performing sample. It appears that MEA 8 has a greater number of 

small pores. Wilson and Gottesfeld4 suggest that small pores provide greater ability for oxygen 

diffusion. In addition, an excess of Nafion is visible on MEA 3 such that the spherical carbon 

particles are harder to distinguish. This would suggest that larger agglomerates exist in MEA 3. 

Increased agglomerate size creates longer paths for electron and proton conduction and gas 

diffusion, increasing the diffusion resistance of the catalyst layer. In addition, larger 

agglomerates reduce the active platinum area by concealing platinum surface area deep within 

the agglomerate beneath layers of Nafion and by increasing the amount of platinum surfaces in 

contact with each other. 
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Figure 4-10. SEM comparison of high-performance (MEA 8, left) and low-performance (MEA 3, right) 

samples, 100k times magnification. 

 

4.3.2 Evaluation of Apparent Nafion Film Thickness 

Mass transport in the catalyst layer can also be affected by the diffusive resistance 

between the reactants and the catalyst sites. To investigate this effect, the catalyst layer can be 

modeled as a collection of carbon particles with platinum catalyst deposited on the particle 

surface and a film of Nafion surrounding the particle. Figure 4.11 shows a diagram of this 

geometry. Reactants and products must diffuse through the Nafion film to the platinum reaction 

sites. Thus, the thickness of the film surrounding the catalyst particles could be expected to 

influence performance.  
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Figure 4-11. Geometry assumed for apparent film thickness calculations. 
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If the catalyst particle is assumed to be a sphere and Nafion is assumed to cover the 

particle in a film of uniform thickness, then the volume of Nafion, VNaf, in this layer is given by 

equation 4.1, 

( )33

3
4

CNafNaf rrV −= π      (4.1) 

where rNaf and rC are the radii as defined in Figure 4-11. The ratio of the volume occupied by 

Nafion to that occupied by carbon, as suggested by Wilson and Gottesfeld4, is calculated by 

equation 4.2,  

NafC

CNaf
V L

L
R

ρ
ρ

⋅

⋅
=      (4.2) 

where Rv is the volume ratio. Assuming that all of the Nafion in the catalyst layer exists only as a 

film surrounding carbon particles, a dimensionless apparent film thickness, t’Naf, can be 

determined from equations 4.1 and 4.2: 

( ) 11' 3
1

−+=
−

= V
C

CNaf
Naf R

r
rr

t     (4.3) 

where the film thickness has been expressed relative to the carbon particle diameter. Figure 4-12 

shows the relation between the apparent Nafion film thickness and the performance expressed as 

current density at 0.5 V.  The performance decreases linearly with a coefficient of determination 

of 76%.  This result suggests that the apparent Nafion film thickness is an important determinant 

of MEA performance.  This result supports the work of Watanabe et al.6 who also found that the 

Nafion thickness was an important factor in determining performance. Siegel et al.22 also 

determined that the characteristic agglomerate length affected the ability for reactant diffusion to 

the catalyst sites, impacting performance. 
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Figure 4-12. Effect of apparent film thickness on cell performance; 100% RH, 30 psig. 

 

Data in Figure 4-12 is also correlated with the volume ratio. Wilson and Gottesfeld4 

concluded that increasing the volume ratio of the electrolyte is beneficial up to a critical volume 

ratio at which the ionomer begins to create a mass transport barrier and higher electronic 

impedance. However, their work does not report a particular value for this ratio. For the samples 

considered here, volume ratios ranged from 0.35 to 1.05. Throughout this range, current density 

decreased with increasing volume ratio, suggesting that the critical volume ratio is less than 0.35. 

4.4 Evaluation of Ohmic Losses using Current Interrupt Techniques 

After completion of performance tests, samples were subjected to current interrupt tests 

to determine their activation and ohmic overpotentials. The voltage of the cells was maintained 

at six different levels at which mass transport limitations were not significant, and the cell was 

run until the current reached a steady value. This current was recorded and then interrupted. The 

ohmic and activation overpotentials were determined as described in section 3.5. Two samples, 

MEA 3 and MEA 6, could not be investigated using this method because they were limited by 
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mass transport throughout their entire operating range. Table 4-2 shows the activation 

overpotentials for each sample at the operating voltages investigated. Table 4-3 shows the ohmic 

overpotentials for each sample at the operating points. 

Table 4-2. Activation overpotentials for samples at various operating points; cell at 80°C, 0 psig, 100% RH, 
0.55 SLPM air, 0.25 SLPM hydrogen. 

Activation Overpotentials (V) 
Cell Voltage (V) MEA 

1 
MEA 

2 
MEA 

3 
MEA 

4 
MEA 

5 
MEA 

6 
MEA 

7 
MEA 

8 
MEA 
11 

0.2 0.485 0.564 0.371 0.506 0.326 0.228 0.568 
0.3 0.385 0.491 0.341 0.433 0.306 0.235 0.476 
0.4 0.294 0.391 0.270 0.381 0.252 0.185 0.381 
0.5 0.224 0.308 0.208 0.301 0.208 0.206 0.291 
0.6 0.169 0.223 0.161 0.207 0.152 0.195 0.212 
0.7 0.156 0.147 

N/A 

- 0.146 

N/A 

0.109 0.112 0.141 
 

Table 4-3. Ohmic overpotentials for samples at various operating points; cell at 80°C, 0 psig, 100% RH, 0.55 
SLPM air, 0.25 SLPM hydrogen. 

Ohmic Overpotentials (V) 
Cell Voltage (V) MEA 

1 
MEA 

2 
MEA 

3 
MEA 

4 
MEA 

5 
MEA 

6 
MEA 

7 
MEA 

8 
MEA 
11 

0.2 0.214 0.113 0.257 0.168 0.297 0.446 0.100 
0.3 0.213 0.090 0.187 0.146 0.219 0.344 0.096 
0.4 0.203 0.089 0.153 0.096 0.163 0.290 0.088 
0.5 0.165 0.074 0.123 0.078 0.100 0.172 0.078 
0.6 0.094 0.057 0.085 0.070 0.044 0.082 0.052 
0.7 0.047 0.036 

N/A 

- 0.034 

N/A 

0.032 0.069 0.030 
 

The activation overpotentials from Table 4-2 were fit to the Tafel equation (equation 3.6) 

using a least squares fit. The coefficient of determination for the curve fits was also calculated. 

Points determined to be in a mass transport limited range, based on inspection of the polarization 

curves, were not used in data fitting and are shaded in Table 4-2. Results for Tafel parameters 

and resistance are shown in Table 4-4.  
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Table 4-4. Calculated Tafel parameters and resistances for samples. 

 MEA 1 MEA 2 MEA 3 MEA 4 MEA 5 MEA 6 MEA 7 MEA 8 MEA 9 

Exchange Current 
Density, io (A/cm2) 0.0074 0.0325 0.0480 0.0456 0.0200 0.0122 0.0366

Tafel Slope, A 0.0594 0.1604 0.2034 0.1826 0.0838 0.0542 0.1495
Coefficient of 

Determination, R2 0.8701 0.9709 0.9021 0.8474 0.9672 0.8018 0.9637

Ohmic Resistance, 
R (Ohms) 0.0719 0.0761

N/A 

0.1664 0.0645

N/A 

0.0730 0.0883 0.0652

 

The Tafel equation indicates that a high exchange current density greatly reduces the 

activation overpotential. This in turn should increase the performance of the electrode. However, 

no such relationship existed between the samples tested. This could be due to the significant 

increase in the Tafel slope in the samples as the exchange current density increased. The 

increased Tafel slope prevents high current densities from being achieved. Equation 3.7 predicts 

Tafel slopes between 0.015 and 0.15 for charge transfer coefficients ranging from 0.1 – 1.0. The 

values obtained for the Tafel slope using curve fitting techniques are within or nearly within the 

expected range. 

Ohmic resistances for each sample were calculated from the ohmic overpotential data and 

are presented in Table 4-4. The ohmic resistance for the cell did not exhibit any dependence on 

either Nafion or carbon loading in the catalyst layer, as shown in Figure 4-14. Thus, the variation 

in resistance must be attributed to other factors, such as the membrane resistance, the GDL 

resistance, or the contact resistance between the various cell components.  

Performance is expected to decrease with increasing resistance.  Figure 4-15 shows the 

relationship between resistance and performance for the samples in this work.  As Fig. 4-15 

indicates, there was no correlation between performance and resistance.  This result suggests that 

the variation in the cell resistance which ranged from -12% to +21% about a mean of 0.0732 

ohms did not produce a significant variation in performance relative to other factors. 
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Figure 4-14. Effect of catalyst layer composition on ohmic resistance. 
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Figure 4-15. Effect of fuel cell resistance on current density at 0.5 V. 
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4.5 Evaluation of Catalyst Surface Area by Cyclic Voltammetry 

Cyclic voltammetry tests were conducted upon conclusion of performance testing for 

each sample. The areas under the adsorption and desorption peaks of each waveform were 

calculated to determine the active platinum area of each sample. Table 4-5 shows the adsorption 

and desorption charges of each sample and the active platinum area. The average of the 

adsorption and desorption charges was used for the area calculations. The adsorption and 

desorption charges should be the same, and Table 4-5 shows good agreement.  

Table 4-5. Calculated platinum areas based on hydrogen adsorption and desorption charges. 

Sample 
Adsorption 

Charge 
(Coul/cm2) 

Desorption 
Charge 

(Coul/cm2) 

Average 
Charge 

(Coul/cm2) 

Pt Area 
(m2 Pt/cm2) 

Percentage of 
Gross Platinum 

Area 
MEA 1 0.0054 0.0062 0.0058 0.0028 7.59 
MEA 2 0.0209 0.0252 0.0231 0.0110 30.15 
MEA 3 0.0175 0.0173 0.0174 0.0083 22.76 
MEA 5 0.0273 0.0287 0.0280 0.0133 36.63 
MEA 6 0.0213 0.0225 0.0219 0.0104 28.65 
MEA 7 0.0031 0.0041 0.0036 0.0017 4.710 
MEA 8 0.0129 0.0190 0.0160 0.0076 20.87 
MEA 9 0.0223 0.0260 0.0242 0.0115 31.59 

 

The baseline information obtained for each sample did not always correspond well with 

the actual test data (i.e. for a few cases, the shape of the baseline curve vastly differed from that 

of cyclic voltammetry sweep). Thus, a graphical estimation of the double-layer charging effects 

had to be made for a few samples in order to calculate the adsorption and desorption areas. The 

samples for which this estimation was made are shaded in Table 4-5. Figure 4-16 shows the 

method used to determine the charge double-layer contribution for the samples that showed 

baseline discrepancies.  

Figure 4-17 shows that the active platinum area was not affected by the Nafion 

percentage. At medium carbon loadings, active platinum area increased as NFP increased. 

However, no relationship was found at low or high carbon loadings.  
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Figure 4-16. Alternative determination of cyclic voltammetry baseline. 
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Figure 4-17. Effect of composition on active platinum area. 

A more common way of evaluating the effect of composition on active platinum area is 

to relate active area to Nafion loading. Antolini et al.10 showed that Nafion loading affects the 

active platinum area of the catalyst layer. In their work, a maximum value existed at a Nafion 

loading of 0.67 mg/cm2, which corresponded to 33% NFP. Samples in the current work exhibited 

a similar relationship, as Figure 4-18 shows. A maximum active area was found at a Nafion 

loading of 1.30 mg/cm2, which corresponds to a sample containing 33% Nafion. 
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Figure 4-18. Effect of Nafion loading on active platinum area. 

 

Fuel cell performance should be related to the active platinum area, especially at high cell 

voltages where activation losses are dominant. Examination of current densities at a cell voltage 

of 0.75 V shows that the performance of the samples increases logarithmically with platinum 

area, as indicated in Figure 4-19. This shows that after a certain point, the performance is no 

longer limited by catalyst surface area.  
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Figure 4-19. Effect of active platinum area on current density at 0.75 V. 

 

The current density at 0.5 V shows no relationship with active platinum area. This 

suggests that the active platinum areas for these samples are sufficient, and active platinum area 

is not the limiting factor of performance in this region. Mass transport capability and resistance 

have bigger effects at lower cell voltages (high current densities).  

4.6 Summary of Effects of Catalyst Layer Characteristics 

Both the percentage of Nafion in the catalyst layer and the carbon loading in the catalyst 

layer were shown to be important parameters.  The carbon loading was shown to be significant 

even when the gross platinum surface area was held constant.  MEAs constructed with medium 

carbon loadings of 1.33 mg/cm2 (20% catalyst) exhibited the best performance.  For both 

medium and high carbon loadings, MEAs with catalyst layers containing 33% Nafion performed 

the best.   

An investigation of the catalyst layer characteristics showed that the most significant 

catalyst layer properties are the catalyst surface area and the apparent film thickness. At low 
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current densities, reaction kinetics controlled fuel cell performance.  Thus, the active catalyst 

area was significant but the film thickness had no effect.  In this region, more platinum area 

facilitates the reactions and improves performance.  However, additional catalyst area was not 

beneficial at high current densities. At high current densities, mass transport limitations, 

specifically diffusive resistance, controlled performance, as shown by the dependence on 

apparent film thickness. In this operating region, greater apparent film thickness decreased 

performance. 

The results further showed that up to a Nafion loading of 1.30 mg/cm2, increasing Nafion 

loading increased active platinum area. However, increasing the Nafion volume also increases 

the apparent film thickness, thus increasing the resistance to reactant diffusion. Thus in order to 

construct effective catalyst layers, a balance must be attained between these parameters 

depending on the desired fuel cell operating conditions. 

Other catalyst layer properties including thickness, resistance, and porosity had little 

effect on performance within the ranges investigated.  The thickness was shown to increase with 

carbon loading but for the range considered here, 9 – 34 microns, there was no correlation with 

performance.  The resistance of the cell did not correlate with catalyst layer composition, and 

observed variations in the cell resistance produced changes in performance that were not 

significant relative to other effects.  Porosity did not correlate with composition and was found to 

be in the range of 26% – 39% for all but two of the compositions.  Within this range there was no 

correlation between porosity and performance. 
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5 Conclusions and Recommendations 

This work investigated the effect of catalyst layer composition on fuel cell performance. 

In our experiment, the gross catalyst surface area was held constant while varying both Nafion 

content and carbon content at three different levels. This experiment sought to determine the 

composition and catalyst layer characteristics that yield the best performance for a given 

investment in catalyst surface area. 

5.1 Conclusions Regarding the Effect of Catalyst Layer Composition on PEMFC 

Performance 

The performance of PEM fuel cell catalyst layers was demonstrated to be affected by 

both the percentage of Nafion in the catalyst layer and the carbon loading in the catalyst layer.  

The carbon loading was shown to be significant even when the gross platinum surface area was 

held constant suggesting that the carbon has significance beyond its role as a substrate for the 

catalyst.  MEAs constructed with medium carbon loadings, 1.33 mg/cm2, outperformed MEAs 

with other carbon loadings at each value of Nafion percentage. The medium carbon loading 

corresponded to samples constructed using a 20% catalyst.  When medium and high carbon 

loadings were used, MEAs with catalyst layers containing 33% Nafion showed the highest 

performance.  These results are generally consistent with the findings of Passalacqua10 and 

others, as shown in Table 5-1. 

In addition to identifying catalyst layer compositions that achieved the highest 

performance, this work demonstrated that the most significant catalyst layer properties are the 

catalyst surface area and the apparent film thickness. At low current densities, reaction kinetics 

controlled fuel cell performance and increasing active area led to higher performance.  At these 

low current densities, apparent film thickness had little effect.  Conversely, at high current 

densities, mass transport limitations, specifically diffusive resistance, controlled performance.  In 

this operating region, increasing apparent film thickness led to lower performance and active 

area had little effect.  Results from investigations of apparent film thickness agreed qualitatively 

with the findings of Watanabe et al6. 
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Table 5-1. Comparison of results to previous work. 

Authors Electrode 
Construction 

Platinum Type 
& Loading 

Optimal Ionomer 
Content 

Optimum 
NFP 

This Work Catalyzed 
membrane 

20% Pt on C, 
0.322 mg/cm2 0.792 mg/cm2 33% 

Wilson and 
Gottesfeld3 

Catalyzed 
membrane 

20% Pt on C, 
various 
loadings 

n/a 25-28% 

Watanabe et al6 Nafion-coated 
platinum 

Solid Pt 
electrode 0.2 um thick layer n/a 

Poltarzewski et al7 Catalyzed 
diffusion layer 

20% Pt on C, 
0.5 mg/cm2 0.9 mg/cm2 23% 

Uchida et al8 Catalyzed 
diffusion layer 

25% Pt on C, 
0.5 mg/cm^2 1.0 mg/cm2 33% 

Paganin et al9 Catalyzed 
membrane 

10% Pt on C, 
0.4 mg/cm2 1.75-2.2 mg/cm2 33% 

Antolini et al10 Catalyzed 
diffusion layer 

20% Pt on C, 
0.2 mg/cm2 0.67 mg/cm2 40% 

Passalacqua et al11 Catalyzed 
diffusion layer 

20% Pt on C, 
0.1 mg/cm2 0.24 mg/cm2 33% 

 

While the results for apparent film thickness would suggest limiting the amount of 

Nafion in the catalyst layer, studies of the catalyst active area showed that, up to a Nafion 

loading of 1.30 mg/cm2, increasing Nafion loading increased active platinum area. Thus in order 

to construct effective catalyst layers, a balance must be attained between adding Nafion to 

improve active area and limiting Nafion to avoid excessive diffusion resistance.  This balance 

must be established while considering the desired fuel cell operating conditions. 

While active area and apparent film thickness were found to be significant, other factors 

such as catalyst layer thickness, porosity, and ohmic resistance were found to be either 

unaffected by the catalyst layer composition or insignificant factors in determining performance.  

Catalyst layer thickness was shown to increase with increasing carbon content but no relation 

was found between thickness and performance.  No relationship was found between the 

composition of the catalyst layer and its porosity. Furthermore, within the typical range of 

porosity for the samples tested, the porosity was determined to have little impact on 

performance. This agrees with the findings of Kong et al12, who concluded that pore size 

distribution within the catalyst layer has more effect on cell performance than total porosity.  

Likewise, while variations in cell resistance were observed, the resistance of the fuel cell did not 
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correlate with catalyst layer composition.  Furthermore, other factors were found to be more 

significant in determining performance than the small variations observed in the cell resistance. 

5.2 Recommendations for Test Stand Improvements 

Extensive experiments were conducted to develop the test stand used in this work. 

Preliminary tests with a commercial MEA and the experiments conducted on the sample MEAs 

demonstrated that the test stand can reliably provide conditions suitable for high performance 

fuel cell operation and can reliably collect data. However, experience gained through this work 

indicates that opportunities exist for test stand improvements. The improvements suggested in 

this section would allow for better control of operating conditions and more accurate data 

collection. They would also create opportunities for more advanced fuel cell tests. 

In this work, pressure was controlled manually via needle valves placed downstream of 

the fuel cell and water collectors. The valve position was set by making manual adjustments and 

reading pressure gauges before tests began to set the reactant gas pressure. However, the reactant 

gas pressure decreased as the cell current density increased and more of the reactants gases 

flowing through the cell were consumed. This caused slight pressure variations in the reactants 

during collection of polarization curve data. Utilization of automatic pressure control valves 

would eliminate this problem and provide more stable pressure control. 

Utilization of a smaller electronic DC load would allow for better control of fuel cell 

operating points and more accurate current measurements. The load used in this work was rated 

to 4 kW and can operate at up to 1000 A and 1000 V. With 5 cm2 fuel cells, only a few watts of 

power are generated within an operating range of about 0 to 1 Volt. Maximum currents for fuel 

cells of this size are less than 10 A. It is clear that the load used in this work is oversized for the 

task of testing such small fuel cells. The load in this work measured currents to within +/- 0.1 A 

(corresponding to +/- 0.02 A/cm2 for the sample MEAs), compromising the accuracy of 

polarization data at high cell operating voltages. In this region, current ranges from 0-1 A (0-0.2 

A/cm2), and the instrument error may be significant. A more suitable load could measure current 

to within a few milliamps, eliminating this uncertainty. 
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The use of a fuel cell fixture containing a reference electrode would also be beneficial to 

future experiments. A reference electrode would provide a true reference for in-situ 

electrochemical tests and may improve the ability to obtain reliable baseline data for cyclic 

voltammetry tests. Using a reference electrode would also allow for comparison of cyclic 

voltammetry results to those in other works. Ihonen et al13 used a hydrogen reference electrode in 

their electrochemical tests. This reference was created by depositing a small area of a catalyst 

layer onto the Nafion membrane 5 mm away from the active area of the MEA. This area was 

then covered with a backing material that was in contact with a platinum wire, which was 

exposed to hydrogen gas. Many fuel cell fixtures containing built in reference electrode probes 

are also available commercially. Using this type of fixture would also allow investigations that 

could differentiate between cathode and anode overpotentials.  

Future cyclic voltammetry experiments should also consider changing the relative sizes 

of the working and counter electrodes. It is desirable for the counter electrode to have a large 

area compared to the working electrode. This work conducted tests using electrodes with the 

same area (5 cm2) due to limitations in the ability to remove samples from the fuel cell fixture 

without damaging the sample. O’Hayre et al18 addressed this issue by limiting the size of the 

working electrode in their fuel cell fixture to 1 cm2 (compared to a 5 cm2 counter electrode) 

through the use of a modified gasket in the fuel cell fixture. Future tests using cyclic 

voltammetry should consider these factors. 

5.3 Future Research Opportunities 

This work has identified areas for future research related to the optimization of fuel cell 

catalyst layers. The apparent film thickness and active platinum surface area were shown to have 

significant impacts on performance at high and low current densities, respectively. By continuing 

to investigate fabrication methods and the structure of the catalyst layer, MEAs with better 

performance and lower cost can be obtained.  

Investigation of the pore size distribution of PEMFC catalyst layers also offers an area of 

future research. This present work used SEM to investigate the physical characteristics of the 

catalyst layer. The thickness and porosity were determined, but shown to have no correlation to 
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performance within the ranges investigated in this work. However, the distribution of pores 

within the catalyst layer cannot be determined using SEM techniques. The pore size distribution, 

which can be determined using BET adsorption or mercury porosimetry tests, may have more 

effect on performance than porosity alone. In addition, changing the composition of the catalyst 

layer may have a bigger effect on the pore size distribution than on porosity. Investigations using 

BET adsorption or mercury porosimetry would also provide information about the total surface 

area of the catalyst layer, and average size of agglomerates in the layer could be determined. 

Determination of agglomerate geometry could provide information for further investigation of 

the apparent film thickness. 

Further investigation of the active platinum area in the catalyst layer and its effect on 

performance could also advance methods for the construction of high-performance catalyst 

layers. The active platinum area can be more precisely determined by utilizing improved 

methods and equipment for cyclic voltammetry investigations. This work showed that Nafion 

loading was an important factor in determining active platinum area. 

Lastly, different techniques for fabricating PEMFC catalyst layers should be examined. 

The catalyst layers constructed in this test were made using the decal and hot-pressing technique. 

New techniques that allow control over the placement of the Nafion or the platinum may allow 

Nafion to be incorporated into the catalyst layer in a way that enhances active area while 

minimizing diffusion layer thickness.  Fabrication techniques that accomplish this goal would 

help to improve the performance of fuel cells throughout their operating range. 
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Appendix A: Performance data 
A.1 MEA 1 Polarization data 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.2 0.4 0.6 0.8 1 1.2

Current Density (A/cm2)

C
el

l V
ol

ta
ge

 (V
)

100% RH, 30 psig
100% RH, 0 psig
70% RH, 30 psig
70% RH, 0 psig

 
Figure A-1. Polarization curves for MEA 1 at various operating conditions. 

Table A-1. Polarization data for MEA 1. 

Current Density 
Cell Voltage 100% RH, 

0 psig 
100% RH, 

30 psig 
70% RH, 

0 psig 
70% RH, 
30 psig 

0.8 0.000 0.000 - - 
0.76 0.025 0.127 - - 
0.7 0.088 0.225 0.000 0.000 
0.65 0.136 0.341 0.022 0.030 
0.61 0.184 0.459 0.038 0.054 
0.56 0.229 0.597 0.050 0.080 
0.51 0.277 0.716 0.064 0.108 
0.46 0.318 0.807 0.076 0.136 
0.41 0.356 0.878 0.090 0.170 
0.36 0.393 0.946 0.100 0.204 
0.31 0.428 1.006 0.112 0.238 
0.26 0.456 1.047 0.116 0.266 
0.22 0.478 1.081 0.130 0.286 
0.17 0.499 1.109 0.138 0.294 
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A.2 MEA 2 Polarization data 
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Figure A-2. Polarization curves for MEA 2 at various operating conditions. 

Table A-2. Polarization data for MEA 2. 

Current Density (A/cm2) 
Cell 

Voltage 100% RH, 
0 psig 

100% RH, 
10 psig 

100% RH, 
20 psig 

100% RH, 
30 psig 

70% RH, 0 
psig 

70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.90 0.000 0.000 0.000 0.000 - - 0.000 0.000 
0.87 0.001 0.002 0.007 0.012 0.000 0.000 0.000 0.000 
0.85 0.006 0.010 0.017 0.025 0.000 0.002 0.008 0.002 
0.80 0.027 0.040 0.059 0.075 0.018 0.028 0.040 0.014 
0.76 0.064 0.087 0.113 0.143 0.044 0.060 0.076 0.050 
0.70 0.104 0.131 0.177 0.224 0.070 0.096 0.120 0.092 
0.65 0.139 0.182 0.234 0.295 0.098 0.124 0.162 0.150 
0.61 0.166 0.218 0.286 0.360 0.120 0.154 0.208 0.208 
0.56 0.188 0.250 0.330 0.410 0.140 0.184 0.248 0.272 
0.50 0.208 0.276 0.371 0.453 0.160 0.214 0.290 0.332 
0.46 0.223 0.297 0.399 0.485 0.176 0.238 0.324 0.386 
0.41 0.237 0.314 0.424 0.511 0.190 0.258 0.354 0.424 
0.36 0.248 0.329 0.443 0.532 0.202 0.274 0.376 0.456 
0.31 0.259 0.343 0.461 0.550 0.214 0.292 0.396 0.482 
0.26 0.269 0.355 0.475 0.566 0.222 0.304 0.410 0.506 
0.22 0.277 0.365 0.488 0.579 0.230 0.314 0.422 0.522 
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A.3 MEA 3 Polarization data 
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Figure A-3. Polarization curves for MEA 3 at various operating conditions. 

Table A-3. Polarization data for MEA 3. 

Current Density (A/cm2) 
Cell 

Voltage 100% RH, 
0 psig 

100% RH, 
10 psig 

100% RH, 
20 psig 

100% RH, 
30 psig 

70% RH, 0 
psig 

70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.91 - - - 0.000 - - - - 
0.90 - - 0.000 0.001 - - - - 
0.87 0.000 0.000 0.003 0.005 - - - - 
0.85 0.000 0.002 0.006 0.008 0.000 - - - 
0.80 0.005 0.008 0.012 0.015 0.000 0.000 0.000 0.000 
0.76 0.008 0.013 0.019 0.022 0.002 0.002 0.002 0.002 
0.70 0.012 0.019 0.027 0.030 0.004 0.004 0.004 0.004 
0.65 0.016 0.024 0.034 0.038 0.005 0.006 0.005 0.005 
0.61 0.020 0.030 0.041 0.045 0.006 0.006 0.006 0.006 
0.56 0.024 0.036 0.048 0.053 0.008 0.008 0.008 0.008 
0.50 0.028 0.041 0.055 0.061 0.009 0.010 0.010 0.010 
0.46 0.032 0.047 0.063 0.068 0.010 0.011 0.011 0.010 
0.41 0.037 0.053 0.069 0.076 0.012 0.012 0.012 0.011 
0.36 0.040 0.059 0.077 0.083 0.013 0.014 0.014 0.012 
0.31 0.044 0.063 0.084 0.091 0.014 0.016 0.014 0.014 
0.26 0.048 0.069 0.090 0.098 0.016 0.016 0.016 0.015 
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0.22 0.051 0.075 0.097 0.105 0.018 0.018 0.018 0.016 
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A.4 MEA 4 Polarization data 
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Figure A-4. Polarization curves for MEA 4 at various operating conditions. 

Table A-4. Polarization data for MEA 4. 

Current Density (A/cm2) 
Cell 

Voltage 100% RH, 
0 psig 

100% RH, 
10 psig 

100% RH, 
20 psig 

100% RH, 
30 psig 

70% RH, 
0 psig 

70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.82 0.000 0.000 0.000 0.000 - - - - 
0.80 0.004 0.007 0.022 0.027 - - 0.000 0.016 
0.76 0.032 0.043 0.057 0.064 - 0.000 0.022 0.044 
0.70 0.070 0.083 0.100 0.111 0.000 0.006 0.038 0.076 
0.65 0.118 0.117 0.146 0.163 0.014 0.018 0.050 0.108 
0.61 0.154 0.155 0.198 0.230 0.020 0.026 0.064 0.150 
0.56 0.196 0.194 0.264 0.351 0.034 0.034 0.078 0.204 
0.50 0.237 0.240 0.350 0.505 0.038 0.042 0.092 0.280 
0.46 0.267 0.284 0.424 0.629 0.050 0.050 0.104 0.416 
0.41 0.297 0.322 0.487 0.695 0.056 0.058 0.114 0.532 
0.36 0.322 0.356 0.526 0.744 0.060 0.066 0.126 0.594 
0.31 0.345 0.386 0.560 0.779 0.064 0.072 0.132 0.628 
0.26 0.364 0.409 0.586 0.804 0.068 0.078 0.136 0.648 
0.22 0.382 0.430 0.607 0.824 0.072 0.082 0.138 0.658 
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A.5 MEA 5 Polarization data 
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Figure A-5. Polarization curves for MEA 5 at various operating conditions. 

Table A-5. Polarization data for MEA 5. 

Current Density (A/cm2) 
Cell 

Voltage 100% RH, 
0 psig 

100% RH, 
10 psig 

100% RH, 
20 psig 

100% RH, 
30 psig 

70% RH, 
0 psig 

70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.90 - 0.000 0.000 0.000 - - 0.000 0.000 
0.87 0.000 0.001 0.005 0.007 0.000 0.000 0.000 0.004 
0.85 0.004 0.007 0.013 0.017 0.000 0.004 0.004 0.010 
0.80 0.021 0.034 0.054 0.067 0.016 0.026 0.036 0.046 
0.76 0.061 0.089 0.123 0.144 0.046 0.064 0.078 0.096 
0.70 0.125 0.176 0.219 0.258 0.084 0.114 0.136 0.166 
0.65 0.199 0.249 0.321 0.365 0.122 0.162 0.202 0.246 
0.61 0.248 0.324 0.422 0.488 0.160 0.216 0.270 0.346 
0.56 0.296 0.390 0.511 0.592 0.194 0.268 0.356 0.454 
0.50 0.339 0.449 0.591 0.684 0.230 0.322 0.426 0.566 
0.46 0.370 0.490 0.646 0.747 0.256 0.368 0.494 0.648 
0.41 0.397 0.524 0.688 0.792 0.284 0.410 0.552 0.712 
0.36 0.419 0.552 0.723 0.829 0.308 0.446 0.596 0.758 
0.31 0.441 0.582 0.757 0.864 0.330 0.484 0.638 0.800 
0.26 0.456 0.604 0.783 0.892 0.346 0.510 0.672 0.830 
0.22 0.471 0.622 0.800 0.916 0.370 0.536 0.702 0.862 
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A.6 MEA 6 Polarization data 
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Figure A-6. Polarization curves for MEA 6 at various operating conditions. 

Table A-6. Polarization data for MEA 6. 

Current Density (A/cm2) Cell 
Voltage 100% RH, 

0 psig 
100% RH, 

10 psig 
100% RH, 

20 psig 
100% RH, 

30 psig 
70% RH, 

0 psig 
70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.94 - - - 0.000 - - - - 
0.93 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
0.90 0.001 0.001 0.001 0.006 0.000 0.002 0.002 0.004 
0.87 0.003 0.005 0.005 0.013 0.002 0.004 0.006 0.008 
0.85 0.007 0.010 0.011 0.021 0.004 0.008 0.010 0.012 
0.80 0.014 0.021 0.017 0.042 0.008 0.014 0.020 0.022 
0.76 0.024 0.035 0.034 0.068 0.018 0.022 0.030 0.034 
0.70 0.038 0.051 0.056 0.094 0.024 0.032 0.042 0.048 
0.65 0.049 0.067 0.080 0.119 0.030 0.040 0.052 0.062 
0.61 0.060 0.081 0.099 0.139 0.036 0.046 0.062 0.074 
0.56 0.071 0.092 0.118 0.158 0.040 0.054 0.070 0.086 
0.50 0.082 0.105 0.135 0.178 0.046 0.060 0.080 0.098 
0.46 0.089 0.116 0.152 0.193 0.050 0.068 0.090 0.108 
0.41 0.096 0.125 0.166 0.206 0.056 0.074 0.098 0.118 
0.36 0.103 0.133 0.179 0.217 0.060 0.080 0.108 0.128 
0.31 0.110 0.141 0.189 0.229 0.064 0.086 0.116 0.138 
0.26 0.115 0.148 0.200 0.238 0.068 0.090 0.124 0.147 
0.22 0.120 0.155 0.209 0.247 0.072 0.096 0.130 0.154 
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A.7 MEA 7 Polarization data 
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Figure A-7. Polarization curves for MEA 7 at various operating conditions. 

Table A-7. Polarization data for MEA 7. 

Current Density (A/cm2) Cell 
Voltage 100% RH, 

0 psig 
100% RH, 

10 psig 
100% RH, 

20 psig 
100% RH, 

30 psig 
70% RH, 

0 psig 
70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.82 - - 0.000 0.000 - - - - 
0.80 0.000 0.000 0.001 0.003 - - 0.000 0.000 
0.75 0.015 0.041 0.071 0.085 0.000 0.000 0.022 0.030 
0.70 0.088 0.128 0.166 0.187 0.042 0.060 0.074 0.088 
0.65 0.166 0.216 0.271 0.314 0.074 0.102 0.124 0.134 
0.61 0.244 0.309 0.398 0.471 0.108 0.150 0.186 0.236 
0.56 0.325 0.414 0.528 0.648 0.138 0.200 0.254 0.342 
0.50 0.409 0.516 0.687 0.835 0.178 0.262 0.348 0.504 
0.46 0.479 0.609 0.812 0.974 0.212 0.324 0.446 0.680 
0.41 0.545 0.691 0.916 1.082 0.244 0.384 0.544 0.842 
0.36 0.602 0.763 1.008 1.178 0.260 0.456 0.656 0.966 
0.31 0.657 0.830 1.097 1.263 0.286 0.528 0.754 1.078 
0.26 0.699 0.883 1.152 1.318 0.290 0.582 0.836 1.144 
0.22 0.737 0.927 1.197 1.356 0.298 0.634 0.900 1.214 
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A.8 MEA 8 Polarization data 
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Figure A-8. Polarization curves for MEA 8 at various operating conditions. 

Table A-8. Polarization data for MEA 8. 

Current Density (A/cm2) 
Cell 

Voltage 100% RH, 
0 psig 

100% RH, 
10 psig 

100% RH, 
20 psig 

100% RH, 
30 psig 

70% RH, 
0 psig 

70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.92 - - - 0.000 - - - - 
0.9 - - 0.000 0.001 - - - - 

0.87 0.000 0.000 0.004 0.013 - - 0.000 0.000 
0.85 0.004 0.009 0.016 0.028 0.000 0.000 0.000 0.006 
0.81 0.032 0.051 0.066 0.087 0.018 0.034 0.034 0.040 
0.76 0.096 0.131 0.140 0.169 0.066 0.080 0.074 0.078 
0.71 0.189 0.227 0.218 0.262 0.128 0.142 0.130 0.134 
0.66 0.285 0.349 0.334 0.391 0.198 0.206 0.196 0.202 
0.61 0.374 0.463 0.476 0.544 0.230 0.278 0.274 0.294 
0.56 0.472 0.554 0.629 0.708 0.340 0.352 0.362 0.412 
0.51 0.544 0.656 0.758 0.872 0.434 0.432 0.484 0.564 
0.46 0.610 0.743 0.875 0.983 0.478 0.506 0.610 0.716 
0.41 0.666 0.824 0.969 1.083 0.528 0.576 0.732 0.858 
0.36 0.706 0.879 1.049 1.174 0.582 0.644 0.852 0.992 
0.31 0.743 0.923 1.126 1.253 0.648 0.704 0.962 1.114 
0.26 0.774 0.969 1.173 1.311 0.674 0.742 1.050 1.204 
0.21 0.803 1.006 1.227 1.349 0.696 0.780 1.124 1.276 
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A.9 MEA 9 Polarization data 
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Figure A-9. Polarization curves for MEA 9 at various operating conditions. 

Table A-9. Polarization data for MEA 9. 

Current Density (A/cm2) Cell 
Voltage 100% RH, 

0 psig 
100% RH, 

10 psig 
100% RH, 

20 psig 
100% RH, 

30 psig 
70% RH, 

0 psig 
70% RH, 
10 psig 

70% RH, 
20 psig 

70% RH, 
30 psig 

0.92 - 0.000 0.000 0.000 - - - - 
0.9 0.000 0.001 0.003 0.007 0.000 0.000 0.000 0.000 

0.87 0.004 0.007 0.014 0.018 0.002 0.004 0.004 0.006 
0.85 0.008 0.014 0.024 0.032 0.006 0.008 0.010 0.012 
0.81 0.026 0.046 0.069 0.089 0.018 0.024 0.030 0.032 
0.76 0.054 0.086 0.132 0.164 0.040 0.046 0.054 0.060 
0.71 0.092 0.143 0.203 0.250 0.064 0.074 0.088 0.102 
0.66 0.125 0.188 0.262 0.321 0.086 0.100 0.124 0.152 
0.61 0.148 0.217 0.308 0.379 0.108 0.128 0.166 0.214 
0.56 0.167 0.242 0.344 0.417 0.130 0.156 0.208 0.284 
0.51 0.182 0.262 0.372 0.444 0.150 0.186 0.254 0.356 
0.46 0.193 0.277 0.390 0.462 0.170 0.210 0.292 0.408 
0.41 0.202 0.289 0.403 0.475 0.184 0.230 0.326 0.446 
0.36 0.209 0.298 0.415 0.485 0.198 0.250 0.354 0.476 
0.31 0.216 0.305 0.424 0.497 0.210 0.268 0.378 0.498 
0.26 0.221 0.312 0.432 0.504 0.222 0.282 0.396 0.516 
0.21 0.226 0.317 0.439 0.511 0.230 0.294 0.410 0.528 
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Appendix B: SEM Pictures of Catalyst Layer Samples 

 

B.1 SEM Images – MEA 1 

 
Figure B-1. MEA 1 at 1500x magnification. GDL attached. 
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Figure B-2. MEA 1 at 5000x magnification. GDL attached (bottom layer).  

 

 
Figure B-3. MEA 1 at 20000x magnification. 
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Figure B-4. MEA 1 at 50000x magnification. 

 

 
Figure B-5. MEA 1 at 100000x magnification. 
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B.2 SEM Images – MEA 2 

 
Figure B-6. MEA 2 at 1500x magnification. GDL attached. 

 

 
Figure B-7. MEA2 at 5000x magnification. GDL attached (bottom layer). 
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Figure B-8. MEA 2 at 20000x magnification. Shown at catalyst layer (top) and GDL (bottom) interface. 

 

 
Figure B-9. MEA 2 at 50000x magnification. Catalyst layer at top; GDL at bottom. 
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Figure B-10. MEA 2 at 100000x magnification. 

 

B.3 SEM Images – MEA 3 

 
Figure B-11. MEA 3 at 1500x magnification. 
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Figure B-12. MEA 3 at 5000x magnification. 

 

 
Figure B-13. MEA 3 at 20000x magnification. 
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Figure B-14. MEA 3 at 50000x magnification. 

 

 
Figure B-15. MEA 3 at 100000x magnification. 
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B.4 SEM Images – MEA 4 

 
Figure B-16. MEA 4 at 1500x magnification. 

 

 
Figure B-17. MEA 4 at 5000x magnification. 
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Figure B-18. MEA 4 at 20000x magnification. 

 

 
Figure B-19. MEA 4 at 50000x magnification. 
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Figure B-20. MEA 4 at 100000x magnification. 

 

 
Figure B-21. MEA 4 at 300000x magnification. 
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B.5 SEM Images – MEA 5 

 
Figure B-22. MEA 5 at 1500x magnification. 

 

 
Figure B-23. MEA 5 at 5000x magnification. 
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Figure B-24. MEA 5 at 20000x magnification. 

 

 
Figure B-25. MEA 5 catalyst layer/membrane interface at 20000x magnification. 
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Figure B-26. MEA 5 at 50000x magnification. 

 

B.6 SEM Images – MEA 6 

 
Figure B-27. MEA 6 at 1500x magnification. 
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Figure B-28. MEA 6 at 5000x magnification. 

 

 
Figure B-28. MEA 6 at 20000x magnification. 
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Figure B-29. MEA 6 at 50000x magnification. 

 

 
Figure B-30. MEA 6 at 100000x magnification. 
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B.7 SEM Images – MEA 7 

 
Figure B-31. MEA 7 with GDL at 1500x magnification. 

 

 
Figure B-32. MEA 7 at 5000x magnification. 
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Figure B-33. MEA 7 at 20000x magnification. 

 

 
Figure B-34. MEA 7 at 50000x magnification. 
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Figure B-35. MEA 7 at 100000x magnification. 

 

B.8 SEM Images – MEA 8 

 
Figure B-36. MEA 8 at 1500x magnification. 
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Figure B-37. MEA 8 at 5000x magnification. Catalyst layer separation from membrane evident. 

 

 
Figure B-38. MEA 8 at 20000x magnification. 
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Figure B-39. MEA 8 at 50000x magnification. 

 

 
Figure B-40. MEA 8 at 100000x magnification. 
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Figure B-41, MEA 8 at 300000x magnification. 

 

B.9 SEM Images – MEA 9 

 
Figure B-42. MEA 9 at 1500x magnification. 
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Figure B-43. MEA 9 at 5000x magnification. 

 

 
Figure B-44. MEA 9 at 20000x magnification. 
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Figure B-45. MEA 9 at 50000x magnification. 

 

 
Figure B-46. MEA 9 at 100000x magnification. 
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