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Improved Transport in PEM Fuel Cells by the Introduction 
of a Structured Macroporous Catalyst Layer 

Simulation Results

The wide scale implementation of proton exchange membrane 
(PEM) fuel cell technology has been hindered to a large extent by 
the high cost associated with the platinum catalyst required for the 
electrochemical oxidation of protons at the cathode. In low-
temperature proton exchange membrane fuel cells, existing 
cathode catalyst layer designs are plagued by inefficient catalyst 
utilization due to severe diffusion limitations when operating at 
medium to high current densities1,2. By introducing a structured 
network of macropores within the cathode catalyst layer the 
diffusion limitations caused by liquid water formation can be largely 
mitigated1. These pores allow for continued bulk diffusion of 
reactants within the thickness of the catalyst layer. It is of interest 
to determine the optimum macroporous structure within the catalyst 
layer of a PEM fuel cell.

Figure 1: Schematic of proton 
exchange membrane fuel cell10
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Figure 6: Simulated results show that control over the synthesis of the cathode catalyst 
layer properties can lead to a vast improvement in cell performance. Predicted performance 
meets or exceeds DoE targets for grain size of 600nm and below.
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Figure 2: Depiction of oxygen transport in a PEM fuel cell catalyst layer  
described by an “agglomerate” model4,5

Figure 3: Depiction of a PEM fuel cell catalyst layer 
illustrating the location of triple phase boundaries. 
Image taken from R. O’Hayre et al6

 A polymer electrolyte 
membrane (PEM) fuel cell 
extracts electric and thermal 
energy from the oxidation/
reduction reaction between 
H2 and O2

 Reactant gases at the anode (hydrogen) and cathode 
(oxygen) convectively flow through channels to the gas 
diffusion layer

 These gases then diffuse through the porous gas 
diffusion layer (GDL) to the catalyst layer

 The reactant gases then diffuse  into the catalyst layer 
where the electrochemical reaction(s) occur 

 The proton exchange membrane acts as a barrier 
preventing the flow of gases through it

 The thin (5-20µm) catalyst layers are where the two 
electrochemical half reactions occur.

 These reactions occur at triple-phase boundaries 
where gas pores, catalyst particles (platinum) and 
electrolyte intersect (see figure 3). 

  Only at these boundaries can all necessary 
species (H2 or O2, H+

, e-
 ) be transported to or from the 

reaction.

 Under certain operating conditions the gas pores in 
the cathode catalyst layer become flooded with water 
(product of the cathode reaction)

 This flooding can dramatically reduce cell 
performance  by slowing down the diffusion of 
reactant O2  to the triple phase boundaries. This 
results in inefficient usage of expensive platinum!

  Traditional catalyst layer designs contain only nanoporous (< 
50nm) gas pores.

  When these pores become flooded with water, cell 
performance is severely restricted due to the slow diffusion of 
reactants to reaction sites.

  To mitigate these diffusion limitations, macropores (> 
100nm) are introduced into the catalyst layer.

  These broad pores act as a “bulk diffusion highway” that 
reactant gases can easily diffuse through

  The purpose of this study is to determine the optimum 
microstructure of the macroporous catalyst layer by 
manipulating:

  Diameter of the Macropores
  Distribution of Macropores
  Catalyst Layer Thickness
  Catalyst Particle Grain Size

Figure 4: On the left: a conventional nanoporous PEM fuel cell catalyst layer. On the right: a 
structured macroporous PEM fuel cell developed in this study. The dashed boxes show the regions 
that are  modeled in the following simulation section.

 Macroporous design allows for greatly improved gas 
transport in flooded catalyst layer over traditional nanoporous 
designs.

  This results in a higher average current density (higher 
performance) in the catalyst layer.

Figure 5: Simulation results showing improved current density distribution in structured 
macroporous cathode catalyst layer (bottom) over strictly nanoporous catalyst layer (top)

  The optimum design results in an increased power output 
while using less platinum catalyst material!

  Predicted performance of the optimum macroporous 
catalyst layer design can meet or exceed DOE targets for 
platinum usage per kW power produced

Figure 7: CAD rendering of a nature-inspired fractal gas distributor for use in 
a PEM fuel cell.

 Fabrication and testing of a novel flow field 
geometry for use in a PEM fuel cell.

This nature-inspired design is based upon 
the fractal structure of the human lung3.

 Refine the structured macroporous catalyst 
layer model.

  Relax the “flooded” nanoporous region 
assumption

  Incorporate a liquid saturation model in the 
nanoporous catalyst region (more realistic)7,8

  Synthesis of optimal catalyst layer design

 Optimization of structured macroporous 
catalyst layer:

 Design and fabrication of nature-inspired 
gas distributor:

 Economic optimization of combined heat & 
power fuel cell system

 Continue existing work on 
the optimization of a 
stationary residential fuel 
cell system4

 Include real-time pricing 
and net metering for “grid-
tied” system

Figure 8:  Control block diagram of integrated 
operation and control strategy for combined heat 
and power fuel cell systems9
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