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Abstract

A direct numerical simulation (DNS) model is developed to achieve pore-level description of polymer electrolyte fuel cell (PEFC) electrodes.
The DNS method solves point-wise accurate conservation equations directly on an electrode microstructure comprising of various phases and hence
utilizes the intrinsic transport properties of each phase. Idealized two- and three-dimensional regular microstructures are constructed to represent
the porous cathode catalyst layer. Various voltage losses identified from the simulation results are compared with experimental observations. This
pore-scale model is further applied to study the morphological effects, such as pore size, layer thickness and porosity, on the performance of the

cathode catalyst layer.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In polymer electrolyte fuel cells (PEFC), two thin electrodes,
usually referred to as the catalyst layers (CL), are attached to an
ionomeric membrane, typically Nafion®, to form the membrane
electrode assembly (MEA), which constitutes the heart of a fuel
cell. The fuel (i.e. hydrogen) and oxidant (i.e. oxygen) react
electrochemically in the active catalyst layers to produce elec-
tricity, water and waste heat. The hydrogen oxidation reaction
(HOR) occurs in the anode catalyst layer, while oxygen reduc-
tion reaction (ORR) takes place in the cathode catalyst layer.
Despite significant developments, major voltage losses in the
PEFC include sluggish kinetics of the ORR and transport limi-
tations of protons and oxidizing species in the cathode catalyst
layer. Therefore, it is imperative to fully understand pore-level
phenomena taking place in the cathode catalyst layer.

A typical cathode catalyst layer of a PEFC consists of a solid
matrix of Pt/carbon particles providing pathways for electron
conduction to the reaction site, an ionomer network providing
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pathways for proton transport and a network of open pores for
oxygen and product water transport. Additionally, the ionomer
acts as a binder for the structure and provides stability and
mechanical strength to the catalyst layer. The electrochemical
reaction takes place at the triple-phase boundary forming an
active catalyzed interface, where oxygen is consumed together
with protons and electrons, producing water along with waste
heat. The cathodic half-reaction, i.e. the ORR, is given by:

0, +4H" + 4~ — 2H,0 6))

Thus, the cathode catalyst layer is a complex porous structure
comprising of three phases. An excellent account on the struc-
tures and functions of the catalyst layer was given by Gottesfeld
and Zawodzinski [1].

Various modeling approaches have been used for catalyst lay-
ers. In most of the macroscopic models in the literature [2-5],
developed for the polymer electrolyte fuel cell, the active cat-
alyst layer was not the main focus, rather treated either as an
ultra-thin layer in terms of an interface or as a macrohomoge-
neous porous layer. Essentially based on the theory of volume
averaging, these models specifically developed for PEFC cata-
lyst layers, can be further categorized as a homogeneous model,
a film model and an agglomerate model. Springer and Gottes-
feld [6], Eikerling and Kornyshev [7], Perry et al. [8] presented
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some comprehensive analytical and numerical solutions for the
cathode catalyst layer under various conditions. Recently, Wang
[9] and Weber and Newman [10] provided excellent overviews
of the various catalyst layer models.

However, these models do not address the local pore-scale
phenomena. In their work, Pisani et al. [11] constructed an ana-
lytical pore-scale model to study the effects of catalyst layer
pore structure on performance over idealized, one-dimensional
(1-D) pore geometry. Their emphasis was to ascertain the pore-
scale phenomena, for example, the variation of the reactant
concentration within the electrolyte phase at the pore-level and
decouple these primary variables varying at the pore-level from
the ones, which show no pore-scale variation. Preferential non-
homogeneity was inducted into the model by defining an effec-
tive reaction rate through a modified analytical expression of
the Butler—Volmer equation deduced separately for each of the
simplified geometries under consideration. Although, they tried
to show the effect of the non-homogeneous porous structure
through partly accounting for the modified reaction rate, their
approach lacked a unified pore-level description of the species
and charge transport. The objective of the present work is to
demonstrate, for the first time, the development and imple-
mentation of a direct numerical simulation (DNS) model on
idealized two- and three-dimensional (2- and 3-D) catalyst layer
microstructures and assess the effects of morphological param-
eters on the performance of the cathode catalyst layer through
a systematic pore-scale description of the underlying transport
processes.

2. DNS model

The DNS model has essentially two steps: the first step is the
construction of the catalyst layer microstructure describing the
underlying micro-morphology comprising of various phases and
the next step is to solve the transport equations for charge and
species conservation directly on the microstructure. For the ORR
to occur, a typical cathode catalyst layer is assumed to consist
of uniformly dispersed Pt particles between the electronic phase
(i.e. carbon) and the electrolyte phase (i.e. Nafion®) forming an
active reaction interface, which is further accessible, by oxygen.
Various symbols used in the following subsections are defined
in the nomenclature.

2.1. Idealized 2-D microstructure

According to the basic features of the catalyst layer
microstructure described above, a 2-D realization of it is con-
structed as shown in Fig. 1. In the schematic diagram, x-direction
is across the catalyst layer thickness and y-direction represents a
periodic repeating unit of the actual catalyst layer. In the physical
system, a thin film of ionomer is assumed to exist between the
electronic phase and the gas phase forming an active catalyzed
interface. Protons migrate into the CL from the membrane side
on the left boundary (i.e. x = 0) and oxygen diffuses into the layer
through the gas diffusion layer (GDL) on the right boundary (i.e.
x=x1). Oxygen thereafter dissolves in the electrolyte film and is
consumed at the catalyzed interface along with protons and elec-
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Fig. 1. Schematic diagram of the 2-D computational domain.

trons due to the ORR. The catalyst layer thickness is considered
to be 20 wm in the present study.

2.1.1. Model assumptions
As a first step toward modeling the cathode catalyst layer
using the DNS approach, the following assumptions are made:

e At the reaction interface, thermodynamic equilibrium is
assumed to exist between the oxygen concentration in gas
phase and that dissolved in the electrolyte phase. O, diffu-
sion resistance through the electrolyte film is ignored due to
the small thickness of the film (estimated to be ~5 nm).

e The mass balance of product water is not considered, assum-
ing that water is in the gas phase due to heat generation in the
CL and diffuses out of CL sufficiently fast. This assumption
may bring considerable error at large current densities, which
will be justified later.

e The proton conductivity in the electrolyte phase is treated as
a constant, though it actually depends on the water content in
the ionomer.

e Isothermal and steady state operation.

2.1.2. Governing equations

A single set of governing differential equations valid for all
the phases is developed; therefore, no internal boundary condi-
tion is required to be specified at the phase interfaces. Due to
slow kinetics of the ORR, the rate of electrochemical reaction
assumes Tafel kinetics as:

. . €O, (acF >
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The overpotential, 7, is defined as:

N =¢s — Pe — Voc 3)

where ¢¢ and ¢, stand for the electronic and electrolyte phase
potentials at the reaction sit, respectively. V. is the reference
open-circuit potential of the cathode under the specified opera-
tion temperature.

The charge conservation for electron and proton and oxygen
conservation equations can be described, respectively, as:

V- (0Ves) + a/ J8(x — Xinterface)ds =0 4
r
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