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In this study a four-phase micro-structure of a PEFC catalyst layer
was reconstructed by randomly placing overlapping spheres for
each solid catalyst phase. The micro-structure was mirrored to
make a 1 wm micro-structure. A body-fit computational mesh was
produced for the reconstructed micro-structure in OpenFOAM.
Associated conservation equations were solved within all the
phases with electrochemical reaction as the boundary condition at
the interface between ionomer and platinum phases. The study is
focused on the platinum loading of CL. The polarization curves of
the micro-structure performance have been compared for different
platinum loadings. This paper gives increased insight into the
relatively greater losses at decreased platinum loadings.

Introduction

Catalyst layers with low platinum loadings are more commonly used to reduce the
production cost. While very low platinum loadings are desired, it is important to retain
good catalyst performance as the loading is decreased. The micro-scale phenomena in
catalyst layer are not yet fully understood. For instance, It has been observed that the
resistance in oxygen transport unexpectedly increases at very low platinum loadings in
comparison to high platinum loadings, (1, 2). This has been modelled using an
agglomerate model of a proton exchange membrane catalyst layer (3) and it was found
that the ionomer film thickness covering the agglomerates causes mass transport
resistance which increases at very low platinum loadings. This makes it necessary to
understand the micro-scale phenomena within catalyst layers. Recently, micro-modelling
of the catalyst layer in proton exchange membrane has drawn increased attention. In these
studies, a micro-structure of the catalyst layer is reconstructed and the conservation
equations are solved within each constituent (4), (5).

Micro-structure reconstruction and grid generation

The CL micro-structure was reconstructed by pseudo-randomly placing spheres of
constituents phases; carbon, platinum and ionomer (6). Spheres of one constituent are
overlapped so that a percolating phase is formed for the sake of transport throughout the
micro-structure. The interface between the four phases are captured and boundary
conditions are to be set these interfaces. The reaction is presumed to occur only on the
interface between the ionomer phase and the Pt phase. The initial micro-structure was
produced within a cube of dimension 100 nm, which is repeatedly mirrored in order to
generate a | mm thick catalyst layer as shown in Figure 1.
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Figure 1. Left: the four-phase microstructure of with pore phase in gray, carbon phase in
blue, ionomer phase in green and platinum phase in red. Right: the boundary conditions
used for numerical modeling.

The highest platinum loading of 0.6 mg/cm” was used to produce the micro-structure,
using 50% Pt on C with an ionomer loading of 23%. The porosity of the micro-structure
is 0.49 which corresponds to a 12 um thick catalyst layer. Due to the large computational
requirements, the actual simulated domain is only 1 wm thick and as such the Pt loadings
on the actual simulated domains are 1/12 of the reported loading for a full thickness. The
platinum loading of the micro-structure was decreased by randomly removing platinum
particles by considering them to be made of carbon. This has been done to produce three
more micro-structures with platinum loadings of 0.4, 0.3 and 0.1 mg/cm’. Figure 2
depicts slices through the mid-section of the catalyst sample for each Pt loading.

Downloaded on 2013-06-26 to IP 64.114.51.77 address. Redistributib@Gubject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use

ECS Transactions, 50 (2) 765-772 (2012)

Membrane/CL Membrane/CL Membrane/CL Membrane/CL
interface interface interface interface
Platinum Platipum Platinum Platipum
loading = loading = loading = loading =

0.6 [mg/cm2] 0.4 [mg/cm2] 0.3 [mg/cm2] 0.1 [mg/cm2]

!

Porous Transport Porous Transport Porous Transport Porous TT?DSPOIT
Layer/CL interface Layer/CL interface Layer/CL interface Layer/CL interface

Figure 2. Slices of micro-structures with different platinum loadings produced by
randomly excluding platinum particles and adding them to carbon phase.

Governing Equations

Conservation of mass considering diffusive transport has been used to model species
transport in pore phase of the micro-structure:

V.(DfﬁVyl.)=0 [1]
where Dfﬁr is the effective diffusivity including Knudsen effects:
r_t t [2]
D iej/ D Kn D ib

where D, is the bulk diffusivity of species i. The same equation has been used to model

species transport through the ionomer region, using a constant diffusivity with no
correction for Knudsen effects.

Henry’s law was implemented on the interface between pore and ionomer regions:

P 02 p
= 7 lpore 3
ionomer H [ ]

Conservation of charge was used to model positive charge transport though ionomer
phase of micro-structure:

0,

V.(-0,Vgp,)=0 [4]
Conservation of charge was also implemented within the electronically conducting phase:
V.(oVg,)=0 [5]

Downloaded on 2013-06-26 to IP 64.114.51.77 address. Redistributié@/subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use

ECS Transactions, 50 (2) 765-772 (2012)

The Butler-Volmer equation was employed to model surfacial electrochemical reaction
on the interface between ionomer and platinum phases:

C) -
imi, Cj’ [exp(—%nr)—exp(%nr)], 7 =gl -l ~E, [6]
where I indicates the value of variables on the interface between ionomer and platinum
phases. The boundary conditions on the outer surface of the microstructure is illustrated
in Figure 1. y, was set to different values at the bottom in order to polarize the electrode,
while v, was taken as zero on the membrane catalyst interface. The input parameters
including the operating conditions and transport properties are shown in table I. The
Open source CFD package OpenFOAM was used to solve the coupled set of equations.

TABLE 1. Transport properties and operating conditions

Doz 5.8x 10°m’/s o, 10 S/m
Drz0 7.5x 10° m?/s . 1000 S/m
Do, ionomer 8.45x 10" m?/s H 0.3125 m® atm/mol

i 4.5x 107 A/m’p, n 2

ce 41.59 mol/m’ Ol 0.49

p 1.3 atm T 343.15K

X02 5% E.q 123V

Results

Figure 3 depicts the local current density in each case as a function of distance through
the catalyst layer. In all cases, there is current generation throughout the layer, but for the
higher loadings there 1s relatively more current produced adjacent to the
membrane/catalyst interface, and this illustrates the importance of proton transport within
the catalyst layer.
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Figure 3. Local current density along the microstructure

Figure 4 shows the ionic potential within the ionomer phase for each of the four Pt
loadings. At the highest Pt loading, the current is almost an order of magnitude higher
than in the case of the lowest loading and there is a corresponding drop of approximately
6.5 mV over the catalyst layer. At the lowest Pt loading, the drop in ionic potential over
the layer is of the order of 1 mV and the current generation is uniform throughout the
entire layer. It is important to note that the ionic conductivity used for these simulations
corresponds to the bulk value for fully humidified Nafion while it is quite likely that the
ionic conductivity in the catalyst layer is lower than this.
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Figure 4. lonic potential in the ionomer phase for each Pt loading on a plane in the middle
of the modeled catalyst layer. x is the dimension through the catalyst layer thickness, with
x=0 corresponding to the interface with the membrane.

Figure 5 depicts the oxygen concentration in the ionomer phase, while Figure 6 shows the
gas phase oxygen concentration. The low relative concentration in the ionomer reflects
the application of Henrys law. In the gas phase, there is a relatively uniform
concentration gradient from the edge of the catalyst layer towards the membrane, and this
gradient increases with increasing current density (and Pt loading). It is clear from
Figure 5, that there is very strong local depletion in the vicinity of the Pt particles, and
this is most evident at the lowest Pt loading as the gas phase gradient superimposed on
ionomer distribution is the lowest. There is a relative increase in the local loss across the
thickness of the ionomer as the Pt loading is decreased, as the current density relative to
the platinum surface area increases with decreased Pt loading (shown on the figures)
meaning that the oxygen flux through the ionomer is increasing at a given Pt site as the
loading decreases.
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Figure 5. Oxygen concentration in the ionomer phase for each Pt loading on a plane in
the middle of the modeled catalyst layer. x is the dimension through the catalyst layer
thickness, with x=0 corresponding to the interface with the membrane.
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Figure 6. Oxygen concentration in the gas phase for each Pt loading on a plane in the
middle of the modeled catalyst layer. x is the dimension through the catalyst layer
thickness, with x=0 corresponding to the interface with the membrane.
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Conclusions

A numerical model has been developed to study the detailed transport and kinetics on
micro-structural representations of a catalyst layer. The model has been applied to a 1um
thick catalyst layer with 4 different Pt loadings which were achieved by randomly
changing Pt particles to carbon particles such that the base geometries were virtually
identical for each Pt loading. It was found that both the transport of protons and oxygen
were significant for the resulting performance, with increased local losses in the ionomer
at reduced Pt loading. When the catalyst is highly loaded, the current production is
relatively greater adjacent to the membrane interface, while at lower currents the current
production is virtually uniform.
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