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Abstract

The focus of this work is on improving understanding of mass transport limiting phe-
nomena occurring within the micro-structure of Polymer Electrolyte Fuel Cell (PEFC)
Catalyst Layers (CL). Micro-scale models, namely agglomerates, are employed within
multi-scale CL framework, to examine many phenomena, such as the conductivity of
protons in Nafion ionomer, non homogeneous catalyst distributions, oxygen dissolu-
tion in ionomer thin films, polydisperse agglomerate structures, and proton transport
mechanisms within water filled carbon porous media. Catalyst distribution within
CL micro structures, oxygen dissolution in Nafion described as a non-equilibrium
process, and the mechanism by which protons are transported within water filled
carbon pores are all found to be significant and potential explanations for PEMFC
mass transport limited behaviour. The developed simulation framework presented in
this work, as part of OpenFCST, the Open source Fuel Cell Simulations Toolbox, can
be used in conjunction with experimental methods to improve understanding of said

phenomena, improving understanding and design of PEMFCs.

Keywords: polymer electrolyte fuel cells, finite element method, open-source, sim-

ulation, membrane electrode assembly, multi-scale, micro structure, agglomerates
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Chapter 1

Introduction

1.1 Motivation

A fuel cell (FC) is an electrochemical energy conversion device, which can be used
to produce electrical energy. From a purpose and utilization stand point, a FC can
be thought of much the same as a typical internal combustion engine: when supplied
appropriate reactants a FC produces energy, which can in turn be used to power
numerous different applications. However, compared to conventional combustion en-
gines, fuel cells have many advantages: greater efficiencies, as high as 80% in combined
heat and power applications, and no local emissions of greenhouse gases and other
pollutants when powered by hydrogen. Like conventional engines, fuel cells can be
used to power many applications such as automobiles, personal electronics, and back
up power systems just to name a few! Therefore fuel cells are a key area of interest

for industry and consumers alike.

There are many different types of fuel cells, depending on the fuels they consume,
and the materials they are composed of. Polymer electrolyte fuel cells (PEFC) are
one of the most attractive options for the purpose of powered transportation. PEFCs
are a suitable power source for automobiles since they offer high power densities at
relatively low operating conditions (/~ 80°C') with minimal local environmental im-
pact. Hydrogen FC powered cars will soon be a commercially available commodity,
as major car manufacturers, such as BMW, Daimler, Ford, Honda, Hyundai, Nissan,

and Toyota have pledged to release consumer hydrogen FC vehicles by 2017 [8].

PEFCs have been steadily developing since the early 1960s. Initially, due to their
high costs, PEFCs were only used in highly specialized applications such as powering

aircraft axillary, and the Gemini series space crafts. Throughout the late 80’s and



early 90’s several breakthroughs such as low platinum loadings and thin electrodes en-
abled more widespread use of PEFCs due to reduced costs. Testing and development
of fuel cells today is still a crucial topic, as of 2009 the cost of PEFCs was $61 per
kW [9], this value needs to be reduced to enable fuel cells to economically compete
with other energy conversion devices. To this effect, great experimental efforts are

being made by industry and academia alike.

Many aspects of experimental FC research are costly and time consuming. Sev-
eral phenomena of interest take place at locations and scales which are difficult or
currently impossible to experimentally observe. To this effect numerical modelling of
PEFC can be performed in order to gain a better understanding of key phenomena,
complimenting experimental efforts. PEFC models can be used to study the effects

of key phenomena, and as a design and optimization tool in PEFC development.

In order to describe PEFC operational behaviour, mathematical models are re-
quired to describe inter-dependent mass transport and electrochemical physics within
the PEFC domain. Individual models may be developed to explore different aspects
of PEFC physics, however by this method key inter-dependencies may be omitted.
The FC simulation tool set, OpenFCST [10], developed initially by Secanell [11], with
many contributing developers [3, 5, 7, 12], and further improved in this work, aims to
describe the most significant PEFC phenomena in a consistent manner. Specifically,
this work aims to improve scientific understanding of micro structural phenomena,

and their significance in PEFC design.

This thesis describes work towards the development of a multi-scale PEFC cata-
lyst layer (CL) model, and its integration in a membrane electrode assembly (MEA)
model. In the proceeding sections of this chapter the structure and operation of a
PEFC is explained, a literature review on CL and CL micro structure models is per-
formed, and key contributions of this work are outlined. In Chapter 2, numerical
models which describe the electrochemical reactions and mass transport phenomena
occurring within an operational FC are developed. In Chapter 3 the developed mod-
els are utilized to explore the effects of micro-scale mass transfer and electrochemical
processes on the operating behaviours and efficiencies of PEFCs. Finally, in Chapter

4, conclusions are drawn based on the work carried out in Chapters 2 and 3.



1.2 PEFC Background

In a hydrogen fuel cell, gaseous hydrogen Hy and oxygen O react to form water HyO.
During this reaction electrical energy can be harnessed and used to perform work.
Unlike in a combustion engine, the gaseous reactants do not react directly in com-
bustion. Instead the reaction is divided into two sub electrochemical reactions. The
electrochemical reaction consists of an individual reduction reaction and individual

oxidation reaction.
Hy=2H" + 2~
1 n B
502 + 2H + 2e” = HQO

(1.1)
1
Hy+ 505 = Hy0

Usable Electricity

. -—
Electrons

-
-

Cathode (+)
_/. o W | -— Air { ()Z + ﬂ'} )

Cathode

— Excess air
and water

Excess H, =-—

AGDL AMPL ACL PEM (CCL CMPL CGDL

Figure 1.1 — The structure of a membrane electrode assembly (MEA), and the trans-
port of reactants and products within. ‘A’ denotes the anode layers and ‘C’
denotes the cathode layers. Image reproduced from reference [3].

During fuel cell operation, hydrogen is oxidized at the anode, where it produces
protons and electrons, corresponding the first stoichiometric relationship (1.1). This
is know as the Hydrogen Oxidation Reaction (HOR). The produced protons travel
from the left to the right hand side through the membrane layer. The produced



electrons travel from the anode to the cathode through an external circuit driven
by a potential difference between the electrodes. At the cathode electrode oxygen is
reduced with electrons and protons to produce water, corresponding to the second
stoichiometric relationship (1.1). This is known as the Oxygen Reduction Reaction
(ORR). The combination of the two half reactions; the oxidation of hydrogen at the
anode, and reduction of oxygen at the cathode results in the final stoichiometric re-

lationship (1.1). See visualization of reaction process in Figure 1.1.

As shown in Figure 1.1, the PEFC membrane electrode assembly (MEA) consists
of several layers, each layer having a specific function. The gas diffusion layer (GDL)
is a porous structure, consisting of interlinked carbon fibres. This layer facilitates the
transport of gaseous reactants, and provides electrical conduction so that electrons
can flow from the anode to the cathode via an external circuit. The micro porous layer
(MPL), consisting of a porous carbon network, has similar functionality to the GDL,
and facilitates transport of reactants and products from the GDL to the catalyst
layer(CL). The cathode and anode catalyst layers, where the reduction and oxidation
reactions take place respectively, are an isotropic mixture of electron conducting car-
bon, proton conducting Nafion® ionomer, pore space facilitating gaseous transport,
and catalyst on which reactions take place, typically platinum. The platinum catalyst
is used to catalyse the HOR and ORR, increasing the rate of reaction, allowing more
power to be harnessed. Finally the polymer electrolyte membrane, located between
the anode and cathode, facilitates proton transport from the anode to the cathode,

whilst preventing transport of hydrogen, oxygen, and electrons.

Figure 1.2 — High resolution TEM image of PEFC CL micro-structure showing catalyst
support agglomerations [4]. Image reproduced from reference [5].



The micro structure of the CL consists of a mixture of Nafion® ionomer and plat-
inum loaded carbon. Figure 1.2 shows aggregation of carbon particles surrounded by
ionomer. The HOR anodic and cathodic reactions occur within these micro struc-
tures, therefore it is important to understand the mass transport and electrochemical
processes occurring within this structure in order to accurately simulate PEFC oper-
ation. The focus of this project is on developing a modelling framework to facilitate
the study of proposed micro structure models, and understanding the significance of
the mass transport and electrochemical reaction phenomena occurring within.
Experimentally, FC operation is characterized using polarization curves, which
describes the current:voltage operating characteristics of a MEA. An example of a
polarization curves is given in Figure 1.3. The phenomena which dominate FC per-
formance varies depending on reaction rate and operating potential: at low reaction
rates, kinetic phenomena dominate. At moderate reaction rates the effect of ionic
transport within the Nafion®ionomer phase is dominant. At high reaction rates,
mass transport processes such as the dissolution of gaseous oxygen in Nafion, or pore
blockage due to the presence of liquid water, dominate FC performance leading to a
sharp decline in FC efficiency. The focus of this work, on PEFC CL micro structure,

will improve characterization of the mass transport limited operating region.
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Figure 1.3 — A polarization curves describing the current:voltage relationship of a
PEFC. Typical FC operation can be categorized into 3 regions: the kinetic,
ohmic and mass transport regions, named after the phenomena which dom-
inate FC performance at respective operating conditions. Image used with
permission from Bhaiya [3].



1.3 Literature Review

As mentioned in Section 1.1, modelling of PEFC CLs is a beneficial area of research
because it enables understanding of electrochemical and mass transport phenomena
occurring at locations and scales difficult or impossible to experimentally observer.

To date CL modelling approaches can be categorized into the following major groups:

e interface models, where the layers are modelled as infinitely thin interfaces,

represented mathematically via boundary conditions [13-17]

e macrohomogeneous models, where reactant transport and electrochemical reac-
tions occur across continuous domains with averaged effective properties [3, 18—
20]

e agglomerate models, where reactant transport and electrochemical reactions
are simulated throughout conceptual CL micro structure representations [1, 5,
11, 12, 21-29]. These models are often coupled with homogeneous model in a

multi-scale approach

e reconstructed domains - micro-scale CL morphology reconstructed, typically
three dimensional, based on CL descriptions obtained by FIB-SEM or nanoCT
techniques [30-33]. Simulations on reconstructed micro-scale domains have been
performed to determine effective electrochemical and mass transport properties
[31-33]

The latter approaches provide greater detail and accuracy, as they include more

geometric information, but consequently are also more computationally demanding.

The aim of this work is to improve understanding of fuel cell mass limited be-
haviour due to transport phenomena occurring within CL micro structure. To this ef-
fect a multi-scale simulation approach, which simultaneously considers inter-dependent
macro and micro-scale mass transport processes, is the most appropriate modelling
technique. In multi-scale CL. models macro scale transport phenomena are typically
described using a macrohomogenous model, whilst micro-scale mass transport and
electrochemical phenomena are described using an agglomerate model. Agglomerate
models are appropriate for use within multi-scale CL models, as they provide a de-

scription of CL micro structure whilst being computationally feasible.



Agglomerate models are a typical description of PEFC CL micro structure, com-
monly used to describe the mass transport limiting effects occurring during FC op-
eration. lczkowski and Cutlip [28] were the first to account for micro-scale oxygen
limiting transport losses with an agglomerate model. Many studies have been carried
out since based on the agglomerate concept. Agglomerates are assumed to be small,
with radii less than 1um, formed during the catalyst ink fabrication process due inter
particle attraction, and consist of groups of platinum loaded carbon particles sur-
rounded by a ionomer thin film. At present agglomerate-based models are seen by

some as the state of the art model for describing CL micro structure [22, 27].

Multi-scale models have been used to improve understanding, and also perform
CL design and optimization. Secanell et al. [11, 24] developed a 2D CL + GDL
model, with embedded 1D analytical agglomerate based on work by Sun et al. [29].
Secanell developed a framework which related micro structural properties with macro
scale structural properties, adding consistency in mass conservation not widely used
before [11]. Jain et al. [21] performed PEFC CL optimization using a 1D agglomerate
model embedded in a 2D CL + GDL model, similar to work done by Secanell et al.
[24]. Using the 2D(1D) model Jain investigated the effects of platinum loading and
through plane platinum grading of the CL.

Figure 1.4 — Ionomer filled agglomerate consisting of platinum loaded carbon core,
surrounded by thin ionomer film.



Agglomerate are typically depicted as in Figure 1.4; a collection of platinum loaded
carbon particles bound by a thin ionomer film, with the primary pores of the agglom-
erate core filled either by ionomer [1, 5, 11, 12, 21-24, 34] or water [5, 12, 25, 26].
Experimentally it is difficult to determine whether the primary pore space within
the porous agglomerates is water filled or ionomer filled. Recent studies suggest that
the primary pores are void filled [35, 36], which become water filled during fuel cell
operation due to the production of water [5, 25]. Both micro structure morphologies

are considered in this work.

As mentioned previously many examples of the ionomer filled agglomerate model
exist in literature. A review on previous agglomerate models can be found in ref-
erences [5, 27, 37, 38]. More recently Sun et al. [29] developed a one dimensional
analytical expression for current density produced by an ionomer filled agglomerate,
base on the assumptions that the reaction is oxygen transport limited and that the
oxygen reaction order is equal to one. Sun et al. [29] used the developed agglomerate
model in a two-dimensional cathode model which was used to study the influence of
catalyst layer structural parameters. Sun et al. [29] note that at high current density

platinum utilization within ionomer filled agglomerate is extremely poor.

Dobson [5] modified the analytical expression presented by Sun et al. [29], cor-
recting for active area scaling factors. Dobson highlighted limitations of the tradi-
tional analytical solution for the ionomer filled agglomerate problem, such as limiting
assumption of oxygen reaction order, and ignoring of proton charge transport mech-
anisms. To improve upon these limitations Dobson developed numerical agglomer-
ate models, solving using BVP solver COLDAE [39]. Within Nafion® ionomer it
is assumed that proton concentration is constant and equal to the concentration of
sulphonic acid groups. This is a key difference between the ionomer and water filled
assumptions, which leads to radically different proton concentration and electrolyte

potentials within respective agglomerate cores, as will be discussed later.

Moore et al. [40] utilized the model developed by Dobson [5] to investigate the
effects of micro-scale proton conductivity, non-equilibrium boundary conditions, and
different kinetic models on PEFC performance. Moore et al. [40] reports that for
the ionomer filled agglomerate proton transport mechanisms are insignificant, and ki-
netic parameters proposed by Neyerlin et al. [41, 42] cause over prediction of current.
Analysis carried out in reference [40] was performed by the author of this work, and

is also present in this work.



Song et al. [43] developed an analytical ionomer filled agglomerate agglomerate.
Song et al. [43] used said model to optimize and analyze the impact of material prop-
erty combinations on cathode catalyst which was subdivided into several sub layers.
Song et al. [43] notes that the most crucial sub layer of the CL for optimization was

the layer adjacent to the membrane.

Recently, some variants of the spherical agglomerate model have been introduced.
Kamarajugadda and Mazumder [37] modelled the PEFC CL micro structures using
overlapping ionomer filled agglomerate of unequal radii. Agglomerate geometry (core
and ionomer thin film dimensions) was found to be significant when the equivalent
spherical radius of the agglomerate were larger than 600 nm, but these effects be-
came insignificant for agglomerates smaller than 200 nm. The authors notes that
per volume current density is improved by the higher surface to volume ratios of the

irregular overlapping agglomerates.

Agglomerate dimensions are commonly used as a model input parameter in or-
der to fit simulation results to experimental data. Dobson [5] performed a literature
review of agglomerate dimensions used in theoretical models, reporting radii varying
from 50 nm to 1um. These dimensional parameters are inconsistent with experimen-
tal literature, which suggests agglomerate radii ranging from 25-200 nm [1, 44-46].
Fitting of agglomerate dimensional parameters should be avoided as it provides a

false explanation for mass transport limited behaviour.

Cetinbas et al. [27] states that conventional agglomerate models which represent
the agglomerate core as a homogeneous mixture of catalyst, catalyst support, and
electrolyte, are incapable of accurately describing oxygen diffusion losses that arise
from a reduction in catalyst loading. The author states that limiting current of
current agglomerate models is due to thin film reactant transport limitations. The
author presents a cylindrical agglomerate model with discrete platinum particles em-
bedded in an ionomer core. Cetinbas et al. [27] reports that the inclusion of individual
discrete catalyst particles induces significant mass transport, especially in the mass
transport limited operating region. Cetinbas et al. [27] agglomerate analysis was not
integrated within a multi-scale framework, therefore it does not consider numerous
other significant mass transport and electrochemical phenomena occurring within a
PEFC. Additionally agglomerate dimensional parameters used by Cetinbas et al. [27]

are much larger than experimentally observed. Therefore the topic of micro-scale



catalyst distribution warrants further research efforts.

Typically the dissolution of gaseous oxygen into Nafion® films is assumed to be an
equilibrium process and therefore described using Henry’s law [5, 11, 12, 21, 22, 24, 29].
Islam et al. [47] states that under steady state diffusion flux, surface dissolution is a
non-equilibrium process. Suzuki et al. [48] developed an agglomerate model which in-
corporates a non-equilibrium dissolution mechanism from the gaseous to the ionomer
phase. Suzuki et al. [48] report that the inclusion of non equilibrium interface model
is significant when the ionomer thin film thickness is less than 100 nm, and the in-
clusion of the non-equilibrium model improves the ability of the agglomerate model

to correctly represent CL performance.

Due to its simplicity and significant assumptions, the validity of agglomerate mod-
els are commonly disputed in literature. Kulikovsky [49] questions whether agglom-
erate models are still necessary for modelling of modern catalyst layers, citing the
improvements in catalyst ink fabrication which has reduced the size of observed ag-
glomerations in CLs from the order of ~ 1 ym to ~ 100 nm. Kulikovsky reports that
when agglomerate radii <100 nm, significant disagreement with the macro homoge-
nous CL model only occurs at cell potentials < 0.1 V. This is contrary to findings
of many previous works [5, 40], therefore the significance of the existing micro-scale

models against the macrohomogeneous model should be thoroughly evaluated.

Yoon and Weber [23] using the ionomer filled assumption comprehensively in-
vestigated the impact of typical modeling assumptions of the ionomer filled spheri-
cal agglomerate model including constant electrolyte potential, and uniform oxygen
transport pathways. Yoon and Weber [23] reports that the assumption of constant
electrolyte potential is acceptable, and that non uniform distribution of reaction sites
within the agglomerate core leads to reduced reaction rates due to increased reactant

pathways.

Many PEFC numerical studies address issues of cell degradation due to the pro-
duction of free radicals and presence of impurities. Free radical HyOs, which can
form at the anode and cathode, attack the polymer causing membrane thinning and
pinhole formation [50]. Ziegler et al. [50] simulated H>O5 concentrations inside PEFC
using an agglomerate model for the electrode. They note that reducing oxygen per-
meability in the ionomer is the most important and effective method to reduce the

formation of Hy0s.

10



Figure 1.5 — Water filled agglomerate consisting of platinum loaded carbon core, sur-
rounded by thin ionomer film.

Figure 1.5 shows the water filled agglomerate model, which is similar in descrip-
tion to the ionomer filled model. Assumptions of agglomerate composition determine
the effective transport mechanisms occurring within, resulting in significantly differ-
ent transport behaviours. As mentioned, for the ionomer filled case it is assumed
that protons are evenly distributed throughout the ionomer phase. However proton
transport mechanisms differ between the ionomer filled and water filled agglomerate
assumptions. Within the water filled domain protons are transported depending on
difference in chemical potentials, and Coulombic interactions with electrolyte and

charge surfaces.

Wang et al. [25] developed a water filled agglomerate model describing proton
transport using the Nernst-Plank equation coupled with Poisson’s equation of elec-
trostatic potential. Wang et al. [25] reports drastically different proton concentration
and over potential profiles within the agglomerate core, as compared to the ionomer
filled model. Using this model Dobson [5] studied the difference between the water
filled and ionomer filled assumption using a multi-scale approach. Dobson reports that
there is little difference in PEFC performance for either assumption, but numerical
challenges prevented Dobson from performing a full investigation of the water filled

versus ionomer filled assumption. Comparison results are unclear, therefore further

11



comparison of the water filled and ionomer filled agglomerate models is warranted.

Additionally the formation of ionic double layers on charge carbon surfaces in
water filled pores has been studied. Chan and Eikerling [51] developed a pore scale
model, employing the Stern model to relate the surface charge density at the pore

walls to the electrode potential.

Sadeghi et al. [26] proposed a water filled agglomerate model, consisting of conical
water filled pores, which describes double layer boundary formation using Nernst-
Plank-Poisson theory, in order to describe a more accurate representation of proton
transport mechanisms within the CL micro structure. Sadeghi et al. [26] reports that
the proposed water filled agglomerate model predicts agglomerate effectiveness simi-

lar to experimental observations.

Primarily agglomerate and homogeneous catalyst layer models are used to study
the cathode catalyst layer, but several works have also used these models to study the
anode. Karan [52] studied transport limited catalyst utilization of the anode using
an agglomerate model. Karan found that hydrogen oxidation reaction is limited at
two scales: at the agglomerate scale the reaction is restricted to the outer 20 % of
the agglomerate core (corresponding to a 50% core volume fraction) due to limited
hydrogen diffusivity in Nafion, and at the catalyst layer scale reaction was restricted
due to poor proton conductivity and electronic potential gradients. Secanell et al. [2]
carried out similar analysis using an anode multi-scale CL. + GDL model, also citing

anode catalyst layer conductivity as a main cause for poor platinum utilization.

Epting and Litster [1] states that typically a single representative size of ag-
glomerate radius is assumed for catalyst layer models. Epting et al. [46] analyzed
nanoCT data to obtain size distribution information for agglomerates within PEFC
CLs. Based on this work Epting developed a model describing a catalyst layer slice
(with constant oxygen pressure and overpotential) considering a poly disperse ag-
glomerate diameter distribution. Epting reports that the poly disperse structure had
significant effect on simulated CL performance as compared to the traditional mod-
elling assumption of agglomerate size mono dispersion. Epting and Litster [1] however
did not consider poly dispersion within a multi-scale framework, therefore the effects

of poly dispersion on predicted MEA are still unknown.
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Additionally many experimental characterizations of PEFC CLs [46, 53] report
the presence of structures approaching the dimension of primary platinum loaded
carbon particles, therefore the use of agglomerates to describe all catalyst layer micro

structure morphology may be a invalid.

Typically agglomerate models proposed in literature use the Tafel kinetics model
to predict ORR rates [5, 11, 21, 22, 25, 26, 29], however it has been shown that the
double trap kinetics is a more accurate description of the ORR [7, 54].

Based on this discussion, it can be seen that certain aspects of PEFC CL liter-
ature can be improved, such as the description of catalyst distribution throughout
the micro structure, description of oxygen dissolution mechanism in thin ionomer
films, the use of the improved kinetics models, and the consideration of poly disperse
micro structural formations. Whilst many of these aspects of CL micro-structure,
mass transport, and electrochemical reactions, have been studied individually at the
agglomerate scale, in order to assess their true impact on PEFC performance, they
must be considered within a multi-scale CL model, and compared in a consistent
manner. Utilizing OpenFCST’s framework this is possible. In the following section,

the contributions of this work towards these discussed topics are described.

1.4 Thesis Contributions
The contributions made in this work to PEFC modelling literature are:
1. Improvement of existing CL micro-scale models by developing the following;:

(a) modification of proton conductivity within Nafion® ionomer, in order to
gain appreciation for the mechanism of micro-scale proton charge transport

on PEFC performance

(b) dissolution mechanisms of oxygen in Nafion® thin films as described in
reference[48], to investigate the capability of this phenomena in better

describing mass transport limited PEFC behaviour

(¢) improved description of platinum distributions within micro structure, to

assess the effects of catalyst accessibility within CL micro structures

(d) improved numerical stability of models, allowing the analysis of PEFC over

a wider range of operating conditions than possible before
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(e) description of micro-scale geometric poly dispersion within a multi-scale
MEA framework, in order to assess the validity of the traditional modelling

assumption of a mono disperse micro-scale geometry.

2. Comprehensive comparison of water and ionomer filled model, which could not

previously be achieved [5]

3. Modification of double trap Kinetics Model [7, 54] to include sensitivity to
proton concentrations, in order to study micro structure models with varying

proton concentrations

4. Creation of new micro structural model to describe PEFC CL formations similar

in dimension to primary platinum loaded carbon particles
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Chapter 2

Numerical Modelling

2.1 Introduction

In this section the mathematical models used in this work are explained. First the
fundamental governing equations used to describe electrochemical phenomena occur-
ring within fuel cells layers are described. Kinetic models are reviewed, and the double
trap kinetic model [7] is reformulated to include sensitivity to proton concentration.
Finally CL micro-scale models are developed, and improvements implemented as part

of this work are explained.

2.2 Membrane Electrode Assembly Model

2.2.1 Introduction

An outline of the electrochemical reaction a mass transport processes occuring within
a PEFC are described in Section 1.2. In this section a multi-scale FEM mathematical
model which is used to simulated said electrochemical and transport phenomena
occurring within PEFCs is developed.

In literature there are several commonly used approaches to modelling PEM fuel
cells. Reduced dimension models employ empirically derived relationships describing
fuel cell performance. These reduced dimension models are relatively computationally
inexpensive and are typically used for modelling full stack scale behaviour. Another
category of FC models are MEA models which consider the transport and consump-
tion of reactants in a 2D or 3D domain allowing researchers to assess the impact of
materials and porous layer structures in greater detail.

In this work the latter type of model is used. The across the channel MEA
model presented in this work, developed by Secanell [11], has been extensively used

and expanded by several studies [3, 5, 7, 12, 55]. The model describes steady state
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Figure 2.1 — MEA diagrams showing bipolar plates and MEA, from reference [5]

transport and consumption of various species throughout the GDL, MPL, CL, and
ML layers of the MEA. Due to domain symmetry simulations are performed on a
reduced domain as seen in Figure 2.1(b) for computational efficiency.

In this work a multi-scale catalyst layer model developed by Dobson [5] is used, in
which macro scale mass and charge transport are resolved using a macro-homogeneous
catalyst layer model described in Section 2.2.4, and reaction source terms are resolved
using micro-scale models described in Section 2.4. This multi-scale relationship can be
seen in Figure 2.2. In this work the multi-scale catalyst layer model is further devel-
oped, allowing investigation of additional electrochemical and transport phenomena.
The numerical stability of the multi-scale catalyst model is improved, allowing inves-
tigation of PEFC performance operating at conditions which previously could not be

simulated.
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Figure 2.2 — The MEA computational domain. The macro:micro-scale coupling is as
follows: species transport in the multi-scale catalyst layer is resolved using
a macro-homogeneous model (left) whilst reaction rates are resolved using
micro-scale models.

2.2.2 Assumptions

The following assumptions are inherent in the formulation of the MEA model pre-

sented in this work.

1. The fuel cell operates at steady state
2. The fuel cell operates at constant temperature and pressure

3. The cathode is fed with a mixture of water vapour, nitrogen, and oxygen. Oxy-
gen and water vapour in the cathode are considered as infinitely dilute species
in nitrogen

4. The anode is fed with a mixture of water vapour and hydrogen. Water vapour

in the anode is considered as an infinitely dilute species in hydrogen
5. Gaseous species behave as ideal gasses

6. Convection is not considered: due to the domain size diffusive fluxes are domi-
nant, and throughout the porous media there exist only small pressure gradients,

resulting in low fluid velocities

7. The membrane layer blocks the transport of gaseous species and electrons
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8. Transport of sorbed water and protons occurs within ionomer phase of the

membrane and catalyst layers

9. Proton concentrations in ionomer are assumed to be constant and equal to the

concentration of sulphonic groups

10. Electron transport only occurs in the solid phase of the catalyst, micro porous,

and gas diffusion layers
11. Proton and electron charge transport are described using Ohms law
12. Transport of gaseous species is described using Fick’s law
13. The GDL is a random anisotropic mixture of carbon fibre and pore space

14. The CL is a random isotropic mixture of ionomer, platinum loaded carbon, and

pore space
15. The MPL is a random isotropic mixture of solid carbon and pore space
16. The ML is an isotropic solid layer composed of ionomer electrolyte material

17. The presence of liquid water is not considered, therefore humidity results may

exceed 100 % RH, these results are not physical !

2.2.3 Membrane Layer

The membrane layer facilitates the transport of protons and sorbed water. Trans-
port of ionoic species in electrolye media can be described using the Nernst-Plank
equation. The Nernst-Plank equation describes the transport of a charged species in
an dilute electrolyte due to differences in concentraion, electrostatic interactions, and

convective flow, and is as follows:

]\71' = —Dijﬁci - Czﬁgﬁ + Cﬂ_; (21)

where diffusive, electrostatic, and convective mechanism are described by their

relative terms on the right hand side of equation (2.1) respectively, D;; is the binary

ISimulation results reporting humidity values greater than 100% will be represented in polariza-
tion curve figures as a dashed line.
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diffusion coefficient for species ¢ in species j, ¢; is the concentration of specie ¢, z; is
the charge of species i, F' is Faraday’s constant, R is the universal gas constant, T is
temperature, ¢ is the potential of the medium, and ¢ the velocity of the fluid.
Typically when applying equation (2.1) to describe the transport of charged
species in a system of interest, certain mechanisms may be neglected, depending
on their relevance. For the membrane layer convective fluxes may be neglected, since
v &~ 0. Additionally due to the homogeneous presence of sulphonic acid groups
SO; troughout Nafion® ionomer, a constant proton concentration throughout the
membrane layer is assumed. Constant proton concentration implies that ﬁclﬁ =0,
therefore diffusive fluxes may be neglected. By making these simplifications, the
Nernst-Plank equation is reduced to Ohm’s law. Therefore proton charge transport

is described as follows:

N % 7’ 2.2
R R L 22)

where ¢/ is the effective proton conductivity of the layer, and zy+ is the associated
charge of individual protons, equal to +1. Since the membrane layer is composed
of bulk Nafion, bulk conductivity values may be used, i.e. ¢%// = o,,. Proton

conductivity o, is calculated as follows:

23 F2Dypvcp+
RT

Om —

(2.3)

Proton conductivity values for bulk Nafion® NRE-211 were reported by BekkTech
[56], and fitted with a polynomial expression by Dobson [5]. This expression is used

to describe proton conductivity within the ML, and is as follows:

1

O = (—1.0125 x 1074X% + 0.01052) — 0.020634) ™12 7)  (2.4)

Sorbed water transported throughout the membrane layer due to electro-osmotic drag
and back diffusion is described using the mathematical model outline by Springer et al.
[18].  Electro-osmotic drag occurs when water molecules are attracted to protons,
which move through the membrane due to Coulombic interactions. Similar to Ohm’s

law, electro-osmotic is described as follows:

ool
7 Vom (2.5)

N/\,drag = —Nyg
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where ng is the electro-osmotic drag coefficient, experimentally observed to be 1
[57, 58], and A is the amount of sorbed water in ionomer relative to the sulphonic
concentration.

A is described as follows:

A = S0 (2.6)

Cso;

where Cs0; is the concentration of sulphonic groups in ionomer, calculate as follows:

Pm.dr
Cso; = EWy (2.7)

where p, 4ry is the density of ionomer, and EW is its effective weight (unit mass per
mol of Cso;)-

Water is also transported within the electrolyte media due to chemical potentials.
Species flux due to differences in chemical potentials is commonly described using
Fick’s law. Fick’s law may be exclussively used to describe reactant flux if it is the
sole dominant transport mechanism, and other mechanisms such as convective flow
are negligible (i.e. in a fluid pressure is constant, velocities are zero). Fick’s law is as

follows:

where D;; is the binary diffusion coefficient for species ¢ in species j.

Water flux due to differing concentration is therefore described using Fick’s law (2.8),

rearranged with using the expressions of A (2.6) and cgo- (2.7):

— . pdT‘ Eff —
N)\,diffusion — _EV[?;DA VA (29)
where Dif 7 is the effective diffusion of sorbed water within the given media, for bulk
Nafion® |, D$// = D,. Combining equations (2.5) and (2.9) the following expression
for sorbed water transport is obtained:
ooff

Ny = =y 72V, — B2, V) (2.10)
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Diffusion coefficients for sorbed water in ionomer Dif ! were experimentally deter-

mined by Motupally et al. [59] for Nafion® 115 membrane, and are given as:

if 0<A<3

—2436.
3.10 x 1073\ (=1 + e"**Mexp (ﬂ)

Dy = (2.11)

—2436.
417 x 107*A(1 + 161 )exp <¢) if 3<A<17

According to assumption 7, the membrane layer blocks the transport of gaseous*®
water vapour, hydrogen, oxygen, nitrogen, and electrons. Therefore within the ML

the following is true:

Nio = Nu, =Ny, =N~ =0 (2.12)

2.2.4 Catalyst Layers

The catalyst layer is a porous media, throughout which electrochemical reactions
and species transport takes place. For simplicity when describing gaseous species,
concentrations of reactants and products are described using molar fractions:

Ci=Cr X; = — X; (2.13)

where x; is the molar fraction of species i, ¢ is the concentration of the total mixture,
and Pr is the total gas pressure.

In the anode catalyst layer gaseous hydrogen and water vapour diffuse through
the porous catalyst layer structure. Hydrogen is dissolved and transported within
the catalyst layer micro structure where it is reacted at the electrochemically active
platinum catalyst - this is described in greater detail in Section 2.4. Gaseous species
transport in the anode CL is modelled using Fick’s law (2.8). Since the mixture of
hydrogen and water vapour is a binary mixture, it is only necessary to describe the
transport of water vapour, as the molar fraction of hydrogen is simply the complement
of water vapour, i.e. zg, =1 — xpy,0. Assuming isobaric and isothermal conditions,

the flux of water vapour is therefore as follows:
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_D%%,szxth = _D%%7HQVCHZO (2.14)

Within the cathode catalyst layer, transport for gaseous species oxygen, nitrogen, and
water vapour occurs. A multi-component gaseous mixture therefore exists within the
cathode. Multi-component diffusive gaseous transport is typically described using
the Maxwell-Stefan equation, however this equation introduces a great deal of non
linearity into the system of equations. If the components of interest in a multi-
component mixture are sufficiently dilute within another component then assumption
3 is valid, and Fick’s law may be used to model gas transport in the cathode. The
transport of only two species rather than 3 need be described Nitrogen molar fraction

can be described as xy, = 1 —zy,0 — xo,. Transport of gaseous oxygen is as follows:

No, = ——=Dgl! . Vo, (2.15)

Similar to the anode, water vapour transport in the cathode is modelled using equa-
tion (2.14), however the diffusion coefficient D;{QfO, 1,> 18 replaced with a value for
water vapour in nitrogen D;jsz, N+

It is assumed that the catalyst layers are isotropic porous mixtures of ionomer and
platinum loading carbon, therefore the effective diffusivities Dz{;fa Hay» Df};{l N> and
DGOJ; I are calculated for both the anode and cathode using percolation theory (2.16).
Percolation can be used to calculate effective transport properties of porous media,
based on the porosity and orientation of the media. Additionally percolation theory
predicts that reaction transport is impossible below a threshold porosity, due to the
presence of a discontinuous pore network. Using percolation theory effective diffusion

is described as follows:

it e —e™\" th

&

Di,j = Di,j (1_—&—th) @(5 — & ) (216)
where €' is the experimentally determined threshold porosity, below which diffu-

sion does not occur, p is the network constant depending on the orientation of the

porous media, and © is the heavy side step function, given as:

0 for (¢ — &) <0

2.17
1 for (¢ — &™) >0 (217)

O(c — ) = {

22



Electrons and protons are produced in the anode catalyst layer, and consumed in

the cathode catalyst layer. Electron transport is described using Ohm’s law (2.2) as

follows:
B ooff gelf
N, = ——-Vo¢p, = =-Vo, 2.18
Ze_F ¢ F (b ( )

where 0¢// is the electron conductivity of the layer,z.- is the associated charge of indi-
vidual electrons , equal to -1 . Electrons are transported through the platinum loaded
carbon porous network of the catalyst layers. Effective conductivity is described using
percolation theory (2.16).

Similar to the ML, proton charge transport is described using Ohm’s law (2.2).
Effective proton conductivity values are calculated from experimental data reported
by Iden et al. [60]. Effective proton conductivity values are reported for different RH
values. Domican et al. [61] fitted data from Iden et al. [60], producing the following

expression:

otff = e} (1.931 x 107 7ad, — 6.735 x 10~%a2 + 0.00075a,, — 0.008) e75L512( 55 - 1)
(2.19)

where ey is the electrolyte volume fraction, and a,, is the water activity given as

follows:

__ Pr TH0

o = psat<T) (220)

Similar to the ML, water transport within the catalyst layers is described by the
model proposed by Springer et al. [18]. Effective sorbed water diffusivity is again
given by Motupally et al. [59], corrected for porous media using the Bruggeman

correlation|[62]:

DN = D;;e'® (2.21)
The Bruggemann correlation states that diffusion will always be possible provided

¢ # 0. Therefore for sorbed water transport through the CL, effective diffusivity is

as follows:

D =D, P (2.22)
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For the macro homogeneous CL model current density i, A/cm?,;, is calculated

as follows:

i=jA, (2.23)

where j is the reaction rate predicted using with the Tafel kinetics model or double
Trap kinetics model for the ORR, or the dual path Kinetics model for the HOR, in
units of A/em4,, and A, is the active area factor, in units of cm%,/cm?,;, describing
the experimentally measured electrochemically active platinum surface area per unit
volume of the catalyst layer. An assumption of the macro homogeneous CL model is
that gaseous reactants dissolve into the ionomer phase in order to be reacted on the
platinum catalyst surface. The concentrations of reactants within the ionomer phase

is described using Henry’s law:

(2.24)

where P; is pressure of gaseous species ¢, and H; ; is the Henry’s coefficient of gaseous
species ¢ adsorbing into solid/liquid phase j.

For the multi-scale catalyst layer model, current density ¢ are calculated using
micro-scale models as described in Section 2.4. The micro-scale models resolve current
density ¢ for boundary conditions supplied by the multi-scale catalyst layer model,
such as {Po,, Pu,, ¢s, om, A }, as well as various material and kinetic properties.

Couplings between species flux (2.15) and (2.2), and sink terms (2.23) are de-
scribed in Section 2.2.8.

2.2.5 Micro Porous Layer

Within the void phase of micro porous layers there exists transport of gaseous hy-
drogen and water vapour (anode MPL), and nitrogen, oxygen and water vapour
(cathode MPL). Throughout the solid phase of the micro porous layer there exists

electron transport through the solid carbon conducting phase.
Transport of gaseous species is described using Fick’s law, similar to (2.14). Effective

transport properties for gases travelling through the isotropic MPL are calculated

using percolation theory (2.16).
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Transport of electrons through the MPL is modelled as before, using Ohm’s law
(2.18). Effective electron conductivity of the MPL is calculated using percolation
theory (2.16).

No ionomer phase exists in the MPL, therefore no mechanisms for proton and sorbed

water transport exist, hence fluxes are are equal to zero:

Ng+ =Ny=0 (2.25)

The implications of equation (2.25) are that protons and sorbed water are restricted
to the CLs and ML.

2.2.6 Gas Diffusion Layer

Within the GDL there exists transport of charged and gaseous species identical to
the MPL, with the same set of equations being used to describe transport of gaseous

and charged species, i.e. equation (2.15) and (2.18).

The GDL is assumed to be an anisotropic mixture of carbon fibres, therefore the
effective diffusivity and electrical conductivity of the GDL are calculated using Per-
colation theory (2.16). The GDL is an anisotropic material. For anisotropic materials,
Tomadakis and Sotirchos [63, 64] modified equation (2.16) as follows:

eff e ¢ g th
Dg,i = Dg e 1——5th @(5 — & ) (226)
where ¢ corresponds to the in-plane or through plane direction, D;f;f is the effective

diffusivity of gas g through the porous media in direction ¢, and Dy is the bulk diffusion

coefficient of gas g.

2.2.7 Boundary Conditions

The computational domain in which electrochemical reactants, and species transport
are simulated for, is shown in Figure 2.2. The bipolar plate assembly is represented in

this domain by the inclusion of several boundary conditions. For the cathode current
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collector, zero normal flux of the following species relative the collector surface is

imposed:

ii-No, =+ Nyyo =0 (2.27)

2

Additionally the electrical cell potential is applied to the cathode current collector:

¢s = Veeu (2.28)

At the cathode gas channel, the net normal flux of electrons must be zero, therefore:

ii-N.. =0 (2.29)

Additionally input oxygen and water concentrations are imposed at the cathode chan-

nel interface:

10, = TP, (2.30)

TH0 = Tp0. (2.31)

At the anode current collector, zero normal flux of water vapour relative to the

collector surface is imposed:

it Npyo =0 (2.32)

Additionally a ground electrical potential equal to zero is applied to the anode current

collector:

¢s =0 (2.33)

Similar to the cathode, at the anode gas channel normal flux of electrons is zero,
i.e. equation (2.29). Additionally, a water vapour fraction is imposed at the channel
interface:

TH,O = x%&o,a (2'34)
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A symmetric boundary condition between the top and bottom of the domain is im-

posed. At the symmetric boundary, the fluxes of all components are equal to zero.

2.2.8 Source Terms and Couplings

The consumption and production of hydrogen, electrons, protons, oxygen and water

are all dependent on the electrochemical reaction rates within the CL micro structures.

3

Reaction rates are resolved as current density 4, in units A/cm?. Consumption of

reactant ¢, is determined by the normalization —, where # is ratio of a reactant
£ 7

consumed per unit of current density, corresponding to the stoichiometric relationship

(1.1). The following relationships are developed:

- In th L
Ro, = {17 n the CC (2.35)
0  In all other layers
L In the ACL
Ry =<4 F He (2.36)
0 In all other layers
—5  In the CCL
Rupo=14 2° "0° (2.37)
0 In all other layers
i In the CCL
Ryr = F e (2.38)
—+ In the ACL
i In the CCL
R ={F ~HUC (2.39)
—+ In the ACL
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The adsorption/desorption of water vapour into the ionomer phase within the
MEA is described as follows [11]:

Pdr
Ry = k2 (1~ 2) (2.40)

where k; is a adsorption/desorption time constant, set to 10000, in order to provide
a strong coupling between the membrane and the CL [11]. A, the equilibrium

membrane water content, is described by Liu et al. [65] as follows:
T —303.15
Aeg = {1 +0.2352a2, (T)] (14.22a3 — 18.92a2 + 13.41a,) (2.41)

where pg,; is the water saturation pressure described by Springer et al. [18]:

10g10 (Psat) = — 2.1794 4 0.02953 (T — 273.15) — 9.1837 x 107° (T — 273.15) 2.4
+1.4454 x 1077 (T — 273.15)°

Due to the production of water within the cathode catalyst layer the water source

term (2.40) is modified. The water sorption source terms for the system are as follows:

i Pdr
R 5F ktE_y<)\eq - )\) In the CCL (2 43)
AT L Pdry oy '
Ky EW()\eq A) In the ACL

Mass conservation for any species is described as follows:

(‘90@-
ot

where ¢; is the concentration of a given reactant, NN; is corresponding flux of the

——V-N,+R; (2.44)

reactant, and R; is the source term for the reactant representing consumption or
production. At steady state, the time dependent term is equal to zero, resulting in

the following relationship:

V.N - R, (2.45)

28



Given the steady state mass transport and consumption relationship (2.45), the
species flux terms described in Sections 2.2.3 to 2.2.6, and the source terms as de-
scribed in this section, the following coupled which describe the electrochemical op-

eration of the MEA are assembled as follows:

— pT e —
V- (£ D!y, Vao,) — Ro,
_ﬁ (% D;fng,Ng or Hgﬁ'%HQO) - RH2O - R)\

= o¢ff .
-V ( }? V¢m> = Rpy+

. (2.46)
o) = B
\Y ( I ngs) = R,.-

= O'fr{f = Par ef f
-V (nd Vém + E—V;Djf w) = Ry

Table 2.1 shows at which area of the MEA domain each equation is solved.

Table 2.1 — Table of solution variables considered in isothermal MEA model.

Electrolyte potential, ¢,,
Membrane water content, A

Solution variable AGDL | AMPL | ACL | ML | CCL | CMPL | CGDL
Oxygen molar fraction, xo, v’ v v’
Water molar fraction, zp,0 v v v v v
Solid potential, ¢, v’ v’ v’ v’ v
v’
v’

COCK

v’
v’

The system of equations (2.46) is linearized using Newtown’s method, and dis-
cretized using the Bubnov-Galerkin Finite Element Method (FEM). The linear sys-
tem is solved using UMFPACK. Numerical method is explained in reference [11]. The
system of equations is implemented and openly available in OpenFCST [10].
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2.3 Kinetics Models

Several kinetics models are implemented in OpenFCST, i.e. the Tafel kinetics model,
the double trap kinetics model, the dual path kinetics model, and finally the Butler
Volmer kineitcs model. The Tafel kinetics model is commonly used to describe the
ORR, and is as follows:

V0, Vi,
. ref | COq CH, ack _ —
J=1Jo (Cref> ( ref) exp |:RT (EEq ((bs ¢m)):| ) (247>

Oo CH +

where 7 is the reaction rate in A/em>,, iy is the experimentally measured reference
current density, ¢; and c:ef are the local and reference species concentrations, -; is
the corresponding species reaction order, o is the cathodic transfer coefficient, E,,
is the experimentally measure equilibrium potential, and ¢, and ¢,, are the electric
and protonic potentials.

The dual path kinetics model, developed by Wang et al. [66], is used through-
out this work to resolve HOR rates. Wang et al. [66] proposed that the HOR can
be described as the contribution of two dominant pathways, the Tafel-Volmer (TV)
pathway and the Heyrovsky-Volmer (HV) pathway. Assuming minimal coverages
and negligible backwards reaction step, the following expression for current density

is used:

j — jOT (1 _ e—?Fﬂ/’yRT) + jOH (6F7]/2RT - €_F77/7RT6_F77/2RT) (248)

where jor and joy are the reference current densities for the TV and HV steps
respectively, n = F — E°? | £ = ¢ — ¢,,,, and 7 is the potential range constant.

Kinetic parameters used in this work are described in Table 2.2. The double trap
kinetic model, which is used and modified extensively in this work, is explained in

detail in the following section.

2.3.1 Double Trap Kinetics Model

Evidence for the existence of a double Tafel slope has been found experimentally and
studied extensively over several decades [7]. Despite the extensive research describing
the changing Tafel slopes, the majority of researchers do not account for the losses
from the change when performing fuel cell simulations. Wang et al. [6] proposed a
kinetic model for the ORR, consisting of 4 intermediate reaction steps, each step’s

rate depending on associated free energies of activation. This model exhibits the
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double Tafel slope behaviour, as well as predicting high coverage of oxides at low
current densities and low coverage in the high current densities.

Moore [7] reformulated the double trap kinetics model developed by Wang et al.
[6], correcting for the assumption of constant oxygen concentration, performing a
parameter estimation of the kinetic free energies of the intermediate steps, and inte-
grating the kinetic model with the two dimensional MEA model developed by Secanell
[11]. In this work, key theory of the double trap kinetics model is described, neglecting
certain details. For the full derivation please see Section 2.2.1 in reference [7].

Wang et al. [54] assumed that the ORR consists of four intermediate reaction
steps. These intermediate reaction steps produce and consume two adsorbed species;

O,4s and OH,4,. The four intermediate reactions are as follows:

1/209 < Ogqs Dissociative Adsorption (DA) (2.49)
1/205 + H" + ¢~ < OH ;s Reductive Adsorption (RA) (2.50)
Ouis + HY + ¢~ & OH,q, Reductive Transition (RT) (2.51)
OHugs + H" + e~ & H,O Reductive Desorption (RD) (2.52)

In the first reaction (2.49), known as the Dissociative Adsorption (DA) step, oxygen is
dissociatively adsorbed onto the catalyst surface, creating product and intermediate
reactant O,qs. No electron transfer occurs, therefore this is not an electrochemical
reaction and is not affected by solid or electrolyte potentials. In the second reaction
(2.50), the Reductive Adsorption step (RA), oxygen is adsorbed onto the catalyst
surface and reduced with protons, producing the adsorbed hydoxyl (OH,4s). In the
third step (2.51), the Reductive Transition step (RT), O,4s from the DA step reacts
with protons to create OH,g4s . In the forth and final step, the Reductive Desorption
step (RD), OH 45 is reduced with protons to form water.

Steps 2 - 4 (RA, RT, RD) are electrochemical reactions and therefore are depen-
dent on local solid and electrolyte potentials. As for reactant dependencies: the DA
step is dependent on the local concentration of oxygen, the RA step is dependent
on the local concentrations of oxygen and protons, the RT step is dependent on the
coverages of adsorbed oxygen and local concentration of protons, and finally, the RD
step is dependent of the coverages of adsorbed hydoxyl and local concentration of
protons.

Due to the reactants and products of each of the four described intermediate
steps, there exists two potential pathways for the ORR as shown in Figure 2.3. The

dominant pathway may change depending on overpotential and species coverages.
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1120, =B~ OH,y =2 H,0
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DA . RT .
1/2 02 ~ Oad ~ T - OHad *& HQO
+tH +e tH +e

Figure 2.3 — The assumed paths and intermediate species of the ORR [6]. Figure
reproduced with permission from reference [7].

The current produced by the overall ORR is composed of the rates of the inter-

mediate electrochemical reactions:

Jk = F(Vga + vir + vRD) (2.53)

In order for the RD step to occur, one of the two hydoxyl producing steps (RA, RT)
must also occur. Therefore according to reaction stoichiometry every time the RD
reaction occurs there has been transfer of two electrons, thus reaction current can be

expressed as follows:

Jk = 2FvRpp = 2jRrp (2.54)

Moore [7]’s derivation of the double trap kinetics model, omitted terms of proton
concentration. This omission was justified by Moore [7] by assuming that proton
concentration is constant within Nafion® electrolyte phase. This assumption is typi-
cally appropriate for ionomer filled agglomerates, however for water filled agglomer-
ates proton concentration typically differs from the reference values, as it will be later
shown in Section 3.4. Therefore to consider water filled agglomerates correctly using
the double trap kinetics model, the formulation is derived in this work to include
terms of proton concentration.

The rates of the individual reaction steps are calculated as follows:

3
C >k *
Jpa=7" (%) e A0DAlKT g, jremAGLpa/KT Y (2.55)

Co.

COQ Cu+

1
2
. « [ C CHy+ A o AGH
JRA =) <_roej") ( if) e AGRA/kTHPt —j%e AG_RA/k‘TQOH (256)
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C * *
jrr = §* (f—;}) e BCRr/KTY ) e AR /KT (2.57)
Ht

. x Crr+ _ * ok — *
JRD = ) (%) e AGRD/kTeOH —j%e AG*RD/kTQPt (258)
H+

Where AG? are the free energies of activation of each intermediate forward and
backward reactions, 6; are the fractional coverages of intermediate adsorbed species,

and j* is the reference prefactor for the reaction.

The individual free energies are as follows:

AG;, = AG,, AG* ., = AGE, — AGY, (2.59)
AGi, = AGL +Ben  AG* oy = AGY, — AGY,, — Ben (2.60)
AGip = AGY + Ben,  AG™ pp = AGE. — AGY,, + AGY — Ben (2.61)
AGip = AG, + Ben, AG* up = AG, + AGY,, — Ben (2.62)

The electrochemical reactions consist of a potential dependent term Sen, where e
is the charge of a single electron (to convert from volts to electron-volts), 3 is the
reaction symmetry factors (assumed to be 0.5), and 7 (equal to E — E®, where
E = ¢5 — ¢y,) is the local overpotential. Each reference energy of free activation
AG;? was calculated by Moore [7] using parametric parameter estimation.

Due to (2.54) the total reaction current is a product of the current produced in

the RD step, therefore it can be written as:

ji = 2 Cp+j* e 20r0/¥T g0y — 2% A r0 /KT, (2.63)

where C'y+ considers local proton concentration, and is equal to (iﬁi}' )

Ht+
It is assumed that the reactions are at steady state, therefore for the two possible
pathways as shown in Figure 2.3, the following relationships between coverages and

intermediate reaction rates are valid:

dé
dé
O — vpa+ Verr — vep =0 (2.65)

dt
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By substituting equations (2.55) to (2.58) into the above steady state relationships

(2.64) and (2.65), expressions for the coverages of intermediate species are obtained:

Co,9p49pt — 9—-pabo — Cr+grrbo + g—rron =0 (2.66)

Cu+Co,9ra0pt — 9-rabou + Cu+grrbo + 9—rrbou — Cu+grpbon + g—rpOpr = 0
(2.67)

~AGI/KT considers the activation state of the intermediate backward /-

1/2
602

forward reaction, and Co, = | =& considers local oxygen concentration, with a
C,
O3

reaction order or 0.5 corresponding to stoichiometry.

where g; = e

In order to obtain expressions for terms 6oy and 6o, equations (2.66) and (2.67)

are rearranged and solved to obtain:

Co,9p4(Cl+Cosgra+9-rp—Crt9grr)—(Chlyt Cosgra+9-rD)(Coy9pa+9-DA+C i grT)

Oon = (Coy9pa—9-rr)(Cx+Cos9ra+9—rD—Cltgrr)—(CHt Coygra+9g—ra+9-RrRT+C+ grRD+9—RD)
(2.68)
0, — Co,9p4(Cx+Coy9ra+9d—rA+9—RT+CrH+ 9grD+9—RD)—(CHt Coy9gra+9—rRD)(COy9DA—9g—RT)
o= (Cop9pa+9g-pa+Cytgrr)(Chy+ Cosgra+g-—ra+9-rRT+ChH+ 9rD+9-RD)—(Cly+ Cgra+9-rD—CH+ 9grT)(COs9DA—9—RT)
(2.69)

Using equations (2.62), (2.63), (2.68), and (2.69) reaction rates may calculated, based

on solid phase and electrolyte potentials, and oxygen concentrations.
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2.3.1.1 Effect of Proton Concentration on Double Trap Kinetics Model

A parametric study of the modified double trap kinetics model was performed in order
to assess the impact of proton concentration. Kinetic parameters used in this work
are described in Table 2.2. Results for two proton concentrations are represented in
Figures 2.4 to 2.9, the higher concentration (0.001818 mol/cm?) corresponds to the
reference concentration of sulphonic acid groups in Nafion® as shown in Table 2.2.
Figure 2.4 shows how reduced concentration of protons leads to radically different
coverage profiles. For reduced proton concentrations large quantities of O,4, and

OH 45 occupy the catalyst surface, due to reduced rate of the final RD step.

Table 2.2 — Electrochemical parameters for Kinetics Models

Parameter Value
Tafel Kinetics

joet A Jem? 1.69278 x 10~ exp (—_80987‘61(i L ))

8314 \T. 303.15
E..,V (70650 + 8T.In(T,) — 92.84T,) %52* + In(5"%) 83111
Q. 1.0
Y0, 1.0
coy! 1.6 x 107° mol /em?
el 0.0018 mol /em?
Double Trap Kinetics Model [67]
J* 1000.0 A/cm?
GY, 0.3907 eV
GO 0.7337 eV
&y 0.6094 eV’
G2 pa 1.0001 eV/
GO 0.5904 eV
GO 0.9811 eV’
Go, 0.278 eV
G%rp 0.098 eV
Dual Path Kinetics Model [66]
Jor 0.47 A/cm?
Jom 0.01 A/cm?
v 1.2
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Free Pt Sites

001818
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ey = 0.
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%h) 0.2 0.4 0.6 0.8 L0 12 0.0 0.2 0.4 0.6 0.8 10 1.2 ”’E’y,n 0.2 0.4 0.6 0.8 1.0 1.2
Over potential [V] Over potential [V] Over potential [V

(a') OHadS (b) Oads (C) Free Pt

Figure 2.4 — Intermediate species coverages fractions of platinum catalyst sites calcu-
lated using double trap kinetics model, for varying proton concentrations.
Units of concentration are in mol/cm?. Coverage profiles are similar to
reference [7]

Figure 2.4 shows that at lower proton concentration, higher O,4; coverage is ob-
served. This is due to the reduced rate of consumption of O,y by the forward RT
step as seen in Figure 2.6, which is hindered by the lack of protons. The increased
coverage of species O,q4s in turn acts to increase the rate of the backward DA reaction
as seen in Figure 2.5. For DA, RA, and RT intermediate reactions, the backward
steps are several orders of magnitude smaller than the forward steps and therefore do
not play a significant role in the production of adsorbed species, therefore the overall

rate of the DA step does not change significantly depending on proton concentration.

107° 10710

e = 0.001818
--= ¢+ =0.00001818 10-1
10712
2 i)
& & 108
Swe 5
§ g
o o
1071
106l — e =0.001818
—-= ey = 0.00001818
1077 10-17
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Overpotential [V] Overpotential [V]
(a) Forward Reaction (b) Backward Reaction

Figure 2.5 — Reaction rates of forward and backwards DA reaction steps.
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Figure 2.6 — Reaction rates of forward and backwards RT reaction steps.

Figure 2.4 shows that for lower proton concentrations, larger O H,45 coverages can
be observed at overpotential ranges > 0.4 [V]. This is due to the reduced rate of the
combined RD steps, as seen in Figures 2.5 and 2.9. Comparing RA and RT reaction
rates shown in Figure 2.7 with Figure 2.6 respectively, at 0.6 [V] overpotential, it can
be seen that the RA reaction step for high proton concentrations is dominant, with
a higher reaction rate therefore more O H 45, however at lower proton concentrations
the RT step becomes more significant. This change occurs due to the following: at
high proton concentrations the RT step proceeds fast enough to consume all O,q,
produced by the DA step resulting in the low O,4s coverages as observed in Figure
2.4, ultimately limiting the RT steps forward rate. At low proton concentrations both
RA and RT steps are severely hindered by their dependence on proton concentrations,

but the rate of RT step is improved by large O,4s coverages.

10
wil[— e = 000118 10750 O — ¢ = 0.001818
L2l | =- em = 0.00001818 1016 —-= ¢y = 0.00001818
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Overpotential [V'] Overpotential [V]
(a) Forward Reaction (b) Backward Reaction

Figure 2.7 — Reaction rates of forward and backwards RA reaction steps.

37



cp+ = 0.001818
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(a) Forward Reaction (b) Backward Reaction

Figure 2.8 — Reaction rates of forward and backwards RD reaction steps.

Figure 2.8 shows the backward and forward rates of the RD step. Figure 2.9 shows
the overall rate of reaction, which is directly proportional to the sum of the forward
and backward RD steps. It can be seen that the rate of the RD and RT steps predicted
using the double trap kinetic model vary in a non linear fashion with respect to change
in proton concentration. This non linear behaviour is due to the previously discussed
change in dominant pathway, which changes depending on proton concentraion and
overpotential. Ultimately with lower proton concentrations, the modified double trap

kinetics reaction rate (2.63) produces smaller rates of reaction as seen in Figure 2.9.

13| — ey = 0.001818

102l ---  eg+ =0.00001818
— 10"t
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3 Re
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107° - : : : :

0.0 0.2 0.4 0.6 0.8 1.0 1.2
E — E« [V]

Figure 2.9 — Current density per unit area of platinum calculated using double trap
kinetics model, for varying proton concentrations. Units of concentration
are in mol/cm3. Note: The reaction rate is given by equation (2.63), and
is a combination of the forward and backward RD steps from Figure 2.8.
E<1 is calculated for reference proton and oxygen conditions.
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Figure 2.10 - H' reaction order calculated using the improved double trap kinetics
model and equation (2.71)

Experimentally, the sensitivity of a reaction to a given reactant is estimated by

the reaction order, which is present in the Tafel kinetics equation, recall:

YOo Y+ F
. ref [ €Oz CH+ Qel'T)

€o, H+

where v0,, vy+ are the reaction orders of oxygen and protons. At constant over-
potential, temperature, and oxygen concentration, equation (2.70) can be rewritten

as follows:

log(j) = log(C) + yu+log <Cf;§> (2.71)
Crr

where C accounts for all constants. By evaluating this equation for different
proton concentrations cy+ the reaction order of protons v+ can be obtained. Figure
2.10 shows the reaction order of protons over a range of overpotentials, generated
using the improved double trap kinetics model. Predicted values of y5+ are similar
to values reported by A. Damjanovic [68], who reported vg+ equal to 1.5 for low
current densities and 1 for high current densities . Sepa et al. [69] notes that for
higher proton concentration, the linear region with slope equal to -120 6V//d log(i) is
extended to lower overpotentials. The proposed model exhibits similar behaviour, as
seen in Figure 2.9, where the linear region with slope ~ -120 6V/é log(i), starting at

~ 0.36 V, is longer at higher proton concentrations.
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2.4 Micro Scale Models

2.4.1 Introduction

Modern PEFC catalyst layers, which consist of Nafion® ionomer, and platinum loaded
carbon support particles (~ 40 nm in diameter [46, 70]), are fabricated using various
techniques such as doctor blade method, and ink jet printing. Depending on the ink
fabrication procedure, and ink drying process, various micro structures have been
observed. For conventional catalyst layers (~ 10 pum thick) carbon agglomerates are
often observed [5].

Carbon agglomerates are porous structures bound together by ionomer thin films.
The pore space within the agglomerates, know as primary pore space, is assumed
inaccessible to the CL porous network, due to the presence of the ionomer thin film.
The primary pores may be potentially filled with ionomer, or void filled [71, 72].
Wang et al. [25] proposed that these void filled primary pores become water filled
during fuel cell operation. In order to ensure humidification of pores, the water filled

model assumes steady state operation of a fully conditioned cell.

lonomer thin
lonomer filled Film
agglomerate core

lonomer thin
Film

Water filled
agglomerate core

(a) Ionomer filled (b) Water filled

Figure 2.11 — Agglomerate diagrams, demonstrating porous platinum loaded carbon
cores, which are filled with either water or ionomer. The core structure is
surrounded by an ionomer thin film.

Therefore in PEFC CL micro structure modelling, there exists several examples of
ionomer filled [5, 11, 29] and water filled [26, 66] agglomerate models . Agglomerate
models developed to describe mass transport and electrochemical processes, typically

make the following simplify modelling assumptions:
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e Pt|Carbon agglomerates are bound together by thin (~ 10 nm) ionomer films

e The external surface of the ionomer thin films are exposed to the CL gas filled

porous network

e Agglomerates geometries are described using simplified shapes, e.g. cylinders,

sphere, and overlapping spheres

e The carbon and platinum within the agglomerate core are connected to a con-

tinuous CL carbon network, i.e. they are electrochemically active

e The ionomer present in the agglomerate film and/or core is connected to a

continuous CL ionomer network

e The carbon agglomerates are homogeneous mixtures of platinum, carbon, and

electrolyte

e Electronic and protonic potentials are constant throughout the agglomerate

domain, equal to surface values (typically modelled via boundary conditions)

As mentioned in Section 2.2.4, in the multi-scale catalyst layer model acts as a
coupling between the macro scale FEM MEA model developed by [11] and the micro-
scale models, developed in this section. The macro scale FEM model provides the
micro-scale model with local operating conditions (w.r.t. a specific location in the
MEA domain), such as {Po,, Pu,, s, ®m, A}, as well as material properties and elec-
trochemical kinetic models. The micro-scale models in turn solve for these provided
operating conditions, and return values of volumetric current density to the FEM
MEA model.

In this work an additional type of micro-scale model is developed: the ionomer
covered catalyst particle (ICCP). Modern CL fabrication techniques result in micro
structural dimensions approaching the size of the primary catalyst particles [46],
therefore such structures cannot be described as agglomerates. The proposed model
is developed in detail in Section 2.4.4.

Other micro-scale descriptions also exist in literature, such as catalyst layer recon-
structions, typically based on FIB-SEM data, which attempt to describe CL micro
structure geometry in greater detail. These models are significantly more compli-
cated than agglomerate models, and therefore less suitable for integration in MEA
simulations, due to increase computational requirements.

In the following sections the micro-scale models are introduced and improvements
implemented as part of this work developed. Described micro-scale models are im-
plemented in OpenFCST [10].
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2.4.2 Tonomer Filled Agglomerate
2.4.2.1 Analytical expression

The agglomerate model described in this section, developed by Dobson [5], is an
ionomer filled agglomerate model, surrounded by a thin ionomer film. During steady
state operation oxygen diffuses through the ionomer film and into the agglomerate
core, where it reacts. It is assumed that reaction within the agglomerate core is
primarily oxygen limited. Proton transport is assumed to be very effective, therefore
it is not described in the model, and a constant protonic potential across the domain
equal to the surface value is assumed.

The oxygen limited problem in a porous catalyst, is solved using a method sum-
marized by Bird et al. [73]. The rate at which oxygen is consumed within in the

porous agglomerate core is as follows:

R02 = ErchOg, fle (272)

where FE, is the effectiveness factor of the core, k. is the molar reaction rate, and
Co,, f|c 1s the oxygen concentration at the film|core interface. E, is described using an

analytical solution of the oxygen transport in a porous catalyst [73]:

1 1 1
Er = oL (tanh(3¢L) - 3¢L) (2.73)

where ¢, is Thiele’s modulus, describing the relationship between reactant consump-

tion rates, and transport properties for a given geometry. For a spherical agglomerate,

the Thiele’s modulus is as follows:

Tagg k.
b1 = . 2.74
g 3 Deoj;f ( )

where DeOJ; 7 is the effective diffusivity of oxygen in the agglomerate core, calculated
for the agglomerate core porosity €,4, using the Bruggeman correlation (2.21).
The molar reaction rate k., is determined using the Tafel kinetics equation (2.47)

as follows:
sz’gef o F

k’c = e (1 _ gv) ‘_/aggcrozf exp |:ﬁ <Eeq - (¢S - ¢m) >:| (275)

The above formulation of k. assumes the oxygen reaction order 7o, is equal to one, and
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that the proton concentration species factor, as seen in equation (2.47), is also one.
The terms A,, 4F, (1 — ey ), and V,,, are applied to the kinetics equation to convert
the reaction rate from A/cm%, to mol/(s cm?). A, is the active area factor, describing
the experimentally measured electrochemically active platinum surface area per unit
volume of the catalyst layer. ¢, is the porosity of the catalyst layer.

The active area must be scaled correctly: firstly, in order to scale the active area
from the porous catalyst layer to the catalyst layers solid phase it is divided by
(1 —ey). Next, in order to scale the active area from the total agglomerate volume,

to the electronically active core, it is divided by VGQQ, which is described as follows:

47rrggg 3
V o ‘/core o 3 o Tagg (2 76)
agg — = 3 = 3 .
Vagg —477(”99; Sagg) (Tagg + 51199)

The radius, film thickness, and porosity of a spherical agglomerate are related to CL

ionomer volume fractions by the following expression:

4
ggL = gﬂ-n[rggggagg + ((Tagg + 5agg)3 - 7a(z‘;gg)] (277)

where n is the number of agglomerates per unit volume of the catalyst layer, calculated

as follows:
CL
€g
%Wrggg(l - 5‘199)

Two of the following variables {r,qg, 0agg, €agg} must be supplied as input parameters
for equation (2.77), which in turn is solved to find the third unknown. A linear
analytical expression for unknown variable {d444,€ag9} cannot be obtained, therefore
equation (2.77) must be solved using iterative methods. In this work Newton’s method
is used to solve the non linear equation.

The concentration of oxygen at the agglomerate core surface co,, f|c, required by
equation (2.72), depends on the mass transport limiting effects of the ionomer thin

film. For a spherical shell, Fick’s law (2.8) may be written as follows:

dCO2 _ N02 _ 1 F02
dr DOQ,N 471'7“2 DOQ,N’

(2.79)

where Ny, is the flux of oxygen.
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For steady state operation, the reactant consumption rate must be matched by
the total flux through the film, i.e.:

F02 = N02 . 471'7’2. (280)

Combining equations (2.80) and (2.79), substituting for Np,, and integrating over the
thin film domain, the concentration of oxygen at agglomerate film|core interface is as

follows:

5agg F O2
Tagg (Tagg T Oagg) 47 Doy N ’

COy, fle = COu, glf — (2.81)

where co,, |5 is the oxygen concentration at the gas/ionomer film interface at the

outer boundary of the agglomerate, and is obtained with using Henry’s law (2.24).

Total oxygen consumption within the agglomerate core is described as follows:

4mrd
F02 == ROQVQQQ == ErchOg, fle 3 . (282)

Combining equations (2.82) and (2.81), an expression for the concentration at the

inner boundary is obtained:

2 —1
5‘1_(]_(]Tagg Erkc + 1:| ’

Tagg + Oagg) Doy N

€Oy, fle = €Oz, glf |:3 ( (2'83)

equation (2.72) is modified to express the total current produced by the agglomerate

volume,
lagg = 4F VaggErkecoy, fic- (2.84)

Combining equations (2.83) and (2.84), the final expression for the agglomerate cur-

rent density is obtained as:

_ P 1 OaggT?
gy = AF Vygg—22 99_a99

a n 2.85
9 HOQ,N Erkc 3 (Tagg + 5&99) DOQ,N ( )
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In order to quantify the impact of micro-scale mass transport limitations, an

effectiveness factor is developed as follows:

B = e (2.86)
Yideal

where 7;4.; is the current that would be produced by the agglomerate, if the mass

transport was infinitely fast, given as:

lideal = 4}7‘_/51991{700027 alf (287)

2.4.2.2 Numerical Model

The analytical agglomerate model presented in Section 2.4.2.1 has several limitations:

e The oxygen reaction order, ypo, must be equal to 1. Experimentally however,

the oxygen reaction order has been observed at values less than 1 [41, 42, 74, 75].

e Transport and electrochemical properties across the agglomerate core must be

constant

e Proton transport mechanisms are not modelled, and protonic potential is as-

sumed constant

e Oxygen dissolution from the gas phase to the ionomer thin film is assumed to

be an equilibrium process

These limitations inspired the development of a more flexible numerical ionomer
filled agglomerate, developed by Dobson [5]. The numerical model addresses the
limitation stated above, allowing use of different kinetics models, varying domain
properties, analysis of proton transport processes, and non equilibrium boundary
conditions. The transport of species {Oy, Hy, H1} are describe using the steady state
mass balance (2.45). Determination of individual fluxes is described in proceeding
paragraphs.

Protonic charge transport, in the ionomer thin film and ionomer filled core, is
described using the Ohms Law, i.e. equation (2.2), since convective transport can be
assumed negligible (7 ~ 0), and diffusive flux can be assumed negligible since proton
concentration is equal to the concentration of homogeneously distributed sulphonic
groups in Nafion® i.e., cy+ = Cs0; - Therefore proton charge transport in the ionomer

filled agglomerate is described as follows:
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ool f

Nuw = =72V, (2:88)

where 0¢// is the proton conductivity, determined using equation (2.19), with values

of X\ supplied by the macro scale model, modifying the Bruggeman correction to use

€agg (agglomerate porosity) instead of ey (macro scale Nafion® volume fraction).
The consumption and production of protons, sorbed oxygen, and sorbed hydrogen,

are calculated throughout the agglomerate core domain as follows:

JAva

TFQQ (2.89)

R, ==+
where current density j A/cm%,, is dependent on a combination of local reactant
concentrations {cy,, co,,cy+} and the local electrolyte and solid phase potentials
{bm, ¢s}, and is calculated using the kinetics models as described in Section 2.3, and
Ay agg is the volumetric active platinum surface area scaled to the agglomerate as
follows:

Ay

Apggg = ——————— 2.90
,agg (1 - 5V) ‘/;ng ( )

Combing proton flux (2.88) and source term (2.89) in the steady state mass balance
relationship (2.45), a expression for the change in protonic potential is obtained:

V. [af,{fﬁqsm] - i%. (2.91)

The right hand side of equation (2.91) will be negative for the cathodic reaction
(due to the consumption of protons), and positive for the anodic reaction (due to
production of protons).

Convective reactant (oxygen or hydrogen) flux is assumed negligible, therefore,
flux is described using Fick’s Law (2.8). The core consists of a porous platinum
loaded carbon network filled with ionomer. Effective transport properties within the
core are calculated using Bruggeman relation (2.21). In the ionomer thin film bulk
diffusive properties are used. Agglomerate radius, film thickness, and porosity are

calculated by the same methods as described for the analytical expression.
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Combing Fick’s Law (2.8) with the reactant source term (2.89) in the steady
state mass balance relationship (2.45), the following expression is obtained to analyze

reactant transport,

V- [fof (ﬁci)] - (2.92)

where reactant ¢ is oxygen for the agglomerates existing in the cathode, and hydrogen
for the anode.

Dirchlet boundary conditions are applied for solution {co,, ¢m,, ¢m}. The values
are determined using values of {Pp,, P, ¢} supplied by the multi-scale catalyst
layer model. Concentrations of gaseous reactants oxygen and hydrogen which dissolve
into the ionomer thin film are typically calculated using Henry’s law (2.24). In using
Henry’s law it is assumed that the dissolution of gaseous species into the ionomer
thin film is an equilibrium process, however this may not be truly representative of
actual mass transport phenomena occurring at the ionomer thin film interface.

Suzuki et al. [48] proposed a non equilibrium boundary condition, where oxygen
dissolution is based on a dissolution kinetic model. An expression for the flux of

oxygen between the two phases is as follows:

NOz = _ka (Cglg, glf — €O, g|f)7 (293>

where No, is the flux of oxygen between the two phases, ko, is the dissolution reaction
rate constant, cgq% olf is the equilibrium concentration computed using Henry’s Law ,
and co,, 45 is the oxygen concentration existing at the gas|film interface. Values for
the dissolution reaction rate constant were obtain experimentally by Suzuki et al. [48]
by observing oxygen-limited kinetic behaviour of the ORR on planar electrodes.
Solid phase, ¢, is assumed to be constant across the agglomerate, therefore re-
actant transport and charged species transport, coupled with consumption source
terms, is described by by equations (2.91), (2.92), (2.8),(2.88). Due to one dimensional
spherical symmetry, the system of equations is expressed in spherical coordinates, as

follows:
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( 8002 . N02
A~ - eff )
Oxygen: azn Do, )
ON, 2 - Too .
L 892 :_7N02+4_;?Za
" (2.94)
( 0o, .
¢A = _NHJU
) 87" O_eff
Protons: - m 9
ONie 2, 4 Tom,
ST A
where 17 = #997 Rogg = Tagg + Oagq , and N, = —N;R,44. These dimensional transfor-

mations are performed in order to increase numerical stability of the entire system.

To solve the system of ordinary differential equations the software package COLDAE|76]
is used. COLDAE, developed in FORTAN 77, is a numerical solver capable of solv-
ing systems of boundary value mixed order fully implicit boundary-value ODEs.
COLDAE uses piecewise polynomial collocation method to solve ODE systems. For
the given system of equations (2.94), COLDAE permits fast evaluation, making full
scale multi-scale simulations with embedded numerical micro-scale models computa-
tionally feasible. Unlike the analytical expression of the ionomer filled agglomerate,
the numerical expression contains many implicit terms, which are made possible using
a numerical solver.

At high current operating conditions, low values of reactant concentration due to
reactant starvation, result in poor numerical stability of the discussed model, due to
reduced floating point number accuracy. As mentioned before, several dimensional
transformations are applied to the model in order to increase the magnitude of the
solution variable. The reformulation significantly improved convergence, however
under certain operating conditions convergence issues are still prevalent. To further
improve convergence an initial solution framework is implemented, as discussed in
Section Appendix A:

Once the solutions for reactant and electric potential have been obtained, post
processing is performed to calculate the overall volumetric current density produced

by the agglomerate as follows:

) 1 [t4 o R
lagg = V_/o —W(TRagg):ij(T)Av’agg dr (2.95)

agg 3
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Similar to the analytical ionomer filled agglomerate model, effectiveness F is calcu-

lated using equation (2.73), where 444 is as follows:

‘/core
Vagg

J(7=1)Apagq (2.96)

iideal -

2.4.2.3 Graded Agglomerates

Typically it is assumed that the platinum active catalyst reaction sites (active area)
are homogeneously distributed throughout the agglomerate core. This assumption
however is a simplification of the actual micro-scale morphology. Banham et al.
(77, 78] reported that platinum may reside on the surface or within the carbon sup-
port material as discrete particles, depending on choice of catalyst support material.
Cetinbas et al. [27] modelled discrete platinum particles within an ionomer filled
agglomerate and reported their inclusion to be significant in predicting performance
losses due to low Pt loading, however this work was not performed within a multi-scale
framework, and model parameters rq4,, dqgy used are unrealistically large, therefore
further analysis is warranted.

The previously developed agglomerate models included in this work are based
on diffusion through a one dimensional domain and therefore cannot be modified to
describe the discrete catalyst particles within the agglomerate core. The existing
numerical agglomerate models can however be modified to grade the distributions of

active area within the agglomerate core as proposed by Jain et al. [22].

(a) Homogeneous Core (b) 2 Domain Graded Core  (c¢) 3 Domain Graded Core

Figure 2.12 — Graded agglomerate diagrams. Platinum is distributed throughout the
domain whilst total amount of platinum is conserved.
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In this work the agglomerate core is subdivided into shells, each with different
platinum densities, as visualized in Figure 2.12. The reaction source term (2.95) is
modified, replacing the constant term of active area A,, with a location dependent
function A,(r). The density of platinum in each spherical shell is determined by
associated weight w;. Using a set of weights, platinum is redistributed throughout
the agglomerate core, whilst conserving the total original amount of active area.

Firstly given a number of platinum loading weights, n,,, the outer radial position

of each corresponding shell is calculated as follow:

r, = Tagg i for i=1,2,...,n, (2.97)
Ny

Then a cumulative weight W, based on the list of supplied weight w; is calculated as

follows:
4 3 3 :
W = 5 wigﬁ(ﬁ- - ) for i=1,2,...,n. ro=0 (2.98)

The cumulative weight W is used to normalize the product of the total active area
A, and the associated weights w; in order to conserve A, throughout the agglomerate

core. Finally the value for active area in each shell A, ;, is calculated as follows:

Avi:
’ w

for 1=1,2,...,n (2.99)

where V' is the volume of the agglomerate core. Now using A,(r), the value of active
area using in equation (2.95) may change depending on radial position r. Model

performance for various agglomerate active area gradings is assessed in Section 3.3.3.

2.4.3 Water Filled Agglomerate
2.4.3.1 Numerical Model

The numerical water filled agglomerate model, developed by Wang et al. [25], is similar
to the numerical ionomer filled model presented in Section 2.4.2.2. Reactant (oxygen
or hydrogen) transport is described using Fick’s Law (2.8). Same as the numerical
ionomer filled model. Experimentally determined bulk diffusion coefficients are used
to describe the transport of reactants in the ionomer thin film, whilst the Bruggeman
correlation (2.21) is used to compute effective transport properties within the water

filled porous core.
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Within the water filled core proton transport is described using the Nernst Plank
equation (2.1). =

[ - F = i
V- Dljcf’Hzo(VcH+—l—ﬁcH+V¢m) =+ (2.100)

where convective transport has been assumed negligible. In order to describe the
gradient of electrolyte potential within the water filled domain, Poisson’s equation is
used:

- _F
V2 = 5—50(% —cr-) (2.101)

where g is the electrostatic permittivity of free space, € is the relative permittivity of
the medium, in this case water, c;+ and c¢;- are the concentration of positively charged
and negatively charged ionic species. Within the ionomer thin film the concentration
of negative ionic groups is equal to the concentration of sulphonic groups in Nafion,
ie. c;- = C50; and within the water filled core this value is typically equal to zero
but may be modified to represent the presence of surface charge existing on carbon
surfaces [26]. The concentration of positively charged ions throughout the domain is
equal to the unknown proton concentration, i.e. c;+ = cy+.

The final system of equations in spherical coordinates is as follows:

Oxygen:
- e dc
| No, = Dgl 52,
(15 27T
w2 o (7’ NH) =5
Protons: . N (2.102)
Ny = Di}cf (E,QCH + %CHP> + ;g,gi,
\

Protonic Potential:

Again the system of equations (2.102) is solved using COLDAE, resolving {co,,cy+,No,,
N, H+,¢m,§¢m} throughout the water filled agglomerate domain. The final current
density produced by the agglomerate 7,4, is calculated using equation (2.95), agglom-
erate effectiveness F is calculated using equation (2.73), and ideal current density

lidea; USINg equation (2.96).
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Improvements made to the numerical ionomer filled agglomerate model (catalyst
grading, non-equlibrium boundary condition, initial solution framework, and paral-
lelization) were also implemented for the water filled agglomerate mode. Improve-
ments in convergence allow for a comprehensive characterization of the water filled
agglomerate model to be performed in this work - Section 3.4. Finally improvements
to the double trap kinetics equation described in Section 2.3 allow for evaluation of

the water filled model using Double trap kinetics for the first time.

2.4.4 Tonomer Covered Catalyst Particle

Many recent studies of PEFC CL micro structure report structural dimensions of the
order of ~ 50 nm [5, 46]. These dimensions are similar to the size of common catalyst
support materials, Vulcan XC-72R ~ 40 [nm] [46], and Ketjenblack ~ 40 [nm] [70].
For low surface area carbons, platinum has been observed to reside on the outer
surface [77, 78]. Therefore the following PEFC micro structure is proposed. The
Ionomer Covered Catalyst Particle (ICCP): an individual carbon support particle,
with platinum residing on it’s surface, surrounded by a thin ionomer film. The model

described in this section is developed to assess such structures.

Figure 2.13 — Diagram of ICCP. Assumed structure is spherical carbon particle, with
even distribution of platinum on exterior carbon surface, surrounded by a
thin ionomer film.

The Ionomer Covered Catalyst Particle model presented in this section assumes a
single spherical carbon particle, surrounded by an ionomer thin film. The surface of

the sphere is uniformly covered with platinum. Oxygen must diffuse into the ionomer
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thin film, to the spherical surface where it will react on the platinum catalyst surface.

Volumetric current density of the simple catalyst particle is obtained as follows:

: J(cos, f1c) " As  J(Coy, fic) + As
tagg = = 1 (2103)
% 57”’299

where j(co,, f|c) is the current per unit area of platinum, calculated using kinetics
models as discussed in section 2.3, a function of the oxygen concentration at the
ionomer film|carbon interface co,, . , and A, is the total active platinum surface

area, calculated as follows:

4
A=AV = Avgw?’ (2.104)

agg

In order to obtain the current produced by the Ionomer Covered Catalyst Particle,
the concentration of oxygen at the catalyst surface must be resolved. As before diffu-
sive flux of oxygen in Nafion® is described using Fick’s law in spherical coordinates,

assuming spherical symmetry:

No, = —Do, n

(2.105)

At steady state the total consumption of oxygen must be equal to the total flux

through the spherical surface, as follows:

Fo, = —No, 4nr? (2.106)

Therefore the change in concentration in a spherical domain can be described as

follows:
d602 B 1 F o

dr — 4mr? Do, N

(2.107)

Integrating equation (2.107) across the thickness of the ionomer thin film an expres-
sion for the difference in oxygen concentrations at the ionomer surface (745 + 6ag9)

and Nafion|carbon interface (744,) is obtained:

(ragg+dagg) F (Tagg+dagg) 1
/ deo, = —22— / —dr (2.108)
Tagg 47TD027N Tagg T
COQ’g‘f - COQ’flc — 1 FOQ (2109)
dagg Tagg(Tagg + agg) 47 Doy N
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The total oxygen consumption due to the electrochemical reaction is as follows:

j(COz, f\C) - Ag
Fo, = —="2"""— 2.110

Finally an expression for the in turnal oxygen concentration is obtained:

dagg j(cos, fIC) - Ag
Tagg(Tagg + Oagg) 16FTDo, N

COs, fle = COa, g|f — (2.111)

Equation (2.111) is a non linear equation, since it contains an implicit expression of
current density j(co,, ). Therefore equation (2.111) must be solved iteratively using
Newton’s method.

Newtons method is as follows: firstly any equation can be expressed as a residual,

as follows:

R(u) =0 (2.112)

where u is the solution variable of residual function R. Applying an infinitesimal

perturbation and a Taylor expansion the following relationship is obtained:

N OR(u")

R(u™) = R(u" + 6T) = R(u™) B

(6u) + O(0u?) (2.113)

where du is the variation of the solution. The second order terms are neglected

O(0u?), and since R(u"™') = 0 the linearized equation becomes:

OR(u")
ou

(—ou) = R (u") (2.114)

The variation of u, du, is iteratively solved to find a new solution u"*!, as follows:

"t =u" + du (2.115)
where
R (u™)
= — 2.11
= TR (2.116)



The Newton step process, equation (2.115), is repeated until the residual R(u"*)
is sufficiently close to zero, i.e. the obtain solution of u satisfies condition (2.112).

The concentration of oxygen at the gas|Nafion® interface cp,, 4y may be ob-
tained using two different assumptions. Firstly if an equilibrium adsorption process of
gaseous oxygen into Nafion® is assumed then co,, 4y may be described using Henry’s
law - equation (2.24). In this case equations (2.24), (2.103), (2.111) can be solved to
determine volumetric current density.

Alternatively the boundary condition proposed by Suzuki et al. [48], discussed in

Section 2.4.2.2, can be used, recall:

NOz = _k02(002 - Cglg) (2117>

where ko, is the experimentally measured dissolution rate coefficient, and 0372, the
equilibrium oxygen concentration, is obtained using Henry’s law. In this case equation
(2.111) is valid, however a new expression is needed for co, g4/;.

At steady state the total flux of oxygen through oxygen through the gas |film
interface is equal to the rate of consumption:

R0247rr3gg = Noy(Tagg + Oagg) 4T (Tagg + Gagy)? (2.118)

where Rp, is the reactant consumption rate at the carbon surface per unit area

surface:

j(COQ, f\C) ’ As
Ro, = 2z lel s 2.119
27 YF A2 (2.119)

agg
Combining equations (2.117), (2.118), (2.119) an expression for co,, 4 is obtained as:

C =Y . j(CO% f\c) A
O2, g|f O2,9lf  16F - W(Tagg + 5ag9)2k0

(2.120)

Equation (2.111) can be combined with Henry’s Law (2.24) or the derived expression
for the non equilibrium boundary case (2.120), linearized and solved using Newton’s
method. Finally the obtained value for co,, f|. is used with equation (2.103) to obtain

volumetric current density.
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2.4.5 Poly Disperse Micro Structure Distributions

A wide range of experimentally measured agglomerate sizes have been reported to
date [5]. Values in the range of 50 nm to 1000 nm have been observed. Epting et al.
[46] obtained agglomerate radii distribution using x-ray scanning techniques. Based
on this work, Epting and Litster [1] calculated micro-scale reaction rates based on a
combination of ionomer filled agglomerates, using model developed by Sun et al. [29].
Epting states that poly-disperse agglomerate size distributions have a significant effect
on the accuracy of PEFC simulations, and that significant errors are encountered when
a mono-disperse system is assumed.

Epting and Litster [1] assume that the boundary oxygen concentration and electric
potentials of every agglomerate is the same. With this assumption a connected sys-
tem of agglomerates is not truly studied, but instead a consolidation of agglomerate
models operating in isolation. Crucial features of the multi-scale macro/micro-scale
interactions, such as the varying reactant and potential profiles are not considered.
Therefore the topic of poly disperse radii distributions warrants further efforts. Fur-
thermore, besides a dimensional distribution of micro structures existing, a distri-
bution of different types of micro structure morphology may also exist, e.g. single
carbon particles, bodies of pure nafion, or carbon agglomerates.

In this work a poly disperse agglomerate framework is developed, whereby a com-
bination of different agglomerates can be considered in a MEA simulation. The combi-
nation may include any type of micro structure implemented in OpenFCST. Several
instances of the same type of micro structure may be described, each with unique
structural parameters. Current density i;,; for the combination of micro structures is

calculated as follows:
ot = Y1705 (2.121)

where ¢; is the current density produced by corresponding micro structure j and v;
is the corresponding volume fraction that micro structure type.

Using the developed framework, the effects of agglomerate size distributions de-
scribed by Epting and Litster [1] are considered in a full multi-scale MEA simulation
for the first time. Results are presented in Section 3.3.5. Additionally the combination

of different micro structural morphologies is explored in 3.6 .
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Chapter 3

Results

3.1 Introduction

The purpose of PEFC reaction and transport modelling is to better understand PEFC
performance. To this effect micro-scale models are employed to better characterize the
mass transport limited operating region. In this section micro-scale mass transport

mechanisms are explored, with focus applied to the following questions:

e How do mass transport mechanisms affect micro-scale model performance?

e How does micro-scale model performance affect the macro-scale catalyst layer

model?

e For what range of operating conditions and parameters are micro-scale transport

phenomena significant?

e [s the mathematical description of MEA structure and transport phenomena

an accurate description?

Throughout this section simulation results' are performed using parameters de-
scribed in Section 3.2. Model parameters were experimentally determined for MEA
provided by the National Research Council Canada - Institute for Fuel Cell Innovation
(NRC-IFCI) [5, 7, 12]. Experimental data for this MEA was published previously by
[5]. MEA performance data is available as polarization curves sets for given operating

conditions (varying relative humidity, operating temperatures, and pressures).

! Areas of analysis performed in Sections 3.3.2, 3.3.4 have been published in reference [67], and
were contributions by the author of this work. Moore was primarily responsible for kinetics, and non
equilibrium boundary conditions, whilst Wardlaw was responsible for analysis of proton conductivity
and comparison of numerical and analytical agglomerate models.
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3.2 Base Parameters

The following parameters are used in individual agglomerate and multi-scale MEA
simulations, unless otherwise stated. As discussed in the previous section MEA pa-
rameters are determined experimentally [5, 7, 12], and corresponding polarization
curves are available for comparison [5]. Layer and micro structural properties de-
scribed in Table 3.4 are results of the agglomerate assumption and properties de-
scribed in Tables 3.2, and 3.3.

Unless otherwise stated the anode catalyst layer is typically described using a
multi-scale catalyst layer model with embedded ionomer filled agglomerates, using
the dual path kinetics model to determine HOR rates. The cathode catalyst layer is
typically described using a multi-scale catalyst layer model with embedded ionomer
filled agglomerates, using the double trap kinetics model to determine ORR rates.

All kinetic parameters are described in Table 2.2.

Table 3.1 — Electrode geometry

Parameter Value
Channel width 0.1 cm
Current collector width 0.1 cm
GDL thickness, L% 250 pm
MPL thickness, L™ 50 pm
CCL thickness, L 10 pum
ACL thickness, Lo 3.33 pm

Membrane thickness, L™ 25 um
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Table 3.2 — GDL, MPL, and CL physical properties

Parameter Value

Constants

PPt 21.5 g/cm?, [43]

Pe 1.25 g/cm?, estimated in-house using MIP
PN 2.0 g/cm?, [43]
Membrane Properties

EW 1100 g/mol

GDL physical properties

Eth 0.118

e 0.6

MPL physical properties

e’ l 04

€th 0.118

p 2 [31]

CL physical properties

€th 0.25884, estimated from [82]
1 2.0

Nafion® loading, 30 %wt

Pt|C 0.46

mpt 400 mg/cm?




Table 3.3 — Electrochemical, transport, and global constants for the agglomerate sim-

ulations.
Description Variable Value
Agglomerate structure
Agglomerate radius Tagg 100 nm
Agglomerate porosity €agg 0.17 [12]
Electrochemical constants
CL Active surface area of Pt A, 2.00 x 10° cm? Pt/cm?® CL [67]
lonomer transport constants
Bulk Oxygen diffusion coef. Do,n  9.726 x 107° cm?/s, [83]
Bulk proton diffusion coef. Dy+w 92 x107° ecm?/s, [12]
Henry’s constant Oy Ho,n  3.1664 x 10" Pa cm?®/mol, [29]
Henry’s constant H, Ho,n  6.69 x 10'° Pa cm?®/mol
Relative permittivity €r 20.0
Density p 2.0 g/cm?
Equivalent weight EW 1100.0 mol SO5 / gary
Water transport constants [5]
Bulk oxygen diffusion coef. Do,w  9.19 x 107° cm?s
Bulk proton diffusion coef. Dy+w  9.2x 1075 cm?s
Relative permittivity €r 60.0
Global constants
Universal constant R 8.314 J/mol K
Faraday’s constant F 96485 C/mol
Permittivity of free space €0 8.854 x 107 C%/J cm
Boltzmann constant K 8.617332478 x 107 eV /K

Table 3.4 — Layer and micro structural properties resulting from micro structural
assumptions and other properties described in Tables 3.2, and 3.3.

Description Variable Model Value

Agglomerate film thickness O fitm Water Filled 11.6628 nm
Tonomer Filled 6.91945 nm

Catalyst Layer Porosity Ev Water Filled  0.338656
Tonomer Filled 0.419408
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Table 3.5 — Local operating conditions

\ Low Current Density \ High Current Density ‘

b 0.77 V 0.3V
b 20.005 V 02V
70, 0.15 V 0.15 V

3.3 Ionomer Filled Agglomerate

In this section geometric features, mass transport phenomena, and electrochemical
phenomena, described using the improved ionomer filled agglomerate model are as-
sessed for there significance to PEFC performance, and their potential in explaining
PEFC mass transport limited behaviour. In this section analysis is performed for a
full MEA, with key focus on the cathode catalyst layer. The anode catalyst layer is

studied in greater detail in Section 3.5.

3.3.1 Kinetics

The Tafel and double trap kinetics models, as described in Section 2.3, are evaluated to
determine reaction rates, using the parameters described in Table 2.2. Local operating
condition as described in Table 3.5 were chosen based upon maximum and minimum
overpotentials observed in CCL. Values for current per unit of platinum catalyst
surface are shown in Figure 3.1. It can be seen that the Tafel model is more sensitive
to overpotential as compared to the double trap model, and predicts significantly
higher reaction rates.

The high sensitivity of the Tafel kinetics model to overpotential is due to the
standard value of the cathodic transfer coefficient o, being equal to 1.0. Parthasarathy
et al. [74, 75] reported a value of 0.5 at high current densities, an apparent doubling
of Tafel slope. It is hypothesized that the doubling of the Tafel slope occurs due to
a change of significant reaction path way - see Section 2.3. The operating conditions
and rate at which a,. changes from 1.0 to 0.5 is difficult to implement using the
Tafel kinetics equation. The double trap kinetics is favourable in this regard, since it
naturally exhibits a doubling of Tafel slope [7].

Simulations of individual numerical ionomer filled agglomerates for base case pa-
rameters as described in Tables 3.3 and 3.4 were performed using both the Tafel and
double trap kinetics models, at operating conditions described in Table 3.5. Figure
3.2 shows reaction rate profiles within ionomer filled agglomerate cores. At high over-

potentials, high reaction rates for the Tafel kinetics case, as shown in Figure 3.3(b)
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leads to severe reactant starvation within the ionomer agglomerate core as seen in

Figure 3.3.

07— Tafel Kinetics

11| === Double Trap Kinetics
T
2
= 10! PPt
2 .-
2 10 o
o @iae
b 3 S
§ 10
5 b
O 107°

07 .

10~° . . . . .

0.0 0.2 04 0.6 0.8 L0 1.2

Overpotential [V]

Figure 3.1 — Current density per unit area of platinum calculated using double trap
and Tafel kinetics models for typical range of overpotential observed in
CCL. Note how the Tafel model is more sensitive to over potential. cy+ =
0.001818 mol/cm? | cp, = 4.8 x10~7 mol/cm?
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Figure 3.2 — Current density profiles across ionomer filled agglomerate cores using
double trap and Tafel kinetics models.

62



x10°7

5><I()’7

4.80

4.70

co,[mol /em?

2

— Tafel LCD

DT LCD

/

g —  Tafel HCD
- DT

HCD

co,lmol /em?]

[

1.60

80

100

60 80

100

40

60

r [nm]

(a) Low Current Density

(b) High

r [nm]

Current Density

Figure 3.3 — Oxygen concentration profiles across ionomer filled agglomerate cores
using double trap and Tafel kinetics models.

Figure 3.4 shows that the use of double trap kinetics model leads to lower reaction

rates at high overpotentials as compared to the Tafel kinetics case.

Agglomerate

effectiveness, equation (2.86), describes how effectively catalyst surface area is utilized

considering mass transport limitations. Figure 3.4 shows that the Tafel kinetics case

exhibits relatively low effectiveness as compared to the double trap kinetics case.
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Figure 3.4 — Parametric study of individual ionomer filled agglomerates using double
trap and Tafel kinetics. Solid lines correspond to current density, dashed

lines correspond to agglomerate effectiveness.
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The poor effectiveness observed for the Tafel case in Figure 3.4 is due to the
rapidity of the reaction rates predicted by the Tafel kinetics model, leading to reactant
starvation in the core as seen in Figure 3.3. The more subtle rate of reaction as
predicted by the double trap kinetics model permits oxygen to diffuse within the
agglomerate core more easily at high current densities, as seen in Figure 3.3, allowing
reaction to occur at inner platinum sites, increasing agglomerate effectiveness.

MEA simulations were performed using a MEA model with multi-scale cathode
catalyst layer and embedded ionomer filled agglomerates. Simulations were performed
using both the Tafel and double trap kinetics models for comparison purposes. Figure
3.5 shows polarization curves for the simulated cases, and experimental data for
comparison. It can be seen that the double trap kinetic case produces less current
as compared to the Tafel kinetics case, and produces simulation results more similar
to experimentally observed. Since the presented MEA model does not account for
the formation of liquid water, the value of RH in the solution may exceed 100 %.
Simulation results after this point should be heeded with caution, since the inclusion
of liquid water would impose significant gaseous transport losses. However due to
choice of parameters in this work (temperature and relative humidity of input gas),

over saturation only occurs at very large current densities.

0.9 : : : : :
N — Multi-scale CCL Tafel
0.8 \ --- Multi-scale CCL DT
¢+ ¢+ Experimental Data
0.7+
=
8 0.6}
[
Q9
£ 0.5/
o)
O
0.4}
0.3F

030 05 1.0 15 2.0 25 3.0
Current Density [A/cm?]

Figure 3.5 — Polarization curve for PEFC using ionomer filled agglomerates using
double trap and Tafel kinetics. Diamond markers signify point at which
MEA simulation exceeds 100% RH.
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The presented micro-scale results seen in Figure 3.4 show a large difference in
predicted current density, greater than a factor of 8, when comparing the Tafel kinetics
and double trap kinetics cases. However, when considered in a multi-scale simulation,
as seen in Figure 3.5, the effect of kinetic model choice is more subtle. The parametric
study of agglomerates as shown in Figure 3.4 considers agglomerates operating at
identical oxygen concentration, not truly accounting for the local variations in oxygen

concentration that occur throughout the MEA domain as shown in Figure 3.6.

O2 Molar Fraction O2 Molar Fraction

109077 .107602
0.1 E0.1
EO'OS E0.0B
EO'O() EO.Dé
0.048861 0.04647
(a) Tafel Kinetics (b) Double trap kinetics

Figure 3.6 — Oxygen concentration profiles across CCL at 1.5 A/cm? cell current
density with different kinetics models.

Figure 3.7 shows reaction rate contours across the CCL at 1.5 A /cm? cell operating
potential. It can be seen that for the Tafel kinetics case reaction rates are more
intensely concentrated at the left hand side of the cell, as compared with the Double
trap Kinetics case. Additionally it can be seen in Figure 3.8 that the double trap
kinetic case predicts more effective catalyst utilization. This result is consequential for
CCL design: a common optimization strategy for the reduction of expensive platinum
catalyst is to improve agglomerate effectiveness, but when the CCL is considered using
the Double trap kinetics model the potential for improvements in effective catalyst

utilization are diminished.
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Figure 3.7 — Current density profiles across CCL at 1.5 A/cm? cell current density

with different kinetics models.

Agg Eff (%)
.880578

0.8
0.7

0.6
EO.S
0.402947

(a) Tafel Kinetics

Agg Eff (%)
913038
0.9

0.8

o7

0.6
0.591712

(b) Double trap kinetics

Figure 3.8 — Agglomerate effectiveness profiles across CCL at 1.5 A/cm? cell current

density with different kinetics models.



The significance of multi-scale catalyst layer model with embedded agglomerate
model for both kinetic cases is quantified. Identical MEA simulations were performed
using a macro homogeneous CCL model instead of the multi-scale layer model. Po-
larization curves are compared in Figure 3.9. It can be seen that for the Tafel and
double trap kinetic cases, the multi-scale catalyst layer model predicts lower reaction
rates, due to the inclusion of agglomerate mass transport limitations. The multi-scale
CCL cases, with agglomerate radius 7,4, = 100 nm, differs significantly (> 5%) from
the macro homogeneous CCL case at 0.6 OCV and 0.48 OCV respectively - Figure
3.10. These difference occur within the ohmic region due to micro scale oxygen mass
transport limitations, therefor the model highlights that oxygen transport mecha-
nisms may be limiting not only in the mass transport region. It can be seen for lower

agglomerate radii the significance of the multi scale model is diminished.
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Figure 3.9 — Polarization curve for PEFC using ionomer filled agglomerates model,
with homogeneous CL case for comparison. Diamond markers signify point
at which MEA simulation exceeds 100% RH.

Figure 3.11 shows current density profiles across the CCL for the multi-scale and
macro homogeneous cases using the double trap kinetic model at 1.5 A /cm? current
density. It can be seen that due to the micro-scale mass transport limitations im-
posed by the agglomerate model, reaction rates are more evenly distributed across

the layer for the multi-scale case, and a larger drop in cell potential is required to pro-
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duce the same amount of current. To summarize, based on results presented in this
section, the inclusion of micro-scale models will affect predicted cell reaction rates,
resulting in lower predicted cell performance, and different distributions of reaction
rate throughout the CCL. Additionally the double trap kinetics model predicts more
realistic reaction rates as compared to the Tafel kinetics model, and therefore the

double trap model [7, 54] is used to describe the ORR in proceeding sections.

Tafel(rqqy = 100)
DT (rqg9 = 50)

DT (rqgq = 80)

DT (ragy = 100)

| | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
B Significant Insignificant Cell Potential V

Figure 3.10 — Operating cell voltage ranges where multi-scale CCL case differs signif-
icantly (5%) from the homogeneous CCL case, for both kinetic cases.
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Figure 3.11 - Current density profiles across CCL at 1.5 A /cm? using the double trap
kinetics model, and different CCL models.
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3.3.2 Proton Conductivity

As mentioned in section 2.4, proton charge transport within the ionomer filled agglom-
erate domain is described using Ohm’s law - equation (2.88). Typically, in analytical
expressions for ionomer filled agglomerates, such as equation (2.85), proton charge
transport is not modelled and it is assumed that protonic potential remains constant
[24, 25, 29].

Values for proton conductivity in Nafion® taken from [60] are described for bulk
Nafion, however Modestino et al. [84] showed that conductivity can be 100 times
smaller in the case of thin films (in the range of 10 nm). Therefore in this work values
of proton conductivity are scaled by several orders of magnitude in order to assess the
sensitivity of the ionomer agglomerate to proton transport mechanisms and effective

conductivity values.
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Figure 3.12 — Protonic potential across the agglomerate domain with varying proton
conductivity.

Simulations of individual numerical ionomer filled agglomerates with parameters
as described in Tables 3.2 and 3.3 and high current density surface conditions de-
scribed in Table 3.5 were performed with varying proton conductivities, using double
trap kinetics. Figure 3.12 shows that by decreasing o, (which appears in equation
(2.88)) by a factor of 107, significant effects on the electrolyte potential profile across
the agglomerate core can be observed. The increase in protonic potential in the centre
of the agglomerate is similar to results reported by Yoon and Weber [23]. Figure 3.13
shows that the change in the electrolyte potential across the agglomerate significantly
affects the overpotential profile, in turn affecting the rate of the reaction, leading to

lower agglomerate current and platinum utilization.
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Figure 3.13 — Agglomerate overpotential and current density across the agglomerate
domain for varying proton conductivity.

Figure 3.14 shows results for a parametric study of ionomer filled agglomerates
carried out for different proton conductivity values. It can be seen that when o,
is decreased by 4 or more orders of magnitude, current density and agglomerate
effectiveness are significantly impaired: at high overpotentials > 0.65V" the current

produced by individual agglomerates is reduced by up to 33% as compared to standard

case.

12000 R Trewen 1.0
‘.1.._.. s '0~~‘
®e '0~* 10.9
10000} *v ION
¢ 108
=
S 8000} —= 0.7
= - ?
> —0.6%
2 6000} =
’ e 1058
-E v -5 ‘*LE
@ 4000} 0.4
5]
0.3
2000}
102

0 : : : : ‘ ‘ 1
0.35 040  0.45 0.50 0.55 0.60 0.65 0.%6
Overpotential [V]

Figure 3.14 — Parametric study of individual ionomer filled agglomerates simulated
for a range of a,,.
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To investigate the effect of micro-scale proton conductivity on PEFC performance
MEA simulations were performed using the multi-scale catalyst layer, with embedded
ionomer filled agglomerates. Figure 3.15 shows polarization curves for performed
simulations. It can be seen that predicted performance of a PEFC is not significantly
affected until values of o, are reduced by 4 orders of magnitude. At values of o,,
reduced by 10~* a reduction of up to 9% in current density is observed. This reduction
in current density is more subtle than previously observed for individual agglomerates.
The result is similar to previously discussed result in Section 3.3.1: difference in
micro scale performance are more subtle when considered in a multi-scale system.
Additionally it can be seen that as current densities become large, >2.0 A/cm?,
polarization curves for cases 10~* and 1072 begin to converge, as oxygen transport

become more limiting.
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Figure 3.15 — Results demonstrating the effect of reducing the proton conductivity
within the agglomerate. Note that the curves remain practically identical
for a wide range of ¢,,. Diamond markers signify point at which MEA
simulation exceeds 100% RH.

In summary the value of proton conductivity does not have a significant effect
on PEFC performance until it is reduced by four orders of magnitude, therefore
the assumption of iso protonic potential in micro-scale models appears reasonable.
Figure 3.16 shows the range of operating potentials for which the presented micro

scale conductivity cases differ significantly from the homogeneous CCL case.
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Figure 3.16 — Operating cell voltage ranges were multi-scale CCL case differs signifi-
cantly (5%) from the homogeneous CCL case.

3.3.3 Catalyst Grading

Banham et al. [77, 78] reported that platinum may reside on the surface or within the
carbon support material as discrete particles, depending on choice of catalyst support
material. To correctly represent catalyst distributions the ionomer and water filled
agglomerate models were modified in Section 2.4.2.3. An improved description of
catalyst distribution within the agglomerate core can help improve current density
predictions for MEA mass transport limited operating conditions [27]. In this section
the effects of non uniform catalyst distributions on agglomerate and MEA current
density predictions are investigated.

3 different grading profiles were used in this work to investigate the effects of

catalyst distribution:

1. [1,0,0]: all of the platinum catalyst is confined to the inner third of the agglom-
erate core, i.e. at r < *¢=. In this case the outer two thirds of the agglomerate
core will not contain active catalyst, and the reactants must diffuse into the

inner third of the agglomerate radius in order to be reacted.

2. [0,1,0]: all of the platinum catalyst resides at "= < r < %% In this case the
inner and outer third of the agglomerate core will not contain active catalyst
and reactants must diffuse into the central third of the agglomerate radius in

order to be reacted.

3. [0,0,1]: all of the platinum catalyst resides in the outer third of the agglomerate

core, i.e at 2”% <7 < Teore

Between these three cases, the best and worst catalyst distributions scenarios are
represented: clearly case [0,0,1] will be the most effective since the catalyst is ideally

located close to the agglomerate surface, minimizing mass transport requirements.
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Figure 3.17 — Representation of graded cores studied in this work.

Case [1,0,0], where the catalyst is located deep within the agglomerate core struc-
ture, will incur larger mass transport losses since reactant must diffuse through the
tortuous porous network to first reach the catalyst. The method described in Section
2.4.2.3 is used to determine the amount of platinum catalyst per unit volume for
each case, conserving the amount of catalyst per agglomerate. Active area loading
weights calculated using these methods are show in Table 3.6. Note the weights shown

correspond to the inverse of the volume ratios of each core region.

Table 3.6 — Graded core active area A, ;.

) Domain | 3333 1m | 33.33 nm - 66.66 nm | 66.66 nm- 100 nm
Grading
[1,0,0] 278264 - A, 0.0 0.0
0,1,0] 0.0 3.9752 - A, 0.0
[0,0,1] 0.0 0.0 1.4035 - A,

Simulations of individual ionomer filled agglomerates using parameters as described
in Section 3.2 and grading profiles as described in this Section were performed. Fig-
ure 3.18 shows current density profiles across the graded agglomerate cores. For low
current densities operating conditions the highest intensity of current density is ob-
served for the [1,0,0] case, since active area is highly concentrated within the central
third of the core. At high current densities it can be observed that the cases [1,0,0]
and [0,1,0] exhibit poorer reaction profiles as compared to case [0,0,1]. Figure 3.19
shows the reason for these poorer performances: the redistribution of catalyst imposes
greater diffusion losses, as oxygen is required to diffuse further through the porous

agglomerate core before reaching platinum catalyst reaction sites.

73



12000 400000
— Graded [0,0,1] — Graded [0,0,1]
10000 +—  Graded [0,1,0] 30000F +—  Graded [0,1,0]
e— Graded [1,0,0] || =— Graded [1,0,0]

3

w
=1
S
=3
S
S

S 8000
. 250000

200000}

150000

Current Density [A/cm
=
Current Density [A/cm

100000

50000 -

0 20 10 G0 ) 100 0 30 10 0 )
r [nm] r [nm]

(a) Low Current Density OC (b) High Current Density OC

Figure 3.18 — Current density profiles across graded agglomerate cores, as seen in

Figure 3.17.
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Figure 3.19 — Oxygen concentration profiles across graded agglomerate cores, as seen
in Figure 3.17.
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A parametric study of the three ionomer filled agglomerates described above was
performed for operating condition range described in Table 3.5. Results for said
study are show in Figure 3.20. It can be seen that the grading cases [1,0,0] and
[0,1,0] significantly decrease the current density prediction and effectiveness of the

agglomerate models.
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Figure 3.20 — Parametric study of individual ionomer and water filled agglomerates.
Solid lines correspond to current density, dashed lines correspond to ag-
glomerate effectiveness.

MEA simulatons were performed, using multi-scale catalyst layers, with embedded
ionomer filled agglomerate, using loading profiles as described in Table 3.6. Figure
3.21 show polarization curves for performed MEA simulations. A significant reduction
in current density is observed for two graded cases: for grading case [0,1,0] predicted
MEA current density approaches that of experimental data, and for grading profile
[1,0,0] agglomerate performance is so impaired that the model predicts poorer MEA
performance than experimentally observed. Therefore when considered in a MEA
simulations it can be concluded that micro-scale mass transport losses due to the
distribution of active catalyst sites are extremely significant, and a potential further
explanation for mass transport limited behaviour. Coupled with improved imaging
techniques and micro structure characterization , the model presented in this work

can be used to model PEFC CL with greater accuracy than before.
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Figure 3.21 — Polarization curve for PEFC using graded ionomer filled agglomerates
and double trap kinetics. Diamond markers signify point at which MEA
simulation exceeds 100% RH.

The graded formulation and cases presented here represent extreme cases of micro
structure, illustrating the impact catalyst distributions, and the need for these quan-
tities to be more accurately represented. Figure 3.22 shows the range of operating
potentials for which the 3 presented cases significantly differ from the homogeneous
CCL case. Furthermore the [0,0,1] case shows improved performance over the non
graded ionomer base case, highlighting that if micro structures can be engineered
to position catalyst within micro structure close to the gas phase, then significant

improvements in platinum utilization can be achieved.
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Figure 3.22 — Operating cell voltage ranges were multi-scale CCL case differs signifi-
cantly (5%) from the homogeneous CCL case

76



3.3.4 Film Transport Losses

As described in Section 2.4 the ionomer and water filled agglomerate models include
an ionomer thin film. The consequence of including the Nafion® thin film in the
agglomerate model is additional mass transport losses, since oxygen must diffuse
through the film in order to react in the catalyst loaded core. The mechanism by
which oxygen dissolves from the gaseous phase into the thin film is typically described
using Henry’s law - equation (2.24). Suzuki et al. [48] however recently proposed a
non equilibrium process for the dissolution of oxygen, which shall be investigated
later in this section.

A simulation of an ionomer filled agglomerates with parameters as described in
Tables 3.3 and 3.4 was performed at high current density operating conditions as
describe in Table 3.5, using the Henry’s law boundary condition, so that the mass
transport limiting effect of the thin film could be appreciated. Figure 3.23 shows
oxygen profiles across the ionomer core and thin film. It can be seen that even at
high current operating conditions the thin film has relatively little effect on oxygen

transport into the ionomer filled core, as Oy concentration only drops by 2.3%.
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Figure 3.23 — Oxygen concentration profile across a individual ionomer filled agglom-
erate with ionomer thin film.
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A parametric study was performed w.r.t. overpotential of the previously discussed

ionomer filled agglomerate, with and without the inclusion of the ionomer thin film.

It can be seen in Figure 3.24 that the addition of the ionomer thin film has minimal

effects on the current density effectiveness of the ionomer filled agglomerate model.

MEA simulations with and without the inclusion of the ionomer thin film were also

performed. Figure 3.25 shows polarization curves for MEA simulations. It can be seen

that the ionomer thin film has practically no effect on predicted PEFC performance,

as simulation results match within 0.5%.
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Figure 3.24 — Parametric study of individual ionomer filled agglomerates, with and
without ionomer thin film.
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Figure 3.25 — Polarization curve for PEFC with and without ionomer thin film. Dia-
mond markers signify point at which MEA simulation exceeds 100% RH.

Simulations were performed using the non-equilibrium agglomerate boundary con-
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dition proposed by Suzuki et al. [48] described in Section 2.4.2.2. Firstly simulations
of individual ionomer filled agglomerates with high current density operating condi-
tions {om, ¢s, vo,} = {-0.2 V, 0.3 V, 0.15 } were performed for various values of the
reaction rate constant ko, . A reaction rate coefficient based on the work by Suzuki
et al. [48] was calculated as ko, = 0.13. Figure 3.26 shows oxygen profiles across
individual agglomerates, and corresponding reaction rate profiles. It can be seen that
for ko, = 0.13 oxygen transport predicted by the non-equilibrium boundary condition
is as effective as described by Henry’s law (surface cp, match within 2%), hence the
non-equilibrium boundary condition provides no significant effect over the traditional

assumption of an equilibrium dissolution process.
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Figure 3.26 — Oxygen concentration and current density profiles across agglomerate
cores for different values of oxygen dissolution reaction coefficient.

The value, ko, = 0.13 m/s, from Suzuki et al. [48] is experimentally determined
using ionomer films of approximately 200 nm and larger. To find coefficient values
for films of the order of 10 nm extrapolation is required. Consequently, there is much
uncertainty in kp,’s value. Further experiments are required in order to fully charac-
terize the ionomer thin films. Theoretically however, the order of magnitude of sig-
nificant reaction coefficients can be determined, and the effect of the non-equilibrium
boundary condition for these values can be explored.

Figure 3.26 shows simulation results for individual agglomerates with values ko, =
0.01 and 0.001 m/s. It can be seen that the reduced reaction coefficients ko, cause
the non-equilibrium boundary condition to impose significant mass transport limiting
effects. For lower values of ko,, poorer oxygen profiles across the ionomer film can be

observed, resulting in poorer rate of reaction.
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A parametric study of ionomer filled agglomerates w.r.t. overpotential with non-
equilibrium boundary condition values was performed. Results for agglomerate cur-
rent density and effectiveness can be seen in Figure 3.27. For ko, = 0.001 m/s
significant rate limiting behaviour is observed: at overpotential values from 0.55 V
to 0.6 V an inflection in the current density:overpotential curve is observed. The
cause is as follows: as reaction rates increase, and hence oxygen flux through the
ionomer|gas interface increase, the non-equilibrium dissolution process becomes more

sluggish, retarding reaction rates.
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Figure 3.27 — Parametric study of individual ionomer filled agglomerates with non-
equilibrium oxygen boundary condition, for varying ko,. Henry’s law was
used as the agglomerate oxygen boundary condition for “Base case” sce-
nario. Note that base case and kp, = 0.13 case are identical.

MEA simulations with a multi-scale CCL including ionomer filled agglomerates using
the non equilibrium boundary condition for varying ko, were performed. Figure
3.28 shows polarization curves for performed MEA simulations. When considered
in a multi-scale MEA simulation the non-equilibrium boundary conditions become
noticeably significant at ko, = 0.01 m/s, and at ko, = 0.001 m/s micro-scale mass
transport limitations at the ionomer|gas interface results in a large decrease in MEA

performance, producing results similar to experimentally observed.
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Figure 3.28 — Non equilibrium boundary condition polarization curves.

In conclusion the non-equilibrium dissolution process described by Suzuki et al.
[48] was found to be significant for ko, < 0.01 m/s. There is still much experimen-
tal uncertainty at this time regarding the value of reaction coefficient kp,. Further
experimental work combined with the presented multi-scale MEA model can be used
to definitively answer the question regarding the significance of this transport phe-
nomenon. Significance of the multi-scale CCL with varying agglomerate boundary

conditions versus the homogeneous CCL is summarized in Figure 3.29.
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Figure 3.29 — Operating cell voltage ranges were multi-scale CCL case differs signifi-
cantly (5%) from the homogeneous CCL case
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3.3.5 Agglomerate Size Polydispersion

A wide range of experimentally measured particle sizes have been reported to date
[5]. Epting et al. [46] reported a polydisperse size distribution of agglomerates exists
within the CL. A typical simplifying assumption in PEFC multi-scale modelling is to
use a single representary particle size. Epting and Litster [1] state that the assumption
of a agglomerate single agglomerate size is an invalid modelling assumption as it leads

to large errors in current prediction.

Table 3.7 — Agglomerate size distributions taken from Epting and Litster [1].

Agglomerate Radius, nm \ Agglomerate Film, nm \ Volume fraction, %

23 1.67 11.50
40 2.77 14.80
26 3.9 11.20
72 5.03 16.20
38 6.15 14.00
105 7.27 12.20
121 8.40 11.20
137 9.53 5.60
154 10.6 2.10
170 11.78 1.20

Epting et al. [46] determined agglomerate size distributions using nano-CT recon-
structions of PEFC catalyst layers. Agglomerate size distributions and corresponding
volume fractions are shown in Table 3.7 based on data reported by Epting and Lit-
ster [1]. To determine the volumetric current density of a catalyst layer slice Epting
and Litster [1] considered the contributions of each individual agglomerate size as
described in Table 3.7. Epting and Litster report significant disagreement in reaction
rates predicted by simulations where a polydisperse agglomerate size distribution is
not considered.

Simulations of an agglomerate polydispersion using developed polydisperse frame-
work explained in Section 2.4.5 were performed using the agglomerate distribution
described in Table 3.7. Analysis is performed using the Tafel and double trap ki-
netics models, and parameters as described in Tables 3.5 — 3.2. It should be noted
that the measured agglomerate radii in Table 3.7 include ionomer thin film, as they
were determined using nano-CT techniques in which the ionomer phase cannot be
distinguished from the platinum loaded carbon phase. However in this work these
dimensions are considered as the dimension of the agglomerate core. Film thicknesses

are calculated using equation (2.77).
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Figure 3.30 — Current density predictions of poly and mono dispersions performed
using Tafel kinetics, and associated errors.

Figure 3.30 shows simulation results for performed parametric study of poly and
mono dispersed agglomerates using Tafel kinetics. It can be seen that at moderate to
high overpotentials large errors in current prediction exist between the polydisperse
and mono disperse cases. A mean agglomerate radius based on volume fractions in
Table 3.7 was calculated as 79 nm. Typically such a mean radius would be used to
describe all agglomerates in the CL, however it can clearly be seen from Figure 3.30
that when considering agglomerates individually the assumption of a single agglom-
erate size can lead to large errors. Calculated % error profiles as seen in Figure 3.30

are similar compared to values reported by Epting and Litster [1].
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Figure 3.31 — Current density predictions of poly and mono dispersions performed
using double trap kinetics, and associated errors.
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Simulation results for performed parametric study of poly and mono dispersed
agglomerate models using the double trap kinetic are shown in Figure 3.31. Similar
to the Tafel kinetics case Figure 3.31 shows that large errors in predicted current
density occur due to the assumption of a mono agglomerate size dispersion, however
compared to the Tafel kinetics case, % errors for the double trap kinetics case are
more subtle.

MEA simulations were performed using a multi-scale cathode catalyst layer with
embedded ionomer filled agglomerates, using the Tafel and double trap kinetics model.
At each quadrature point agglomerates as described in Table 3.7 are evaluated and
their contributions summed based on their relative volume fraction - equation (2.121).
Simulations were performed using parameters as described in Tables 3.2 and 3.3.
Simulations for mono agglomerate distributions where also performed for comparison
purposes. Figures 3.32 and 3.33 show polarization curves for performed simulations
and corresponding % error. It can be seen that for both kinetic cases the % errors for
mono disperse cases are insignificant, contrary to results seen previously for individual
agglomerates.

When considered for individual agglomerates, as done in reference[l], correct rep-
resentation of agglomerate size distribution is significant. However as show in Figure
3.33 when considered in a MEA multi-scale system, the difference in predicted reac-

tion rates between polydisperse and mono disperse systems are insignificant.
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Figure 3.32 — Polarization curves for MEA simulations performed using poly disper-
sion and mono dispersion, using Tafel kinetics. Associated errors of mono
disperse assumption versus poly disperse are shown on right.
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Figure 3.33 — Polarization curves for MEA simulations performed using poly dispersion
and mono dispersion, using double trap kinetics. Associated errors of mono
disperse assumption versus poly disperse are shown on right.

Results from previous sections highlight that the MEA model with multi-scale
CCL can be insensitive to small/moderate changes in micro-scale performance. For
the presented agglomerate distribution in Table 3.7, the weighted mean value and
standard deviation of agglomerate dimensions are 79.9 nm and 40.1 nm respectively.
It can be seen that the MEA model is relatively insensitive to agglomerate sizes within
this standard deviation: polarization curves for double trap kinetics case as seen in
Figure 3.32 with r equal to 55 nm and 100 nm differ at most by 5.25 %. Similarly
reaction contour plots across the CCL for double trap kinetics case are seen to be

quite alike for different agglomerate radii, as seen in Figure 3.34.

In summary the effect of agglomerate size polydispersion was investigated for the
first time, thanks to multi-scale framework implemented as part of this work, in a
multi-scale MEA simulation. It was found that agglomerate size polydispersion is not
a significant as previously thought [1], and small errors in current prediction occur

due to the assumption of a mono disperse agglomerate size distribution.
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Figure 3.34 — Current density contour plots for polydisperse and monodisperse cases,
using double trap kinetics, at 1.5 A/cm?.

3.4 Water Filled Agglomerate

3.4.1 Comparison with Ionomer Filled Agglomerate

Previous multi-scale comparisons between the water and ionomer filled agglomerate
models by Dobson [5] were limited due to model convergence issues. Several im-
provements implemented as part of this work, such as the initial solution framework
developed for numerical micro-scale models (Sections 3.7 and Appendix A:), allow for
comparison of the water and ionomer filled agglomerate models over a wider range of
operating conditions than previously possible. Furthermore, in order to compare the
models using the double trap kinetics model instead of the Tafel model, as done by
Dobson [5], the double trap model was reformulated to include sensitivity to protons
in Section 3.3.1. Therefore in the following sections a comparison between the two
assumptions is performed, in order to better appreciate electrochemical behaviour of

the two models due to their differing mass transport descriptions.

3.4.1.1 Comparison Using Tafel Kinetics

Simulations of individual water and ionomer filled agglomerates were performed at

high current density (HCD) and low current density (LCD) operating conditions
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shown in Table 3.5 using the Tafel kinetics model, and fuel cell parameters shown in
Tables 3.2 and 3.4.

Figure 3.35 shows oxygen concentrations across the water and ionomer filled cores.
Improved oxygen profiles are observed for the water filled case, due to the higher
diffusivity of oxygen in water than in Nafion® (Do, w > Do, Nafion). Note the lower
concentration of oxygen at the exterior of water filled agglomerate core. This is
due to the thicker ionomer film for the water filled case - see Table 3.4. In Section
3.3.4 it was shown that the drop in oxygen concentration across the ionomer thin
film was negligible when considered using the double trap kinetics model. The high
current density reaction rate predicted by the water filled agglomerate model using
Tafel kinetics versus the ionomer filled agglomerate model using Double trap kinetics
discussed in Section 3.3.4 is over 13 times greater. At these high reaction rates the
concentration drop in oxygen across the thin film becomes significant. However the
large reaction rates predicted using the Tafel kinetics model are unrealistic at HCD
operating conditions, due to the oxygen reaction order o, being equal to 1. This
illustrates how the choice of kinetics model may emphasize different aspects of the

agglomerate model.
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Figure 3.35 — Oxygen concentration profiles across agglomerate cores.

The fundamental difference between the water and ionomer filled models is that
the cores are filled with different electrolyte material. The electrochemical transport
implications of this difference results in differing proton transport mechanism for
either model. For the ionomer filled assumption proton concentration is assumed
constant due to the presence of sulphonic groups in Nafion, and the potential of the

electrolyte is described using Ohm’s law. In the water filled agglomerate however,
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proton concentration varies. Proton transport is described using the Nernst-Plank

equation, and electrolyte potential is described using Poisson’s equation.
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Figure 3.36 — Proton concentration profiles across agglomerate cores.

Figure 3.36 shows proton concentration across the water and ionomer filled cores.
It can be seen that for the water filled case effective proton transport is very poor,
resulting in low concentration of protons within the water filled core. Figure 3.37
shows overpotentials across the ionomer and water filled cores. Similar to previous
Sections 3.3.2, it is seen that overpotential remains constant throughout the ionomer
filled core, due to highly effective proton charge transport in Nafion® . For the
water filled case however, larger overpotentials are observed, due to the difference in
electrolyte and charge transport mechanisms.

The combination of different oxygen concentration, proton concentration, and
overpotential profiles across the water and ionomer filled cores result in different
reaction rate profiles for both models. Figure 3.38 shows reaction rate profiles across
the agglomerate cores. One would expect, that due to low proton concentrations
observed for the water filled case, reactions rates would be smaller in comparison to
the ionomer filled case. However as seen in Figure 3.38 this is not the case. Reaction
rate diminishment due to low proton concentration is counterbalanced by higher over
potentials and higher oxygen concentration within the water filled core. Note that
this counterbalance due in part to Tafel kinetics’s high sensitivity to overpotential

due to the standard value of 7, equal to 1.0.
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A parametric study of discussed ionomer and water filled agglomerates over oper-
ating conditions as described in Table 3.5. Results of parametric study can be seen
in Figure 3.39, showing current density and agglomerate effectiveness across a range
of overpotential. It can be seen the water filled model predicts higher reaction rates
and improved effectiveness compared to the ionomer filled case. This is due in combi-
nation to the increased overpotentials, increased oxygen concentration, and reduced

proton concentration as previously discussed.
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Figure 3.39 — Parametric study of individual ionomer and water filled agglomerates
using Tafel Kinetics. Solid lines correspond to current density, dashed lines
correspond to agglomerate effectiveness.

When considered individually the water filled agglomerate is highly more reactive
and effective than the ionomer filled agglomerate. However throughout this work it
has been observed that when considered in a full MEA simulation results may be more
subtle. MEA simulations were performed using a multi-scale CCL with water and
ionomer filled agglomerate models, using the Tafel kinetics model. Figure 3.40 shows
PEFC polarization curves, comparing water and ionomer filled cases. Polarization
curves are seen to be very similar, differing at most by 4% in the ohmic region. An
early onset of “mass transport” knee can be seen for the water filled case, due to
lower layer porosity for the water filled case - this will be discussed in greater detail
later.

The large difference in reaction rates of the water and ionomer filled agglomerates

when considered individually are less significant when considered in a multi-scale
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Figure 3.40 — Polarization curve for PEFC using water filled and ionomer filled agglom-
erates. Diamond markers signify point at which MEA simulation exceeds
100% RH.

MEA simulation, similar to results from previous sections. Figure 3.41 shows reaction
rate profiles across the CCL for both water and ionomer filled cases. For the water
filled case it can be seen that reaction rate is more intensely concentrated at the left
hand side of the CCL, and reaction rates are more evenly distributed across the CCL
for the ionomer filled case. This is due in part to the differences in concentration of
oxygen across the CCL for the water filled and ionomer filled cases. Figure 3.42 shows
oxygen concentration profiles across the CCL for both cases. A greater depletion of
oxygen is observed for the water filled case in the lower left hand corner of the CCL.
This is due to a combination the reduced porosity of the macro structure due to the
water filled assumption as explained in Section 2.4.3.1. The assumption of water filled
agglomerates reduces catalyst layer porosity by 20% as compared to the ionomer filled
case - Table 3.4.

As noted previously, the assumption of a waterfilled agglomerate reduces catalyst
layer porosity, due to the conservation of water within the agglomerate core. In
performed simulations macro-scale CL porosity is reduced by 20% for the water filled
case compared to the ionomer filled case - Table 3.4. The reduced porosity affects

macro-scale mass transport of gaseous oxygen in the CL as observed in Figure 3.42.
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Figure 3.41 — Current density profile in CCL at 2 A /cm? for ionomer filled agglomer-
ates (left), and water filled agglomerates (right).

To better appreciate the effect of change in macro-scale porosity caused by micro-scale
assumptions, a MEA simulation was performed using the water filled agglomerate,
whilst neglecting the water filled agglomerates negative contribution to macro-scale
porosity. By neglecting this volume fraction the layer becomes as porous as for
the ionomer filled CCL case. Figure 3.43 shows polarization curves for performed
simulation. It can be seen that due to increased macro-scale porosity, simulations
neglecting the additional volume fraction imposed by the water filled agglomerate

demonstrated improved PEFC performance in the mass transport limited region.
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Figure 3.42 — Oxygen concentration profiles in CCL at 2 A/cm? for ionomer filled
agglomerates (left), and water filled agglomerates (right).
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Figure 3.43 — Polarization curves for simulations performed with and without® the
water filled assumption’s macro-scale volume fraction contribution.

Figure 3.44 shows oxygen concentration profiles across the CCL for the ionomer
filled case, water filled case, and water filled neglecting addition volume fraction case.
It can be seen that for the water filled case significantly lower oxygen concentrations
are experienced across the CCL. Results clearly demonstrate the significance of the
additional volume constraint imposed by the water filled case. Thus macro-scale
porosity resulting from micro formation is a significant feature of the water filled

model.
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Figure 3.44 — Oxygen concentration profiles in CCL at 2 A/cm? for ionomer filled
case (left), water filled case (center), and water filled case with no porosity
contribution (right).
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3.4.1.2 Comparison Using Double Trap kinetics

Before in Section 3.4.1.1 it was shown that water filled agglomerate are more reac-
tive than the ionomer filled agglomerate model when considered using Tafel kinetics.
Previously, in Section 3.4.1.1, Figure 3.36 showed how due to the different proton
transport mechanisms within ionomer and water filled domains, proton concentra-
tion across the agglomerate core is extremely low for the water filled case. Reduced
current due to these low proton concentrations was compensated by a large increase

in agglomerate overpotential as seen in Figure 3.37.
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Figure 3.45 — Current density profiles across agglomerate cores using double trap
kinetics.

Simulations of individual ionomer and water filled agglomerates were performed,
similar to as before in Section 3.4.1.1, except using the double trap kinetic model in
order to determine reaction rates of the ORR. Reaction rates across the agglomerate
cores for low and high current density operating conditions are show in Figure 3.45.
It can be seen that reaction rates within the water filled agglomerate are very low
as compared to the ionomer filled model. Reaction diminishment due to low proton
concentrations within the water filled agglomerate core is not compensated by higher
overpotentials, since the DT kinetics model is not as sensitive to overpotential as the
Tafel kinetics model - see Figure 3.1.

A parametric study of ionomer and water filled agglomerates was performed for a
range of operating conditions as described in Table 3.5 using the double trap kinetics
model. Figure 3.46 shows results of said parametric study. It can be seen that the

water filled agglomerate performance is severely diminished over the entire range
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of over potentials. Low values of effectiveness highlight the poor proton transport
characteristics of the water filled agglomerate, as proton concentration approach zero

inside the agglomerate core immediately after the ionomer|core interface as seen in
Figure 3.36.
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Figure 3.46 — Parametric study of individual ionomer and water filled agglomerates
using double trap kinetics. Solid lines correspond to current density, dashed
lines correspond to agglomerate effectiveness.

MEA simulations using the multi-scale CCL model with embedded water and
ionomer filled agglomerate models, using parameters as described in Tables 3.2 and
3.3, and using double trap kinetics, were performed. Figure 3.47 shows polarization
curves of performed simulations. It can be seen that the severely diminished perfor-
mance of the water filled agglomerate when considered with the double trap kinetics
model leads to unrealistically low PEFC performance.

Agglomerate models describe physical characteristics of CL micro structure, which
impose mass transport limitations, in turn diminishing FC performance in high cur-
rent operating regimes. At low current densities mass transport mechanisms are
typically insignificant to fuel cell performance as reactant consumption rates are very
low. However it can be seen in Figure 3.47 that at low current densities the water
filled agglomerate model predicts very low cell potentials, and is in poor agreement
with experimentally data.
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Figure 3.47 — Polarization curve for PEFC using water filled and ionomer filled ag-
glomerates using double trap kinetics. Diamond markers signify point at
which MEA simulation exceeds 100% RH.

The unrealistic behaviour of the water filled agglomerate under the presented con-
ditions begs one to question its validity. Primary pores within CCL micro structure
have been experimentally observed via porosimetry [71, 72|, showing the likelihood of
the existence of water filled agglomerates. The presented mathematical description of
the water filled agglomerate model proposed by Wang et al. [25] may not accurately
describe transport phenomena occurring within.

Poisson’s equation describes electrolyte potential in a continuous electrolyte medium
due to ionic interactions, however within a platinum loaded carbon core there also
exists charged metallic surfaces which may have large effects on proton transport.
Therefore the author hypothesizes that the presented water filled agglomerate model
may be an incomplete description of electrochemical phenomena occurring within
CCL micro structure. Several models have recently appeared in literature [26, 51]
that assume water filled cylindrical or conical pores with a charge density applied
to the pore walls based on the pore materials potential of zero charge. Available
negative volumetric is therefore likely to exist in these agglomerates.

Whilst the existing water filled model does not describe proton mechanisms due

to charged carbon surfaces, the effect improved proton transport mechanisms on the
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presented multi-scale MEA model may be appreciated by imposing a negative ionic
species concentration ¢;- inside the water filled core. This negative ionic species will
act to increase internal proton concentration. Additional PEFC simulations were
performed, in which ¢;- was set to a fraction of the concentration of sulphonic groups
in Nafion Cs0; - Figure 3.48 shows polarization curves for performed MEA simula-
tions. It can be seen that if improved proton transport mechanism where to exist
within the water filled agglomerate core, PEFC current density predictions would be
more similar to ionomer filled and experimental observations. Therefore such a water
filled agglomerate transport phenomena seem plausible, and a model which describes
such phenomena should be explored within the presented multi-scale framework. The
water pore agglomerate model developed by Sadeghi et al. [26] does consider the pres-
ence of charged surfaces, and therefore may be a more accurate representation of the
PEFC micro structure. Therefore the water pore agglomerate model detailed in ref-
erence [26] should be considered within the multi-scale framework developed in this

work.
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Figure 3.48 — Polarization curve for PEFC using water filled agglomerates with varying
core charge densities and the double trap kinetics model. Diamond markers
signify point at which MEA simulation exceeds 100% RH.
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3.5 Anode Catalyst Layers Agglomerates

In this section the impact of micro structural mass transport losses are assessed using
a multi-scale anode catalyst layer model with embedded ionomer filled agglomerates
using the double trap kinetics model. Compared to the ORR, the HOR is more
rapid, due to the kinetic favourablity of the reaction. Typically it is assumed that
the sluggish ORR is responsible to the majority of PEFC potential losses.

Table 3.8 — Operating conditions for anode agglomerates

\ Low Current Density \ High Current Density ‘

b 1.1e5 ~0.02
O 2665 0.2
T, 0.8 0.8

Typical operating conditions for anode catalyst layer micro structure are described
in Table 3.8. Simulations of individual ionomer filled agglomerates using parameters
as described in Table 3.3 and the dual path kinetics model were carried out. Fig-
ures 3.49 and 3.50 show reaction rate and reactant concentration profiles across the
ionomer filled agglomerate cores. It can be seen that at medium and high current
densities, reaction rate and reactant profiles are similar. Coupled with the fact that
agglomerate reaction rates only increase very gradually below overpotentials if -0.04
V (see Figure 3.51) it can be said that anode catalyst layer micro structure reaches

near limiting current at overpotentials equal to ~ -40 mV.
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Figure 3.49 — Current density profiles across anode agglomerate cores.
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Figure 3.50 — Hydrogen concentration profiles across anode agglomerate cores.

A parametric study of ionomer filled agglomerates using parameters as described
in Table 3.3 w.r.t. overpotential was performed. Result are shown in Figure 3.51.
Severe mass transport limited behaviour is observed(low effectiveness), caused by the
rapidity of the HOR. Observing Figures 3.46 and 3.51, it can be seen that for the
more sluggish ORR, mass transport effects are more subtle (poor effectiveness is only

observed at relatively large departure from equilibrium potential).
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Figure 3.51 — Parametric study of individual ionomer filled anode agglomerates. Solid

lines correspond to current density, dashed lines correspond to agglomerate
effectiveness.
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MEA simulations were performed, using a multi-scale anode CL with embedded
ionomer agglomerates and the dual path kinetics model, for parameters as described
in Tables 3.2 and 3.3.

Current Density Current Density
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Figure 3.52 — Current density profiles across ACL at 1.0 and 2.0 A/cm?

Figure 3.52 shows reaction rate profiles across the ACL at various cell current
densities. The implications of micro structural mass transport limitations on anode
catalyst layer reaction rate profiles are as follows: as current requirements for the
anode increase, more of the layer must become active, since the already active micro
structure will be already severely mass transport limited. This behaviour can be
clearly seen in Figure 3.52 comparing the 1.0 to 2.0 A/cm? case. Maximum reaction
rate intensities remain relatively similar, but the reaction occupies far more catalyst
layer for the 2.0 A/cm? case. Figure 3.53 shows overpotential profiles for the two
cases. While for the 2.0 A/cm? case much higher overpotential are observed close to
the membrane as compared to the 1.0, maximum reaction rate intensities at the right

hand side of the layer are similar for both cases - Figure 3.52.
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Figure 3.53 — Over potential profiles across ACL at 1.0 and 2.0 A/cm?

To quantify the significance of ionomer filled agglomerate on total reaction of a
MEA several MEA simulations were performed, in which catalyst layer were described
using either the homogeneous CL model or the multi-scale CL, as described in Table
3.9.

Table 3.9 — Description of simulations performed to quantify the significance of the
multi-scale CL model with embedded micro structure to MEA performance,
applied to the ACL and CCL.

Case \ Anode CL Model \ Cathode CL Model

1 Homogeneous CL Homogeneous CL
2 Homogeneous CL Multi Scale CL
3 Multi Scale CL Homogeneous CL
4 Multi Scale CL Multi Scale CL

Polarization curves for performed simulations are shown in Figure 3.54. It can
be seen by comparing cases 1 and 2, and cases 1 and 3, that the mass transport
limiting effects of the ACL micro structure are more significant to PEFC performance
that the mass transport limiting effects of the CCL. This is clearly demonstrated by

the drastically lower agglomerate effectiveness values presented in this Section, as
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compared to previous sections when the cathode was studied. The reason for such
ineffective agglomerates in the anode CL compared the cathode CL is the rapidity of
the HOR as compared to the ORR.
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Figure 3.54 — Polarization curves for PEFC cases described in Table 3.9. Diamond
markers signify point at which MEA simulation exceeds 100% RH.

Due to the almost immediate mass transport limitations of the agglomerate model
due to the acute rate of the HOR it would indicate that efforts in improving anode
catalyst layer reaction rates by focusing on micro structural properties may be a
fruitless pursuit. Instead the layer should be optimized in order to improve ionomer
phase charge transport, so that more of the layer can become electrochemical active.
Secanell et al. [2] performed such optimizations and was able to predict a decrease in
potential losses of the ACL.

Secanell et al. [2] reports a voltage drop across the anode of ~22 mV at 2.0 A /cm?
electrode current density, far smaller than this work, equal to 42 mV. The primary
reason for this large difference is effective proton conductivity of the ACL. Secanell
et al. [2] use a bulk proton conductivity value o, equal to 0.079628 S/cm. In this
work for a ACL humidified with input gasses at 50% RH bulk proton conductivity
is calculated equal to 0.03297 S/cm. Hence material properties used by Secanell
et al. [2] provide greater proton conductivity. Additionally layer volume fractions
used by Secanell et al. [2] shown in Table 3.10 provide greater proton and electrical
conductivity.

Voltage losses in ACL simulated in this work can be reduced by improving pro-
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Table 3.10 — ACL volume fractions reported by Secanell et al. [2], and used in this
work (as a result of input parameters from Table 3.2)

Anode Electrode Layer Property \ Secanell \ This work

Sold % 0.3186 0.2956
Void % 0.2624 0.5645
Electrolyte % 0.419 0.1397

ton conductivity. Proton conductivity is a function of ionomer humidifcation, and

therefore can be improved by increasing the humidity of the input gas to the anode.

MEA multi-scale simulations were performed with input anode gasses fully humidified

(100% RH), whilst keeping all other operating conditions the same as before. Figure
3.55 shows polarization curves for 50% RH and 100% RH cases. It can be seen that
cell potential is greatly improved by humidifying the input gas. Figures 3.55 3.56

show overpotential and current density profiles across the ACL at 2.0 A/cm3. It can
be seen that for the 100% RH case more of the ACL is electrochemically active, due
to improved overpotential profiles resulting from improved proton conductivity. At 2
A/em? the voltage drop across the anode, dV/, is reduced from 42 mV to 26 mV by

increasing the input gas RH.
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Figure 3.55 — Polarization curve for PEFC with varying anode input gas RH. Diamond
markers signify point at which MEA simulation exceeds 100% RH.
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Figure 3.56 — Current density profiles across ACL with varying input gas RH, at 2.0
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Figure 3.57 — Over potential profiles across ACL with varying input gas RH, at 2.0
A/em3
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3.6 Ionomer Covered Catalyst Particle

In this section the Ionomer Covered Catalyst Particle (ICCP) model developed in
Section 2.4.4 is investigated as a potential method for describing micro scale mass
transport limitations of PEMFC micro structure. Input model parameters used the
ICCP are the same as for the ionomer and water filled agglomerates, shown in Table
3.3. Given a particle radius of 100 nm, the film thickness of the ionomer film is
calculated as 11.66 nm due to the assumption of zero porosity of the ICCP core .
This is the same value as the water filled agglomerate - Table 3.4.

Mass transport in the ICCP is primarily limited by the ionomer thin film. Both
the Henry’s law and non equilibrium boundary condition proposed by Suzuki et al.
[48] are implemented. A parametric study of the ICCP model for the operating
condition range described in Table 3.5, using the double trap kinetics model, was
performed. Simulation results are shown in Figure 3.58. Both boundary conditions

are considered for comparison purposes.
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Figure 3.58 — Parametric study of individual ICCP for different boundary conditions.
Solid lines correspond to current density, dashed lines correspond to effec-
tiveness.

Figure 3.58 also shows results for an ionomer filled agglomerate using the Henry’s
law boundary, and double trap kinetics, for comparison. It can be seen that the ICCP
with Henry’s law boundary condition predicts significantly larger current density
compared to the ionomer filled agglomerate model. Similar to results in Section 3.3.4,

it can be seen here that the contribution of the ionomer thin film is insignificant, since
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the effectiveness of the ICCP at HCD is 99 %. When the ICCP is considered using
the non equilibrium boundary condition however a significant drop in current density
and micro structural effectiveness are observed. For ko, = 0.001 m/s current density
of the ICCP is reduced substantially.

MEA simulations were performed using a MEA model with multi-scale cathode
catalyst layer and embedded ICCP model using the double trap kinetics. Polarization
curves are shown in Figures 3.59 and 3.60. It can be seen for the ICCP case using
Henry’s law boundary condition, simulation results are identical to homogeneous CCL
case, since the ICCP model using Henry’s law boundary condition imposes virtually
zero micro scale mass transport losses. For ko, = 0.001 m/s significant losses in

predicted current density are observed, and the cell approaches a limiting current of
~ 1.8 A/em3.
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Figure 3.59 — Polarization curve for PEFC using various micro structure models.
Diamond markers signify point at which MEA simulation exceeds 100%
RH.

Based on results from Figures 3.58 - 3.60 it can be seen specific cases the ICCP
model can represent significant mass transport losses. Due to the model’s high re-
liance on the value of ko, further experimental characterization of the non-equilibrium
oxygen dissolution mechanism in ionomer thin films is required to definitively quantify

transport limitations incurred by the existence the ICCP morphology.
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Figure 3.60 — Polarization curve for PEFC using various micro structure models.
Diamond markers signify point at which MEA simulation exceeds 100%
RH.

Experimentally a range of dimensions of micro scale morphology have been shown
to exist within PEFC CL [1, 46]. In this work an agglomerate size polydispersion has
already been considered, and it was found that the MEA model was insensitive to the
reported range of dimensions. Given the fact a combination of different micro scale
dimensions occur within fabricated PEFC CLs, one may postulate that a combination
of different morphologies also exists i.e. agglomerates and individual particles. Using
the multi scale, polydisperse frameworks and micro scale models developed in this
work a combination of micro scale morphologies may be considered for the first time.

An arbitrary demonstration of the discussed polydisperse morphology concept is
presented. It is hypothesized that due to the dimension of primary catalyst parti-
cles (~ 20 nm), micro scale structures in size smaller than a certain dimension have
morphology similar to the ICCP. In this work it is assumed that CL micro structures
with radii ~ 25 nm have a ICCP morphology, and structures larger than ~ 25 nm
are water filled agglomerates. Based on these assumptions and using the micro struc-
tural dimensions described by Epting and Litster [1], a combination of micro scale
morphologies as described in Table 3.11 is obtained.

MEA simulations were performed considering the combination of micro structures
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Table 3.11 — Agglomerate size distributions taken from Epting and Litster [1] with
hypothesized morphologies type.

Radius, nm \ Film, nm \ Volume fraction, % \ Type
23 2.74 11.50 Ionomer covered catalyst particle
40 4.67 14.80 Water filled agglomerate
56 6.57 11.20 Water filled agglomerate
72 8.37 16.20 Water filled agglomerate
88 10.36 14.00 Water filled agglomerate
105 12.26 12.20 Water filled agglomerate
121 14.17 11.20 Water filled agglomerate
137 16.07 5.60 Water filled agglomerate
154 17.96 2.10 Water filled agglomerate
170 19.8618 1.20 Water filled agglomerate

detailed in Table 3.11, using parameters described in Tables 3.2,3.3 and the double
trap kinetics model. Additionally two different cases are presented: in the first case
the negative ionic species concentration c;- inside the water filled agglomerates is
equal to 0, and for the second case is equal to 0.4 X 505 - All micro scale models
assume equilibrium oxygen boundary conditions.

Polarization curves for performed simulations are presented in Figure 3.61. Results
for standard water and ionomer filled agglomerate models, using Double trap kinetics,
presented in previous section are included for comparison. It can be seen for case 1,
that the combination of the highly reactive ICCPs with water filled agglomerates
improves model predictions in the kinetic and ohmic operating regions as compared
to the standard water filled case. Case 2 produces results in better agreement with
the ionomer filled agglomerate case due to the inclusion of negative ionic species
concentration in water filled agglomerates equal to 0.4 x Cs0; -

The performed demonstrations, whilst perhaps not being truly representative of
actual PEFC CL micro-structural morphology, illustrates the flexibility of the imple-
mented multi-scale and polydisperse framework. Coupled with more detailed exper-
imental characterization of PEFC CLs the developed framework can be utilized to

provide a more detailed description of PEFC mass transport limited behaviour.
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Figure 3.61 — Polarization curve for PEFC considering polydisperse micro scale mor-
phology. Diamond markers signify point at which MEA simulation exceeds
100% RH.

3.7 Model Convergence and Speed Improvements

Several benchmarks were performed to quantify the improvements to convergence
and speed of execution of agglomerate and MEA multi-scale simulations, due to
implementation of the agglomerate initial solution framework and parallelization of
the multi-scale catalyst layer model.

Dobson [5] reported difficulty in gaining convergence of the water filled agglom-
erate at medium to large overpotentials. In this work several approaches were in-
vestigated to improve convergence of the numerical agglomerate models, including
reformulation of said models, and implementation of a more robust initial solution
framework as described in Section Appendix A:. A parametric study of water filled
agglomerates for parameters described in Tables 3.2 and 3.3, using Tafel kinetics,
for operating conditions described by Table 3.5 was performed. Simulation results
may be seen in Figure 3.62. Without the initial solution framework developed as
part of this work it can be seen that the water filled agglomerate model experiences
convergence issues at very low over potentials (~0.425 V), whilst with the new initial

solution framework a complete parametric study up to 0.65 V is possible.
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Figure 3.62 — Parametric study of water filled agglomerate model, with and without
the use of the initial solution framework developed as part of this work.
Without the initial solution framework the water filled model fails to con-
verge at overpotentials above 0.44 V .

MEA simulations using the water filled agglomerate model were carried out in
Section 3.4.1.1. Polarization curves for Tafel kinetic case are shown in Figure 3.40.
Using the new initial solution framework convergence of this simulation was possi-
ble to an operating cell potential of 0.375 V . However, without the initial solution
framework, convergence is only possible to an operating cell potential of 0.7 V . These
results clearly demonstrate the value of the initial solution framework implemented
as part of this work, as it allows one to explore simulated phenomena over a larger
range of operating conditions.

Multi scale simulations with embedded numerical agglomerates can be very time
consuming, since to evaluate cell performance for one point cell potential can require
tens of thousands of agglomerate model evaluations and these evaluations can take
time on the order of seconds. In order to complete a parametric study of a fuel cell,
i.e. produce one entire polarization curve, OpenFCST can take days to weeks of time.
As described in Section Appendix B:, as part of this work the multi-scale catalyst
layer model was improved so that evaluation of several agglomerates could be perform
simultaneously by several processors. The parallel execution of OpenFCST allows for

evaluation of developed models in a feasible time frame, which was instrumental for
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acquiring results for this work.

Table 3.12 — Simulation benchmarks

Case | Description | Serial [s] | Parallel [s] | Speed-up Factor
1 Poly disperse simulations us- 18.6 16.3 1.14
ing analytical
ionomer filled agglomerate
2 Mono disperse simulations us- 16978 6731 2.52
ing numerical ionomer filled
agglomerate
3 Poly disperse simulations us- | 153900 21576 7.13
ing numerical ionomer filled
agglomerate

Several simulations which have already been presented throughout this work were
performed in serial and parallel modes in order to appreciate the speed up provided by
code parallelization. Comparison of time taken for MEA evaluations at an operating
potential of 0.6 V are Tabel 3.12. Benchmarks were performed on a dedicated simu-
lation server: 2 Intel® Xeon CPU E5-2690 v2 @ 3.00GHz, a total 20 individual cores,
and 390 GB of random access memory. Large speed up are observed for simulations
which require a large number of evaluations of the numerical agglomerate models,
specifically the polydisperse simulation which requires ten agglomerate simulations
per quadrature point - ten times more than typical. A smaller speed increase is ob-
served for the analytical agglomerate expressions, due to the smaller computational

requirements compared to the numerical expression.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

This work focused on improving understanding of mass transport limiting phenomena
occurring within the micro-structure of PEFC CL. The existing multi-scale framework
was utilized to investigate the mechanism of proton conductivity in ionomer within
CL micro-structures, the effect of kinetics on mass transport limited FC operation,
and the performance characteristics of the ACL. The multi-scale framework was im-
proved to investigate non equilibrium oxygen dissolution mechanism in ionomer thin
films, non homogeneous catalyst distributions throughout CL micro-structures, micro-
structure size and morphology polydispersions, and different CL morphologies other
than agglomerates. Additionally improved stability of micro scale models and com-

putational speed improvements permit thorough comparisons previously impossible.

The effect of kinetic choice on PEFC performance was thoroughly assessed. Two
ORR kinetics models were compared: the Tafel kinetics model and the Double Trap
kinetics model. The Tafel kinetics model was shown to be highly sensitive to overpo-
tential, generally predicting larger reaction rates. The large reaction rates predicted
by the Tafel kinetics model at high current densities operating conditions, were found
to predict current density to be most highly concentrated at the CL:ML interface, and
to exaggerate the importance of the ionomer thin film in agglomerate models. The
Double Trap kinetics model was found to predict more realistic reaction rates when
compared to experimental data. Additionally using the Double Trap model, more
evenly distributed current density profiles across the CCL and agglomerate domains
are observed. The Double Trap kinetic model is recommended as the ORR kinetic

model of choice, since its reaction rate predictions are more accurate than the Tafel
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kinetics model, and are less likely to incorrectly emphasize certain micro scale mass

transport phenomena.

In this work the Double Trap kinetics model was improved to add sensitivity to
proton conductivity. The presented model can now be used to determine reaction
rates in domains where constant proton concentration may not exist, i.e. water filled
agglomerates. The improved model shows agreement with experimental literature,
however the reduction in proton reaction order at overpotentials from 0.3 to 0.6 V

requires additional experimental clarification.

The significance of proton transport occurring within ionomer filled CL micro-
structures was assessed and found to have an insignificant effect on PEFC perfor-
mance. In order for appreciable effects to be observed, experimentally measured
values of proton conductivity needed to be reduced by four orders of magnitude.
Therefore the assumption of iso-protonic potential in micro-scale models appears rea-
sonable. In future, micro scale models developed to describe mass transport limited
behaviour of the CL need not describe proton transport mechanism occurring within

ionomer.

The non-equilibrium oxygen dissolution process in ionomer thin films described
by Suzuki et al. [48] was found to be significant for values of ko, < 0.01 m/s. The
non-equilibrium dissolution process appears to be a viable contributing factor in the
explanation of micro scale mass transport losses in PEFCs. However there is still
much experimental uncertainty at this time regarding the value of reaction coefficient
ko,. The presented multi-scale framework coupled with further experimental efforts

can be utilized to definitively quantify this phenomenon’s significance.

The agglomerate models presented in this work were improved to describe non
homogeneous catalyst loading profiles, providing a more accurate representation of
experimentally observed structures. An investigation of micro-scale catalyst grading
was performed. It was found that PEFC CL performance was strongly dependent
on the location of catalyst within the micro-structure. As platinum is pushed to the
centre of the agglomerate core the effective diffusion pathway through the agglom-
erate porous structure become increasingly long, resulting in larger diffusion losses.
When considered in a MEA simulations, mass transport limiting micro-scale catalyst
loading profiles produce performance predictions that significantly differ from a ho-

mogeneous catalyst distribution. The catalyst distribution can be modified to more
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accurately match experimental results. Therefore losses incurred due to non homoge-
neous catalyst distribution in CL micro-structures appear to be a viable contributing

factor in the explanation of micro scale mass transport losses in PEFCs.

Epting and Litster [1] reported that describing agglomerate size distribution cor-
rectly was a crucial factor for accurately representing PEFC CL micro-structure, and
that the representation of CL micro-structure using a single representary agglomerate
radii leads to significant errors. Using the multi-scale and polydisperse frameworks
developed in this work the effect of an agglomerate size polydispersion on PEFC per-
formance was investigated. It was found that agglomerate size polydispersion is not
as significant as previously thought, since the MEA model is insensitive to the range
of agglomerate dimensions observed. Other transport phenomena discussed in this
work appear to be more significant than the aspect of agglomerate size polydisper-
sion. Therefore a single representary size of micro scale model may be chosen for
MEA simulations.

A detailed comparison of the water and ionomer filled model was carried out using
Tafel and Double Trap kinetics. For Tafel kinetics it was found that the water filled
model predicted significantly higher reaction rates than the ionomer filled model, due
to improved oxygen diffusivity in the agglomerate core. However when considered in
a multi-scale CL framework the differences in performance between the two micro-
scale models did not result in a difference in PEFC performance. Changes in macro
scale overpotential and reactant concentration acted to counteract the more reactive
water filled agglomerate. Additionally the decreased macro scale porosity due to the
assumption of the water filled agglomerate was found to be a significant factor in

adversely affecting macro scale gaseous transport.

The water filled and ionomer filled models were compared using Double Trap
kinetics model. Drastically decreased performance for the water filled agglomerate
model was observed, caused by low proton concentrations existing in the water filled
agglomerate core. Previously these low proton concentrations were compensated by
increased overpotentials existing in the water filled agglomerate core, but were not
compensated in this instance due to the Double Trap model’s lower sensitivity to
overpotential as compared to the Tafel model. PEFC simulations using the water
filled agglomerate and Double Trap kinetics model produced simulation results in
poor agreement with experimental data. Therefore it is concluded that the proton

transport mechanisms described by the existing water filled agglomerate model are
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not truly representative of the proton transport mechanism actually occurring in wa-
ter filled carbon porous structures. Further work is needed in this area, such as the
implementation of a potential dependant metal surface charge, recently proposed in

references [26, 51].

Platinum catalyst has been observed to deposit at the surface carbon particles
with low internal porosity. In this case the thin film is the major limitation to mass
transport. To describe this type of morphology the ionomer covered catalyst particle
(ICCP) model was developed. Using the non equilibrium oxygen dissolution boundary
condition, with a value of ko, ~ 0.001, the ICCP appears to be a viable explanation
of micro scale mass transport losses in PEFC. The validity of this model is highly
dependent on the experimental value of kp,, which is still highly uncertain. It was
proposed that multiple types of micro scale morphology may exist within PEFC CLs.
A proof of concept simulation was performed, demonstrating the developed frame-

works capability of representing such polydisperse morphologies if they were to exist.

Improvements in model stability and speed of execution carried out as part of this
work have allowed much of the analysis presented in Section 3 to be performed in
a timely manner. Using the improved framework future research is possible over a

more comprehensive range of scenarios than previously possible.

Throughout this work it was found that by only considering results of micro scale
models, misleading and incorrect conclusions regarding the significance of certain phe-
nomena were easily made. Epting and Litster [1] for instance, report that agglomerate
size poly dispersion is crucial in correctly representing CL. micro-structures based on
assessments of an agglomerate model. This work, as previously discussed, showed the
conclusion of Epting and Litster [1] is invalid for full scale PEFC behaviour. There-
fore it is concluded that for results to be truly meaningful, micro scale models must

be considered within a multi scale framework.

Analysis of the anode catalyst layer highlighted mass transport limiting behaviour
occurring on two scales. The diffusion of hydrogen into CL micro-structure is rate
limiting due to the rapidity of the HOR, resulting in poor utilization of platinum
catalyst. In order to increase current produced by the ACL, more of the ACL do-
main must become electrochemically active. Poor proton conductivity was found to
inhibit the activation of more of the ACL. The humidification of ACL input gasses

was demonstrated as a method for significantly improving ACL performance, as it
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significantly improved conductivity characteristics of the layer.

In summary the description of many proposed mass transport phenomena have
been integrated into the presented multi scale framework, providing a more detailed
and accurate description of PEFC mass transport limited behaviour. Coupled with
experimental efforts the presented framework can be used to more accurately identify
and quantify key performance limiting factors of PEFC operation, improving under-

standing, and facilitating better design of PEFCs.

4.2 Future Work

Several avenues exist for the improvement of models developed in this work exist.
Firstly the integration of a water filled agglomerate model capable of describing pro-
ton phenomena in water filled carbon pores accurately should be pursued, so that
detailed analysis and comparison with existing models can be performed, to gain
a better understanding of said phenomena. The water filled models presented by
Sadeghi et al. [26] and Zenyuk and Litster [85] are potentially appropriate for this
task.

Many transport phenomena which depend on the geometric description of micro
scale morphology, such as the existence of non homogeneous catalyst distribution
in CL micro-structures, and the existence of different types of micro structural mor-
phologies, require improved coupling to experimental observations of different catalyst
powders. Characterization of images of said micro structure could be coupled with
micro scale models developed in this work, improving the accuracy of the model’s
description, whilst simultaneously providing a platform for experimentally observed

micro structures to be directly modeled.

The improved Double Trap kinetic model can now be used to predict reaction
rates according to cell potentials, oxygen concentration, and now proton concentra-
tion. However further experimental validation of the developed model is required.
Specifically, the reduction in proton reaction order at overpotentials 0.3 to 0.6 V war-

rant further validation.

Finally, further clarification of the non equilibrium oxygen dissolution rate con-

stant ko, is required. The non equilibrium oxygen dissolution mechanism has been

116



found in several instances to be significant and a potential explanation for PEFC
mass transport limited behaviour, however much uncertainty regarding the value of

this parameter still remains.
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Appendix A: Initial Solution Framework

As mentioned in Section 2.4.2.2, convergence of numerical agglomerate solved using
COLDAE is difficult, especially for high current density operating conditions. Dobson
[5] also reported similar difficulties, specifically the water filled agglomerate model. In
this work it was found that model convergence was strongly dependent on the initial
solution. Previously Dobson [5] developed a simple initial condition strategy which
created arbitrary solutions dependent on agglomerate operating conditions. A better
alternative would be to use previous model solutions as future initial solutions.

Convergence issues: some explanation to reason for, sensitivity to IS

In this work a robust solution storage and retrieval infrastructure was developed.
A relational database is implemented, so that model results (profiles of solution vari-
ables across a one dimensional domain) can be stored in categorized manner (by
model type, parameters, and operating conditions). The database back-end is devel-
oped using the SQLite software library. SQLite is a very small, robust C library, with
relatively minimal dependencies and maintenance requirements. “SQLite is a software
library that implements a self-contained, serverless, zero-configuration, transactional
SQL database engine. SQLite is the most widely deployed SQL database engine in
the world. The source code for SQLite is in the public domain” [79].

The database structure, implemented in OpenFCST, consists of numerous ta-
bles containing simulation solutions and corresponding meta data. The HEAD table
contains meta data detailing all stored simulation results (model name, model pa-
rameters, operating conditions), and a reference to the table where the solutions are
stored.

OpenFCST manages storage and retrieval of solutions produced and requested by
the numerical micro-scale models. At the start of an MEA simulation which involves
the solving of numerical micro-scale models a solution is read from the database.
For best convergence of the numerical model the operating conditions and model
parameters of the stored solution should be as similar as possible to the operating
conditions and model parameters for which the model is currently be solved. To
facilitate this a tolerance based search function is used, which searches the database
for simulations results calculated for similar operating conditions. For a given set of
operating conditions, if a suitable solution cannot be obtained under a given tolerance
it is noted, and the tolerance is expanded until a solution is obtained. When the
micro-scale model successfully solves for given operating conditions it will submit the
solution to the database, improving the catalogue of stored solutions. Figure 1 shows

flow diagram of the initial solution storage and retrieval process from the micro-scale
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objects point of view.
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Figure 1 — Initial solution storage and retrieval frame work - from micro-scale model’s
perspective.

The implemented initial solution framework greatly improves micro-scale and
MEA model convergences, allowing for exploration of electrochemical and mass trans-
port phenomena at a greater range of operating conditions - demonstrated in Sec-
tion 3.7. Additionally the solution storage framework is a convenient way to save
micro-scale simulation results, so that they may be analyzed at a later time. The

implemented framework can easily be adapted to aid future modelling.
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Appendix B: Parallelization

When OpenFCST assembled the FEM LHS and RHS matrices for a multi-scale MEA
simulation, the micro-scale model may be solved approximately 10* — 10* times de-
pending on choice of finite elements, and CL grid density. The analytical agglomerate
expression (2.85) can be evaluated in approximately 200 ps, and therefore imposes
relatively low requirements on said multi-scale MEA simulations. The numerical ag-
glomerate models however are more computationally demanding, requiring approx-
imately 1.5 ms to 1.0 s to solve. As a direct result MEA multi-scale evaluations
performed using numerical agglomerate models can take hours, significantly slower

than multi-scale simulations performed using analytical agglomerates, which take less
than one minute.

Solve Solve Solve
Start loop micro-scale micro- scale micro- scale End loop
#1

Figure 2 — Solving micro-scale objects: serial for-loop unrolled.

Time requirements associated with multi-scale evaluations performed using nu-
merical agglomerate models hamper research efforts, therefore efforts have been made
to decrease computation time. Historically OpenFCST run serially, i.e. on one proces-
sor, therefore evaluation of micro-scale models is done one by one as shown in Figure
2. In this work the multi-scale CL was improved so that evaluations of individual

agglomerate models can be performed in parallel, as seen in Figure 3.

Solve
micro-scale

_#l

Solve
Start loop micro-scale End loop

_ #2

Solve
micro-scale

#3

Figure 3 — Solving micro-scale objects: parallel for-loop.

Implementation of parallel micro-scale evaluations was done using OpenMP. OpenMP
is multi processor API for programming languages C, C++, and FORTAN. Using
OpenMP a program can be written to consist of several threads - independent se-

rial pathways - which can be distributed over several cores of a multi core processor,
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utilizing more processing power than a traditional serial program. OpenMP was
appropriate for the task of paralleling FCST, as it can be used to easily adapt ex-
isting serial code, via the use of pre compiler directives. Using the #pragma OMP
Parallel and for directives, amongst others, serial for loops used to evaluate multi-
ple micro-scale models were transformed to run in parallel. Associated with parallel
computing are various challenges, such as race condition. Race condition occurs when
two individual threads attempt to modify the same data simultaneously, causing data
corruption. To circumvent race condition, many deep copying functions were imple-
mented in OpenFCST, which are used to ensure that the data of each micro-scale
model operating in parallel remains exclussive to that model.

The theoretical speed improvement by parallelization is described using Amdahl’s
law:

T(1) T(1) 1

ST T (B+10-B) B+ l1-B) .

where T'(n) is the time taken using n threads, and B is the fraction of the program
that is strictly serial. As the number of threads n increases, T'(n) the time taken for
the program to run will approach 7'(1) B. In OpenFCST the dimension of the for
loops which are parallelized is equal to 9 for second order Lagrange elements, therefore
n equals 9. Numerical agglomerate models take longer than analytical agglomerates
to compute, therefore for the numerical agglomerate case parallel segments (1 — B)
are longer. Parallel program sections are proportionally even larger when an agglom-
erate polydispersion is considered, since several agglomerates must be computed for
each quadrature point. Therefore the greatest speed improvements will occur for the
polydisperse case with numerical agglomerates, as 1 — B approaches 1.

Additionally the BVP solver COLDAE required modification to execute in parallel
safely. Thanks to co-operation from Boisvert and Spiteri, University of Saskatchewan,
COLDAE was improved using OpenMP, specifically to avoid race condition issues.

Benchmarks quantifying improved performance are described in Section 3.7.
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