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Polymer Electrolyte Membrane Fuel Cell Simulation
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Theoretical models used to describe the catalyst layers (CLs) in polymer electrolyte membrane fuel cells (PEMFCs) are reviewed,
with a focus on continuum treatments as incorporated in device-scale models used to predict and optimise PEMFC operating
performance. Consideration is given to the mathematical relationships between CL design properties (Pt/C mass ratio, catalyst
loading, ionomer loading), and physical properties. Relevant physical models are summarised, considering couplings between the
CL and the phenomena of charge transfer, reactant mass transfer, hydrogen oxidation, and oxygen reduction electrode kinetics, heat
transfer, and water balance. The relevance of thin film methods (through-thickness homogenisation) is compared to those resolving
the macroscopic depth of the CL. Specific continuum homogenisations of microstructural models incorporating CL transport
limitations in a continuum treatment, such as the agglomerate model, are discussed.
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In a polymer electrolyte membrane fuel cell (PEMFC), both
electrode reactions—the hydrogen oxidation reaction (HOR) at the
anode and the oxygen reduction reaction (ORR) at the cathode—take
place in a so-called “catalyst layer” (CL). The CLs are porous
composites, specifically comprising a mixture of electrocatalyst (e.g.
Pt) on a conductive support (e.g. carbon black) and polymer electrolyte
(ionomer, e.g. perfluorosulphonic acid (PFSA)) with other additives
sometimes present. As the only site of contact between electronic and
ionic conductors in the fuel cell, the CL may also be referred to simply
as the “electrode.” The CL is conventionally adhered to the bulk
membrane as a catalyst-coated membrane (CCM) and in industrial
preparation may be provided as a membrane-electrode assembly
(MEA), in which an electrolyte-free but electrically conductive gas
diffusion layer (GDL) is bonded to the CL on each face of the
membrane as a single assembly. Often, a microporous layer (MPL)
with smaller average pore size is introduced between the GDL and CL.

In the present state-of-the-art for fuel cell modelling, there
remains significant uncertainty concerning the most appropriate
description of the CLs, despite thirty years of research in the field.
The historical focus in model development has generally been on the
cathode catalyst layer (CCL), due to the larger activation over-
potential and greater transport losses associated with the ORR as
compared to the comparatively brisk HOR. An accurate CL model is
essential for performance-oriented device-scale modelling, as
through-plane and nanoscale mass transport in the CL can be
significant to the macroscopic current density response under
PEMFC loads and environmental conditions of practical interest.'~
Likewise, phenomena in the CL impact directly on proton and liquid
water balance across the cell, and on the contribution of electro-
chemical heat sources to local temperature non-uniformity.

Scope and Limitations

Previously repotted relevant works focus on compiling the models on
a descriptive level;*™ others focus on 91_)/601ﬁc areas of the PEMFC such
as CL degradation® or mass transport.”® Instead, our review gives an
account of continuum theories and their corresponding equations
developed to describe the performance, mass, and charge transfer of
PEMEFC catalyst layers with traditional chemistry (platinum on carbon
with PFSA ionomer), within device-scale models. Our aim is to offer a
digest of theoretical methods, without listing exhaustively the many
distinct simulations reported in the literature. In doing so, we also aim to
highlight where there is a lack of agreement between academic
practitioners, and where assumptions or parameterisation sources deviate
from contemporary materials. Most of the specific models discussed in
our review relate to the cathode CL. Since kinetics and catalyst utilisation
are much more demanding to optimise at the cathode, which is usually
the site of both the most significant activation and transport losses, very
few analyses have evaluated the anode catalyst layer in detail. Some
exceptions have been reported.”™"!

Other works, such as that of Sui et al.,5 have discussed
microstructure-resolved and nanoscale theory of the CL, while De
Lile and Zhou'? have reviewed relevant work in atomistic simula-
tion. These works, where mesoscopic, microscopic, and hierarchical
methods are used, are outside the scope of this review, in which we
focus on the continuum description of the CL at device-scale. Here,
we make the clarification that by “device-scale” we mean “single-
cell scale” as opposed to “microscopic scale,” where macroscopic
phenomena such as transport on flow channels are ignored. Some
reports of simulations at the “stack-scale” level can be found for
design optimization in mass transport and heat conduction, as well as
catalyst durability in real-world conditions.'*™"> Generally, single
cell scale simulations assume in-plane homogeneity, reducing the
problem to the 1-dimensional (1D) space;16 however, for stack-scale
devices, this assumption may not be valid, and 3-dimensional (3D)
problems are the norm.'” To alleviate the computational cost of
solving 3D simulations, some works have used a mix of these, where
electrochemical reactions are simulated in 1D and the transport
through channels in 3D; see for example Tsukamoto et al.'®

Primary pore

AV,
PR

Carbon
Liquid water

Figure 1. General structure of the catalyst layer. Catalyst (Pt nanoparticles
of 2nm to 10 nm in diameter) is embedded in support (carbon particles of
20 nm to 70 nm in diameter) that forms agglomerates with ionomer (100 nm
to 400 nm in diameter). Primary pores exist within agglomerates while
secondary pores exist between agglomerates. Pore space may contain gas
phase and/or liquid water.

This review follows from other practical, device simulation-
oriented works published previously by our group on PEMFC
electrode kinetics'® and the polymer electrolyte membrane;?® we
have also previously addressed two-phase catalyst layer models (i.e.
those explicitly treating liquid water) in a report®’ that has been
extensively revised to provide the content of the section on two-

phase models of the catalyst layer.

Structure and Composition of the Catalyst Layer

The conventional CL is a composite of electrocatalyst,
conductive support and ionomer. Its thickness, dcy, is < 20 ym.
Pore space in the CL can be filled with liquid water and/or
reactant/product gas, with the prominent gaseous components
being H, and H,O on the anode (fuel) side, and O,, N, and H,O
on the cathode (air) side. The CL exhibits complex morphology
and pore-size distribution, demanding intricacy from any suitable
electrochemical and transport model. In particular, the electro-
catalyst and its support form microporous agglomerates with the
ionomer that give the CL a secondary morphological structure
(Fig. 1).

Representative properties of a modern CL were reported by
Kneer and Wagner in the context of a catalyst degradation model.*
Their MEA consisted of a CL with a Pt nanoparticle loading of 0.25
mg cm ™~ on the cathode and 0.10 mg cm ™2 on the anode, embedded
on a high surface area carbon support. The assembly was completed
with a membrane layer (15 um thickness) and two Sigracet SGL
25BIH gas diffusion layers. From scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) the average Pt
particle size was determined to be 5.3 nm with a cathode thickness of
9.4 ym.

The complex morphology of the CL discourages the formulation
of device-scale models that represent the microstructure literally;
instead, by local volume-averaging, many continuum constitutive
properties of the catalyst layer can be specified, along with their
conservation relations, without specific reference to the microstruc-
tural morphology. A morphological model can then be incorporated
subsequently to express the kinetics of source terms and the
magnitudes of fluxes for non-equilibrium properties, as a function
of average local composition and state.
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Table I. Typical phases present in a PEMFC (columns), with an indication of corresponding regions where these phases are present, and relevant
transport processes (solid circles) and source/sink couplings between phases (open circles). Non-isothermal models may add heat transport, sources

and sinks to all phases and regions.

Tonomer Liquid water phase Gas phase Electrical conductors
Regions Membrane, CL CL, GDL CL, GDL CL, GDL
Processes
Proton current density (]
Electron current density [ ]
Bulk mass and momentum conservation [ ()
Transport of gas-phase species: H,, O,, N, H,O ()
Transport of dissolved gases: H,, O,, N» [ ] o
Transport of H,O(1) [ ) [ ]
Dissolution reactions O O @)
Condensation-evaporation O @]
Faradaic mass source O O @)
Faradaic current source O O
Common to all homogenised descriptions of the CL is the
representation of its average composition. Volume fractions ¢; of 1—
. . _ Imp ( 1 fPl)
phase k are defined in terms of the corresponding volumes of all Eagg = — | — + ——— [5]
phases ¢, V,, (m®) present in the CL: deL\ Pp JoiPc
Ve
&= Zq Vq (1] 1 - Epore = €agg T Ejono
:m_P‘(L_F 1= fe +fi°ﬂ 1 ) [6]
The following specific phases have associated volume fractions deL \Ppe — frrc Joe (1 =fiono)Piono

£gas—gas (multi-component mixture)

ew—liquid water

Eono—ionomer (i.e. polymer electrolyte material, e.g. Nafion)

ec—conductive catalyst support (i.e. carbon)

ep—electrocatalyst (i.e. Pt)

These volume fractions can also be grouped as follows:

£,0s—Volume occupied by a microporous agglomerate of carbon
black particles and Pt, including primary pores between/within the
constituent particles of the agglomerate but not including ionomer
film on the agglomerate surfaces

€pore—Volume occupied by secondary pores between agglom-
erate structures, connected to the GDL (may be partially or fully
saturated with liquid water)

ec.—combined porosity due to primary and secondary pores

The contents of the CL are usually defined in terms of a chosen Pt
mass loading per unit electrode area (mp,, kg m~2), together with the
Pt mass fraction in Pt/C (fp,) and the ratio of ionomer loading to total
ionomer and catalyst (Pt/C) loading (fmem).g’23 Hence if p; denotes
the dry density of material i, including primary pores:

1
P [2]
pP[ dCL

L—fo )P

Ec = Ept( Pt )i [3]
fPt Pc
Ejono = 1(](;(“10)"11)[ [4]
pionodCL 1 - fiono fPt

If all Pt/C is assumed to form agglomerates, and all ionomer is
assumed to be associated with the agglomerates as a film, the above
formulas are combined to give aggregated volume fractions for the
specific agglomerate volume fraction as®:*

°The reader is alerted that Eq. 5 contains a sign error as stated in the full PEMFC
model summary by Baschuk and Li, 2009 [J. J. Baschuk and X. Li, Applied Energy,
86, 181 (2009)].

The volumetric current density iy joc (A m73) can be expressed in
terms of volumetric electroactive surface area acy. (m ™', i.e. m? per m
of total composite volume), and an effective current density i, (A m2):

iv,loc = acLijoc [7]

We note that acp is sometimes called “specific (electroactive)
surface area”; however, the term “specific” is by preference used
only for (lluantities measured per unit mass. A typical value is acp
~10" m~",** although the concept of an electrode—electrolyte con-
tact area within the intricate morphology of the CL is effectively “in
the eye of the beholder,” since suitable parameterisation of specific
current with respect to microscopic areal current density can make
any definition compatible with a measured performance. The
electroactive surface area per unit volume can be expressed in terms
of the corresponding specific interfacial area per unit mass Pt, ap g,
(m? kg~ 1):25

mPtaPt,sp
acL = ——— (8]
deL

Typical values of aps, were tabulated in 1999 for industrially
produced E-TEK catalyst (Pt on Vulcan carbon black, now sold by
De Nora S.p.A, Milan, Italy).” A cubic fit to these data was derived°®
and used in some subsequent works.>”?®

apsp/m? g7! = 159.5 — 201.53f, — 158.57f5 + 227.79f5  [9]

Given that the original data represent industrial standards from
more than 20 years ago, the relevance of Eq. 9 to contemporary
materials should be carefully appraised before use.

Transport, Sources, and Sinks

Volume-averaged conservation laws.—The conventional
approach to continuum modelling of PEMFCs is to express
differential equations governing fluxes, sources and sinks of
transported quantities, which are treated as continuous by means
of homogenisation of porous media. The relevant fluxes are ionic
and electronic current densities; material fluxes of H,, O,, N,, and
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Thin-film model:
Catalyst layer

Membrane

Figure 2. Schematic of the thin-film model. The catalyst layer is treated as a
boundary between the gas diffusion layer and the membrane.

H,0 in the gas phase; material flux of protons in ionomer; and
material flux of liquid water; see Table I for a more comprehensive
list. For some applications, heat flux and material fluxes of dissolved
components in the ionomer phase may be considered. Since
the adjoining GDL/MPL is insulating to ionic current, while the
adjoining bulk membrane is insulating to electronic current, the CL
is necessarily the site of all transfer between electronic and ionic
current density, principally by means of faradaic reactions.

Thin-film model concept.—The thin-film model considers the
catalyst layer as an infinitesimal boundary between the GDL and
membrane (see Fig. 2). In this case, the following conservation
relation applies:

_is,GDL'nGDL = il,mem'nmem = igeom,CL [10]

In a thin film treatment, the variation of CL properties through
the CL thickness is not explicitly included in the model. Thus, the
CL model must express igeom,cr as a function of its homogenised
properties. The particular formulation of the expression igeom.cL
allows complexity to the influence of the CL on charge and mass
transfer at the full-cell level. The significant limitation of thin film
models is the absence of resolution between the GDL- and
membrane-facing regions of the CL. By extension, fluxes of other
properties can be expressed as discontinuous between the GDL/MPL
and CL. That is, the CL is described as an infinitesimal source/sink
of H", gas-phase reactants and products, liquid water, etc. Such a
treatment can in principle account for transport losses in the catalyst
layer only by means of a suitable functional dependence of the
source/sink terms upon the dependent variables; however, it is more
common to apply the thin-film approach when transport losses are
ignored overall, such that the model applies only to the kinetically-
controlled and ohmic regimes.>**~

Macro-homogeneous model concept.—The assumption that the
CL does not need to be resolved spatially®> rests generally on the
recognition that it is sufficiently thin for through-layer pressure
differences to be negligible, even in the liquid phase.*> Where a
volumetric resolution is attempted, difficulty arises because the CL is
challenging to access experimentally due to its small dimensional
extent. Nonetheless, the 1D resolution of the CL thickness, considering
variation in composition and state between the GDL-CL and
membrane—CL interfaces, has been the most popular approach histori-
cally. Termed the “macro-homogeneous” model (Fig. 3), this a;s)proach
began with the works by Bernardi et al. and Springer et al.***

In macro-homogeneous models, transport equations are extended
for the relevant phases from the adjacent GDL and membrane
regions, taking into account the different volume fractions of each
CL component.*** Then, the governing variables and superficial
fluxes of each conserved quantity can be made continuous at the
GDL-CL boundary (for solid, gas and liquid water phases) and at the
PEM-CL boundary (for ionomer phase). Volumetric source/sink
terms are defined for a specific location within the homogenised CL,
as opposed to the total source/sink terms for the entire CL as in
Eq. 10.

/" Macro-homogeneous model: ™\
Catalyst layer

Figure 3. Schematic of the macro-homogeneous model. The catalyst layer
has a defined thickness; transport, source and sink of species can occur
concomitantly within its bulk.

Transport in Macro-homogeneous Models

Charge transfer.—Considering the effective (composite volume-
averaged) current density in the electron-conducting solid phase (i)
as being continuous with the GDL, and the electrolyte current
density in the ionomer phase (i) as being continuous with the
membrane, the volumetric current conservation equations are:

V‘is = _iv,loc [11]

Veiy = +iyjoc [12]

A common general approach to account for charge transfer is to
use Ohm’s law for both electrode and electrolyte current densities:>’

is = _o-s,effv(bs [13]

i = —xet Vo [14]

where o, .¢r and k¢ are the effective conductivities of the electron-
conducting and ion-conducting (electrolyte) phases respectively.
Here, Eq. 14 is an extension of the equivalent expression used for
the ionomer in the bulk membrane.

The current source i, 0. used in Eqs. 11 and 12 is typically only
due to electrocatalytic reactions, since even for transient studies, the
timescales of interest are much longer than those relevant for
capacitive currents.*® Nonetheless, transient equations including a
volume-averaged capacitive contribution have also been presented.*!

The specification of i), depends on an electrode kinetic
expression for the rate of the HOR or ORR as a function of local
properties, which may in principle encompass the following: over-
potential, water content, temperature, reactant concentrations, and
compositional properties of the CL. Frequently chosen options
include Tafel or Butler-Volmer equations—some critical discussion
has been published by our group,'® in which persistent errors in the
formulation of the Butler-Volmer equation as used in PEMFC
simulation were identified. For cases where PEMFC performance
simulation is undertaken for standard operating conditions, simple
treatments such as linear reversible kinetics for the HOR and
irreversible Tafel kinetics for the ORR suffice.>’ For the case of
non-standard operation, true mechanistic models—as distinct from
the empirical Butler-Volmer equation—are preferred.

For any chemical species we can write, from Faraday’s laws:

Iy loc,
Riwi = 20 =Vin— " [15]
m

m

where Ry, ; is the volume-averaged molar source due to the
faradaic processes, and for reaction m, v;, is the stoichiometric
coefficient in the direction of reduction, and n,, is the total number
of electrons transferred (standard values are given in Table II).
This expression does not define the specific phase in which the
reactants are present.
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Table II. Standard stoichiometric coefficients for PEMFC reactions.

Quantity m = HOR m = ORR
Ny 2 4
VH2.m 1 0
VOZ,m 0 71
VH20,m 0 2
VN2 0 0

Typical Pt/C agglomerate material may have effective electrical
conductivity around 1000 S m™'. Even for a very high current
density of 5Acm™> for dey = 20 um this yields a steady-state
potential drop in the solid-phase of only 1 mV. On this basis, it is
commonly approximated that the potential of the electron-con-
ducting phase is a constant,*? thereby excluding Eq. 11 in favour
of a specification of constant polarisation of the electron-conducting
phase across the CL. Similarly, the transient response of the potential
variables can be considered very fast compared to concentration
changes, in a dynamic model.*' Moreover, ohmic drop due to
resistance in the electrolyte is often considered as less significant
than reactant transport limitations.”*?

Measured values of electrolyte conductivity in the CL.—The
effective electrolyte conductivity in the CL is lowered from its bulk
value due to the tortuosity of the ionomer phase; some early authors
suggested a linear dependence on ionomer volume fraction,**** while
another possible approach is to use the Bruggeman correlation:*>*°

372
Oseff = Os€agg [16]

_ 372
Keff = Kiono €jono [17]

where o5 and ko are bulk conductivities. The conditions used to
derive the Bruggeman correlation require an isotropically random,
macro-homogeneous dispersion of material—these conditions are
not necessarily well satisfied for typical CL morphologies*®*’
nonetheless, the Bruggeman correlation has been applied
widely 923:27:28.48-54

Eikerling et al. established a percolation theory to predict the
effective electrolyte conductivity from its bulk value, considering
the requirement for connectivity of electrolyte material to allow
macroscopic conductivity.*® This expression was simplified and re-
used in later works as follows:>>°

foer

_ Eiono — Ecrit | P

Keff = Kiono( 1 — et ) > Eiono 2 Eerit
cril

=0, €ono < Eqit [18]

where &, is a limiting value to allow percolation to occur
(suggested value of 0.1°%), and tper A2 for general 3D pore networks.

In principle, a fuller charge transfer model for the ionomer phase
could be used bgy analogy to the Weber-Newman model for the
membrane;*%>">* however, the ionomer phase present in the catalyst
layer is known to have properties that are quite distinct from the bulk
phase® due to its nanostructural morphology, and so the use of the
empirical Ohm’s law (Eq. 14) allows a flexible and possibly more
accurate approach. Due to the small thickness of the CL, the impact
of a precisely chosen model is questionable—resistive losses due to
finite electrolyte conductivity typically form a small contribution to
the overall contribution of the CL, and a linear model is normally
assumed to be sufficient.

Electrode kinetics.— Thermodynamic reference point.—The
open-circuit voltage Eqcy of a cell is the voltage at which the total
current is zero. Similarly, the open-circuit potential (equilibrium

potential, E.y,,) of half-cell m is the voltage measured against a
suitable reference electrode at which the electrode current is zero.
From the Nernst equation, open-circuit potentials are necessarily
concentration-dependent:

Eocv = Eeq,0rR — EeqHOR [19]
EeqHOR = EeqHOR et + [ (CH,) [20]
Eeq0rR = Eeq0RrR,ref + f (C0,) [21]

The equilibrium potential for the HOR is generally specified as
Ecqnor = 0V exactly. This definition is sound, in the sense that we
may consider both ORR and HOR to be measured against a
reference electrode exactly resembling the HOR under the local
conditions of the anode. However, such an interpretation then creates
ambiguity around the treatment of any concentration variations
within the anode since the reference scale for equilibrium potentials
is no longer matched to a global quantity.

The overpotential, #, represents the polarisation of a half-cell
with respect to its open-circuit potential, and since the latter is
concentration-dependent, so is the overpotential (a = anode; ¢ =
cathode):

n, = (ﬁy - (f)l - Eeq,HOR [22]

Ne = qbs - ¢l - Eeq,ORR [23]

For the oxygen reduction reaction, the measured open-circuit
potential is lower than that expected from the thermodynamics of the
0,/H,0 couple (1.23 V) due to the presence of parasitic anodic processes
at the electrode surface and nonzero H, crossover.® In practice, an
empirically observed open-circuit potential, not a true equilibrium
potential, must be specified to reproduce experimental observations.*

Simple models.—For models not exploring extreme regimes of
transport limitation but instead focusing on standard operating
conditions, the Wang-Um electrode kinetic model is the most
appropriate.'® This model assumes a linear current density-over-
potential relation for the HOR and applies cathodic Tafel kinetics for
the ORR. The simplest assumption for the concentration-depen-
dences of the HOR and ORR is that they are linear in H, and O,
partial pressure respectively. Hence, measured with respect to
electroactive surface area:

. . F CHZ
Do n = 1 a—— [24]
loc,a ref,a RTna(CH}ref)
. . a.F €0,
loc,e = —lref,c €XP (_ Rf’T ’/IC)(C = ) [25]
Oy, ref

Typical apparent exchange current densities for the HOR have
been reported in volumetric units as irefy, = 5 X 105 Am—3>" and
in flux units (with respect to electroactive area) as irf, =
10 Am™2°"%? while typical apparent exchange current densities
for the ORR are about iy, = 100 Am~>;*" however, intrinsic
values in flux units up to 0.05Am™> have been reported.®
Meanwhile, a common reference value for the Tafel slope of the
ORR is a, = 1.9%%

Complex models.—For a consideration of conditions such as fuel
starvation in which transport limitations arise at the anode, more
complex electrode kinetic models may be considered. These models
generally aim to capture the contribution of reaction intermediates.

For example, for the HOR, detailed mechanistic models are
generally based on the Tafel-Heyrovsky-Volmer mechanism, which
has been discussed elsewhere.®* Some modern models implement an
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HOR kinetic model based on the rationalised Wang-Springer-Adzic
“dual-pathway” kinetics in which the namesake pathways are the
parallel Tafel-Volmer and Heyrovsky-Volmer mechanisms for the
overall two-electron oxidation.®> Detailed mechanistic models for
the ORR generally invoke either a blocking or participating role for
PtOH and PtO surface species, the most developed of these is the
“double trap” mechanism by J.X. Wang et al. and by Moore
et al.®70

Gas-phase mass transfer—The gas-phase velocity in macro-
homogeneous models can be described by extending the flow model
used in the GDL, which generally uses the Navier—Stokes-Brinkman
equations with Maxwell-Stefan equations for gas-phase species
transport:”'

P,
—@-V)u=-Vp+ V~(L(;4g(Vu + (Vo)l) — %yg(V-u)I))

3 Egas
‘(’gas gas

Z R i
S
g gas
[26]
Ywi=1 [27]
_ Vp
Ji = —pyw; Z Degrj| Vx; + (x5 — 0j) — (28]
j Pa
. Egas A
Deryj = —Dy (29]
Tgas
xp= [30]
Zj ﬁ/
P
= — Mix,» 31
Pe= oy Z [31]
PA =P+ Pt (32]

D_effyij are defined from the Maxwell-Stefan diffusivities. DAefﬂ,-j. as
specified in standard textbooks.”' These equations account for
porous media effects by means of a specified permeability, porosity,
and tortuosity of the connected gas-permeable regions of the CL.
The gas-phase tortuosity is often given by a Bruggeman relation:

-1/2
Tgas X Egus [33]

Given that transport of reactants in the gas phase is significantly
faster than the corresponding permeability of H, and O, reactants
dissolved in aqueous or ionomer phases, the degree of complexity
implied by Eqgs. 26 to 32 is often deemed excessive. It may be
accurate to consider a uniform gas-phase partial pressure in the CL
for each component species,**’> so that concentration gradients are
present only in the dissolved phase.

Alternatively, gas-phase mass transport can be considered as
purely diffusive, or through a combination of diffusion and convec-
tion driven by porous flow, with flow velocities derived using the
above theory. According to a simple diffusion equation:

Ndiff,i,gas = —Leff,i,gas VCi,gas [34]

At the short length scales of the microporous and mesoporous
features of the CL, Knudsen diffusion becomes important—the use

of a continuum diffusion coefficient underestimates measured
diffusion coefficients.”>””> The theoretical incorporation of concur-
rent continuum and Knudsen diffusion is given as follows:’*7°

Egas 1
Deff,i,ga\s = &ﬁ [35]
Taas

+
i,gas Dg,i

where D; 4, is a bulk Fick’s law diffusion coefficient for component
i in the gas phase, and Dy ; is the Knudsen diffusion coefficient:

2r, |8RT
Dy, = =k |92 36
K 3 7l'Mi [ ]

Heat transfer—The general heat equation applied in PEMFC
models is given as follows:

or
PG+ VG Tu +a) = 0y [37]

The general heat source applying throughout the fuel cell is the
Joule heat source due to ohmic losses:
) 2
i i
QTJR =L + : [38]
Keff Os, eff

In the CL specifically, there is also a reaction heat source
associated with the enthalpy of the HOR/ORR processes. For
electrochemical reactions, this is expressed as follows:

. aEeq,m
QT,far,m = Uyloc,m| My + Ta—T [39]

For evaporation-condensation of water:
QT,vap = _LvapRvap [40]

where R,,, is the volume-averaged vaporisation mass source
(kg m> s and Lyp is the latent heat of vaporisation of water
(specified in standard engineering references, ~2260kJ kg~ at
room temperature). The negative sign in Eq. 40 accounts for the
fact that latent heats are conventionally defined with respect to the
enthalpy of a chemical system, such that an endothermic process
increases the enthalpy of the chemical system (positive Ly,,) by
removing heat from the surroundings.

The heat flux due to conduction is:

q = —keVT [41]

where, if all phases in the homogenised porous medium can be
treated as at local thermal equilibrium (i.e. each phase is at the same
temperature at the scale of microstructural averaging), the effective
conductivity is an averaged transport property across all phases.
There is wide disparity in the parameterisation of the effective
conductivity depending on CL composition.”” 5

The approximation of local thermal equilibrium may not be valid
at the length scales of homogenisation for CLs—if it is not, a local
thermal non-equilibrium (LTNE) model can be defined with distinct
temperature fields for different phases within the same region of the
homogenised phase.®! Heat is exchanged between phases according
to specified heat transfer coefficients for each pair of phases.

Dissolution and solution-phase mass transfer.—Transport phe-
nomena in ionomer materials, such as electroosmotic drag and water
condensation rate, have been reviewed previously.”® Thin liquid
water films (implying “flooding” of the CL) arise on ionomer-Pt/C
agglomerates even at very low liquid water saturation.®” Given that
transport of reactants is orders of magnitude slower in condensed
phases than in the gas-phase, blocking of the gas-phase transport
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paths by flooding is a major contributor to transport limitations on
PEMFC performance.

For reactant gases to undergo an electrochemical reaction, they
must enter a solution phase—either in liquid water, or directly
dissolved in the ionomer. H, and O, exhibit relatively low solubility
and diffusivity in these phases: consequently, the apparent perme-
ability of the gases in a condensed phase can be the principal
transport limitation to catalyst layer performance, even when the
thickness of water or ionomer films is no larger than 10 nm.*?

Dissolution of reaction gases.—A common approach is to
consider the dissolution of reactant gases in the condensed phases
to be infinitely fast compared to the typical current densities of
operation,”” 4 assuming a very high gas-ionomer contact area in
the CL structure. In this case, at the interface with the gas phase, the
concentration in phase k can be expressed using Henry’s law:

Pi
Ky, ik

Cik = Cegik = [42]

In principle, Henr 8y s law coefficients for liquid water and
ionomer are different,” but no distinct values are known to have
been reported in the literature.

Reported values in ionomer are: Ky o2 iono = =0.265 atm m> mol
at T=50°C;? KH 02,iono = 0.2 atm m? mol ™! at 7= 80 °C.>7 These
values are broadly comPatlble with the reported order-of-magnitude
range of 107" to 10 molm™" s~ Pa™' for typical gas perme-
abilities in ionomer.”" A generalised empirical expression dependm%
on water content and temperature has been given by Xing et al.,
drawing on previous work con§1der1n§ dependence upon
temperature’> and ionomer water content 4:°

[43]

0 A
KH,Oz,iono = KH,Oz,iom),O exp (00302/1 — M)

with Ky oziono.0 = 1.515 atm m® mol ™" and oy soim.iono = 666 K.
If dissolution is infinitely fast then Eq. 42 can be applied directly,
but a ﬁnite rate of dissolution of reactant species can alternatively be

defined.®* The reactant dissolution rate Niori (mol m 2 s 1) has been
proposed as a linear function in concentration:
Nsol,i = ksol,i,ionu(ceq,i,iono - ci,iono) [44]

As kgoiiono tends to infinity in Eq. 44, the equality in Eq. 42 is
recovered throughout the CL.

Suzuki et al. recommended that the finite rate of dissolution of
reactant species must be included to introduce a resistive contribu-
tion to the performance of the CL.** This work attributed the
oversizing of agglomerate particles in models, as compared to
microscopy data, to the failure of previous models to include such
a resistance.

The product ksor, 02,jonoCeq.02.iono has been reported in the range
2 x 10 molm™2 s ' to2 x 107 2molm ™2 s~ at 60% relative
humldlty.94 For typical Do; jono Values (see also later in this section),
the dissolution resistance becomes rate-limiting for films of less than
100 nm thickness, as observed in measured CL morphology.
Conversel?/ Moore et al. interpreted the data to give kso1.02.i0n0 =
0.13ms™ ', and argued that this contributes negligibly to the overall
resistance of the catalyst layer, whereas a hypothesised value of
kso1,02,i0n0 = 103 ms™! would have an appreciable effect.”® Liu
et al. performed a similar analysis to that of Suzuki et al., but using a
modified structure in which no Pt-ionomer interface exists.’® They
found negligible transport resistance in this case, and so argued that
the overall thickness-independent transport resistance measured by
Suzuki et al. should not be attributed to dissolution kinetics but
rather to the altered accessibility of the Pt surface to the ORR due to
adsorption or interaction of the ionomer.

In summary, the most suitable value of ks 02i0n0 has not yet
been firmly established. It may be that a low value of ks1.02.i0n0 1S

simply one route to “add resistance” to the CL model and thereby
bring prediction in line with observation, even though in reality the
observed transport resistance arises from other phenomena.

Transport of reactant gases in the ionomer phase.—Some
authors view oxygen transport in the CL as a combination of
parallel diffusion in the gas phase and diffusion of dissolved O,
through the ionomer.””*® Tn this context, Fick’s law of diffusion is
generally assumed for diffusion of O, in ionomer, where the
apparent flux (per unit area of catalyst layer) is given in the
macro-homogeneous direction as:

NO2,iono = _Deff,Oz,iono VCOZ,iono [45]

The effective diffusivity depends on the volume fraction and
tortuosity associated with the ionomer phase:

Eiono
Deff,Oz,iono = DOZ,iono [46]

Tiono

. . 9 )
A Bruggeman relation is often used”->>86-87:89.9499-101 ¢ define

the tortuosity with respect to macro-homogeneous diffusion within
the ionomer phase:

—1/2
Tiono = €iono [47]

Over the full CL length scale, however, the ionomer-phase
diffusivity is likely to have a negligible influence compared to
gas-phase mass transport, since the diffusion in the dissolved phases
is so slow that dissolution will tend to take place locally to the site of
reaction. In the latter case, the influence of oxygen diffusion depends
on the choice of microstructural model. Macroscopically across the
whole CL, Deft02.iono 1S almost always so small that it is approxi-
mately zero on the CL dimension, so its precise value has no
significant effect This may explain why there is no particular
consmtencgf values of the diffusivity quoted by different
authors;>>839%192 15 oive one example, the following effective
diffusion coefficient data (including H,, uniquely) are given by

Schwarz et al.:'%?

Dy, o/m? 571 = 3.34 x 10~%exp (%)
Do, w/m* s™' =231 x 10"6exp(ﬂ)

s7l=17.16 x IO_SL exp (ﬂ)
j’sal T

oxp ( —28;0 K ) 1451

2
D Hz,iono/ m

1'=267 x 10*6i

sat

2 -
DOg,iono/m S

Values for O, diffusivity in liquid water close to Dgpyw =
5 x 107 m* s~' have generally been reported.”*'® Xing et al. give:”

J2:6My,0 /1 kg mol™!
3)0 .6

Do, w/m? 571 = 7.4 x 10787 [49]

y (Vin0/ 1 m

Various data for oxygen permeability in bulk membranes have also
been presented as a function of water activity in the ionomer (Table I1I).

There is some disagreement related to how the ionomer-phase
diffusivity, especially in ionomer thin films, compares to the bulk
water value. Whereas Yoon et al. argue that Doy jono in thin films
within an agglomerate is comparable to the liquid water value,'® the
above data as well as the results of Hao et al. suggest that it may be
an order of magnitude slower within primary pores.”>'® In bulk
water, Gerteisen et al. give Doy = 4.82 X 10 m? s L%
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Table III. Measured values of oxygen permeability in Nafion 1100
membrane, as a function of water activity.

I —1

Source ay Ceq,02,ion0P02,iond/MOl M~ 5
Suzuki et al.** 0.3 9.24 x 10710
Suzuki et al.** 0.6 1.37 x 1077
Suzuki et al.”* 0.9 1.96 x 107°
Sethuraman et al.'”* 1 1.817 x 107°
Parthasarathy et al.'” 1 77 x 1071

Macroscopically non-uniform catalyst layers.—Many researchers
have investigated catalyst layers that are non-uniform across the
macroscopic scale of the catalyst layer thickness—this may either be
due to deliberate grading of the catalyst layer for performance
enhancement, or to account for unintentional non-uniformity intro-
duced through the process of manufacture. Such macroscopically
non-uniform CLs are most easily expressed in a macro-homogeneous
model using an explicit spatial dependence of the CL parameters.
Systematic non-uniformity in properties such as agglomerate size and
ionomer volume fraction has been proposed to arise during coating
of the CL,'"" and has been demonstrated experimentally using high-
resolution tomography.'®

Springer et al. was the first work to consider graded distributions
of composition of the CL.>> Yoon et al. consider a case where the
agglomerate particle radius varies linearly in the through-CL
direction.'® Wang et al. and Yin et al. have considered CLs with
multiple discrete sub-layers in which ionomer volume fraction, overall
porosity and agglomerate size are allowed to take distinct values.”®!'%
Xing et al. consider a similar linear variation for a graded catalyst
layer where multiple properties vary through the system.'®”

Two-phase Models of the Catalyst Layer

Liquid water and flooding.— Although the CL contains multiple
phases (solids, ionomer, gas, liquid water, etc), it is common to use the
terms “‘single-phase” and “two-phase” when referring to the treatment of
water in the model. In a single-phase model, liquid water is not explicitly
resolved. Conversely, in a two-phase model, the volume fraction of
liquid water is described explicitly alongside the independent mass
transfer and phase change phenomena of the liquid water phase. This is
regularly considered a “flooding” condition—some part of the gas-phase
volume fraction becomes blocked with liquid water. Since gas-phase
reactant transport is generally rapid, while diffusion in the liquid water
phase is similarly slow as in ionomer, flooding creates potentially severe
transport limitations due to choking of reacting supply. In general,
PEMFC design seeks to strike a careful balance in water management,
such that sufficiently high hydration is maintained to ensure high proton
conductivity in ionomer material, but not so high that significant
flooding occurs through condensation within the CL. The occurrence
of thin films of liquid water is noted in the CL, even at low water
saturation;> these films may be highly spatially non-uniform.'®®

Conventional two-phase transport models used in PEMFC device
simulation have been develoZped rincipally with a focus on the GDL
and MPL components ®>!+323873:109-113 1y these models, the liquid
water content is not expressed as a concentration or effective
density, but rather according to the liquid water saturation (s;) as
the dependent variable. Liquid water saturation is defined as the
volume ratio of liquid water to total pore volume. In terms of s;, the
liquid water mass balance equation is:

a(p\;\;‘c)porcsl) +

V'Jw = Rnw 50
ot ’ 1501

This equation must be combined with an expression for the
effective liquid water mass flux, Ny, w. Among methods presented
to date, the “two-fluid model” has emerged as prominent, in which a
two-phase Darcy’s law description for the gas and liquid water phases

is combined with a defined functional expression of capillary pressure
as a function of liquid water saturation;''*'" its equations are
summarised below. The principal alternative is the multiphase mixture
(M%) model, which simplifies the mathematical specification and
implementation of the two-fluid model by imposing condensation-
evaporation equilibrium throughout the PEMFC porous media.''®''®

Several authors have remarked on the weaknesses of these standard
models, due to their reliance on capillary pressure—saturation relation-
ships with their origins in soil descriptions from Earth
sciences™!*1!__these are not necessarily relevant model materials
with respect to PEMFC porous media. The M? model has been
explicitly criticised due to the absence of the necessary mass source
terms relating to faradaic sources and sinks in the CL;'20 this statement
has been disputed by proponents of the M> model,'*! and faradaic mass
sources do indeed appear in practical implementations.'**

To improve the applicability of two-fluid models to the CL,
various researchers have attempted to access CL-specific capillary
pressure—saturation relations,'>™'>> but the occurrence of water
sorption into the ionomer during water uptake experiments, con-
currently with filling of CL pores, has been recognised to introduce
significant ambiguity to the data analysis. Given the lack of
agreement in the literature concerning two-phase models of GDL/
MPL regions, the significantly increased complexity of CL mor-
phology, as well as the presence of ionomer, casts further doubt on
the overall quantitative suitability of two-fluid models.'*?

Some modelling approaches consider liquid water to fully flood the
CL pores,”™”’ so that liquid water is explicitly present but two-phase
phenomena are absent. In such models, the normally rapid gas-phase
mass transport of the reacting species is absent, and so mass transport
limitations arise macroscopically without a need for a microstructural
model. For a flooded model including a mixture of water and ionomer,
the diffusion of O, can be considered to occur in series through a thin
ionomer film® according to Eq. 73, or in ]%arallel through separate
pathways in the water and ionomer phases.>*'®® Kulikovsky considered
the case where an effective transport limitation is introduced through
the electrolyte conductivity, while gas diffusion is considered to be
infinitely fast.”* Interfacial voids at the MPL-CL interface have been
identified as locally saturated blocking sites to liquid water transport,
especially under channel regions where compression is lower than
under land;'? in a macro-homogeneous model, this effect might be
included as a lumped transport resistance at the interface.'”’

Mathematical treatment of flooding.—In a two-phase model, the
influence of CL flooding must be accounted for by making the
electrode kinetics and/or reactant transport somehow dependent on
liquid water saturation.

In the absence of a microstructural model incorporating a
saturation-dependent liquid water film, the standard approach to
account for CL flooding is to assume that catalytic activity (local
current density) scales polynomially with the volume fraction of
pores still accessible to reactant transport in the gas phase:**'!>

Iref = iref,O(l — s [51]

Here, it is the current density under dry conditions. The relation
is widely assumed to be linear (ncp = 1), but experimentally
measured values have varied in the range 0.5 < ncp < 0.62."%8 This
approach effectively treats reactants (H, or O,) dissolved in liquid
water as being inert at the liquid water—Pt interface, due to the absence
of adequate proton conduction where the ionomer is absent.'?’

Liquid water saturation also makes paths for gas-phase diffusion
more tortuous. A macroscopic tortuosity correction due to liquid
water saturation in the CL has been suggested as follows:>°

n
Deff,i,CL — (1 _ Sl)mD epure — Ecrit o [52]
Di = Ecrit

Wang et al. measured the gas-phase tortuosity in the CL, and
proposed the following alternative expression:13 0
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Degr ;
=S = s et [53]

1
where the values of mp and np depend on whether the diffusion
model excludes Knudsen diffusion (mp = np = 4) or includes it
(mD = Nnp = 55)

The “‘conventional” two-fluid model—The conventional two-fluid
model is derived by applying Darcy’s law to both gas and liquid phases,
and then using a defined capillary pressure expression to constrain the
relative values of the gas and liquid-phase pressures.

K,

u, = ——=Vp, [54]
ﬂg

u=-Lvp, 55]
H

Peap =Py — P [56]

As noted previously,”' the convention for PEMFC models is to
define capillary pressure as Eq. 56, even in hydrophobic environ-
ments where liquid water becomes the non-wetting phase, and the
value of p.,, becomes negative. By combining the above relations
with a capillary pressure—saturation relation pc.p(s;) and the con-
servation relation Eq. 50:>""7

4] &S Rw
% = Ve(Degp V51 — i) + [57]
K M
f = e [58]
Kg My
0Py
Dcap = _ﬂ_P [59]
JZ

Evaporation-condensation rate.—The distribution of gas-acces-
sible pore sizes, and hence the transition between Knudsen diffusion
of reacting gases and normal continuum diffusion, is influenced by the
saturation degree. Performance decay is likely to appear due to rate
limitation to evaporation-condensation processes.'*' Evaporation may
occur more rapidly than in the GDL due to the small pore size in the
CL, even with the difference in hydrophobicity. It has been suggested
that evaporation can be as fast as the generation of water during the
ORR for certain temperatures and pore size distributions.'

Most PEMFC simulations use the He equations to define the
evaporation-condensation rate in the GDL (110):

pHZO - pvap

Rm,w,gal = chHZO Cw,g
DA

4 pHgO > pvap [60]

Rm,w,l—>g = _kvMHZOCw,l(pvap - pHZO)’ Pu,0 < Dyap [61]

Pu,0

Cw,g = epore(l - 51 RT [62]
Pw
Cw] = €poreS1——— [63]
H,O

Eikerling et al. proposed that the evaporation rate in the CL can
be determined similarly, but using the critical capillary radius (see
Eq. 68 below) to yield the implied gas-liquid interfacial volumetric

: 3
surface area directly.'*

ECL,dry

Rw,l—>g,CL = kv,areal (Pvap - pHgO) [64]

2erig

The bulk expression of py,, can be adapted to be suitable for the
nanoscale composite environment of the CL, by using the Kelvin
equation and an enthalpy change of vaporisation that is constant
locally (AH,,p):

—AH, vap My (0]
pvap,app = pvap,() exp( RT exp pcap RT; [65]
w

with pyapo.cr. = 1.18 x 106 atm, AH,,, ~43 kI mol '.'*?

Sorption to the CL ionomer component—The presence of
ionomer in the CL means that liquid water contributes to a sorption
equilibrium that hydrates the ionomer, as well as participating in an
evaporation-condensation equilibrium. Sorption in ionomers such as
Nafion has been characterised to proceed differently under vapour- or
liquid-equilibrated conditions (so-called Schréder’s paradox);?**2>7-8
as far as the distinction between the two types of sorption arises from
structural interactions of the ionomer bulk and surfaces, the specific
influence of liquid water regions may manifest differently in the case
of ionomer thin films in the CL.”*'** One suggested approach is to
express water content in the CL ionomer as a direct multiple of its
equivalent sorption isotherm in bulk ionomer.”*'*

Water sorption causes swelling of the ionomer phase, which may
reduce the CL pore volume. Shah et al. suggested accounting for this
by the following linear relation:*¢

€iono = Eiono,0 + 0.01261 [66]

In the presence of multiple equilibria involving water in three phases
(gas, liquid and ionomer), there is a risk that equilibrium specifications
and boundary conditions may become inconsistent.'>® One preferential
approach is to use only kinetic relations for each phase change, avoiding
explicit equilibrium statements.'** An alternative practical method for
describing water balance from sorption mathematically in the case of

. Lo . 134
partial liquid water saturation has been suggested by Olapade et al.

Oxygen reduction reaction: product water in two-phase
models.—When liquid water is explicitly resolved in the cathode
catalyst layer, the faradaic mass source of water must be assigned to a
phase. There is disagreement between different models on whether this
product water is created as liquid water, as gas-phase water, or as water
of hydration in the ionomer component of the CL. Sui et al. view
product water as being introduced to “multiple phases
simultaneously”.” If evaporation-condensation equilibria are enforced
in the CL, as in standard M? model formulations, the issue has no
impact as the water will “automatically” find its thermodynamically
correct phase. Likewise, the approach of enforcing uniform liquid- and
gas-phase pressure in the CL will ensure that the appropriate phase is
constrained.** In the presence of kinetically controlled evaporation and
condensation, however, the choice may be impactful. A statistical
review of the two-phase modelling literature suggests that defining
product water in the liquid water phase is generally preferred.”’

Relations from pore-size distribution analysis.—For a cylind-
rical pore of radius r, and with a liquid-gas interface located
somewhere along its length, the Young-Laplace equation gives its
capillary pressure:

Peap = 72)/ cos 6, [67]
7
p

This relation has allowed the development of different theories of
the capillary pressure—saturation relation using a statistical
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distribution of pore sizes. It can be used to define a critical radius for
pore imbibition as a function of the local capillary pressure:*>

Terit = M [68]

pcap

For the case of a hydrophilic pore, the critical radius, 7., is the
smallest pore size filled, while for the case of a hydrophobic pore it
corresponds to the largest pore size filled. In other models, the CL is
divided on micropores, considered the primary pores with r < 10 nm
and macropores considered the secondary pores with » > 10 nm; this
bimodal pore-size distribution allows separation of wetting extent by
pore radius,'3%!3%:136

If the pore is filled up to the critical radius, the saturation can be
defined as:'*?

P I decL (") 4 [69]
ECL,dry 0 dr

Since the typical catalyst layer has a dual pore-size distribution,
by convention it has been agreed that the composites are hydrophilic
for s; < 0.7 and hydrophobic for s; > 0.7."*> Within the pores, Strahl
et al. assumed a thin water layer, and the ionomer was located on the
micropores.'* It is then assumed that the air pore is occupied by the
liquid according to Eq. 68.

The volume occupied by the water in the primary pores is then
the ratio of the pore not occupied by Pt or air. If the volume of the Pt
particles is negligible and with a constant primary pore size ry, of
10 nm, the primary pore saturation is given by:

3
sip=1- (’ﬂ] [70]

Top

The combination of Eqgs. 68 and 70 gives the following capillary
pressure—saturation relation for the CL with only primary pores
partially saturated:'®

2y cos O,
Prap = ———— [71]

1
rop(1 = 51p)3

The volumetric electroactive area can be expressed as a function of the
volume density of Pt particles n,qp; and a curvature length scale 130

1
acyL = Nyope2arpemax(hs + rpp (1 = 515)3, 2rpy) [72]

For secondary pores, an analogous formula was derived, with a
secondary pore radius rps to extend Eq. 71 to s; where primary pores
are completely saturated.

Microstructural Models

Influence of CL microstructure.—Since O, diffusion in ionomer
is generally much slower than in the gas-phase, it is not normally relevant
to consider ionomer-phase diffusion in the macroscale dimension.
Instead, it is only important to consider the rate of diffusion in the
nanoscale dimension of the ionomer film coating the electrocatalyst.

The simplest model of O, diffusion through the ionomer within
the CL microstructure that is nonetheless capable of predicting
transport losses is the assumption of linear diffusion through a thin
ionomer film of defined thickness, with thermodynamic equilibrium
with the as—Phase (concentration c.q02) at the outer surface of the
thin film: ,83,137,138

Do, ;
5,iono
Riifr0, = —acL———(Ceq,0, — CO,.age) [73]

dfiim

where cop age TEpresents the oxygen concentration in the ionomer at
an active particle (in an agglomerate model, at the outer radius of the

agglomerate particle). This concentration could be determined self-
consistently by treating cos ag¢ as the relevant oxygen concentration
in an electrode kinetic model predicting Rg, oz, and requiring
equality of the latter with the diffusion-limited quantity in Eq. 73.

Even in the absence of any more detailed microstructural model,
the mass transport limitation given by Eq. 73 has been described as a
key overlooked phenomenon in simpler macro-homogeneous
models.”> A fuller alternative is to develop a more detailed
agglomerate model; common approaches are based on the assump-
tion of a homogenised composite of electronic conductor with
electrocatalyst, clad in spherical shells of liquid water and/or
ionomer,'3*714!

Characterisation of microstructural morphology.—Characterization
of the catalyst layer through SEM and nanoscale X-ray computed
tomography (nano-CT) has revealed that the internal morphology is
complex and heterogeneous at multiple length scales. Cetinbas et al. used
nano-CT, small and ultra-small angle X-ray scattering (SAXS and
USAXS respectively), TEM and porosimetry to affirm the common
understanding that the loaded Pt/C forms agglomerates of several carbon
particles.'™ The individual Pt nanoparticles have sizes of 2—10nm.
These decorate the surfaces of the carbon black support particles with
sizes of 20-70 nm, which form agglomerates of diameter typically in the
range of 100400 nm. Cetinbas et al. used their result to reconstruct
typical agglomerates (Fig. 4).

The presence of the ionomer as a coating (thin film) on the
agglomerate particles is also a prediction of coarse-grained mole-
cular dynamics simulations.'** Interactions with Pt nanoparticles as
well as the very low thickness of the coating means that the
properties of such a nanoscale film are likely to be appreciably
different from those of bulk ionomer.

Sizes of the primary pores (microporosity) within each agglomerate
are typically quoted as < 10nm'. The secondary pores between
agglomerate particles were reported as having sizes up to 50 nm in
earlier studies,"'** while later work reported a range 60180 nm across
mean values from three studies,102 and 150 nm has been assumed as
reasonable elsewhere.'*® Of course, the precise distribution of any
sample will depend upon specific materials and preparation method.

Within agglomerates, the uniformity of distribution of Pt catalyst
is uncertain. Darling et al.'*® suggested that materials with low
microporosity, such as Vulcan, do not allow Pt to penetrate the
carbon agglomerates effectively, so that a large amount of Pt is close
to the secondary pores. Conversely, materials with high micropor-
osity, such as TEC10V50E may show more uniform Pt distribution.

Eikerling et al. proposed a bimodal pore size distribution for pore
radius rp:13

Epore 1

dsCL = drp

2
ln(i’)
Tpp
exp|l—-| —— + J¥ps €XP —(
In sp,

~7(Insp, + )(psln Sps) Tp

In(rp/1ys) )2 [74]

In sp

Here, subscript “pp” represents primary pores and subscript “ps”
represents secondary pores. yps is a relative contribution of
secondary pores. r; and s; are positions of peak maxima and their
respective peak widths in the distribution. One proposed simplifica-
tion of this distribution is a bimodal delta distribution, in which
porosity is distributed between two types of pores, each with
uniform size.

Agglomerate models.— Historical development and criticism of
agglomerate models.—Based on the morphological observations
summarised above, many works have worked towards “agglomerate
models” in which the influence of this microstructural arrangement
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Figure 4. Reconstruction of a typical agglomerate according to Cetinbas et
al.'% (a) carbon particles, (b) Pt particles, (c) Pt particles on carbon support,
and (d) fully assembled agglomerate. Reproduced by permission of IOP
Publishing Ltd All rights reserved.

is accounted for analytically. The conventional agglomerate model
assumes spherical agglomerate particles with a uniform radius 7,
where each particle contains a homogeneous distribution of active Pt
and is fully flooded with ionomer. Alternatively, water may be the
flooding material—in either case, there is no gas-phase penetration
of the agglomerate.'"**'** It is common to consider a thin film of
ionomer to form a concentric spherical shell coating the outer
surface of the agglomerate. Liquid water, where present, is then
treated as a further concentric layer of defined thickness—i.e., water
is filling secondary pores in the CL structure.

A historical review of agglomerate models has been given by
Yuan et al."** A very wide range of agglomerate radii and ionomer
film thicknesses have been used in the literature; these values have
recently been tabulated and scrutinised.'**'*' Agglomerate models
became especially popular in the 2000s, and were argued at that time
to be essential to reproduce experimentally observed transport
limitations at higher current densities.'*> It has been argued that
the finite kinetics of O, dissolution in ionomer (expressed by Eq. 44)
can account for many of the same phenomena as agglomerate
models.” Considering criticism of the latter work,96 the status seems
to be uncertain. A moderate consensus is progressively emerging
whereby the inputs to the agglomerate model are seen as effectively
constituting additional fitting parameters that are capable of (em-
pirically) quantifying microscale transport limitations in the catalyst
layer, and thus the agglomerate is a phenomenological rather than
realistic description of CL microstructure.”*'*

For some conditions, the transport limitation due to the thin film
has been argued to dominate the transport limitation in the interior of
the agglomerate particle.>®>'*” This is especially the case if the
reactant activity in the interior of the agglomerate is negligible,*® since
otherwise the smaller thickness of the ionomer film should make its
contribution to the overall Thiele modulus small (see Eq. 81 below).
Like the agglomerate particle radius itself, the ionomer film thickness
has been criticised as an experimentally uncertain parameter.'*> More
recently, experimental evidence has also been given to suggest that the
ionomer film is incomplete.'*® Works excluding the ionomer film have
shown negligible transport losses in a spherical agglomerate for typical
experimentally observed agglomerate sizes,”'** and the experimental

observation of catalyst layer-dependent transport limitations does
suggest that some consideration of the microstructure is needed.

Although most authors consider the spherical agglomerate to be
fully flooded with either ionomer or water, Yin et al. considered the
case of a partially flooded agglomerate, including a variation in gas-
phase O2 concentration due to nanoporous diffusion from the
agglomerate outer radius to the outer radius of the flooded region.]49
This type of structure has apparently not been considered subsequently.
Das et al. developed a model based on Bruggeman theory in which the
catalyst layer can be viewed as a dispersion of agglomerate particles
clad in further concentric spheres of air and/or water;"*® this approach
simplifies the determination of effective macro-homogeneous transport
properties, but may not be consistent with the real material connectivity.
Pisani et al. considered the spherical unit cell of agglomerates
surrounded by air, and argued that a sufficiently high gas porosity is
required for the spherical agglomerate model to be meaningful—
otherwise, secondary pores lack the connectivity rec!luired to consider a
homogeneous distribution of oxygen concentration.*

The penetration of the agglomerate microporosity by ionomer has
been argued against based on the pore sizes (< 10nm).'**'** The
absence of ionomer content in the agglomerate interior could render it
chemically inactive, making the ionomer film the important feature;>
alternatively, proton transport in water in the agglomerate interior
could be significant."*® The free proton conductivity in water in
nanopores has been argued as negligible, on the basis that these pores
are comparable in size to open channels in ionomer material.”>">!
Huang et al. also argued that the low number of C nanoparticles in a
typically sized agglomerate challenge the assumption of continuity.'*’

Xing et al. considered the primary pores of the agglomerate
particle as a generalised void space that may be filled with ionomer
or water, or dry gas.”® However, this model did not consider
microstructural interactions due to the different components, and
instead simply weighted the spherical agglomerate equation. Work
from the same authors has also considered the primary pores to
contain an ionomer-gas mixture, while a liquid water film is present
on the agglomerate surface.”” This concept does not seem to match
closely with the reported morphology from experiment.

Some other authors have considered the catalyst layer in terms of
parallel cylindrical gas pores with a coating of agglomerate material
on the pore walls;'>* however, this is not more descriptive of the real
microstructure and does not seem to make it more straightforward to
parameterise the system. Jain et al. reviewed the influence of
different Thiele moduli as implied by different possible agglomerate
geometries.'> Nonequilibrium phenomena in cylindrical gas pores
were considered in terms of a two-scale microstructural model by
Kulikovsky.'>*

Formulation of the standard agglomerate model.—Assuming that
all ionomer is present either within the agglomerate, or as a thin film
of thickness dy,, on the agglomerate surfaces, the volume fractions
are controlled by the properties of the catalyst ink:*®

3
di
€iono = €agg| €iono,agg T (1 + == -1 [75]
Tagg

If &iono,age, the volume fraction of ionomer in the agglomerate
phase within the film, is used as an input parameter, the film
thickness can be expressed from the ionomer content according to
Eq. 75 as:

1

3

. 3

dfiim = Fagg (1 + —;“e“‘ - emem,agg] -1 [76]
agg

where the ionomer and agglomerate volume fractions are computed
from the loading according to Eqgs. 4 and 5.
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In a spherical agglomerate model, the interfacial surface area
G, inside the ionomer film can be defined from the agglomerate
radius:

3¢
= ﬁ(l - 7/inact) (771

Aagg
Tagg

where ¥inae 18 the blocked proportion of the surface area due to
incomplete coverage of ionomer film.’

By defining an active interfacial area of Pt per unit volume of
agglomerate particle, a volumetric reaction source/sink for the H, and
O, can be defined and solved as the source term of a spherical diffusion
equation with a thermodynamically (or kinetically) controlled concen-
tration of dissolved gas at the outer surface of the agglomerate. Given
the typical scale of an agglomerate particle, the electrical and electrolyte
potentials as well as temperature are usually treated as uniform within
the particle,'® so that the electrochemical driving force for the reaction
(including activation overpotential) depends only upon the distribution
of reactant concentration.

With these simplifying assumptions and assuming a first-order,
irreversible reaction, the macro-homogeneous reaction source can be
defined as follows, if the ionomer film surrounding the agglomerate
is ignored:'>®

Rfar,02 = _kaggeaggfco;;_,agg [78]

The effective volumetric rate constant kg, (s is given:

fact
kagg = —— —A4cL¢iono,agg [79]
4F CO, ref

¢ is the agglomerate effectiveness factor defined from a corre-
sponding Thiele modulus and iy ,c¢; is the concentration-independent
part of the kinetic rate law.

For a spherical agglomerate and a linear reaction:

coth f 1
=3 —TL - — (80]
ﬁT ﬂT
where the Thiele modulus fr is in turn given as:
kagg
pr=r _— [81]
T e Deff,Oz,agg

Many authors use the Bruggeman relation for O, diffusivity
within the nanopores of the spherical agglomerate whlle using bulk
diffusivity in a surrounding ionomer film;>?-88:8%149.1

_ 32
Deff,Og,agg - eiono,aggDOZ,iono [82]

The spherical flooded agglomerate model can be extended by
including a thin film of ionomer at the outer radius of the
agglomerate particle, which acts as an additional transport
barrier.>>**®*? In practice, this means that Eq. 78 is combined with
the film mass transport Eq. 73, eliminating the agglomerate

concentration. The overall approach yields:***>
5 -1
1 Tagg dilm
Rfar,O = —&393C0,,agg + [33]
’ : kaggf 3D02,i0n0 Tagg + dﬁlm

Note that the precise formulation of Eq. 83 varies between
different references due to the specific choice of definition of &4,
which in some cases includes the volume of the ionomer film on the
agglomerate surface, and in some cases does not.

Two-phase agglomerate models.—Some authors consider the
combination of an agglomerate model with specifically two-
phase transport in the CL to be essential to reproduce experi-
mental data accurately.?®'5” The parameterisation and parameter
sensitivity of two-phase agglomerate models has been studied
extensively by Li et al."*' One route to account for liquid water is
to define a liquid water film thickness outside the ionomer
thickness occurring in Eq. 76, assuming that all liquid water is
present as a thin (quasi-planar) liquid water layer, on the
agglomerate particles:

d,, = “epore [84]
Qagg

where a,q, is the volumetric surface area of the agglomerate.
Schwarz et al. allowed a direct definition of a,., from a specified
film thickness:'%*

€y
g = 22 551

In “wet gas” models, for which liquid water is represented as a
gas-phase mass fraction rather than as a distinct phase, the liquid
water concentration can be used in place of the saturation to define a
thin water film in a similar manner.'®

If the water in the CL occurs in the film, the film thickness the
depends on the saturation and particle properties. The gas reactants
must dissolve and diffuse through the film to be able to find a site for
reaction; this adds a transport limitation that is saturation dependent.
The gas solubility in the film may also be different than in the
ionomer.'*

In other models, cylindrical agglomerates are combined with the
water film, assuming that the ionomer phase is saturated with
water.'>> They also express the film thickness assuming a thin
liquid water layer as in Eq. 84.

The same thin-film approach has been applied subsequently in
combination with an experimentally measured capillary pressure-
saturation relation for the CL,'®® and has been applied to the
spherical geometry also.”>'¢!

A rigorous combination of the agglomerate model with a two-
phase CL model was introduced for the spherical agglomerate
geometry by the Shah group.86 The water film thickness is expressed
as a function of the agglomerate properties as:

1
3 ore §
S1p ] 1] [86]

w = (ragg +dsm)|| 1 +
4”nvol,agg (ragg + dﬁlm)3

This formula contained an error in the second term in the original
publication,86 which was corrected subsequently.159 Tyol,agg TEPTeE-
sents the number of agglomerates per unit dry material volume.
Writing

Cagg
Nyolagg = 4”3— [87]

3 agg(l Epore)

yields a corresponding expression for film thickness as:’*

1

— 3\3
Spore) Tagg - [88]
Tagg + dﬂlm

Eagg

+ slepore(l

w = (ragg + dfijm) [1

A different expression has been given by Jo et al.,'®> but the latter
is either simply in error, or else the assumptions or definitions
leading to its derivation are not clearly expressed. In the thin film
limit, using linear rather than spherical diffusion (i.e. assuming a
quasi-planar thin film), Schwarz et al. wrote more simply:'®?
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Epore S1

dy =

dﬁlm [89]

Eiono

Extensions to the standard agglomerate model.—The derivation
of a Thiele modulus is more complex for the case of non-integer
reaction order, or if the reaction is considered at all reversible. Both
concerns may apply to the HOR. Mechanistically detailed descrip-
tions of the ORR also display nonlinear apparent reaction order and
may be challenging to combine with an agglomerate mode].>%1%3-163

Proton concentration is usually considered to be constant within
the agglomerates, but Nernst-Planck transport models have also been
implemented to allow variable proton concentration as well as to
study other variable conditions at the microscale.”” %% Moore
et al. used an extra 1D dimension for the agglomerate radius, in
which proton transport is described using an electrolyte potential
according to an Ohm’s law model; this model allows overpotential
to vary through the agglomerate due to non-ideal proton transport.

Diffuse and compact double layer phenomena have been con-
sidered within the agglomerate model for EIS calculations of the
catalyst layer,'®” but since these phenomena manifest only at sub-ms
timescales, they can be excluded for normal transient or steady-state
calculations of the CL.*°

Significant differences may exist in predictions between an
agglomerate model with a unique, uniform agglomerate radius,
and a model introducing a volumetric weighting across an experi-
mentally determined distribution of agglomerate sizes.'®® Such a
weighting can be expressed as:

iv,loc = A iv,loc (ragg) onl(ragg) dragg [90]

Alternatives to the agglomerate model—Given that microstruc-
tural detail is usually difficult to quantify for a real catalyst layer,
Weber et al. progosed the expression of a single mass transfer
characteristic @u.>* In terms of a phenomenological interpretation of
the agglomerate model, this mass transfer characteristic correlates to
the agglomerate Thiele modulus as follows:

kmCm,re ¢ m
B = /& [91]
pm,ref

3 ~1
s mol -,

Suggested values are: @, = 8 X 103 bar m
Pmee = 6 X 103 bar m® s mol L.

Khajeh-Hosseini-Dalasm et al. ignored microstructure because of
perceived imprecision in the measurement and definition of size,
shape and composition of agglomerate particles.”’ Instead, this work
considers the CL with liquid water fully flooding the void space, and
pure ionomer and GDL phases penetrating a finite distance into the
CL. This work defined an arbitrary cylindrical control volume in
which a Pt/C particle sits in the centre and the other phases surround
it with an angular distribution according to their volume fraction; O,
diffuses in the radial direction through both ionomer and void (liquid
water) regions. This radial mass transport model has subsequently
been extended to consider parallel access to reaction sites by
transport through ionomer, liquid water, and gas, with uniquely
defined O, mass transfer resistances in each medium, and a
weighting according to the volume fraction.>*

Discrete Pt particle effects.—The analysis of specific interactions
with discrete Pt particles is complicated by the continuing uncertainty
regarding the phase from which electron transfer takes place at the Pt
interface. Some authors have considered electron transfer at the Pt-
ionomer interface to be more probalble;138 other works argue that if the
catalyst layer is humidified sufficiently, no such interface exists, and
electron transfer takes place at a Pt-water interface.'*

In general, the random nature of catalyst layer manufacture
results in poor utilisation of the Pt catalyst.' Eikerling et al. used
percolation theory to correct the electroactive surface area to account
for the effective accessible volume of the three-phase contacts:>

ACLeff = aCLP(Eiono)P(gagg)((l _)(yes)(l - (1 - P(Egas))M) +Xres) [92]
while Wang et al. sets:*®

ACLeff = aCLP(Emem)P(Eagg)((l _)(res)(l -1 - P(ggas))M) +)(res(1 - P(Sgas))M)
[93]

with M = 4. y. is a residual active area (value not given, but
suggested < 0.2 in”), and:
gm

P(ey) =
) = s oxp(calem — e

[94]

with a = 53.7 and b = 3.2.

The classical agglomerate model includes the effect of Pt loading
on the apparent transfer resistance of the catalyst layer only in terms
of the electroactive area acy, which is assumed to simply scale the
apparent kinetic rate constant for the agglomerate according to a
homogeneous distribution of Pt. Experimentally, the effective
transport resistance has been observed to increase nonlinearly at
low Pt loading; see Fig. 5.'** Several authors have rationalised this
observation in terms of the incomplete overlap of diffusion domains
associated with individual Pt nanoparticles within the ionomer.”'%*

In a spherical flooded film-agglomerate model where both ionic
potential and oxygen concentration vary within the agglomerate,
Yoon et al. demonstrated that a significantly lower relative current
density is delivered in the presence of sparse active reaction sites
(sparse Pt particles).'® This theory has been generalised in terms of
a Pt loading-dependent effective diffusion length for O, passing
through the ionomer film, without requiring a specific agglomerate
model.”

One recent study considered the case of partial ionomer film
coverage, with liquid water flooding the agglomerate.'” This study
also considered mass transport limitations in the local spherical
coordinate system of an individual Pt particle, to account for cases
where Pt loading is sparse on the ionomer scale; to fit experiment, a
much lower O, permeability compared to bulk was required both for
the liquid water and ionomer.

Nanoscale transport to an individual Pt sphere was combined by
Darling et al. with an adsorption kinetics barrier between the
ionomer and the Pt surface, to adapt the Thiele modulus as

follows:'*3
/ 1
= —_ 95
ﬂT,P[ ﬂT 1 + ﬂP[ [ ]

ks d 1
P = ——— (i + ) [96]

ACL €iono,agg Degr kads,Pt

where St p is then used in place of St in Eq. 80. dp, is the individual
Pt particle diameter (m) and k,qs p¢ is the adsorption rate constant for
0, on Pt (m s ).

Summary and Concluding Remarks

Compared to other works, which discuss how different models
are implemented or which focus on specific details of the CL, we
have collated the essential equations proposed in the literature up to
2022 to simulate PEMFC catalyst layers. Most of the work has
focused on the cathode catalyst layer, since the slow rate of the ORR
compared to the HOR causes the cathode to exhibit a much greater
activation loss, although some examples for the anode were also
noted when appropriate. We have focused our attention on
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Figure 5. Experimental and predicted effective transport resistance in the
ionomer as a function of platinum loading and comparison to the works of
Ono et al.,'® Nonoyama et al.,'"® Owejan et al. '7' and Greszler et al.'”?
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differences between the models to highlight their advantages and
where there is a lack of agreement between research groups. For
example, the thin-film and macro-homogeneous models of the
catalyst layer composition were reviewed and compared with each
other; both these models allow homogenised descriptions of the
detailed morphology of the catalyst layer, but the former is preferred
when transport losses can be ignored. Different regularly used
electrode kinetic expressions were discussed, emphasising that for
common operating conditions, reported complex kinetic formula-
tions do not offer any significant advantage over simpler treatments.
A lack of consistency in reported O, diffusivity through the ionomer
phase was raised; however, this has been explained by the
insensitivity of the response to this property, due to the dominance
of the gas-phase mass transport at the microscale and the correlated
uncertainty in ionomer film thickness at the nanoscale. Nanoscale
transport limitations for oxygen in the ionomer and/or liquid water
phase within the cathode catalyst layer have been implicated as key
contributors to the observation of a transport-limited current. There
is not yet agreement, however, on the most appropriate physical
model for describing this phenomenon; detailed agglomerate models
in vogue in the 2000s are increasingly viewed as adding no true
physical insight. Overall, we believe that our work will allow
researchers to make a more informed decision when selecting the
appropriate model for their CL.
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