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ABSTRACT
A two-dimensional, non-isothermal, anisotropic numerical model is developed to
investigate the impact of the interfacial morphology between the micro-porous layer (MPL) and
the catalyst layer (CL) on the polymer electrolyte fuel cell (PEFC) performance. The novel
feature of the model is the inclusion of directly measured surface morphological information of
the MPL and the CL. The interfacial morphology of the MPL and the CL were experimentally
characterized and integrated into the computational framework, as a discrete interfacial layer. To
estimate the impact of MPL|CL interfacial surface morphology on local ohmic, thermal and mass
transport losses, two different model schemes, one with the interface layer and one with the
traditionally used perfect contact are compared. The results show a ~54 mV decrease in the
performance of the cell due to the addition of interface layer at 1 A/cm2. Local voids present at
the MPL|CL interface are found to increase ohmic losses by ~37 mV. In-plane conductivity
adjacent to the interface layer is determined to be the key controlling parameter which governs
this additional interfacial ohmic loss. When the interfacial voids are simulated to be filled with
liquid water, the overpotential on the cathode side is observed to increase by ~25 mV. Local
temperature variation of up to 1˚C is also observed at the region of contact between the MPL and
the CL, but has little impact on predicted voltage.
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NOMENCLATURE
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MPL

Micro Porous layer
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viii
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Chapter 1
INTRODUCTION

1.1 Fuel cell technology
A fuel cell is an electrochemical cell that converts a source fuel into an electrical current
and water. Hydrogen fuel cell technology is based on the global combustion reaction given in
equation below:

The electrons can be used to provide electricity in a consumable form. A fuel cell does
not require recharging the same as a battery. In theory a fuel cell will produce electricity as long
as fuel and oxidizer are constantly supplied. The basic design of a fuel cell involves two
electrodes on either side of an electrolyte. Fuel and oxidizer pass over each of the electrodes and
through means of electro chemical reaction, electricity and water are produced. Typically
hydrogen fuel is supplied to the anode while oxygen is supplied to the cathode. Through a
chemical reaction, the hydrogen molecule is split into 2 electrons and 2 protons. Each takes a
different path to the cathode. As electrolyte has high resistivity for electrons they take a path
through the diffusion media and current collector plate, which, when used correctly can produce
electricity for a given load. The protons pass through the electrolyte and both are reunited at the
cathode. The electron, proton, and oxygen combine to form the byproduct of water. This process
is shown in Fig. 1-1.
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Figure 1-1 Schematic of basic fuel cell operation [75].

Polymer-electrolyte fuel cells (PEFCs) are receiving the most attention for automotive
and small stationary applications because of its environment-friendly characteristics, high energy
density and low operating temperature. Still, current PEFCs are significantly expensive than
internal combustion engines and batteries. To make it commercially viable, engineering
optimizations are required to reduce cost and increase power density. In order to achieve these
optimizations, a deeper understanding of local phenomena occurring inside the cell and its
components is of vital importance. Computer modeling is a cost effective tool for better
understanding of PEFCs and how various parameters affect PEFCs performance.

1.2 Bulk fuel cell modeling
Many models of various complexities have been presented by several research groups for
predicting PEFC performance. These models can be sorted into two main categories of
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macroscopic and microscopic models. As microscopic models are more expensive in
computational time and require additional complexity, macroscopic models are more common in
PEFC models with the incorporation of some microscopic details.

In early 1990s, most models were one-dimensional in nature and mainly focus on the gasdiffusion layer and the catalyst layer. From early models, Bernardi and Verbrugge [1] provided
valuable information about electrochemical reactions and transport phenomena in gas-diffusion
electrode, catalyst layer and membrane. Springer et al. [2-3] was first to account for partially
dehumidified membrane by experimentally measuring water content as a function of relative
humidity and by correlating membrane conductivity to humidification level of membrane. The
above mentioned studies were isothermal, one dimensional in nature and laid the foundation of
PEFC modeling. Fuller and Newman [4] provided a quasi two-dimensional model for the MEA
based on concentration solution theory and accounted for thermal effects. A two-dimensional heat
and mass transfer model was presented by Nguyen and White [5] which solves for the transport
of liquid water through the membrane by electro-osmotic drag and diffusion. This model assumed
ultra-thin gas-diffusion electrodes and negligible liquid phase volume. As the interest grew in fuel
cells, models became more elaborate in their treatment of multi-dimensional and multi-phase
effects. Gurau et al. [6] was the first to use computational fluid dynamics for PEFC modeling.
They developed a two dimensional model of a complete fuel cell, but interaction of the gas phase
and the liquid phase was not considered. Following these studies, several more 0-D, 1-D, 2-D and
3-D models were generated [7-10]. Some models attempted to understand and describe the
cathode [11-14] to optimize the catalyst layer and increase performance of PEFC. Some
simulations examined more detailed membrane models [15-17] as well as incorporating transient,
nonisothermal and multidimensional effects in PEFC models [18-20].
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1.3 Membrane modeling
The membrane electrolyte is a key element in the PEFC and has received a lot of
attention in terms of modeling. All the models can sorted into two main categories of microscopic
and macroscopic models.
Microscopic models or pore level models: These models are based on molecular
dynamics, statistical mechanics and provide fundamental understanding of physics in the
membrane on single pore level. From early models, the main fundamental ones include the
studies of Hsu and Gierke [21] and Yeager and Steck [22]. Hsu and Gierke first proposed the
cluster-network model which supports the inverted micelle structure of ionic phase at lower
hydration level. Yeager and Steck proposed the existence of matrix, ionic cluster and an
interfacial zone in the membrane. Recently, the Weber and Newman model [15-17] focused on
how the membrane structure changes with the water content.
Macroscopic models: These models can be sorted into two categories, diffusive models
and hydraulic models. Diffusive models [23, 18-19, 24] treat membranes as a single,
homogeneous phase through which water and proton diffuse. However, this does not support a
pressure difference inside membrane. For fully hydrated membranes, liquid pressure becomes
driving force and therefore diffusive models are not appropriate. Hydraulic models [1, 25-27]
treat membrane as a two phase system having pores that are filled with water. Here, diffusion of
water becomes meaningless and water movement is attributed to pressure gradient. As these
models assume membrane to be fully hydrated therefore they are not useful when there is a wateractivity gradient across the membrane. There have been various models that try to incorporate
both the effects also. Weber and Newman [15-17] assumed two transport modes working together
and are coupled in continuous fashion.
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1.4 Diffusion media modeling
Diffusion media plays important role in PEFC by providing pathways for electrons, gases
and liquid water to or from reaction sites.
Due to very large electronic conductivity of most PEFC materials, most of the models
[28-30] neglect the losses caused by electronic conduction. Bernardi and Verbugge [1] considered
electron transport but as their model was 1-D therefore the lateral electronic resistance could not
be assessed. Meng and co-workers [8] created a 3-D model to investigate the effects of electron
transport through the diffusion layer. They showed that electronic resistances could significantly
change the current distribution between the channel and land area.
Gas phase flow is treated due to diffusion in most of the models [31-32] because pressure
difference in the diffusion media is minimal. But small pressure gradient coupled with
temperature gradient might affect water transport significantly therefore some models [10, 23, 33]
takes into account the convection in the gas phase by the addition of Darcy’s law.
Liquid water transport in diffusion media is modeled using different approaches
depending on whether the model is single phase or two phase. In single phase models, liquid
water can be taken into account in two ways. First approach [3, 34-35] ignores liquid water
transport and considers it as species that occupies a certain volume fraction. This decreases the
gas phase volume and effective diffusion coefficients of the species. Second approach models [56] liquid water transport and considers it a component of gas in form of water vapor. In this,
liquid has negligible effects on the gas-phase flow but it causes change in gas-phase volume
fraction. In two-phase models [36-38], Darcy’s law is used to model the flow of liquid water and
interaction between liquid and gas is characterized by a capillary pressure, contact angle, surface
tension and pore radius.
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1.5 Catalyst layer modeling
In PEFC, catalyst layer is the thinnest layer where all the electrochemical reactions take
place and all the phases (liquid, gas, different solids) exist. It is modeled in three different ways
namely thin film, agglomerate and macro-homogeneous model.
Thin film model assumes that catalyst layer exist only at the interface of diffusion media
with the membrane and its structure is ignored [39-40]. This approach is useful when the
emphasis is not on catalyst layer effects because it ignores the reaction kinetics and transport
processes inside catalyst layer.
In the agglomerate models, the catalyst layer is considered as a uniform matrix of catalyst
agglomerates surrounded by gas pores. Some studies [11-12] have considered it as thin layer of
catalyst particles and electrolyte membrane sandwiched between membrane and diffusion layer.
All these models were one-dimensional for individual catalyst agglomerate. Karan and coworkers [13] presented a two dimensional agglomerate model by considering diffusion in radial
direction. This model shows that cathode overpotential inside the catalyst layer is non-uniform
and influenced by channel-land geometry. Recently, a three dimensional, steady state
agglomerate model of cathode catalyst layer is presented by Li and co-workers [14]. It showed
the change in cathode overpotential by considering the different configurations of agglomerate
arrangements.
In macro-homogeneous models [41-48], the catalyst layer is treated as a homogeneous
matrix of supported catalyst platinum, electrode and void spaces. It is assumed that the main
effects do not occur within the agglomerates which mean agglomerates have uniform
concentration and potentials. Porous-electrode modeling approach is used and gas phase diffusion
is considered to model catalyst layer. Murgia and co-workers [25] presented a modified version
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by eliminating the nonlinear terms in the mathematical model. This approach has more accuracy
and easier convergence but assumes uniform reaction distribution inside catalyst layer.

1.6 Interface layer modeling
An optimal heat and water balance must be maintained [43-46] in the PEFC. This
involves balancing the operation to avoid flooding while maintaining membrane hydration. A
major unresolved question in the science of water management is the general inability for
computational models to accurately predict the observed water distribution and limiting current
density. This is likely due to a variety of reasons. One major bottleneck is the lack of fundamental
understanding and treatment of the true interfacial contact region between the rough micro-porous
layer (MPL) and catalyst layer (CL) surfaces, which is typically treated as infinitely thin with
perfect contact. Recent work [47-51] at the Pennsylvania Fuel Cell Dynamics and Diagnostics
Lab (FCDDL) has shown considerable interfacial gaps can exist even under compression and can
store up to 6-18% of total water content in PEFC under normal operating condition. A study by
Hartnig et al. using sectional x-ray radiography also demonstrated significant accumulation of
water at interfaces in the PEFC [52].
Among the various interfaces, the MPL|CL interface is of particular importance because
of its common border with reaction sites of the catalyst layer. The main source of potential heat
and water management issues associated with the MPL|CL interface originates from the imperfect
mating of MPL and CL, which can cause significant interfacial gaps and increase the thermal and
electrical contact resistance. These voids can also act as the water pooling locations due to lower
local capillary pressure. This could play a crucial role in blocking the reactant gas transport.
Therefore, it is necessary to investigate the role of the MPL|CL interface using realistic contact
region to investigate its role in ohmic, heat and mass transport issues.
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Despite the hundreds of published models in PEFC literature, there are only few [56-61]
that consider interfacial effects. Most recently, Mench and co-workers at FCDDL have shown the
existence of interfacial gaps and its effect on cell resistance [53-55]. These interfacial resistances
can be exacerbated by PEFC operating conditions, especially during sub-zero environment. Nitta
and co-workers [56-57] considered the diffusion media (DM) and the CL interface in their model
by focusing on the impact of inhomogeneous compression. Though useful, these studies consider
a lumped representation of the interface and neglected the true surface morphology of the DM
and CL. Some literature has also focused on other interfaces like the bipolar plate (BP) and DM
interface [58-61] by taking average morphology of the mating surface into consideration. Most of
these studies focused on increase in ohmic resistance due to the contact. However, these
interfacial gaps at MPL|CL may also act as a potential location for liquid water and can
significantly affect the mass transport losses, or generate local heating from ohmic effects.
The objective of the present study is to obtain a better understanding of the impact of the
true rough MPL|CL interface on the local ohmic, thermal and gas-phase mass transport losses. In
the present work, a two dimensional, single-phase, non-isothermal, anisotropic numerical model
has been developed to investigate the impact of interfacial morphology on PEFC performance.
Directly measured interfacial morphology information of a commercial catalyst layer and the
micro porous layer were experimentally characterized and integrated into a computational
framework as a discrete interface layer, as discussed in the following section.
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Chapter 2
MODEL FORMULATION
This section describes the two dimensional, single-phase, non-isothermal model that
incorporates the MPL|CL interfacial morphology information as a discrete domain. The model
includes the transport of gaseous species, energy and charge. A schematic of the fuel cell
components and the chosen control volume for the model development is shown in Fig. 2-1.
Conservation of mass, energy and charge have been performed for each fuel cell component.

Bipolar plate

Diffusion media
Y
Z

X

Micro porous layer
Catalyst layer
Membrane

Computational
domain
Gas channel
Figure 2-1. Schematic illustrating the computational model domain.

2.1 Model assumptions
In this study, a single phase, non-isothermal, PEFC model was applied to typical fuel cell
geometry with the interface layer on both the sides. The cell dimension and modeling parameters
of the individual cell components are listed in Table 2-1, the properties of each component are
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summarized in Table 2-2, and various material properties are listed in Table 2-3. The following
assumptions were made for the development of the single-phase PEFC model:
1. Model is two-dimensional (in x and y) as shown in Fig. 2-1 and has reached steady state.
2. MPL, DM and CL are considered to be porous media. The polymer electrolyte membrane
(PEM) is treated with a pure diffusion model. Explicit treatment of liquid water motion is not
accounted in porous media.
3. Conduction is assumed to be the dominant mode of heat transfer in the fuel cell components.
Convective heat transfer due to flow of reactant gas species is neglected.
4. Thermo-osmotic flow in the membrane [63] is not included in the present formulation, as it
would have negligible impact on the simulation performed here.
5. The MPL|CL interfacial structure [49] used in the present model is under homogeneous
compression of 1.5 MPa.

2.2 Species transport
Species transport was derived for the reactant and product gases on the anode and
cathode sides. A generalized form of Fick’s law was used for the species transport. Species
transport was solved for H2 and H2O on the anode side and O2, N2 and H2O on the cathode side
[62]:

[1]
where

is the molar concentration,

is effective diffusion coefficient, and

is the source

term for species. The first and second term in Eq. 1 represent the through-plane (x-direction)
diffusion and in-plane diffusion of reactant and product gases, respectively. The last term in Eq. 1
represents the consumption/production of the reactant species. This source term is non-zero in the

11
catalyst layer and zero in other components. For H2 and O2, the source term in the catalyst layer
can be written as:

[2]
where n is the number of electrons transferred,

is the local current density and F is Faraday’s

constant. For water, the first and second term in Eq. 1 represent diffusion and the source term in
the catalyst layer has an additional electro-osmotic drag term, which can be written as:

[3]
where

is electro-osmotic drag coefficient for water, and

is ionic current. Thermo-osmotic

flow in the membrane [63] is not included in the present formulation. For the porous regions of a
PEM fuel cell, diffusivity expression is modified to account for the toruosity effect using
Bruggman correlation as:

[4]
where is the porosity of the medium.

2.3 Energy transport
For low to medium current, conduction is believed to be the dominant heat transfer mode
in the porous fuel cell components [65]. To perform the energy conservation, advection heat
transport due to vapor diffusion and reactant/product species is neglected. This is shown in
Appendix 2. Therefore, the generalized energy equation in two-dimension in all the PEFC
components can be written as [65]:

[5]
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where T is the temperature, kx and ky is the thermal conductivity in x-y direction (anisotropic
properties), and

is the source term. The first and second term in Eq. 5 represents the

through-plane and in-plane thermal transport, respectively. In the catalyst layer, the source term
can be represented as:

[6]
where

is overpotential,

is entropy change,

is ionic current,

is electronic current, κ is

ionic conductivity and ζ is the electronic conductivity. These four terms represent irreversible
heat of the electrochemical reaction, reversible entropic heat and Joule heating because of ionic
current and electronic current respectively. In the membrane, the source term has Joule heating
because of ionic current which can be represented as:

[7]
In micro-porous layer and diffusion media, the source term has Joule heating because of
electronic current which can be represented as:

[8]

2.4 Charge transport
In the PEFC, protons travel through the ionic conductor (membrane and ionomer in the
CL), while electrons transfer through the solid matrix (CL, MPL and DM). Conservation of
charge is performed for both proton and electrons, and can be written as [62]:

Protons Transport:
Electrons Transport:

[9]
[10]
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where

and

are the electrolyte and solid phase potentials, respectively. In both Eq. 9 and Eq.

10, the first and second term represent through-plane and in-plane charge transport, respectively.
Due to gaps at the MPL|CL interface, there will be in-plane and through-plane motion of charge.
Therefore all the material properties are considered as anisotropic in order to capture the effect of
any gap due to the improper mating of MPL|CL. The source term in the charge equation is used
to describe the transfer current between the electronic and electrolyte phase inside of each anode
and cathode catalyst layer. In the anode catalyst layer, the kinetic expression represents the
hydrogen oxidation reaction (HOR). The HOR kinetic expression is derived by linearizing the
Butler-Volmer equation on the assumption that the HOR reaction is facile, and hence the surface
over-potential is small. The local current density on anode side can be expressed as follows [62]:

Anode CL:

[11]

In the cathode catalyst layer, the kinetic expression represents the oxygen reduction
reaction (ORR). The ORR kinetics can be represented by Tafel kinetics. The ORR kinetic
expression is obtained by neglecting the oxidation branch of the Butler-Volmer equation for the
cathode [62]:

Cathode CL:

[12]

For other components, the current generation source term is zero. The over-potential is
defined as [74]:

[13]
where

is the open-circuit potential, which is zero on anode side. The expression for cathode

side can be derived from thermodynamics as:

[14]
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As Nafion solution is used as the ionomer in the anode and cathode catalyst layers, the
effective proton conductivity of the anode and the cathode catalyst layers is described using the
Bruggeman relation:

[15]
where

is the volume fraction of ionomer in the CL and κ is proton conductivity as a function

of temperature and water content as shown in Table 2-3.

2.5 Boundary conditions
Boundary conditions in y-direction are symmetric; hence all gradients on these
boundaries will be zero. By use of the single domain approach, the boundary conditions are only
required at the external surfaces of the computational domain. At the anode/cathode channel inlet,
the species concentrations are determined by the inlet pressure and humidity conditions. For the
thermal boundary conditions, a constant temperature is applied to the anode and cathode land
boundary. At the anode/cathode channel inlet, convective boundary conditions are applied for
energy equation with Nusselt number calculated from internal laminar flow.

2.6 Treatment of interfacial layer
To investigate the effect of the interface between the cathode MPL|CL on PEFC
performance, an additional layer consisting of MPL, CL surface and interfacial voids were
included to the computational domain. A typical MPL|CL interface structure, which was
constructed in our previous study [49], is shown in Fig. 2-2a. It must be noted that the horizontal
axis and vertical axis in Fig. 2-2a correspond to the y axis and the x axis in the current
formulation, respectively. Surfaces of CL and MPL (SGL 10BB) samples were characterized
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using optical profilometry to obtain the surface characteristics and profile data for digital
reconstruction of the MPL|CL interface [48, 49]. An interfacial morphological model was also
developed at the Penn State FCDDL to obtain the resulting interface under compression [48, 49].
It must be noted that the model approximates the deformation to be purely elastic. However,
some plastic deformation in the contacting materials may occur, resulting in further compression
of the MPL|CL interface under the pre-existing load. This would result in a relative reduction of
the void size in the MPL|CL interface. Further studies are underway to account for the plastic
deformation in the interfacial layer. This digitally reconstructed interface was incorporated in the
present computational domain as shown in Fig. 2-2b. This interface layer consists of three parts:
CL, MPL and void. Appropriate properties of each component were specified in each grid,
depending on which region they were. The void region inside the interface layer is modeled as
infinite resistivity for electron and proton transport, gas channel diffusivity of species transport
and water vapor thermal conductivity for thermal transport. In a flooded scenario, this void space
is filled by liquid water, and the appropriate thermal, mass and electric transport coefficients were
specified in each grid. Figure 2-2b summarizes the uniqueness of this model over other models
published in the fuel cell literature, which is the incorporation of the MPL|CL interface layer with
rough interfacial morphology.
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Figure 2-2. (a) A typical MPL|CL interface cross-section based on the optical scans of MPL and
CL surfaces [49] (b) Computational domain and interface layer.
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2.7 Method of approach
The governing equations were discretized using a finite volume method and solved using
a computational fluid dynamics code developed in-house. From a grid sensitivity study,
computational mesh of 35000 cells was found to provide sufficient spacial resolution because the
error . In the MPL and CL region, extremely finer meshes (90 in x-direction with 1µm size and
100 in y-direction with 10µm size) were used. An initial guess was given to all variables, and
then scalar equations were solved to obtain the values of all the variables. Convergence criteria
were performed for each variable and the procedure was repeated until convergence. Temperature
dependent properties and source term were updated each iteration. The coupled set of equations
was solved iteratively, and the solution was considered to be convergent when relative error for
each variable (like temperature) becomes less than 10-7.
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Table 2-1. Cell dimension and modeling parameters
Symbol
tDM
tMPL
tCL
tm
εDM
εMPL
εCL
εmc
aio,a
aio,c
Do,c
Do,a
Dw, c
F
R
CH2,ref
CO2,ref
a
c
c

Sa
Sc

Parameter
Anode/Cathode DM thickness
Anode/Cathode MPL thickness
Anode/Cathode CL thickness
Membrane thickness
DM porosity
MPL porosity
CL porosity
Volume fraction of ionomer in CL
Exchange current density (anode)
Exchange current density (cathode)
Diffusion coefficient of oxygen in
cathode
Diffusion coefficient of hydrogen in
anode
Diffusion coefficient of water vapor in
cathode
Faraday constant
Universal gas constant
Reference hydrogen molar
concentration
Reference oxygen molar concentration
Anodic transfer coefficient for HOR
Cathodic transfer coefficient for HOR
Cathodic transfer coefficient for ORR
Change in entropy for anode
Change in entropy for cathode

Value
340
80
10 (Gore Series MEA)
18 (Gore Series MEA)
0.8
0.63 [72]
0.6
0.26
109
104
3.2348 x 10-5

Unit
m
m
m
m
A/m3
A/m3
m2/s

1.1028 x 10-4

m2/s

7.35 x 10-5

m2/s

96487
8.314
40

C/mol-eq
J/molK
mol/m3

40
1
1
1
0.104 [64]
-326.36 [64]

mol/m3
J/molK
J/molK

Table 2-2. Material properties values for fuel cell components
Symbol
x

y

kx

ky

Property

DM

MPL

CL

PEM

Unit

Through plane
electronic
conductivity
In plane electronic
conductivity
Through plane
thermal
conductivity
In plane thermal
conductivity

300 [55]

300 [55]

200 [55]

-

S/m

3000 [55]

300 [55]

200 [55]

-

S/m

0.42 [76]

0.42 [76]

0.27 [76]

0.16 [76]

W/mK

4.2 [76]

4.2 [76]

2.7 [76]

0.16 [76]

W/mK
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Table 2-3. Material properties expressions
Symbol

nd

a
Psat

Dw
Di

Property
Ionic
conductivity
Drag
coefficient
Water
content
Water
activity
Saturation
pressure
Diffusivity of
water in
membrane
Diffusivity of
species in gas
phase

Expression

Unit
S/m

Ref
[3]
[3]

atm
m2/s

[69]

m2/s

[73]
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Chapter 3
RESULTS AND DISCUSSION
To analyze the role of the interface layer on the PEFC performance, three cases have
been defined for this study. In Case 1, the interface layer is not accounted for and a perfect
contact is assumed. This is similar in nature to most existing performance models. In the Case 2
and 3, the interface layer consisting of the MPL, CL and interfacial voids is integrated into the
computational domain. The precise morphology of this interface region was obtained from the
experimental data for the CL and MPL [48, 49] as previously discussed. Appropriate properties of
each component are specified in each grid, depending on the appropriate region. The void region
is assumed to be filled with water vapor for Case 2 and liquid water for Case 3. For both the
cases, the interface layer is modeled as infinite resistivity for electron and proton transport. For
Case 2, gas channel diffusivity for the species transport and water vapor thermal conductivity
were used. Alternatively, Case 3 used a diffusivity value of almost zero for the reactant transport
and liquid water thermal conductivity for thermal transport. Case 2 and 3 are described in Table
3-1. These three cases have been simulated at different voltage boundary conditions (ranging
from 0.4V to 1V) to investigate their impacts on the mass, charge and energy transport.
Table 3-1. Interface Layer Properties
Properties
Thermal
conductivity
Electronic
conductivity
Oxygen
diffusivity
Hydrogen
diffusivity
Water Vapor
diffusivity

Water Vapor Filled Interface
Layer (Case 2)

Liquid Water Filled
Interface Layer (Case 3)

Unit

0.028

0.62

W/mK

-

-

S/m

3.23×10-5

-

m2/s

1.1×10-4

-

m2/s

7.35×10-5 (Anode)
1.1×10-4 (Cathode)

7.35×10-5 (Anode)
1.1×10-4 (Cathode)

m2/s
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The single phase model with the interface layers was compared with measured
experimental data [70]. The experimental data were obtained using Gore 5710 series MEA and
SGL 10BB DM. The performance curve from the model results and the experimental results are
shown in Fig. 3-1. The model results show reasonable agreement with the experimental data (~3
% error) in the low current density region (less than 1.4 A/cm2), considering the negligible effects
of two-phase flow. For higher current densities (greater than 1.4 A/cm2), the two-phase effects
play an important role, causing an increase in divergence between model results and experimental
results.

1.2
Experimental results
Model results (Single phase)

Voltage (V)

1.0

Cell temperature: 75o C
A/C: 100%/100% Inlet RH
Exit pressure: 1 atm

0.8

0.6

0.4

0.2

0.0
0.0

Single-phase
approach zone

0.5

Multi-phase
effects

1.0

1.5

2.0

2.5

Current density (A/cm 2)
Figure 3-1. Comparison of model results with experimental data [70] (Gore 5710 series MEA,
SGL 10BB DM).
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3.1 Impact of water vapor filled interface layer
Figure 3-2a shows the comparison between polarization curve for the Case 1 and Case 2.
Case 1 has a perfect contact, and Case 2 has real interfacial layers with voids filled with water
vapor. The polarization curve for both the cases were obtained by varying voltage from 1 to 0.4 V
with step of 0.1 V. It can be seen that there is a decrease in the performance due to the addition of
interface layers into the computational framework. In the activation region, the polarization curve
for Case 2 is lower than Case 1, indicating more kinetic losses after the inclusion of interface in
the model. This can be attributed to decrease in the CL volume due to voids present at the
interface layer. The gap between PEFC performance curves increase with an increase in current
density, indicating a potential increase in the ohmic losses for Case 2. Since the two phase is not
taken into account, the model is valid only for lower current density region (< 1.4 A/cm2). At 1
A/cm2, additional voltage drop of ~54 mV is estimated for the Case 2 in comparison to Case 1.
The individual anode over-potential, cathode over-potential and ohmic losses are shown for the
Case 2 in Fig. 3-2b. Also, the additional individual losses and individual contributions are given.
As the void region is filled with water vapor for Case 2, the major contribution of the losses
comes from ohmic losses. The model predicts 68% ohmic contribution in overall additional
voltage drop at 1 A/cm2, which is ~37 mV. The ohmic loss increase for Case 2 can be attributed
to an increased effective mean electron current flow path at the MPL|CL interface. The small
impact on the anode overpotential and cathode overpotential is also seen in Fig. 3-2b. This can be
attributed to the decrease in CL volume because of the voids present in the catalyst layer surface,
which will affect the anode and cathode kinetics in PEFC. The model predicts 14.6% contribution
of anode overpotential, and 17.2% contribution of cathode overpotential in overall additional
voltage drop at 1 A/cm2. These contributions depend on the current, and will change with
different current. The ohmic contribution in additional voltage losses for Case 2 will increase for
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the current densities greater than 1 A/cm2, and will decrease for current densities less than 1
A/cm2.
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1.2
Model with interface layer (Case 2)
Model with perfect contact (Case 1)

Voltage (V)

1.0

0.8

Cell temperature: 75o C
A/C: 100%/100% Inlet RH
Exit pressure: 1 atm

0.6

0.4

0.2

0.0
0.0

0.5

1.0

1.5

2.0

2.5

Current density (A/cm 2)
(a)

Losses

Voltage losses Voltage losses
(Case 1)
(Case 2)
(mV)
(mV)

Additional
losses
(Case 2 – 1)
(mV)

Individual
contributions
of additional
losses

Ohmic Loss

63.3 ± 0.1

100.3 ± 0.1

36.9

68.1 %

Anode

12.9 ± 0.1

20.9 ± 0.1

7.9

14.6 %

Cathode

415.1 ± 0.1

424.5 ± 0.1

9.4

17.2 %

Over all
losses

491.4 ± 0.1

545.7 ± 0.1

54.3

(b)
Figure 3-2. (a) Polarization curve comparison of model with interface layer and model with
perfect contact, (b) Loss contributions at 1 A/cm2 with inclusion of interface layer (water vapor
filled).
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For Case 1, the current flows from the diffusion media to the catalyst layer on the anode
side, and from the catalyst layer to the diffusion media on the cathode side. After the inclusion of
interface layer in the model for Case 2, there is void region present in MPL|CL interface. This
void region acts as an electrical insulation barrier for the charge transport, which results in the
significant in-plane current flow. The additional ohmic voltage loss is attributed to the in-plane
motion of electron due to the void region present at the interface layer, which causes current
distortion shown in Fig. 3-3. Figure 3-3a shows the electron current vector plot of the complete
PEFC domain for Case 2 at 1 A/cm2. Figure 3-3b shows the detailed view of boxed region in Fig.
3-3a. It can be seen from the figure that there exists significant in-plane motion of electron
current in the catalyst layer, micro-porous layer and diffusion media.
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Channel

Land

(a)

(b)
Figure 3-3. (a) Electron current distortion due to presence of the interface layer in complete PEFC
domain, (b) Detailed view of boxed region in (a).
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3.2 Impact of anisotropicity
In-plane electronic conductivity of the micro-porous and catalyst layer is expected to be
the critical parameter for controlling the additional voltage loss for Case 2. Figure 3-4 shows the
variation of the overall additional losses at 1 A/cm2 for Case 2 with an increase in the in-plane
conductivity. The x-axis shows the multiplying factor used to increase the in-plane conductivity
of the MPL and the CL. As the in-plane conductivity increases, there is decrease in overall losses
predicted by the model. Figure 3-4 also shows that the additional voltage loss for Case 2
asymptotically approaches to ~17 mV value, which is the same as the additional anode/cathode
overpotential losses for Case 2. This means that the additional ohmic losses for Case 2 can be
removed by increasing the in-plane conductivity of the micro porous layer and catalyst layer.
Figure 3-3b shows significant in-plane motion of electron current in the diffusion media as well.
But the in-plane conductivity of the diffusion media is 8-10 times the in-plane conductivity of the
catalyst layer and micro-porous layer. Therefore, the impact on overall additional loss is almost
negligible.
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60
Increase in ohmic losses
Increase in anode/cathode overpotentials

Voltage losses (mv)

50

40

30

20

10

0
Base

5x

10x

15x

20x

25x

Multiplying factor of in-plane electronic conductivity
Figure 3-4. Impact of CL and MPL in-plane electronic conductivity on overall losses caused by
inclusion of interface layer.

3.3 Temperature distribution
Figure 3-5 shows the temperature distribution of PEFC for Case 2 at 1 A/cm2. It can be
seen that the temperature at the cathode side is higher than at the anode side, due to the reversible
and irreversible entropy production. Also it can be seen for Case 2 in Fig. 3-5 that there are some
hot spots formed close to the contact points between MPL|CL interface on the cathode side. A
maximum temperature difference of 1˚C is observed on the cathode CL. Reaction region in
cathode CL close to the contact points at MPL|CL interface will be more active than reaction
region just behind the voids present at the interface. This may cause more heat generation due to
the reaction close to the contact points. Also there is large amount of charge flow at the contact
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points at the MPL|CL interface. Temperature variation in cathode CL may also be attributed to
the heat generation due to Joule heating of large amount of charge flowing at the contact points.

Figure 3-5. Temperature distribution inside PEFC (water vapor filled interface layer).

Figure 3-6a and 3-6b shows the temperature distribution of the anode and the cathode
interface layer region of PEFC for Case 2 at 1 A/cm2. Figure 3-6a includes the Joule heating
effects due to electron flow and Fig. 3-6b does not include the Joule heating effects due to
electron flow. It can be seen that there is an increase of ~0.3˚C temperature with the inclusion of
the Joule heating due to the electron flow close to the contact points at MPL|CL interface. This is
attributed to the large amount of charge flowing at the contact points. This temperature rise has
very small impact on the performance (0.02% change in output voltages) in the single phase
model. It can be concluded that temperature variation of 1˚C in cathode CL region is mainly
caused by voids present at the interface layer and only a small impact from the electron flow at
the contact points between the CL and the MPL.
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Figure 3-6. Temperature distribution with electron transport Joule heating, (b) Temperature
distribution without electron transport Joule heating.

3.4 Impact of liquid water pooling at interfacial voids
Figure 3-7a shows the comparison between polarization curve for the Case 1 and the
Case 3. Case 1 has no interface layer and Case 3 has interface layer with voids filled with liquid
water. As described, the polarization curves for both cases are obtained by changing voltage from
1 to 0.4 V. Similar to Fig. 3-2, there is a decrease in performance after the inclusion of liquid
water filled interface layer in to the model. For low current densities, the polarization curve for
Case 3 is overlapping with polarization curve of Case 2. It can be concluded that kinetic loss are
same for Case 2 and Case 3, and higher than Case 1, due to the void present in catalyst layer. But
at high current densities where the mass transport losses become more important, the polarization
curve for Case 3 is predicted to be lower than polarization curve of Case 2. This behavior is
attributed to the blockage of species transport because of the liquid accumulation at the interface
layer. At 1 A/cm2, an additional voltage drop of ~66 mV is estimated for the Case 3 in
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comparison to Case 1. Figure 3-7b shows the individual anode over-potential, cathode overpotential and ohmic losses for Case 3 at 1 A/cm2. The increase in individual voltage losses are
calculated for Case 3 in comparison to Case 1. The model predicts ~34 mV of increase in ohmic
loss, ~8 mV of increase in anode overpotential and ~25 mV of increase cathode overpotential.
The highest contribution comes from ohmic losses (51%) in additional voltage loss of Case 3 in
comparison to Case 1. This is followed by cathode overpotential (37%) and anode overpotential
(12%). Figure 3-7b also shows the comparison between the additional individual voltage losses at
1 A/cm2 for Case 2 and 3 in comparison to Case 1. It can be seen that Case 3 has high additional
overall losses in comparison to Case 2. This can be attributed to additional mass transport losses
in Case 3. Therefore as current increases, voltage loss between Case 2 and 3 increases. Because
of liquid water accumulation at the interface, reaction rates adjacent to liquid water filled gaps are
slower in comparison to other region in the catalyst layer. This leads to decrease in in-plane
motion of electron current for Case 3 which causes 8.5% decrease in additional ohmic loss in
comparison to Case 2. As hydrogen diffusivity and mole fraction on the anode side is very high in
comparison to oxygen, negligible increase (0.2%) is seen on the anode overpotential.
Alternatively, significant jump (162.8 % increase) jump in cathode overpotential is observed for
Case 3 in comparison to Case 2. This is attributed to the blockage of oxygen transport on the
cathode side of PEFC.
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1.2
Model with perfect contact (Case 1)
Water vapor filled interface layer (Case 2)
Liquid water filled interface layer (Case 3)

Voltage (V)

1.0

0.8

0.6

0.4

0.2

0.0
0.0

Cell temperature: 75o C
A/C: 100%/100% Inlet RH
Exit pressure: 1 atm

0.5

1.0

1.5

2.0

2.5

Current density (A/cm 2)
(a)

Losses

Voltage losses
(Case 3)
(mV)

Additional
losses
(Case 3 – 1)
(mV)

Individual
contributions
of additional
losses

Percentage
change in
additional
losses
(Case 3 & 2)

Ohmic Loss

97.1 ± 0.1

33.9

50.9 %

8.4 % decrease

Anode

20.9 ± 0.1

7.9

11.9 %

No change

Cathode

439.7 ± 0.1

24.6

37.0 %

162.8 % increase

Over all losses

557.8 ± 0.1

54.3

(b)
Figure 3-7. (a) Performance comparisons with liquid water filled interfacial layer, (b)
Contributions at 1 A/cm2 because of inclusion of interface layer (liquid water filled) and
comparison of individual contribution with water vapor filled and liquid water filled interface
layer at 1 A/cm2.
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As discussed in previous paragraph, a negligible increase in anode overpotential and a
significant increase in cathode overpotential is predicted by the model for Case 3 in comparison
to Case 2. This is due to the mass transport losses caused by the liquid water filled interface layer
on both the sides of the model. Figure 3-8 shows the disruptions in species transport caused by
the liquid water filled interface layer on the anode and cathode side of the model. Liquid water
blocks the diffusion of species transport causing decrease in mole fraction of species in reaction
sites. A diffusion vector plot shows the disruptions caused by the interface layer for the hydrogen
transport on the anode side and for the oxygen transport on the cathode side. The change in mole
fraction of species of Case 3 in comparison to Case 1 is shown in contour plot in Fig 3-8. A
maximum decrease of 0.035 mole fraction of hydrogen is estimated adjacent to liquid filled gaps
on the catalyst layer with slight increase (0.005 mole fraction) on the diffusion media and microporous layer. Similar behavior is observed for oxygen transport on the cathode side for which
maximum decrease of 0.05 mole fraction is estimated on the catalyst layer with slight increase
(0.01 mole fraction) on diffusion media and micro-porous layer. Higher impact on oxygen mole
fraction is attributed to the low diffusivity of oxygen in comparison to hydrogen.
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(a)

(b)

(b)

(d)

Figure 3-8. (a) Anode side hydrogen diffusion vector distortions caused by liquid water filled
interface layer (b) Mole fraction change of hydrogen between Case 3 and Case 1 (c) Cathode side
oxygen diffusion vector distortions caused by liquid water filled interface layer (d) Mole fraction
change of oxygen between Case 3 and Case 1.
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3.5 Effects of interfacial gap width and location
Separate cases are simulated to know the impact of interfacial gap width and location on
the PEFC performance. At 0.5 A/cm2, Fig. 3-9 shows the variation of additional voltage losses
with the increase in width of gap at MPL|CL interface. An interfacial gap is placed in between
MPL and CL at the center of channel on the cathode side of PEFC. Additional voltage loss is
plotted with a non-dimensional parameter defined as gap width, W/ (W is the interfacial gap
width and

is the catalyst layer thickness). The parameter W/ , is defined because the catalyst

layer resistance is a key parameter for overall MPL|CL interfacial resistance [71]. For Fig. 3-9a,
the gap region is assumed to be filled with water vapor. It is modeled as infinite resistivity for
electron and proton transport. Gas channel diffusivity is used for species transport and water
vapor thermal conductivity is used for thermal transport. For this case, additional ohmic losses are
found to be dominant. The model results predict that as the width of gap increases, additional
ohmic losses increases in a non-linear fashion. The additional ohmic loss increase is attributed to
an electrical insulation barrier due to the interfacial gap, which causes voltage and current
distortion. It is also observed that there is no increase in additional ohmic loss till W/ = 10,
which is critical gap width after which additional ohmic losses start playing role.
Alternatively, the gap region is assumed to be filled with liquid water for Fig. 3-9b. It is modeled
as infinite resistivity for electron and proton transport. Almost zero diffusivity is taken for species
transport and liquid water thermal conductivity is taken. For this case, significant effects are seen
on the additional ohmic losses and additional cathode overpotentials. Figure 3-9b shows the
variation of additional overall losses, additional cathode over-potential and additional ohmic
losses with the increase in gap width. As the gap width increases, both the additional cathode
overpotential and additional ohmic losses increases resulting in the increase of additional overall
losses. The increase in additional cathode overpotential is attributed to the blockage of oxygen
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transport because of water filled gaps. Figure 3-9b shows less impact on additional ohmic losses
in comparison to Fig. 3-9a. This may be attributed to the decrease in in-plane motion of electron
because of slower reaction rates adjacent to the liquid water filled gaps.
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Figure 3-9. (a) Increase in ohmic losses due to increase in interfacial gap width. Gap assumed to
be filled with water vapor (b) Gap assumed to be filled with liquid water at 1 A/cm2.
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At 1 A/cm2, the individual contributions of the additional anode overpotential, cathode
overpotential and ohmic losses at three different locations of gap are shown in Fig. 3-10. The
interfacial gap of dimensionless width parameter of 50 is placed at the cathode channel center,
anode channel center and cathode land center. Figure 3-10a shows the loss when the gap is filled
with water vapor. The model prediction shows that the additional overall losses are dominated by
the additional ohmic losses. With the change in the location of gap, no significant change is
predicted in the losses and individual contributions. Alternatively, significant changes are
predicted with the location when the gap is filled with liquid water as shown in Fig. 3-10b. A gap
located at cathode channel center is found to be most critical for performance loss followed by
gap located at the cathode land center and anode channel center. Model predictions show that the
increase in cathode overpotential contribution is dominating in increase in overall losses when the
liquid filled gap is located at the cathode side of PEFC. This can be attributed to the blockage in
oxygen transport caused by liquid water filled gap. There is a blockage of hydrogen transport on
anode side of PEFC when the gap is located at the anode channel center, but no significant impact
is seen on anode/cathode overpotentials. This can be attributed to high diffusivity values and high
mole fraction of hydrogen on the anode side. Therefore, the individual additional losses for liquid
water filled gap are almost same as the water vapor filled gap.
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Figure 3-10. Voltage losses at different locations of gap with w/δ = 50 (water vapor filled), (b)
Voltage losses at different locations of gap with w/δ = 50 (liquid water filled) at 1 A/cm2.
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Chapter 4
SUMMARY AND CONCLUSIONS
A mathematical model was developed to investigate the effect of true interfacial
morphology on fuel cell performance. The novel feature of the model is the inclusion of directly
measured surface morphological information of the catalyst layer and the micro porous layer, and
inclusion of interfacial voids present in CL|MPL interface. The conclusions can be drawn from
this analysis includes:
Model predictions show a decrease in the performance curve of the PEFC with presence of
interface layer. In case of water vapor filled voids in the interface layer, ohmic losses are
significant (~68% contribution) as compared to cathode and anode overpotentials. However,
cathode overpotential (increase of ~25mV) become significant if liquid water is pooled in
these interfacial pores.
In-plane conductivity of the components adjacent to interface layer is found to be the key
controlling parameter for additional ohmic loss caused by inclusion of interface layers. A
decrease of 30.06 mV in performance loss is found by increasing the in-plane conductivity by
5 times.
Temperature variation (~1˚C) is found close to the contact points of the MPL|CL interface
mainly because of the low active region formation in CL behind the voids present at the
interface layer, but are not shown to affect overall performance.
A dimensionless width ( w/δ ) of 10 is critical water vapor filled gap width after which ohmic
losses become significant. The maximum impact is caused at the cathode channel center
liquid filled gap followed by the anode channel center and cathode land center for the
simulated fuel cell in this model.
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Chapter 5
FUTURE WORK
Based on the present status of the macroscopic interface model, the following improvements are
suggested as future tasks:
1. Include multi-phase effects in the present model. This may provide useful insights in
understanding the impact of liquid water accumulation in voids.
2. Extending one more dimension in Cartesian system to make it 3 dimensional. This will help
in analyzing complete physics of the exact problem.
3. Include other interfaces in the model. Investigate the impact of other interfaces on the fuel
cell performance.
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Appendix 1
Energy equation simplification
Complete energy equation is written like this:

[1]
Here, scale analysis is performed in diffusion media domain. After performing scale analysis,
reduced energy equation is shown which is valid in diffusion media. Scale analysis of velocity:

[2]
Scale analysis of advective term:

[3]

Scale analysis of conductive term:

[4]
By comparing the order of equation 3 and 4, it can be said that advective term is very small in
comparison to conductive term. The modified energy equation used in diffusion media is shown
below:

[5]

