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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 was 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 Acm~2. 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°Cis also observed

at the region of contact between the MPL and the CL, but has little impact on predicted voltage.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Improvements in cost and durability are required to achieve
a large-scale commercialization of polymer electrolyte fuel cells
(PEFCs). In order to achieve these improvements, a deeper under-
standing of local phenomena occurring inside the cell and its
components are of vital importance.

Specifically, an optimal heat and water balance must be main-
tained [1-4]. This involves balancing the operation to avoid flooding
while maintaining membrane hydration. A major unresolved ques-
tion 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 vari-
ety 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
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contact. Recent work [5-8] at the Pennsylvania Fuel Cell Dynam-
ics 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 demon-
strated significant accumulation of water at interfaces in the PEFC
[9].

Among the various interfaces, the MPL|CL interface is of partic-
ular 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 signifi-
cant interfacial gaps and increase the thermal and electrical contact
resistance. These voids can also act as the water pooling locations
due to low 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 con-
tact region to investigate its role in ohmic, heat and mass transport
issues.

Despite the hundreds of published models in PEFC literature,
there are only few [13-18] that consider interfacial effects. Most
recently, Mench and co-workers at FCDDL have shown the exis-
tence of interfacial gaps and its effect on cell resistance [10-12].
These interfacial resistances can be exacerbated by PEFC operat-
ing conditions, especially during sub-zero environment. Nitta and
co-workers [13,14] considered the diffusion media (DM) and the
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CL interface in their model by focusing on the impact of inhomoge-
neous compression. Though useful, these studies consider alumped
representation of the interface and neglected the true surface mor-
phology of the DM and CL. Some literature has also focused on other
interfaces like the bipolar plate (BP) and DM interface [15-18] by
taking average morphology of the mating surface into considera-
tion. 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 signifi-
cantly affect the mass transport losses, or generate local heating
from ohmic effects.

The objective of the present study is to obtain a better under-
standing 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 sec-
tion.

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
representation of the fuel cell components and the chosen control
volume for the model development is shown in Fig. 1. Conservation
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Fig. 1. Schematic representation illustrating the computational model domain.

of mass, energy and charge has been performed for each fuel cell
component.

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 1, the properties of
each component are summarized in Table 2, and various material
properties are listed in Table 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. 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 dif-
fusion 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 [20] is not included in
the present formulation, as it would have negligible impact on
the simulation performed here.

5. The MPL|CL interfacial structure [6] 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
H, and H,0 on the anode side and O,, N, and H,0 on the cathode
side [19]:

2c, 2C,

o %X@ +D% 88; +5,=0 (1)
where C; is the molar concentration, fof is effective diffusion coef-
ficient, and S; is the source term for species. The first and second
terms 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 catalyst
layer and zero in other components. For H; and O, the source term
in the catalyst layer can be written as:

]gen
Si=—"— 2
= )
where n is the number of electrons transferred, Jgen is the local cur-
rent density and F is Faraday’s constant. For water, the first and
second termin Eq. (1) represent diffusion and the source termin the
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Table 1
Cell dimensions and modeling parameters.
Symbol Parameter Value Unit
tom Anode/cathode DM thickness 340 pwm
tmpL Anode/cathode MPL thickness 80 pwm
teL Anode/cathode CL thickness 10 (Gore series MEA) [16] m
tm Membrane thickness 18 (Gore series MEA) [16] wm
£DM DM porosity 0.8 -
EMPL MPL porosity 0.63 [28] -
&cL CL porosity 0.6 -
Eme Volume fraction of ionomer in CL 0.26 -
Qi Exchange current density (anode) 10° Am3
o, Exchange current density (cathode) 104 Am—3
Do, Diffusion coefficient of oxygen in cathode 3.2348 x 10~ m2s!
D Diffusion coefficient of hydrogen in anode 1.1028 x 10~* m?s~!
Dy ¢ Diffusion coefficient of water vapor in cathode 7.35x 107> m?s!
F Faraday constant 96,487 C(mol-eq)~!
R Universal gas constant 8.314 J(molK)~!
Chy ref Reference hydrogen molar concentration 40 molm3
Co,.ref Reference oxygen molar concentration 40 molm3
g Anodic transfer coefficient for HOR 1 -
o Cathodic transfer coefficient for HOR 1 -
o Cathodic transfer coefficient for ORR 1 -
AS, Change in entropy for anode 0.104 [22] J(molK)~!
AS, Change in entropy for cathode —326.36 [22] J(molK)~!
Table 2
Material properties values for fuel cell components.
Symbol Property DM MPL CL PEM Unit
Oy Through-plane electronic conductivity 300[12] 300[12] 200[12] - Sm!
oy In-plane electronic conductivity 3000 [12] 300 [12] 200 [12] - Sm-!
ky Through-plane thermal conductivity 0.42 [23] 0.42 [23] 0.27 [23] 0.16 [23] W (mK)-!
ky In-plane thermal conductivity 4.2 (23] 4.2 23] 2.7 (23] 0.16 [23] W (mK)-!

catalyst layer has an additional electro-osmotic drag term, which
can be written as:
.]gen ng.

Si=—==-V.|—i 3

=2 (i) 3)
where ng is electro-osmotic drag coefficient for water, and i is ionic
current. Thermo-osmotic flow in the membrane [20] is not included
in the present formulation. For the porous regions of a PEM fuel
cell, diffusivity expression is modified to account for the tortuosity
effect using Bruggman correlation as:

D'eff — 81'5Di (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
[21]. To perform the energy conservation, advection heat transport

due to vapor diffusion and reactant/product species is neglected.
Therefore, the generalized energy equation in two-dimension in
all the PEFC components can be written as [21]:

9°T 0T
kxaxiz'i‘kyw +Sgen:0 (5)

where Tis the temperature, ky and ky is the thermal conductivity in
x-y direction (anisotropic properties), and Sgey, 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:
T AS 2 2

)+

Sgen = Jgen (77 +— ; + é

nF (6)

where 7 is overpotential, AS is entropy change, i is ionic current, is
is electronic current,  is ionic conductivity and o is the electronic
conductivity. These four terms represent irreversible heat of the
electrochemical reaction, reversible entropic heat and Joule heat-
ing because of ionic current and electronic current respectively. In

Table 3
Material properties expressions.
Symbol Property Expression Unit Ref
K lonic conductivity (0.5139) — 0.326) exp [1268 (3% - %)] Sm-! [25]
ng Drag coefficient 25 [25]
0.043 +17.81a — 39.8502 +36.003, 0 <a<1
e fRCtercen ent { 14+1.4(a-1) forl<a<3
a Water activity C;ff
psat Saturation pressure logio P=-2.1794+0.02953(T — 273.15) — 9.1837 atm
x 10-5(T = 273.15)2 +1.4454 x 10-7(T— 273.15)3
R . 3.1 x 1077 A(e028% —1).e(-2346/) Q<A <3 _
Dy Diffusivity of water in membrane { 417 x 10-82(1 + 161e-4) . (-2346/T) m?2s-! [24]
e L r\*? (p, 21
D; Diffusivity of species in gas phase D, (ﬁ) (?) m?s [29]
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the membrane, the source term has Joule heating because of ionic
current which can be represented as:
i
Sgen = <= 7
gen K ( )

In micro-porous layer and diffusion media, the source term has
Joule heating because of electronic current which can be repre-
sented as:
i
Sgen = > 8
gen o ( )

2.4. Charge transport

In the PEFC, protons travel through the ionic conductor (mem-
brane 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 [19]:

. 82(”8 az(Pe
protons transport : /cxax—z + /cyay—z +Jgen =0 (9)
2 2
electrons transport : oy aax(gs + Uy% —Jgen =0 (10)

where ¢, and ¢s are the electrolyte and solid phase potentials,
respectively. In both Eqs. (9) and (10), the first and second term rep-
resent through-plane and in-plane charge transport, respectively.
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 trans-
fer 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 overpotential is small. The local current
density on anode side can be expressed as follows [19]:

1/2
-ref CHz / Og + Q¢
Jgen = aipyg C RT Fn (11)

Hz.ref

anode CL:

In the cathode catalyst layer, the kinetic expression represents the
oxygen reduction reaction (ORR). The ORR kinetics can be repre-
sented by Tafel kinetics. The ORR kinetic expression is obtained by
neglecting the oxidation branch of the Butler-Volmer equation for
the cathode [19]:

C
_ _gief 0, O
g = ~Glos (Coz,ref> P ( RT F'?) (12)

For other components, the current generation source term is zero.
The overpotential is defined as [30]:

cathode CL:

N = @s — Qe — Upc (13)

where Uy is the open circuit potential, which is zero on anode side.
The expression for cathode side can be derived from thermody-
namics as:

Upe = 1.23 — 9.0 x 10%(T — 298.15) (14)

As Nafion solution is used as the ionomer in the anode and cath-
ode catalyst layers, the effective proton conductivity of the anode
and the cathode catalyst layers is described using the Bruggman
relation:

k= el5g (15)
mc

where &, is the volume fraction of ionomer in the CL and « is
proton conductivity as a function of temperature and water content
as shown in Table 3.
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Fig. 2. (a) Atypical MPL|CL interface cross-section based on the optical scans of MPL
and CL surfaces [6]; (b) computational domain and interface layer.

2.5. Boundary conditions

The boundary conditions need to be specified in the through-
plane direction (x-direction) only. Boundaries in other 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 chan-
nel 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 com-
putational domain. A typical MPL|CL interface structure, which was
constructed in our previous study [6], is shown in Fig. 2a. It must be
noted that the horizontal axis and vertical axis in Fig. 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
using optical profilometry to obtain the surface characteristics and
profile data for digital reconstruction of the MPL|CL interface [5,6].
An interfacial morphological model was also developed at the Penn
State FCDDL to obtain the resulting interface under compression
[5,6]. It must be noted that the model approximates the defor-
mation to be purely elastic. However, some plastic deformation
in the contacting materials may occur, resulting in further com-
pression 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 plas-
tic deformation in the interfacial layer. This digitally reconstructed
interface was incorporated in the present computational domain
as shown in Fig. 2b. This interface layer consists of three parts:



4200 H. Bajpai et al. / Journal of Power Sources 195 (2010) 4196-4205

Table 4

Interface layer properties.
Properties Water vapor filled interface layer (Case 2) Liquid water filled interface layer (Case 3) Unit
Thermal conductivity 0.028 0.62 W (mK)-!
Electronic conductivity - - Sm!
Oxygen diffusivity 3.23x10°° - maisgl
Hydrogen diffusivity 1.1x 104 - m2s!

Water vapor diffusivity 7.35x 107> (anode) 1.1 x 10~# (cathode)

7.35x 107> (anode) 1.1 x 104 (cathode) m?s!

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 resis-
tivity for electron and proton transport, gas channel diffusivity of
species transport and water vapor thermal conductivity for ther-
mal transport. In a flooded scenario, this void space is filled by
liquid water, and the appropriate thermal, mass and electric trans-
port coefficients were specified in each grid. Fig. 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.

2.7. Method of approach

The governing equations were discretized using a finite vol-
ume method and solved using a computational fluid dynamics code
developed in-house. From a grid sensitivity study, computational
mesh of 35,000 cells was found to provide sufficient special res-
olution. In the MPL and CL region, extremely finer meshes (90 in
x-direction with 1 pm size and 100 in y-direction with 10 pm 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 pro-
cedure was repeated until convergence. Temperature-dependent
properties and source term were updated each iteration. The cou-
pled set of equations was solved iteratively, and the solution was
considered to be convergent when relative error for each variable
becomes less than 10~7.

3. Results and discussion

To analyze the role of the interface layer on the PEFC perfor-
mance, 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
model. In Cases 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 [5,6] as previously dis-
cussed. 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 mod-
eled 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. Cases 2
and 3 are described in Table 4. These three cases have been sim-
ulated at different voltage boundary conditions (ranging from 0.4
to 1V) to investigate their impacts on the mass, charge and energy
transport.

The single-phase model with the interface layers was compared
with measured experimental data [24]. The experimental data were
obtained using Gore 5710 series MEA and SGL 10BB DM. The perfor-
mance curve from the model results and the experimental results

1.2
L . Experimental results
1.0 L ——— Model results (Single phase)
)
[
_& Cell temperature: 75°C
08— .\0.___ A/C: 100%/100% Inlet RH
s L & —e_ Exit pressure: 1 atm
< I )
-] L — o
@ 06- —e_
£ =
[=] L * -
> F P
0.4 - p G
02: Smgle-p:ase « | —, Multi-phase
o approach zone —
O-O_IlIIIIII\IIIIJILJILII
0.0 0.5 1.0 1.5 2.0 2.5

Current density (Alcm ?)

Fig. 3. Comparison of model results with experimental data [26] (Gore 5710 series
MEA, SGL 10BB DM).

are shown in Fig. 3. The model results show reasonable agree-
ment with the experimental data (~3% error) in the low current
density region (less than 1.4Acm2), considering the negligible
effects of two-phase flow. For higher current densities (greater than
1.4Acm~2), the two-phase effects play important role, causing an
increase in divergence between model results and experimental
results.

3.1. Impact of water vapor filled interface layer

Fig. 4a 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 polar-
ization curve for both the cases were obtained by varying voltage
from 1 to 0.4V with step of 0.1V. It can be seen that there is a
decrease in the performance due to the addition of interface lay-
ers 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 phases are
not taken into account, the model is valid only for lower current
density region (<1.4Acm~2). At 1 Acm~2, additional voltage drop
of ~54mV is estimated for the Case 2 in comparison to Case 1. The
individual anode overpotential, cathode overpotential and ohmic
losses are shown for the Case 2 in Fig. 4b. Also, the additional indi-
vidual losses and individual contributions are given. As the void
regionis 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 Acm~—2, 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 cath-
ode overpotential is also seen in Fig. 4b. This can be attributed to
the decrease in CL volume because of the voids present in the cata-
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Ohmic Loss 63.31 0.1 100.3 £ 0.1 36.9 68.1%
Ancde 129+ 01 209+ 0.1 7.9 14.6 %
Cathode 4151+ 0.1 4245+ 0.1 9.4 172%
Over all 491.41 0.1 545.7 + 0.1 543

losses

Fig. 4. (a) Polarization curve comparison of model with interface layer and model
with perfect contact; (b) loss contributions at 1A cm~2 with inclusion of interface
layer (water vapor filled).

lyst layer surface, which will affect the anode and cathode kinetics
in PEFC. The model predicts 14.6% contribution of anode overpo-
tential, and 17.2% contribution of cathode overpotential in overall
additional voltage drop at 1Acm~2. 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
the current densities greater than 1Acm~—2, and will decrease for
current densities less than 1 Acm—2.

For Case 1, the current moves 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. 5.
Fig. 5a shows the electron current vector plot of the complete PEFC
domain for Case 2 at 1Acm~2. Fig. 5b shows the detailed view of
boxed region in Fig. 5a. 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.

3.2. Impact of anisotropicity

In-plane conductivity of the micro-porous and catalyst layer is
expected to be the critical parameter for controlling the additional
voltage loss for Case 2. Fig. 6 shows the variation of the overall
additional losses at 1 Acm~2 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 a decrease in overall losses
predicted by the model. Fig. 6 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

4201
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Fig. 5. (a) Electron current distortion due to presence of the interface layer in com-
plete PEFC domain; (b) detailed view of boxed region in (a).

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. Fig. 5b 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.

3.3. Temperature distribution

Fig. 7 shows the temperature distribution of PEFC for Case 2 at
1Acm~2. It can be seen that the temperature at the cathode side
is higher than at the anode side, due to the reversible and irre-
versible entropy production. Also it can be seen for Case 2 in Fig. 7
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Fig. 6. Impact of CL and MPL in-plane conductivity on overall losses caused by
inclusion of interface layer.
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Fig. 7. Temperature distribution inside PEFC (water vapor filled interface layer).

that there are some hot spots formed close to the contact points
between MPL|CL interface on the cathode side. A maximum tem-
perature difference of 1°C is observed on the cathode CL. Reaction
region in cathode CL close to the contact points at MPL|CL inter-
face 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 high amount
of charge flow at the contact points at the MPL|CL interface. Tem-
perature 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.

Fig. 8a and b shows the temperature distribution of the anode
and the cathode interface layer region of PEFC for Case 2at 1 Acm~2.
Fig. 8a includes the Joule heating effects due to electron flow and
Fig. 8b does not include the Joule heating effects due to electron
flow. It can be seen that there is an increase of ~0.3 °C tempera-
ture 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 con-
cluded 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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Fig. 9. (a) Performance comparisons with liquid water filled interfacial layer; (b)
loss contributions at 1 Acm~2 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 1Acm2.

3.4. Impact of liquid water pooling at interfacial voids

Fig. 9a 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 the case are obtained by changing
voltage from 1 to 0.4 V. Similar to Fig. 4, there is a decrease in per-
formance 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
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Fig. 8. (a) Temperature distribution with electron transport Joule heating; (b) temperature distribution without electron transport Joule heating.
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Fig. 10. (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.

to the blockage of species transport because of the liquid accumula-
tion at the interface layer. At 1 Acm~2, an additional voltage drop of
~66 mV is estimated for the Case 3 in comparison to Case 1. Fig. 9b
shows the individual anode overpotential, cathode overpotential
and ohmic losses for Case 3 at 1Acm2. The increase in individ-
ual voltage losses is 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 in 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 over-
potential (12%). Fig. 9b also shows the comparison between the
additional individual voltage losses at 1 Acm~2 for Cases 2 and 3
in comparison to Case 1. It can be seen that Case 3 has more addi-
tional 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 a decrease in in-plane motion
of electron current for Case 3 which causes 8.5% decrease in addi-
tional 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 overpo-
tential. Alternatively, significant jump (162.8% increase) 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.

As discussed in previous paragraph, a negligible increase in
anode overpotential and a significant increase in cathode overpo-
tential are 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. Fig. 10 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 a decreasing
in mole fraction of species in reaction sites. A diffusion vector plot
shows the disruptions caused by the interface layer for the hydro-
gen 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. 10.
A maximum decrease of 0.035 mole fraction of hydrogen is esti-
mated adjacent to liquid filled gaps on the catalyst layer with slight
increase (0.005 mole fraction) on the diffusion media and micro-
porous layer. Similar behavior is observed for oxygen transport on
the cathode side for which maximum decrease of 0.05 mole frac-
tion 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.

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 0.5Acm 2,
Fig. 11 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
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Fig. 11. (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
at1Acm—2.

is a key parameter for overall MPL|CL interfacial resistance [27].
For Fig. 11a, 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, addi-
tional ohmic losses increases in a non-linear fashion. The additional
ohmic loss increase is attributed to an electrical insulation bar-
rier due to the interfacial gap, which causes voltage and current
distortion. It is also observed that there is no increase in addi-
tional 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. 11b.
It is modeled as infinite resistivity for electron and proton trans-
port. Almost zero diffusivity is used for species transport and liquid
water thermal conductivity is used. For this case, significant effects
are seen on the additional ohmic losses and additional cathode
overpotentials. Fig. 11b shows the variation of additional over-
all losses, additional cathode overpotential 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 transport because of water filled gaps.
Fig. 11b shows less impact on additional ohmic losses in compari-
son to Fig. 11a. This may be attributed to the decrease in in-plane

(a) 0.12

I Increase in anode overpotential

[ Increase in cathode overpotential
Increase in ohmic losses

0.10

0.08

0.06

0.04

Voltage losses (V)

0.02

0.00

-0.02 ! . ‘
Cathode channel Anode channel Cathode land

(b) 0.12

Hl Increase in anode overpotential

= Ir in cathode overpotential
Increase in ohmic losses

0.10

0.08

0.06

0.04

0.02

Voltage losses (V)

0.00

-0.02 - - ‘
Cathode channel Anode channel Cathode land

Fig. 12. (a) Voltage losses at different locations of gap with W/§=50 (water vapor
filled); (b) voltage losses at different locations of gap with W/§=50 (liquid water
filled) at 1Acm~2.

motion of electron because of slower reaction rates adjacent to
the liquid water filled gaps. As current density increases, there
will be increase in the additional overall losses and individual
contributions.

At1Acm~2, the individual contributions of the additional anode
overpotential, cathode overpotential and ohmic losses at three dif-
ferent locations of gap are shown in Fig. 12. The interfacial gap of
dimensionless width parameter of 50 is placed at the cathode chan-
nel center, anode channel center and cathode land center. Fig. 12a
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. 12b. A gap located at cathode channel center is found to be most
critical for performance loss followed by gap located at the cath-
ode land center and anode channel center. Model predictions show
that the increase in cathode overpotential contribution is dominat-
ing in increase in overall losses when the liquid filled gap is located
at the cathode side of PEFC. This can be attributed to the block-
age in oxygen transport caused by liquid water filled gap. There is
a blockage of hydrogen transport on anode side of PEFC when the
gapislocated 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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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 overpo-

tentials. However, cathode overpotential (increase of ~25mV)

becomes 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 the inclusion of interface layers. A decrease
of 30.06 mV in performance loss is found by increasing the in-
plane conductivity by 5 times.

e 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 of 10 is critical water vapor filled gap
width after which ohmic losses become significant. The maxi-
mum 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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