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Characterization of Interfacial Structure in PEFCs: Water
Storage and Contact Resistance Model
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In this work, an analytical model of the microporous layer 共MPL兲 and the catalyst layer 共CL兲 interface under compression is
developed to investigate the effects of the MPL|CL interfacial morphology on the ohmic and mass transport losses at the MPL|CL
interface in a polymer electrolyte fuel cell 共PEFC兲. The model utilizes experimentally measured surface profile data as input.
Results indicate that the uncompressed surface morphology of mating materials, the elasticity of PEFC components, and the local
compression pressure are the key parameters that influence the characteristics of the MPL and CL contact. The model predicts that
a 50% drop in the MPL and CL surface roughness may result in nearly a 40% drop in the MPL|CL contact resistance. The model
also shows that the void space along the MPL|CL interface can potentially store a significant amount of liquid water
共0.9–3.1 mg/cm2兲, which could result in performance loss and reduced durability. A 50% drop in the MPL and CL surface
roughness is expected to yield nearly a 50% drop in the water storage capacity of the MPL|CL interface. The results of this work
provide key insights that will enhance our understanding regarding the complex relation between MPL|CL interfacial structure and
cell performance.
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Polymer electrolyte fuel cells 共PEFCs兲 have tremendous potential as a power source for various applications. However, certain
performance limitations have yet to be fully explained and
optimized.1 In particular, ohmic and mass transport losses can originate at the various interfaces that exist between the fuel cell components, including the microporous layer and the catalyst layer
共MPL|CL兲 interface, the MPL and the diffusion media 共MPL|DM兲
interface, and lastly, the DM and the bipolar plate 共DM|BP兲 interface. Out of the existing interfaces, the MPL|CL interface carries
especially high importance due to its direct influence on the electrode structure and performance. Because little is understood or yet
published regarding the MPL|CL interfacial characteristics, major
emphasis in this study was placed on understanding the role of the
interfacial morphology, compression, and material properties on the
MPL|CL interfacial region.
Due to the inherent roughness of the MPL and CL surfaces, the
contact between the two materials under compression is imperfect
共illustrated in Fig. 1兲, which results in a loss of contact area and the
formation of interfacial gaps between these two surfaces. The improper contact not only gives rise to an electronic contact resistance
共CR兲, but can also lead to liquid water pooling in the interfacial void
space. This water pooling effect is important as it could play a
pivotal role in blocking the reactant gas transport to the active sites
in the CL, promoting mass transport losses. Therefore, it is necessary to investigate the impact of the MPL|CL interface to better
understand water management.
There are many modeling studies in the literature that investigate
the impact of the CL2-11 and the MPL12-21 on ohmic and mass transport losses in a PEFC; however, these studies do not consider a
distinct MPL|CL interfacial region, instead they modeled the components using a separate set of control volumes. They apply numerical boundary conditions, such as flux and concentration matching, at
the bordering control volumes in the two layers that form the interface. By preventing the independent treatment of the MPL|CL interface, the unique physical characteristics of the interfacial region are
neglected. There exist a few experimental studies that have focused
on interfacial losses,22-27 however, only a couple of studies have
dealt with the MPL|CL interface in particular.26,27 Although a few
numerical studies have attempted to incorporate the DM|CL interface 共DM without MPL兲 into the modeling framework,28,29 these
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models neglect the geometry of the DM and CL surfaces; instead
they consider a lumped/macro representation of the resulting interface. A few studies have attempted to model the DM|BP interfacial
CR in a PEFC,25,30-33 some of which take the average morphology
of the mating surfaces into consideration as well.25,32,33 However, to
the best of the authors’ knowledge, there is no study reported in the
literature that utilizes the actual MPL|CL interface morphological
structure to estimate the contact losses and associated performance
drop due to the resulting imperfect contact.
Interfacial modeling has been extensively studied in the field of
tribology and electrical contact mechanics.34-41 These models are
based on the Hertzian theory of contact and probabilistic modeling
techniques to account for the stochastic nature of the mating surface
profiles. Holm34 studied the interaction of asperities on rough surfaces and pioneered the CR theory for a single contact between
rough surfaces. Later, Greenwood and Williamson35 共GW兲 presented
an approach 共GW model兲 where they extended Holm’s work to span
the entire mating area rather than focusing on a single contact point.
However, one major drawback of the GW model is that it does not
provide an approach to evaluate all of the input parameters for the
contact model. Soon after, Nayak36 presented a statistical approach
to estimate these input parameters based on mating surface profile
information. Because these models depend only on the surface profile characteristics and material properties, they can be extended to
simulate the MPL|CL interfacial contact once reliable surface profile
statistics are obtained.
This study is motivated by the need to gain a better understanding of the MPL|CL interfacial contact characteristics via considering
the actual MPL and CL surface morphology and mating characteristics. The specific objective is to develop an analytical model that
can predict the MPL|CL CR losses and the potential water accumulation capacity of the MPL|CL interface for different sets of materials under compression. The model is also capable of digitally reconstructing the MPL|CL interfacial morphology via control volume
allocation, which can be incorporated into a macroscopic fuel cell
model to facilitate a more accurate prediction of PEFC performance.
Method of Approach
The MPL|CL interface model presented herein requires three key
input parameters, which are a function of the MPL and CL surface
profile characteristics.35 These parameters can be statistically evaluated if the discrete surface profile data of the two surfaces are
known.36 For this purpose, optical profilometry was used to obtain
the MPL and CL surface profile data.42 Detailed information regarding the optical profilometry measurements can be found in Ref. 42,
however, for the sake of continuity, a brief description of the mea-

Downloaded 13 Oct 2010 to 216.96.217.206. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp

Journal of The Electrochemical Society, 157 共1兲 B77-B85 共2010兲

B78
Micro porous layer

Mean plane of MPL
d

Table I. Measured surface roughness data of MPL and CL
samples. (Arithmetic mean values ± standard deviation of
measurements.42)

Contact regions

Sample

Average
roughness, a
共m兲

rms
roughness, q
共m兲

Crest–trough
roughness, t
共m兲

MPL
Cracked CL

5.35 ⫾ 1.96
2.19 ⫾ 0.20

7.39 ⫾ 3.20
3.63 ⫾ 0.21

68.32 ⫾ 19.95
26.56 ⫾ 3.19

Mean plane of CL
Catalyst layer

Figure 1. 共Color online兲 Two-dimensional schematic of the MPL|CL interfacial contact.

surement technique and the corresponding results are given below
within the context of the interface model formulation presented in
this study.
Experimental
The surfaces of the CLs from membrane electrode assemblies
and the MPL of carbon paper type diffusion media 共SGL 10BB兲
were investigated separately to generate the corresponding surface
profile characteristics. Optical profilometry was used to quantify the
surface roughness and morphology of these samples. The key advantage of this imaging technique is that it can perform high vertical
resolution, quantitative and damage-free measurements of broad areas without any direct contact with the surface of interest. Details of
this technique and measurement procedures are provided in Ref. 42.
Before making measurements using optical profilometry, it is necessary to select an appropriate sampling interval to obtain accurate
surface profile data.
A detailed analysis given in Ref. 41 discussed the issue concerning the choice of a suitable sampling interval required to accurately
measure the roughness of a given surface. It was argued in Ref. 41
that a much larger value of the sampling interval compared to the
root-mean-square 共rms兲 roughness of the surface indicates excessive
smoothening of the surface, which is undesirable. Furthermore, a
much smaller value of the sampling interval relative to the rms
roughness of the surface indicates that sufficient short-wavelength
content is not filtered, resulting in sharp local peaks on the captured
profile. This inclusion is unnecessary, because the plastic deformation of these localized peaks does not impact the overall characteristics of the elastic contact morphology.41 Therefore, for relatively
accurate surface roughness measurements, it was suggested that the
measurement sampling interval should be proportional to the nominal rms roughness of the surface.41 Contextually, for the MPL and
CL samples tested in Ref. 42, the average rms roughness of the MPL
and CL surfaces was determined to be 7.39 and 3.63 m, respectively, via using a profiling instrument with a sampling interval of
0.82 m in the x-direction and 0.95 m in the y-direction along the
surface.42 These results indicate that the sampling interval of the
profiling instrument and the roughness of the MPL and CL surfaces
obtained are within an order of magnitude apart, suggesting a reasonably accurate and appropriate surface roughness measurement.
Measurements showed that both MPL and CL exhibit rough surface characteristics, having irregularities such as large valleys and
deep cracks. However, the MPL surface is rougher in nature compared to the CL surface.42 The difference between cracks or deep
cuts in the CL and MPL surfaces should be distinguished from interfacial voids, which can occur as a result of surface roughness,
regardless of the presence of cracks. It is important that the various
surface characteristics of the sample be quantitatively distinguishable and isolated, therefore, surface profile information of a cracked
CL can be obtained. The cracked CL consists of intentionally widened and/or deepened cracks, relative to the existing cracks on the
regular CL. This exacerbation of crack width/depth may be accomplished either by accelerated coating of the CL slurry or by excessive heat-treatment to remove the volatile components in the slurry.
The thickness of the MPL and CL was determined to be 80 and

30 m, respectively. Table I lists the MPL and cracked CL surface
roughness metrics that were measured for the tested samples via
optical profilometry.
Model Formulation
The discrete surface data from optical profilometry measurements were first converted to a continuous representation, which
was fed into the model to evaluate certain characteristic surface
parameters of the MPL and the CL. These MPL and CL surface
parameters were then combined to obtain the three key parameters
required as input to the MPL|CL interface model. The model formulation was divided into the following steps: 共i兲 surface profile characterization, 共ii兲 contact model for smooth and rough surface, and
共iii兲 contact model for two rough surfaces. These steps in the modeling procedure are explained in detail in the following sections.
Surface profile characterization.— To obtain the required interfacial morphology input parameters for the MPL|CL contact, a continuous mathematical representation of the discrete surface profile
data of the two surfaces is necessary. For this purpose, the discrete
Fourier transform 共DFT兲 algorithm was utilized to represent the discrete measured data as a sum of sine and cosine series. Because the
DFT algorithm is a commonly adopted procedure, details of the
algorithm have been omitted from this text. A comprehensive description of the DFT algorithm can be found in Ref. 43. Representative cross sections of the measured MPL and CL discrete surface
profile data were chosen from Ref. 42 and fed into the DFT algorithm as input. Consequently, continuous representations of the MPL
and CL surface profiles, ZMPL共x兲 and ZCL共x兲, respectively, are obtained as output.
Contact model for smooth and rough surfaces.— Figure 2 represents the contact between a smooth surface and a single summit on
a rough surface, showing the undeformed summit and its deformed
shape when a load F is applied. To apply the GW model to the
present case, the porosity of the contacting media at the MPL|CL
interface was neglected, because the pore sizes were significantly
less than the morphological features observed. Additionally, all

Load (F)
Non-deformed
shape
Deformed
Shape

(z-d)
Rc

R
z

d

Smooth surface
Mean summit
plane of the
rough surface

z  height of asperity
d  surface mean plane separation
R  radius of summit
Rc  contact radius

Figure 2. Contact geometry at a single summit on a rough surface with a
smooth surface.
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MPL|CL contacts were approximated to be elastic, and the contact
points were largely separated so that the interaction between them
can be neglected.
The MPL and CL surfaces are inherently rough with asperities
distributed more or less randomly over the entire surface. According
to the Hertzian theory of elastic contact,35-38 the load F on a single
summit 共Fig. 2兲 of height z and radius R can be evaluated as
4
EeqR1/2共z − d兲3/2
3

F=

z⬎d

Table II. Properties of various materials.
Properties

Eeq =

冉

1 − 21 1 − 22
+
E1
E2

冊

gc =

4Rc
1 + 2

关3兴

and
Rc = 冑R共z − d兲

关4兴

1

sum冑2

e−z

2/22
sum

关5兴

where sum represents the standard deviation of summits. The probability  that a randomly selected summit has a height in excess of
the surface separation d can be expressed as
共z ⬎ d兲 =

冕

⬁

f共z兲dz

关6兴

d

It is clear that the load F is a function of the random variable z.
The average value of a function of a random variable was obtained
by integrating the product of the function and the probability density
of the random variable over the domain of the random variable.
Therefore, averaging the load F over the entire surface area and
evaluating the compression pressure 共CP兲 p by multiplying the resulting expression with the density of summits on the surface Dsum
gives
p=

冕

⬁

d

4
EeqDsumR1/2共z − d兲3/2 f共z兲dz
3

关7兴

The average CP was approximated to be uniform over the
MPL|CL contact interface being simulated. Similarly, integrating the
electrical contact conductance in Eq. 3 over the entire contacting
surface gives

Units

DM
MPL
CL

10,000
300
200

MPa
S m−1
S m−1

⬁

4
DsumR1/2共z − d兲1/2 f共z兲dz
1 + 2

关8兴

Now, consider the normal probability distribution function 共x兲
which can be written as
共x兲 =

1

冑2 e

−x2/2

关9兴

To simplify the integration in Eq. 7 and 8, the equations were written in terms of the normal probability distribution function 共x兲.
Additionally, the height variables were scaled for numerical convenience using sum. After some mathematical manipulation, the following equations were obtained

冉冊
冉冊

4
d
3/2
EeqDsumR1/2sum
F3/2
3
s

关10兴

4
d
1/2
DsumR1/2sum
F1/2
1 + 2
s

关11兴

1
g

关12兴

p=

g=

where Rc is the deformed contact radius of the summit and i 共i
= 1, 2兲 is the electrical resistivity of the materials in contact, as
shown in Fig. 2.
Because Eq. 1 and 3 were derived for a single asperity in contact,
it is necessary to extend the theory to the entire surface encompassing all the asperities. As described, three key statistical parameters
that characterize the rough surface must be evaluated and incorporated into Eq. 1 and 3, which are then integrated over the whole
surface. The randomly distributed asperities on the given rough surface were approximated to be spherical in shape with a constant
radius R and with a Gaussian probability distribution that can be
defined as35,37
f共z兲 =

冕

d

where R is the radius of the summit before deformation, d is the
surface mean plane separation, and i and Ei 共i = 1, 2兲 are the Poisson’s ratio and the Young’s modulus of the two materials in contact,
respectively. Equation 2 represents the effective Young’s modulus as
Eeq. By approximating the current flow across the interface to be
independent due to the relatively large separation between asperities,
one can define the electrical contact conductance for a single contact
as34

Value

Young’s modulus
Electrical conductivity50 共through plane兲
Electrical conductivity50 共through plane兲

关1兴

关2兴

Material
49

g=

and

B79

r=
where r is the CR, and
Fn共t兲 =

冕

⬁

共x − t兲n共x兲dx

关13兴

t

where the function in Eq. 13 is evaluated by expressing it in terms of
the parabolic cylinder functions, U共a,t兲,44 as
n! U共n + 2 ,t兲
1

Fn共t兲 =

冑2

et

2/4

关14兴

It is clear from Eq. 10-12 that the CP p and the CR r are a
function of the material properties 共Eeq and i兲 and the three main
statistical properties of the mating surfaces 共Dsum, R, and sum兲. The
material 共electrical兲 properties of the MPL and CL are given in Table
II. To establish the choice of a suitable value of Young’s modulus as
an input to the model, attention must be diverted to the classic
problem of bearing contact in tribology, to which the current model
was originally applied.35-38 In reality, it is known that no surface is
perfectly clean. All material surfaces have a coating of particles
共lubrication material, oxide material, dust, etc.兲, and therefore, there
always exists a layer of finite thickness on the base material. Even
though the Hertzian relations were derived for the materials in direct
contact 共the thin layer coatings兲, contact between bearing surfaces
has been modeled using the current formulation with reasonable
success, while neglecting the existence of the layer coatings. The
key to this modeling triumph lies in the concept of relative dimensions, where it is argued that if the layer coating is relatively thin
compared to the thickness of the bearing material, the bulk of the
total deformation occurs in the bearing material. Therefore, the mechanical properties 共Young’s modulus兲 of the layer coating may
have little impact on the mechanical contact characteristics 共such as
interfacial separation d兲 of the interface under load 共although the
electrical interfacial characteristics still depend on the layers in direct contact兲.
Drawing a parallel between the MPL/CL interfacial contact and
the bearing contact, it was argued that the MPL/CL is relatively thin
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A共x兲 = lim
L→⬁

再 冋冕
1
2L

L

Z共x兲Z共x + j兲dj

0

册冎

关15兴

where L is the length of the profile. The power spectral density
function 共PSDF兲, ⌽共k兲, can be defined as the Fourier transform of
the ACF as36
共k兲 =

1
2

冋冕

⬁

A共x兲e−2ikx/Ndx

−⬁

册

关16兴

冕

⬁

ki共k兲dk

共i = 0, 2, 4兲

关17兴

−⬁

The bandwidth parameter ␣, which depends on the shape and the
extent of the spectrum of the roughness profile, is defined as36
␣=

m 0m 4
共m2兲2

关18兴

It was shown in Ref. 36 that the approximate values of the parameters R, sum, and Dsum can be expressed solely as a function of the
spectral moments 共m0, m2, and m4兲 and the bandwidth parameter ␣.
The corresponding relations are shown below
R=

b

冉 冊

3 
8 m4

4
DS: Model result
DS: Model result from literature [35]
AC: Model result
AC: Model result from literature [35]
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Figure 3. 共Color online兲 Verification plot of area of contact 共AC兲 and dimensionless separation 共DS兲 vs the applied load 共comparing current model
results with the data reported in the literature35兲.
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冊 册
冑 冉 冊
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1
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Contact model for two rough surfaces.— It has been shown that the
contact of two rough surfaces is negligibly different from the contact
of a smooth and an equivalent rough surface.39,40 Hence, given the
values of m0, m2, and m4 of the two rough surfaces in consideration,
i.e., the MPL and CL surfaces, the corresponding values for the
equivalent rough surface can be computed in terms of their respective sums, i.e.
共m0兲eq = 共m0兲MPL + 共m0兲CL

关22兴

共m2兲eq = 共m2兲MPL + 共m2兲CL

关23兴

共m4兲eq = 共m4兲MPL + 共m4兲CL

关24兴

and the equivalent bandwidth parameter 共␣兲eq can be written as
共␣兲eq =

where k is the set of wavenumbers of the spectral components that
constitute the surface profile. The spectral moments, m0, m2, and m4,
of the PSDF are defined as36
mi =

1000

Dimensionless separation (d/σ)
σ)

compared to the DM. Therefore, as an approximation, the Young’s
modulus of the DM was chosen as an input to the model. The severity of the approximation depends on the relative dimensions and
the relative Young’s modulus of the DM when compared to the
MPL/CL. Because the relative dimensions are known to be relatively small, attention must be focused on the relative Young’s
modulus of the DM. For a given compression pressure, a smaller
Young’s modulus of the DM, relative to that of the MPL|CL, would
imply a much larger relative strain 共which equates to a larger relative deformation兲 in the DM. Therefore, the approximation of selecting the Young’s modulus of the DM as input may result in a smaller
error if the Young’s modulus of the DM is smaller relative to that of
the MPL|CL.
As an added approximation, the Young’s modulus of TGP-H-060
was used as model input 共Table II兲, because the Young’s modulus of
SGL 10BB has not been reported in literature. Although the manufacturing process of the two DMs are different, both TGP-H-060 and
SGL 10BB are carbon paper type DMs and essentially consist of a
similar fused carbon fiber matrix.b,c Both DMs also have similar
porosities 共⬃0.8兲, contain a similar weight percentage of Teflon material 共⬃5 % wt兲b,c and therefore, it is argued that the Young’s
modulus of the two materials may lie within an order of magnitude
apart. The error in the approximation depends on factors influencing
the manufacturing process, such as heat-treatment. A parametric
study on the Young’s modulus of the DM was performed to determine its impact on the MPL|CL contact resistance.
Hereafter, because the material properties were chosen, the
evaluation of these main statistical parameters 共Dsum, R, and sum兲 is
necessary to solve the model equations. To evaluate these parameters, the following statistical manipulation was performed based on
Ref. 36. Consider Z共x兲, which is the continuous mathematical expression that represents the surface profile. At this juncture, the MPL
and CL surfaces were approximated to be isotropic. The autocorrelation function 共ACF兲, A共x兲, is defined as.36

Area of contact (mm2)

B80

共m0兲eq共m4兲eq
共m2兲2eq

关25兴

Optical profilometry data from different locations on the MPL
and CL samples were taken to ensure that the entire surface morphology was accurately captured.42 The surface profile data corresponding to different cross sections of the MPL and CL surfaces
were sequentially fed into the model as input. The equivalent values
of m0, m2, m4, and ␣ were evaluated and substituted into Eq. 19-21
to obtain the statistical parameters R, sum, and Dsum, which were
averaged over numerous locations on the tested samples to cover the
entire surface morphology. Using the equivalent surface parameters
shown above, the rough–rough surface contact problem was solved
using the equations for a smooth–rough surface contact derived in
the previous section. Because the CP applied to the fuel cell was
known, the surface separation d can be evaluated from Eq. 10.
Knowing the surface separation d, the conductance g and, subsequently, the MPL|CL interfacial resistance r can be evaluated from
Eq. 11 and 12, respectively.

1/2

关19兴

SIGRACET GDL 10 series gas diffusion layer property sheet, SGL Technologies
GmbH.
c
Toray Carbon Fiber Paper “TGP-H” Property Sheet, Toray Industries, Inc. 共2007兲.

Results and Discussion
Before conducting a parametric study of the MPL|CL interface,
the variation of the area of contact and the dimensionless separation
vs the applied load 共Fig. 3兲 for a different contact problem given in
Ref. 35 were simulated for verification. Figure 3 shows a comparison between the model results in the literature and the current model
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1. The Young’s modulus of TGP-H-060 is used as model input,
which is also the DM used for the experiment. Therefore, the difference in the dependence of the simulation and the experimental
results on the material property of the DM is eliminated.
2. SGL 10BB comes with a precoated MPL by the manufacturer,
whereas TGP-H-060 was coated with an MPL for the purpose of the
experiment. However, both materials have similar material properties as well as similar average roughness values of approximately
8 m.42,c
The data in Ref. 26 consist of combined MPL|CL CR and bulk
MPL resistance. Based on a basic ohm’s law calculation, the maximum bulk resistance 共BR兲 of the MPL 共under no compression兲 is
determined to be approximately 2.67 m⍀ cm2.1 Therefore, to enable
a better comparison between the experimental and modeling results,
two simulation curves, one consisting of only the MPL|CL CR and
the other consisting of MPL|CL CR and maximum bulk MPL resistance combined, are presented in Fig. 4. Figure 4 clearly shows that
the model predictions and the experimental results are in good
agreement, indicating that the MPL|CL CR is significantly high at
low compression, which can exist under the channel. This observation can be attributed to the fact that, as the CP is reduced, a lower
number of asperities located on the MPL and CL surfaces come into
contact. The loss in contact points can impede the electron flow
across the interface, thereby resulting in an increased MPL|CL electronic 共and thermal兲 interfacial resistance.
Figure 5 shows the predicted MPL|CL interfacial structure under
a homogeneous compression of 1.5 MPa 共e.g., under a typical land兲.

2.0

Figure 5. 共Color online兲 A typical MPL|CL interface cross section.

The cracks in the MPL and CL are clearly visible, and it was observed that some of the cracks in the CL penetrate into the entire
layer.42 Neglecting extremely deep cracks 共profile height greater
than 20 m兲, the average peak-to-peak surface profile height for
MPL and CL was 25 and 10 m, respectively. The separation between mean planes, d, was determined to lie in the range of
5–10 m. The maximum gap width was predicted to be close to
20 m. It is evident from Fig. 5 that the MPL|CL interfacial gaps
are relatively larger in dimension compared to the average pore size
in the two layers, as reported in Ref. 1. This observation suggests
that the MPL|CL interface could act as a locally low capillary pressure region to store liquid water in its voids, which could result in
significant mass transport losses across the interface.
Figure 6 shows the variation of the predicted MPL|CL CR as a
function of the applied CP for different degrees of uncompressed
roughness 共which is a function of the zeroth order spectral moment,
m0, of the PSDF of the surface profile兲 of the mating surface profiles. It can be seen from Fig. 6 that lowering the roughness of the
MPL and CL surfaces by 50% 共m0 for the MPL and CL surfaces is
lowered by 50% separately, and meq is generated from the resulting
m0 values of the two surfaces兲 results in nearly a 40% drop in the
MPL|CL interfacial resistance. This significant drop in the CR can
be attributed to the fact that as the roughness of the mating surfaces
is decreased 共i.e., smoother contact兲, the number of contact points
increases, which, in turn, facilitates the electron flow across the

MPL|CL contact resistance (mΩ.cm2)

predictions for the case given in Ref. 35. The results from the model
in the literature and the current model show excellent agreement,
indicating that the model developed in this study can successfully
simulate the resulting contact interface between the two materials in
consideration, as predicted by the model formulation.
Reverting back to the MPL|CL contact, Fig. 4 depicts the variation of the MPL|CL CR as a function of the applied CP in a PEFC.
A comparison of the model prediction 共via using actual measured
cross sections of the MPL and CL surfaces兲 and experimental results
reported in Ref. 26 is also presented in Fig. 4. Although the DM
used for the numerical simulation and the experimental data are
from different manufacturers 共SGL 10BB for model predictions and
TGP-H-060 for the experiments26兲, a comparison between the results is reasonably justified due to the following arguments:

1.5

mm

Compression pressure (MPa)
Figure 4. 共Color online兲 Predicted MPL|CL CR vs applied CP. Model results
for SGL 10BB 共MPL|CL CR only and MPL|CL CR + maximum MPL BR兲
and experimental results for TGP-H-060 共with applied MPL兲 given in Ref.
26 are compared. The MPL on both materials have similar material properties and roughness values.42,c The DM material properties used are identical
and equal to that of TGP-H-060.49
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Figure 6. 共Color online兲 Predicted MPL|CL CR vs CP for different degrees
of MPL and CL roughness.
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Figure 9. 共Color online兲 Predicted MPL|CL CR as a function of the distance
共x兲 under one set of land 共L兲 and channel 共C兲 affected due to inhomogeneous
compression.

MPL|CL interface. Because the MPL surface exhibits a higher degree of roughness when compared to the CL tested,42 the surface
characteristics of the MPL is expected to dominate the interfacial
region, and consequently, the MPL|CL CR.
Figure 7 shows the impact of the variation of Young’s modulus
of the backing DM layer on the MPL|CL CR for a homogeneous CP
of 1.5 MPa, which is a typical compression value measured under
the land. Young’s modulus appears to have a significant impact on
the MPL|CL interfacial resistance, because it is observed that a 50%
drop in the Young’s modulus of the DM yields approximately a 45%
drop in CR. This strong dependence of the CR on the material property of the backing DM layer can be attributed to the fact that a drop
in the Young’s modulus of the DM results in the softening of the
material, which allows the thin MPL and CL surfaces to exhibit a
higher degree of conformation under compression. This provides
flexibility to the MPL and CL surfaces, which greatly enhances the
local mating percentage. As a result, a higher number of summits
come into contact and a relatively lower MPL|CL CR is established.
However, considering the channel, a stiffer material might be preferred, because it may sustain the land compression under the channel and avoid severe loss of contact under the channel.
Figure 8 shows the impact of the MPL summit density on the
MPL|CL interfacial resistance. Figure 8 indicates that the MPL|CL
CR drops by almost 10% with a 125% increase in the density of

summits on the MPL surface. The reason for the observed drop in
the MPL|CL CR can be attributed to the fact that an increase in the
summit density implies a greater number of contact points, and consequently, an enhanced electron flow across the interface. An increase in the summit density may be achieved in practice by coating
the MPL with a thin layer of highly conductive particles, much
smaller in size relative to those that constitute the MPL structure.
However, considering that the current size of particles that constitute
the MPL is already very small 共30–40 nm in the case of Vulcan
XC-72 based MPLs兲, altering the surface summit density may not be
as feasible and effective in reducing the MPL|CL CR losses as lowering the roughness of the mating surfaces.
Figure 9 shows the variation of the predicted MPL|CL CR under
one set of land and channel configuration. To obtain the nonhomogeneous CP data required for the simulation, first, the DM thickness
vs CP data given in Ref. 28 were used to evaluate the nonhomogeneous strain in the DM layer. Finally, using the DM strain data, the
compression information under one land–channel configuration was
extracted from the stress–strain data of the DM given in Ref. 25.
The DM thickness measurement was performed ex situ for one set
of land and channel 共each of length 1 mm兲, and Fig. 9 shows the
variation of the MPL|CL CR from midland to midchannel location
with a span of 1 mm. The model predicts that there is approximately
a 2100% increase in the MPL|CL CR at midchannel location as
compared to CR under the land. This drastic increase can be attributed to the nonhomogeneous CP distribution. For instance, while
moving into the channel and away from the land, the CP drops quite
drastically and is minimal at midchannel position. To suppress this
drastic increase in the MPL|CL CR, using a stiff DM may be a better
option, because it could counteract the drop in the CP moving into
the channel, maintaining better interfacial contact. It was mentioned
earlier that a softer DM may be preferred under the land; however,
considering the existence of competing Young’s modulus effects under the land and the channel, the Young’s modulus of the DM layer
can be optimized to minimize the losses. Additionally, a relatively
high value of MPL|CL CR at the land|channel interface was observed locally 共Fig. 9兲, which can be attributed to the fact that there
is a discontinuous transition from the land to the channel due to the
straight edges of the land. This results in a local drop in the CP at the
land|channel interface into the channel, yielding a high local
MPL|CL CR. This effect could be negated by filleting the edges of
the land to provide a less abrupt transition at the land|channel interface.
By utilizing the mean plane separation d 共obtained as a model
output兲 and the MPL|CL surface profile information, one can predict
the capacity of potential water accumulation in the MPL|CL interfa-

MPL|CL contact resistance (mΩ
Ω.cm2)

Figure 7. 共Color online兲 Effect of the Young’s modulus of the backing DM
layer on the predicted MPL|CL CR for homogeneous CP of 1.5 MPa 共under
a typical land兲.
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Figure 10. 共Color online兲 Effect of the CP on the maximum water content in
the MPL|CL interfacial gaps.

Figure 12. 共Color online兲 Impact of the Young’s modulus of DM on the
maximum liquid water content in the MPL|CL interfacial gaps.

cial gaps. Knowledge of the maximum water content in the MPL|CL
interface as a percentage of the total amount of water in a PEFC is
critical, as it allows us to qualitatively estimate the impact of the
MPL|CL interfacial voids on mass transport losses. Figure 10 shows
the variation of the predicted maximum water content as a function
of the applied CP in a PEFC. Figure 10 indicates that the MPL|CL
interface can hold approximately 0.9–3.1 mg/cm2 of liquid water
when fully filled. The lower and upper limits of the prediction are at
homogeneous CPs of 1.5 MPa 共i.e., under the land condition兲 and
0.01 MPa 共⬇0 MPa, i.e., under the channel condition兲, respectively.
Neutron imaging results, reported in Ref. 45-47, suggest that nearly
5–15 mg/cm2 of water can be stored in a PEFC under normal operating conditions. Therefore, considering the neutron imaging results
and current model predictions, it is estimated that the MPL|CL interface can store nearly 6–18% of the total water content in the
PEFC, which is significant considering the overall water balance in
PEFCs. Cross-sectional X-ray radiography results48 also indicate
that the MPL|CL interface can store a considerable amount of liquid
water 共600 m water thickness at 600 mA/cm2兲 共Fig. 11兲, which is
in good agreement with current predictions.
Several different scenarios were simulated via using the present
model to determine the effects of compression on the water storage
capacity at the MPL|CL interface. It was observed that an approximate 100% drop in the CP results in nearly a 250% increase in the

maximum water content in the MPL|CL interfacial gaps 共Fig. 10兲.
This suggests that the local CP in a fuel cell has a significant impact
on the maximum potential water content that can be stored in the
MPL|CL interface. It is not suggested here that the entire MPL|CL
interfacial void volume is indeed normally filled with liquid water;
instead, the present model predictions underline the existence of a
significant potential storage location along the MPL|CL interface,
which is worthy of investigation.
Figure 12 shows the effect of the variation in the Young’s modulus of the backing DM layer on the maximum water content in the
MPL|CL interface for an applied homogeneous CP of 1.5 MPa 共i.e.,
under a typical land兲. The model predicts that an 80% drop in the
Young’s modulus of the DM from the currently selected value reported in Ref. 49 results in nearly a 10% drop in the maximum water
content in the MPL|CL interfacial gaps. This indicates that a softer
DM layer would perform better under the land. However, a stiffer
DM layer may be preferred under the channel, as discussed.
Figure 13 shows the predicted impact of the MPL and CL surface
roughness on the maximum water content in the MPL|CL interfacial
gaps. It is estimated that a 50% drop in MPL and CL roughness 共the
same method used in Fig. 6 case is adopted here to achieve the drop
in roughness兲 yields nearly a 50% drop in the maximum water content at a homogeneous CP of 1.5 MPa under the land, which is quite
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Figure 11. 共Color online兲 Quantification and location of liquid water in a
PEFC 共figure adapted from Ref. 48兲.
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significant. Based on this result and the analysis on the effect of
MPL and CL roughness on the MPL|CL CR, it was observed that the
MPL and CL roughness are expected to have a significant impact on
the PEFC performance loss associated with the MPL|CL interface,
which is currently under investigation in our laboratory.

1. The MPL|CL interfacial gaps can be larger in size compared
to the pores in the bulk PEFC layers. Thus, significant water pooling
in the interfacial voids due to capillary flow could affect transport
across the MPL|CL interface. The model suggests that the MPL|CL
interfacial voids can hold approximately 6–18% of the total liquid
water content in the PEFC, which is quite significant.
2. Due to the variation in the CP under the land and the channel,
the MPL|CL CR is observed to be nearly 2100% higher in the
middle of the channel compared to under the land for the materials
simulated.
3. The model predicts a high value of local MPL|CL CR at the
land|channel interface, which could be negated by rounding the
edges of the land to provide a smoother transition at the land|channel
interface.
4. For a homogeneous CP of 1.5 MPa 共i.e., under a typical land兲,
a 50% drop in the Young’s modulus of the DM was predicted to
yield a 45% drop in the MPL|CL interfacial resistance, and additionally, an 80% drop in the Young’s modulus of the DM was found to
result in nearly a 10% drop in the capacity of potential water accumulation in the MPL|CL interfacial gaps.
5. Results indicate that a softer DM layer would perform better
under the land; however, a stiffer DM layer may be favored under
the channel, as it can counteract the drop in the CP moving into the
channel, maintaining better interfacial contact.
6. It is observed that a 50% drop in the MPL and CL surface
roughness results in a 40% drop in the MPL|CL CR. Furthermore, a
50% drop in the MPL and CL surface roughness results in nearly a
50% drop in the capacity of potential water accumulation at the
MPL|CL interfacial gaps.
The developed MPL|CL contact morphology model strengthens
the understanding of the MPL|CL interfacial structure in a PEFC and
the underlying physical processes that occur therein.
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List of Symbols
d
D
Ei
f
F
g
j
mi
p

surface mean plane separation, mm
density of summits on the surface, mm−2
Young’s modulus, 共i = 1, 2兲 MPa
Gaussian distribution
compression load, kg
conductance, m⍀−1 cm−2
complex number, 冑−1
spectral moment, 共i = 0, 2, 4兲 mm共i−2兲
compression pressure, MPa

resistance, m⍀ cm2
radius, mm
height of asperity, mm
analytical representation of the surface profile data

␣


i
i



bandwidth parameter
probability
roughness, m
Poisson’s ratio, i = 1, 2
resistivity, 共i = 1, 2兲 ⍀ mm
standard deviation, mm
normal distribution

Greek

Conclusions
An analytical model was developed to investigate the effect of
the MPL and CL surface morphology and the applied CP on the
ohmic and mass transport losses at the MPL|CL interface in a PEFC.
Results show that the roughness of the mating surfaces and the
elastic modulus of the backing DM layer have a significant impact
on the polarization losses associated with the MPL|CL interface. The
main conclusions are summarized below:

r
R
z
Z

Subscripts
eq
c
sum
a
q
t

equivalent
contact 共single兲
summit
average
root-mean-square
maximum height of the surface
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