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The interface between the micro-porous layer (MPL) and the catalyst layer (CL) can have an impact on
thermal, electrical and two-phase mass transport in a polymer electrolyte fuel cell (PEFC). However, there
is scant information available regarding the true morphology of the MPL and CL surfaces. In this work,
optical profilometry is used to characterize the MPL and CL surfaces at the sub-micron level scale to gain
a better understanding of the surface morphology. Selected MPL and CL surfaces were sputtered with a
thin layer of gold to enhance the surface reflectivity for improved data acquisition. The results show that,

g{:{gﬁ;yer for the materials tested, the MPL surface has a relatively higher roughness than the CL surface, indicating
Interface the potential dominance of the MPL surface morphology on the local transport and interfacial contact

across the MPL|CL interface. The level of roughness can be on the order of 10 wm peak height, which
is significant in comparison to other length scales involved in transport, and can result in significant
interfacial water storage capacity (approximately 6-18% of the total water content in a PEFC [37]) along
this interface. Another surface characteristic that can have a profound influence on multi-phase transport
is the existence of deep cracks along the MPL and CL surfaces. The cracks on MPL and CL surfaces are
observed to differ significantly in terms of their orientation, size, shape, depth and density. The areal
crack density of the CL tested is calculated to be 3.4 +0.2%, while the areal crack density of the MPL is
found to vary from 2.8% to 8.9%. The results of this study can be useful to understand the true nature of

Micro-porous layer
Polymer electrolyte fuel cell
Water management

the interfacial transport in PEFCs.

1. Introduction

The growing interest in the usage of fuel cell power systems
necessitates that the performance and durability be enhanced [1].
Some of the key factors that have critical importance are the sur-
face conditions of various fuel cell components and the interactions
between them [1-10]. Specifically, the interfacial characteristics of
the micro-porous layer (MPL) and catalyst layer (CL), whose impact
on the various polarization losses remains unknown, need further
investigation.

Concentration polarization losses can be drastically influenced
by the interfacial characteristics of fuel cell components and the
gaps resulting from imperfect contact of the mating parts. In pre-
vious studies, the catalyst layer, gas diffusion layer (GDL) and flow
channels were identified as possible locations of flooding [11]. Their
impact on mass transport losses by blocking fuel and oxygen from
reaching reaction sites were studied in detail. Effects of material
and structural properties of the GDL and CL, such as their porosity,
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pore size, pore size distribution, tortuosity, thickness, and wettabil-
ity, on water management-related issues were examined [11-17].
Recently, freeze/thaw studies performed at the Penn State Fuel Cell
Dynamics and Diagnostics Laboratory have shown that interfacial
gaps can exist between the MPL and CL following repeated cycling
under certain extreme conditions [18-20]. Kim et al. [18] specu-
lated on the role of these gaps as locations of water pooling, which
could promote mass transport losses. Additionally, it has long been
a matter of considerable speculation why certain manufacturers’
MPL and GDL perform better with certain CL structures and worse
with others. However, to date, the effects of MPL and CL surface
topologies on the formation and characteristics of these interfacial
gaps have not yet been quantitatively explored.

Surface roughness and topology of fuel cell components are
influential on both thermal and electrical contact resistance losses,
and this influence has been studied extensively by analyzing the
bipolar plate (BPP) and GDL interface [2-7]. Surface treatments,
which cause modifications in BPP surface characteristics, were
shown to cause substantial changes in BPP|GDL interfacial con-
tact resistance [2,3], and several modeling studies were conducted
to predict the BPP|GDL interfacial contact resistance by taking the
surface profiles of BPP and GDL into consideration [4-7]. However,
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Nomenclature

Rq average roughness (jum)

Rq root mean square roughness (jLm)

R¢ maximum height of the surface (m)

Rp maximum profile peak height (um)

Ry maximum profile valley depth (jum)

R, average maximum height of the profile (um)

BPP bipolar plate

CL catalyst layer

GDL gas diffusion layer

MPL micro-porous layer

PEFC polymer electrolyte fuel cell

SEM scanning electron microscope

M number of optical profilometry data points in the
x-direction

N number of optical profilometry data points in the
y-direction

Z surface height relative to the reference mean plane
(pm)

H; distance between the jth highest peak and an arbi-
trary base plane (m)

L distance between the jth deepest valley and an arbi-
trary base plane (jm)

Znaxpeak distance between the highest point of the surface
and the reference mean plane (jm)

Zminvalley distance between the lowest point of the surface
and the reference mean plane (um)

little has been done to investigate the MPL|CL interfacial contact
resistance, except a few experimental studies that were limited to
measuring the bulk contact resistance rather than focusing on sur-
face morphology of these layers [21,22]. To the best of the authors’
knowledge, there is no work in the literature that examines the
effects of MPL and CL surface topologies on the MPL|CL interfacial
contact resistance either experimentally or computationally.

There exists a gap in the literature regarding how the MPL
and CL surface morphologies, and the interfacial voids that occur
between them, affect the various fuel cell polarization losses. This
can be attributed to the experimental limitations involved in the
three-dimensional characterization of the porous and highly irreg-
ular surfaces of the MPL and CL. In the reported studies, optical
microscope, scanning electron microscope (SEM) and atomic force
microscope (AFM) have been commonly employed to characterize
the MPL and CL surface topography [22-24]. When compared, opti-
cal microscope measurements provide a relatively poor description
of the MPL and CL surfaces due to relatively smaller depth of focus
and limited resolution capabilities. Even though SEM imaging can
provide a good overall view of the surfaces in two dimensions, it
yields limited quantitative information regarding the height values
of surface perturbations in the vertical direction. Moreover, direct
acquisition of quantitative roughness values from two-dimensional
SEM images is not possible. AFM can give three-dimensional
data and quantitative roughness information compared to SEM.
However, due to the highly rough nature of MPL and CL sur-
faces, the scanning area in AFM is limited to only few hundred
square micrometers and the measurement speed is very small. A
comparison of the imaging techniques commonly used to char-
acterize surface topologies of fuel cell components is given in
Table 1.

Optical profilometry is one viable solution to the measure-
ment limitations imposed by AFM as it can acquire relatively large
data sets in a reasonable amount of time. In addition to provid-

ing three-dimensional and quantitative measurements of surfaces
with a vertical resolution on the order of several nanometers,
optical profilometers are also capable of scanning areas as large
as several hundred thousand square micrometers in less than a
minute without having direct contact with the surface [25,26].
However, the major disadvantage of optical profilometry is its
inability to scan light dispersive or poorly reflective surfaces. To
achieve improved data acquisition, it is common practice to sput-
ter poorly reflective surfaces with a thin layer of gold (Au) for
enhanced reflectivity [25,27]. The gold layer thickness needs to be
optimized to avoid introducing an artificial roughness to the sur-
face by sputtering which can change surface structural properties
[25,27-29].

Optical profilometry has been previously used to scan bipolar
plate surfaces for which light reflectivity and dispersivity were not
an issue [4]. Mishra et al. [4] used optical profilometry to scan the
GDL surface that has low and irregular reflectivity patterns due to
its fibrous and porous characteristics. Similarly, studies in phar-
macology used optical profilometry together with gold sputtering
to investigate the surface roughness characteristics of tablets. To
ensure that the sputtering process did not induce any artificial
roughness to the tablet surface; arbitrary regions on the surface
were scanned with an SEM before and after gold sputtering, rough-
ness parameters obtained from the SEM images were averaged and
compared for closeness [27]. Characterization of wear damages in
coatings [30], measurement of surface roughness of geosynthetic
materials [31], quantification of changes in topographic structures
of the skin [32] are some other applications that involve the use of
optical profilometry for surface characterization.

This study is motivated by the need to have a quantitative
understanding of the MPL and CL surface morphology at the sub-
micron level, which will enable us to understand the true impact
of the MPL|CL interfacial structure on performance of polymer
electrolyte fuel cells (PEFCs). This is achieved by digitally character-
izing the MPL and CL surfaces using optical profilometry. A special
approach is designed to determine the optimum gold coating thick-
ness required to perform optical profilometry measurements of the
MPL and CL. Using SEM images and optical profilometry data of the
sputtered MPL and CL samples, a detailed examination of the sur-
face topography and roughness characteristics of the MPL and CL
surfaces is performed. The approach presented in this work can be
used to provide guidance for the future studies to investigate the
effects of MPL and CL surface characteristics on mass transport and
contact resistance losses.

2. Method of approach

Surfaces of the cracked catalyst layer and MPL of carbon felt type
diffusion media (Sigracet gas diffusion layer, SGL 10BB series) were
separately investigated. Material properties of SGL 10BB supplied
by the manufacturer are given in Table 2. However, similar technical
specifications of the cracked catalyst layer are not disclosed by the
manufacturer.

To properly capture the surface topology of the samples by opti-
cal profilometry, surfaces of interest should possess a high degree of
reflectivity. Since the CL and MPL possess low reflectivity and have
light dispersive characteristics, the tested surfaces were sputtered
with a thin layer of gold. The gold sputtering was performed in a
Balzers SCD 050 Sputter Coater with a plasma current of 25 mA,
at a working distance of 30 mm, and an Argon pressure of 30 Pa.
Optical profilometry measurements were performed using a Wyko
NT100 optical profilometer. In the measurements, the resolution in
z-direction was approximately 3 nm, whereas the scanned area size
was set to 604 um x 459 wm with a sampling interval of 0.82 um
in the x-direction and 0.95 pm in the y-direction.
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Table 1
Comparison of the tools commonly employed for the surface characterization of fuel cell components.
Method Quantitative 3D data Resolution (nm) Limitation(s) Advantage(s)
information
Horizontal Vertical
Optical microscope No No 30-1000 - Limited resolution. Fast and inexpensive.
Small depth of focus. Applicable to a variety of samples
of any roughness.
Only a 2D view of the surface.
Stylus profilometer Yes Yes 15-100 0.1-1 Surface deformation of the sample.
Slow measurement speed in 3D
mapping.
Inability to measure deep grooves
and vertical surfaces.
Scanning electron microscope Limited Yes? ~5 10-50 Direct acquisition of quantitative Good overall view of the sample.
roughness values not possible.
Applicable to conductive surfaces More flexibility in sample surface
and vacuum compatible samples. orientation compared to AFM.
Risk of burning and melting of heat Much better resolution, contrast,
sensitive materials. and depth of focus compared to
optical microscope.
Atomic force microscope Yes Yes 0.2-1 ~0.02 Small scanning area. High resolution measurements.
Slow measurement speed. No surface damage when operated
in non-contact mode.
Difficulties in scanning rough
surfaces.
Optical profilometer Yes Yes 500-5000 3-10 Inability to scan poorly reflective Non-contact and damage-free

measurements.
High resolution measurements.

or light dispersive surfaces.
Inability to measure deep grooves
and vertical surfaces.
A good and broad overall view of
the surface provided in a
reasonable time.

2 With special techniques only, normal SEM images are not three-dimensional.

2.1. Determination of optimum sputtering time for optical
profilometry measurements

Special sputtering protocols were developed for the tested CL
and MPL surfaces to determine the optimal sputtering time for
improved profilometry measurements. For the catalyst layer, six
different CL samples were sputtered with Au for 40s, 1 min, 2 min,
3 min, 4 min and 6 min, respectively. Arbitrary areas were scanned
on each sample, and two-dimensional optical profilometry images
of the scanned areas were captured for further analysis (Fig. 1a).
The number of black points on the images (missing data points due
to low reflectivity or physical pores in the surface) was observed to
dramatically decrease with increasing sputtering time up to 4 min.
For sputtering times longer than 4 min, a significant improvement
in optical profilometry images was not observed, indicating that
4 min of sputtering is sufficient to acquire the necessary set of sur-
face scan data for the tested CL surface. It should be noted that
after 4 min of sputtering, the vast majority of black data points
represents the surface pores of the tested CL samples.

Once the critical sputtering time was determined, the effects
of increasing gold coating thickness on the surface morphology of
the CL were investigated. This was accomplished by post-mortem

Table 2

Material properties of SGL 10BB [45].
Properties Value Unit
Thickness 420 pm
Areal weight 125 gm—2
Porosity 84 %
Air permeability 3 cmcm—?s
Electrical resistance (through plane) <15 m$2 cm?
Existence of MPL Yes

SEM image analysis. Initially, the SEM images of a specific region
on a virgin CL specimen were captured without any sputtering by
using a Hitachi S-3000H scanning electron microscope. Then the
SEM images of the same region were captured after the sputtering
of the same sample for 2 min, 3 min and 4 min via the application
of a series of sequential sputtering processes. The captured SEM
images indicated a small growth in surface particle size (on the
order of 0.01 wm) and a small decrease in surface pore size (on the
order of 0.01 wm) for 4 min sputtering case (Fig. 2a). This suggests
that 4 min of sputtering does not significantly change the surface
morphology of CL samples. Therefore, for the material tested, opti-
cal profilometry measurements can be conveniently performed on
a4 min sputtered CL sample.

The sputtering operations performed during the optical pro-
filometry analysis take place in a single step, while those performed
during the SEM analysis take place in multiple steps. However, this
is not expected to change the total thickness of the gold layer and its
distribution over the sample surface for the same total sputtering
time. Hence, the optical profilometry images and the corresponding
SEM images can still be coupled and compared to draw conclusions
on the optimum sputtering time. Additionally, the coincidence of
the SEM images for different durations of Au-sputtering, confirms
that the apparent high porosity (large number of black spots) in
optical profilometry images of the thinly sputtered samples is due
to low reflectivity and that its apparent reduction at higher sput-
tering times is due to a more accurate picture rather than filling of
the pores by deposited Au.

A similar procedure used for CL samples was employed to
determine the optimal sputtering time for the MPL. Optical pro-
filometry images of arbitrary points on five different MPL samples:
a non-sputtered sample and samples sputtered for 4 min, 5 min,
6 min, and 7 min were captured (Fig. 1b). Data regarding crack
depth and profile could not be completely determined, no mat-
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Fig. 1. (a) Two-dimensional optical profilometry images of naturally cracked catalyst layer. (b) Two-dimensional optical profilometry images of MPL side of SGL 10BB.

ter how much sputtering is applied on the surface. However,
missing data from the remaining portions of the surface were
observed to decrease with increasing sputtering time, as expected.
Comparing the images, 6 min of sputtering was concluded to be
sufficient to get satisfactory optical profilometry data from the
type of MPL tested (SGL 10BB). Afterwards, SEM images of the
exact same region on a single MPL sample were captured for a
virgin case and several sputtered cases (i.e. 4min, 5min, 6 min
and 11 min). For sputtering times up to 6 min, no changes in the
SEM images were observed compared to the non-sputtered case,
leading to the conclusion that 6 min of sputtering would pro-
vide sufficient resolution to perform profilometry measurements
of the MPL. On the other hand, excessive sputtering times, such

as 11 min, were observed to alter the surface morphology of MPL
significantly, e.g. causing a 0.5 wm growth in particle size and
leading to a significant decrease in surface porosity, as shown in
Fig. 2b.

2.2. Optical profilometry measurements and roughness analysis

Optical profilometry measurements were performed for 18 dif-
ferent locations on MPL and cracked CL surfaces after applying
6min and 4min of sputtering, respectively. Measurement loca-
tions were selected to be distributed uniformly over the surfaces at
evenly spaced locations. Variation of height as a function of x and
y coordinates was obtained for each scanned region. The data sets
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Sputtered 11 min.

Fig. 2. (a) SEM images of naturally cracked catalyst layer. (b) SEM images of MPL side of SGL 10BB.

obtained were later used to calculate the amplitude parameters of
the scanned regions for roughness analysis.

2.3. Analysis of SEM images and crack density calculations

To have a better understanding of the surface characteristics of
the samples, additional SEM images of virgin MPL and cracked CL
surfaces were captured at higher working distances. SEM images
were analyzed with the open source software Image] [33] for
crack density calculations, after being edited for visual clarity on
Adobe Photoshop. Boundaries of the cracks were sharpened using
a brush of size one pixel. The dust particles within the non-cracked
regions and fiber fragments trapped in the cracked regions were
eliminated. Any non-uniformities in color within the cracks were
converted to black so that the regions inside and outside the cracks
could contrast sharply when the SEM images were converted to
binary form. An automatic thresholding algorithm of Image] was
used to convert the original gray scale SEM images to binary form.

Crack density values were calculated by taking the ratio of number
of black pixels to the total number of pixels for 10 different SEM
images of MPL and CL, and averaging the results.

3. Results and discussion
3.1. MPL and CL surface characteristics

Optical profilometry results indicate that both MPL and cracked
CL surfaces exhibit a relatively high degree of roughness, having
perturbations in the form of high hills, large valleys and deep cracks
on the surface (Figs. 3 and 4). To characterize and compare the
morphologies of different surfaces, various parameters describing
surface characteristics can be used [27,34,35]. In this study, ampli-
tude parameters determined via using the optical profilometry data
were analyzed and utilized to compare the morphologies of MPL
and CL surfaces. Since the use of a single amplitude parameter can
lead to dubious conclusions [26], a set of six amplitude parameters
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Fig. 3. Representative three-dimensional images and surface profile of MPL of SGL 10BB obtained using optical profilometry.

(average roughness (R;), root mean square roughness (Rg), aver-
age maximum height of the profile (R;), maximum profile peak
height (Rp), maximum profile valley depth (R,), maximum height
of the surface (R;)) were used to compare surface roughness of MPL
and CL surfaces. The reader can refer to British Standards [36] for a
detailed description of the amplitude parameters, which are sum-
marized in Table 3. Amplitude parameters of the MPL surface are
found to be higher than the amplitude parameters of the CL sur-
face (Tables 4 and 5), which indicates that the MPL surface exhibits

um

a higher degree of roughness than the cracked CL surface for the
materials tested.

SEM images show that there are significant differences between
the cracks on the MPL and CL surfaces in terms of their orientation,
size, shape, depth and density (Fig. 5). Cracks on this type of CL sur-
face are in the shape of thin ribbons that are aligned with respect
to each other. There is no significant variance in the crack width,
which is around 15 pum at the crack center. The SEM images and
the height values in the profilometry data indicate that cracks can
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Fig. 4. Representative three-dimensional image, two-dimensional image, surface profile in X-direction (along the red line), and surface profile in y-direction (along the blue
line) of cracked catalyst layer obtained using optical profilometry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)
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Table 3
Definitions of amplitude parameters [36].
Parameter Description Formula
M N
Rq Average roughness w g g |Zi)- |
j=1 =1
Rq Root mean square roughness
R, Average maximum height of the profile
Rp Maximum profile peak height Zmax, peak
Ry Maximum profile valley depth Zinax, depth
R: Maximum height of the surface Zinax, peak + |Zmax_depth
Table 4
Measured amplitude parameters for each of the 18 points scanned on the MPL (SGL 10BB) surface (last line indicates mean values + standard deviation of 18 measurements).
Point Rq (pom) Rq (pom) R (pum) Rz (pm) Ry (pm) Ry (pm)
1 2.00 3.36 22.86 22.05 7.09 -15.77
2 2.16 3.60 27.24 25.50 9.31 -17.93
3 2.08 3.60 25.99 24.93 9.21 -16.78
4 2.16 3.60 28.23 27.09 11.74 -16.48
5 2.16 3.68 21.81 21.36 6.61 -15.20
6 1.92 3.44 22.84 21.97 6.78 —-16.06
7 2.64 4.08 26.45 25.35 10.32 -16.13
8 2.16 3.52 27.54 26.07 10.49 -17.06
9 2.32 3.60 22.63 22.10 6.37 -16.26
10 2.24 3.76 26.67 23.95 8.78 -17.89
11 224 3.68 26.68 23.49 10.31 -16.37
12 2.00 3.52 27.88 27.12 11.30 -16.58
13 1.92 3.36 27.39 23.65 7.61 -19.78
14 2.08 3.60 26.33 25.03 8.86 -17.47
15 2.32 3.84 34.28 26.75 12.21 —22.07
16 2.08 3.44 24.72 23.31 7.35 -17.37
17 2.64 4.08 25.95 24.71 8.83 -17.12
18 2.24 3.60 32.62 28.77 15.34 -17.28
5.35+1.96 7.394+3.20 68.32+19.95 63.50+£20.34 18.04+3.17 —50.28 +£19.37

extend through the entire CL thickness, having an average crack
density of 3.4+ 0.2%. On the contrary, cracks on the MPL surface
are randomly oriented with larger and variable width which can be
as large as 60 pm. Holes and dents with diameter on the order of
100 pm are also present on the MPL surface. These frequent and rel-
atively large cracks could conceivably play an important role in the

multi-phase flow along and through the interfaces, a topic thatis in
need of great study. The frequency of these holes on the MPL sur-
face is not constant, showing variation from one location to another.
In some regions, these holes/dents are observed to be very closely
located, whereas they are very rare or not present in some other
regions. Depending on the frequency of these holes, the areal crack

Table 5
Measured amplitude parameters for each of the 18 points scanned on the CL surface (last line indicates mean values + standard deviation of 18 measurements).
Point Rq (pom) Rq (pom) R (pm) Rz (pum) Rp (um) R, (pm)
1 5.68 6.88 57.96 55.22 16.70 —41.26
2 5.84 6.80 54.94 45.22 18.52 -36.43
3 4.40 6.88 91.72 81.65 19.33 -72.39
4 4.40 6.88 91.72 86.72 19.33 -72.39
5 432 5.36 55.78 51.06 20.85 -34.93
6 3.84 4.64 50.54 48.45 13.39 -37.16
7 4.80 6.16 52.43 48.08 17.96 —34.47
8 3.92 6.08 85.94 77.38 16.36 —69.58
9 8.88 13.44 88.97 86.60 16.45 -72.51
10 3.60 4.40 45.27 39.33 12.49 -32.79
11 7.84 12.24 100.82 95.19 19.35 —81.46
12 4.08 5.12 52.49 47.79 21.02 -31.47
13 5.76 7.36 64.02 60.88 20.35 —43.67
14 4.64 5.92 52.38 44,79 22.20 -30.18
15 3.76 6.32 67.63 66.02 13.81 -53.83
16 6.56 8.24 67.13 65.71 22.78 —44.34
17 3.52 448 45.63 39.17 13.50 -32.13
18 10.48 15.84 104.39 103.74 20.29 -84.10
2.19+£0.20 3.63+0.21 26.56+3.19 24.62 +£2.07 9.36+2.34 -17.20+1.58
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(b

Aligned cracks

Fig. 5. (a) Representative SEM image of MPL side of SGL 10BB. (b) Representative SEM images of cracked CL.

density was found to vary from 2.8% to 8.9%. Although optical pro-
filometry data regarding crack depth is missing, the data obtained
from few points on the crack base indicate that the crack depth
can be as large as the MPL thickness. This can be observed in the
captured SEM images, where the fibers belonging to the GDL can be
visible through some of the cracks on the MPL surface. These obser-
vations form strong evidence that a certain portion of the cracks
on the MPL surface can extend through the entire MPL thickness,
reaching to the GDL|MPL interface.

3.2. Implications of the results

Due to the rough and cracked nature of the MPL and CL sur-
faces, the contact between these two layers will be imperfect under
compression. This imperfect contact may result in the formation of
interfacial gaps with uneven compression pressure between the
MPL and CL surfaces and consequently a reduction in contact area
(Fig. 6). The reduced contact area may interfere with the flow of
electrons across the MPL|CL interface and cause an increase in the
MPL|CLelectronic contact resistance.Inaddition, due to the absence
of electrochemical reactions and heat generation in the interfacial
gaps, thermal disruptions may be generated, which will impact
multi-phase flow as well. Uneven compression from the MPL to
CL surfaces can also result in reduced durability.

The interfacial gaps at the MPL|CL interface (especially, where
cracked and non-cracked spots come up against each other) may
also act as water accumulation sites (pooling locations) and pre-
vent the reactant gases from reaching active sites in the CL. As the
peak height and crack depth of the MPL and CL are on the same
order of magnitude as their thickness, the volume of the interfacial
gaps at the MPL|CL interface are expected to be comparable to the
total pore volume of the MPL and CL. This suggests that the inter-
facial gaps at the MPL|CL interface could have a large water storage
capacity and consequently a strong impact on the mass transport
losses. In support of this prediction, Swamy et al. [37] argued that
the MPL|CL interface could hold approximately 6-18% of the total
water content in a PEFC when filled, which is significant amount
of water when the overall water balance in PEFCs is considered.
Moreover, in sub-freezing environments, water in the interfacial

Catalyst layer

Interfacial gap Contact region

Micro porous layer

Fig. 6. Two-dimensional schematic of the MPL|CL interfacial contact.

gaps may result in ice lens formation and growth between the MPL
and CL. With repeated freeze/thaw cycles, this may lead to interfa-
cial delamination between the GDL and CL, permanent deformation
of the GDL and fracturing of its carbon fibers resulting in reduced
longevity and operational stability. As MPL surface is rougher than
the CL surface, tailoring the MPL surface for better mating charac-
teristics could be beneficial for reducing the losses and degradation
associated with the interface.

In a vast majority of modeling studies, the MPL was consid-
ered to be a purely homogenous porous medium, and the effects of
incomplete contact, macro-cracks and holes in the MPL structure
were not taken into account. Although the MPL is typically con-
sidered to act as a capillary barrier that directs liquid flow from
cathode to anode [38,39], the macro-cracks and holes in the MPL
structure may act as water transport channels that carry the liquid
water from cathode CL to the cathode GDL|MPL interface (Fig. 7).
Gostick et al. [40] argued that cracks in the MPL could be bene-
ficial, as they have the potential to reduce the GDL saturation by
limiting the number of dead-end clusters formed in the GDL. They
suggested that water entry into the GDL takes place mainly through
the cracks on the MPL surface. Hence, the pores on the remaining
portions of the GDL face (where there is no overlap with the cracks
on the MPL face) remain inaccessible to water and form paths for
gas-phase reactant transport.

Interfacial gaps at the MPL|CL interface may also impose differ-
ent roles on the MPL cracks, depending on the operating current
density. Under low current density operating conditions, MPL
cracks may serve to evacuate the liquid water that tends to accu-
mulate inside the MPL|CL interface, and keep the interfacial gaps
dry for gas-phase reactant transport. However, under high current
density operating conditions, the amount of water generated in the
CL may exceed the water storage capacity of the MPL cracks, and
the interfacial gaps may start to fill with liquid water. In this case,
the liquid-filled MPL cracks may promote flooding at the MPL|CL
interface.

Fig. 7. Cross-sectional SEM image of MPL of SGL 10BB (arrow indicates the flow
path formed by the cracks).
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Furthermore, cracks in the MPL could alter the saturation and
water mass distribution in the MPL substantially by holding a sig-
nificant amount of water. Approximating the crack depth to be as
large as the MPL thickness for all the cracks in the MPL and the
MPL thickness to be 80 wm, the MPL cracks can hold 0.22 mgcm—2
to 0.71 mg cm~2 of water when fully filled for the calculated areal
crack density of the MPL. In his recent neutron imaging work,
Turhan et al. [41] observed a reversed saturation profile at the
MPL|GDL interface with the MPL having a higher level of effec-
tive total saturation than the GDL, in contrast to the modeling
studies that predict a higher level of GDL saturation for similar
conditions. In addition to phase-change-induced flow, this unex-
pected increase in the MPL water saturation can be explained by the
liquid water held by the MPL cracks. Cross-sectional X-ray radio-
graphy results [42] indicating the existence of significant water
accumulation around the MPL|CL and MPL|GDL interfaces may also
be attributed to the wide MPL cracks that are filled with liquid
water. Similarly, Nam et al. [43] claimed that size of the pores
on the MPL surface control the interfacial saturation and size of
the droplets formed at the MPL|CL interface, supporting the theory
that MPL cracks could promote droplet growth, coalescence and
accumulation.

Cracks on the CL surface are expected to have significant impact
on fuel cell performance, as well. Removal of the platinum on the
CL surface due to cracking may result in the formation of platinum-
deficient sites and a reduction in the electrochemically active area.
The study by Manahan et al. [44] reports higher activation polariza-
tion losses for CL with high cracking compared to CL with negligible
cracking, which is in good agreement with our hypothesis.

4. Conclusions

In this study, optical profilometry and SEM were used to char-
acterize the surfaces of the MPL and CL. The results show that both
the MPL and CL possess relatively rough surface characteristics,
which could lead to the formation of significant interfacial gaps at
the MPL|CL interface due to imperfect contact. As the peak height
and valley depth of the MPL and CL surfaces are comparable to
their thickness, the interfacial gaps are expected to have signifi-
cant water storage capacity and impact on mass transport losses
under compression. More importantly, formation of ice lenses due
to freezing of the water stored in the interfacial gaps at sub-freezing
temperatures is expected toresult in accelerated degradation of the
MEA and GDL. The MPL surface is found to exhibit a higher degree
of roughness compared to the CL surface, suggesting that tailor-
ing the MPL surface for improved interface mating characteristics
could reduce interfacial losses and membrane durability. Another
observation is the existence of cracks in the MPL and CL structures,
cracks in the MPL being relatively wider and deeper. MPL cracks
are expected to cause an increase in the water held by the MPL, and
affect the saturation behavior at the MPL|GDL and MPL|CL inter-
faces. Additionally, cracks in the MPL may act as water transport
channels, helping to explain the discrepancies between modeling
predictions and observed water saturation profiles. The results of
this study can be used in further investigations to understand the
impact of the interfacial morphology and surface cracks on multi-
phase flow, and interfacial electronic and thermal resistances at the
MPL|CL interface.

Further investigations are underway at the PSU FCDDL to under-
stand the effects of the MPL and CL cracks on fuel cell performance,
and to improve the contact between MPL and CL surfaces for
reduced interfacial losses.
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