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ABSTRACT

The oxygen reduction reaction (ORR) in the cathode catalyst layer (CCL) of polymer electrolyte fuel cells (PEFC)
is one of the major causes of performance loss during operation. In addition, the CCL is the most expensive
component due to the use of a Pt catalyst. Apart from the ORR itself, the species transport to and from the
reactive sites determines the performance of the PEFC. The effective transport properties of the species in the
CCL depend on its nanostructure. Therefore a three-dimensional reconstruction of the CCL is required. A series
of two-dimensional images was obtained from focused ion beam - scanning electron microscope (FIB-SEM)
imaging and a segmentation method for the two-dimensional images has been developed. The pore size
distribution (PSD) was calculated for the three-dimensional geometry. The influence of the alignment and the
anisotropic pixel size on the PSD has been investigated. Pores were found in the range between 5 nm and 205 nm.
Evaluation of the Knudsen number showed that gas transport in the CCL is governed by the transition flow
regime. The liquid water transport can be described within continuum hydrodynamics by including suitable
slip flow boundary conditions.
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1. Introduction

Structural investigations of polymer electrolyte fuel
cell (PEFC) components and materials are possible at
various scales. For the flow fields, a simple CCD camera
can be used to investigate two-phase transport [1].
X-ray analysis and neutron radiography have also
been used for this purpose [2, 3]. In the gas diffusion
layer, X-ray tomography has been used to image
three-dimensional water distributions [4]. Also environ-
mental scanning electron microscopy approaches have
been useful for investigating the water dynamics in
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the gas diffusion layer [5]. For catalyst investigations,
transmission electron microscopy (TEM) is regularly
used [6]. However, there is no method to investigate
the morphology of the cathode catalyst layer (CCL)
which is satisfactory for all scales. The oxygen
reduction reaction and its related transport processes
in the CCL are widely considered to be the major cause
of performance losses [7]. Amongst other mechanisms
such as charge transfer across the electrochemical
double layer and proton transport, these losses are
governed by water transport on the micrometre and
nanometre scales, the amount of catalyst and its
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distribution. A key role for the quantitative deter-
mination of the various transport processes and—in
future—for the catalyst distribution is knowledge of
the morphology of the pore volume [8].

There are two fundamentally different approaches
to obtain a three-dimensional image of the morphology.
In stochastic reconstruction, a three-dimensional image
is obtained from micro-structural descriptors, which
characterise the geometry [9]. From these functions,
a geometrical configuration is reconstructed with a
mathematical optimisation process. A possible ap-
proach is to reconstruct three-dimensional geometries
from 2D TEM images [10]. However, the recons-
truction quality in this case is limited by the method
per se. The Gaussian random fields method can
handle only two descriptors. This is not necessarily
enough to describe the morphology [11]. A method
to overcome this obstacle is simulated annealing
[12]. This method has been used for a stochastic
reconstruction of a CCL [13]. Here the layer is
assumed to consist of overlapping spheres with a
certain diameter. Another method in stochastic
reconstruction is based on the electrode production
process [14]. All phases (ionomer, Pt, carbon and
pore) can be addressed. The stochastic reconstruction
method is however limited in scope due to the
underlying assumptions and does not allow quality
control of materials.

The second approach involves experimental input
from a real sample and is generally called tomography.
A three-dimensional data set of the sample material
is obtained experimentally. There is a huge variety of
tomographic methods for the sub-micrometre range.
For the porous PEFC CCL, the characteristic sizes of
the pores range from a few nm to almost one um [8].
The spatial resolution of X-ray tomographic methods
is too low for investigations of the CCL, whereas
TEM techniques are better suited for investigations of
catalyst features in the range of a few nm since they
do not allow visualisation of larger areas. Atomic force
microscope tomography does not deliver element
information and secondary ion mass spectroscopy
tomography does not have enough lateral resolution
[15]. focused ion beam - scanning electron microscope
(FIB-SEM) tomography has emerged recently [16] and
has a spatial resolution between 10 and 1000 nm. It

consists of a focused ion beam device (FIB) and a
scanning electron microscope (SEM), and has been used
for a variety of materials including ceramic fuel cells
[17]. However, a three-dimensional reconstruction of a
PEFC CCL based on FIB-SEM has not been reported.
Our initial results in this area were published in a short
communication [18]. Here we describe the whole pro-
cess from data acquisition to the full three-dimensional
geometrical reconstruction in detail. The reconstruction
procedure can be subdivided into image acquisition,
registration, segmentation and visualisation of the ma-
terial. We present image acquisition in the Experimental
section. Registration, segmentation and visualisation
are presented in Results and discussion section. Based
on the pore size distribution (PSD), the physics of gas
and liquid transport in the CCL is evaluated.

2. Experimental

A FuMA-Tech fumapem F-950 membrane, which is
a perfluorinated sulphonic acid/PTFE copolymer,
was investigated as an example. The electrodes were
produced by printing the membrane with a slurry
containing 70 wt% platinum on HiSPEC 13100 (Johnson
Matthey), a high surface-area carbon support. A 20%
Nafion dispersion from DuPont was used as an
ionomer and was mixed into the paste in an Ultra
Turrax disperser to obtain approximately 20% solid
material in the paste. The screen-printing process
resulted in a catalyst layer thickness of ca. 2 um (Fig. 1).
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Figure 1 Typical image from the image series. The porous material
is the CCL. The membrane is visible below as the darker grey area.
The light grey material above the CCL is the protective Pt layer. It
can clearly be seen that the pore morphology close to the protective
layer was affected by the deposition. These areas were therefore
not considered in the segmentation process. As the images were
recorded at an angle of 52°, they are stretched by a factor of 1.27
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The catalyst layer was used in the pristine state without
any features that are caused by a specific operation
protocol.

2.1 Image acquisition

The sample was investigated with an FEI Quanta
three-dimensional dual-beam FIB-SEM instrument.
The first step is preliminary screening of the PEFC
CCL layer. Holes and fissures in the micrometre range
were found (Fig. 2). Cavities were produced by the ion

beam at different micro-homogeneous sample positions.

A representative cavity was chosen to perform the
reconstruction. In the defect-free areas, the carbon
black and ionomer are assumed to be homogeneously
mixed. A difference between the carbon and the
ionomer phase was unfortunately not observed. This
is due to the fact that the molar mass of carbon and
the constituent parts of the ionomer are too close to
give a good contrast in a SEM device at the present
scale. A series of 113 images was made at intervals of
30 nm where the thickness of the layer was about 2 pum.
The FIB consisted of Ga* ions which were accelerated
with a voltage of 30 kV. This was followed by SEM

Figure 2 The cathode surface of the fumapem CCL. Different
cavities were created with the ion beam. Two materials are visible
in the cavities: The light grey material is the CCL, the darker grey
below is the membrane. On top of the CCL, there is a protective
Pt layer which also serves as a marker. Micro-homogeneous areas
were selected for further investigation

imaging of the surface for each slice. One of the images
is shown in Fig. 1. The angle of acquisition was 52°.
This caused a linear shift of the layer borders between
two successive images.

A critical factor determining the precision of the
results is the separation of the two-dimensional images
in the z-direction. The selection of a slicing distance is
a trade-off between spatial resolution, acquisition
time, segmentation time, cost and slicing precision of
the FIB. In the x—y direction, the maximal resolution
depends on the electron beam. Here, about 1 nm is
the state of the art for the resolution [15]. For the
z-direction, the resolution depends on the ion beam.
The resolution limit is in the range of 15nm [19].
Considering that in the z-direction the geometrical
scale should be significantly larger than the largest
pore diameter of 205 nm and the necessary manual
segmentation step, a 30 nm increment was chosen as
a compromise between precision, segmentation time
and sample size.

2.2 Registration

The aligning of successive images is called registration.
Due to small variations in the acquisition process,
successive images often have an offset. The registration
problem for the present data set consists of two parts:
In the acquisition process there is a random shift
between successive images which is due to small
variations of the operating conditions such as fluc-
tuations in the electron optics of the FIB-SEM. The
second part is linked to the systematic displacement
due to the geometric configuration of the sample and
FIB-SEM as the images are taken at an angle of 52°
(Fig. 3). There are pore and solid areas in each imaging
plane P;, P,. The pore areas contain different infor-
mation depending on the acquisition angle. Different
angles correspond to different pore surface areas (e.g.,
Ay, A,). If we however fix the acquisition angle, a
point R in P; is aligned with a point R; in P, instead
of being aligned with R,. Therefore the translation
algorithm based on a least-squares error estimator
only removes stochastic variations between successive
images. A shift between images remains. In order
to align the images towards Im2 we need a second
displacement step.
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Figure 3 The geometric configuration of the sample and the
FIB-SEM device. The FIB is working at an angle of 52° in
relation to the SEM. From the visible image Im1 the image Im2
is reconstructed, which is orthogonal to the FIB plane. The planes
Py and P, are the planes of successive cuts with a cutting distance
of ds. The projection of the visual information from a pore into
two different geometrical angles is sketched in blue (Im2) and
green (Im1). The information provided by this projection comes
from different parts of the pore surface area 4; and 4,

This first part of registration was implemented with
an Image] [20] plug-in (StackReg) which is based on
TurboReg [21]. In this module, the registration was
performed using the “Translation” option. This means
that the image is only shifted as a whole and no local
deformation algorithms are used. Afterwards, the
images were stretched by a factor of 1.27 corres-
ponding to the acquisition angle of 52°. The second
part of the registration consisted in removing the shift
between successive images due to the acquisition
angle. Here two ways of removing the shift were
applied. One way is to mark the upper CCL boundary
(Fig. 4), calculate the mean shift between the pixels of
successive images and finally shift the images [18].
This way uses a feature in the sample which is clearly
visible between successive slides. This method is
called “feature registration” in the following. The
second way is to shift all images by the slicing distance
in z-direction multiplied by sin 38°. This simple
geometric correction factor stems from the position
of the FIB, SEM and sample. This alignment is called
“geometric registration”. Both alignments will be
analysed and compared which may serve as an
indication how robust the reconstruction method is in
relation to variations in the acquisition process.

Figure 4 A stretched and segmented image as an example. The
pores have been marked red (colour version)/dark (black and white
version). In the upper area, some artefacts from the deposition of
the protective layer can be seen. This area was not included in the
pore reconstruction as it does not reflect the real pore morphology.
In order to correct the image shift, the upper and lower CCL layer
lines were marked

2.3 Segmentation

Segmentation is the subdivision of the acquired image.
Due to its time consumption, it is one of the most
important steps in tomography, especially for complex
tomographic data [22]. In the present case, the image
is divided into porous and solid components (Fig. 4).
In the simplest case, the segmentation can be performed
by a threshold operation [23]. This is not possible
for the material presented here since the grey values
for pores and solid material do not differ strongly
enough (Fig. 5). One way to surmount this challenge
is via manual segmentation. However, the manual
segmentation time for the image is unreasonably
long; therefore we used a semi-automatic approach,
based on pre-selection with an optimised threshold
value in the first step and manually improving the
results in the second step (Fig. 6). In the first step, an
optimised threshold value which is applicable to all
113 images is needed despite three difficulties. There
are intensity variations in some parts of the images
due to edge effects and the acquisition angle. Secondly,
there is a shift in the mean intensity value between
successive images due to a general intensity decrease
between the first and the last image during the
acquisition process. Thirdly, because of the overlapping
solid and pore intensity distributions, there are highly
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Figure 5 Intensity distributions of pore (b) and solid (c¢) com-

ponents of the original image (a). As the two distributions overlap,
automatic threshold segmentation is not possible. With FIB-SEM
tomography, not only the information from the cutting plane but
also information from inside the pores is part of the image

Figure 6  Segmentation workflow: (a) original image after
removing intensity gradients; (b) threshold result for the pore
volume. Inhomogeneities remain; (c) after removing the noise and
correcting the edges, a very smooth result is obtained; (d) the
final mask before manual correction; (e) final manual correction

using the software gimp

non-contiguous areas in the image when a threshold
value is applied (Fig. 6). The intensity variations are
handled by first averaging the original images with a
circular filter with a radius of 70 pixels. The averaged
image was normalised by dividing each pixel by the
image mean value. Finally each pixel from the original
image was divided by its corresponding normalised
image pixel. The shift in the mean intensity value is
removed by shifting all pixel values to a common
mean value.

The problem of non-contiguous areas was solved
with Matlab’s bwareaopen function and a mor-
phological opening (Fig. 6). The difference to simple
thresholding is shown in Figs. 6(b) and 6(c). The
bwareaopen function removes non-contiguous pixel
agglomerates with less than N pixels. After preparing
the images in this way, the minimum number N of
contiguous pixels and the optimum threshold value
were evaluated by comparing the resulting images
from the thresholding and opening with manually
segmented images. For comparison of manually
segmented and automatically processed images,
the following similarity measure was chosen: The
number of agreements of pore and solid-phase pixels
was determined and divided by the overall number
of pixels in the image, yielding the percentage of
agreement.

The mean agreement in the images was 79%. The
final result of this process was an optimum opening
area of 80 contiguous pixels and an optimum threshold
intensity value of 109. These values were determined
on a test set of five manually segmented images. The
boundary was smoothed by the morphological opening
function, which is a standard image-processing function
[24], as a post-processing step which facilitated the
manual segmentation. The Matlab imopen function
was used with a disk of diameter two as a structuring
element. In the second step, the preliminary seg-
mentation results were manually corrected using the
open source software gimp (Fig. 6(d)). As a result,
113 segmented images were obtained. A possible way
of simplifying the segmentation might be the usage
of a pore filling resin given that the pores are filled
without a morphology change [25].
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2.4 Visualisation

For three-dimensional visualisation of porous media,
use of Amira® has become the state of the art [19]. The
image size from the segmentation is 2048 pixels x 1300
pixels in the x—y plane. In order to exclude influences
from the boundary layer, e.g., pore morphology change
due to the marker deposition and re-deposition
(Fig. 4), for the feature registration the images were
cut to 1651 pixels x 701 pixels. In the z-direction, 113
images were recorded at intervals of 30 nm. The
resolution of the images was 2.5 nm/pixel. Hence
the three-dimensional geometry is a cuboid with
dimensions 4127.5 nm x 1752.5 nm x 3390 nm in the
x, y and z directions respectively (Fig. 7). The voxel
size is 1 pixels x 1 pixels x 12 pixels, corresponding to
2.5nm x 2.5 nm x 30 nm. The segmented 2D images are
provided as tif images in the Electronic Supplementary
Material (ESM). The images for the geometric
registration were cut to 1760 pixels x 600 pixels thus
giving a geometry of 4400 nm x 1500 nm x 3390 nm.
Due to the different shifts between the two registration
methods the image sizes were different.

< |
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Figure 7 Three-dimensional geometrical configuration of a
polymer electrolyte fuel cell cathode catalyst layer obtained from
FIB-SEM imaging. For this geometry the feature registration method
was used. The figure shows the carbon matrix morphology (blue
in colour version/light grey in black and white version) and the
pore network (dark grey) as well as the cut-out process from the
segmented region. The result is a statistically well-defined
geometry. The largest pore diameter is 205 nm, far less than the
side lengths of the geometry

3. Results and discussion
3.1 Porosity

The connectivity of the pores and the solid material
can be evaluated by analysing the connected areas
in the geometrical configuration. The bwconncomp
function in Matlab with a 26-connected neigh-
bourhood was used for this. This function calculates
all connected regions within the sample. The relative
amount of ionomer and Pt is not accessible to the
FIB-SEM approach. 62% of the volume of the sample
consists of solid material, mainly carbon. Corres-
pondingly, pores make up 38% of the sample volume.
This is valid for both registration methods. The pore
volume fraction of 38% is relatively low compared to
highly porous materials with porosities of 65% and
above but not unusual for porous electrodes [26].
There are unconnected pores in the sample with a total
of 0.21% of the whole volume or 0.56% of the pore
volume. To assess the accuracy of these results, the
(unphysical) unconnected carbon fraction was deter-
mined to be 0.01% of the whole volume only. Again
these values are the same for both segmentation
methods. It is concluded that artefacts in connectivity,
morphology and total volume due to the finite cutting
distance (30 nm) and inevitable segmentation errors
are in an acceptable range. Moreover the fact that
the porosity and connectivity are identical for both
registration approaches shows that these values do not
strongly depend on the reconstruction procedure.

3.2 Pore size distribution

As one of the fundamental properties of porous
materials, the PSD of the fumapem CCL was calculated.
The approach in Ref. [27] was adopted. The pore sizes
are defined as a local concept (Fig. 8 (a)).

For each pixel P;, P, P; ... which lies within a
pore, a sphere is inscribed with a radius equal to the
minimum distance to the next pore wall (Fig. 8). In
the algorithm, the smaller spheres are inscribed first
(e.g., Py). Inscribing larger spheres overwrites part of
the previously inscribed spheres (e.g., P;, P,). Finally,
each pixel X in the pore is associated with the largest
possible sphere surrounding it. The result is a spatial
PSD in three dimensions (Fig. 8(b)). A histogram is
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Figure 8 (a) At every point (Py, P, ...) in the pore structure, a
circle is inscribed with a radius equal to the minimum distance to
the nearest wall. (b) The resulting spatial pore size distribution

derived from this PSD, yielding the percentage of
pixels per pore diameter (Fig.9). The algorithm was
implemented in Matlab. In order to increase the
precision of the PSD, a distance transform of the
geometry was used instead of a skeleton. This lengthens
the calculation time but yields more accurate results.
The overall calculation time for the whole geometrical
configuration was about three days. The minimum
resolution for the PSD is a 5nm pore diameter,
corresponding to the spatial resolution of the 2D
SEM images. Additional technical remarks about the
implementation can be found in the ESM.

It can be seen that the PSDs for both registrations
are in the same range (Fig.9). 95%/92% (feature
registration/geometric registration) of the pore
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Figure 9 Pore size distributions for geometric registration and
feature registration

diameters are in the range 15 to 120 nm. 77%/76%,
however, are between 20 and 80 nm. Thus the catalyst
layer is nanoporous rather than microporous. 35%/35%
of the pore volume is in the diameter range of 30 to
45 nm. We consider the peak at 5nm as a numeric
artefact, which is more pronounced for geometric
registration due to a bigger slope of successive images
(see the ESM). We therefore conclude that the PSD
calculation is sufficiently robust to errors in the
alignment of the images.

In this geometry the resolution is anisotropic: The
x- and y-resolutions were 2.5 nm per pixel and the
z-resolution was 30 nm per pixel. The anisotropic
pixel size implies that there is a different density of
morphology information available in the z-direction
compared with the other directions. Therefore we
investigated the dependence of the PSD on the available
morphology information in x- and y-directions keeping
the resolution in z-direction at 30 nm per pixel. This
was done by changing the resolution of the 113 images.
In this way the information available in x- and
y-directions was decreased. Comparing the PSD with
the maximum resolution of 2.5 nm x 2.5 nm x 30 nm
with coarser resolutions can give a qualitative idea of
the reliability of the results. The procedure was carried
out with the Geometric registration geometry. The
images were scaled down by a factor of 12 with the
Image] scale function. No interpolation or averaging
option was used. In this way the minimum morphology
information size was set to 30 nm. The resolution
for PSD calculation however was kept at the same
resolution as in the original geometry in order to make
the results comparable (Fig. 10).

At a 30 nm x 30 nm x 30 nm resolution there are still
pores found below 30 nm in an amount comparable
to a 2.5nm x 2.5 nm x 30 nm resolution. This result
indicates that below 30 nm the values of the 2.5 nm x
2.5 nm x 30 nm resolution PSD are not reliable as they
are strongly influenced by pure 2D information. One
can further deduce that the results in the 2.5 nm x
2.5 nm x 30 nm resolution PSD for multiples of 30 nm
are overly represented due to the cutting distance
of 30 nm.

PSDs are often considered to be bimodal [8]. For
the present geometry a unimodal distribution was
found (Fig. 9). Recently systematic nitrogen adsorption
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Figure 10 PSD of the Geometric registration alignment (2.5 nm
resolution in the x- and y-directions, 30 nm in the z-direction) and
the same geometry with the minimum morphology information
size set to 30 nm

measurements of PSDs have been performed [28].
The results show a small maximum below 5 nm and
a bigger maximum at 50 to 60 nm. The small maximum
however cannot be resolved with the FIB-SEM
technique. Therefore no statement about the correctness
of this bimodal model can be made. A maximum
however can be found in our PSD between 30 to 65 nm.
This is in qualitative agreement with the larger

maximum from the nitrogen adsorption measurements.

For further analysis the feature registration geometry
was chosen.

3.3 Gas transport in the CCL

The Knudsen number is an established measure for
the physical regime of the gas flow as a function of
the characteristic pore size. The Knudsen number is
defined as

Kn E% (1)

Here 4 is the mean free path length and d is the pore
diameter. For oxygen, 1is 6.5x10°m at ambient
conditions [29]. There are four different flow regimes:
Continuous flow (Kn<107), slip flow (107 <Kn <
10™"), transition flow (10™ < Kn <10) and molecular
flow (Kn >10) [30]. The Knudsen numbers in the pores

of the fumapem CCL vary between 0.31 (210 nm) and
13 (5 nm). 98.5% of the detected pore volume is subject
to the transition flow regime. Pores with a diameter of
5 nm and less are in the molecular regime (Fig. 11).

The Navier-Stokes equations with no-slip boundary
conditions are valid for continuous flow [31]. Their
validity can be extended to the slip-flow range by
taking the slip length into account as a correction
term for the boundary conditions [32]. The Knudsen
numbers of the CCL presented here, however, indicate
that the transition and the molecular regimes are
applicable. For this range, particle-based methods such
as molecular dynamics (MD), direct simulation Monte
Carlo (DSMC) and lattice Boltzmann methods (LBM)
are options. The time step in MD simulations however
is limited by the size of the interaction potential (e.g.,
Lennard-Jones Potential).

Thus, in a dilute gas, i.e., for high Knudsen numbers,
only a very few interactions occur in one time step.
Therefore MD it is not suitable for high Knudsen
numbers. The size and morphology of the sample
present further challenges for this method. Both DSMC
and LBM are based on the Boltzmann equation. In
the past, it was doubted that LBM could be used for a
Knudsen number range larger than 0.1 [33]. Very
recently however, there have been serious efforts to
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Figure 11 The gas transport regimes in the pores obtained by
plotting the relative pore volume as a function of the Knudsen
number: (a) continuous flow; (b) slip flow; (c) transition flow; (d)
molecular flow. The figure clearly shows that most of the pore
volume is subject to transition flow
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extend LBM to Knudsen numbers of 10 and higher
in two dimensions [34]. For three dimensions, initial
efforts to model transport in the CCL with LBM for
this Knudsen number range have been made [13].
Nevertheless, the method which is best established

for simulation of rarefied gas dynamics is DSMC [29].

This is underlined by the fact that other methods
such as LBM are compared to DSMC for validation
in the transition flow regime [33, 34]. DSMC can also
be applied to complex porous structures [35]. For
an in-depth comparison of DSMC to other methods,
see [32].

3.4 Liquid transport in the CCL

For the liquid transport, we encounter a more difficult
situation without a concept of the same clarity as
the well-defined Knudsen number. In the continuum
regime, the liquid flow in a circular pore shows the
characteristic Poiseuille flow profile [36]. Deviations
from the Poiseuille profile are generally taken as an
indication of a deviation from Navier-Stokes dynamics
[29]. Liquid water transport in confinements has been
investigated extensively in the literature. The influence
of confinements down to 40 nm for different organic
liquids and water has been examined experimentally
[37]. The results show that the flow rate obtained does
not deviate from the prediction based on the continuum
assumption. Other measurements on water showed a
viscosity of thin films similar to bulk viscosity down
to a thickness of ~1 nm (which is approximately ten
molecular diameters) [38, 39]. On the theoretical side,
there are several MD simulations which support these
results [40, 41]. Therefore it can be stated that the
continuum assumption of hydrodynamics for water
is valid down to 1-2 nm [29, 42]. This indicates that
the liquid water transport in the CCL morphology
presented here can be solved within continuum
hydrodynamics. It may however be necessary to con-
sider the contact angle hysteresis for the description of
free water surfaces and refine the boundary conditions
for the flow with a slip length.

The slip length in the pores of different materials is
now discussed. The slip length mainly depends on the
contact angle 6 which is related to the slip length b.

The following relation can serve as an estimate [43]:

b=ca-(1+cosf)” ()

with a=0.63 nm [44].

The investigation of slip lengths for different
materials is therefore equivalent to investigation of
contact angles. The influence of the slip length on the
flow through a tube of diameter d depends on both
the diameter and the slip length b [45]:

Eﬁ:“_S_b 3)

QNormal d

S

where Q. 15 the flow rate without slip flow and
Qqyip is the slip flow rate. If S becomes larger than one,
there is a significant deviation due to slip flow. For
investigation of the different materials in the CCL,
we assume that mainly the carbon and the ionomer
have a strong influence on the slip length as they cover
most of the surface. Normally carbon black is used
in the CCL. The chemical bonds in carbon black are
typically that of graphite (sp?) [46]. For graphite, the
contact angle depends very much on the treatment of
the material. Accordingly, a complex picture of the
water contact angle varying from 0° to over 115° is
found in the literature [47]. The greatest share (45%)
of measurements can be found between 80°-86°. The
extreme values of 0°-29° and 100°-115° both appear
with a frequency of 5%. We will therefore compare
the values 83°, 14.5°, and 112.5° (Fig. 12). The contact
angle of the ionomer depends on its wetting state [48].
The advancing contact angle for a Nafion 117 dry
membrane at 97% relative humidity varies between
92° and 103° and for a wet membrane the contact
angles varies between 22° and 28° [48]. Therefore we
compare the dry case at 97.5° with the wet case at 25°
(Fig. 12). For both Nafion and carbon, Eq. (3) is used
to make a qualitative comparison although it is clear
that this formula can only be a rough estimate.

For carbon, an enhanced flow rate due to slip effects
is important in most cases. Interestingly the influence
of the slip effects for Nafion strongly depends on its
wetting state: In the dry state, 69.8% of the pore volume
is significantly (S > 1.1) influenced by a slip-enhanced
flow rate. In wet states there is almost no influence,
with only 3% of the pore volume affected.
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Figure 12 S, the ratio of the slip-enhanced flow to the flow
with no slip, as a function of the diameter for different materials
and different contact angles. The black horizontal line marks a
deviation of 10%. The amount of pore volume showing more
than 10% deviation from the normal flow is calculated for the
different materials: for carbon at contact angles of 14.5°, 83°, and
112.5°, the amounts of pore volume are 2.7%, 39.2%, and 98.2%,
respectively. For dry Nafion (97.5° contact angle), 69.8% of the
pore volume is significantly influenced by a slip-enhanced flow
rate, whereas for wet Nafion (25° contact angle), this is only the
case for 3% of the pore volume

4. Conclusions

A three-dimensional reconstruction of a CCL (HiSPEC
13100/Nafion on fumapem F-950) has been demons-
trated. A series of 113 2D SEM images was recorded
with a separation distance of 30 nm using a FIB. The
final voxel size was 2.5 nm x 2.5 nm x 30 nm. By pro-
viding open access to the geometry, a new generation
of fuel cell modelling founded on the experimentally
obtained CCL morphology is made feasible.

A semi-automatic segmentation procedure has
been developed, which consists of a normalisation
procedure for a global threshold value applicable to all
images and a manual segmentation step afterwards.

The PSD was determined according to Delerue [27].
Pores were found with diameters between 5 and
205 nm, the lower limit being determined by the
resolution limit of the SEM images. A variation of the
image resolution revealed that PSD values below
30 nm are not reliable. 95% of the pore volume is
distributed among pores with 15 to 120 nm diameter.
80% of the volume, however, has diameters between

20 to 80 nm, which shows the overall nanoporous
characteristics of the layer. The maximum of the PSD
is between 30 to 45 nm, with 35% of the pore volume
in this range. A comparison of two different alignment
methods showed that the porosity, connectivity and
PSD calculation are sufficiently robust to alignment
variations.

An analysis of the Knudsen number regime showed
that the gas transport in the pores is governed by
the transition flow regime. For liquid transport, it is
concluded that continuum hydrodynamics is a valid
approach.

Slip flow is generally important if liquid water is in
contact with the carbon matrix of the CCL. Where the
pore walls are covered with Nafion in its dry state
slip flow is also non-negligible, whereas for pores
covered with Nafion in the wet state, slip flow can be
safely neglected.

Based on these results, suggestions for future research
work include improvement of the segmentation
process, development of transition flow gas transport
models for the CCL and description of liquid transport
including slip flow and contact angle dynamics.
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