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Abstract

Improving the cathode catalyst layer design requires understanding the sources
of transport limitations in proton-exchange membrane fuel cells. For the pur-
pose, a framework consisting on an electron microscopy characterization setup
in couple with a numerical modeling software is proposed. The latter inte-
grates high-performing geometry building capabilities which ensure full phase
discretization (carbon, platinum, ionomer and pore phase) and freedom when
designing the structure morphology and meshing. The 3D structure of the car-
bon phase is extracted from a focused ion beam scanning electron microscopy
analysis having a 2 nm isotropic resolution. The platinum phase is built accord-
ing to a nanoparticle size histogram determined from high angle annular dark
field scanning transmission electron microscopy images. To add the ionomer
phase, the thickness of the layer is measured on high resolution transmission
electron microscopy images. The multi-physics model includes gas transport in
the pores, and gas and ionic transport in the Nafion. A 4-step reaction mecha-
nism is used to solve the electrochemistry. Numerical simulations are performed
on two catalyst layer portions. The results show that structural heterogeneities
can deeply impact performance. Such impact is mainly linked to oxygen diffu-
sion limitations through the Nafion film and, to a certain extent, to interparticle
competition effects.
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1. Introduction

Prior to commercialization, proton-exchange membrane fuel cells (PEMFCs)
face major challenges primarily involving cost reduction. Platinum - the catalyst
used in the cathode catalyst layer (CCL) of conventional PEMFCs - is rare and
costly; therefore, it is crucial to optimize its utilization.

In the case of operation at high current densities, major performance losses
are commonly observed [1]. These losses have origin in the sluggish kinetics of
the oxygen reduction reaction (ORR) [2, 3], oxygen transport limitations within
the gas diffusion layer [1] and, both oxygen and proton transport limitations in
the cathode catalyst layer [4]. The oxygen transport limitations in the cathode
catalyst layer can be decoupled into those arising from the oxygen diffusion in
the pores [4] and the oxygen diffusion through the ionomer thin film covering
the carbon and catalyst surface [5, 6] - reportedly of significantly higher resis-
tance to oxygen permeability than bulk ionomer [7]. While the diffusion in the
pore phase is expected to have an effect when considering the whole catalyst
layer thickness, the diffusion through the ionomer is expected to be limiting
even at the agglomerate scale. Furthermore, an additional interfacial oxygen
transport resistance in the platinum /ionomer region is reported to be the dom-
inant factor for voltage drops at high current densities [5]. Similarly to oxygen
transport resistance, an increased proton transport resistance is also observed
in the thin layer comparatively to bulk ionomer [8]. Moreover, this increased re-
sistance is reportedly associated to the ionomer’s structure arrangement, which
depends on the operating conditions [9], the treatment protocol [9, 10], the type
of substrate interfacing [11, 12] and the layer thickness [13]. Since the transport
related losses in the cathode are also strongly linked to the cathode catalyst
layer microstructure, understanding the morphology and the distribution of the
different CCL constituents (carbon support, Pt nanoparticles and ionomer) at a
local nanoscale and quantifying their effects on the electrochemical phenomena
is primordial.

Among the available tools to approach the issue, numerical modeling is
commonly used to predict these effects. However, catalyst layer structure-
oversimplification based on the assumption of an idealized geometry (as used in
macroscale models [14, 15, 16, 17, 18]) may give rise to misleading conclusions.
Moreover, agglomerate/pore-scale models have been developed, though these
also mostly consist of oversimplified structures which assume agglomerates as
ideally spherically-shaped [15, 16, 19, 20, 21]. These models have demonstrated
to inaccurately describe the average electrochemical reaction rate [22]. There-
fore, numerical modeling on real catalyst layer structures emerges as the most
promising approach towards further comprehension at this scale [23].

Major improvements over recent years in microstructure characterization -
based on X-ray or electron microscopy - have given access to 3D microstruc-
tures of the catalyst layer. Yet, the process of moving from characterization to
modeling is not a straight path as it involves several steps: image acquisition,
image treatment and geometry building. A list of image acquisition techniques
based on both X-ray and electron microscopy has already been reported in the
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literature with the purpose of imaging the PEMFC catalyst layer [24]. On the
one hand, the cathode catalyst layer is a nanocomposite material consisting of
carbon nanoparticles (30-50 nm) supporting Pt nanoparticles (2-10 nm) and
covered by a thin layer (5-15 nm) of ionomer binder, but on the other hand it is
also a porous material with some pores larger than a hundred nanometers, and
as a result, there is no single technique capable of characterizing these different
length scales.

The step following the image acquisition consists in the image treatment,
which is essential for electron microscopy techniques. By default, the acquisi-
tion is followed by a pretreatment phase that integrates a set of standardized
procedures transversal to all images output from electron microscopy based tech-
niques. These procedures follow the respective order: image alignment (in the
case of an acquisition in series), structure reconstruction (in the case of a to-
mography), noise reduction and contrast enhancement (crucial steps preceding
the thresholding), and segmentation [6, 25, 26, 27, 28]. In the case of FIB-SEM
acquisitions, it has been found that embedding samples in epoxy resin prior to
acquisition facilitates the thresholding when comparing to non-embedded sam-
ples [26, 29, 30]. Regarding the set of required post-treatment procedures to
follow, there are existing softwares on the market that were either designed to
perform these tasks - image alignment, noise reduction, contrast enhancement
and thresholding - or had added functionalities/plug-ins over time - MATLAB®)
[27, 31, 32], Fiji ImageJ [25, 27, 29, 33], Avizo [34, 35, 36], DigiM [35], to name
a few.

The final step is the geometry building; even latest agglomerate/pore scale
models which use electron microscopy input do not exploit its full potential in
the geometry building [20, 28, 36, 37, 38, 39, 40]. The commonly reported meth-
ods to reproduce CCL geometries follow either one of two ways: generating a
3D mesh out of the post-treated stack of 2D images and importing the mesh
(usually .stl, .step, .vtp or .vtu format) into a CFD code-based software (Com-
sol ®) Multiphysics, Ansys CFX and Ansys Fluent, Simcenter™ Star-CCM+®),
OpenFOAM@®), TRUST...) 6, 33, 36], which is a fast method though it makes it
impossible to discretize the phases within. These phases include platinum, car-
bon, Nafion and pore phase. The other way consists in using stochastic methods
either based on the QSGS algorithm [41] as used in the work of [23] or based
on a 2-point correlation function extracted from TEM or FIB-SEM acquisition
output [27, 42, 43]. To the best of our knowledge, the direct conversion of a
3D stack into such a CAD format remains elusive and may constitute an open
subject of interest for future work.

In this work, a multiscale characterization was performed, using the follow-
ing three different electron microscopy techniques: FIB-SEM, HAADF-STEM
and HRTEM. A FIB-SEM resolution of 2 nm on SEM images with a slice thick-
ness of 2 nm (a low value when compared to previous works) was attained. Such
high isotropic resolution allows extracting more reliable effective transport prop-
erties that can be introduced in macrohomogeneous models, since varying the
resolution from 2 to 20 nm can cause significant differences in the transport
properties [6]. The FIB-SEM acquisition was used to build the carbon phase,
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while the platinum and Nafion phases were built according to HAADF-STEM
and HRTEM respectively. Here, a non-stochastic method for the generation of
3D geometries - based on electron microscopy input with the four phases dis-
cretized - is proposed. The generation of these geometries is performed using
geometry building capabilities integrated in Comsol ®) Multiphysics. This ap-
proach provides notoriously more freedom regarding geometry designing than
mesh importing. It opens the possibility for addition of the remaining phases,
which in this case refer to the platinum nanoparticles and the Nafion thin film,
as well as having full control over the morphology (shaping and size-adjusting)
- e.g. Nafion distribution, platinum nanoparticle size and distribution. Nu-
merical simulations were then carried on two geometries with an applied set
of physics that integrates both transport of species (oxygen and protons) and
electrochemistry. These tests showed that the effects of heterogeneities on local
performance are already noticeable at this scale. These effects have origin par-
ticularly in severe oxygen transport limitations on the Nafion phase and, to a
certain extent, on platinum interparticle competition effects.

2. Experimental setup

2.1. Catalyst coated membrane fabrication

The catalyst coated membrane (CCM) (7 cm x 7 cm) was built in-house.
The ink was prepared by mixing a commercial Pt/C catalyst TEC10EA30E-HT
(30.1% Pt/graphitized carbon) and a Nafion ®) dispersion D2020 (EW=1000,
DuPont™) into deionized (DI) water/propan-1-ol solvent. Initially the mix-
ture of Pt/C and Nafion (I/C = 1) in DI water was stirred at 4000 rpm dur-
ing 15 min, a process after which propan-1-ol was gradually added and mixed
(water/propan-1-ol weight ratio = 4.32) prior to depositing and baking on a
Teflon blank sheet. The deposition proceeded at a temperature of 40°C fol-
lowed by the drying of the slurry-covered substrate over a heated table within
10 min. Subsequently, this layer was transferred onto a Nafion ®) membrane
NRE-211 by hot pressing (at a pressure of 3.5 MPa and a temperature of 160
°C for 3 min).

The anode and cathode catalyst layer, and membrane thicknesses were mea-
sured and the respective values were found: 8 pum, 14 pum and 25 pm. In
addition, a value of 0.3 mg/cm? for the cathodic Pt loading was found.

For the purpose of this work, three different samples were prepared, each
with the aim of characterizing a different phase within the composite electrode,
as described in the following subsections.

2.2. Image acquisition

Different acquisition techniques are commonly used as a means to provide in-
formation on each phase [23, 35]. In order to 3D-image the solid phase structure
(including C, Pt and ionomer), both techniques - nano-scale X-ray computed
tomography (nano-XCT) [44, 45, 46] and focused ion beam - scanning electron
microscopy (FIB-SEM) [6, 25, 33, 34, 47, 48, 49, 50| - are used. Nano-CT refers
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to a non-destructive characterization method which is limited by the low atomic
number of both carbon and ionomer and by its resolution of ~ 50 nm when using
commercial equipment [44, 46] and ~ 20 nm when using a synchrotron X-ray
source [23]. However, this technique can 3D-image the Pt/C/Nafion agglom-
erates and the pores that are larger than the resolution (20-50 nm). Pore size
distributions extracted from nano-CT have shown good agreement with the
distributions obtained using mercury intrusion porosimetry (MIP) once consid-
ering the pores larger than 20-50 nm. The other technique - the 3D FIB-SEM -
consists in successive FIB milling and SEM imaging. During the acquisition, a
resolution of ~ 2 nm for the SEM images is often used [6, 47, 51, 52], whereas the
thickness of the FIB slice milling is larger (often around 20-30 nm), generating
a 3D image with voxels elongated in the milling direction. Such voxel anisotropy
leads to the introduction of an artificial tortuosity anisotropy [6]. Regardless, a
decrease in slice thickness is expected to occur with FIB improvement [30, 52].
From FIB-SEM images, pore size distributions are usually extracted. These
are found to be consistent with measurements employing BET and MIP tech-
niques, considering only pores larger than 5-10 nm (smaller pores can be an
artifact generated by the SEM image noise) [6, 51, 52]. To image the platinum
phase, the TEM technique - which has a resolution that can go up to 0.1 nm
once a lens aberration corrector is used - is the leading technique for measuring
the size distribution of Pt nanoparticles [23, 34, 52, 53, 54, 55, 56]. The small-
angle X-ray scattering (SAXS) technique which generally requires a synchrotron
source is less frequently used, despite its advantage of providing nanoparticle
size histograms based on the analysis of a much greater number of nanoparti-
cles [23]. Furthermore, the platinum particle distribution within an electrode
containing more than 10,000 nanoparticles has been determined by performing
an electron tomography acquisition on an electrode embedded in epoxy resin
and cut by ultramicrotomy [35, 52]. Since TEM samples must be transparent
to electrons, electron tomography experiments are then restrained to samples
having a thickness in the order of = 100 nm. More recently, advanced electron
tomography experiments carried out on Pt/C catalyst powder have determined
whether Pt nanoparticles are located on the surface or within the carbon sup-
port particle [57, 58]. In particular, a detailed 3D analysis of different types of
carbon supports revealed the presence of nanoscale pores (in the range of 1-20
nm) inside these primary carbon particles and showed that the predominant
location of the Pt nanoparticles - either on the carbon particle surface (exterior
nanoparticles) or inside the carbon particle (interior nanoparticles) - depends
on the size and density of these small pores [57]. To 3D image the ionomer
phase distribution within an electrode, further developments are required as it
still remains extremely challenging. The difficulties behind the ionomer imaging
result from the lack of contrast between the ionomer and the carbon support
since these have a similar mass density, plus the ionomer forms a thin layer (few
nm) that covers the carbon catalyst support. Therefore, high resolution images
are required. As fluorine is one of the ionomer’s main components, mapping flu-
orine in the electrode is a solution for imaging it. Thus, STEM /X-EDS fluorine
elemental map has become commonly used to determine whether the distribu-
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tion of the ionomer is homogeneous throughout the electrode [59, 60]. However,
the spatial resolution of these maps is limited by the weak X-EDS signal emit-
ted by a thin layer of ionomer and by the high sensitivity of the ionomer to
electron beam radiation damage leading to a significant fluorine loss during the
map acquisition [59, 61]. Among the X-ray techniques, the soft X-ray scanning
transmission microscopy (STXM) using the chemical contrast associated with
the near edge X-ray absorption fine structure of fluorine and carbon has also
been developed to image the ionomer inside the electrode [62]. This method
combined with tomography experiments has shown its ability to 3D image the
electrode ionomer distribution [63, 64]. Nonetheless, the size of the X-ray probe
(30 nm) and the sensitivity of the ionomer to the X-ray beam restrain the res-
olution of this technique which is then not high enough to image the ionomer
thin layer. This thin layer was first revealed on high resolution TEM images
[55, 60]. Afterwards, electron tomography experiments provided 3D images of
carbon agglomerates covered with a thin layer of ionomer. In these experiments,
the contrast of the ionomer was enhanced by staining the ionic domains with
heavy C's* ions [65]. This experiment made it possible to measure the average
thickness of the ionomer thin layer (T 7 nm) and also to determine to which
extent the carbon particles were covered. In addition, the carbon particle cover-
age was found to increase with the ionomer content, while the ionomer thickness
remained unchanged. It is worth noting that these experiments were carried out
on a model active layer prepared with an ink consisting of carbon black in the
absence of Pt nanoparticles since the high contrast of the platinum disturbs the
3D reconstruction of the ionomer phase. Atomic force microscopy (AFM) is also
a powerful technique which can provide access to the thickness of the ultra-thin
layer of ionomer [66]. Such technique - currently limited to 2D images - has the
great advantage of being able to measure the ionomer thickness under different
relative humidities [67].

2.2.1. FIB-SEM

Here, a small piece of the CCM was cut and pore-filled with epoxy resin. The
cross-section of the embedded CCM piece was then polished mechanically until
obtaining a mirror-like surface that can be observed by SEM after depositing a
thin layer of carbon to enhance electron conductivity.

The image acquisition was performed on a Zeiss cross-beam 550 FIB-SEM
microscope. Prior to performing the image acquisition, a Pt protective layer was
deposited on the surface of the area of interest and a large hole was excavated
next to this area with a high current Ga™ beam of 30 keV. The current of
the Ga™ beam was then decreased in order to obtain a fine-polished surface.
Subsequently, the Gat beam was used to trench the area of interest slice by slice
while SEM images of each slice were recorded using a 1 keV electron beam and
an in-lens backscattered detector. In the end, a thousand images were recorded
with a size of 1089*486 pixels, and therefore a voxel size of 2x2x2 nm3. The
resulting volume of the analyzed cathode portion was 2.178x0.972x2 um3. Tt
is worth noting that the backscattered electron image of each slice contains
information that belongs not only to the cutting plane but also to the following
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slice since the 1 keV electron beam backscatters from a depth below the surface
larger than 2 nm. This resolution limit in the milling direction is highlighted in
the Pt nanoparticle 3D images which instead of having a spherical shape, these
present an ellipsoidal-like shape elongated in the direction perpendicular to the
cutting plane. To overcome this limitation, the use of a lower electron beam
accelerating voltage is required. However, this would lead to a poorer resolution
and signal-to-noise ratio of the SEM images. Due to the high resolution of the
SEM images, any instability (mechanical, electromagnetic, charge/heat build-
up...) during the acquisition on the sample and/or on the electron beam causes
3D image distortions that are visible on the raw reconstructed stack of images.
To correct these distortions, a registration procedure taking into account not
only a rigid translation in the cutting plane but also non-linear deformations is
required.

2.2.2. HAADF-STEM

The embedded CCM cross-section used for the FIB-SEM acquisition was
also used to prepare the TEM samples by ultramicrotomy, which were required
for the characterization of the Pt nanoparticles. Thin slices (770 nm-thick)
were cut using a LEICA UC6 ultramicrotome at room temperature and then
deposited on a TEM copper grid.

In order to analyze the Pt nanoparticle size distribution, the thin CCM em-
bedded cross-section was observed using a FEI-Themis microscope operated at
200 kV and equipped with a Cs probe corrector. The size of these nanoparticles
was measured on images acquired at high magnification (910000X) using Fiji
ImageJ software, allowing in the end to obtain a representative size histogram.

2.2.3. HRTEM

In the analysis of the Nafion thin layer covering the catalyst carbon support,
an alternative method of TEM sample preparation had to be developed without
using epoxy resin pore filling. Indeed, on HRTEM images, the epoxy resin and
the ionomer have a similar contrast corresponding to that of an amorphous
material, so it would be impossible to distinguish between both. The partial
embedding method [55] has already been successfully used for the case of a
thick electrode, though it becomes difficult to perform on a thinner electrode.
Therefore, in this work, to the best of our knowledge, thin CCM cross-sections
were prepared by cryo-ultramicrotomy (LEICA UC7 ultramicrotome) without
using epoxy resin embedding for the first time. Since the small piece of CCM,
even when frozen at -140 °C, was too flexible to be cut by the diamond knife,
the sample was made stiffer by embedding it into a frozen deionized water drop.
To do this, a small piece of CCM was stood upright in a liquid deionized water
drop that was then quenched in liquid ethane in order to freeze the water as
quickly as possible. The frozen sample was transferred under cryo-atmosphere
to the cryo-ultramicrotome where 250 nm-thick CCM cross-sections were cut at
-140°C and then deposited on a lacey carbon TEM grid using an ionizer system.
It should be noted that depositing the CCM cross-section flat on the TEM grid
is the most difficult step in this cryo-ultramicrotomy process, although on most
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of our TEM grids it was possible to find large pieces of electrode cross section. In
the end, the TEM grids were removed from the cryo-ultramicrotome and heated
to room temperature so that the frozen deionized water drop could melt and
finally evaporate. In the case where the ionomer distribution is not homogeneous
within the electrode, preparation by cryo-ultramicrotomy appears to be a more
suitable method for obtaining a representative thin electrode sample than the
easier method of scraping the electrode and depositing the resulting powder on
a TEM grid covered with a lacey carbon layer.

The CCM cross-section prepared by cryo-ultramicrotomy was then observed
using a FEI-Titan operating at 200kV, which is both Cs probe and image cor-
rected.

3. Image post-treatment

In this section, the post-treatment procedures on the different types of im-
ages are described. In the case of the FIB-SEM images, the backscattered
electron (BSE) signal images were chosen over the secondary electron (SE) as
these provided a better contrast [29]. Figure la shows a typical backscattered
electron SEM image acquired during the FIB-SEM experiment. In this image,
the highest contrast arises from the Pt nanoparticles which appear as numerous
bright dots, while the carbon support presents a much lower contrast and the
ionomer cannot be clearly distinguished from either the carbon support or the
resin. Though, the insufficient resolution obtained in the acquisition is still pre-
venting from solving/measuring the platinum nanoparticles. This explains why
the Pt particle size characterization was not performed through a segmentation
on the FIB-SEM image but rather on multiple HAADF-STEM images. How-
ever, it was still possible to isolate the solid phase from the pore phase whilst
segmenting the FIB-SEM images.

Figure 1: a) SEM image extracted from the FIB-SEM image stack. b)
Corresponding segmented image.
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Figure 2: a) 3D view of the catalyst layer imaged with FIB-SEM
(2.178*0.972*2 um?). b) Corresponding segmented image stack.

Prior to segmentation, the stack of images must undergo a processing step.
This processing step consists in the alignment of slices with respect to one an-
other (stack registration), homogenization of the contrast/brightness over the
entire volume, and standard image processing filters to reduce artifacts and
noise on the images (such as curtaining effect induced by the FIB beam). For
the image alignment, as some image deformations are observed, an alignment
procedure beyond a simple linear transformation must be performed. There-
fore, the alignment was performed using less restrictive operations (i.e. scaling,
rotation, distortion) on Fiji ImageJ. With the images aligned, the following step
in the procedure is the segmentation. This is one of the most delicate steps as
it has a crucial importance when it comes to building a reliable geometry, as
significant artifacts can be introduced if not correctly performed. Therefore,
a set of segmentation criteria which includes pixel intensity and both texture
and edge detection was defined. For the purpose, a multicriteria software based
on supervised machine-learning - Ilastik [68] - was used since it provides very
precise and robust results when compared to more traditional algorithms that
use the gray level as the single criterion. This permitted obtaining a reliable
segmented image stack. The result on a single 2D image can be seen in figures
la and 1b, whereas the whole segmented stack is presented in figure 2b with the
corresponding aligned FIB-SEM images in figure 2a.

To obtain information on the catalyst particle size distribution, multiple
HAADF-STEM images are used. These were manually thresholded using Fiji
ImageJ while overlaying the raw gray scale image and the segmented one. In the
meantime, as these were segmented, the measured sizes were cumulatively added
to a particle size histogram until the normalized distribution of particles did not
change. All the measurements performed on different Pt nanoparticle images
that could correspond to overlapping images of nanoparticles located at distinct
heights in the sample were manually removed prior to building the nanoparticle
size histogram which was based on ~ 200 particle size measurements (fig. 3b).
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Here, an average platinum particle size (diameter) value of 4.5 nm was found
which is similar to the one reported by [58].

(b)
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2 4 i}
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Figure 3: a) HAADF-STEM image of the Pt nanoparticles. b) Normalized
platinum particle size histogram.

From HRTEM images, an averaged Nafion thickness is extracted. In fig-
ure 4, a representative HRTEM image of the cathode cross-section cut by
cryo-ultramicrotomy is presented. This image shows that the primary carbon
nanoparticles - with 25 nm in diameter - that support the dark Pt nanoparticles
are hollow nanoparticles. The shell of these carbon particles, which consists of
graphitic planes, is about 3 nm-thick. This hollow structure was clearly revealed
in an electron tomography experiment performed on a similar catalyst [58]. In
this same image (fig. 4), the Nafion is identifiable by its typical contrast of
amorphous material. Although the ionomer does not cover homogeneously all
the carbon nanoparticles, a thin Nafion layer approximately 6 to 8 nm-thick
is often observed surrounding the carbon nanoparticles which is in agreement
with the electron tomography analysis [65]. To have a better description of the
Nafion distribution, an electron tomography experiment is required. However,
from the HRTEM images, an average thickness can be extracted by performing
multiple measurements in different regions of the image. In the end, an average
value of 8 nm was found for the Nafion thickness.

10
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Figure 4: HRTEM image where Nafion is observed around the Pt/C
agglomerates.

For the solid phase obtained on the segment FIB-SEM image stack, the
assumption of assigning that phase as carbon was taken (a valid assumption
as long as the platinum volume is far lower than the carbon one), while the
platinum nanoparticles were later randomly distributed on its surface and the
Nafion thin layer was placed uniformly around the agglomerates as explained in
section 4 of this article. A structure with an I/C and a Pt loading of 1 and 0.3
mg - em~2 respectively was obtained and the composition was found to be in
accordance with experimentally measured data. To determine the Pt loading,
the FIB-SEM image stack was assumed to be a repetitive unit along the catalyst
layer thickness. At this stage, other works assumed a single carbon/platinum
phase [20], which does not allow to capture the effects of particle distribution
on structure performance as it is reported in section 5 of this work and will be
described in more detail in our future publication.

Regarding the pore phase, all the pores were found to be connected - when
just considering the FIB-SEM image stack - as already shown by [47]. The
porosity value obtained from the segmented FIB-SEM volume was 55%. Here,
an evaluation of the pore size distribution on the post-treated FIB-SEM output
stack following the method of maximum sphere inscription (MSI) was performed
[69]. When comparing the obtained pore size distribution (PSD) (fig. 5) with
the one from [70] - where a CCL with a similar carbon support and composition
except for a platinum/carbon weight ratio (46 wt%) - it is possible to observe
that the pore size peak location found in this work - 38 nm - is slightly shifted

11
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from the one found by [70] - 50 nm - using mercury porosimetry. Such shift (also
observed by [26]) can be associated with limitations of the MIP technique itself
as it does not allow determining the smallest pores and it possesses a destructive
nature which may introduce additional artifacts by changing the structure. This
argument also explains some pore sizes beyond 150 nm that were found in the
work of [70]. The impact of ionomer content over the pore size distribution
has been already reported by [71] on a CL with Pt/KB and it was found that
increasing the ionomer content beyond 30% implies a very significant decrease
in pore size. When comparing the PSD to the one of a catalyst layer using a
catalyst from the same manufacturer [29] though with a different Pt loading
(50.6 wt%), a similar pore size distribution is also found.

. |\|Ik|umls,

0 50 100
Pore diameter [nm]

MNormalized volume count

Figure 5: Histogram - Pore size distribution.

Transforming the post-treated data into a proper geometry for numerical
modeling is the following step. This step will be described thoroughly in the
following section - 4.

4. Geometry building

Comsol ®) Multiphysics requires a CAD geometry in order to produce a
mesh and perform numerical calculations involving physical phenomena such as
gas transport, heat transfer and electrochemical reactions. Since reconstructed
segmented images cannot be directly introduced for performing CFD simula-
tions, different methods must be adopted. The main idea behind the method
proposed in this work lies on placing parallelepiped/cubic-shaped solids in the
positions of bitmap voxels that hold ’true’ logical values. In order to attain the
final geometry, four main steps must be accomplished:
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e building the carbon phase;
e adding platinum spheres to the carbon surface;
e adding a 'uniform’ Nafion thin layer around the Pt/C agglomerates;

e adding the pore phase.

The geometry reproduced on Comsol ® Multiphysics is illustrated in figure
6 - from the selected portion of the raw image stack to the final geometry.
The procedure adopted was chosen over direct mesh importation since it allows
differentiating the phases within the structure. It is then worth noting that
adding the platinum and Nafion phases directly on a mesh is not possible.

4.1. Carbon phase building

The process of moving from segmented images to numerical simulation (fig.
6) starts with the importation of the post-treated FIB-SEM image stack to
MATLAB®) and proceeds with the conversion onto a binary map (’1’ is assigned
to the solid phase and ’0’ to the void). Here, the assumption of assigning that
solid phase as carbon was taken (a valid assumption as long as the platinum
volume is far lower than the carbon one). The transition from the portion of the
carbon binary map stack (fig. 6b) to the 3D structure (fig. 6¢) in the numerical
software could be established through placing voxel-size cubic blocks in space
according to the distribution of the ’true’ logical values (’1’), but this procedure
would turn extremely time costly. A solution to the issue could be locating and
placing parallelepiped/cubic-shaped solids (larger than the voxel’s dimensions)
by descending order of size. Still, this procedure may take long and so a slightly
modified version of this method is adopted:

1. Disassemble the binary map stack [P,Q,R] into N stacks of equal size
[P, Q% RY...[PN,QN, RN] (where N is arbitrarily defined on the restricted

set {NeN\%eNA%eNA%eN});
2. For each of the N stacks, read and list the matrix indexes holding ’true’
logical values;
(a) Find the largest solid (parallelepiped/cubic shape) that can be built
departing from each of the indexes of step 2 and store the respective

coordinates and size;
(b) Convert the 'true’ logical values included in the solid found into false’

logical values; S
(c) Return to step 2a until all the solids within [P*, Q*, R'] are found;
(d) Read the next submatrix (i =i + 1) and return to step 2 until (i >

N).
3. Place the blocks listed in step 2a according to the assigned size and posi-
tion.
4. Perform a boolean operation - 'union’ - between all the built blocks. The
result is presented in figure 6c.

This means that the portion of FIB-SEM data transferred into the finite el-
ement software is exactly the same contained in the selected portion of the
reconstructed FIB-SEM image stack.
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4.2. Platinum phase building

Platinum nanoparticles under the assumption of spherically-shaped are ran-
domly placed on the surface of the carbon support according to the size his-
togram (figure 3b). The procedure to do so is the following;:

1. Randomly select a platinum nanoparticle size from the histogram (fig.
3b);

2. Randomly place the nanoparticle sphere on the carbon surface;

If the Pt/C mass ratio set - eq. (1) - is not satisfied return to step 1.

4. Perform a boolean operation - ’difference’ - between the platinum and
carbon phases so that the overlapped zone can be resolved. This region is
assigned to the platinum phase (fig. 6d).

@

pptVpi

Pt Cmassra o= T 1,5 | 15
/ ! pprtVpt + pcVe

(1)

The boolean operations can be defined as logical operations (union, inter-
section, difference...) between domain sets in order to define a new domain set.
Among the boolean operations performed, the ones which may be troublesome
include the ’difference’ operations between the platinum and carbon phase and
between the platinum and ionomer phase (described in the following subsec-
tion), where a removal of a small volume of carbon and ionomer close to its
surface is performed so that a platinum particle can be placed.

4.8. Nafion phase building

Finally, the Pt/C agglomerates are covered by a uniform Nafion thin film
under the following procedure:

1. Duplicate the carbon matrix;

2. On the duplicated matrix, add 4 voxels with a ’true’ logical value (’1°) in
the normal direction to every interface between ’1’ and ’0’ throughout the
matrix;

3. Subtract the duplicated matrix, which comprises both carbon and Nafion,
to the carbon matrix. The remaining ’true’ logical values in the matrix
represent, the Nafion;

4. Perform steps 1 to 4 of the carbon phase building on the Nafion matrix;

5. Perform a boolean operation - ’difference’ - between the Nafion and plat-
inum phases so that the overlapped zone can be resolved by assigning it
to the platinum phase. The result is presented in figure 6e.

Here, the Nafion layer is assumed to have a constant averaged-thickness as
assumed in [6, 35, 49]. This averaged-thickness is extracted from the Nafion
observation on 2D HRTEM images. However, atomic simulations indicate that
ionomer cannot penetrate into the primary pores [72, 73]. This can be an impor-
tant factor to take into account in the development of more realistic geometries
with a heterogeneous Nafion layer coverage. When placing the uniform Nafion
thin layer, small isolated pores are observed, though these are assumed to be
negligible as these appear in a residual quantity and are 2-4 nm sized.
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4.4. Pore phase building

In order to complete the geometry, the pore phase must be added. To do so,
the following procedure is adopted:

490 1. Perform steps 1 to 4 of the carbon phase building on the matrix comprising
both carbon and Nafion phases with the unique difference that the terms
‘true’ and ’false’” mentioned in the operations of steps 2 and 2b must be
read as ’false’ and ’true’ respectively. The final result is presented in figure
6f.

a9s The algorithm builds the primary and the secondary pores separately, open-
ing the possibility to distinguish among them for further improvements of the
model, such as taking into account liquid water flooding. Here, primary and
secondary pores are defined as in the work of Mashio et al. [74], with the former
corresponding to pores smaller than 10 nm and the latter to pores larger than
soo 10 nm.

505 Figure 6: a) Raw FIB-SEM stack portion of [100¥100*100] nm. b)
Corresponding segmented stack portion. c¢) Corresponding reconstructed
carbon phase. d) Carbon phase with platinum particles distributed on the
surface. e) Addition of a ionomer layer over the Pt/C agglomerate. f)
Addition of the pore phase. Legend: gray: pore phase; green: ionomer phase;
510 orange: carbon phase; yellow: platinum phase).

It is important to note that when attempting to reproduce geometries of
significantly large dimensions (102 ~ 103 nm), the process becomes extremely
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time intensive. So, due to the need of maintaining a reasonable reconstruction
time and also due to computer power and software limitations - the incapability
to solve booleans for a high number of intersecting features - the size selected for
the geometries over which numerical calculations were performed (reported in
section 5) was [100*100*100] nm. This was found to be enough for the purpose
of this work as it allows to capture the effects of the heterogeneities at such a
local scale. Furthermore, the effects of these heterogeneities will be extended to
performance evaluation studies over the whole catalyst layer thickness, which
will be reported in a future article.

In the following section, a description of the physical model will be pre-
sented along with some numerical results output from the study of two different
geometries.

5. Numerical model description and results

In this work, a model was developed and simulations on agglomerate ge-
ometries extracted from different zones within the sample were performed. A
short description of this model is presented in the sections below. Since the
model requires certain local conditions (species concentrations, fluxes and ionic
potential) as an input, a coupling with a macroscale MEA model [17] is estab-
lished. Moreover, the CCL region selected to extract these conditions was one
close to the CCL/MB interface since a higher current density and a low oxygen
concentration are expected.

5.1. Model

The physical model adopted in this work is based on the work of Randria-
narizafy et al. [17], with the inclusion of a 4-step reaction mechanism to describe
the oxygen reduction reaction [3]. A summary of this model is presented in table
1. Additionally, further details can be found in the works aforementioned.
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Transport parameters

Tonic conductivity

r =100 - (0.005139X — 0.00326) - exp (1268 - (g5

— 7)) (ref. [75])

303

02 diffusivity (N)

DOg,Naf = DOg,Nafpore()\) + DOg,Nafbulk(A) + DOg,Nafplatinum()\) €Xp ( 2768 (T

205)) (ref. [76])

02 diffusivity (P) Do, Pore = DK,L+D01;/N2 By Vith Dicn = g \/ ﬂsﬂz;;
Electrochemical parameters Electrochemical parameters

AGp, 0.313[eV] AGph4 0.487[eV]
AGphp 0.222[eV] AGpr 0.472[eV]
AG, —0.274[eV] AGpoy —0.301[eV]

8 0.5 J* 1000[A - em™?]
Relations
Do, /n, 6.43- 1051 "=[m? . 5]

Table 1: Model description and used parameters. Here, the letters (N) and (P)

are used to refer to the Nafion and pore phases.

It is worth mentioning that both ionic ( fluzp+) and oxygen boundary fluxes

(flumOzx

p) in the Nafion and pore phases respectively, as well as ionic potential

(¢*) and oxygen concentration (C,) are extracted from the MEA scale model.

5.2. Results and discussion

In this work, two different geometries are selected as examples to perform
numerical calculations with the objective of studying the effects of structure
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heterogeneities on the local performance. These numerical calculations are per-
formed on Comsol ® Multiphysics. The reason behind the choice of these
geometries - structure 1 (fig. 7a) and structure 2 (fig. 7f) - is that these pre-
sented more significant structure effects. These effects include severe oxygen
mass transport losses in the Nafion phase and slight interparticle competition
effects [77]. While the former arises from the difficulty for oxygen to cross the
Nafion film and is reportedly amplified with an increase in relative humidity [76],
the latter arises from the competition for oxygen consumption between particles.
This platinum interparticle competition phenomenon takes place when oxygen
mass transport through the Nafion film is limiting. In addition, this effect is
amplified as the distance between platinum particles is shortened (figs. 7c and
7h).

For all these geometries/structures, a pre-defined tetrahedral mesh contain-
ing over around 600,000 elements and resulting in a number of degrees of freedom
of up to = 2,800,000 is adopted. Though, only the pore and Nafion domains
are meshed, since the set of physics defined in the preceding subsections is only
applied in these domains. When analyzing the structures, it is possible to ob-
serve at least one region in structure 1 (left bottom corner of figure 7a) and
another in structure 2 (right top corner of figure 7f) with the presence of a
large Nafion agglomerate with a reduced Nafion/pore interface. This may lead
to severe mass transport losses in those regions as it is discussed further in
this subsection. Also, in both structures, the carbon surface is quite low, and
since the Pt/C is held constant for every geometry, a reduced Pt interparticle
distance relatively to other structures is obtained. In order to collect further
information on how the structure may impact the local performance, profiles re-
ferring to the oxygen concentration distribution in the pore and Nafion phases,
and to the current density distribution on the surface of the Pt particles are
presented and discussed. The distribution of these variables of interest - oxygen
concentration on the pore and Nafion phases and current density per catalytic
surface in two different views (global and detailed views) - for both structures 1
and 2 are illustrated in figures 7b-e and figures 7g-j. Moreover, the ionic poten-
tial distribution is not further investigated in this study, once negligible losses
are observed at this scale independently of the geometry. Though, these losses
become important when upscaling to the whole CL layer thickness.
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Figure 7: Performance analysis for two different geometries. For structure 1:
a) geometry of the structure. b) oxygen concentration on the pore phase (in
mol -m~3) . ¢) oxygen concentration on the ionomer phase (in mol - m=3) . d)
current density per catalytic surface (in A -mp?). e) detailed view: current
density per catalytic surface. For structure 2: f) geometry of the structure. g)
oxygen concentration on the pore phase. h) oxygen concentration on the
ionomer phase. i) current density per catalytic surface. j) detailed view:
current density per catalytic surface. Legend of figures 7a and 7f: gray: pore
phase; green: ionomer phase; yellow: platinum phase)

On the figures 7b and 7g it is possible to observe the oxygen concentration
profiles in the pore phase for structures 1 and 2 respectively. These profiles
indicate that oxygen concentration gradients are negligible for both cases. Fur-
thermore, these are related to the fact that the analyzed geometries represent a
very small portion of the catalyst layer - [100¥100*100] nm - and that the zone
under study is located next to the membrane where low oxygen fluxes are cross-
ing the pore phase. In addition, it is important to refer that the amplitude of the
oxygen transport losses in the pore phase is expected to significantly increase
with the decrease in pore size as Knudsen effects become more significant. It is
also worth noting that the oxygen concentration gradient is naturally expected
to be higher the closer to the gas diffusion layer - where higher oxygen fluxes
are found. Therefore, a possible path to minimize the oxygen transport losses
would be to favor the location of larger pores in these areas.

On the figures 7c and 7h, the oxygen concentration profiles in the Nafion
phase of both structure 1 and 2 are presented. Unlike the oxygen concentration
profiles in the pore phase, here, severe oxygen diffusion limitations are observed.
This is expected as the oxygen diffusivities in both phases can differ up to ~
4-5 orders of magnitude. In structure 1, it is possible to observe a region of
oxygen starvation (bottom left corner of fig. 7c). When looking in parallel to
the same region in figure 7d, where the current density profile on the surface of
the platinum particles is presented, one can observe that the platinum particles
there located are fairly less active than other particles (i.e. present a lower
current density). This is linked to the high oxygen diffusion resistance through
the Nafion layer (as a result of a low ratio of pore/Nafion surface to Nafion
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agglomerate volume) and possibly to a platinum interparticle competition effect.
A clearer identification of the effects can be performed when analyzing the
oxygen concentration profile in the Nafion phase of structure 2 (figure 7h).
In the corresponding figure, interesting patterns indicating the occurrence of
interparticle competition effects emerge. Here, multiple zones can be observed
where a relatively low oxygen concentration in the ionomer seems to be coupled
with an effect of the Pt interparticle distance. In fact, the particles which are
relatively close to each other present a slightly lower concentration in between
them when comparing to the surroundings. Therefore, it can be concluded that
platinum interparticle competition effects appear to play a role in performance
- as reported by [21, 77] - when in the presence of regions with relatively low
oxygen concentration. In addition, when looking at the right top corner of the
structure presented in figure 7h, a large region with a low oxygen concentration
stands out. When looking also at figure 7g, one can observe a weak pore contact
(reduced pore/Nafion interface) in that same Nafion agglomerate. As a result,
it can already be concluded that severe mass transport limitations occur in
large Nafion agglomerates and that these can be optimized through reducing
the Nafion agglomerate sizes and improving the pore network. Additionally, it
can be stated that it is crucial to have an accurate picture of the Nafion layer
distribution as it appears to highly impact the performance of a CCL.

On the figures 7d and 7i, the profiles of current density per unit Pt sur-
face of both structure 1 and 2 are presented. More detailed views of these are
presented in figures 7e and 7j. On both figures 7d and 7i, significant current
density heterogeneities are observed, in addition to particles with severe under-
utilization. Such current density profiles appear to be directly linked to the
oxygen concentration profiles as the current density varies in proportion to the
oxygen concentration in that region. Therefore, it can be concluded that oxy-
gen transport limitations highly dictate the Pt utilization. In order to better
comprehend these heterogeneities, histograms of current density distribution on
normalized Pt particle surface are presented in figures 8a and 8b. Furthermore,
the data presented in these figures refers to the averaged current density of each
particle normalized on its surface. While for structure 1 the current density
peak is located in the interval of 1000-1100 A - m;?, for structure 2 it is slightly
shifted to lower values, in the interval of 700-800 A - m;? . In both cases, it is
observed that more than 50% of the Pt surface outputs a mean current density
between 800 and 1200 A - m}f. However, significant differences emerge when
looking at less active Pt particles. By less active it is meant lower current den-
sity production. In the case of structure 1, it is found that most Pt surface
outputs a current density above 800 A - m;f . Though, a different scenario is
observed in case of structure 2 since nearly 41% of the Pt particles are found
to produce a current density ranging between 200 and 800 A - m;f . As stated
above, this is clearly linked to the degree of access of these particles to oxygen.
In order to compare the overall platinum utilization - defined as current density
per Pt surface - of both structures, the global mean current density per catalytic
surface is computed, with the structure 1 having an utilization 22% higher than
structure 2. Both Pt utilizations are expected to improve with the optimization
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of the platinum interparticle distance and the pore network. In conclusion, it
is reasonable to state that understanding the cathode catalyst layer structure
is crucial in order to accurately predict the current density distribution and
performance.

(a)

0251
02

0151

Normalized Pt surface

0.05F

200 400 600  BOO 1000 1200 1400
Current density [A/m? P]

(b)

Mormalized Pt suface

200 400 600 800 1000 1200 1400

Current density [AVm? P1]

Figure 8: Dispersion of current density per catalytic surface. a) structure 1. b)
structure 2.

6. Conclusion

The approach presented in this work demonstrated to be an appropriate
tool for computationally efficient geometry building, numerical simulation and
for highlighting the effect of important features within the catalyst layer which
already emerge at a nanoscale. Here, a method for the generation of 3D cathode
catalyst layer geometries was presented. These geometries were generated out of
portions from a FIB-SEM [2.178*0.972*2] pm image stack which was assumed
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to be representative of the whole extension of the cathode catalyst layer. Prior
to the geometry build-up, the FIB-SEM image stack was aligned and segmented
using criteria beyond pixel intensity such as pattern recognition. Since it was
not possible to accurately measure the Pt particle size from FIB-SEM images
due to the low resolution, multiple HAADF-STEM images were used in order
to extract the Pt particle size. From these images, a representative particle size
histogram was obtained and the particles were distributed on the surface of the
carbon support accordingly.

The Nafion phase was analyzed using HRTEM images, from which an av-
erage thin film thickness was extracted. A Nafion thin layer was then placed
uniformly all over the Pt/C agglomerates. Using this procedure, two different
geometries were built and numerical simulations were performed. Moreover,
performance studies on the two different geometries demonstrated how crucial
it is to perform a full phase discretization (carbon, platinum, Nafion and pore
phase) when performing agglomerate/pore scale simulations which could other-
wise lead to wrong interpretations. These studies also provide some insights on
how structural features - the platinum particle distribution, pore tortuosity and
size, Nafion layer thickness - impact the performance at the agglomerate scale.
From analyzing the results, it can be concluded that it is paramount to under-
stand the Pt particle distribution over the carbon support as already reported
by [21, 77] at least in cases of relatively low oxygen concentration at the Pt sur-
face. It is also found that significant current density distribution heterogeneities
on the Pt particle surface are present at the scale of [100*100*100] nm. Another
important conclusion is that oxygen diffusion in the ionomer is the main source
of mass transport losses, which is in accordance with the conclusions of [6, 78].

One of the perspectives for future development over the structural recon-
struction method presented is to define a 2-point correlation function output
from 3D-TEM tomography on an agglomerate and place platinum particles ac-
cordingly instead of randomly distributing these on the carbon surface. Another
perspective consists in heterogeneously distributing Nafion by covering the zones
in contact with secondary pores (pores larger than 10 nm as defined in the work
of Mashio et al. [74]), as atomic simulations indicate that Nafion cannot pene-
trate in the primary pores [72, 73].

The extension of this agglomerate scale to the catalyst layer scale along with
the agglomerate/pore scale and macroscale model coupling is ongoing and will
be reported in a future article.
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