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Polytetrafluoroethylene (PTFE) is used as commercial hydrophobic treatment
for gas diffusion layers (GDL) in polymer electrolyte fuel cells. This commercial
hydrophobic treatment can reduce the electrical conductivity of GDLs and
is facing an uncertain future due to the pending restriction of perfluoroalkyl
substances (PFAS). Previously, we proposed surfactant doped polyaniline (PANI)
coatings as a fluorine-free alternative hydrophobic treatment. Due to their anti-
corrosion properties as well as the electrical conductivity, these coatings offer
additional benefits for the GDL compared to PTFE. Prior work demonstrated
improved maximum power of a low temperature polymer electrolyte fuel cell
(LT-PEFC) using the PANI coatedGDL compared to the commercial PTFE treated
reference. Based on these findings, additional investigations are needed to
optimize the coating and assess possible areas of applications. With this study,
we propose the use of the coating in high temperature PEFCs due to its thermal
stability determined via thermogravimetric analysis of polyaniline doped with
different types of surfactants. A main focus of this work is the investigation of
the uniformity and overall porosity of the polyaniline coatings on GDLs via µCT
supported by deep learning. This analysis is complemented with fluid dynamics
simulations to determine the tortuosity and the gas flow through the GDL. In
the future, this approach could enable the optimization of the fluorine-free
hydrophobic coatings in combination with the different layers of the membrane
electrode assembly (MEA) such as the GDL and the catalyst layer to preventmass
transport limitations.

KEYWORDS

polymer electrolyte fuel cell, gas diffusion layer, coatings, fluorine-free, micro
computed tomography, deep learning model, porosity, pore network modelling

1 Introduction

Fuel cells can convert chemical energy to electrical energy via the oxidation of
a fuel. Polymer electrolyte fuel cells (PEFCs) are gaining popularity due to their
carbon neutral reaction principle based on the oxidation of hydrogen with water as
waste product (Ozden et al., 2019).
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Gas diffusion layers (GDLs) are a crucial component of PEFCs,
responsible for the transport of reactant gases, water, electrons and
heat (Okonkwo andOtor, 2021). State-of-the-art GDLs are designed
as a porous structure to facilitate both the transport of reactant gases
and water through their voids as well as the conduction of electrons
through their solid structure (Ozden et al., 2019). In practice, this
is achieved by the utilization of carbon paper or carbon cloth as a
microporous substrate (MPS) and the deposition of a microporous
layer (MPL) (Nanadegani et al., 2019). The MPL is added to the
GDL to improve the performance and durability of the GDL and
has a thickness between 10 and 100 µm (Ozden et al., 2019). The
MPL has different functions such as suppressing the leaching of
phosphoric acid from the membrane in high temperature polymer
electrolyte fuel cells (HT-PEFCs) and supporting the GDL in the
removal of liquid water in low temperature polymer electrolyte fuel
cells (LT-PEFCs). (Nanadegani et al., 2019; Zucconi et al., 2024;
Halter et al., 2020).

An optimization of the water management inside the cell
is critical for PEFCs (Jiao and Li, 2011). On the one hand,
water needs to be removed at high current densities to prevent
flooding of the cell. When a cell is flooded, the water is blocking
the pores of the GDL and is hindering the oxygen transport
to the catalyst layer (Jiao and Li, 2011; Sasabe et al., 2013;
Liu S. et al., 2021). On the other hand, water needs to be retained
at low current densities to ensure a sufficient humidification
of the membrane facilitating proton transport. Therefore, an
optimized GDL needs to possess both hydrophobic and hydrophilic
pores to be suitable for a wide range of operating conditions
(Hao and Cheng, 2012).

Nowadays, PTFE or related fluorinated compounds are used
for the hydrophobic treatment of the GDLs (Ozden et al., 2019).
Commercially, the PTFE treatment is carried out by immersion
coating. In this process, the carbon paper substrate is immersed
into an aqueous suspension of PTFE, followed by drying the
carbon paper in a furnace to remove the solvent (Ozden et al.,
2019; Schweiss et al., 2016). However, PTFE tends to agglomerate,
which can block the pores, inhibit oxygen and water transport and
make the properties of the GDL nonuniform (Ozden et al., 2019;
Liu S. et al., 2021; Rofaiel et al., 2012). Furthermore, whereas PTFE
supports the removal of the water, excessive PTFE can reduce the
thermal and electrical conductivity of the GDL (Lee et al., 2022).
Therefore, substantial research went into the investigation of the
deposition of PTFE and the optimization of the PTFE content by
adjusting the concentration of PTFE in the solution as well as the
subsequent drying step (Ozden et al., 2019; Li et al., 2021; Fishman
and Bazylak, 2011; Biesdorf et al., 2015).

Apart from the engineering issues, there are also environmental
considerations pressing for the development of a substitute to the
PTFE-based hydrophobic treatments. PTFE belongs to the class of
per- and polyfluoroalkyl substances (PFAS), which are a subject of
concerns regarding human health and the environment.While some
related chemicals such as perfluorooctanoic acid (PFOA) have been
banned, the European Chemical Agency (ECHA) is striving for a
general ban of PFAS (OECD, 2024; Blum et al., 2015; Iwabuchi et al.,
2017; Bhhatarai and Gramatica, 2011; Kudo and Kawashima, 2003).

As shown in our previous work, surfactant doped polyaniline
(PANI) coatings promise a fluorine-free alternative to conventional
hydrophobic treatments (Tritscher et al., 2023). The surfactants

TABLE 1 Thermal stability, porosity and hydrophobicity requirements
for LT and HT-PEFC (Zucconi et al., 2024).

Property LT-PEFC HT-PEFC

Thermal stability >90°C >120°C–200°C

Porosity 60%–90% 25%–45%

Hydrophobicity
requirement

Prevent flooding Prevent phosphoric acid
leaching

are critical for the hydrophobicity of the coating since their
hydrophilic heads are bonding to the charged polymer backbone
of PANI and the hydrophobic tails are facing outward (Leng et al.,
2012). In addition, the application of conductive polymers such
as polyaniline could increase the overall conductivity of the GDL
by substituting the insulating PTFE. Our in-situ tests of a low
temperature PEFC operating around 85°C indicated an up to 42%
higher maximum power when employing a polyaniline coated
carbon paper as cathode GDL compared to the PTFE-treated
reference (Tritscher et al., 2023).

The thermal stability of PANI could also enable applications
in a higher temperature range of 120°C–200°C, such as the
ones that HT-PEFCs generally operate in (Choi et al., 2017;
Han et al., 2002; Kulkarni et al., 1989). Although here the
removal of water is less critical and more independent from the
morphology due to the formation in gaseous state, PTFE is needed
to prevent the phosphoric acid from leaching (Zucconi et al., 2024;
Mack et al., 2014). The loss of phosphoric acid from the membrane
is one of the key degradation mechanism of this technology
(Zucconi et al., 2024). Furthermore, optimized GDLs for HT-PEFCs
in general have a lower porosity of 25%–45% (Zucconi et al.,
2024; Xia et al., 2021), compared to 60%–90% for LT-PEFCs
(see Table 1), (Zucconi et al., 2024) which simplifies the potential
application of a coating. The lower porosity has the advantages of
increasing the electrical conductivity of the GDL and preventing
phosphoric acid loss (Chun et al., 2023; Huang et al., 2010). The
pore size of the GDL has a key influence on the capillary pressure,
which can prevent the phosphoric acid from penetrating from
the membrane through the MPL and the CL towards the flow
field (Halter et al., 2019). However, the MPL and CL can contain
cracks up to 100 µm that require less capillary pressure to be
penetrated by phosphoric acid (Halter et al., 2020; Chun et al.,
2023). These aspects illustrate the importance of controlling the
microstructure of porous materials to improve the durability of
fuel cells.

In our prior work, we demonstrated the fabrication of
these PANI coated GDLs via two different types of single
step polymerization and coating techniques, namely, dip-
coating based on chemical oxidative polymerization as well as
electropolymerization (Tritscher et al., 2023). These tests showed
a remarkable potential for the usage of PANI as PFAS-free coating,
yet much remains to be understood regarding the layer structure.
In particular the coating homogeneity through plane of the GDL
and the potential to control it are subject to further analysis in the
present work.
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Scanning electron microscopy (SEM) is a well-known method
for the investigation of the microstructure of a sample and has
extensively been used for the material development of fuel cell
components such as the GDL (Ha et al., 2011; Farmer et al., 2012).
However, to reveal the internal structure, a technique called X-ray
micro-computed tomography (µCT) is more applicable. µCT is a
non-destructive technique that can be used for a wide range of
sample materials, spanning from biological materials to electronic
devices as well as for fuel cell material development (Vásárhelyi et al.,
2020; van der Heijden et al., 2022; van Gorp et al., 2023).

To investigate the internal structure of the samples, µCT takes
advantage of the varying X-ray attenuation of different materials or
material phases. Projections are recorded from different directions
and reconstructed to three-dimensional images (Stock, 2019). All
singular slices of this three-dimensional sample representation
then have to be segmented into different phases (e.g., pore
and solid) to allow porosity analysis. The U-net convolutional
network architecture uses strong data augmentation and allows
fast training with relatively few manually segmented training
images (Ronneberger et al., 2015). To improve the result even
further, the segmentation process inside the Dragonfly analysis
software (Comet Technologies Canada Inc.) can be performed 2.5-
dimensional, taking the two neighbouring slices into account when
deciding the phase of the voxel in question. Once the phase
of all voxels is identified, the image can be refined by only
keeping the largest 26-connected voxel structure (voxels connected
through their six faces, twelve edges and eight corners) and by
removing isolated, unconnected small islands. Further, the surface
of a highly porous material can be defined with the help of the
“rolling ball”-approach. A virtual sphere with a diameter of the
approximate average diameter of the largest pore openings is moved
over the surface. All pore voxels which were not intercepted by
the sphere are kept and considered in the subsequent porosity
calculations. Porosity is the ratio of the voxel volumes of pore
and total (solid and pore) phase and is usually expressed as
percentage (Gitis et al., 2021). The gathered µCT data also allows
to calculate the porosity in a virtual box close to the coated surface
and compare it to the porosity of another box inside the sample
bulk. Furthermore, it is possible to use deep learning to recognize
the long and straight carbon paper fibres and distinguish them
from other solid material. With sufficient resolution, this could
be used to calculate the ratio of exposed fibre surface area. The
generation of three dimensional images and the assessment of the
properties based on deep learning lays the basis for further analysis
methods like pore network modelling (openPNM/poreSpy). This
opens the possibility of investigating the tortuosity of the samples,
which is a key parameter for the mass transport through
the GDL.

Therefore, µCT supported by machine learning is used in this
work to examine the local and overall porosity as well as the
tortuosity of PANI coated GDLs and enable an optimization of
the coating thickness. In the future, this approach could be used
to optimize the interaction of the novel PANI-based hydrophobic
treatment and the porous layers in PEFCs to avoid mass transport
limitations and improve the performance. This structural analysis
is complemented by TGA, FTIR and CA measurements to assess a
possible extension of the application of the coating from LT to HT-
PEFCs.

2 Materials and methods

2.1 Materials

All chemicals were used as receivedwithout further purification.
Aniline (≥99.5%) was purchased from Roth, HCl and p-toluene
sulphonic acid (≥98.5%, pTSA) were purchased from Sigma-
Aldrich. Sodium dodecylsulphate (>85%, SDS) and (NH4)2SO4
(98%, ammonium persulphate (APS)) were purchased from Merck.
Deionized water was used for the synthesis and for washing the
samples. The commercially available carbon paper AvCarb EP40
was used as substrate for the dip-coating and the electrocoating.
Further, the commercially PTFE-treated AvCarb EP40T is used as
a reference. EP40T is the PTFE treated version of EP40 and has a
PTFE content of 13 wt%.

2.2 Synthesis

The polyaniline coated gas diffusion layers were produced
by two different techniques that are based on the procedures
previously reported (Tritscher et al., 2023). Both, the chemical
oxidative polymerization, as well as the electropolymerization,
consist of a single combined polymerization and coating step, that is
performed to synthesize and deposit the polyaniline on the carbon
paper substrate.

In brief, for the electrochemical synthesis, carbon paper was
used as working electrode, Ag/AgCl (3 MKCl) was used as reference
electrode and a glassy carbon rod was used as counter electrode.
Monomer and counter ion concentration as well as electrochemical
parameters are depicted in Table 2.

For the chemical polymerization, 150 mL of solution A
containing aniline and primary dopants aswell as 150 mLof solution
B, containing oxidant APS and primary dopant were prepared. For
all the solutions, the pH value was adjusted to 1 using HCl or pTSA.
The concentrations for the chemicals used are depicted in Table 2. To
start the polymerization, solution A was quickly added to solution
B. The solution was vigorously stirred for 30 s, before adjusting
the stir rate to 100 RPM and dipping the carbon paper into the
solution. After 21 h the carbon paper was removed. Further, the
PANI formed in the solution was collected and vacuum filtrated
afterwards. Subsequently, the powder was used for analysis.

After the synthesis, the collected PANI powder as well as the
electrochemically and the chemically coated GDLs were washed
with deionized water and dried in a furnace at 60°C for 24 h.

The samples are labelled as “E” for electropolymerization, “D”
for dip-coating and “P” for powder as well as with the name of the
primary dopant (see Table 2).

2.3 Contact angle (CA) measurement

The Ossila Contact Angle Goniometer L2004A1 was used to
determine the contact angle of the coated carbon paper as well
as the reference. Using a syringe, 10 µL of deionized water were
deposited on the sample and the contact angle was measured after
3 s. For each sample, three positions were investigated and for the
electrocoated samples both sides were tested. The highest and the
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TABLE 2 Concentrations and parameters for the chemical and electrosynthesis of the samples.

Name Solution A Solution B Electrochemical parameters

P-PANI/SDBS 0.1 M aniline,
0.026 M SDBS,
0.01 M HCl

0.1 M APS, 0.026 M SDBS, 0.01 M HCl —

D-PANI/SDBS 0.1 M aniline, 0.027 M SDBS, 0.06 M HCl 0.1 M APS, 0.027 M SDBS, 0.06 M HCl —

P-PANI/HCl and D-PANI/HCl 0.036 M aniline, 0.067 M pTSA 0.035 M APS, 0.067 M HCl —

P-PANI/pTSA 0.15 M aniline, 0.45 M pTSA 0.15 M APS, 0.45 M pTSA —

E-PANI/SDBS 0.1 M aniline, 0.05 M SDBS, 0.1 M HCl — 0.85 V vs. RHE for 600 s

lowest determined values are used to provide the range of the contact
angle of the samples.

2.4 Thermogravimetric analysis (TGA)

The Netzsch STA 449 C Jupiter thermogravimetric balance
was used to perform the TGA. The dried powder and coated
carbon paper from the chemical oxidative polymerization as well
as the coated carbon paper from the electropolymerization were
investigated. From each carbon paper, a 14 mm diameter disc was
punched out using a hole punch. The samples were placed in
a corundum plate sample carrier. Nitrogen was used as a purge
gas with a flow of 150 mL/min, 100 mL/min coming from the
top and 50 mL/min coming from the bottom towards the sample
carrier. Three different heating programmes were used to study
the thermal stability of the samples. Programme a) consists of a
3°C/min ramp to 300°C, constant temperature hold for 1 h and
cooling to 90°C with a 3°C/min ramp. Programme b) consists of
five one hour temperature holds at 160°C, interrupted by four 120°C
temperature holds for 1 hour. The heating and cooling rate was
set to 3°C/min. Programme c) consists of a 3°C/min ramp up to
600°C, holding the temperature for 1 h, before cooling down with
3°C/min to 90°C.

For the samples subjected to the thermal stability testing,
the highest temperature is added to the label of the sample for
identification. In Table 3 the mass and dopants of each sample
are depicted.

2.5 Fourier-transformed infrared
spectroscopy (FTIR)

The Fourier-transform infrared spectrometer Bruker Alpha II
was used to record the IR spectra of the PANI before and after
the TGA. PANI powder as well as PANI coated carbon papers
were tested. Prior to each measurement, the samples were dried
in a furnace at 60°C for 24 h. The measurement was performed in
the range of 400–4,000 cm−1. For the analysis, a concave rubber
band baseline correction was applied and the recorded spectra were
normalized based on their most dominant peak.

TABLE 3 Description of the samples used for thermogravimetric
analysis (TGA).

Name Primary
dopant

Mass/mg Programme

P-PANI/HCl-300 HCl 45.2 a

P-PANI/HCl-160 HCl 42.6 b

P-/PANI/HCl-600 HCl 45.9 c

P-PANI/SDBS-
300

SDBS, HCl 36.9 a

P-PANI/SDBS-
160

SDBS, HCl 48.5 b

P-PANI/SDBS-
600

SDBS, HCl 49.8 c

E-PANI/SDBS-
160

SDBS, HCl 8.8 b

D-PANI/SDBS-
160

SDBS, HCl 18.0 b

P-PANI/pTSA-
300

pTSA 50.1 a

P-PANI/pTSA-
160

pTSA 36.9 b

P-PANI/pTSA-
600

pTSA 37.0 c

2.6 X-ray micro-computed tomography
(µCT)

Two Kapton tubes (inner diameter: 1.9 mm), each
containing four sample carbon paper strips and several Kapton
spacer sheets were prepared for the µCT measurements (see
Supplementary Material). These measurements were performed
using an UniTOM HR system. This system generates the X-
ray beam in transmission, features a CMOS detector and has a
maximal spatial resolution of 0.6 µm. For the measurement, the
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FIGURE 1
Graphic representation of defining the boundaries of the pore phase with the “rolling ball” method and the “minimum bounding box” method.

voxel size was selected to be 1.506 µm as a trade-off to allow
the analysis of a sufficient sample size, while ensuring that the
carbon fibres can be resolved. For samples E-PANI/SDBS-3 and
4 as well as EP40-3 and 4 the STAMINA method was used to
investigate a larger sample size (De Samber et al., 2021). The
tube was set to “microfocus” at 50 kV tube voltage, 6 W tube
power and an emission current of 658 mA. For the detector, the
“HW2SW1High”/“Bin 2 fast” mode was activated, meaning that
neighbouring pixels were grouped together (2 by 2 pixels form
one group) as if they were just one pixel to improve the signal-to-
noise-ratio. The 3,048 × 1920 pixel detector therefore produced
images of 1,524 × 960 pixels after binning. The images were
recorded at 1,320 m exposure time, averaging over six images. 2,286
projections (360°) were acquired, resulting in a total acquisition time
of 359 min.

The subsequent reconstruction was carried out using Panthera
(TESCAN XRE). After adjusting the offset angle in top view to align
the sample strips horizontally, the automatically determined centre
of rotation was optimised manually to 764.881 for the first scan
and 748.551 for the second scan. For both scans, a ring filter with
the standard parameters (filter width 10° and 110° arc) was applied
in addition. After reconstruction, the sample strips were cropped
and analysed separately. During the cropping, attention was paid to
exclude regions which were possibly damaged by the cutting process
(0.1–0.2 mm from the edge) and to include the whole thickness
from upper surface to the lower surface of the remaining part of the
sample strips.

The segmentation for the porosity calculation was done using
Dragonfly’s deep learning tool. All used models featured U-Net
architecture with five depth levels, 64 initial filters and were 2.5-
dimensional. The training was done by manually segmenting a
few slices or slice regions and then training the model until the
validation loss stagnated. Subsequently, if the targeted validation
loss of 0.02 was not reached, more slices or frames were segmented
manually, added to the training data and the model was trained
again. After the segmentation, the solid phase was refined by
removing small, unconnected islands. The “rolling ball” method
and the “minimum bounding box” method were used to define the

surface and therefore the extent of the total (solid and pore phase)
volume (see Figure 1). (Hasanpour et al., 2015).

To compare the porosity of different regionswithin theGDL, two
virtual boxes were defined in these regions of the cropped sample
and the “rolling ball” method was used to define the surface. Within
the boxes, the surface-area-to-volume ratio was calculated with the
Dragonfly software using the marching cubes algorithm (Lorensen
and Cline, 1987).

2.7 Pore network model

The pore network modeling approach, that was
implemented by using the openPNM (Gostick et al., 2016)
and poreSpy (Gostick et al., 2019) Python packages. The well-
established numerical methods implemented in these packages,
seeks to predict transport and tries to characterize the geometry
in a geometrically simplified, graph-like representation of the pore
space. Correspondingly, the transport simulation is approximated
in two steps: (i) Create pore network from simple shapes to mimic
the pore space and (ii) perform fluid dynamics simulation on the
obtained pore network to predict characteristic parameters, like
tortuosity or the gas permeability.

The pore network consists of spheres representing the pore
bodies and cylinders representing the connecting pore throats.
Relying on smooth elements like spheres connected via cylinders,
as dynamic intrusion or drainage effects due to corners (e.g., snap-
offs)will not be relevant for a stationary flowof air through originally
air-filled pores. The stepwise method, which results in the flow
simulations, starts by determining the pore network representation
with the SNOW algorithm as implemented in the PoreSpy Python
package (Gostick et al., 2019).TheSNOWalgorithmdivides the pore
space into non-overlapping regions. For each segmented 3D image, a
distance map is acquired and the local maxima therein are recorded.
Thedistancemapprovides a quantitativemeasure of the proximity of
a void voxel to the solid phase within the porousmaterial (ISO 5636-
5, 2013). Local maxima in distance map represent specific points or
locations within the porous structure at which the distance to the
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TABLE 4 Calculated average porosity of the dip-coated GDL
D-PANI/SDBS, the electrocoated GDL E-PANI/SDBS and the commercial
references. Porosity determined via i) “rolling ball” method and ii)
“minimum bounding box” method.

“Rolling ball”
method

“Minimum
bounding box”
method

Porosity/
%

Average
porosity/
%

Porosity/
%

Average
porosity/
%

EP40-1 73

77

80

84
EP40-2 74 84

EP40-3 80 85

EP40-4 84 88

EP40T-1 69
69

76
77

EP40T-2 70 78

D-
PANI/SDBS-
1

47

47

-

—
D-
PANI/SDBS-
2

48 -

E-
PANI/SDBS-
1

74

75

81

80

E-
PANI/SDBS-
2

67 74

E-
PANI/SDBS-
3

79 83

E-
PANI/SDBS-
4

81 83

nearest solid phase is at itsmaximumvaluewithin a localized region,
i.e., the positions of the local maxima will serve as pore centers.
Processing of the distance map (i) eliminates maxima located on
saddles and plateaus of the image and (ii) merges local maxima
that are very close to each other. The voxelated nature of the binary
segmentation images may introduce artifacts in the distance map
such that artificial local maxima are introduced (Candemil et al.,
2021). To mitigate such artificial maxima, we apply a Gaussian filter
to the distance map prior passing it to the SNOW algorithm as
suggested by Mayasari and Heryana (2019).

The number of maxima registered by SNOW depends on two
parameters: Rmax, the maximum radius of the spherical structuring
element in the watershed segmentation, and σ, the standard
deviation of the Gaussian filter applied to the distance map, which
primarily determine the configuration of the model structure.
To make the pore networks of the individual segmentations as

TABLE 5 Calculated overall and local porosity of the electrocoated
GDLs with the “rolling ball” method.

Back
side box

Front
side box

E-PANI/SDBS 1 2 1 2

Porosity/% 75 71 71 61

Average porosity/% 73 66

Surface-area-to-volume ratio/mm-1 466 403 433 318

Average surface-area-to-volume ratio/mm-1 435 376

comparable as possible, the values of Rmax = 5 and σ = 0.3 were
determined in an iterative process. Starting out from the distance
transform, we systematically tested different values of σ in the range
from 0 to 0.5 for Rmax values of 1–20, respectively. After getting the
final set of local maxima, the maxima are transformed into a set of
markers. A marker-based watershed technique assigns void voxels
to each marker so that distinct regions (pores) can be discriminated
(Gostick, 2017). Subsequently, the centroid of each region serves as
coordinates of a sphere, which represents a certain region of the
pore space. Furthermore, the same procedure was also applied to
the background-region outside the sample. The spheres generated
from this outer-regions are used in the fluid simulations to define
the connectivity of the internal pore structure to the surrounding
environment in the form of outlet- and inlet-pores (Gostick, 2017).

The pore volume is the total volume of all voxels in a region.The
associated pore radius of the induvial spheres is the maximum value
within the global distance map contained within each pore region,
i.e., corresponds to the radius of the largest possible sphere that is
fully contained in the pore region. The pore surface area is given by
the number of solid-void interface voxels of the regionmultiplied by
the area of a single voxel face (Gostick, 2017).

The connections between the regions governed by the SNOW
algorithm (spheres) are represented as cylinders, which are referred
to as throats. The dimensions of these throats depend on the
shape of the of the connecting cross section area, between two
neighboring regions. Therefore, the flow-simulations through such
systems strongly depend on these connections which guide as the
basis for the fluid dynamic analysis (Gostick, 2017).

Based on these pore networks, the openPNM package was
used to determine the diffusional tortuosity, by applying a constant
concentration difference ∆C between inlet and outlet pores. The
Fickean diffusion simulation provided by openPNM is performed,
which yields the value of the molecular flow rate NA going through
the inlet pores. When Fick´s law, which functions as the governing
equation of the simulation, is solved, the effective diffusivity
is obtained:

De f f =
NAL
A∆C

With the effective diffusivity De f f calculated from the Fickean
diffusion simulation, the known diffusivity of the through flowing
medium (in our case air) DAB, and the porosity ε (which is the
ratio between two network parameters, namely, the pore volume and
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FIGURE 2
3D reconstruction of samples (A) carbon fibres of EP40, (B) EP40, (C) EP40T, (D) D-PANI/SDBS, (E) E-PANI/SDBS (front) and (F) E-PANI/SDBS (back) via
X-ray micro-computed tomography. Carbon fibres are depicted grey, binder, PTFE and PANI coating are orange.

the total volume of the sample) the diffusional tortuosity τ can be
determined (Fu et al., 2021):

τ = ε
DAB

De f f

3 Results and discussion

3.1 Structure and porosity of the
PANI-coated GDL

The porosity of the GDL is a key aspect for the mass transport
and conductivity (Ozden et al., 2019; Omrani and Shabani, 2017).

The application of a coating on a GDL could block pores and
increase the mass transport resistance. Therefore, it is crucial to
investigate the microstructure, porosity as well as the tortuosity
when developing a coating.

To assess the capability of the µCT for structural investigations
of coatedGDLs, four differentmaterials were examined.The pristine
commercial carbon paper EP40, the PTFE-treated EP40T, a GDL
electrocoated with 2.3 mg/cm2 PANI/SDBS as well as a dip-coated
GDL with 8.3 mg/cm2 PANI/SDBS. Each of these material samples
was investigated on multiple positions, the recorded data is referred
to with the indices 1 to 4 (see Table 4, 5). Our approach was to train
the model with a small section of each recorded position, for the
software to learn how to distinguish between the different phases in
the whole GDLs. Due to the similarity in the X-ray attenuation and
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FIGURE 3
X-ray micro-computed tomography images of the morphology of (A) EP40, (B) EP40T, (C) D-PANI/SDBS and (D) E-PANI/SDBS.

the thin coating layer, it was not possible to differentiate between
the graphitized binder of the carbon paper, the PTFE and the
polyaniline. Nevertheless, it was possible to distinguish between the
aforementioned components as one phase and the carbon fibres as
another phase. Therefore, with this model, we were able to classify
the samples of EP40, EP40T as well as E-PANI/SDBS into the
phases i) carbon fibres, ii) graphitized binder and coating and iii)
pores. However, for D-PANI/SDBS this was not possible and more
training data of D-PANI/SDBS was needed to enable a classification
in the phases.

Figure 2 shows the reconstructed three dimensional images of
the samples. The carbon fibres are depicted as grey (see Figure 2A)
and the binder, the PTFE and the PANI coating are coloured orange.
When comparing EP40 in Figure 2B with EP40T in Figure 2C, more
pores are closed off in EP40T due to the PTFE content. Figure 2D
shows the dip-coated sample, which is covered in orange, indicating
a thick layer of PANI.

The microstructure of the samples determined via µCT is
depicted in Figure 3. Comparing the morphology of the uncoated
sample EP40 in Figure 3A with the PANI coated carbon paper
in Figures 3C, D, the globular shaped, porous structure of the
polyaniline coating can be seen. With this magnification, the
individual voxels that form the solid structure are visible and
illustrate the limitation of the resolution with this method. With the
selected voxel size of 1.506 µm it is possible to resolve the carbon
fibres with a diameter of 9–11 µm (see Figure 3), but it is not possible
to assess smaller pores.

In addition to the qualitative visual examination of the
samples, the porosity was calculated from the recorded µCT
data. The calculated porosities based on the two methods are
depicted in Table 4. In general, the values determined with the

“minimum bounding box” method are higher compared to “rolling
ball”. In the “minimum bounding box” method a box is used to
define the boundaries of the sample and consequently the pore space.
Whereas in the “rolling ball” method, a sphere is moved over the
surface of the sample and pore volumes that are intercepted by the
sphere are not included in the pore volume. The size of the sphere
depends on the average diameter of the largest. Therefore, only
values calculated with the same method can be compared.

According to Odaya et al., the commercial carbon paper EP40
has a porosity of 82%, whereas Ozden et al. determined a porosity
of 74% (Odaya et al., 2015; Ozden et al., 2018). With the
“rolling ball” method, we calculated a mean porosity of 77% for
EP40, whereas with the “box” method 84% were calculated. For
EP40T we determined with the different methods 69% and 77%,
respectively. Due to the PTFE content of EP40T the porosity is lower
compared to EP40.

As can be seen in the three-dimensional images, the porosity of
A-PANI/SDBS is lower compared to the other samples. An average
porosity of 47%was calculated with the “rolling ball” method.While
this porosity is too low for LT-PEFC applications where optimized
GDLs have a porosity of 60%–90%, other technologies could benefit
from these dense GDL structures.

The mean porosity of the electrocoated sample E-PANI/SDBS
was determined to be 75% (“rolling ball”) and 80% (“box), which is
slightly higher compared to EP40T, indicating less PANI deposited
on the sample than PTFE deposited on EP40T. As can be seen in
Figures 2E, F, the porosity is not uniformly distributed throughout
the sample E-PANI/SDBS. In our previous study, wewere using SEM
to observe the preferred deposition of the coating on the side of
the carbon paper that was facing the counter electron during the
electrosynthesis. In this study, we are able to investigate the porosity
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FIGURE 4
Cross-section (slice) of the segmented samples (A) EP40, (B) EP40T,
(C) D-PANI/SDBS and (D) E-PANI/SDBS. Solid phase in this slice is
depicted as white, solid phase in any of the other slices is turquoise. In
(D) virtual boxes close to frontside and close to backside are depicted
red and yellow, respectively.

gradient inside the sample via µCT. This gradient could improve
the performance of a PEFC, since a porosity gradient increasing
from the side of the catalyst layer toward the bipolar plates has been
shown to improve the transport of reactants and the removal ofwater
(Omrani and Shabani, 2017; Kong et al., 2017).

Figure 4D shows a cross-section image of the sample with white
and turquoise features as well as a yellow and a red frame.The white
features indicate a solid phase at this position in the depicted cross
section image, whereas turquoise represents a pore in the depicted
cross section, but has a solid phase in the background in one of
the other cross section images. The grey box is the boundary of the
measurement. The frames represent three dimensional boxes inside
the sample (see Figure 5), that can be used to calculate the local
porosity. One of the boxes is closer to the frontside (red, Figures 4D,
5A) and one is closer to the backside (yellow, Figures 4D, 5B) of the
carbon paper.

In Table 5, the local porosities of the two E-PANI/SDBS samples
are depicted. The boxes closer to the front have a lower porosity
compared to the boxes in the back, which points towards a porosity
gradient through the carbon paper.

When comparing the porosity values of the boxes between
the two samples, the heterogeneous distribution of pore sizes
in the pristine carbon paper substrate has to be considered.
Carbon paper contains sections with large pores that can have
a big influence on the determined porosity (Odaya et al., 2015;
Phillips et al., 2012; Maheshwari et al., 2008). Therefore, the
determined porosities of both boxes in E-PANI/SDBS-1 are higher
compared to E-PANI/SDBS-2. Due to the pore size variations, the
determined local porosity of the box in the back of the coated sample

FIGURE 5
3D reconstruction of the virtual boxes inside the sample E-PANI/SDBS.
Solid phase is grey, voids are white. (A) shows the box closer to the
frontside, (B) shows the box closer to the backside of the coated
carbon paper.

TABLE 6 Computed parameters for EP40 and E-PANI/SDBS, based on
the average values of EP40-3 and EP40-4 as well as E-PANI/SDBS-3 and
E-PANI/SDBS-4, respectively.

Name EP40 E-PANI/SDBS

Molar Flow Rate/mol s−1 m−2 0.080 0.059

Tortuosity 2.811 3.576

E-PANI/SDBS-2 is similar to the porosity values of the pristine
sample EP40.

In addition to the porosity, the surface-area-to-volume ratio was
calculated in the boxes depicted in Figure 4D. From the values given
in Table 5 it is evident that the coated boxes have a lower surface-
area-to-volume ratio compared to the uncoated boxes. This would
indicate a lower ruggedness and fewer small pores in the coated
region. However, since the voxel size of the µCT measurements
was selected prioritizing the investigation of a sufficient sample area
over high resolution, small pores might not have been detected (see
Figure 3). PANI structures as well as the related pores frequently
have pores below 1 µm (Tritscher et al., 2023; Reza et al., 2019).
This limitation also influences the assessment of the coverage of the
fibres with PANI, which cannot be answered by the produced three-
dimensional images without increasing the resolution. However, in
our last study we recorded SEM showing the fibres being covered
with a layer of electrodeposited PANI (Tritscher et al., 2023).

Lastly, the fluid dynamics simulations on basis of the pore
network model were performed. Although the base material carbon
paper is strongly anisotropic because of the horizontally oriented
fibers (Holzer et al., 2017), simulations were only performed in
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FIGURE 6
Recorded FTIR spectrum of (A) pristine PANI powder doped with HCl (blue), pTSA (red) and SDBS (green), (B) P-PANI/HCl after TGA, (C) P-PANI/pTSA
after TGA, (D) P-PANI/SDBS after TGA, (E) E-PANI/SDBS frontside and backside, before and after TGA, and (F) D-PANI/SDBS before and after TGA.

the through plane directions, since this is of primary interest for
the transport of the reactants and the removal of water. Since
these simulations are strongly influenced by local variations, a
sample volume of approximately twice the size was examined. The
new sets of measurements were performed on EP40-3 and EP40-
4 as well as E-PANI/SDBS-3 and E-PANI/SDBS-4. In Table 6, the
averaged values for the materials are depicted and the individual
measurements can be found in the Supplementary Material. Based
on the simulations, the tortuosity and the molar flow rate were
calculated.

The value for the molar flow rate is normalized to the
inlet area of the sample, that is described by its height and
width to make the value of each measurement more comparable.
Consequently, the molar flow rate has the unit mol s−1m−2. Due

to the highly porous structure, of the EP40 and E-PANI/SDBS,
many straight paths from the inlet to the outlet are present, which
can be visually identified as non-obstructed pathways through
the sample. As a result of that, the tortuosity would be expected
to be 1. Therefore, the meaningfulness of this parameters as
a comparison value would not be given. Since the aim is to
identify parameters that represent the influence of the coating,
the simulation was adapted in such a way that straight paths
from the inlet to the outlet were ignored, and therefore a larger
tortuosity, that represents the coating influence on more complex
paths, is expected.

Following the normalization of the molar flow rate and the
adaptation of the tortuosity, the absolute values of these parameters
should not be considered as precise or definitive, rather it should be
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FIGURE 7
(A) TGA plot of PANI powder P-PANI/HCl-300, P-PANI/pTSA-300 and P-PANI/SDBS, (B) mass loss over time of powder P-PANI/HCl-160,
P-PANI/pTSA-160, P-PANI/SDBS-160 as well as of coated carbon paper E-PANI/SDBS-160 and D-PANI/SDBS-160.

interpreted as comparing parameters between the different samples
to indicate the changes in the flow simulation.

When comparing the values of the porosity of both methods, an
expected decrease can be identified fromEP40 toE-PANI/SDBS, due
to the coating. This difference is also well represented by comparing
the molar flow rate, as some pathways are now blocked, the adapted
tortuosity is increased for E-PANI/SDBS.

In the future the gas permeability parameter obtained from
a Stokes flow simulation, could also be obtained for the sample,
but this would require some adjustments from the standard
implementation of this procedure in the Python packages in order to
cope for macropores, that were already discussed for the tortuosity
parameter, and is also debated in Sadeghi et al. (2017)

In the framework of this work, these simulations enable a
qualitative comparison between the properties of the samples. By
increasing the sample volume, the accuracy could be improved in the
future. Furthermore, during the sample preparation a compression

ormechanical damage to the samples needs to be avoided to prevent
an influence on the determined values.

3.2 Thermal stability of the PANI-coated
GDL

The thermal stability of PANI has been extensively studied in
literature (Kulkarni et al., 1989; Yue et al., 1991; Traore et al.,
1991; Luo et al., 2006; Ansari and Keivani, 2006). In general, the
TGA plot of PANI consists of three regions (Lee and Char, 2002).
The initial mass loss can be attributed to the removal of moisture
and water, which acts as a secondary dopant (Sinha et al., 2009).
Rathod reported the removal of trapped moisture up to 120°C
(Rathod et al., 2011), whereas Sinha et al. reported the removal
of strongly bonded water between 150°C and 350°C (Sinha et al.,
2009). The second mass loss is due to the loss of primary dopants
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TABLE 7 Determined minimum and maximum contact angles (CA) of the
PANI-coated GDLs and commercial reference.

Min CA/° Max CA/°

EP40 136 138

EP40T 152 164

E-SDBS (front) 133 147

E-SDBS (back) 135 137

E-SDBS (front, after heat treatment) 132 135

E-SDBS (back, after heat treatment) 100 122

E-HCl 0 0

and the related temperature range strongly depends on the type
of dopants. Chloride ions have been reported to be removed from
PANI in a wide temperature range of 100°C–300°C (Yue et al.,
1991; Traore et al., 1991; Lee and Char, 2002; Chen et al., 2009),
whereas surfactant dopants have been reported to be stable beyond
200°C (Choi et al., 2017; Kulkarni et al., 1989; Lee and Char, 2002).
This is due to the large surfactants being trapped in the polymer
and while the loss of chloride is facilitated by the formation of
gaseous HCl (Sinha et al., 2009). The third mass loss region is due
to the thermal degradation of the polymer backbone, which has
been reported above temperatures of 400°C–500°C (Lee and Char,
2002; Sinha et al., 2009). The decomposition of the polymer is due
to crosslinking reactions and graphitization (Sinha et al., 2009).

In HT-PEFCs, the system is commonly operated in a
temperature range of 120°C up to 200°C (Zucconi et al., 2024).
To assess the suitability of the PTFE-free PANI coatings for high
temperature applications, a TGA was performed with PANI powder
as well as with PANI coated carbon paper. Before and after the heat
treatment, FTIR was recorded to investigate changes in the chemical
composition.

Figure 6A shows the FTIR of the pristine powder. The
conductive form of PANI is called emeraldine salt and consists
of both benzenoid and quinoid structures in a theoretical ratio
of 1:1. The stretching of the quinoid and benzenoid units can be
used to identify emeraldine salt and the peaks can be seen at
1,574 cm−1 and 1,485 cm−1, respectively (Reza et al., 2019). The
peak at 1,135 cm−1 corresponds to the protonated imine group and
the peak at 1,245 cm−1 to the bipolaron stretching vibration. Both
are structural features necessary for the electrical conductivity of
emeraldine salt (Reza et al., 2019; Song and Xia, 2014; Govindaraj
and Parida, 2019).

Comparing the FTIR of the PANI powder before and after
the heat treatment b) with five temperature holds at 160°C, it can
be seen that the ratio of quinoid to benzenoid units is constant
(see Figures 6B–D). This indicates the tested PANI powders are
stable up to 160°C. The peak at 1,010 cm−1 can be assigned to
the S=O stretching, which indicates the presence of the dopants
SDBS and pTSA. However, during the chemical polymerization
the oxidant APS was used, introducing hydrogensulphate

as dopant (Stejskal et al., 2008).Therefore, this peak can be expected
in all the samples.

When examining the recorded TGA of the PANI
powders of programme a) consisting of a temperature hold
at 300°C (see Figure 7A), it is evident that the structure has changed.
The ratio of benzenoid units is increased for P-PANI/SDBS and
P-PANI/HCl, which points towards a higher content of the not
charged, reduced units that cannot bond with dopants. Further,
for all the samples a reduction in the peak assigned to the S=O
stretching is visible, implying a loss of the dopants. In addition,
due to the heat treatment the characteristic peaks related to the
protonated imine group and bipolaron stretching between 1,100
and 1,300 cm−1 are shifted and the valley at 1,200 cm−1 is missing.
This suggests the conductive structure being altered and initial
degradation of the polymer.

Looking at the recorded mass loss during the TGAs of the PANI
powders (see Figure 7A), it can be seen that P-PANI/SDBS-300
has a continuous mass loss starting from 120°C and P-PANI/HCl-
300 starts losing mass around 150°C, whereas P-PANI/pTSA-300 is
stable until 200°C. The stable S=O peak in the recorded FTIR after
heating to 160°C suggests the dopant SDBS being stable, the mass
loss could be attributed to the removal of HCl or strongly bonded
water. For the synthesis of P-PANI/SDBS and P-PANI/HCl HCl was
used to adjust the pH to form the conductive form emeraldine salt,
thereby introducing Cl− as dopant. An adjustment of the pH was
not necessary when the acidic pTSA was used as a dopant, which
could explain why the mass of P-PANI/pTSA is not altered below
temperatures of 200°C. While HCl is one of the dopants known
to provide PANI with the highest conductivity, it has no beneficial
effect on the hydrophobicity.Therefore, and elimination of HCl does
not set a limit to the operating temperature of the coating.

A comparison between the behaviour of the powder and the
coated carbon papers when exposed to temperature programme b)
is depicted in Figures 6B–F. For both D-PANI/SDBS-160 and E-
PANI/SDBS-160 the recorded spectrum is similar compared to the
one before the heat treatment, except for an increase in the ratio of
benzenoid to quinoid units of E-PANI/SDBS. However, the intensity
of the S=O peak is steady in both samples, indicating the presence
of the dopant SDBS.This is in agreement with the stable mass of the
samples during the heating, depicted in Figure 7B.

The reported temperature stability up to 160°C is sufficient
for HT-PEFC applications. However, to reach the full operating
temperature range and increase long term stability, an optimization
of the process parameters of the PANI synthesis could be needed.
This optimization could consist of mixing multiple dopants such
as SDBS and pTSA or adjusting the electrochemical parameters
to favour the formation of crystallin PANI. The reported thermal
stability of doped PANI and PANI blends of over 250°C promises
potential for future applications at even higher temperatures
(Choi et al., 2017; Han et al., 2002). However, in addition to thermal
stability, also the influence of the chemical environment, such as the
pH value and the reactant gases in the cell, needs to be tested.

3.3 Wettability of the PANI-coated GDL

To investigate whether the surfactant doped polyaniline coatings
are a possible substitute for the PTFE-based hydrophobic treatment,
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FIGURE 8
Images of the highest recorded contact angle of (A) EP40, (B) EP40T, (C) P-PANI/SDBS, and (D) P-PANI/SDBS-160.

the contact angle of the GDLs were measured. Since the study of
Halter et al. suggests the wetting behaviour of phosphoric acid at
160°C of GDLs is similar to water at room temperature (Halter et al.,
2019), the testingwas conductedwith deionizedwater. In Table 7 the
contact angle of the carbon paper substrate EP40, the commercially
PTFE-treated carbon paper EP40T, the electrocoated carbon paper
E-PANI/SDBS and E-PANI/HCl can be seen. In addition, the CA of
E-PANI/SDBS of the front and back side are tested before and after
the heat treatment. In Figure 8, the images of the CAmeasurements
yielding the highest value of each samples are shown.

It can be seen that both the pristine carbon paper and the PTFE
treated carbon paper have a very high contact angle. The contact
angle of E-PANI/SDBS is slightly below the PTFE-treated carbon
paper and comparable to the pristine carbon paper. The reported
CA are in the range of commercial GDLs which is about 100°–155°
(Choi et al., 2023; Liu C. P. et al., 2021). On the front side of E-
PANI/SDBS the highest measured CA is with 147° slightly higher
than on the back side, but also a broader range was determined
indicating less uniformity.This is due to the higher amount of PANI
deposited on the front. After the heat treatment, the CA on the front
side was reduced by about 1°–12°, whereas on the back side it was
reduced by 10°–35°. Therefore, the coatings are able to sustain their
hydrophobic properties after the heat treatment with 160°C.

It is known in literature that the microstructure of a sample
can influence its hydrophobicity (Hosseini et al., 2019; Tian et al.,
2022). Figure 3 shows the alteration of the microstructure of the
carbon paper due to the deposition of the coating. However, the
CA measurement of the GDL coated with PANI containing no
surfactants demonstrates the importance of selecting the dopant. E-
PANI/HCl consists of PANI with chloride ions as primary dopants
that turn the coating hydrophilic. Hence, the water drop was
absorbed by the carbon paper and it was not possible to determine
a CA (see Table 7). The principle behind the surfactants turning
PANI hydrophobic is explained Leng et al. with the hydrophilic
heads of the surfactants bonding to the PANI backbone and their
hydrophobic tails facing outward (Leng et al., 2012).The structure of

the hydrophobic tail is an important characteristic being responsible
for the maximum hydrophobicity.

In our previous study, we demonstrated the fabrication of
fluorine-free GDLs for LT-PEFCs based on surfactant doped PANI.
Using SDBS we were able to achieve contact angles up to 144°,
whereas with other dopants such as pTSA the highest obtained value
was 124° (Tritscher et al., 2023). High contact angles are required for
an efficient removal of liquid water in LT-PEFCs, however operating
temperature beyond the boiling point of water like in HT-PEFC,
could enable the use of other dopants as well. These other dopants
could be beneficial, since the large SDBS can disrupt the structure
of polyaniline and increasing the distance between polymer chains
(Oh and Kim, 2012). Therefore, alternative dopants such as pTSA
have been reported to provide a higher conductivity, which could
increase the overall performance of the fuel cell (Stejskal et al., 2008).

4 Conclusion

In this work, commercially available carbon paper was coated
with a surfactant doped polyaniline via electropolymerization or
chemical oxidative polymerization to fabricate fluorine-free GDLs
for PEFCs. The PANI coated GDLs achieved a contact angle of up
to 147°, which is comparable to commercially PTFE-treated GDLs.
Since the surfactants are critical for the hydrophobic properties,
the thermal stability of these dopants was examined by performing
TGA followed by FTIR of the coated carbon paper and PANI
powder. The recorded TGA points towards the PANI doped with
SDBS being stable at temperatures of 160°C, which is supported
by the FTIR measurements since the detected peaks were not
altered. After the heat treatment, the coating was able to sustain
contact angles of up to 135°. The recorded TGA PANI doped by
pTSA indicates an even higher thermal stability of over 200°C
(Choi et al., 2017; Han et al., 2002).These experiments suggest
the surfactant doped PANI coatings being a suitable fluorine-free
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alternative to conventional hydrophobic treatments for both LT-
and HT-PEFCs.

The structure and porosity of the PANI coated GDLs were
analysed using µCT. The µCT was supported by deep learning, that
helped identifying the different phases based on the different X-
ray attenuation of the materials and characteristic feature shapes,
by taking into account the voxels in neighbouring slices as well.
Ultimately, it was possible to distinguish in the generated 3D images
between phase 1 carbon fibres, phase 2 graphitized binder and PANI
coating as well as phase 3 the voids in the porous GDL.

Based on this segmentation, the porosity, the surface-to-volume
ratio as well as the tortuosity of the samples were determined. Using
the “rolling ball” method, the porosity of the commercial carbon
paper EP40 was determined to be 77%, which agrees with literature
values (Odaya et al., 2015; Ozden et al., 2018). The commercially
PTFE-treated sample EP40T and the electrocoated sample have a
meanporosity of 69%and 75%, respectively, whereas the determined
value of the dip-coated sample is 47%.

By defining boxes inside the electrocoated sample, it was possible
to calculate the local porosity within these boxes, which allowed
for an assessment of the porosity gradient that is introduced via
the electrocoating of the sample. The box closer to the side facing
the counter electrode during the synthesis had a porosity of 66%,
whereas the box in the back had a porosity of 73%. Optimizing this
porosity gradient within the GDL could support or take over the
function of the MPL and improve the transport through the GDL.
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