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ABSTRACT

Advancing polymer electrolyte fuel cell technology includes the rational design of the microporous layer (MPL)
coating on the gas diffusion layer (GDL), where the porosity and morphology on an operation-relevant size scale
are still largely undetermined and hinder further developments. Here, 15 commercially available GDLs with MPL
coatings from three major manufacturers (seven Freudenberg, four Sigracet® SGL and four CeTech materials)
were characterized by X-ray tomographic microscopy. An extensive set of structural parameters for the MPLs are
presented, including MPL total porosity, microporosity, porosity heterogeneity and thickness heterogeneity. The
analyses show that the CeTech GDLs tend to have MPLs with the lowest porosity, while the Sigracet® GDLs have
MPL with the highest porosity. Furthermore, Freudenberg H23 materials have the lowest porosity heterogeneity,
and the Freudenberg CX materials’ porosity are most heterogeneous. Many of the commercial MPLs, expected to
be homogeneous, show a gradient of MPL microporosity in the thickness direction. The characterized MPLs are
classified into five distinct classes based on thickness and porosity heterogeneities. This classification and the
detailed data presented support the understanding of fuel cell performances with different MPL types. The
comprehensive set of data also serve as realistic input values for material and fuel cell modeling studies.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) will be an integral part of
future clean energy systems based on green hydrogen. In mobility sec-
tors, the clean and low emission aspects of fuel cell electric vehicles
provide an attractive alternative to the current transportation scheme,
and hydrogen is a resilient energy vector that enables long-term energy
storage solutions [1].

In the development of PEFCs, one of the bottlenecks is the water
management. A delicate balance between maintaining an ion-
conductive polymer electrolyte and preventing water flooding in the
porous structures is necessary for operating PEFCs durably and effi-
ciently. To enhance PEFC performance, the application of microporous
layers (MPLs) on the gas diffusion layers (GDLs) and its advanced
structural engineering are a common practice [2,3].

Commonly used microporous layers (MPL) consist of carbon or
graphite nanoparticles and fluoropolymer binders (e.g. PTFE or FEP)
that maintain the pore structure while granting a hydrophobic surface
property [4]. The common pore size of MPLs is within the range of
20-500 nm [5], magnitudes lower than the some of the gas diffusion
layers (GDLs). It has been repetitively shown that the addition of MPLs
improves PEFC performance, especially water management [6-13]. The
mechanisms that improve fuel cell performance are not completely
understood so far. However, a few hypotheses and observations are
consistently made. For example, MPLs may prevent the water in the GDL
from building up at the surface of the catalyst layer and blocking reac-
tion sites [5,12,14-17]. MPLs also reduce the water saturation in the
GDL during operation due to the proposed reduction of water entry
points from the catalyst layer (CL) to the GDL [2,12,18,19]. This should
effectively lower the mass transport overpotential and, consequently,
improve PEFC performance. Due to the smaller pore size of MPLs, the
gradient in capillary force across the transport layers for liquid water is
said to provide effective wicking that facilitates water drainage [4,13].
Yet, some think that the capillary barrier may rather compel liquid water
generated at the cathode to permeate towards the anode. This process
should promote membrane hydration [7,20-23]. In the late decade,
structural modification of MPLs has received growing attention, as it
was shown that the pore size distribution (PSD), thickness, surface
wettability [24] and manufacturing processes [25] can all have in-
fluences on controlling PEFC performance. But, as the PEFC perfor-
mance improvement by MPLs is generally highly dependent on the exact
PEFC operation conditions, conflicting reports are unexceptional [2,11,
26-29].

A variety of commercially available MPLs have pronounced crack
features on its surface [30]. These cracks are believed to provide liquid
water pathways for fast water transport or improve PEFC performance
[26,27,31-34]. Yet even the exact role of cracks is not fully clear,
because it again depends on the operation conditions of PEFCs and there
are also reports stating that cracks in MPLs result in worse performance
[35-37]. Owejan et al. hinted that cracks may not be necessary when
most of the water transport in the MPLs would take place in gaseous
form [14]. Alrwashdeh et al. later noted that cell temperature, rather
than MPL cracks, is the predetermining factor in accounting for the
water transport [38], consistent with the finding of a few studies [39,
40]. Notably, there is also a non-negligible share of the market consti-
tuted by smooth (crack-free) MPLs, suggesting that the choice of MPL
structures indeed depends on the operation conditions.

Among the MPL properties that determine water management effi-
ciency, porosity is influential and has been challenging to determine in
situ especially on a size scale relevant to fuel cell operations (>2 mm? in
area [41]). Commonly it is determined in a bulk volume by mercury
intrusion porosimetry (MIP) or a small volume by focused ion beam
scanning electron microscopy (FIBSEM) [11,26,28,34,42-48] that may
not be representative to the whole MPL area and does not give infor-
mation on the lateral inhomogeneity. As a result, from time to time,
homogeneous porosity for the whole MPL or an approximation to the
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MPL porosity is assumed [49-52]. Furthermore, as gradient porosity
design has been shown to be beneficial [11,53,54] and the importance of
porosity and PSD is more recognized [26,28,55], it becomes crucial to
characterize and quantify porosity heterogeneity of MPLs over a repre-
sentative volume to promote understanding.

Unlike for GDLs, the explicit porosity values for the MPLs are often
unavailable. Muirhead et al. and Banerjee et al. probed the through-
plane porosity variation of SGL 25 BC and SGL 29 BC MPLs by X-ray
tomographic microscopy (XTM), assuming constant MPL microporosity
of 50% [50,51]. Accounting for the crack, this gives microporosity
values of 60% and ~55% for SGL 25 BC and SGL 29 BC for the MPL
domain, respectively. However, Antolini et al. pointed out that micro-
porosity (pore size 3.8-350 nm) varies depending on the concentration
of PTFE in the MPL. Therefore, a constant microporosity assumption for
different MPLs might incur noticeable error from the actual porosity of
the MPLs. In fact, when Alrwashdeh et al. derived the water saturation in
the MPL with operando XTM imaging, they assumed a single value of
60% porosity for the SGL 28 BC gas diffusion layer, which led to satu-
ration values higher than 1 in their estimations. This shows that the
homogeneous porosity assumption was erroneous [49]. A recent study
from the authors of this manuscript demonstrated that the MPL porosity
has local variation even for the Freudenberg H23C6 GDL, which comes
with a smooth, crack-free MPL coating. The H23C6 MPL in-plane
porosity fluctuates up to + 10% [56]. This is larger than some
gradient porosity MPL designs having <10% porosity difference [53].
The implication is that either the local porosity difference in a MPL is
larger than some of the gradient-porosity MPLs, or the homogeneous
assumption of MPL porosity will lead to significant error in saturation
estimation.

Until now, there still lacks accurate data of the porosity values and
related structural parameters of MPLs that affect PEFC water transport
mechanisms. Often researchers rely on the values given by the manu-
facturer or need to make assumptions for the properties (such as
porosity) that are not straightforward to obtain.

In this work, we use a laboratory computed tomography (lab-CT)
scanner in a quantitative manner to characterize 15 MPLs from three
commercial GDL manufacturers (Freudenberg, SGL, CeTech). The XTM
method allows to accurately determine the MPL porosity and the three-
dimensional spatial distribution of porosity heterogeneity, as previously
described [56], and to analyze the morphology (cracks, thickness,
MPL/GDL volume ratio, etc.) of the different MPL materials. MPLs are
thus classified into five classes defined by porosity and thickness ho-
mogeneity. The results are expected to provide insight for future studies
using the different commercial MPLs to better understand the PEFC
performances at the diffusion layers’ level. The reported physical
properties and morphology descriptions are directly obtained from
quantitative imaging without MPL property assumptions, and thus
provide a better estimation for the MPL thickness, porosity and their
heterogeneity.

2. Experimental section
2.1. Materials

2.1.1. Commercial MPLs

Seven Freudenberg GDLs with MPLs (H23C2, H23C4, H23C6,
H23C9, H23C10, H14CX653, H24CX483), four Sigracet® GDLs with
MPLs (SGL 22 BB, SGL 25 BC, SGL 28 BC, SGL 36 BB) and four CeTech
GDLs with MPLs (CT W1S1009, CT W1S1010, CT GDL 120S, CT GDL
210S) were characterized. All GDLs were purchased from The Fuel Cell
Store (Texas 77845, USA).

2.1.2. Liquids

N-decane (Thermo Fisher/Fisher Scientific AG, Switzerland) was
used to achieve complete saturation of MPLs. Ethanol absolute
(>99.8%) used for greyscale value calibration was purchased from
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Merck KGaA, Germany. Deionized water (380 + 50 kQ cm) was used
wherever water is mentioned.

2.1.3. PEEK cylindrical sample holder

A low X-ray absorbing, tubular sample holder made of polyether-
ether-ketone (PEEK) with an inner chamber of 7.5 mm diameter and
outer diameter 10 mm for material housing was used for X-ray tomo-
graphic image acquisition. The design has been presented in detail
previously, [56] and can be found in the Supplementary Materials
(Fig. S1). To fix the sample, an adjustable compression screw and a
closing piece clamp the samples vertically. The chamber has a fixed floor
with an open injection hole, which allows liquids to be injected from the
bottom into the chamber, while the air leaves from the top of the
chamber through the hole in the closing piece. A syringe pump (Fisher
Scientific) with connected tubing (Festo, type: PUN-H-3 x 0.5 NT) was
used to inject liquid during the wetting procedure.

2.2. XTM acquisition parameters

A computed tomography (CT) scanner, Phoenix nanotom m (General
Electric, Germany), with a Phoenix|X-ray micro-focus tube was used to
obtain all tomographic data. Acquisition parameters that lead to quan-
titative images were used to ensure data comparability: X-ray tube ac-
celeration voltage was set to 80 kV and current to 280 pA. The exposure
time for each radiographic projection was 1.5 s for all the materials.
Every three consecutive projections were averaged to produce one
image for later reconstruction. A total of 2400 images (for all the ma-
terials) were obtained for tomographic reconstruction. During the scans,
all scanned objects including the sample holder were completely within
the detector field of view to avoid local tomography—an essential step
to make sure that the (32-bit floating point) greyscale values are com-
parable across scans. Flat field correction was done before every scan
and a radiographic region of constant air phase was chosen as the
“observational ROI” to compensate X-ray intensity fluctuations during
the CT scans and improve image quantifiability. The voxel edge length
was 3.6 pm and the total acquisition time was 3 h per tomographic scan.

2.3. Derivation of MPL porosity by XTM

2.3.1. XTM greyscale value calibration

Tomography with polychromatic X-ray sources requires greyscale
value (GSV) calibration with materials of known linear attenuation co-
efficients to achieve quantitative imaging. The method was described in
detail before [56]. Briefly, MPL-composing materials such as air, pyro-
lytic graphite (Union Carbide, USA) and PTFE—plus associated mate-
rials in the experiments: n-decane, ethanol absolute, PEEK and
water—were imaged and their GSVs were compared to their linear
attenuation coefficients (NIST database [57,58]). With a MATLAB script
whose working principle was described elsewhere [56], it was
confirmed that a linear correlation exists between the tomographic GSVs
and the linear attenuation coefficients at X-ray energy 32.09 keV with an
R? value of 0.997 (Fig. S2, Supplementary Materials).

The highly linear relationship shows that the mass density of water,
n-decane and ethanol in the MPL (consisting of graphite, air and PTFE)
pores can be analyzed and determined from the imaged greyscale values
(GSVs). Their GSVs and linear attenuation coefficients can be approxi-
mately described by the linear function:

GSV(7,E))= Y Cip(p,V,Z, 7, E2,32.09 keV) + C, @

where T denotes the voxel position; E; is the energy distribution of the X-
ray from the X-ray tube; i represents the material phase (i.e., air, n-
decane, ethanol, etc.); y; denotes the linear attenuation coefficient of the
ith material phase. p, V, Z and E, are written explicitly to express the
dependence of the linear attenuation coefficients on the density,
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volume, atomic number and photon energy associated with the material
phases. C; and C2 are constants and in the specific case of using the
aforementioned tomographic acquisition parameters with X-ray tube
acceleration voltage 80 kV and current 280 pA, C; and C; are 0.104 and
0.00177.

2.3.2. MPL porosity determination from XTM images

MPLs (on their respective GDL substrates) were first scanned at dry
condition (dry image). Then the MPLs were fully saturated by injecting
an excessive amount of a wetting liquid, n-decane, in the sample
chamber. Any remaining air in the MPL pores was removed by evacu-
ation at <5 mbar for >90 min at room temperature (RT). After aligning
the wet image against the dry image using 3Dslicer [59] (rigid and affine
registration), the difference of GSVs in the wet and dry images was
calculated by ImageJ. The resulting image is referred to as the “differ-
ence image”. In the difference image, since the only change is the

n-decane filling, the greyscale value at each voxel (GSVyr img(?)) is
directly proportional to the n-decane mass at that voxel. Under iso-
thermic experimental conditions, the GSVif img is thus proportional to
the MPL open porosity (¢) at each voxel due to full saturation:

GSV{JI/T img (?) Xty decane (?)O( Hinass, n—decane “Py_decane (?) XM decane (?) (2)
GSViir img (7)ex V- decane (7) (isothermic condition) 3)
GSVagr img(7)xe(7) (fully saturated MPLs) (C))

where i, gecane iS the linear attenuation coefficient of n-decane;

Hmass, n—decane> £ i—decane(T) > Mn-decane @nd Vi_gecane are the mass attenu-
ation coefficient of n-decane, mass density of n-decane with respect to

the voxel (at 7) and the voxel volume fraction occupied by n-decane.

When normalized against the average GSV of the free-standing n-
decane pool or droplets (100% n-decane volume fraction) close to the
sample, the difference image shows the MPL porosity spatial distribution
in three dimensions.

2.4. Image processing

2.4.1. MPL segmentation, crack volume ratio, thickness map and
microporosity

The tomographic images are raw 32-bit dry images. Before seg-
menting the MPL and the GDL phases, a median filter of 1.5 pixel radius
was applied to the image to remove noise signals while preserving the
MPL crack structure. The images were transformed to 8-bit and an edge-
preserving bilateral filter (ImageJ process) was subsequently applied
with spatial radius = 3 and range radius = 15 to separate the fiber, MPL
and void (including crack) phases. Then thresholding of the MPL phase
was based on manually selected threshold values for each image stack
and the results were carefully reviewed across the whole GDL stack to
get reliable binary images of MPLs. The segmented binary images of the
MPLs were directly used to derive MPL crack volume percentage with
respect to the total MPL volume (including crack volume).

To obtain accurate MPL thickness maps, ImageJ process “erode” was
carried out once on the segmented binary images of the MPLs to remove
the voxels from GDL fibers that were not eliminated during the manual
segmentation step. The erosion process was done for four to six times to
determine MPL microporosity reliably without edge enhancement arti-
fact influence.

2.5. MPL porosity maps

The difference images (wet minus dry) were normalized against
GSV.decane to obtain the MPL porosity distribution. The resultant image
is still affected by X-ray quantum noise. Since this random noise is
approximately Poisson and can be approximated by a Gaussian
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distribution at large sampling numbers, isotropic 2D mean filtering was
chosen to reduce the image noise. Additionally, there is a straightfor-
ward relationship between the (Gaussian) noise reduction efficiency and
voxel averaging that makes the mean filter beneficial, as each mean
filter kernel size corresponds to a certain area over which the image is
averaged. A radius of three voxels for all the materials were determined
to be the best compromise in reducing image noise while preserving
small image features. ImageJ LUT “physics” was applied to the filtered,
normalized difference images to render color-coded MPL porosity maps.
An error bar describing the random noise, which was evaluated by
measuring the standard deviation of the GSVs of the n-decane pool
nearby the MPL tomographic slices, is added to the porosity maps. In the
n-decane pools or droplets, the X-ray attenuation is constant. Therefore,
the standard deviation in GSV there (c) is a direct estimation of the
standard deviation of the porosity evaluation of each voxel in the
tomographic image.

2.6. MPL/GDL porosity profiles

Through-plane porosity profiles are given for some GDL samples to
elucidate the porosity variation in the thickness direction. Both the MPL
and the GDL substrate domains were characterized. In the MPL domain,
difference images were used to provide MPL porosity. In the GDL
domain, dominated by fibers and void space, the binary segmented
images were used to evaluate GDL substrate porosity. At the interfacial
region where fiber, MPL and void phases co-exist, phases were separated
and their area percentage measured. The porosity is estimated from the
void and MPL area percentage, assigning the MPL phase with the
average microporosity value measured from the MPL bulk (a measure to
mitigate the potential MPL porosity estimation error from under-
sampling effect at the MPL/GDL interfacial region due to reduced MPL
voxels). Due to the different methods used for evaluating the porosity
values across the morphologically distinct diffusion layers, minor
discontinuity occurs sometimes at the MPL/GDL interfacial region.

2.7. MPL porosity discernability by XTM

Unlike tomographic image processing by segmentation, when eval-
uating the porosity from the GSVs (in difference images), image noise is
an important factor to consider. Every voxel is influenced by uncertainty
from X-ray noise.

The uncertainty is approximated by a Gaussian function. It is derived
that if two regions of MPLs have the same actual physical porosity, then
there is a 95% chance that their imaged porosity will not differ by >
2.80, where ¢ is the standard error (see section 2.5) in porosity evalu-
ation (details in Supplementary Materials section 3 and Fig. S3]. In
other words, a porosity difference > 2.8¢ is the criterion to judge (with
95% confidence level) that two regions have different physical porosity.
Furthermore, when multiple voxels are averaged and compared—this is
equivalent to comparing the area-averaged porosity values of different
MPL regions—the standard error decreases with respect to the inverse
square root of the voxel number N (6xN~®) in the case of no image
artifacts. The larger the MPL area over which the average porosity is
taken, the more voxels are averaged, thus the lower the standard error
and the more precise the porosity reading. For porosity images (also
addressed as “porosity maps™) scanned for 3 h and mean-filtered with a
radius of 3 voxels, the discernability curve is experimentally measured
with respect to the area of MPL over which the average porosity is taken.
It is summarized in Fig. S4 in the Supplementary Materials.

The discernability curve in Fig. S4 follows the cox N~ relationship.
Therefore, the standard error is a result of quantum mottle in the
measured area in the tomographic image and image artifacts are
negligible. For some images, the exponent is larger (typically about —0.3
to —0.4), which indicates the existence of imaging artifacts (from X-ray
intensity fluctuation, beam hardening etc.) Nevertheless, with scrutiny,
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the discernability curve can still be applied to those images where there
is no distinct phase boundaries (to avoid edge enhancement), because
the discernability curve also takes into account small deviations caused
by imaging artifacts other than edge enhancement.

The high image quality of 3 h scans results in a good 2.8¢ discern-
ability of 12.7% for single voxel porosity comparisons. Between every
voxel (edge length = 3.6 pm) in the porosity map, a difference of >
12.7% was sufficient to judge (with 95% confidence level) that the MPL
had different physical porosity at these measured voxel locations. For
most results reported, the average porosity of regions having 50 pm x
50 pm (= 2500 pm?) area across the MPL were compared; the corre-
sponding discernability of 4.7% then means that the area-averaged
porosity can be discerned from noise once the difference is > 4.7%
(Fig. S4). The XTM method is thus a highly sensitive tool for heteroge-
neous MPL porosity evaluation over a length scale of several millimeters.

2.8. Thickness, thickness heterogeneity and areal porosity heterogeneity

The apparent thickness is how thick the MPL “looks” when seen from
the side (through-plane cross-section), and is defined to be the FWHM
(full width at half maximum) of the peak shape when the MPL area
percentage is plotted against the through-plane distance (details Sup-
plementart Materials, Fig. S5). The effective thickness is the total MPL
volume (excluding MPL cracks and holes) divided by the area the MPL
covers, which reflects how much MPL materials are used on a gas
diffusion layer.

Some MPLs have higher local thickness variation. To quantify the
heterogeneity of MPL thickness, the MPL thickness maps are first ob-
tained by segmentation and summing up the MPL voxels (edge length =
3.6 pm) in the thickness direction. The standard deviation of the
thickness values across the whole inspected MPL area (12-28 mm? for
all samples) is subsequently defined to be the thickness heterogeneity.

A straightforward way to quantify the MPL porosity heterogeneity is
to compare the standard deviation of the MPL porosity (6mpL porosity) in
the porosity images to the standard deviation of the n-decane pool in the
same image (Op.decane)- Assuming negligible image artifacts, the former
(oMPL porosity) is a result of both the MPL spatial porosity variation and
the X-ray noise, while the latter is solely a reflection of the X-ray noise.
The quotient of the two standard deviation values then reveals the
extent to which the MPL porosity varies across the MPL area. Since in
practice the (porosity) heterogeneity is measured for each two-
dimensional areal slice, it is also termed:

G )
(Areal) porosity heterogeneity = MPL porosity 5)

On—decane

When the MPL porosity distribution would be completely homoge-
neous, the (areal) porosity heterogeneity would be unity, meaning that
the MPL spatial porosity distribution is as “even” as the n-decane pool
(porosity being perfectly the same "100%" everywhere).

To reduce the contribution from X-ray noise to the standard de-
viations, the porosity maps are binned in such a way that voxel-to-voxel
error is reduced to ca. 4.5% or lower prior to standard deviation
calculation. Binning size is therefore 14 by 14 for all samples. This
means, the porosity heterogeneity is evaluated on a scale of ca. 50 pm
when using the binned areas of ca. 50 x 50 pm?.

2.9. Representativeness of the data

All structural properties (total porosity, microporosity, thickness,
crack volume ratio, MPL volume ratio and porosity and thickness het-
erogeneity) were derived from XTM images of GDLs cut in circular disks
of diameter 4-6 mm. Consequently, image stacks with 12.6-28.3 mm?>
area per slice and 3-15 slices were available and used for data analyses.
Therefore, the analyzed MPL volumes are in the range of 0.14-1.5 mm>.
It is a much larger volume compared to typical FIBSEM field of view
(usually <0.001 mm? volume coverage).
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The analyzed area is 3-4 orders of magnitude larger than the average
pore cross section of the paper GDL substrates [60] and the character-
ized GDL length scale is still about one order of magnitude larger than
the repetitive features of the woven substrates.

To ensure that the MPL data are representative, at least two different
GDL samples from each commercial provider were scanned after sam-
pling them at two separate positions at least 2 cm apart on the GDL
sheets. The results for MPLs were averaged. All the GDL sheets inspected
at two separate positions showed high consistency of the MPL porosity
values (within average porosity + 4.5%). It is thus concluded that the
imaged samples are large enough to be representative of the MPLs, and
the structural properties derived here are able to describe the MPLs of
the commercial GDL products.

The representativeness of the substrate porosity profiles is enhanced
by ensuring that all porosity profile characterizations are based on
averaged results of in-plane area >12 mm? at each through-plane
position.

3. Results and discussion

Gas diffusion layers with MPL coatings from three different inter-
national manufacturers, Freudenberg, Sigracet® and CeTech, are
selected and characterized due to the worldwide adoption of these
materials. Also, as the substrate GDLs influences the MPL morphology,
the three frequently used substrate types are represented: Freudenberg
(dry-laid water-jet-entangled), Sigracet (wet-laid with binder) and
CeTech (woven substrate). Since the MPLs from the same manufacturer
have comparable morphology and porosity, the results are grouped ac-
cording to the manufacturers.

The total porosity (porosity including cracks) and microporosity
(porosity without cracks) of the MPLs are characterized separately. As a
novelty, the MPL porosity heterogeneity accounting for the crack
structure and microporosity variation is analyzed and described by the
quantitative parameter, porosity heterogeneity (Experimental section
2.8), which indicates how disperse the spatial porosity distribution is.

For the representativeness of the characterization, at least two
samples of each gas diffusion layers from each manufacturer group are
analyzed at two random, separate positions on the GDL sheet and the
results are found to be highly consistent. Details on representativeness
can be found in the Experimental section 2.9.

Table 1
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3.1. Freudenberg H23 and CX materials

3.1.1. Tomographic images and porosity map interpretations

The Freudenberg H23CN (N = 2, 4, 6, 9, 10) GDLs are accompanied
with MPLs < 50 pm thick (apparent thickness), and the thickness het-
erogeneity is low (between 6 and 8 pm, Table 1). The MPLs have minor
cracks that consist of <1% of the MPL volume. The cracks have ca. 10 pm
width, and are short and isolated from one another. The total porosity
(=microporosity due to the lack of cracks) of the H23 MPLs is 56-61%.

The Freudenberg CX GDLs’ (H14CX653 and H24CX483) MPLs are
30-40 pm thick (apparent thickness) and have plenty of big openings
with in-plane diameters in the range of ca. 20-70 ym aside from the
nanoporous structures. Due to the distinct macropore structure, the
crack volume ratio and microporosity of the CX GDLs is not defined here.
The CX MPLs are more porous, with total porosity of 66-68%.

While the five materials of the H23 GDL series have similar thickness
and porosity properties, the MPLs of H23C10 (most homogeneous) and
H23C6 (least homogeneous) have different spatial porosity distribu-
tions. Their tomographic images and porosity maps are presented in
Fig. 1. The in-plane tomographic slices show the somewhat different
morphology of the two GDLs; H23C10 appears more homogeneous,
while H23C6 has inhomogeneous local features appearing as white
bands and brighter domains, most probably stemming from a different
fluorocarbon formulation. The porosity analysis shows that H23C10 has
an even porosity across the inspected region with an average total
porosity of 56%, whereas H23C6 has somewhat more noticeable
porosity variations over the same area at a slightly higher total porosity
of 61%. The in-plane porosity heterogeneity—which describes the de-
gree of spatial porosity variation—of H23C10 MPL is 1.6 + 0.2, and for
H23C6 MPL it is 2.1 + 0.2. The through-plane porosity maps are pro-
vided to visualize the porosity values of MPLs in the through-plane di-
rection. Porosity and porosity heterogeneity for the three other H23CN
materials are listed in Table 1.

The 2.80 discernability criterion for the tomographic data (Fig. S4,
Supplementary Materials) indicates that, examining each arbitrary 50
pm x 50 pm region in the in-plane porosity maps of Fig. 1, any area-
averaged MPL porosity value differing >4.7% from one another can
be judged to originate from physical porosity difference. This further
proves that the porosity map of H23C6 shows physical porosity varia-
tions, not merely image noise.

The CX materials, H14CX653 MPL (average total porosity = 66%)
and H24CX483 MPL (average total porosity = 68%), have both sub-

MPL structural properties: total porosity includes MPLs material porosity and crack volume; microporosity is the MPL material porosity (from sub-micrometer scale
pores); (areal) porosity heterogeneity is determined on 50 pm-scale (exact definition see Experimental section 2.8); effective thickness is the total MPL volume divided
by the geometric area; apparent thickness is the FWHM of the MPL area percentage plot versus through-plane distance; thickness heterogeneity is defined by the
thickness standard deviation measured from the thickness maps (Experimental section 2.8).

GDL GDL name Average Average (Areal) porosity Effective Apparent Thick-ness GDL thickness MPL Average

manufac- MPL total MPL micro- heterogeneity MPL MPL hetero- including MPL  volume crack

turer porosity porosity thickness thickness geneity (pm) ratio volume%

(um) (um) (pm)
Freuden- H23C2 56 + 3% =56 + 3% 1.6 £0.2 41 43 8 209 20% <1%
berg H23C4 60% = 60% 1.7 £0.2 46 50 8 234 20% <1%

H23C6 61 + 0% =61+ 0% 2.1 +0.2 30 36 6 212 14% <1%
H23C9 60% = 60% 1.7 £0.2 32 34 7 209 15% <1%
H23C10 56 + 3% =56 + 3% 1.6 £0.2 32 34 8 205 16% <1%
H14CX653 66 + 4% N/A 3.7+ 0.5 34 38 4* 158 22% N/A
H24CX483  68% N/A 6.1 + 0.4 27 32 5% 223 12% N/A

Sigracet SGL22BB 72+ 2% 69 + 3% 2.4+ 0.3 55 71 22 199 28% 8.7%
SGL 25 BC 70 £ 2% 69 + 3% 25+ 0.5 63 68 28 223 40% 4.8%
SGL28BC 76 + 0% 73 £ 1% 2.9+ 0.7 109 134 35 242 45% 7.8%
SGL36BB 75+ 2% 73 £ 1% 2.1 +0.3 68 83 27 270 26% 7.6%

CeTech W151009 54% 48% 3.4+ 0.9 60 72 30 353 17% 7.2%
W1S1010 54 + 3% 46 + 4% 3.5+ 0.6 45 81 30 342 13% 7.4%
GDL120S 56% 51% 2.3+0.1 36 43 12 130 28% 6.2%
GDL210S 62+ 1% 55 + 3% 2.0 £0.2 23 28 9 197 12% 7.2%

1 N/A: not available because MPLs cannot be properly segmented.
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Fig. 1. Tomographic images and porosity maps of the MPLs of (a) Freudenberg H23C10 and (b) Freudenberg H23C6 GDLs; the in-plane and through-plane
tomographic images and porosity maps are of the same respective positions. The error under the calibration bar denotes 1o error for single-voxel porosity

reading in the porosity maps.

micrometer- and micrometer-scale pores, which can be identified in
Fig. 2. Bigger pores are resolved in the tomographic images, and have
100% local porosity, whereas the smaller sub-micron pores constitute
regions with ca. 60% porosity in the porosity maps in Fig. 2a and b.
Because of the large pores of the H24CX483 MPL, the underlying GDL
substrate is exposed to the surface locally (Fig. 2b, through-plane im-
ages). Owing to the coexistence of the sub-micrometer- and micrometer-
scale pores, CX MPLs’ areal porosity heterogeneity is considerably
higher (on the 50 pm x 50 pm scale) than that of the H23 materials, at
3.7 £ 0.5 for H14CX653 and 6.1 + 0.4 for H24CX483. The higher areal
porosity heterogeneity of H24CX483 originates from the more dispersed
pore size distribution, from 0% for the non-porous solid parts to 100%
for the large pores up to ca. 70 pm in diameter (Fig. 2b).

To aid the porosity map interpretation, a pure n-decane porosity map
(porosity = 100%) whose fluctuation is purely a result of X-ray noise is
provided to the right of Fig. 2b. The significantly higher heterogeneity in
the CX materials’ porosity maps proves that the variations seen in the
porosity maps originate from the MPL physical porosity variations.

3.1.2. Porosity profiles

The (total) porosity profiles of the Freudenberg H23 and CX mate-
rials are provided in Fig. 3a, which shows the (in-plane-averaged)
porosity with respect to the GDL depth, denoted as the through-plane
distance. Here, 0 pm through-plane distance designates the first slice
close to the MPL surface that was analyzed. The schematic in Fig. 3b
indicates the different zones of an MPL-coated GDL: MPL zone, MPL +
GDL mixed zone and GDL substrate. Fig. 3b shows an example of an
uneven MPL with high thickness heterogeneity.

CX MPLs generally have higher porosity (between 66 and 68%) than
the H23 MPLs (56-61%) (Fig. 3a, MPL zone). There is also no porosity
gradient within the MPL zone. However, many GDLs experience a
decrease in porosity in the MPL + GDL mixed zone due to the fiber
intrusion in the MPL. This is followed by an increase in porosity towards
the GDL substrate because of the higher porosity of the GDL substrates.
The porosity gradient from the MPL to GDL substrate is less for the CX
materials than for H23 materials because the CX MPLs have higher
porosity similar to that of the GDL substrates.

The total porosity, microporosity, thickness and porosity heteroge-
neity of the Freudenberg H23 and CX materials as well as MPLs from
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Fig. 2. Tomographic images and porosity maps of the MPLs of (a) Freudenberg H14CX653 and (b) Freudenberg H24CX 483 GDLs; the in-plane and through-plane
tomographic images and porosity maps are of the same respective positions. The error under the calibration bar denotes 1c error for single-voxel porosity reading in

the porosity maps.
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Fig. 3. (a) Porosity profiles of Freudenberg H23 and CX gas diffusion layers; through-plane distance starts from the first analyzed MPL surface slice; (b) schematic of
a vertically placed GDL, aiding porosity profile interpretation and indicating different zones of an MPL-coated GDL.
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other manufacturers are summarized in Table 1.

3.2. Sigracet® materials

3.2.1. Tomographic images and porosity map interpretations

The Sigracet® SGL 22BB, SGL 25 BC, SGL 28 BC and SGL 36 BB have
MPLs with various average thickness (68-134 pm, apparent thickness).
Furthermore, the MPL thickness heterogeneity is high (22-35 pm,
Table 1); the thickness maps of Sigracet® materials together with all
other MPLs’ are provided in Supplementary Materials, Figs. S6-8, for
visualization of the thickness heterogeneity. The cracks of the Sigracet®
MPLs are pronounced and penetrating, constituting 4.8-8.7% of the
total MPL volume. The total porosity of all (characterized) Sigracet®

Journal of Power Sources 539 (2022) 231612

materials is between 70% and 75%, and their microporosity also has a
small range from 69% to 73%. All characterized Sigracet® materials
have higher MPL microporosity than the Freudenberg materials.

The MPLs of SGL 28 BC and SGL 36 BB have different crack
morphology and are compared in Fig. 4. SGL 28 BC has both holes and
cracks in the MPL, but SGL 36 BB only has cracks and no holes are
observed (Fig. 4a and b tomographic images). This is confirmed by
examining two samples from different locations in the sheet. It is hy-
pothesized that the thicker MPL of SGL 28 BC and potentially different
sintering processes may be the reasons for the different MPL
morphology. The through-plane images (Fig. 4a and b) show the fea-
tures of the holes and the penetrating cracks of SGL 28 BC and SGL 36 BB
MPLs, respectively, and suggest the highly heterogeneous MPL thickness

(@)

SGL 28 BC
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Fig. 4. Tomographic images and porosity maps of the MPLs of (a) Sigracet® SGL 28 BC and (b) SGL 36 BB GDLs; the in-plane and through-plane tomographic images
and porosity maps are of the same respective positions. The error under the calibration bar denotes 1c error for single-voxel porosity reading in the porosity maps.
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distributions (additional MPL thickness maps provided in Fig. S7, Sup-
plementary Materials). The through-plane porosity maps of the same
positions are provided at the bottom of the figure.

The average total porosity of SGL 28 BC (76%) and SGL 36 BB (75%)
MPLs are alike, because their MPL microporosity is the same (73%) and
crack volume percentage similar (7.8% and 7.6%, see Table 1). Local
porosity variations are observed for both MPLs, shown in the in-plane
porosity maps of Fig. 4a and b. The distribution of porosity in the
porosity maps do not suggest a regular pattern, and the crack structures
contribute to increased porosity heterogeneity: 2.9 4+ 0.7 and 2.1 + 0.3
for SGL 28 BC and SGL 36 BB, respectively. The higher porosity het-
erogeneity of the former is a result of the additional contribution from
the diverse hole structures.

The 2.8c discernability criterion (Fig. S4) can be applied directly to
interpret the porosity maps in Fig. 4. Comparing among 50 pm x 50 pm-
area regions, porosity difference >4.7% is a result of physical porosity
difference (95% confidence level).

3.2.2. Porosity profiles

The microporosity and total porosity profiles of the Sigracet® GDLs
are provided separately in Fig. 5.

All Sigracet® materials characterized have very similar micropo-
rosity profiles in the MPL zone (through-plane distance < 50 pm; this is
only a rough estimation, because the MPLs have different thickness),
with the surface region being denser (ca. 66-68% in porosity) than the
deeper MPL-only material (72-74% in porosity) (Fig. 5a). This may be a
consequence of the sintering process. Further into the MPL + GDL mixed
zone, the microporosity starts to deviate, but remains vastly within the
range of 72 + 10%. It is clear that the 50% or 60% microporosity
assumption in previous studies for Sigracet® materials [49-51] was too
low. Incidentally, due to the different thickness of the SGL GDLs, it is not
possible to draw a line to discern the MPL + GDL mixed zone and the
GDL zone for all SGL materials in one graph.

The total MPL porosity depends on the crack volume, and is naturally
higher than the microporosity. SGL 28 BC has the highest porosity and
SGL 25 BC the lowest (Fig. 5b), even though large-scale GDL substrate
heterogeneity may not be captured with the present sample size. In
general, the higher porosity of the Sigracet® MPLs is accountable for the
lack of a porosity dip at the MPL/GDL interface as observed for the
Freudenberg materials. Additionally, the existence of intruding MPLs
has an impact on the GDL porosity in the MPL + GDL mixed zones,
resulting in a lower total GDL porosity. Incidentally, the porosity dip at
the GDL substrate bottom is likely a result of increasing binder phase (e.
g. SGL 22 BB, through-plane distance 110-150 pm).

The total porosity, microporosity, thickness and porosity
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heterogeneity of all Sigracet® materials are given in Table 1.

3.3. CeTech materials

3.3.1. Tomographic images and porosity map interpretations

Of the CeTech materials, CT W151009, CT W1S1010 are based on a
woven substrate while GDL 120S and GDL 2108 are carbon papers with
binder. The MPLs come with average apparent thickness ranging from
28 to 81 pm and all have cracks taking up 6.2-7.4% of the MPL volume.
The total porosity of the CeTech materials is in the range of 54-62% and
thus the lowest range of the three investigated brands. Also, the
microporosity of the MPLs, ranging from 46 to 55%, is the lowest among
the different manufacturers compared here.

The morphology and porosity of MPL of a woven based (W151009)
and a paper based material (GDL120S) are compared in Fig. 6. On the
woven GDL, the MPL is not flat and the MPL thickness varies periodi-
cally according to the woven GDL substrate structure (Fig. 6a, tomo-
graphic images). On the carbon paper substrate, the MPL is flat, having
negligible intrusion into the substrate. MPL on both substrate types have
penetrating cracks.

The average total MPL porosity of W1S1009 and GDL 120S are 54%
and 56%, respectively. The proximity of total porosity values is a result
of consistent MPL microporosity (48% & 51%) and crack volume per-
centage (7.2% & 6.2%) of these two MPLs, despite on distinctly different
types of substrates.

Local MPL porosity variations are observed for both MPLs, as visu-
alized in the porosity maps in Fig. 6a and b. The MPL porosity hetero-
geneity (excluding of course the GDL-intruded regions) of W151009 and
GDL 120S are 3.4 + 0.9 and 2.3 + 0.1, respectively. It shows that on a
bulk scale, the porosity variation, taking the cracks’ density and distri-
bution into account, is larger for woven-substrate-based W1S1009 than
for GDL 120S based on a paper material.

3.3.2. Porosity profiles

The microporosity profiles and total porosity profiles of the CeTech
materials are provided separately in Fig. 7.

The MPL microporosity profiles in Fig. 7a indicate that the woven
GDLs (W1S1009 and W1S1010) have lower MPL microporosity than the
carbon paper GDLs (GDL 120S and GDL 2108S). Also, the woven GDLs’
MPLs intrude deeper in the substrates.

Furthermore, the total porosity profiles of W1S1009 and W1S1010
(Fig. 7b) reveal a clear total porosity gradient in the GDL direction. This
is caused by the intruding MPLs having noticeably lower porosity than
the GDL substrates.

Also for the GDL 120S and GDL 2108, the decrease in porosity at the
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Fig. 5. Sigracet® materials’ (a) MPL microporosity profiles and (b) in-plane average total porosity profiles.
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Fig. 6. Tomographic images and porosity maps of the MPLs of (a) W1S1009 and (b) GDL 120S; the error under the calibration bar denotes 1c error for single-voxel

porosity reading in the porosity maps.

MPL/GDL interfacial region is a result of lower MPL porosity and GDL
fiber intrusion in the flat MPLs. A similar effect has been observed for
H23 materials, where the MPLs are flat and have lower porosity than the
GDL substrates. Due to different binder contents, the GDL 120S and GDL
210S also differ markedly in the substrate zone.

The total porosity, microporosity, thickness and porosity heteroge-
neity of the CeTech materials are summarized in Table 1.

4. Summary

MPLs from Freudenberg, Sigracet® and CeTech are distinguishably
different in porosity. This leads to negligible, mild and noticeable
porosity gradients toward the GDL substrate for Sigracet®, Freudenberg
H23 and CeTech woven materials, respectively.

10

Although the thickness of MPL coatings can be adjusted freely during
manufacturing processes and is independent of the substrate thickness,
generally, thicker MPLs are still found to imply higher MPL volume
ratios among the commercial materials. While the majority have MPL
volume percentages < 30%, the MPL volume percentage can be as low as
12% and as high as 45%. In the case of SGL 28 BC, the average MPL
thickness exceeds 100 pm and reaches almost half of the total GDL
volume (Fig. 8a).

Sorting by average MPL effective thickness versus total porosity, the
scatter chart in Fig. 8b reaffirms the tendency of MPLs coming in groups
by manufacturer due to comparable properties. It is likely a result of
related slurry composition or sintering processes that are manufacturer-
specific.

Furthermore, a positive correlation exists between the MPL effective
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Fig. 8. Properties of gas diffusion layers sorted by (a) average effective MPL thickness vs. MPL volume percentage, (b) average effective MPL thickness vs. MPL total
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thickness and the porosity of the Sigracet® and Freudenberg materials.
The high MPL porosity of Sigracet® materials, allowing higher effective
diffusivity, may be a factor permitting the Sigracet® MPLs to be the
thickest of all materials, without causing excessive hampering effects on
gas diffusivity and consequently fuel cell performance.

Finally, based on the quantitative understanding of MPL porosity
heterogeneity and thickness heterogeneity, the Freudenberg, Sigracet®
and CeTech materials are categorized into two thickness heterogeneity
groups (even and uneven MPLs; “even” means the local MPL thickness
varies little across the MPL) and three porosity heterogeneity groups to
stress the fact that, even among the heterogeneous porosity MPLs, some
MPLs are still significantly more heterogeneous than others.

This categorization results in 5 groups of MPLs (Fig. 8c):

e Even MPLs with homogeneous porosity (distributions): H23C2,
H23C4, H23C9 and H23C10 materials

e Even MPLs with heterogeneous porosity: H23C6, CT GDL 120S and
CT GDL 210S

e Even MPLs with highly heterogeneous porosity: H14CX653 and
H24CX483

e Uneven MPLs with heterogeneous porosity: SGL 22 BB, SGL 25 BC
and SGL 36 BB

e Uneven MPLs with highly heterogeneous porosity: SGL 28 BC,
W1S1009, W1S1010.

The categorization of the commercially available MPL types, classi-
fying them into the five different groups, demonstrates the variability of
today’s commercial MPLs structures. Today, there is no fundamental
understanding on how these structure characteristics influence fuel cell
performance under different operating conditions. The present work
supports future characterization of this structure-property relationship.

5. Conclusion

The morphology and porosity of MPLs on GDL substrates are
important parameters for optimizing the water management and per-
formance in fuel cells. Therefore, various types of microporous layer
coatings of 15 commercially available GDLs from three major interna-
tional manufacturers are analyzed for their morphology and porosity
using X-ray tomographic microscopy on multi-millimeter sized samples.
The size scale covers the important and highly relevant channel/rib
scale in fuel cells. Additionally, the three-dimensional information from
X-ray tomographic microscopy also enables the identification and
quantification of MPL porosity variations on that scale, which is not
possible with porosimetry or nanoscale imaging techniques.

CeTech materials’ MPLs have generally the lowest total porosity and
SGL materials have the highest among the 15 materials. The average
total porosity difference between the least (CT W1 materials, 54%) and
most porous MPLs (SGL 28 BC, 76%) reaches up to 22%, and it results in
various degrees of porosity gradient from the MPL to GDL substrate.

The MPL local thickness of H23, CX and CT carbon paper materials
remains similar in in-plane directions; these MPLs are considered even.
On the contrary, SGL and CT W1 woven materials are highly uneven;
strong MPL intrusion into the GDL substrate is commonly observed.

Furthermore, the MPL porosity heterogeneity is found to be a non-
trivial property that describes MPL porosity variations caused by the
cracks, holes and local density differences.

With the noticeable dissimilarity in evenness, thickness, porosity and
porosity distribution, it is shown that homogeneous assumptions for
MPLs do not always hold as they depend on the manufacturing processes
and providers. MPLs should not be regarded as “smooth, thin layers”
without inspection.

The results presented here may not yet provide a guideline on the use
of these GDLs for specific PEFC operating conditions, because the two-
phase flow and water transport in gas diffusion layers depend also on
other factors, such as the pore size distribution, surface wettability and
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thermal conductivity of both the MPL and the gas diffusion substrates.
Nevertheless, the methodology here, based on frequently available CT
scanner infrastructure, can help correlate the structure-function rela-
tionship of future MPL developments and PEFC performance charac-
terization. The values and results presented here will also provide
realistic input to PEFC modeling research and support the development
and understanding of advanced MPL designs—such as gradient porosity
and heterogeneous structures.
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