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Interfaces are crucial for the water management in polymer electrolyte membrane fuel cells (PEMFCs). The introduction of a
microporous layer (MPL) had a revolutionary effect on the water distribution by improving the interface between the catalyst layer
and the gas diffusion layer substrate (GDL-S). Hence, it is vital to maximize the improvement by further characterizing and
advancing the properties of the interfaces, in this case the MPL/GDL-S interface. This study aims at fabricating a GDL with an
MPL that intrudes into the GDL-S, analyzing the impact on the GDL-S structure and on PEMFC performance. Mercury intrusion
porosimetry (MIP) and ex situ X-ray tomography (XTM) show that the intrusion of the MPL into the hydrophobic GDL-S proceeds
via the preferential filling of the GDL-S macropores, thereby reducing their size and volume fraction in the GDL-S. While an
intruding MPL leads to a small performance increase under wet PEMFC operating conditions, this improvement could only be
achieved by a careful management between the extent of MPL intrusion and the partial macropore blocking in the GDL-S.
Furthermore, the impact of MPL intrusion on the liquid water saturation of the GDL was quantified by operando XTM. The results
provide design guidelines for improved GDLs.
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article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Light and heavy duty fuel cell electric vehicles (FCEVs) running
on hydrogen will be essential for the electrification of the transporta-
tion sector. It is projected that the global passenger car FCEV fleet
worldwide reaches a number of 15 million FCEVs in 2030.1 Taking
into account that the number as of 2021 was 35,000,2 the sales of
FCEVs need to grow exponentially. To pave the way, the develop-
ment of FCEVs is financially supported by many major governments
such as the US, China, Japan, and the European Union, while the use
of commercial combustion engines (ICEs) is progressively
banned.1,3 To commercialize light-duty or passenger FCEVs, not
only material improvements in terms of performance, durability, and
robustness need to be accomplished, but also severe cost reductions
are still necessary to be competitive.4 Battery electric vehicles for
this sector are already highly developed and are projected to replace
ICEs in this category to a high percentage.1,5 When regarding heavy-
duty transportation for long driving ranges, where FCEV vehicles
are expected to predominate over battery electric vehicles because of
their weight advantage,1,3 the characteristics in terms of efficiency
and durability need to be boosted to meet the target of 2.7 kW/gPGM
(PGM=platinum group metal) at 0.7 V after a 25,000 h-equivalent
accelerated stress test.6

To enhance the high current density performance of fuel cells
based on a polymer electrolyte membrane (PEM), the activity of the
catalyst itself and/or the mass transport to the catalyst need to be
improved. This study focuses on the latter approach via an
improvement of the mass transport through the gas diffusion layer
(GDL), which typically consists of a macroporous GDL substrate
(here referred to as GDL-S) coated with a microporous layer (MPL),
whereby the MPL faces the catalyst layer (CL). At the cathode side,
oxygen is transported through the GDL towards the CL, and product
water is drained towards the flow-fields. As the reactant and product
are diffusing through the same pores, water management is crucial
for high current density performance. Many studies have focused on
analyzing the liquid water formation and removal processes, and
many aspects are already understood. However, there is still a need
for better GDL materials to cover a wider range of operating

conditions (dry vs wet conditions). This work focuses on the analysis
of the GDL-S/MPL interface and demonstrates the importance of a
directed transport path for water removal, which can serve as a
guideline for designing GDLs with improved transport properties.

Interfaces play a special role in the localization of the accumula-
tion of liquid water. The addition of an MPL to improve the CL/
GDL interface had a revolutionary effect on PEM fuel cells. Weber
et al. compared it to a valve, which can push water through from the
electrode and towards the GDL.7 Later on, Gostick et al. demon-
strated that the MPL could lower the liquid water saturation in the
GDL. They postulated that the percolation in the MPL can help to
produce less dead-end water clusters and instead form more break-
through water clusters that facilitate direct water transport through
the GDL-S.8 In subsequent work, they could verify through a
computational study that the liquid water saturation at the CL/
GDL interface was significantly lowered by an MPL.9 The lower
liquid water saturation at the CL/GDL interface is often explained by
the saturation jump between the MPL and the GDL-S. Due to the
different pore sizes in the MPL and the GDL-S, the capillary
pressure is significantly different: the liquid water saturation can be
expected to be lower in the smaller pores of the MPL and higher in
the much larger pores of the GDL-S, with a sudden jump of the
liquid water saturation at their interface.10 The MPL saturation at
wet/flooded PEM fuel cell operating conditions is usually reported to
be below 10%,11,12 while the GDL-S saturation at such conditions is
on the order of 25%-50%.11,13–15 Given the large impact of the
insertion of an MPL in between the CL/GDL-S interface, a further
improvement of the CL/MPL and MPL/GDL-S interface is immi-
nent.

If the water formation at these interfaces is not controlled,
interfacial effects can lead to a flooding with liquid water and hence
increased mass transport resistances. Zenyuk et al. reported that an
uneven boundary between MPL and catalyst layer leads to large
interfacial gaps, which can serve as locations for liquid water
formation.16 When comparing a rougher to a smoother interface,
they observed a higher liquid water saturation for the rougher
interface, which would lead to enhanced mass transport losses.16

However, water formation in the fuel cell is not necessarily
detrimental. Localizing the flooding with liquid water to a specific
location, where it does not negatively affect mass transport, canzE-mail: anne.berger@tum.de
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mitigate the large transport losses from liquid water flooding. For the
MPL, localized water formation is realized by introducing
cracks17,18 or larger pores (by means of a pore former) in the
MPL.19,20 The structure of the MPL cannot only change the liquid
water saturation within the MPL but also significantly alter the
saturation of the GDL-S. Nagai et al. have analyzed a Toray GDL-S
with an MPL with and without pore former-induced pores (with a
diameter of ∼10 μm) and found a lower liquid water saturation in
the Toray substrate when coupled with the MPL with large pores.13

Another example stressing the importance of localized liquid water
formation was given by Csoklich et al.:21 they have shown that
through laser perforation of the GDL-S towards the flow field side,
they could provide channels to redirect liquid water formation from
under the rib of the flow-field towards the channel. They observed an
improved performance even at the same overall liquid water
saturation level when localizing the water clusters.

Consolidating all these individual studies, it is important to create
an understanding of how liquid water formation can be impacted and
steered to boost fuel cell performance. Adjusting the MPL/GDL-S
interface is one approach to mitigate and localize flooding. Wong
et al. have simulated the extent and localization of liquid water
formation in a PEM fuel cell when using an MPL that intrudes into
the GDL substrate (further on referred to as “intruded-GDL”).11

They have found that the thereby created introduction of small pores
into the macroporous GDL substrate decreases the gas diffusivity at
dry operating conditions, as the reduction of the GDL-S pore size
and porosity creates an obstacle for oxygen diffusion. However, at
wet operating conditions, the improved MPL/GDL-S interface
formed by an MPL intruding into the GDL-S was predicted to
lead to an increase in the oxygen diffusivity compared to a
configuration where the MPL does not intrude into the GDL-S
(further on referred to as “sheet-GDL”), showing a clear advantage.
For the intruded-GDL, the overall liquid water saturation decreased
and the location of the peak liquid water saturation was closer
towards the flow-field side of the GDL.

In this study, we aim to get a better understanding of the impact
of the MPL/GDL-S interface on the PEM fuel cell performance,
especially at operating conditions where a liquid water flooding of
the porous structures can be expected. We have prepared GDLs with
an MPL that intrudes into the macroporous GDL-S (intruded-GDL),
and are comparing them to the more typical configuration of an MPL
that is located quasi perfectly on top of the GDL substrate (sheet-
GDL). We characterize the intrusion of the MPL into the GDL-S by
means of cross-sectional scanning electron microscopy (SEM)
images, mercury intrusion porosimetry (MIP), and X-ray tomo-
graphic microscopy (XTM). The performance in a single-cell PEM
fuel cell is analyzed in detail for different operating conditions, and
the liquid water formation is tracked by operando XTM. Finally, we
can draw a conclusion about the water drainage in a fuel cell and
give a design guidance for GDLs with improved transport properties.

Experimental

MPL preparation.—Sheet-GDLs were prepared as shown
previously.19,22 The MPLs are based on the acetylene black Li400
(Denka; spec. surface area of 39 m2 g−1 and average primary particle
size of ∼48 nm). For binding and hydrophobization, a PTFE
dispersion was used (TF 5135GZ, 58 wt% PTFE from 3M
Dyneon), targeting a final PTFE content of 20 wt% in the MPL.
The slurry was prepared by mixing the carbon black with deionized
water (Milli-Q, 18 MΩ cm), Triton X-100 (Sigma Aldrich), and
methyl cellulose (Sigma Aldrich) in an ARV-310 planetary mixer
(Thinky), whereby the PTFE dispersion was added in a subsequent
mixing step. For further details about the slurry preparation see
Simon et al.19

The slurry was coated on either a Freudenberg H14 or an H23
substrate (both hydrophobically treated by the manufacturer), using
a doctor blade and a stencil to yield a wet film thickness of 100 μm.
The sheet-GDLs were dried immediately in an 80 °C oven for

30 min. To prepare intruded-GDLs, a GDL substrate coated with the
MPL slurry was directly subjected to further treatment. The GDL-S
with the wet MPL coating was first sandwiched between two
Kapton® sheets, which were then sandwiched between two Gylon®

sheets (Garlock, USA), and finally placed between two stainless
steel metal plates. This assembly was subsequently placed in a hot-
press device (Dr. Collin GmbH, Germany), where it was subjected to
a pressure of 0.7 MPa at a temperature of 40 °C for 5 min. The thus
prepared intruded-GDL was also dried at 80 °C for 30 min. In a final
preparation step, the coated GDLs were subjected to a multi-step
heat treatment procedure under air, with a maximum temperature of
380 °C, as described by Simon et al.19 This treatment removes the
slurry additives (methyl cellulose and Triton X-100) and sinters the
PTFE.

Scanning electron microscopy.—Sample preparation for
Scanning Electron Microscopy (SEM) was performed using an IB-
19520CCP cross-section polisher (JEOL, Japan). The samples were
ion-milled at an accelerating voltage of 6 kV for 5.5 h at a
temperature of −40 °C using an argon source. SEM images were
taken on a JSM-IT200 InTouchScope™ (JEOL, Japan) using an
acceleration voltage of 10 kV.

Mercury intrusion porosimetry.—Mercury intrusion porosi-
metry (MIP) measurements were performed with an Autopore
Instrument (9600, Micromeritics Instrument Corporation, USA)
using a penetrometer (sample holder) with a 3 ml bulb and
0.096 ml stem volume. To reduce the influence of the hydrostatic
pressure of Mercury in the low-pressure region, the pressure range of
5–40 psi was measured in a horizontal penetrometer position, while
the pressure range from 40–61,000 psi was obtained in a vertical
penetrometer position. The lower pressure limit of 5 psi was
constrained by the filling procedure of the customized penetrometer.
The pressure steps were chosen to achieve an even spacing on a
logarithmic scale, with 25 points per decade in a given pressure
range. The pressure at each pressure step was held constant until the
intrusion rate was below 0.001 Lg s .1 1μ − − To convert the pressure p
to a pore diameter d ,pore the Washburn equation was applied:

d
p

4 cos
1pore

Hgγ θ
= −

⋅ ⋅
[ ]

with the surface tension of Mercury Hgγ (0.480 N m−1) and the
contact angle θ (140°). The stem volume usage was always between
36%–80% for all measurements. Samples were added in a way that
there was no stacking of the GDL layers.

Usually, the cumulative intrusion volume vpore is given in units of
ml g−1. In this work, however, the data is given as an areal cumulative
intrusion volume vpore
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The porosity ε of the sample can be calculated using the cumulative
pore volume vpore and the skeletal density :skeletalρ
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where vtot represents the total sample volume per sample mass.
In addition to the total porosity ,ε we would like to introduce the

macropore-porosity ,macroporeε which is a function of the pore volume
of the macropores vmacropore (excluding the micropores from any
carbon black additive):
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These two porosities (ε and macroporeε ) were only evaluated for the
two GDL substrates (H14 and H23). The pore volume of the
macropores vmacropore was evaluated for pores larger than 5 μm; the
reason for selecting this value is given in the mercury intrusion
porosimetry section.

Ex situ X-ray tomographic microscopy (XTM) image acquisi-
tion.—All tomographic data were obtained by a computed tomo-
graphy (CT) scanner (Phoenix nanotom m; General Electric,
Germany) with a Phoenix|X-ray micro-focus tube. The X-ray
tube acceleration voltage was 80 kV and the current 280 μA. Flat
field correction was done prior to each tomographic scan. The
distance between the sample and the X-ray focal point was
16.2 mm, and the distance between the detector and the X-ray
focal point was 450 mm, giving a magnification of 27.8 and voxel
edge length of 3.6 μm. During the scan, the sample holder and
samples were completely in the field of view (FoV) of the detector
at all sample rotation angles in order to avoid local tomography;
this is an essential step to allow images across different scans to be
comparable to one another. For tomographic image acquisition,
every three projections (of the same rotation angle) were averaged
to produce one radiographic image for later reconstruction, while
the subsequent fourth projection was skipped to prevent movement
artifacts during image recording. The X-ray exposure time for each
projection was 1.5 s. A total of 2400 images were used for
tomographic reconstruction. This experimental procedure resulted
in an overall scan time of 4 h.

MPL segmentation in the XTM analysis.—The 32-bit tomo-
graphic image stacks of GDLs were first rotated in ImageJ using the
“Transform” function (interpolation: bilinear) in order to align the
surface of the MPL to the in-plane direction. The image stacks were
then transformed to 8-bit and subsequently filtered with the edge-
preserving “Bilateral Filter” provided in ImageJ with a spatial radius
of 3 pixels and a range radius of 30 intensity values (in this case,
grayscale values of the 8-bit images) to reduce image noise while
separating the fiber, MPL, and void phases. For both GDLs, image
segmentation by manual selection of sets of threshold values was
performed. A set of threshold values consists of a lower boundary
value and an upper boundary value. Upon thresholding, all pixels (or
voxels) that have values within this range were assigned with the
grayscale value 255, while all pixels (or voxels) with a value outside
of this range were assigned the grayscale value 0. This procedure
resulted in a binary image. One or two sets of threshold values were
used to capture the MPL phase at different through-plane distances
across the whole GDL thickness, because the grayscale values that
represent the MPL phase change in the through-plane direction and
one constant set of threshold values was not enough to capture the
MPL phase throughout the GDL. The segmented images contained
artifacts from GDL fibrous structure: they were cleared by per-
forming the ImageJ “Erode” function once, followed by applying the
ImageJ macro “MATLAB 3D Clearing” with a limit of 1000 voxels
and with a connectivity of 6. Additionally, the two surfaces of the
GDL are prone to edge enhancement artifacts, thus the MPL phase
here was manually selected based on the bilateral filtered grayscale
GDL image using ImageJ “Wand Tool” with tolerance levels of 4–7
and the mode setting “legacy.”

Based on different threshold values for the MPL phase, the MPL
segmentation results differ and three possible segmentation results
are shown for the intruded-GDL in Fig. 1, labeled as “high
threshold,” “calibrated,” and “low threshold.” Details on the

threshold values and the clearing processes are given in the
appendix. The high threshold segmentation (red line) overestimates
the MPL phase in the GDL substrate, which is confirmed by image
inspection, showing that the void phase in the GDL (at a through-
plane distance of ca. 110–220 μm) is often regarded as the MPL
phase. However, it is challenging to judge the representativeness of
lower threshold values only by inspection of the XTM images, as the
GDL-S pores (void phase) do not have a constant gray scale value.
Therefore, the averaged MPL intrusion depth of 27 μm obtained
from the thickness measurement (TM) (see Table I) is used for
calibration of the H23 substrate segmentation. The segmentation that
gives the closest average intrusion depth estimation without sig-
nificant overestimation of the MPL phase (the green curve in Fig. 1;
the quality of segmentation is discussed below) is considered
reasonable. All XTM analyses of the intruded-GDL are conse-
quently based on this “calibrated” segmentation result.

The quality of the MPL segmentation based on the “calibrated”
approach is exemplified in Fig. 2. Comparing the in-plane GDL
grayscale images of Figs. 2a–2c with the segmented MPL phase in
green color of Figs. 2g–2i, respectively, it is judged that the MPL
phase in Figs. 2a-2c is well captured by the MPL segmentation
shown in Figs. 2g–2i. Hence, we believe that the segmentation
quality is reasonable. However, the MPL phase is slightly under-
estimated, especially at the MPL/GDL-S interface, as seen in
Fig. 2h. It is both the result of the erosion process (i.e., removing
the boundary pixels of the segmented MPL phase, an essential
process to remove image artifacts from noise) and the limited voxel
resolution. These two reasons combined cause blurring at the
boundaries of the GDL-S fibers and the MPL, leading to segmenta-
tion limitations. Such error cannot be further reduced by image
erosion or dilation (i.e., adding an additional layer of pixels to the
object boundary), because of the limited image resolution (voxel
edge length = 3.6 μm).

MPL thickness heterogeneity.—The MPL phase determined by
the “calibrated” segmentation is an 8-bit three-dimensional image
stack (MPL image), where the grayscale value (GSV) of voxels of
the MPL phase is 255, while the GSV of the other voxels are zero
(binary image). Using imageJ process “Divide” (image division by a

Figure 1. MPL area percentage profiles along the through-plane distance
from the top of the MPL to the bottom of the GDL-S for the sheet-GDL and
for the intruded-GDL based on the H23 GDL-S. For the intruded-GDL, the
MPL area ratio is shown for three segmentation threshold values (high,
calibrated, low). The calibrated curve uses thresholds to achieve the same
average intrusion depth of the MPL into the GDL-S that was determined by a
macroscopic approach based on thickness measurements (as will be
explained below).
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constant scalar number) by a value of 255, the MPL phase is
assigned the number 1. Subsequently, using ImageJ function “Z-
Project” with projection type “Sum Slices” on the MPL image, the
projection of MPL phase in the through-plane direction (z-direction)
is obtained. Since the voxel edge length is 3.6 μm, the projection
image is multiplied by a value of 3.6 using ImageJ process
“Multiply” (image multiplication by a constant scalar). The obtained
image is the “thickness map” of the MPL. Coloring of the thickness
maps of the MPL is done by applying ImageJ LUT (Physics) onto
the thickness map and set the display range (in ImageJ “Brightness
and Contrast”) to be between 0 and 80 μm. A calibration bar is
added using ImageJ tool “Calibration Bar.” The thickness hetero-
geneity is defined to be the standard deviation of the MPL thickness
map (unit: μm). This parameter is thus subject to the voxel size of
the CT scan and can only be compared across different MPL images
when the voxel size is the same (i.e. 3.6 μm).

XTM based GDL substrate pore size distribution.—The influ-
ence of MPL intrusion on the GDL-S pore size distribution (PSD) is
analyzed by a careful inspection of the intruded-GDL. The intruded-
GDL is segmented by thresholding, which separates the MPL and
fiber phases. After the segmentation, the MPL phase can be either
removed from the reconstruction or can be regarded as a solid phase.
The PSD of both configurations is obtained using the ImageJ
function “Local Thickness.”

XTM based GDL porosity profiles.—The through-plane porosity
profiles of the GDLs are based on the volume ratio of the MPL phase
and the void phase at each through-plane position in the GDLs. The
porosity of the MPL phase is assumed to have a constant value of
68%, using the MIP-derived value reported by Simon et al. for
analogously prepared Li400 carbon based free-standing MPLs.19

Therefore, the GDL porosity is:

0.68 5XTM MPLε ε ϕ= + ( ⋅ ) [ ]

using the void volume fraction XTMε and the MPL volume ratio MPLϕ
as measured by XTM. The porosity profiles are necessary to derive
the saturation profiles of liquid water for the operando XTM PEM
fuel cell measurements.

5 cm2 single-cell PEMFC measurement setup and analysis
procedures.—Differential-flow single-cell PEMFC measurements
were conducted using an in-house-designed hardware with alu-
minum endplates (adapted from the hardware design of Fuel Cell
Technologies, USA) in combination with customized graphite flow
fields (Poco Graphite, USA). The flow-field design is based on 7
channels (0.5 μm wide, 0.8 μm deep), which are arranged in one
serpentine adding up to an active area of 5 cm2 in a square
configuration (land width = 0.5 μm). Details about the flow-field
design are given in Ref. 23. All cells were assembled using a
commercial catalyst coated membrane (CCM) from Gore (Primea

Figure 2. MPL segmentation based on the “calibrated” threshold values (see Fig. 1) for the H23-based intruded-GDL: (a)–(c) tomographic images of the MPL,
MPL/GDL-S interface and of the GDL-S, respectively; (d)–(f) MPL segmentation (binary images) at each layer; (g)–(i) superposition of the tomographic image
and MPL segmentation, whereby the MPL segmentation is colored green for better visualization. The segmentation quality can be inspected by comparing the
tomographic images of (a)–(c) with (g)–(i).
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Mesga W. L. Gore & Associates A510.1/M715.18/C580.4 equipped
with a sub-gasket) with cathode and anode loadings of 0.4 mgPt/cm

2

and 0.1 mgPt/cm
2, respectively. A commercial Freudenberg H14C10

GDL was used as the anode GDL. The cell compression was realized
using a hard-stop sealing by applying a gasket of the appropriate
thickness (Fiberflon GmbH & Co. KG). The cell compression, which
varied between 13%–15%, was chosen to lead to a contact pressure
of 1.4–1.6 MPa, which was confirmed using a pressure sensitive film
(Prescale LLW, FUJIFILM).

The single-cells were operated using an automated fuel cell test
station (G60, Greenlight Innovation, Canada) equipped with an
additional potentiostat (Reference 3000, Gamry, USA) for electro-
chemical impedance spectroscopy (EIS) measurement. As a CCM
break-in procedure, the cell was operated at H2/air flows of 1390/
3320 nccm at 80 °C, 100% relative humidity (RH), and 150 kPaabs,
while being subjected to 10 cycles of the following 3 voltage-hold
steps: 45 min at 0.6 V, 5 min at open circuit voltage (OCV), and
10 min at 0.85 V. After the break-in procedure and after a set of two
H2/air polarization curves and two sets of limiting current measure-
ments, a recovery step was implemented, consisting of a 2 h long
voltage-hold at 0.3 V at 40 °C, 100% RH, and 170 kPaabs under
H2/air flows of 2000/5000 nccm.

Differential-flow H2/air (2000/5000 nccm) polarization curves
were recorded in potentiostatic mode from 0.9 V to 0.05 V using
0.05 V steps, with the OCV point being recorded last. The voltage
was held for 5 min to ensure stabilization, and the data from the last
30 sec of each voltage step was averaged. Afterwards, an EIS
measurement was performed in “hybrid mode” with a voltage
perturbation of 10 mV in a frequency range from 100 kHz to
10 Hz. The high frequency resistance (HFR) was determined from
the x-axis intercept in the Nyquist plot.

Limiting current measurements were performed by diluting
oxygen in nitrogen at the cathode side to achieve O2 concentrations
of 0.5%, 1%, 2%, 4%, 8%, 12%, 16%, 21%, 24%, and 28%,
similarly to what was done by Baker et al.24 and Simon et al.,23

using a total flow rate of 5000 nccm. Pure H2 (2000 nccm) was used
at the anode side. To scan the mass transport limited current regime,
the voltage was set to 0.3 V, 0.15 V, 0.1 V, and 0.05 V and held for
2 min at each voltage step before averaging the last 15 s for each
data point. To convert the limiting current data into an oxygen
transport resistance R ,T,O2 the following equation based on Fick’s
law and Faraday’s law was used:

R
x

i

p p

T

4 F

R
6T,O

O ,dry

lim

abs H O

cell
2

2 2=
⋅ ⋅

⋅
−
⋅

[ ]

with the Faraday constant F, the dry oxygen mole fraction x ,O ,dry2 the
limiting current i ,lim the absolute pressure p ,abs the water partial
pressure p ,H O2 the gas constant R, and the cell temperature T .cell

Operando XTM fuel cell measurements.—The operando fuel
cell imaging was carried out in the same laboratory CT scanner that
was used for the dry GDL characterization (Phoenix nanotom m;
General Electric, Germany). An in-house made humidifier25 was
placed within the CT scanner and connected to the H2/air supply,
with the gases being humidified by passing each reactant through
Nafion® tubing immersed in water at a controlled temperature. The
operando XTM fuel cell with an active area of 0.16 cm2 was
operated under differential-flow conditions (300 nccm H2 and air); it
is based on a two-channel flow-field design with a channel and land
width of 0.8 mm (for details see Hong et al.26). The operando XTM
fuel cell was operated at 49 °C, atmospheric pressure, and reactant
inlet dew points of 47.5 °C (corresponding to 93% RH).

Prior to imaging at the specified conditions, the cells were
conditioned at room temperature (ca. 26 °C) with H2/air humidified
at a dew point of 26–32 °C with the following sequence that was
repeated for 10 times: constant 0.6 V for 45 min, 0.95 V for 10 min
(no current), and 0.85 V for 5 min. To complete the conditioning

procedure, multiple polarization curves were carried out until steady-
state performance was achieved. For the operando X-ray tomo-
graphic imaging, the fuel cells were operated at 0.5 A cm−2 for at
least 30 min prior to the start of X-ray tomographic imaging,
assuring to have reached steady-state.

For the XTM measurements, the X-ray tube voltage was 80 kV
and the current was 300 μa. Flat field correction was done prior to
image acquisition and local tomography was avoided. The distance
between sample and the X-ray focal point was 12 mm while the
distance between the detector and the X-ray focal point was 400 mm,
giving a magnification of 33.3 and a voxel edge length of 3.0 μm. At
each rotation angle, one projection was taken and the subsequent
projection was skipped to prevent motion artifacts. The exposure
time for each projection was 0.5 s and a total of 2200 projections
were scanned for later image reconstruction, resulting in a total
acquisition time of ∼37 min per scan.

The cell performance after all tomographic scans (cumulative
X-ray exposure time of ∼290 min) was assessed using the cell with
the intruded-GDL, comparing the H2/air polarization curves before
and after the XTM measurements in order to judge possible radiation
damage. As shown in the appendix, the performance degradation
was judged to be minor with this radiation dose. Since the radiation
damage is expected to primarily influence the CCM performance,
the radiation damage for the sheet-GDL cell was assumed to also be
minor, as the cells with the sheet-GDL and the intruded-GDL used
the same CCMs and underwent the same dose and operation
conditions. Hence, the XTM results are believed to be representative
of the operando conditions during PEMFC operation.

Quantification of the liquid water volume fraction and satura-
tion operando XTM.—Despite using a polychromatic X-ray source
for tomographic image acquisition, the liquid volume fraction (LVF)
of water in the MPL and GDL can still be quantitatively derived
using an empirical calibration curve.27 It was established that there is
a linear relationship between the grayscale values and the linear
attenuation coefficients of the phases constituting a GDL (viz.,
carbon, PTFE, and air in the voids) and water, using the acquisition
parameters presented for the nanotom m CT scanner. Therefore, the
LVF derivation is based on image subtraction. First, operando
PEMFC images (wet images) and dry state PEMFC images (dry
images) were obtained. The wet images were then aligned to the
corresponding dry images using 3Dslicer3 with the “rigid” registra-
tion function, where no image deformation occurred during the
alignment. However, to account for local membrane swelling during
operation, which distorts local structures, an additional “affine”
registration function step was applied. Dry images were then
subtracted from the aligned wet images. The result is referred to
as the difference image and gives the LVF distribution of water in
the GDL (i.e., in the MPL and the GDL-S), since the only difference
in the operando images and the dry images is the presence of liquid
water. When the difference images are normalized by the average
grayscale value (GSV) of the pure water phase, the resultant images
provide the water volume fraction in each voxel. To reduce image
noise and to visualize the LVF, a mean filter with a radius of 5 pixels
and ImageJ “LUT” (Physics) were applied to the normalized
difference images, rendering the “LVF maps.” The LVF profiles
are directly measured from the LVF maps.

With the porosity profile of the GDL obtained by using Eq. 5 at
each through-plane distance for the phase segmented GDL, the
saturation profile is obtained by dividing the liquid volume fraction
(LVF) profile of water at each through-plane position by the GDL
(both MPL and GDL-S) porosity at that position.

Results

In this work, sheet- and intruded-GDLs are prepared on two GDL
substrates of ∼140 μm (H14) and ∼200 μm (H23) thickness
(determined using a Mitutoyo thickness gauge). The first part of
this section identifies the structure of the intruded-GDL based on the
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H14 substrate using scanning electron microscopy (SEM) and
mercury intrusion porosimetry (MIP) and evaluates the effect on
the fuel cell performance. After having established the limitations
and benefits of the intruded-GDL on the thin substrate, the intruded-
GDL based on the thicker H23 substrate is analyzed using the above
mentioned methods (SEM, MIP, fuel cell performance) with the
addition of X-ray tomographic microscopy (XTM) in order to further
investigate the spatial distribution of the intruding MPL within the
GDL substrates. In a final step, the impact on water saturation is
demonstrated using the H23 substrate. Based on these results, a
possible water transport mechanism in the GDLs owing to MPL
intrusion is proposed.

MPL intrusion for sheet- and intruded-GDLs (H14 GDL-S
based) by SEM.—Since a water-based slurry is used for the
preparation of the MPL, the hydrophobic treatment of the GDL
substrate prevents a penetration of the MPL coating slurry into the
GDL substrate structure. Therefore, the intrusion of the MPL slurry
required for the preparation of an intruded-GDL is only possible by
applying a mechanical force directly after the coating process (see
Experimental section). This observation is consistent with experi-
ments conducted with Toray GDL substrates with and without PTFE
treatment, where the PTFE treatment significantly decrease the
intrusion depth of a model fluid.28 Bock et al. have achieved MPL
intrusion by mechanical force via a different approach, where they
used a stencil to press the slurry into the GDL-S.29 However, their
method pressed all MPL slurry into the substrate without leaving an
MPL layer on top. Our here described method to prepare an
intruded-GDL by one coating step creates a partially intruded
MPL (characterized by an intrusion zone) and an additional
remaining MPL layer on top of the GDL substrate. In this case,
the partial intrusion of the MPL leads to a ∼14 μm lower thickness
of the intruded-GDL (i.e., of the thickness of the MPL-coated GDL-
S) when compared to a sheet-GDL (with the MPL sitting on top of
the GDL-S) at identical MPL coating mass, demonstrating that a
significant portion of the MPL had intruded into the GDL substrate.

The structure of the here prepared sheet- and intruded-GDL
samples as well as the degree of MPL intrusion is first inspected by
scanning electron microscopy (SEM). Figure 3 shows SEM images of
the cross-sections of the sheet-GDL (Fig. 3a/c) and of the intruded-
GDL (Fig. 3b/d). It can be observed that for the sheet-GDL the MPL
is indeed located largely on top of the GDL-S (Fig. 3a), mostly
apparent from the zoomed-in view in Fig. 3c that allows to distinguish
between the Li400 based MPL and the carbon black material that was
imbibed as part of the fabrication process of the GDL substrate:30,31

while the Li400 based MPL shows pores that are beginning to be
resolvable at this image magnification, the carbon black used by
Freudenberg for the manufacturing of the GDL-S is represented as a
smooth area in the picture, with pore sizes smaller than the image
resolution. During the MIP analysis later in this study, the pore sizes
of the different carbon black materials can be clearly distinguished.
Based on this difference in pore size, the interface between the GDL-S
and the Li400 based MPL is indicated by the red line in Fig. 3b (as
well as in Fig. 3d for the intruded-GDL).

The intruded MPL has a thinner non-intruded MPL on top of the
GDL-S, as MPL material penetrates into the GDL substrate (see
Fig. 3b/d), so that the overall intruded-GDL is thinner than the sheet-
MPL by a macroscopically measured thickness difference lΔ (marked
in Fig. 3f and determined with a Mitutoyo thickness gauge). It is also
visible from Fig. 3b/d that the intrusion is not uniform but somewhat
inhomogenous, mostly intruding into the larger pores of the GDL-S,
which can be rationalized by the preferential intrusion of the aqueous
MPL slurry into the larger pores of the hydrophobized GDL substrate.
This hypothesis will be analyzed and validated by the following ex
situ MIP and XTM analyses. Determining an average MPL intrusion
thickness from SEM images is unfortunately not possible, as it is only
possible to image a small and not sufficiently representative fraction
of the MPL/GDL-S interfacial region.

Figures 3e and 3f show sketches to visualize the relevant
dimensions that will be used in the following to quantify the average
MPL intrusion depth. Figure 3e shows a sketch of a sheet-GDL,
depicting a GDL-S with a thickness L and an MPL with a thickness
l. The sketch in Fig. 3f shows an intruded-GDL, depicting an average
intrusion depth li referenced to the rough surface of the GDL-S. The
difference in overall thickness (GDL-S + MPL) between the sheet-
GDL and the intruded-GDL is defined as l.Δ As will be outlined
below, the average intrusion depth li can be determined either from
MIP measurements (in this case denoted as li,MIP) or by using a

Figure 3. SEM cross-sectional images of the sheet-GDL (a), (c) and of the
intruded-GDL (b),(d) based on the H14 GDL-S: while for the sheet-GDL the
MPL is essentially sitting on top of the GDL-S, the intruded-GDL shows
clear signs of an inhomogeneous intrusion of the MPL into the GDL-S. The
red line indicates the interface between the MPL and the GDL-S. Panels e
and f show a sketch of the sheet- and of the intruded-GDL, respectively,
marking the following geometrical parameters: (i) the thickness L of the
GDL substrate; ii) the thickness l of the MPL of the sheet-GDL; (iii) the
absolute thickness difference lΔ between the sheet-GDL and the intruded-
GDL, caused by the partial intrusion of the MPL into the GDL-S in the latter
case; and, iv) the intrusion depth l ,i which is defined as the thickness of the
MPL intrusion zone in the GDL-S, referenced to the rough GDL-S surface
and simplified as if it were a homogeneous intrusion. As described in the
text, li can be determined via MIP (in this case denoted as l ;i,MIP see Eq. 8) or
via a macroscopic thickness measurement (TM) approach, determining the
thickness difference lΔ between the sheet- and the intruded-GDL (denoted as
l ;i,TM see Eq. 11).
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macroscopic thickness measurement (TM) based approach, by which
lΔ is converted into an average intrusion depth (denoted as li,TM).

MPL intrusion for sheet- and intruded-GDLs (H14 GDL-S
based) by MIP.—A reasonable method to estimate the average MPL
intrusion depth is mercury intrusion porosimetry (MIP), which allows
to quantify the fraction of the GDL-S pores which are filled by MPL
material. Figure 4 shows the results of the MPL analysis for the H14
GDL-S as well as of the H14-based sheet- and intruded-GDLs. For
this quantitative analysis to deliver meaningful results, two criteria
need to be met: First, the pore sizes of the macropores belonging to
the GDL-S need to be clearly separated from the pore sizes of the
MPL structure (as discussed below, this is closely satisfied). Second,
the area of the sampled GDL needs to be clearly defined to be able to
extract the intrusion volume per GDL area. If the GDL area would not
be defined for the MIP measurement, the mass ratio of MPL to GDL-
S would need to be known as well as the areal weight of the GDL-S.
Therefore, in contrast to the usual representation of the cumulative
intrusion in units of μl/g, Fig. 4a displays the cumulative mercury
intrusion in units of μl/cm .GDL

2 Correspondingly, Fig. 4b shows the
representation of the log differential intrusion in μl/cm .GDL

2

The cumulative Mercury intrusion curve of the H14 GDL-S
(blue) shows a strong increase in the cumulative intrusion volume
with increasing Mercury pressure between the largest measured pore

of 43 μm and ∼5 μm, followed by a smaller increase between ∼200
and ∼60 nm (Fig. 4a). These observations are reflected in the log
differential intrusion plot (Fig. 4b), showing a large macropore
volume with a peak at ∼25 μm and a smaller micropore volume with
a peak at ∼80 nm (note that the area under the plot in Fig. 4b is
directly proportional to the pore volume). Here, the macropores
represent the pores of the fibrous network of the H14 GDL-S, while
the micropores represent the pores formed by the carbon black filler
in the Freudenberg GDL substrate, which is added during the
impregnation in the manufacturing process.30,31 These two regions
are clearly separated, with a minimum in the pore size distribution at
∼5 μm (see left end of macropore peak in Fig. 4b), which is marked
by the vertical black line in Fig. 4. Based on this separation, we
define that all pores above 5 μm are part of the macroporous network
of the H14 GDL-S, making up the macropore volume
vmacropore, GDL S* − in the H14 GDL-S. As commented above, this clear
separation between the macropore and the micropore regions of the
H14 GDL-S will later on allow to determine the MPL intrusion
depth of the intruded-MPL.

The cumulative mercury intrusion curve of the sheet-GDL (black)
in the macropore region of the H14 GDL-S (i.e., for pores ⩾5 μm) is
very similar to that of the H14 GDL-S without MPL. From SEM
images (Fig. 3a/c), one can deduce that the MPL of the sheet-GDL
intrudes into the surface roughness of the GDL-S. While surface
roughness can, in principle, be detected at the respective pore diameter
of the surface features, the MIP measurements shown in Fig. 4 could
only be started at a mercury pressure corresponding to a pore diameter
of 43 μm (acc. to Eq. 1), which does not capture the surface roughness
features and thus only represents a bulk property. Clearly, however,
the cumulative intrusion curve for the sheet-GDL is left-shifted to
slightly smaller pores compared to the GDL-S without MPL, which
can be attributed to the loss of some of the largest pores formed
through the reduction of surface roughness at the MPL/GDL-S
interface. At the same time, it can be seen that the difference in the
overall macropore volume for pores of ⩾5 μm (determined to be the
macropore range for the H14 GDL-S) of the sheet-GDL and the H14
GDL-S is essentially identical (see intersection of the black and blue
lines with the vertical black line in Fig. 4a, so that the MPL intrusion
depth li of the sheet-GDL is negligible (as sketched in Fig. 3e).

On the contrary, the cumulative mercury intrusion curve of the
intruded-GDL (orange) in the macropore region of the H14 GDL-S
(⩾5 μm) differs significantly from that of the H14 GDL-S curve: the
cumulative intrusion curve of the intruded-GDL is strongly left-
shifted to smaller pores and the overall pore volume at ⩾5 μm is
reduced. The loss in pore volume in the GDL-S macropore regime
and the substantial loss of larger pores becomes especially apparent
in Fig. 4b, where the area under the curve is proportional to the pore
volume. These MIP results confirm our initial hypothesis that the
MPL material in the intruded-GDL predominantly fills into the
larger pores, consistent with the inhomogeneous intrusion observed
in the SEM images (Fig. 3b/d). The extent of macropore filling of the
GDL-S by the intrusion of the MPL can be determined from the data
in Fig. 4a from the difference of the macropore volume at ⩾5 μm
between the H14 GDL-S and the intruded-GDL, marked as

vmacroporeΔ ⁎ in the figure.
A comparison of the microporous region in Fig. 4b, reflecting the

pore size region of the MPL and the carbon black filler, the pore size
distribution of the sheet- and the intruded-GDL overlay reasonably
well. It only appears that a small fraction of the larger pores
(∼200 nm–1 μm) is missing for the intruded-GDL, which we ascribe
to the plastic deformation upon compression of the MPL coating
during the preparation of the intruded-GDL (at 0.7 MPa; see
Experimental section). When estimating the reduction of MPL
porosity upon compression, we can regard the differences in the
area under the curve in the micropore region in Fig. 4b, which is
proportional to the pore volume: the differences in the area under the
curves between the sheet- and the intruded-GDL is less than 3%, so
that the difference in MPL properties such as porosity and

Figure 4. Mercury intrusion porosimetry results for the H14 GDL-S (blue)
as well as for the H14-based sheet-GDL (black) and intruded-GDL (orange),
whereby the intrusion of Mercury is given in units of μl/cm .GDL

2 (a)
Cumulative intrusion volume referenced to the GDL area: the missing
macropore volume vmacroporeΔ ⁎ in the intruded-GDL compared to the GDL-S
represents the MPL intrusion depth of the intruded-MPL. (b) Log differential
intrusion: the vertical black line at 5 μm pore size diameter marks the
approximate distinction between the pore size region of the macropores in
the GDL-S and the micropores in both the MPL and the original carbon black
filler of the GDL-S. The error bars represent the standard deviation of two
independent measurements.
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interconnectivity of the pore network are believed to be equally
minor.

In the following, the MIP result in Fig. 4 will be used to
estimate the MPL intrusion depth li of the intruded-GDL. For this
analysis, the porosity of the H14 GDL-S has to be evaluated first.
The overall gravimetric intrusion for the H14 GDL-S is 0.87 ±
0.02 ml g−1 (determined from the MIP data underlying Fig. 4a).
Using a skeletal density of 1.772 g cm−3 for a Freudenberg
substrate with a similar PTFE content (H2315 T10A)32 and
Eq. 3, the overall porosity is determined to be 61%. When
disregarding the smaller pores and only using the gravimetric
intrusion of the macropores larger than 5 μm of 0.68 ± 0.01 ml g−1,
the macropore-porosity is only 55% (acc. to Eq. 4). The overall
porosity of 61% is slightly below the range of 68%-80%, which is
reported in the literature32–35 for Freudenberg substrates (the exact
type might differ). In the following, we would like to discuss why
we might be underestimating the porosity in our MIP measure-
ments compared to literature findings. The upper pore size limit
that could be accessed in our MIP data was constrained by the
filling protocol of our special penetrometer to 43 μm (at the same
time, it was the only choice to obtain sufficiently accurate MIP data
without stacking of GDLs, which we found to introduce artefacts).
The right-hand-side data in the log differential intrusion plot
(Fig. 4b), however, demonstrate that the starting point for pore
filling would be at a pore diameter of slightly above 43 μm. When
using a different penetrometer for the MIP measurement, which
offers a broader pore size range of 10 nm–400 μm at the cost of a
lower measurement accuracy, a porosity of 67% was obtained (data
not shown). We believe that the difference can be mostly attributed
to the GDL-S surface roughness, which is included in the larger
pore size range. The porosity difference of 6% between the bulk
property and the overall porosity that includes surface roughness is
consistent with the data by Fishman et al., who analyzed the
through-plane porosity profile of different GDL substrates and
found that the surface roughness induced porosity changes the
overall porosity by a difference of 7%εΔ = compared to the core
porosity.34

We would also like to briefly mention a possible source of error
that we noted during our experiments, which could lead to an
overestimation of the porosity determined by MIP measurements. In
the present study, the GDL samples were intentionally measured in a
self-standing manner, i.e., without stacking them in the penetrom-
eter. When stacking the GDL samples, we noted that the gaps
between the samples create an additional pore space, which results in
larger apparent pore diameters and a higher apparent porosity. In our
experience, the stacking of two GDL-S sheets (= 1 interfacial area)
leads to an error of + 3% in porosity. If there are more sheets
stacked, the error is likely to increase.

In summary, we would like to state that our porosity values
represent the core porosity of the GDL substrate and are therefore
slightly lower than the values reported in the literature. Because our
MIP measurements do not account for surface roughness, our
reported average MPL intrusion depth value is referenced to the
uneven interface of the GDL-S and the MPL, which is depicted by
the red lines in Fig. 3e/f.

After having analyzed the H14 GDL-S porosity, the missing
pores in the intruded-GDL can be evaluated by subtracting the areal
cumulative intrusion of the intruded-GDL (vmacropore,intr. GDL−

⁎ ) from
the areal cumulative intrusion of the GDL-S (vmacropore,GDL S−

⁎ ) at a
pore size of 5 μm (vertical line in Fig. 4) that represents the
macropore volume of the H14 GDL-S (see above):
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The macropore difference vmacroporeΔ * is marked in Fig. 4a and
represents the areal pore volume that is filled with intruding MPL

material. When evaluating the data shown in Fig. 4a, vmacroporeΔ *
equals 1.15 μl cm−2. Using the macropore volume fraction of the
H14 GDL-S of 55%macroporeε = (see above), vmacroporeΔ * can be
converted to an MIP-based MPL intrusion depth (li,MIP) via:

l
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⁎

Thus, the average MPL intrusion depth into the H14 GDL-S based
on the here outlined MIP data analysis is li,MIP = 21 μm.
Furthermore, the effect of the MPL intrusion on the overall porosity
of the H14 GDL-S, here referred to as P ,allΔ can be described by the
ratio of vmacroporeΔ ⁎ to the overall pore volume vpore

⁎ of the H14 GDL-S
(marked in Fig. 4a):
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Pall,MIPΔ represents the overall reduction of pore volume, which is
an important descriptor regarding the impact of MPL intrusion on
the oxygen transport resistance. To quantify the impact of MPL
intrusion on the macropore volume fraction in the H14 GDL-S,

vmacroporeΔ ⁎ can be compared to the macropore volume vmacropore
⁎ for

pores ⩾5 μm of the H14 GDL-S:
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Compared to the entire pore volume vpore GDL S−
⁎ of 6.62 μl cm−12, the

effect of MPL intrusion leads to an overall loss of porosity of the
GDL-S of Pall,MIPΔ ≈ 17%. If only the GDL-S macropore volume
vmacro pore,GDL S* − − of 5.16 μl cm−12 is considered, the loss of macro-
pore porosity in the GDL-S would amount to P 22%.macropore,MIPΔ ≈

MPL intrusion for sheet- and intruded-GDLs (H14 GDL-S
Based) via thickness measurements.—To verify the conclusions
from the MIP measurement, we additionally took a more macroscopic
approach, where the overall intrusion degree can be estimated by
examining the average thickness measurement (TM) of the sheet- and
the intruded-GDL to determine the difference in their thickness lΔ (see
Fig. 3e/f for the definition of lΔ ). To make sure that the thickness
difference only represents the difference in MPL intrusion and not the
error from MPL fabrication, we cut out two pieces of each GDL of a
defined area (2.4 by 2.4 cm), where the standard deviation of the weight
was 0.1% of the average weight for all four pieces. When regarding
these pieces, the two sheet-GDLs had an average thickness of 182 ±
1.4 μm, while the two intruded-GDLs had an average thickness of 168
± 0.0 μm, leading to a difference of lΔ = 14.0 ± 1.4 μm (note that the
H14 based GDL-S had a thickness of roughly 140 μm). From these
measurements, the TM-based intrusion depth li,TM can be estimated as:

l
l

11i,TM
macroporeε

= Δ [ ]

Converting the 14.0 μm MPL intrusion by the macropore-porosity
macroporeε of the H14 GDL-S (55%, see above), one obtains an
average MPL intrusion depth into the GDL-S of li,TM = 26 μm.

To estimate the thickness fraction of the GDL substrate over
which the macropores are filled with the intruded MPL material, the
obtained intrusion depth is divided by the overall GDL-S thickness L
(see Fig. 3e) according to:

P
l

L
12macropore,TM

i,TMΔ = [ ]
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In this rough estimate, with L 140 mμ= for the H14 GDL-S, the
intruded MPL material occupies 19% of the macropore volume of
the GDL substrate.

To estimate the impact of the intrusion lon the total porosity, we
can compare the thickness difference lΔ with the MIP-derived
overall porosity of 61%,ε = yielding the overall GDL-S pore
volume fraction filled by the MPL:

P
l

L
13all,TM

εΔ = Δ / [ ]

The total pore volume taken away by the MPL intrusion was 16%
compared to the total pore volume.

The parameters describing the extent of MPL material intrusion
into the H14 GDL substrate of the intruded-GDL that were obtained
by either the MIP analysis or the average thickness measurements
(TM) are summarized in Table II. In general, both methods agree
reasonably well: i) the average MPL intrusion depth li is estimated to
be 26 μm and 21 μm based on the TM approach and the MIP results,
respectively; ii) the overall pore volume fraction of the GDL-S filled
by the MPL ( PallΔ ) is estimated to be 16% and 17% via TM and MIP,
respectively; and, iii) the macropore volume fraction of the GDL-S
filled by the MPL ( PmacroporeΔ ) is estimated to be 19% and 22% via
TM and MIP, respectively.

5 cm2 differential-flow single-cell PEMFC data with H14 GDL-
S based GDLs.—The different GDLs applied at the cathode were
characterized in a 5 cm2 single-cell PEMFC, acquiring differential-
flow H2/air polarization curves and limiting current measurements.
Figure 5 shows the polarization curves (upper panels), the HFR
(middle panels), and the oxygen transport resistance (lower panel)
for the sheet- and the intruded-GDL (both on H14 GDL-S) for three
different operating conditions.

Figure 5a represents the data for 80 °C, 100% RH, and
170 kPaabs. The H2/air performance (upper panel) for the cell with
the intruded-GDL (orange) is slightly but noticeably inferior to that
of the cell with the sheet-MPL (black), especially at higher current
densities. This observation agrees with the results from the oxygen
transport resistance (lower panel), where the intruded-GDL shows a
higher transport resistance of approximately 0.1 s cm−1 for all tested
current densities between 0 and 5 A cm−2. The higher transport
resistance is consistent with the numerical simulation results from
Wong et al.,11 who projected a decreased oxygen diffusivity at dry
conditions for an MPL intruding into the GDL substrate. Additional
data were recorded at 70% RH at equal temperature and pressure of
80 °C and 170 kPaabs (not shown), and the intruded-MPL again
showed a ∼0.1 s cm higher oxygen transport resistance compared to
that of the sheet-MPL. Thus, the intrusion of the MPL material into
the GDL-S clearly poses an extra resistance to the diffusion of
oxygen throughout the macroporous GDL-S, which appears to be
independent of current density at dry conditions. The simultaneously
recorded HFR (middle panel of Fig. 5a) of both types of cathode
GDLs follows the same trend: it starts out at a value of
26–28 mΩ cm2 at low current densities, then gradually increases
with current density, followed by a more rapid increase above
3 A cm−2. The latter behavior is caused by the increasing tempera-
ture difference between the MEA and the flow-field, where the cell
temperature is controlled: the locally higher temperature from the
heat generated in the MEA results in a lower local RH and thus a
higher proton conduction resistance of the membrane.

When regarding the “wetter” operating conditions at which the
removal of product water is hindered, such as at an increased
pressure of 300 kPaabs (keeping the other conditions of 80 °C and
100% RH unchanged) due to the lower absolute water uptake
capability of the gas phase, the H2/air performance of the cells with
either the sheet- or intruded-GDL at the cathode becomes essentially
identical (upper panel in Fig. 5b). In addition, the oxygen transport
resistance on average reaches a similar value for both GDL types

(lower panel), even though it should be noted that the error bars for
the intruded-GDL (based on two independent measurements) are
significantly larger, which we ascribe to the larger sample-to-sample
variation of the here prepared intruded-GDLs. The HFR (middle
panel) rises substantially less at the higher current densities, which
would be expected based on the higher local RH in the MEA at
higher pressure when temperature and RH are kept constant. At even
wetter operating conditions, where the formation of liquid water is
expected, i.e., when operating a low temperature, high pressure, and
with over-humidified reactants, the data in Fig. 5c (recorded at 50 °
C, 120% RH, and 300 kPaabs) show the same trend: an essentially
identical H2/air performance (upper panel) and oxygen transport
resistance (lower panel) for both GDL types, except that the latter is
substantially higher than for the other two conditions, reflecting the
larger water saturation in the GDL.

To summarize, the data shown in Fig. 5 allow two conclusions:
the MPL intrusion into the GDL-S leads to a ∼0.1 s cm−1 higher
oxygen transport resistance at dry conditions (Fig. 5a), which must
derive from the morphological changes of the GDL substrate by the
intruded MPL material, resulting in a slightly inferior H2/air
performance. When applying more humid conditions, where a higher
liquid water saturation of the GDL can be expected, the intrusion of
the MPL appears to have a positive effect that can compensate for
the higher oxygen transport resistance of the intruded-GDL at dry
conditions, so that the H2/air performance of the sheet- and the
intruded-GDL become essentially identical. However, this positive
effect of MPL intrusion into the GDL-S under wet conditions is
apparently not strong enough to lead to the superior H2/air
performance of the intruded- vs the sheet-GDL that was predicted
in the simulations by Wong et al.11

The interplay of the dry diffusion resistance and the marginally
improved mass transport at wet conditions is illustrated in Fig. 6. It
shows the oxygen transport resistance for operating conditions
where a transition can be observed between low GDL water
saturation at low current densities and high GDL water saturation
at high current densities, acquired at a cell temperature of 50 °C, at
77% RH, and at 400 kPaabs. At very low current densities, the dry
transport resistance shows again a ∼0.1 s cm−1 higher value for the
cell with the intruded-GDL compared to that with the sheet-GDL,
while the oxygen transport resistance of the cell with the intruded-
GDL is slightly lower or equal to that with the sheet-GDL.

In conclusion, the use of an intruded-GDL does not result in the
significantly superior performance at wet conditions that was
predicted in the simulation study by Wong et al.11 The MIP results
demonstrate that the intrusion of the MPL into the GLD-S has led to
a significant reduction of 22% of large pores (see Pmacropore,MIPΔ in
Table II) in the GDL-S, caused by the preferential filling of the
GDL-S macropores with the MPL material (see Fig. 4). As larger
pores have a higher oxygen diffusivity due to their lowered Knudsen
diffusion contribution, and as they offer a more efficient drainage of
liquid water, the lowering of the macropore size and volume fraction
by the intruded MPL material has a negative contribution on fuel cell
performance. This drawback is counterbalanced by keeping path-
ways for oxygen diffusion during very wet operating conditions
through the intruded MPL segments of the GDL-S, as the intruded
MPL segments have a lower liquid water saturation. If this
hypothesis were true, one would expect that the use of an
intruded-GDL prepared with a thicker GDL-S, for which the MPL
intrusion should result in less of an overall macropore size and
volume fraction loss (assuming that the MPL intrusion length li
remains similar), should more substantially improve fuel cell
performance, as more macropores would be available for mass
transport.

MPL intrusion for sheet- and intruded-GDLs (H23 GDL-S
based).—The MIP data for the GDLs based on the Freudenberg H23
substrate (hydrophobically treated) are shown in Fig. 7 analogously to
Fig. 4, with the areal cumulative intrusion (Fig. 7a) and the log
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differential intrusion (Fig. 7b) in terms of μl/cm .GDL
2 The blue curve

represents the results for the GDL-S, with the macropore volume
defined for pores ⩾5 μm and a micropore region that is centered round
at 80 nm. The overall porosity when evaluating the cumulative volume
according to Eq. 3 is 61%, and the pore volume fraction of macropores
(⩾5 μm; acc. to Eq. 4) is 54%, which, within the experimental error, are
the same as those obtained for the H14 GDL-S.

The areal intrusion volume and the pore size distribution curve in
the macropore region (⩾5 μm) obtained for the sheet-GDL (gray) on
the H23 substrate are very similar to those of the H23 GDL-S,
indicating that there is little intrusion of the sheet-MPL into the
GDL-S. On the other hand, for the intruded-GDL, the intrusion of
the MPL material into the H23 GDL-S is clearly indicated by the
cumulative volume loss of 0.83 μl cm−2 in the macropore region
(marked as vmacroporeΔ ⁎ in Fig. 7a). This pore volume loss is reflected
in the log differential intrusion plot, which indicates that the amount
of larger pores (>20 μm) is reduced. The micropore region,

representing the MPL and the carbon black filler of the GDL-S,
almost perfectly overlaps for the sheet- and the intruded-GDL.

Following the same MPL intrusion depth analysis that was used
above, the average MPL intrusion depth determined by MIP (li,MIP)
for the H23 GDL-S based intruded-GDL of 15 μm is slightly lower
than the 21 μm found for the H14 GDL-S based intruded-GDL.
However, essentially identical MPL intrusion depths of 26 μm and
27 μm for the H14 and the H23 GDL-S based intruded-GDLs,
respectively, were obtained by the thickness measurement (TM)
based approach (li,TM), originating from the very similar lΔ values
(14.0 vs 14.5 μm, respectively). These values are summarized in
Table I. It must be noted that both methods yield zero-order
estimates of the MPL intrusion depth and are subject to experimental
errors, whereby the largest potential source of error is that in the MIP
based method, the GDL-S measurements need to be conducted on a
GDL-S sample piece that has the same thickness as the piece used to
prepare the intruded-GDL (a deviation of 5 μm translates directly to

Figure 5. Differential-flow H2/air performance curves (upper panels), the simultaneously recorded HFR values (middle panels), and the oxygen transport
resistance values (lower panels) acquired with H14 GDL-S based sheet- (black) or intruded-GDLs (orange) at the cathode, evaluated at different operating
conditions: (a) 80 °C, 100% RH, 170 kPaabs; (b) 80 °C, 100% RH, 300 kPaabs; and, (c) 50 °C, 120% RH, 300 kPaabs. The cells had CCMs based on an 18 μm
reinforced membrane with a Pt loadings of 0.1/0.4 mgPt cm

−2 (anode/cathode) and a Freudenberg H14C10 GDL was used at the anode. The error bars represent
the standard deviation of two independent measurements.

Table I. Comparison the MPL intrusion characteristics of the intruded-GDL prepared either with the H14 GDL-S (∼140 μm) or with the H23
GDL-S (∼200 μm): average MPL intrusion depth l ,i loss of the overall GDL-S pore volume fraction by MPL material intrusion P ,allΔ and loss of the
macropore volume fraction in the GDL-S by MPL material intrusion P .macroporeΔ These were determined either by averaged thickness measurements
(TM) in combination with the MIP based macropore porosity of macroporeε = 54% of the H23 GDL-S, or by Mercury intrusion porosimetry (MIP).
The numbers in the curly brackets {} reference the number of the equation that was used for the calculation.

MIP TM

Method and relevant equation H14 H23 H14 H23

Thickness difference lΔ (see Fig. 3e/f) — — 14.0 μm 14.5 μm
Averaged MPL intrusion depth li (see Fig. 3f) 21 μm {8} 15 μm {8} 26 μm {11} 27 μm {11}
MPL-filled GDL-S pore volume fraction PallΔ 17% {9} 9% {9} 16% {13} 12% {13}
MPL-filled GDL-S macropore fraction PmacroporeΔ 22% {10} 11% {10} 19% {12} 14% {12}
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an error of 5 μm in li,MIP). Therefore, the unexpectedly low li,MIP

value for the H23 GDL-S based intruded-GDL likely represents an
experimental outlier. With this in mind, we believe that the here
presented MPL intrusion depth analysis reasonably well confirms
our initial hypothesis that the MPL intrusion depth obtained for GDL
substrates that have a similar macropore size and volume fraction is
only a function of the applied compression and the time under
compression during preparation: as macropore size and volume
fraction were essentially identical and as the same preparation
procedure was used, the here observed similar MPL intrusion depths
(see Table I) are in line with this hypothesis.

Finally, a comparison of the macropore volume fraction of the
GDL-S that is lost due to MPL material intrusion ( PmacroporeΔ )
between the intruded-GDLs based on either the H14 GDL-S or the
H23 GDL-S reveals that PmacroporeΔ is significantly lower when using
the thicker H23 GDL-S: it reduces from 22% to 11% based on the
MIP analysis and from 19% to 14% based on the TM based
approach. While the two analysis approaches result in slightly
different absolute PmacroporeΔ values, the loss of macropore volume
fraction of the GDL-S is substantially lower for the intruded-GDL
based on the thicker H23 GDL-S, consistent with our expectations.

XTM based morphological characterization of H23 GDL-S
based GDLs.—As MIP and macroscopic analysis do not give local
information of the MPL intrusion into the GDL-S, further analysis
was performed. X-ray tomographic microscopy provides quantita-
tive data on thickness distribution and intrusion depth of the MPL
over a larger area (28 mm2). First, the intrusion of the sheet- and

intruded-GDLs based on the H23 GDL substrate are compared in the
form of thickness maps in Fig. 8. The MPL thickness maps are
additive through-plane projections of the MPL phase thickness in the
segmented images. The average thickness difference of the MPLs
may be influenced by the minor segmentation error at the MPL/
GDL-S interfacial region due to insufficient voxel resolution (voxel
edge length = 3.6 μm), where the fiber edge mingles with the MPL
phase in the images.

The sheet-GDL shows a significantly smoother MPL (thickness
heterogeneity = 7 μm) compared to the intruded-GDL (thickness
heterogeneity = 14 μm). The minor regional thickness variation of
the MPL of the sheet-GDL may reflect the surface contour of the

Figure 7. Mercury intrusion porosimetry results for the H23 GDL-S (blue)
as well as for the H23-based sheet-GDL (gray) and intruded-GDL (green),
whereby the intrusion of mercury is given in units of μl/cm .GDL

2 a)
Cumulative intrusion volume referenced to the GDL area: the missing
macropore volume vmacroporeΔ ⁎ in the intruded-GDL compared to the GDL-S
represents the MPL intrusion depth of the intruded-GDL. b) Log differential
intrusion. The vertical black line at 5 μm pore size diameter marks the
approximate distinction between the pore size region of the macropores in
the GDL-S and the micropores in both the MPL and the original carbon black
filler of the GDL-S. The error bars represent the standard deviation of two
independent measurements.

Figure 6. Limiting current measurements at operating conditions where the
transition from low to high water saturation in the H14 GDL-S based cathode
GDLs can be observed (50 °C, 77% RH, 400 kPaabs) for the sheet-GDL
(black) and for the intruded-GDL (orange). The cells had CCMs based on an
18 μm reinforced membrane with a Pt loadings of 0.1/0.4 mgPt cm

−2 (anode/
cathode) and a Freudenberg H14C10 GDL was used at the anode. The error
bars represent the standard deviation of two independent measurements.

Table II. Characteristics of the MPL intrusion into the H14 GDL substrate of the intruded-GDL, determined either by averaged thickness
measurements (TM) in combination with the MIP based macropore porosity of macroporeε = 55% of the H14 GDL-S (∼140 μm), or by Mercury
intrusion porosimetry (MIP). The numbers in the curly brackets {} reference the number of the equation that was used for the calculation.

Method and relevant equation TM MIP

Thickness difference lΔ (see Fig. 3e/f) 14.0 μm —

Averaged MPL intrusion depth li (see Fig. 3f) 26 μm {11} 21 μm {8}
MPL-filled GDL-S pore volume fraction PallΔ 16% {13} 17% {9}
MPL-filled GDL-S macropore fraction PmacroporeΔ 19% {12} 22% {10}
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H23 GDL-S. In contrast, the intrusion of the MPL material into the
GDL-S of the intruded-GDL is dominated by the frequent locations
where the MPL thickness is ⩾80 μm. The thickness heterogeneity is
defined as the standard deviation of the MPL thickness map subject
to the voxel resolution (voxel edge length = 3.6 μm). It is a measure
of MPL thickness variation in the in-plane directions.36

The difference in distribution of the MPL across the thickness of
the GDLs is quantitatively illustrated as MPL area ratio profiles in
Fig. 9. Here, the MPL phase area ratio with respect to the GDL area
at each through-plane position from the surface of the MPL is
plotted.

The MPL distributions in Fig. 9 reveal that the intruding part of
the MPL in the GDL-S is localized near the MPL side. In fact, 89%
of all MPL intrusion is localized in the upper 50% of the GDL

thickness (upper side = MPL side). With the intrusion of the MPL,
the overall pore size distribution of the intruded-GDL changes.

Influence of intruded MPL material on the pore size distribu-
tion of the GDL-S.—When considering the MPL phase as solid, the
alteration of the GDL macropore (=void) size distribution and the
volume fraction filled by the intruded MPL material can be
estimated. The results are shown in Fig. 10.

It is clear from Fig. 10a that the intrusion of the MPL material
divides and/or fills the GDL-S macropores. When the pore size
distribution (PSD) for the entire GDLs are analyzed as shown in
Fig. 10b, a clear shift to smaller pore sizes is observed for the
intruded-GDL (red), compared to when the MPL is absent (black).
The number of pores of 40 μm is reduced by 80% and pores of
30 μm by 46%. Nevertheless, since the intrusion of the MPL is
highly localized in the GDL-S part near the MPL, after which the
intrusion drastically decreases (see Fig. 9), the PSD of the bottom
half of the GDL substrate, which contains only 11% of the MPL
material will remain largely unaffected by the intrusion.

It was already shown by the MIP analysis that the intrusion of the
MPL material shifts the pore size distribution of the GDL-S to
smaller pores, as the intrusion of the MPL is a result of capillary
force due to pressing the aqueous MPL slurry into the hydrophobic
GDL-S pores. The tomographic analysis now allows to quantify this
effect. The GDL substrate fiber structure of the intruded H23 GDL is
isolated and its pore size distribution (in the absence of MPL) is
estimated, shown in Fig. 10b as the black curve.

Regarding the MPL phase only and calculating the diameter of
the substrate pores that contain the MPL phase, the blue curve in
Fig. 10b shows the PSD of the substrate pores containing the MPL
phase. If the MPL intrusion were to proceed equally into all GDL-S
pores, i.e., if the intrusion of the MPL material were not to have a
preference for larger pore sizes, the two PSD curves (black and blue)
would have similar peak location and shape, varying majorly in the
normalized pore volume. The difference in peak positions of the
GDL pores containing the MPL phase (located at larger pore
diameters of 20–25 and 35 μm, indicated by the blue arrows) vs
that of the H23 GDL substrate (at 20 μm, indicated by the black
arrow) however underlines the preference of MPL intrusion into the

Figure 8. MPL thickness maps of a) the sheet-GDL and b) the intruded GDL, revealing the different MPL thickness heterogeneity and intrusion structure of the
MPLs (both on H23 GDL substrates): the MPL of the sheet-GDL shows an average thickness of 46 μm and a thickness heterogeneity of 7 μm, while that of the
intruded-GDL shows an average thickness of 43 μm and a thickness heterogeneity of 14 μm.

Figure 9. Ratio of the MPL area over the overall GDL cross-sectional area
with respect to the through-plane distance based on the calibrated segmenta-
tion (see Fig. 1), starting from the MPL surface toward the GDL-S for the
sheet- and intruded-GDL based on the H23 GDL substrate.
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larger GDL-S pores. Quantification shows that more than 94% of the
MPL material intruded into GDL-S pores larger than 10 μm.

5 cm2 differential-flow single-cell PEMFC data with H23
GDL-S based GDLs.—The fuel cell performance results using
sheet- and intruded-GDLs based on the H23 GDL-S on the cathode
are shown in Figs. 11 and 12. Figure 11 shows the H2/air
polarization curves (upper panel), the associated HFR values
(middle panel), and the oxygen transport resistance (lower panel)
at three different operating conditions, analogous to the data shown
in Fig. 5 for the H14 GDL-S based GDLs.

Figure 11a shows the data at the first set of operating conditions
of 80 °C, 100% RH, and 170 kPaabs, revealing a marginally inferior
H2/air performance (upper panel) and a ∼0.1 s cm−1 higher oxygen
transport resistance (lower panel) for the intruded-GDL (green)
compared to the sheet-MPL (gray). The HFR values recorded during
the H2/air performance curves are identical within the error of
measurement (middle panel) for both cathode GDLs. These data
with the H23 GDL-S based GDLs are very similar to those obtained
with the H14 GDL-S based GDLs (see Fig. 5). As was the case for
the latter, the same offset in oxygen transport resistance of
∼0.1 s cm−1 was also observed under drier operating conditions
(80 °C, 70%RH, and 170 kPaabs: data not shown) for the H23 GDL-
S based GDLs, supporting the hypothesis that it is due to the
negative effect of the MPL intrusion at conditions where the liquid
water saturation in the GDL is low. The fact that the MPL intrusion
depth is very similar for the intruded-GDLs based on the two
different GDL substrates (see Table I) also explains their essentially
identical additional oxygen transport resistance at these relatively
dry operating conditions, where the water transport in liquid form
does not play a major role.

Upon increasing the cell pressure to 300 kPaabs (maintaining
80 °C and 100%RH) to create wetter operating conditions (Fig. 11b),
liquid water formation can be expected, and now the H2/air
performance of the cell with the intruded-GDL (green) outperforms

the sheet-GDL (gray) at high current densities (i.e., at cell voltages
below 0.60 V). For example, at a cell voltage of 0.5 V, the current
density of the intruded-GDL is on average ∼250 mA cm−2 higher
compared to the sheet-GDL. However, as already seen for the H2/air
polarization curves with the H14 GDL-S based intruded-GDL
(Fig. 5a), the cell-to-cell variation, reflected by the error bars,
increases. At the same time, the oxygen transport resistances (lower
panel of Fig. 11b) show no real difference between the sheet- and the
intruded-GDL. In combination with the large sample-to-sample
variation, this indicates that these operating conditions mark the
tipping point between the negative effect on the performance caused
by the additional oxygen transport resistance from the intruded MPL
material and the performance gain due to the better water manage-
ment upon MPL intrusion. At the even wetter operating conditions
achieved by lowering the cell temperature to 50 °C and using over-
humidified reactant gases at 120% RH (keeping a pressure of
300 kPaabs), the H2/air performance of the intruded-GDL is clearly
superior to that of the sheet-MPL (upper panel in Fig. 11c), and the
oxygen transport resistance (lower panel) is now ∼10% lower (by
∼0.25 s/cm−1) for the intruded-GDL compared to the sheet-GDL. At
these conditions, the positive impact of the improved water manage-
ment by the intruded-GDL outweighs its slightly higher dry oxygen
transport resistance.

Finally, a comparison of the HFR values for the sheet- and the
intruded-GDLs based either on the H14 GDL-S (Fig. 5 or on the H23
GDL-S (Fig. 11) reveals essentially identical HFR values and a very
similar dependence of the HFR with current density (particularly
noticeable by comparing Figs. 5a and 11a). This suggests that the
thermal management is comparable between the different GDL
substrates (H14 and H23) and the GDL design (sheet- or intruded-
GDL).

Figure 12 further underlines the observations and conclusions
from the discussion of Fig. 11 by evaluating the oxygen transport
resistance at a condition that lead to transition from a low to a high
liquid water saturation in the GDL for the H23 GDL-S based GDLs

Figure 10. Influence of MPL intrusion on the GDL-S pore size distribution using the intruded-GDL (on H23) as an example: a) horizontal tomographic image
slices at the MPL/GDL-S interfacial region (located at the 97 μm through-plane distance shown in Fig. 9), comparing the case where the MPL phase was
computationally removed from the intruded-GDL, so that only the fiber structure of the GDL-S remains (upper images), and the case when the MPL (intrusion) is
present, i.e., showing the fiber structure and the MPL phase of the intruded-GDL (lower images); both the segmented binary images (black and white) and the
substrate void pore size distribution (colored images) are provided, whereby the MPL phase is regarded as solid in the binary images and when estimating
substrate void pore size distribution. b) Comparison between the substrate void pore size distribution in the absence of MPL (black curve, GDL-S) and in the
presence of MPL (red curve, intruded-GDL). The diameter of the intruded MPL phase only is shown in blue. The intruded H23 GDL substrate was used to make
these analyses. The sketch on top of panel b) visualizes the three different configurations.
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(analogous to Fig. 6 for the H14 GDL-S based GDLs). At low
current densities, the oxygen transport resistance is ∼0.1 s cm−1

higher for the intruded-GDL, representing the additional dry trans-
port resistance from the intruded MPL material. The onset for the

rapid increase of RO2, marking the increase in liquid water saturation
of the GDL, occurs at the same current density for both GDL types.
However, at higher current densities, where the liquid water
saturation level in the GDLs is high, the oxygen transport resistance
is ∼10% lower for the intruded-GDL compared to the sheet-GDL.
Thus, the intrusion of the MPL into the GDL-S leads to a clear
oxygen transport resistance advantage at operating conditions where
the liquid water saturation in the GDL is high.

Operando XTM of the liquid water distribution in H23 GDL-S
based intruded-GDL.—To further understand the performance
difference between the H23 GDL-S based sheet- and intruded-
GDLs at humid operating conditions, X-ray tomographic micro-
scopy was used to obtain the steady-state liquid water distribution in
the GDLs at humid operating conditions (49 °C, 93% RH). Here, due
to the limitation of the gas pressure to atmospheric pressure, higher
mass transport resistances occur at already <1.5 A cm−2. Hence, the
fuel cell performance is lower from the one illustrated in Fig. 11c.
Therefore, the operando XTM cells were characterized at
0.5 A cm−2. We believe that even though this condition does not
exactly reproduce the condition at which the performance difference
was observed in Fig. 11, the steady-state water distribution may still
offer insight to the origin of the performance difference at high
current densities.

The steady-state water saturation profiles at 49 °C, 93% RH, and
atmospheric pressure at 0.5 A cm−2 are shown in Fig. 13. The water
saturation profiles were obtained considering the actual porosity of
the GDLs. The MPL-only region is excluded from these analyses
due to its tendency to exhibit X-ray imaging artifacts, caused by the
catalyst shining from the catalyst layer in its vicinity. The
“Interface” region in Fig. 13 describes the region of the GDL-S in
which the MPL material content is >10 vol% judged by XTM. The
previous analysis of the structure of the sheet- and intruded-GDL has

Figure 11. Differential-flow H2/air performance curves (upper panels), the simultaneously recorded HFR values (middle panels), and the oxygen transport
resistance values (lower panels) acquired with H23 GDL-S based sheet- (gray) or intruded-GDLs (green) at the cathode, evaluated at different operating
conditions: (a) 80 °C, 100% RH, 170 kPaabs; (b) 80 °C, 100% RH, 300 kPaabs; and, (c) 50 °C, 120% RH, 300 kPaabs. The cells had CCMs based on an 18 μm
reinforced membrane with a Pt loadings of 0.1/0.4 mgPt cm

−2 (anode/cathode) and a Freudenberg H14C10 GDL was used at the anode. The error bars represent
the standard deviation of two independent measurements.

Figure 12. Limiting current measurements at operating conditions where the
transition from low to high water saturation in the H23 GDL-S based cathode
GDLs can be observed (50 °C, 77% RH, 400 kPaabs) for the sheet-GDL
(gray) and for the intruded-GDL (green). The cells had CCMs based on an
18 μm reinforced membrane with a Pt loadings of 0.1/0.4 mgPt cm

−2 (anode/
cathode) and a Freudenberg H14C10 GDL was used at the anode. The error
bars represent the standard deviation of two independent measurements.
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indicated a very inhomogeneous, localized intrusion. Thus, the
interfacial region that is marked in Fig. 13 is significantly wider
than the averaged intrusion depth as defined for the MIP and TM
analysis.

The water saturation in the sheet- and intruded-GDLs mainly
differs in the MPL/GDL-S interface region of the intruded-GDL
(Fig. 13a/b, at through-plane distances of ca. 50–120 μm), where the
liquid water saturation differs up to 20% between the two GDL
types. In the GDL substrates (at through-plane distances >150 μm),
saturation between the two GDLs is similar, which is expected for
the same operation condition and substrates. The saturation behavior
is similar for both the rib (Fig. 13a) and the channel regions
(Fig. 13b), suggesting that the MPL intrusion has the effect to lower
the saturation in the MPL/GDL-S interface regions only. As a
consequence of the saturation reduction, a more efficient oxygen
transport is allowed, and is hypothesized to give rise to the
performance improvement observed at wet and high current density
conditions shown in Fig. 11c.

In the following, we would like to connect the saturation
difference between the sheet- and the intruded-GDL to the difference
in oxygen transport resistance, as depicted in Fig. 11 and Fig. 12 at
flooded conditions. In Fig. 11c, the oxygen transport resistance at
50 °C, 120% RH, and 300 kPaabs is presented with a difference of
∼0.2–0.3 s cm−1 between the sheet- and the intruded-GDL.
Compared to an absolute value of 2.4 s cm−1, the difference amounts
to ∼8%–13%. In Fig. 12, the difference in oxygen transport
resistance is ∼0.2–0.4 s cm−1, which corresponds to an improve-
ment of ∼6%–13% from the sheet- to the intruded GDL. These
values are lower than the 20% saturation difference in the MPL/
GDL-S zone, because this improvement concerns only a rather
narrow part of the GDL, while the oxygen transport resistance is a
global value of the entire GDL.

Liquid water saturation analysis in the intruded GDL region.—
To gain insights with regards to the reason for the lower liquid water
saturation at the MPL/GDL-S interface region in the intruded-GDL,
the operando liquid water distribution in the MPL/GDL-S interfacial
region of the intruded-GDL is further analyzed to find the location of
the liquid water in the intruded-GDL. Thus, an in-plane cross-section

slice is considered at the through-plane distance of 122 μm for the
rib section, indicated by Fig. 13a. The dry GDL structure at this slice
(Fig. 14a) shows that part of the large pores are (partially) occupied
by MPL material (marked in green). The operando water distribu-
tion in terms of liquid volume fraction (LVF) at each voxel is given
in Fig. 14b, with the calibration bar at the right-most side of the
figure.

When the steady-state LVF map is masked by the MPL phase,
showing only the LVF within the MPL phase (Fig. 14c), little water
is observed and the LVF is estimated to be only ∼3% of that of the
total MPL volume. On the contrary, in the GDL macropores
(Fig. 14d), 56% of the GDL macropore volume is filled with liquid
water at steady-state.

The absence of liquid water in the MPL phase means that the
MPL material in the GDL-S pores excludes liquid water from the
volume occupied by the intruded MPL material. Therefore, the
intrusion of MPL reduces the liquid water saturation in the MPL
intrusion zone by making the intruded macropores unfavorable for
liquid water accumulation, either by reduced PSD or by replacing
the initial void volume with MPL material. As the MPL phase has a
porosity of 68%, this pore volume within the intruded MPL material
is still available for oxygen transport. The effective diffusivity is less
than for empty pores, but much higher than for liquid water filled
pores. This exclusion of water from the MPL/GDL-S interface
region therefore gives the intruded-GDL an advantage for oxygen
transport under very wet conditions.

Discussion

The here used method to prepare an intruded-GDL, namely
applying a compressive force onto an aqueous MPL slurry to force
its intrusion into a hydrophobized GDL substrate, results in an
intrusion of the MPL material into the large pores of the GDL
substrate, as these impose the lowest capillary pressure. This
intrusion of the MPL material into the GDL-S macropores lowers
the macropore size and volume fraction, leading to an increased
oxygen transport resistance at dry conditions, i.e., at conditions
where the liquid water saturation of the GDL is low. Hence, at
operating conditions, where little liquid water formation can be

Figure 13. Water saturation profiles obtained from operando XTM fuel cell analyses at steady-state (H2/air at 49°C, 93% RH, and ambient pressure) with the
H23 GDL-S based sheet-GDL (black curves) and the intruded-GDL (red curves) operated at 0.5 A cm−2: (a) under the rib region; (b) under the channel region.
The interface is defined to be the MPL/GDL-S mixed region where the MPL phase is at least 10% in volume fraction. The interface thickness so defined is
different for the sheet-GDL (ca. 20–30 μm) and intruded-GDL (ca. 70 μm), as shown in the figure.
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expected (these include operation at 80 °C, 100% RH, and low
absolute pressures), the fuel cell performance using the intruded-
GDL on the cathode is even slightly compromised when the
intruded-GDL is based on a thin GDL substrate (here the H14
GDL-S with a thickness of ∼140 μm). At conditions, where more
liquid water formation can be expected, e.g., at lower temperatures,
higher pressures, and/or a higher inlet gas RH, the performance of
the intruded-GDL is similar to that of the sheet-GDL, demonstrating
two concurrent and counteracting phenomena: i) an increase of the
oxygen transport resistance due to the reduction of the GDL-S
macropore size and volume fraction by the intruded MPL material;
ii) an improved oxygen transport resistance under conditions where
the liquid water saturation of the GDL is high, due to the ability to
transport oxygen through the MPL phase intruded into the GDL-S.
The results from this study demonstrate that for the thinner H14
GDL-S based GDLs, the intruded-GDL loses ∼19%–22% of the
macropores in the GDL-S (see PmacroporeΔ in Table I), which results
in a higher oxygen transport resistance at dry operating conditions
and thus in an inferior fuel cell performance compared to a sheet-
GDL. However, when using GDLs based on thicker substrates like
the H23 GDL-S, the MPL intrusion depth remains roughly un-
changed, so that the loss of macropore volume in the GDL-S is only
∼11%–14% (see Table I). In this case, the above described trade-off
between increasing the dry oxygen transport resistance while
decreasing the wet oxygen transport resistance upon MPL material
intrusion into the GDL-S is swayed sufficiently to obtain a clearly
better performance at wet conditions for the intruded-GDL com-
pared to the sheet-GDL.

It is known that water forms preferably in the larger pores due to
the effect of the capillary forces. Hence, the saturation in the MPL

material is (very) low, meaning that the transport of water through
the small pores of the MPL is dominated by gas phase transport.
Liquid water accumulates in the larger pores of the GDL-S,
preferably under the rib as reported in the literature.13,14 Nagai
et al. have studied the water formation and drainage through X-ray
tomography.13 For a homogenous MPL without cracks or larger
pores, they have postulated that liquid water is drained out of the
GDL by repeated spontaneous interconnection and redispersion of
water clusters. The water clusters that they have seen were mostly
fully connected throughout the thickness of the GDL-S, meaning
that the water clusters formed locally continuous pathways ex-
tending from the MPL through the GDL substrate towards the flow-
field. When they altered the MPL by introducing larger pores with a
pore-forming agent, they observed a better fuel cell performance and
a lower overall liquid water saturation in the GDL-S. They
concluded that the water pathways must have formed preferably
according to the MPL structure, and that at the same water
production rate (i.e., at the same current density) the water must
be drained at an increased speed for a smaller GDL saturation.

A similar interpretation can be used for the intruded-GDL. The
operando X-ray tomography data show that the saturation of the
intruded-GDL was generally lower than the saturation of the sheet-
GDL. At the same time, the intrusion of the MPL material into the
GDL-S pores has reduced the macropore volume fraction in the
GDL substrate (corresponding to PmacroporeΔ in Table I), which has
altered the pathways for liquid water removal. While the remainder
of the large pores can act as a place for water drainage, the generally
lower liquid water saturation level requires a higher speed of water
removal in the remaining large-pore pathways through the GDL-S at
the same water production rate (current density).

Figure 14. Steady state water distribution in the MPL/GDL-S interfacial region of the intruded H23 GDL cell under the rib; shown here is the cross-section at a
through-plane distance of 122 μm, as indicated by Fig. 13a: (a) in-plane tomographic image of the MPL/GDL-S interface at the dry state, with the MPL phase
colored in green; (b) steady-state LVF map showing roughly the liquid water volume fraction (LVF) at each voxel (with image noise present); (c) LVF map
masked by the MPL phase, giving an estimation of the LVF in the MPL; (d) LVF map masked by the GDL void phase, showing water in the GDL pores (MPL
phase is excluded). LVF data are obtained from steady-state H2/air operation at 0.5 A cm−2, 49 °C, 93% RH, and ambient pressure.
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Figure 15 shows a sketch of the water removal process for a) the
sheet- and b) the intruded-GDL. The sheet-GDL has no directed
water transport in the GDL-S: liquid water preferably forms in the
larger pores of the GDL-S, where it is transported along the path of
least resistance, so that liquid water clusters can redistribute
randomly throughout the porous network. On the other hand, for
the intruded-GDL, there are clear liquid water pathways dictated by
the MPL intrusion: MPL material has intruded into the largest pores,
which are now available for gas phase diffusion of oxygen towards
the CL or of water vapor from the electrodes to the flow-field. While
there are less macropores that can be filled by liquid water,
preferential liquid water pathways are created in which liquid water
is transported across the GDL substrate via capillary fingering at an
increased speed. However, there needs to be a careful balance. When
too many of the GDL-S pores are filled with intruded MPL material,
such as in case of the thin H14 based intruded-GDLs, the liquid
water removal can become less efficient. Therefore, a minimum
fraction of macropores need to be present to create a percolating
network for fast water removal.

To achieve an optimum performance, an optimization procedure
would have to take into account several network parameters, such as
the GDL-S thickness, tortuosity, constriction size of the pore
connection, and the pore connectivity. We assume that a filling of
the smallest pores of the macroporous substrate (∼5-20 μm) would
lead to a preferential state, improving the performance under wet
conditions. Furthermore, leaving larger pores open (i.e., free of
intruded MPL material) would increase the oxygen diffusivity at
drier conditions and would create a volume of preferred water
formation at wet conditions. This configuration, however, would
require a different preparation methodology for intruded-GDLs, as
for the here used method based on aqueous MPL slurries, the MPL
intrudes preferentially into the large pores of the hydrophobized
GDL substrate.

Conclusions

As the structural properties of the MPL influence the PEM fuel
cell performance, this work examines two types of MPLs prepared

on a thin and a thick GDL substrate (GDL-S): a sheet-type MPL that
does not intrude into the GDL-S, referred to as sheet-GDL, and an
MPL that intrudes into the GDL-S, referred to as intruded-GDL.
These GDLs are evaluated as cathode GDLs in single-cell, differ-
ential-flow PEM fuel cell measurements, covering a wide range of
operating conditions from dry to wet conditions in order to unravel
the general effect of MPL intrusion and the underlying possible
water transport mechanisms. x-ray tomographic microscopy (XTM)
is used as a complimentary method to gain insight into the spatial
distribution of the intruded MPL material across the thickness of the
GDL-S and on the steady-state water distribution in both the MPL
and the GDL-S.

As shown by mercury intrusion porosimetry (MIP) measure-
ments, the here prepared intruded-GDLs have an average MPL
intrusion depth of ∼15–21 μm for both GDL-S types (Freudenberg
H14 and H23 GDL substrates, with thicknesses of ≈140 and
≈200 μm, respectively), whereby XTM analysis shows that the
intrusion is highly localized towards the MPL/GDL-S interface, with
∼89% of the total MPL intrusion residing in the upper half of the
H23 GDL-S (with intrusion depths of >80 μm). Additionally, the
intruded MPL material preferentially fills the macropores of the
GDL substrates, driven by capillary pressure effects when coating an
aqueous MPL slurry onto the hydrophobized GDL substrates. Based
on MIP analyses, this results in a filling of ∼22% and ∼11% of the
macropores in the H14 and the H23 GDL substrates, respectively.

When regarding fuel cell measurements at dry conditions, the
intruded-GDLs exhibit a slightly higher oxygen transport resistance
(by ∼0.1 s cm−1) due to the higher oxygen diffusion resistance
through the MPL pores. At conditions that result in a high liquid
water saturation in the GDL-S (RH ⩾ 100%, high pressure, and high
current densities), the benefit of MPL intrusion into the GDL-S starts
to manifest. As liquid water is known to be excluded from the MPL
micropores during fuel cell operation, the intrusion of MPL material
into the GDL-S efficiently prevents a large volume of GDL pores
from being saturated with liquid water. At flooding conditions, the
MPL filled GDL-S pores serve as additional oxygen transport
pathways, which would otherwise have been filled by liquid water
in the absence of MPL intrusion.

Figure 15. Sketch of the postulated water removal process for (a) the sheet-GDL and (b) the intruded-GDL. While for the sheet-GDL (a) water clusters block the
pores randomly according to the capillary pressure and redistribute over time, the liquid water in the intruded-GDL (b) can create liquid water highways in the
porous network that is left unintruded by MPL material, while the gas phase oxygen and water vapor transport takes place in the small pores of the intruded MPL
material.
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The increased dry transport resistance, the loss of macropore
volume in the GDL-S due to MPL material intrusion, and the
improved liquid water management all affect the fuel cell perfor-
mance. The chosen conditions and GDL-S thicknesses demonstrate
that there is a clear tipping point at which the positive effects of the
MPL intrusion dominate. A ∼22% loss of the macropore volume in
the GDL-S for the H14 GDL-S based intruded-GDL is too high to
increase the cell performance at wet conditions. Only for the thicker
H23 GDL-S based intruded-GDL, where the loss of macropore
volume in the GDL-S is lowered to ∼11%, the benefit of the MPL
intrusion could be established at wet conditions. It is proposed that,
while the sheet-GDL structure leads to randomly distributed liquid
water percolation paths in the GDL-S, the intruded-GDL provides
local confinement of liquid water clusters while providing oxygen
and water vapor diffusion pathways through the intruded MPL
material.

A similar water management strategy was suggested by Nagai
et al. for an MPL that was fabricated using a pore-forming agent.13

We suggest that intruding the MPL material into the GDL-S can
create a similar positive effect to the water formation as an MPL
with large pores and, analogously, an MPL with cracks. The intruded
MPL material might be advantageous compared to an MPL with
cracks in terms of membrane creep and damage under RH cycling

conditions. The data from this work suggests that there are still
certain drawbacks of an intruded-GDL prepared such that there is a
preferential filling of the GDL-S macropores. If the MPL material
intrusion can be guided and optimized, an intruded-GDL can
enhance the water management of the cell even more significantly.

Acknowledgments

We gratefully acknowledge funding from the Swiss National
Science Foundation under the Sinergia grant number 180335.
Furthermore, we are grateful for the materials provided free-of-
charge by Denka, Japan (Li400 acetylene black) and by 3M Dyneon,
Germany (TF 5135GZ PTFE dispersion). We would like to thank
Jens Eller (PSI) for providing optimized, state-of-the-art fuel cell
imaging hardware and Christoph Csoklich (PSI) for the provision of
the fuel cell humidifier and the instruction on operando experiments
in the laboratory CT scanner. Furthermore, we are grateful for
Thomas Gloor (PSI) for the technical support provided for the fuel
cell experiments.

Appendix

Segmentation of intruding MPL material.—The three segmen-
tation results shown in Fig. 1 are based on “bilateral filtered”
(ImageJ function, see Experimental section) GDL images (8-bit).
The different segmentations were obtained by using three different
threshold values for the MPL phase, followed by image noise
clearing processes, which were done globally once, and manually at
selected domains of the GDLs. The details for threshold values and
clearing processes for each of the three segmentations are given in
Table III.

Note that the absolute threshold values here may not be
reproduced exactly on other images if the original 32-bit tomo-
graphic images have a different maximal and minimal grayscale
value (GSV) range than the images used here. It is because, in
transforming the images from 32-bit to 8-bit, the images are rescaled
and different maximal and minimal GSVs will result in different
assignment of 8-bit GSVs.

Radiation damage check of the fuel cell after XTM measure-
ments.—Catalyst coated membranes are known to be degraded by
X-ray irradiation.28,37 The performance of the cell using the
intruded-GDL is checked before and after 290 min of X-ray
exposure using the scanning parameters with an X-ray tube
voltage of 80 kV and a current of 300 μA (see also Experimental
section).

As seen in Figure 16, a slight voltage reduction after X-ray
irradiation was observed (maximal voltage difference = 36 mV).
Due to this relatively small voltage loss, the cell performance was
regarded as largely maintained. Therefore, the X-ray imaging data
are considered representative.

Figure 16. Radiation damage check for the intruded-GDL cell by polariza-
tion curves before and after 290 min of X-ray irradiation. All operando XTM
images were characterized within this time.

Table III. Details of the procedures and threshold values to obtain the segmentations of the MPL phase shown in Fig. 1.

Through-plane
distance High threshold Calibrated Low threshold

0–40 μm Manual selection (magic wand tool) Manual selection (magic wand tool) Manual selection (magic wand tool)
40–108 μm Threshold values 35–177 followed by

3D clearing
Threshold values 50–177 followed by 3D

clearing
Threshold values 65–177 followed by 3D

clearing
108–227 μm Threshold values 35–177 followed by

3D clearing, plus additional 2D noise
clearing on selected images (manually

done)

Threshold values 56–177 followed by 3D
clearing, plus additional 2D noise clearing

on selected images (manually done)

Threshold values 65–177 followed by 3D
clearing, plus additional 2D noise clearing on

selected images (manually done)
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