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Visualizing the water distribution in porous gas diffusion layers (GDLs) of operating polymer electrolyte fuel cells (PEFCs) is
indispensable to understand the impact of water management on performance. For this purpose, neutron and X-ray transmission
imaging have been used for nearly two decades. Certain limitations inherent to attenuation based imaging methods can be overcome
by applying neutron dark-field imaging, which has the ability to selectively visualize structures in the micrometer size range. In this
study, we compare dark-field images and transmission images of GDLs filled with water through an injection channel. The high
contrast of the dark-field value between a heavy water filled and a dry GDL is suitable to reveal water distribution patterns in the
GDL. The water present in the 1 mm wide water injection channel of the test device does not alter the dark-field signal, as this
technique is selectively sensitive to microstructures. Therefore, neutron dark-field imaging can be applied for the selective analysis
of the water distribution in the GDL overlapping with channel water. In addition to the selective visualization of water distributed in
a GDL, we show that neutron dark-field imaging can also be used to visualize GDL damages.
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Polymer electrolyte fuel cells (PEFCs) are electrochemical cells
which convert the chemical energy stored in hydrogen into electric
power and are used for mobile (e.g. automotive) and stationary applications. The PEFC produces power from electrochemical reactions
between hydrogen (the fuel) and oxygen from the air. Highly porous
gas diffusion layers (GDLs) (Figure 1) made of carbon are placed
between the gas flow fields and the electrodes to deliver homogenous
access of the gases to the reaction sites. Optimization of water management of PEFCs is an important lever to improve performance: The
electrolyte membrane needs to be humidified to have good proton conductivity, but liquid water in the GDL can block the access of gases to
the reaction sites which results in a performance drop of the PEFC.1–3
Therefore, the GDL plays a key role for improving performance of
PEFCs and characterization methods to study the water distribution
in GDLs are highly demanded. The GDL can be either woven or
made of randomly oriented carbon fibers and has typically a porosity
of 40–90%.4,5 To enhance water removal from the catalyst layer, a
microporous layer (MPL) made of carbon and polytetrafluorethylene
(PTFE) is often added to the GDL. Usually, the fibers of the GDL are
treated to have a hydrophobic coating (PTFE or fluorinated ethylene
propylene (FEP)). Figure 1 shows scanning electron microscope images of four different GDLs to illustrate the different microstructure of
GDLs from different suppliers and GDLs with or without hydrophobic coating. The images in Figures 1a, 1c and 1d show GDLs from
Freudenberg (Germany). While Figure 1a shows a plain GDL without
any hydrophobic coating (H1410), the GDL shown in Figure 1c is
a commercially available GDL with hydrophobic treatment and the
GDL shown in Figure 1d has an in-house applied coating consisting
of 70%wt FEP. The image shown in Figures 1b shows a GDL of the
type Toray-060 (Japan) without hydrophobic coating. All images of
the GDLs show the random orientation of the carbon fibers and the
high porosity of the GDLs.
For almost two decades, neutron and X-ray imaging have been
applied for visualizing the liquid water distribution within PEFCs.
X-ray tomographic microscopy reveals the water distribution in the
PEFC with high resolution,6,7 but the drawbacks of this technique are
the radiation damage to fuel cell components after a certain exposure
time8 and the low transparency of typical fuel cell housing and flow
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field materials (aluminum, steel or graphite) for X-rays, which leads to
important test cell design constraints. The most severe test cell design
constrain is the one for the active area. Only small cells with active
areas less than 1 cm2 can be imaged with X-ray tomography, and such
cells are not necessarily representative for technical fuel cells with
active areas larger than 50 cm2 . Neutrons are well transmitted through
fuel cell housing materials and attenuation based neutron imaging
provides high contrast for liquid water. The field of view for neutron
transmission imaging can be chosen large enough to perform imaging
of technical fuel cells. The main drawback of this technique is its
lower spatial resolution. Imaging setups with resolutions better than
10 μm were recently reported9,10 but their practical application for
in situ fuel cell studies is limited by the intensity of the neutron flux,
as the exposure time required to maintain sufficient neutron statistics
increases sharply as a function of the spatial resolution11 .
Despite these limitations for tomography, it is interesting to investigate several aspects of water management such as the impact of
different gas diffusion materials,12–14 flow field and cell designs2,15–18
or operation conditions19–22 using neutron attenuation based

Figure 1. Scanning electron microscope images of four different GDLs: (a)
Freudenberg H1410, no coating, (b) Toray-060, no coating, (c) Freudenberg
H23 I2C6, commercial PTFE coating, (d) Freudenberg H23, 70%wt FEP
coating (in-house applied).
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radiography imaging. Experiments performed with the beam perpendicular to the cell membrane reveal the water thickness as an integral
over all fuel cell components, but does not allow to distinguish water
in individual layers.13 In order to overcome these limitations, the cell
membrane can be placed parallel to the beam and the water thickness obtained in this configuration is an integral of the water in the
direction along the flow field channels. This imaging configuration
allows for example to visualize the difference in water distribution in
different areas of the GDL (i.e. channel and rib area).12,23–25 However,
to avoid saturation of the signal due to large water thicknesses, the
width of the cell is limited to 20–30 mm in this configuration. Conventional neutron transmission imaging with the beam perpendicular
to the cell allows for the distinction of water accumulated in the flow
field channels and water distributed in the membrane, catalyst layers
and GDLs when special purging procedures are applied. By sudden
decompression of the cell, liquid water accumulated in channels is
removed while it remains in the GDL.26 However, this method also
has limitations. First, it can only be used with flow field designs where
a large gas flow can be induced by decompression (excluding, for example, interdigitated flow fields). Second, the sudden decompression
represents a risk of cell damage. And third, it can only be used to take
a “snapshot” of the water distribution at a given moment, making it
intrinsically a steady state analysis method.
Neutron dark-field imaging offers new possibilities to selectively
study the water distribution in GDLs, as it visualizes scattering from
microstructures behind materials that are opaque to light or X-rays.
In general, dark-field imaging is performed with a grating interferometer designed for neutrons27 or X-rays.28 The imaging technique
has been successfully applied in a broad range of applications for the
analysis of microstructures such as micro-porosity in alloys29 and aluminum welds,30 or calcifications in breast tissue (cancer diagnostic)31
to name a few examples. Furthermore, it was demonstrated that directional dark-field imaging yields information about the microscopic
texture such as local orientation and degree of anisotropy.32–35 Darkfield imaging can also provide 3D microstructural information in
tomographic mode.36–38 Colloidal systems39–44 and powders45 were
investigated with this imaging method to demonstrate its capability
to provide quantitative results for example on the radius size of the
colloid particles. Yang et al.46 showed that X-ray dark-field imaging
is able to visualize the transport of water in thin samples (2 mm) of
porous mortar. Here, we demonstrate the ability of neutron dark-field
imaging to specifically visualize water in GDLs mounted in a test device with an aluminum thickness of approximately three centimeters,
which is similar to the aluminum thickness of fuel cell test hardware.
The technique is selectively sensitive to structures in the size range of
one to several tens of micrometers29,39,40 which corresponds to the size
of GDL fibers and pores. In order to obtain a high contrast between
wet and dry GDLs (see next section) we used not only light water
(H2 O), but also heavy water (D2 O). In fuel cell experiments, the cell
can be operated with D2 to generate D2 O. Even though the operation
with D2 is relatively expensive, several researchers have used D2 /D2 O
for labeling water flows and steams in combination with isotope sensitive imaging methods, such as magnetic resonance imaging (MRI)47,48
and neutron transmission imaging.49–53 These investigations helped to
understand water transport processes occurring inside the fuel cell.
In general, a fuel cell fed with D2 shows comparable performance to
a fuel cell fed with H2 and heavy water is suitable to represent light
water in fuel cell experiments.
Theoretical Background
With a neutron grating interferometer, the conventional transmission image is obtained simultaneously to the dark-field image. Different physical phenomena are responsible for contrast in the two
imaging modes.
Transmission of neutrons through material depends on how much
the beam is attenuated and is described by the Beer–Lambert law:
I = I0 e−N σt ,

[1]

where I is the transmitted and I0 the incoming intensity of neutrons,
σ the total scattering cross section, N the atomic number density and t
the thickness of the material. The total scattering cross section includes
all processes that hinder neutrons from passing the material, which
are coherent and incoherent scattering and absorption. The product of
the total scattering cross section and atomic number density is called
total attenuation coefficient. Both, the coherent and incoherent scattering cross sections depend on the nuclear potential of the material
and differ for different isotopes of the same element.54 When neutrons interact with hydrogen atoms (H), the probability for incoherent
scattering is high and therefore the total attenuation coefficient for
hydrogen is large. The deuterium atom (D) has a lower attenuation
coefficient (due to a smaller total scattering cross section). The darkfield contrast on the other hand is not influenced by attenuation (as
long as enough neutrons pass the sample) but originates from coherent
scattering of neutrons to ultra-small angles by microstructures having a scattering length density (SLD) different to their surroundings.
The advantage over a classical ultra-small angle neutron scattering
(USANS) setup is that spatially resolved information is obtained. As
described in the literature,29,36,37,39,40,43 ultra-small angle neutron scattering by the sample results in a reduction of the interference pattern
amplitude produced by the grating interferometer. This amplitude divided by the mean intensity is referred to as visibility. The dark-field
value (DF-value) measured for each pixel of the image is the visibility
of the sample divided by the visibility of the open beam. Like the
transmission value, the DF-value is always between zero and one. In
case the sample does not contain materials that attenuate neutrons,
transmission is equal to one and the more neutron attenuating materials are contained in the sample, the lower is the transmission. In
principle, the DF-value can be described analogous to transmission.
It is equal to one when the sample does not contain microstructures,
and the reduction of the DF-value depends on factors influencing coherent scattering, which are: the amount, SLD contrast and form and
size of microstructures. More precisely, the DF-value depends on the
macroscopic scattering cross section,s , and the real space correlation
function G(ξ, R) as described by Strobl.43 For homogenous systems
the relation is described as:
D F − value = e(ts [(G(ξ,R)−1)]) .

[2]

G(ξ, R) depends on the autocorrelation length ξ and the effective structure size R of the scatterers. For inhomogeneous systems,
s [(G(ξ, R) − 1)] is integrated along the path of the beam through
the sample thickness t.43 For a two phase system, s is according to55
given by:
s = λ2 ( S L D )2 φv (1 − φv ) R,

[3]

where  S L D is the difference of SLD between the two considered materials, λ the neutron wavelength and φv the volumetric concentration
of the scatterers. An essential point to note is that s depends on the
squared value of  S L D , which needs to be taken into account when
evaluating the dark-field contrast expected from a sample.
By evaluating  S L D 2 for the different interfaces in a water or air
filled GDL, it is possible to estimate whether filling the pores of the
GDL with water results in a higher or lower DF-value compared to
a dry GDL. The  S L D 2 for such a carbon fiber based GDL (without
hydrophobic coating) filled completely with air, light or heavy water
is evaluated in this paragraph. Schematic illustrations (Figures 2a–2e)
show a GDL which is completely dry (Figure 2a), and filled with
light water (Figure 2b) and heavy water (Figure 2d), respectively. In
addition, the illustrations of a GDL partially filled with light water
(Figure 2c) and heavy water (Figure 2e) are shown. The SLD values
of the 5 media present in a dry or wet GDL are given in Figure 2f.
Compared to a dry GDL it can be expected that a fully H2 O filled
GDL will lead to a slightly decreased DF-value (increased scattering
signal) due to a larger  S L D 2 for C-H2 O interfaces compared to C-air
(Figure 2g). In contrast, a completely D2 O filled GDL is expected to
result in a significantly higher DF-value (decreased scattering signal)
due to a much smaller  S L D 2 (Figure 2g). In case the GDL is only
partially filled with heavy water (D2 O), we are considering a system

Downloaded on 2019-04-03 to IP 129.132.180.61 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

Journal of The Electrochemical Society, 166 (2) F149-F157 (2019)

F151

Figure 2. (a-e) Schematic representations of a dry (a), completely water filled (b,d) and partially water filled (c,e) GDL. (f) SLD values of C, air, D2 O, H2 O and
CF2 (hydrophobic coating). (g) The  S L D 2 are given for the media interfaces occurring in a GDL (carbon = C) filled with air or water (H2 O or D2 O).  S L D 2 for
interfaces with CF2 are not shown for the sake of conciseness.

with three phases and estimations about the resulting DF-value are
not straightforward: it depends on the amount of additional air-D2 O
interfaces due to droplets. A large amount of small droplets might
lead to a decreased DF-value due to the significant  S L D 2 value for
air-D2 O, while large heavy water accumulations, which have more
contact with carbon fibers than with the air, are expected to result in
an increased DF-value compared to the dry GDL. On the contrary, the
H2 O-air interfaces present in a partially H2 O filled GDL are expected
to have a negligible impact. The DF-value of GDLs with hydrophobic coating might be different compared to samples without coating.
Adding coating around the fibers could decrease the DF-value due to
additional interfaces of CF2 -C, but on the other hand  S L D 2 for CF2 air is smaller compared to C-air. Therefore, a decrease in scattering
signal (higher DF-value) could also be possible.

Table I. Overview of GDL samples used in the experiments.
GDL type
In-house applied FEP
coating/wt%
Abbreviation

Toray TGP-H-060

Freudenberg H23

0

0

30

70

T00

F00

F30

F70

Experimental

by letting water vapor diffuse through it. The tested GDLs were all
without micro-porous layers (MPLs) and are displayed in Table I.
Two different concepts were used for sealing: The data presented
in Figures 3–8 were acquired in experiments where a steel spacer
with an O-ring gasket was used. The experimental results presented
in Figure 9 and Figure 10 were obtained by using a rubber gasket for
sealing. The GDLs had an area of 2 × 2.2 cm2 and the test device
was designed to compress the GDLs to 160 μm, which is about 75%
of their original thickness. Schematics of the experimental setup are
shown in Figure 4a and Figure 4b.

Materials and devices.—An in-house constructed aluminum test
device was used to fill the GDLs by water injection and dry them
by evaporation without removing them from the beam. The test device contained two channels with a width and depth of 1 mm. The
GDLs were placed on top of these two channels and the system was
sealed with a gasket. The water channel was covered by a 5 mm wide
hydrophilic porous membrane (PM) and water was brought to the
GDLs by applying pressure to the water in the channel (up to 0.2
bar relative pressure). The second channel was used to dry the GDLs
by evaporation. This channel was covered by a hydrophobic PM to
prevent water invading the channel but allowing drying of the GDL

Drying and water filling procedures.—First, images of all samples
in the dry state were obtained. After the GDLs were filled with water
by pressuring the water in the channel up to 0.2 bar for three minutes,
images of the almost fully water filled GDLs were taken. These images
are later referred to as the water filled images. Afterwards, the water
channel was purged with dry air to remove the water in the channel
and subsequently the GDLs were dried with a steady gas flow through
the gas channel of 4 Lmin−1 for 8 minutes. After this first drying
step another set of images were acquired referred to as drying step 1.
The next two drying phases (drying step 2 and drying step 3) took

Figure 3. Dark-filed images of four different dry GDL samples. (a) Toray-060 without coating (T00). (b-d) Freudenberg H23: (a) without coating (F00), (b) with
30%wt (F30) and (c) with 70%wt (F70) in-house applied FEP coating. The black rectangles indicate the area for which the mean DF-value and standard deviation
is calculated and given in the text.
Downloaded on 2019-04-03 to IP 129.132.180.61 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).
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the camera pixel-wise from the images, outlier removal was performed to filter out bright spots which are for example produced when
γ-Rays hit the chip of the detector. TaPy retrieves for every pixel the
amplitude and offset of the sinusoidal intensity variation over the
phase stepping images taken with the open beam and the sample.
The dark-field and transmission images are then obtained based on
the ratio of the amplitude and offset between sample and open beam
images, respectively.

Results and Discussion

Figure 4. Schematics of the experimental setup with (a) empty water channel
and GDL, (b) water filled channel and GDL. The channels are 1 mm wide
and deep. The hydrophilic and hydrophobic porous membranes (PMs) are
5 mm wide and are shown above the water and drying channel, respectively.
Schematics of setup are not to scale with the images. (c-e) Transmission images
and (f-h) dark-field images of a GDL (F30): (c,f) Dry, (d,g) H2 O-filled, (e,h)
D2 O-filled.

another 8 minutes each followed by a break for imaging acquisition.
The drying was only successful for the Freudenberg GDL with inhouse applied FEP coating of 70 wt% (F70). For the other samples,
water accumulations between the GDL and the spacer frame impeded
drying in a suitable time frame with simultaneous imaging. For this
reason we only present here results from all samples after the water
filling step, and results for the drying procedure for GDL F70. Even
though GDLs with less hydrophobic coating are more common for
fuel cell applications, GDLs with high hydrophobic coating loads
gained of interest recently as they are better suited for modifications
(i.e. to produce patterns of hydrophilic and hydrophobic regions.56,57
Neutron dark-field and transmission imaging.—The experiments
were performed at the ICON beamline58 at the Swiss Spallation Neutron Source (SINQ) with a neutron grating interferometer which consists of three gratings termed G0, G1 and G2. G0 is an absorption
grating with a period of 1076 μm which provides coherence. To fabricate this grating Gadolinium is sputtered onto a Quartz wafer and slits
are lasered into the Gadolinium. G1 is called “phase grating” and has
a period of 7.97 μm. It is fabricated on a Silicon wafer and introduces
a π-phase shift to the neutron wave. G2 is another absorption grating,
which is put at the Talbot distance from G1 in front of the scintillator.
The absorbing lines of G2 are fabricated by Gadolinium evaporation
onto a Quartz wafer. For detailed description of the interferometer
see previously published papers.27,39 The setup was used with the first
Talbot distance of 19.4 mm and a wavelength of 4.1 Å (λ/λ= 15%),
and 21 phase stepping images were acquired per interference period
each with an exposure time of 75 s. The images were acquired with a
conventional imaging setup using a sCMOS camera (Andor Neo) and
a 200 μm thick 6 LiF/ZnS scintillator.
Image processing.—Data processing was performed with the inhouse software TaPy.59 After subtracting the dark current value of

Visualizing water in GDLs.—In Figure 3 the dark-field images of
four different dry GDL samples (Table I) are shown. The black rectangles indicate the area for which the mean DF-value and standard
deviation is calculated. The first sample is a GDL of type Toray-060
without coating (Figures 3a) and the next three GDLs are Freudenberg H23 with different hydrophobic coating loads (Figures 3b–3d).
The mean DF-value is between 0.2 and 0.3 for all samples, and - as
expected based on the considerations made in the theoretical background section - it differs slightly for different type of GDLs and
for different coating loads. The trend shows that the lowest DF-value
(0.23±0.04) is measured for F00 and the higher the FEP coating
load, the higher the DF-value with 0.24±0.05 for F30 and 0.27±0.05
for F70. This indicates that the coating-air interfaces (lower  S L D 2
for CF2 -air compared to C-air) influence the DF-value more than
the additional coating-carbon interfaces. T00 has a higher DF-value
(0.27±0.05) compared to F00. This difference might be attributed to
all the microstructural differences between the two samples which
are mainly porosity, pore shape and size, binder or carbon density. In
summary, the DF-value differs for different GDL types and coating
loads but it is for all samples in a range where it is possible to perform
experiments as dark-field contrast is present, but the signal does not
saturate due to too much contrast.
Figure 4 contains the schematics of the experimental setup (Figures
4a and 4b), transmission images (Figures 4c–4e) and dark-field images
(Figures 4f–4h) of the GDL F30 (dry and water filled). The images
of the dry GDL were taken when the water filling channel was empty
(Figures 4a, 4c and 4f) while the wet GDL was imaged with a water
filled channel (Figures 4b, 4d, 4e, 4g and 4h).
The transmission images of the dry (Figure 4c) and water filled
(Figures 4d and 4e) GDL mostly differ in the area of the water channel
where a stronger attenuation due to water leads to a reduced transmission value (more pronounced for light than for heavy water due to
the higher attenuation coefficient). By comparing the dark-field image
of the dry (Figure 4f) and heavy water filled (Figure 4h) GDL, it is
clearly apparent that the DF-value is significantly higher for the water
filled GDL over the whole GDL area. For light water (Figure 4g) no
difference between the dry and wet GDL is apparent for the dark-filed
images without referencing.
For a better visualization of the effect of filling GDL pores with
water, the water distribution in the GDL sample of type F30 is shown
with a water thickness image (WTI) calculated from transmission
(Figure 5a) and DF-value difference images (Figures 5b) for light
water. The same images for heavy water are shown in Figures 5c and
5d. The WTIs are calculated with the Beer–Lambert law (Equation 1)
from the transmission values. An attenuation coefficient of 5.4 cm−160
for H2 O and 0.70 cm−161 for D2 O was used, corresponding to a neutron
wavelength of 4.1 Å. A color scale is shown for each type of image and
emphasizes where the GDL is dry (yellow) and where water is present
(blue). The black line around the GDL in the images illustrates the
border of the GDL for a simplified comparison between the images.
The profile of the water thickness and DF-value in the area between
the dashed red lines is shown below the images. In the DF-value
difference image for light water (Figure 5b), a negative color scale
is used as filling the GDL with H2 O results in a lower DF-value.
On the other hand, the D2 O filled GDL (Figure 5d) shows a higher
DF-value compared to the air filled GDL, which is shown using a
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Figure 5. Color coded images showing the water distribution in the GDL
sample F30. Color code: yellow = dry, blue = water present. Water thickness
images (WTIs) calculated from transmission images: (a) H2 O, (c) D2 O. Difference of DF-value between wet and dry state of the test device and GDL: (b)
H2 O, (d) D2 O. The dashed red lines in the images indicate the area for which
the profile is plotted.

positive color scale. This behavior of the DF-value is consistent with
the expectations discussed in the section Theoretical background.
The most important difference between water thickness images
(Figures 5a and 5c) and DF-value difference images (Figures 5b and
5d) is that, as expected, the filled water channel does not appear in the
DF difference images. In regions of the GDL which are not overlapping with the water channel, the water distribution can be visualized
with both transmission and dark-filed imaging. However, there are
considerable differences of the contrast-to-noise ratio between the
four images. The attenuation coefficient for H2 O is high and even thin
layers of light water result in a significant contrast. Therefore, the
noise of the light water thickness calculated based on a transmission
image (Figure 5a) is low. Similarly, the DF-value difference between
a GDL filled with air and heavy water (Figure 5d) also results in little
noise due to the contrast generating property  S L D 2 , which is significantly different for C-D2 O compared to C-air (see Figure 2). On the
other hand, the attenuation coefficient of D2 O is low and, therefore,
the water thickness calculated based on the transmission image of the
heavy water filled GDL (Figure 5c) is afflicted with much noise. The
same applies to the DF difference image for light water (Figure 5b),
because the value of  S L D 2 is only slightly different for C-H2 O in
comparison to C-air (Figure 2). When using light water, the decrease
of the DF-value between the water filled and dry GDL amounts only to
0.03 (Figure 5b and Table II). Because of this low contrast, a reliable

Table II. Average water thickness and DF-value difference
between wet and dry GDL for T00, F00, F30 and F70 in the area
of the red rectangle between the red dashed lines (Figure 6).

T00
F00
F30
F70

Water thickness
(H2 O) [mm]

DF-value:
H2 O – dry [-]

DF-value:
D2 O – dry [-]

0.14
0.15
0.13
0.12

−0.01
−0.04
−0.03
−0.02

0.21
0.27
0.27
0.10

F153

distinction between dry and light water filled GDL areas is not possible with the current neutron grating interferometer setup, but there
is potential for obtaining a better contrast-to-noise ratio. Noise of the
DF-signal could be reduced by improving the fabrication process for
the absorption grating (G2),62 by elongating the exposure time, by
using a stronger neutron source (e.g. the upcoming European Spallation Source (ESS) in Sweden), or by filtering at the cost of a reduced
spatial resolution. As mentioned, the transmission image based water
thickness image with D2 O suffers from a low contrast-to-noise ratio
and the water distribution patterns can hardly be identified. However,
comparing the H2 O thickness image (Figure 5a) with the DF-value
difference image between D2 O filled and dry state of the test device
and GDL (Figure 5d), it becomes evident that the water distribution
patterns in the GDL are very similar. Apparently, water found some
preferential pathways and locations in the GDLs to accumulate in
a similar way in the two experiments. Filling the GDLs with water
(H2 O), drying them and filling them subsequently again with water
(D2 O) thus resulted in reproducible accumulation patterns. Therefore, the DF-value difference images between D2 O and dry GDLs
are hereafter compared to the H2 O thickness images for all samples
(Figures 6). As mentioned above, this comparison makes it evident
that some general water distribution patterns are captured by both
imaging techniques in the same manner: Very similar water patterns
can be observed in the water thickness images of GDL F00 and F30
(Figures 6b and 6c) and in the DF-value difference images of these
GDLs (Figures 6f and 6g). This observation gives evidence that the
heavy water distribution in the GDLs can be clearly visualized by
using dark-field imaging.
Table II gives an overview on the measured water thickness (H2 O)
and DF-value difference between wet and dry GDL for T00, F00,
F30 and F70. The values in Table II are averaged over the GDL area
within the red squares (Figure 6). This area was chosen because it is
not overlapping with the porous membranes and for all samples well
filled with water.
The lower water thickness of the GDLs with coating can be explained with lower porosities compared to the plain materials, and
by the fact that the used water pressure might not have been high
enough to fill the smallest hydrophobic pores. For all four samples
a substantial DF-value difference (Figures 6e–6h) is measured: The
average DF-value difference between the heavy water filled and dry
GDLs amounts to 0.27 for F00 and F30, 0.21 for T00 and the lowest
DF-value difference is with 0.1 measured for F70 (Table II). The water
thicknesses and DF-value differences do not scale directly. For F70
and F30, a very similar water thickness of 0.12 mm and 0.13 mm is
measured, but the DF-value difference is considerable smaller for F70.
This result indicates that the amount of hydrophobic coating influences
the DF-value difference for D2 O filled GDLs and was expected based
on the considerations made in the theoretical background section.
Equations 2 and 3 show that not only the water thickness, but also the
amount and type of media interfaces (S L D) and form and size of
microstructures influence the DF-value. Therefore, different reasons
or a combination of them can explain why water thickness and DFvalue difference do not scale linearly: First, more CF2 -D2 O instead of
C-D2 O interfaces might be present. Second, a more hydrophobic GDL
structure might lead to water filling patterns with more air-D2 O and
air-C interfaces. All three interfaces (air-C, air-D2 O and CF2 -D2 O)
have a higher  S L D 2 compared to C-D2 O interfaces and would therefore result in a lower DF-value difference. Third, the coating might
also influence the size and shape of water droplets in the porous GDL.
As already mentioned above, the comparison between WTIs and
DF-value difference (D2 O - dry) images is most interesting for the
GDL samples F00 (Figures 6b and 6f) and F30 (Figures 6c and 6g),
because it reveals at first glance that some water distribution patterns are visualized by both imaging techniques. However, a detailed
analysis demonstrates how the two techniques can be used to obtain
complementary information and is therefore presented below, first for
F00 and then for F30. The GDL sample F00 (Figures 6b and 6f) is
dry in some areas. Despite or because of this inhomogeneous water
distribution, GDL F00 most obviously demonstrates the advantage
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Figure 6. Color coded images showing the water distribution in T00, F00, F30 and F70. Color code: yellow = dry, blue = water present. (a-d) Water (H2 O)
thickness images (WTIs) calculated from transmission images. (e-h) Difference of DF-value between wet (D2 O-filled) and dry state of the test device and GDL.
The dashed red lines in the images indicate the area for which the profile is plotted below the images, and the red rectangles indicate the area for which the average
is given in Table II. The turquoise rectangle in (b) and (f) highlight an interesting area of sample F00 (see text).

of dark-field imaging over transmission imaging for the analysis of
GDL water overlapping with water accumulations in channels with
dimensions common for fuel cells. The WTI of GDL F00 and the
line profile (Figure 6b) show that part of the GDL area (highlighted
with the turquoise box), which is overlapping with the hydrophilic
PM, is sparsely filled with water. Most of the water thickness measured in that region can probably be attributed to water located in
the hydrophilic PM. Not only does the water in the pores of the PM
complicate the analysis of the water distribution in the GDL, but also
the strong signal of water present in the channel makes it impossible
to draw conclusions on the water content in the GDL area overlapping
with the channel. From the DF-value difference image (Figure 6f) one
can conclude that most of the GDL area highlighted with the turquoise
box is dry or sparsely filled with water. Neither the water in the channel nor that in the small pores of the PM (average pore diameter is
0.22 μm63 ) interferes with the analysis of the GDL water, because
the dark-field signal of the specific setup used is only sensitive to
microstructures with sizes of around a few micrometers, and neither
the diameter of the pores of the PM nor the channel width are within
this size range. In contrast to F00, the GDL sample F30 (Figures 6c
and 6g) has very few completely dry areas, but also for F30 the water
distribution is quite inhomogeneous and some areas are more filled
than others. As depicted in the line profile the water thickness (Figure
6c) is about 0.14 mm in water saturated GDL areas and in areas with
less water it is about 29% lower (0.1 mm). The DF-value difference
(Figure 6g) has a value of 0.3 in completely water filled areas, while
in drier GDL areas it is about 67% lower and amounts only to 0.1.
The same three explanations, which were used above in the discussion
about the smaller DF-value difference measured for F70 compared to
F30, can be employed here to explain why the DF-value does not
scale linearly with the water thickness: First, the coating distribution
in the GDL sample F30 could be inhomogeneous and in some locations there might be more CF2 -D2 O interfaces present. Second, the
DF-value is sensitive to the amount of interfaces between different
media. In cases where part of the pores are free of water or air bubbles
are trapped in water filled pores, air-C as well as air-D2 O interfaces
are expected to be more abundant compared to water saturated GDL
areas, which are dominated by C-D2 O interfaces. Both interfaces
contribute with a large  S L D 2 to dark-field signal (which leads to a
lower DF-value) and the amount of surfaces does not scale linearly

with the water thickness. As a third possible explanation we should
mention again that the size and shape of water clusters influence the
dark-field signal and water clusters distributed in drier areas might
have a different microstructure compared to those in water saturated
regions.
In summary, all samples displayed in Figure 6 show the most important difference between WTIs (Figures 6a–6d) and DF-value difference images (Figures 6e–6h): water in the 1 mm wide channel used for
filling the GDL with water contributes to a strong signal in the WTIs
obtained from transmission imaging, whereas it does not appear in the
images obtained with dark-field imaging. This is even more clearly
illustrated with Figure 7 where the WTIs and DF-value difference images for the drying procedure of F70 is shown. For details of the drying
procedure see the experimental section. Figures 7 contains the WTIs
for light water (Figures 7a–7d) and the DF-value difference images
(wet – dry) for heavy water (Figures 7e–7h) in the top and bottom row,
respectively. The images after the water filling process in Figure 7a
and Figure 7e are the same as displayed in Figure 6d and Figures 6h for
the GDL sample F70. As mentioned above, the measurement of light
water thickness is more reliable compared to that of the heavy water
thickness, because the latter suffers from a low contrast-to-noise ratio
due to the low attenuation of heavy water. The evolution of the water
distribution patterns over the drying procedure was very similar in
the experiments performed with light and heavy water. Therefore, the
DF-value difference images for D2 O are compared here to H2 O WTIs.
From the WTIs (Figures 7a–7d) the evolution of the water thickness
in the GDL over the drying procedure can be observed: After the first
step (water filling) the channel is full of water and the GDL is well
filled with water (Figure 7a). After purging the channel with dry air
(drying step 1) the channel is almost empty and the GDL is less filled
(Figure 7b). The next drying step (drying step 2) results in almost no
change for the light water thickness (Figure 7c). After drying step 3
the water thickness in the GDL is clearly decreased (Figure 7d) compared to the previous step (Figure 7c). The water channel was not
completely empty after purging and a small amount of water evaporated, redistributed and condensed again over the period of the drying
protocol at the location of sample F70 (Figure 7d). In contrast to the
WTIs, emptying the water channel does not affect the DF-value (Figure 7f). There is no difference in the channel area between the water
filled image and drying step 1. This confirms that water in the channel
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Figure 7. Image sequences over a drying procedure of the GDL sample F70. Top: Light water thickness (H2 O), Bottom: DF-value difference between wet
(D2 O-filled) and dry state of the test device and GDL. White boxes indicate the areas for which the average is calculated and displayed in Figure 8.

does not influence the DF-value difference between wet and dry state
of the test device and GDL. The dark-field difference images after the
first two drying steps (Figures 7f and 7g) do not change significantly
compared to that of the water filled case. Only after the last drying
step (drying step 3), a clear decrease in the DF-value difference (Figure 7h) is visible. These findings are presented in a more quantitative
manner in Figure 8. It depicts the development of the mean values for
the three areas (channel area, GDL areas A and B) indicated in Figure
7 for light water thickness and DF-value difference (based on heavy
water).
The water thickness and DF-value (wet – dry) evolution over the
drying procedure differ mainly in two ways: The first important observation is that the water thickness in the channel area increases to
a value greater than 1 mm for the fully water-filled state (Figure 8a),

Figure 8. Quantitative representations of average water thickness and
DF-value difference in areas indicated in Figure 7 with white boxes (in water
channel, and in two areas (A and B) not overlapping with water channel) over
drying procedure of GDL F70: (a) Average water (H2 O) thickness calculated
based on transmission of all three areas. Inset shows a zoom between 0 mm and
0.2 mm to visualize the change in water thickness in area A and B (not overlapping with the channel). (b) DF-value difference between wet (D2 O-filled)
and dry state of the test device and GDL of all three areas.

while the DF value difference in the channel area is in the same range
as that for the GDL areas A and B (Figure 8b). The second important point is that the water thickness and DF-value difference in the
GDL develop differently during the drying procedure. The light water
thickness in the GDL (Figure 8a) amounts to 0.13–0.14 mm after the
water filling step and decreases to around 0.1 mm after drying step 1.
After drying step 3 it is further reduced to around 0.05–0.06 mm. The
DF-value difference on the other hand increases slightly after drying
step 1. It is somewhat reduced after drying step 2, and then further
reduced to around half of its original value after drying step 3. Additional air-D2 O and C-D2 O interfaces and/or the change of the size and
form of water droplets (see Equations 2 and 3) can explain why water
thickness and DF-value difference evolve differently over time. In future experiments, the grating interferometer setup parameters will be
varied during the experiment to probe different autocorrelation lengths
(ξ).40 Such studies allow for obtaining more information on the water
microstructure.
In fuel cell experiments, the water saturation of the GDL under
regular operation conditions is not higher than 50%.6 From the experiments presented here, the water saturation level cannot be calculated
precisely as the porosity and exact compression ratio of the GDLs is
not known and it is not possible to quantify precisely the water thickness in tens of micrometers using transmission imaging due to biases
(scattered background, fluctuating beam intensity). However, with a
water thickness of 50–60 μm after drying step 3 and a compressed
GDL thickness of at least 160 μm or higher, it can be assumed that
the water saturation is around 50%. We can infer from the above reasoning that a difference for the DF-value should be obtained between
the dry GDL and the sample filled with heavy water at GDL water
saturation levels comparable to conditions in fuel cell operando experiments. This leads to the expectation that using dark-field imaging,
the selective visualization of GDL water during fuel cell operation is
possible. In summary, we demonstrated in this section that a significant contrast between a dry and heavy water filled GDL is obtained,
and water present in a 1 mm wide channel does not alter the DFvalue. Therefore, neutron dark-field imaging allows for an analysis
of the water distribution in the microstructure over the whole area
of the GDL without an overlapping and disturbing signal from water in channels. For the experiments presented here we used a setup
with only one channel where water was accumulating. For real fuel
cell experiments, flow fields are used to distribute the reactant gases
and half of the GDL area is overlapping with channels where water can accumulate. A reliable correlation between the DF-value and
the amount of water in the GDL has yet to be demonstrated. Nevertheless, these experiments demonstrate that, at least when heavy
water is used, the presence of water in the GDL can be detected
even when it is overlapping with a large accumulation of water in a
channel.
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Figure 9. Visualized crack in a GDL (T00). (a) Photograph, (b) optical microscope image of an undamaged GDL area, (c) dark-field image, (d) transmission
image and (e) optical microscope images of a damaged GDL area.

Visualization of GDL damage.—In this paragraph we show that
neutron dark-field imaging is also able to visualize inhomogeneities
in the GDL microstructure. Plain Toray-060 paper GDLs (T00) did
not withstand the lateral compression of the rubber gasket during the
experiments and cracked as shown in Figure 9. The crack can be
described as a small void between ends of broken carbon fibers. This
change of the microstructure (increase in C-air interfaces) is visualized
in the dark-field image (Figure 9c) whereas the crack is not visible in
the transmission image (Figure 9d). The same crack is also visible in
a photograph of the same GDL (Figure 9a) and in images taken with
an optical microscope after the neutron imaging experiments. Figure
9b shows the intact GDL fibers of a GDL area without damage (green
box in Figure 9c), while Figure 9e shows the broken fibers of the crack
(blue box in Figure 9c).
The cracked GDL that is shown in Figure 9 is shown in Figure 10
together with a second GDL of type T00, which also cracked during the experiment. The H2 O thickness image (Figure 10a) calculated
based on the transmission image is shown in comparison to the darkfield image of the two samples in the dry state (Figure 10b). It was not
possible to fill the sample on the left with water over the entire area,
because water only invaded the crack in the GDL, while the rest of
the GDL stayed dry during the experiment (Figure 10a). Also in the
GDL displayed at the right side of the figure, the two cracks are the
main injection points, which bring water from the GDL area above the
hydrophilic porous membrane to the rest of the GDL. But in contrast
to the sample at the left, the GDL at the right is filled well with water
over almost the whole area. The damaged GDL on the left shows,
that in case water accumulates preferably in a crack, it might be possible to detect GDL defects with conventional transmission imaging.
However, the sample on the right shows that water does not always
preferentially accumulate in the crack, and in such a case the GDL
damage may not be detected with transmission imaging. In addition,
dark-field imaging may also allow for detecting different types of de-

Figure 10. Two cracked GDLs of type T00. (a) Water (H2 O) thickness based
on transmission image (color coded). (b) Grey-scale dark-field image of dry
GDLs. The dashed red lines in the image indicate the areas for which the
profile is plotted below the image. The DF-value reductions due to the cracks
are highlighted with red arrows.

fects, as for example locally broken fibers instead of long cracks. For
such small local damages, it would be even more difficult to prove
the presence of GDL damages indirectly with transmission imaging
through the visualization of water accumulations. In summary, darkfiled imaging can provide in situ visualization of GDL damage for
polymer electrolyte fuel cells. This could be of potential interest for
freeze-thaw experiments and for degradation studies, where the damage induced by each cycle or over many hours could be observed
without the need for disassembling the fuel cell.
Conclusions
We have demonstrated that neutron dark-field imaging allows for
the selective visualization of water distribution in the GDL without
the disturbance of water present in an overlapping 1 mm wide injection channel. This was done exploiting the fact that this technique is
selectively sensitive to structures in a given size range, which scatter
neutrons to ultra-small angles. A high contrast between a GDL filled
with heavy water (D2 O) and a dry GDL is obtained, while the water
accumulated in the injection channel does not influence the dark-field
value (DF-value). Measurements during different drying steps indicate a correlation between the DF-value and the quantity of water,
though there is no direct proportionality relation. In future studies we
aim to link theoretical knowledge with experimental results in order
to better understand the measured DF-value of GDLs partially filled
with water, and in particular its relation with the size and shape of
water droplets, and the quantity of water present in the GDL. The fact
that a thickness of around 50 μm of water distributed in the GDL
results in a different DF-value compared to the dry GDL supports that
dark-field imaging will allow for analyzing GDL water during fuel
cell operation without the perturbation by channel water inherent to
transmission imaging. Because of the cost of D2 and D2 O, fuel cell
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operation with light water (H2 O) is preferred. The smaller dark-field
contrast between water filled and dry GDL obtained with H2 O makes
the reliable detection of water distributed in the GDL more challenging, but future optimizations of the imaging setup may help to obtain
a suitable contrast-to-noise ratio. In regard to characterizing the water
distribution in GDLs in operating fuel cells, the practicality of darkfield imaging has to be considered. The experimental results presented
in this paper were all obtained with a long exposure time per image
(75 s) and many phase steps (21 steps). The good neutron statistics
obtained with these parameters allows for retrieving dark-field images with a low noise level. However, dark-filed imaging performed
with the setup presented in this work bears the potential to provide
the visualization of heavy water in GDLs with a reduced exposure
time and reasonable high contrast-to-noise ratio. Optimization of the
setup is expected to allow for a substantially reduced exposure time.
In addition to the application for selective water visualization, we
also demonstrated the ability of neutron dark-field imaging to identify
damages in the GDL. This is of potential interest, for example, for conducting studies on in situ degradation of the GDL during freeze-thaw
cycles.
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