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We demonstrated the use of a neutron grating interferometer setup (nGI) with a significantly improved contrast-to-noise ratio of the
operando dark-field (DF) contrast visualization of water in gas diffusion media (GDM). The nGI parameters were optimized in
such a way that we could perform DF imaging of a fully operational fuel cell including two GDM layers (anode and cathode side).
The DF contrast is sensitive to the size and shape of microstructures and is in principle not influenced by large water clusters
present in flow field channels. Thus, DF imaging can be applied to analyze water present in GDM overlapping with channels,
which is not possible by attenuation contrast imaging when the cell is placed perpendicular to the beam direction. In GDM regions
overlapping with ribs the distinction of hydrophilic and hydrophobic areas is facilitated as well compared to attenuation contrast
imaging. Finally, we show that disturbing artefacts introduced by moving water clusters in the channels are considerably reduced
by applying a golden ratio phase stepping scan strategy.
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Polymer electrolyte fuel cells (PEFCs) convert the chemical
energy stored in hydrogen into electrical energy without the
emission of carbon dioxide or pollutants. Thus, they are promising
candidates to play a crucial role in the future hydrogen economy for
powering mobile (i.e. cars) or stationary (i.e. back-up power)
applications. Hydrogen is oxidized at the anode and the protons
are conducted through the polymer electrolyte membrane to the
cathode catalyst layer, where they combine with oxygen to form
water. The product water of the electrochemical reaction either
diffuses as a gas or flows as a liquid through the porous gas diffusion
media (GDM) to the gas flow channels. The GDM plays a crucial
role for a well-balanced water management. The membrane has to be
hydrated to be proton conductive, but liquid water accumulations in
the pores of the GDM hinder the access of gases to the catalyst layer,
which leads to mass transport losses, especially at high power
densities."™® A well-balanced water management is also crucial to
avoid degradation and ensure a long PEFC life-time.” GDM usually
consist of two separate layers, the gas diffusion layer (GDL) and the
microporous layer (MPL). Both the GDL and MPL properties vary
for different manufacturers and various types are available, but for
most applications the GDL is made of carbon fibers with a diameter
of about 7-10 #m.g The thickness of the GDL varies between 110
and 440 pm’~'* with a porosity usually around 70%-80%.°""'~'* The
pore size distribution is broad and usually covers a range between
~1-100 pm>'*'"15 and the mean pore diameter for a GDL of the
type Freudenberg H2315 was measured to amount to 16.5 um."” It is
usual to coat the GDL fibers with fluoropolymers (e.g polytetra-
fluoroethylene) to avoid accumulation of water'®!” in the GDL. The
MPL is commonly made of carbon and fluoropolymer particles and
is normally located between the GDL and catalyst layer. It has pores
in the range of approximately 0.01 um to 1 um.'® As reviewed by
Park et al.'® and Lapicque,”® GDM can suffer from degradation
under harsh conditions such as cold starts, freeze-thaw cycles,?' by
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repeated compression cycles due to temperature or humidity
variations®> or due to the steady compression force applied onto
GDM mounted inside a PEFC stack. This can result, for example, in
a change of the microstructure,? fiber breaking® or in the loss of
hydrophobic coating.?’

Various characterization techniques have been applied to corre-
late GDM properties with the water distribution within the GDM and
the PEFC performance as summarized in brief below and reviewed
in details by Bazylak®® and Arvay et al.*® Similar characterization
techniques are frequently used to investigate the GDM integrity
during operando or post mortem experiments. Attenuation contrast
X-ray radiography and tomography are—thanks to the high spatial
and temporal resolution, in particular when using a synchrotron
beam—powerful tools to analyze GDM microstructure' ' or water
in pores of the GDM during operando experiments under stationary
and/or transient operation conditions.>*’~**> However, the cell size
for such experiments is limited to small active areas due to the low
transparency of the cell materials. Moreover, for measurements with
a synchrotron beam, damage to the fuel cell is a concern.**** Other
imaging methods such as optical imaging using partially transparent
flow fields and a CCD camera,’®™® imaging with an environmental
scanning electron microscope (ESEM)* in combination with
freezing (cryo-SEM)* or magnetic resonance imaging*'** are
occasionally used to analyze the water distribution within fuel cell
components. However, one of the most widely applied methods for
operando analysis is neutron imaging. Neutrons are transmitted well
through fuel cell materials (such as aluminum, steel and graphite)
and provide a high contrast for water in attenuation contrast images.
Therefore, various researchers used neutron attenuation contrast
imaging to study, for example, the influence of the material of fuel
cell <:0111p0nents,'7’43‘44 flow field desi ns,45’48 compression ratio of
the GDM™® and operation conditions® > on the water distribution
and performance. An extensive review about neutron imaging to
study fuel cells was reported by Boillat et al.>* To study the water
distribution within the plane of the cell, the membrane electrode
assembly (MEA) is placed perpendicular to the beam. In this
configuration one cannot distinguish between water in GDM and
channels or water present in anode and cathode channels unless
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special purging procedures are applied®™® or different flow field

geometries are used at the anode and cathode.”’” To distinguish water
present in different layers of the cell (i.e. channels and GDM), the
MEA is usually placed parallel to the beam axis.*!74448:58.5

Using X-ray or neutron attenuation contrast imaging it was
found, for example, that water content in the GDM is higher under
the ribs than under the channels.**53%°%5% QOther valuable insights
were obtained about the influence of the MPL on improved water
management>’2%31338 or about the relation between hydrophobic
coating of GDL fibers, water content in the GDL and mass transport
losses.'” Such findings helped to boost fuel cell performance by
improving water management through improvements of GDM
properties. The fabrication of GDM with hydrophilic pathways,**
which improve water removal under the ribs, is one out of many
examples for this.

However, the cell dimension in beam direction is limited for
neutron imaging when the MEA is placed parallel to the beam axis
to less than 20 mm (assuming that 50% of GDM pores are water
filled), because a water thickness of 10 mm in beam direction leads
to saturation of the transmission signal for the spectrum of common
imaging beam lines. Therefore, the analysis of water distributed in
the GDM of large cells is challenging with currently available
characterization techniques and methods beyond simple attenuation
contrast imaging are required. Following our first publication about
the possibility of using neutron dark field imaé?ing to specifically
visualize water in the gas diffusion layers,”> we present here
respective capabilities and application of the method but also some
identified limitations for operando analysis.

Neutron dark-field (DF) imaging is a technique which is not yet
commonly applied for the characterization of fuel cells, whereas it
bears a high potential to provide information about the water
distribution in GDM and GDM damages during operando experi-
ments. DF contrast is generated when neutrons are scattered by
microstructures to ultra-small angles and DF imaging allows
measuring this scattering signal with spatial resolution. DF imaging
is performed with grating interferometers (GI) designed for neutrons
(nGD®' or X-rays (xGD®* and is an established technique for
analyzing the microstructure for various samples.*>™° Large struc-
tures (>few hundred pm) do not scatter neutrons to the angles to
which the setup is sensitive and thus do not influence the DF value.
Therefore, DF imaging can be applied to selectively visualize water
in the pores of GDM without the disturbing signal of water
accumulations in channels. Previously, we confirmed that the DF
value changes significantly when a dry GDL mounted in an ex situ
test rig is filled with heavy water.®® Moreover, we demonstrated that
DF imaging can be applied to identify damaged GDL areas. Here,
we report about an optimized nGI setup for the analysis of water
distributed in the pores of GDM during fuel cell operation. Further,
we corroborate that microstructural inhomogeneities in GDM can be
visualized during operando experiments using DF imaging. Thanks
to the improved nGI setup, we obtained DF images with a
significantly improved contrast-to-noise ratio compared to pre-
viously presented implementations.®'’>”" This improves applic-
ability of DF imaging considerably and allows higher sensitivity to
small variations in the DF contrast and/or measurements with higher
temporal and/or spatial resolution.

Theoretical Background

In most cases, an nGI consists of three gratings (one phase
grating and two absorption gratings).®' The source grating (GO) is
used to fulfill the spatial coherence requirement of the interferom-
eter. The phase grating (G1) produces an interference pattern at
given distances (Talbot distances), which is detected with the help of
the analyzer grating (G2). The interference pattern measured without
sample (open beam) is characterized by its visibility (Vp) (fringe
contrast), which is the ratio of its modulation amplitude divided by
the mean value of the beam intensity:

VO _ Imax - Imin [1]
Inax + Imin

Scattering of neutrons (e.g. by microstructures) to ultra-small angles
redistributes intensities between modulation maxima and minima
and thus reduces the visibility.”* Acquiring images with one of the
gratings in different positions (using phase-stepping®’’>7%) allows
quantifying the loss of visibility in every pixel of the imaging
detector. Thus, the impact of scattering is measured with spatial
resolution. The DF value is related to the visibility described by
Eq. 1 and can be determined as:

DF — value = ¥ =

v etzs(G(fc,)—l)’ [2]
0

where Vg and Vj are the measured visibilities with and without the
sample, respectively, ¢ is the thickness of the sample, > g the total
macroscopic scattering cross section and G ({gy) is the projected real
space correlation function,®*”>7® with depends on the autocorrela-
tion length of the sample determined by intra- and inter-particle
correlations (e.g. size, form, ordering) and the autocorrelation length
of the GI setup {g;. As derived in Ref. 72, {g; is given by:

AL
Lo = =2, [3]
123

where A\ is the neutron wavelength, Lg is the distance between
sample and G2 (when the sample is placed downstream of G1) and
P> is the period of G2. The macroscopic scattering cross section ) g
is described, for a two-phase sample, by the following equation’:

> = X(ASLD)*¢,(1 — ¢,)av, [4]

where ASLD is the difference of the scattering length density (SLD)
between the two considered materials, ¢, the volume fraction of one
phase and « is a parameter describing the effective average structure
size.

In two phase systems, the projected real space correlation
function G(£g;) can be considered as being the probability that
two randomly chosen points with the distance {;; between them are
within the same phase. Therefore, the function 1 — G({g;) can be
considered as the probability that two randomly chosen points with
the distance £, between them are in two different phases. When g,
is significantly smaller than the size of the structures in the material,
the probability that the path between two points separated by a
distance g crosses two interfaces is negligible. Therefore, in this
case, 1 — G(&g) is proportional to the probability of having one
interface between these two points, i.e. to the surface area. As
illustrated in Fig. 1, this means that, in the three phase system, the
contributions from each separate interface (carbon-air, carbon-water
and water-air) can be added to provide the total scattering signal.
Note that the carbon fibers in a GDL are randomly oriented and thus
we show in Fig. 1 also randomly chosen points with the distance &g;.
In case anisotropic systems are analysed with vertical gratings, only
points that can be connected by horizontal lines should be
considered.

To obtain a high contrast between a DF image of the dry GDM
and a DF image of the GDM with water in the pores, it is
advantageous to operate the fuel cell with D, (producing D,0)
instead of H, (producing H,O). The reason for this is that the
scattering length density contrast ASLD¢_4;, is almost the same as
ASLD¢_p,0, while there is a significant difference between
ASLD¢_ 4 and ASLDc_p,o (see Ref. 60 for details). Another
important parameter to be considered carefully to obtain a good
contrast-to-noise ratio (CNR) in DF images is &g;.

Noise in DF images depends on the neutron flux reaching the
detector (determined by the flux of the beam line and transmission of
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Figure 1. Illustration of three phase system consisting of carbon fibers, air
and water. The correlation length of the grating interferometer £, is shown
in comparison to the characteristic structure sizes. (a) {;; is longer than the
characteristic structure size (i.e. carbon fiber diameter) and the probability is
high that several interfaces are within the distance ;. In this situation, the
analysis of a three phase system is complicated, because the scattering signal
is not proportional to the amount of interfaces. (b) &, is considerably shorter
than the characteristic structure sizes and thus the scattering signal is
proportional to the amount of interfaces.

the sample), on the measured open beam visibility (V) of the nGI
setup, and on the DF value measured for a specific sample. A low
scattering contrast (high DF value) or a high contrast close to
saturation (DF value close to zero) obviously results in a low CNR.
For low DF values the relative uncertainty increases due to the
relatively higher impact of statistical noise on the fitting algorithm as
discussed in reference.”” In addition, DF values approaching zero are
also affected by a systematic bias when common fitting algorithms
are used.

As most fuel cell test fixtures are a few centimeters thick, it is not
possible to put the center of the fuel cell (GDM and catalyst coated
membrane) very close to G2. Thus, it is important to choose p, and
A such that &g, is in the optimal range to yield a DF value which is
sufficiently low but does not saturate the signal (values close to 0),
when Lg has a value of a few centimeters. In addition, Y_g depends
on the square of A, which also needs to be considered to design an
optimal nGI for fuel cell applications. It is more challenging to
fabricate gratings suitable for short wavelength neutrons as their
penetration depth in absorbing material (e.g. gadolinium) is larger
and thus, high aspect ratios for absorption gratings are required. This
is why common nGI setups are usually designed for long wave-
lengths (>4 A). Depending on the spectrum of the beamline, it can
be advantageous to measure at a shorter wavelength to benefit from a
higher flux. In addition, it has to be evaluated whether white beam
measurements result in a higher CNR compared to experiments
performed with monochromatic beams (e.g. with a velocity selector
or a double crystal monochromator). In this case, the optimal
gratings should be designed for the intensity weighted average
wavelength of the beam line.

None of the previously reported nGI setups provided a flux and
open beam visibility (Vp) sufficiently high to reach a CNR that allows

DF imaging with acquisition times interesting for fuel cell operando
experiments. The requirement to place the center of the cell at a
sufficient distance from G2 limits the range of accessible values for
&1 Conventional nGI setups have a large distance (a few meters)
between GO and G1, while the distance between G1 and G2 is
commonly in the range of a few centimeters.®"*”%® The distance
can be increased by using higher Talbot orders but this goes along
with a decreased visibility.”” Donath et al.®® elaborated the theore-
tical background for a symmetric X-ray grating interferometer (xGI),
with a larger distance between G1 and G2 and Kim et al.”!81:52
demonstrated the feasibility of a symmetric nGI. We designed a
symmetric nGI with parameters (grating periods, wavelength) that
allow us to measure with a {g; that yields a high CNR for the DF
value of two GDM mounted inside a fuel cell test fixture. Another
advantage of the symmetric setup is the larger period for G2
compared to conventional setups.’’ The most frequently used
fabrication method for conventional setups with a G2 having a
small period (e.g. 4 pm®"*"7*78) is gadolinium evaporation onto a
silicon grating. A larger period of G2 allows to use different
fabrication methods such as, for example, laser ablation of gadoli-
nium. The setup was optimized for a wavelength of 3.5 A, which is
the intensity weighted average wavelength of the ICON beam line
where the experiments were performed. Thus, we could measure
with a white beam and benefit from a high flux, which is
advantageous to reach a high CNR.

Experimental

Gratings fabrication.—DF images were acquired with an nGI
setup, which consisted of three gratings: a source grating (GO) and
an analyzer grating (G2) with absorbing lines as well as a phase
grating (G1). The nGI setup was symmetrical with a distance of
44.5 cm between GO and G1 and the same distance between G1 and
G2, corresponding to the first Talbot order. G1 was manufactured by
dry etching into a silicon wafer. The bars had a height of 43.28 um,
and were designed to introduce a w-phase shift to neutrons with a
wavelength of 3.5 A. G1 had a duty cycle of 50% and a period of
25 pm. The two absorption gratings (GO and G2) were manufactured
by sputtering gadolinium with a thickness of 16 yum onto quartz
wafers. Subsequently, gadolinium was removed by laser ablation to
form the grating pattern. Two sets of G2 and GO were produced,
which differed by the period which was either 25 ym or 26 ym and
the duty cycle which was either 37% or 25% (see Table 1) at the half
of the grating height (see Fig. 2).

Symmetric nGI setup variants.—All experiments were per-
formed with the same G1 grating (25 pm period, 50% duty cycle).
For the absorption gratings (GO and G2), we used periods of 26 um
or 25 pum and either a 16° or 0° rotation angle with respect to the axis
perpendicular to the beam (x-axis) as displayed in Fig. 3 and
summarized in Table I. Rotating a grating with 26 ym period by
16° results in an apparent period of 25 um, which can be finely
adjusted by the rotation angle. Conventional nGI setups with a large
distance (a few meters) between GO and G1 are usually designed
with a GO that can be rotated with respect to the x-axis in order to
match the geometrical requirements.m However, the rotation intro-
duces a varying distance between GO and G1 along the x-axis, which

Table I. Grating parameters for the three nGI setup configurations
used in the experiments.

Period Duty cycle Rotation angle ()
pm % °
setupl GO 26 37 16
G2 25 37 0
setup2 GO 25 37 0
G2 25 37 0
setup3 GO 26 25
G2 26 37
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Figure 2. (a) Schematic of cross section of grating fabricated by laser
ablation of gadolinium sputtered previously onto a quartz wafer. (b) Optical
microscope image of grating with 25 ym period. The dark lines are
gadolinium free and have a width of 8 ym at the gadolinium/quartz wafer
interface for a grating with 37% duty cycle at half height of the gadolinium
layer.

influences the visibility in a symmetric setup with a comparably
small distance between GO and G1 as will be discussed in the
“Results and Discussion” section.

Fuel cell operation.—The fuel cell used for the experiments had
an active area of 13.2 cm? (2.2 cm x 6 cm). A parallel flow field was
used on the anode side, and an interdigitated flow field on the
cathode side. Both flow fields were machined in aluminum and
included a gold coating with 5 pm thickness to prevent corrosion.
The flow fields had 11 gas channels (1 mm wide, 0.5 mm deep)
separated by 1 mm wide ribs. The two compression bodies (test
fixture) were made of aluminum blocks with a thickness of 40 mm
and a cavity of 20 mm in the region of the active area which is an
advantage for neutron transmission. The catalyst coated membrane
(CCM) was a Primea 5710 (W.L. Gore & Associates) membrane
with cathode Pt loading of 0.4 mg cm~2 and anode Pt loading of
0.1 mg cm 2. The anode GDM was a Freudenberg H23 C6 with a
commercial microporous layer (MPL). The base material for the
cathode GDL was of type Freudenberg H23 and it was in-house
modified to feature patterned wettability.®>®* The pattern had
500 pm wide hydrophilic lines separated by 940 pm wide hydro-
phobic regions. A MPL was also applied in-house to the cathode
GDL (see Ref. 84 for the synthesis details). For simplicity, we call
the GDL with MPL hereafter gas diffusion media (GDM). Both
GDM had an initial thickness of 220 ym and were compressed by
25% to a thickness of 170 pum when mounted in the fuel cell. The
cell was operated in counter flow at 40 °C without humidification of
the feed gases. The gas fed at the cathode was air with a

stoichiometry of 1.4 and the anode was fed with D, or H, with a
stoichiometry of 2.5. For the operando experiments, the current
density was 1 Acm™2. Further experiments were conducted with a
static water distribution. In this case, the cell was first operated for
10 min to generate water. Subsequently, water was partially removed
by flowing dry gas in the anode with 1000 mlmin™' during two
periods of 5 min. Images were acquired for 20 min at three different
time points (before the first drying, between the two dryings and
after the second drying).

Image acquisition and processing.—The experiments were
performed at the ICON beam line®™ of the Swiss Spallation
Neutron Source (SINQ). A 200 um thick °LiF/ZnS scintillator was
used to convert neutrons to photons. Images were acquired with a
CCD camera (IKON-L) combined with a 100 mm optical lens (Zeiss
Makro Planar T100/2), resulting in a field of view of 93 x 93 mm?
and a pixel size of 48 ym. The exposure time was set to 10s.
Different neutron apertures were used with diameters of 10, 20 or
40 mm and the cell center was placed at a distance of 85 mm from
the detector and 7.53 m from the aperture. Hence, the geometrical
blurring was approximately 0.22 mm with an aperture of 20 mm and
0.45 mm with an aperture of 40 mm, respectively. The phase
stepping was provided by moving GO. In the “standard” scan
strategy, GO was moved in constant direction over a distance
corresponding to one period using either 14 or 21 images per period.

Additionally, we introduced a golden ratio scan strategy for the
phase stepping. Similar to the golden ratio acquisition strategy in a
tomography, the half of the GO period is divided by the golden ratio
(1.618) to obtain the phase stepping distance. When the movement
has exceeded one full period, the grating is driven back by the
distance corresponding to one GO period and the procedure is
repeated. This scan strategy, popular for time resolved
tomographies,®® ensures an optimal distribution of the grating
positions over a period for an arbitrary a posteriori choice of the
analysis interval.

The total exposure time (number of phase step images * exposure
time) for each data set presented will be mentioned in the Results
and Discussion part. It must be noted that the total image acquisition
time, including motor driving for the phase-steps and image read out
time, is higher than the total exposure time.

For some experiments, a velocity selector was used to produce a
monochromatic beam with a target wavelength of 3.5 A (AX/A =
15%), while other experiments were performed with the full white
beam. The intensity weighted average wavelength for the spectrum
of the ICON beam line is 3.5 A. Thus, &g, is similar for experiments
performed with white beam and with velocity selector and amounts
to 1.2 um. The range of &g is 0.3-2.7 pum for the wavelength range
of the white beam. Thus, {;; is much smaller than the average
structure sizes present in the GDL. DF images, attenuation contrast
images and visibility maps were obtained with the open source
software TaPy.?” The following steps are performed on each phase-
step image: pixel-wise subtraction of camera background, outlier
removal to filter out bright spots which are for example produced
when v-Rays hit the chip of the detector, 2 x 2 binning and
correction for beam intensity fluctuation by normalizing images by a
non-changing area outside of the grating areas. TaPy includes an
algorithm using efficient matrix operations®® to fit the amplitude and
mean value of the intensity modulation in each pixel for open beam
and sample images.

The transmission images of the fuel cell with water were divided
by a dry image of the cell and the Beer—Lambert law was used to
calculate the water thickness. The effective attenuation coefficient
o =496 em™") was calculated for the white beam spectrum of
the ICON beam line with reference cross section data from
reference.®® DF images of the water filled cell were referenced by
subtracting the image of the dry cell. Here after we refer to the DF
value difference between the water filled and dry cell as
DFVDyet-ary)- To reduce noise, Gaussian smoothing with 0 = 2
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Figure 3. Schematic of top view onto symmetric nGI setup configurations used in the experiments.

and a kernel of 3 x 3 was applied in some cases to DF images. This
is stated in the figure caption in cases where applicable.

Results and Discussion

Visibility with improved fabrication method.—Figure 4 shows
the visibility maps measured with the three different setup config-
urations with an aperture of 20 mm and monochromatic beam (3.5 +
0.26 A) (top row) and with an aperture of 40 mm and white beam
(bottom row). For all setups the visibility is higher with the
monochromatic beam with the wavelength for which the gratings
are optimized. With setup 1 (Table I and Figs. 3a and 3d), a high
visibility (51%) was measured in the center of the field of view, but
visibility decreased substantially towards the sides. The low visibi-
lity at the sides is explained with the rotation around the x-axis of
GO. The distance between GO and G1 at the borders is not the same
as the distance between G2 and G1. Setup 2 delivers a lower but
more homogeneous visibility (46%) compared to setup 1. The stripe
with low visibility at the left side is due to defects (mismatch of
period) in one of the absorption gratings. The periodic structures
(vertical lines) appearing in the visibility maps may be the result of
remaining period mismatches between GO, G1 and G2. However,
they do not seem to affect the DF images, as the division by the open
beam visibility removes them entirely (see Eq. 2). With setup 3, we
measured a homogeneous visibility over the whole field of view, and
the value (57%) is higher than the peak value of setup 1. The

visibility is very sensitive to small mismatches in the period of the
three gratings. For setups 1 and 3, the period of GO was fabricated
4% larger than the target period and the grating was placed with an
angle of 16° in respect to the axis perpendicular to the beam (x-axis
in Fig. 3) to achieve an apparent period of 25 ym. The apparent
period is calculated by simply multiplying the physical period with
the cosine of the rotation angle. With a design rotation angle of 16°
one can easily fine-tune the apparent period by adjusting the rotation
angle. Thus, it is possible to compensate for a period mismatch
between GO and G1 possibly introduced due to fabrication inac-
curacies, which explains the higher visibility reached. This is not
feasible when the fabricated period of all three gratings is the same
and the gratings are placed without rotation around the x-axis.
Because the cosine is not a linear function, much larger changes of
the rotation angles are needed to compensate for small period
mismatches between GO and G1 when the design rotation angle for
GO is 0°. With setup configuration 3, aperture = 20 mm and
monochromatic beam, we measure a homogenous visibility of nearly
60%. This is a substantial improvement compared to visibility values
(defined by Eq. 1) of 20-30% reported previously for other nGI
setups,®"’7! which used a G2 fabricated by gadolinium evapora-
tion. Laser ablation of gadolinium from wafers bears the advantage
of a better defined absorption pattern compared to gadolinium
evaporation. We do not achieve a perfect absorption profile, because
the laser pulse is most intense in the center, which results in a
trapezoid cross section as shown schematically in Fig. 2a. However,
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Figure 4. Visibility maps displayed with a color code. The mean value, displayed on top of the image, was calculated using the region highlighted with the black
rectangle. Top row: aperture = 20 mm and monochromatic (3.5 = 0.26 A). Bottom row: aperture = 40 mm and white beam. (a), (d) setup 1, (b), (e) setup 2 and

(c), (f) setup 3.

the absorption pattern is much closer to the optimal case of a
rectangular pattern, which was predicted by Harti et al.” to result in
a significant improvement of visibility. The use of laser ablation was
possible, because a larger period for G2 compared to other reported
setups can be used for a symmetric setup. For small G2 periods, the
trapezoid shape of the grating obtained with laser ablation (Fig. 2a)
would severely affect the transmission of the grating.

Seki et al.,” reported visibility values of 50% at 5 + 0.055 A
using a G2 fabricated by gadolinium evaporation, but the area of the
grating was only 20 x 20 cm®. Other groups’"®> have recently
reported about improved methods for the fabrication of absorption
gratings (G2), which are expected to increase visibility compared to
previously reported setups.

Figure 5 compares for setup 3 the visibility and beam intensity
measured with an aperture of 10, 20 and 40 mm with monochromatic
and white beam. The larger the aperture, the lower the visibility,
because a period mismatch between GO and G1 has a larger effect if
a higher number of source lines contribute to the signal in a given
point. On the other hand, the flux increases linearly with the aperture
area. The highest increase in flux is achieved by measuring with
white beam instead of monochromatic beam (an increase of factor 25
for the same aperture). The visibility decreases by using a white
beam, because the set-up was optimized for a single wavelength.
However, the figure of merit FOM to obtain a high CNR for images
is described by Eq. 5 and is strongly influenced by the available
neutron flux, / as shot noise decreases proportionally to the square
root of the flux:

FOM = VyJI. (5]

Measuring with white beam and an aperture of 40 mm yields a figure
of merit which is 3.5 times higher than for measuring with an
aperture of 20 mm and monochromatic beam. This increase in figure

100% o— 10000
1000 =

100

Visibility [%]
FOM normalzied to max [%]
£
Beam intensity [arb. units]

10 20 40 20 40
V§ VS VS WB WB

Figure 5. Visibility (blue bars, left y-axis) and beam intensity (orange bars,
right y-axis) measured with an aperture diameter of 10, 20 and 40 mm with
velocity selector (VS) and white beam (WB). Figure of merit (FOM) is
shown with black dots (left y-axis).
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of merit means that the contrast to noise ratio (CNR) is increased by
a factor 3.5 for a given exposure time, or that the exposure time can
be reduced by a factor of 12.25 while keeping the same CNR.

Microstructural inhomogeneities of the dry GDM.—Figure 6
shows DF images and attenuation contrast images of a dry fuel cell.
The DF contrast is larger for the active area compared to areas where
only the test fixture of the cell (aluminum) is in the beam (Figs. 6a
and 6c). This strong DF contrast is generated by neutrons, which are
scattered at the microstructure of the cathode and anode GDM. The
transmission value (Figs. 6b and 6d) scales with the thickness of
neutron attenuating materials in the beam. The highest transmission
value is measured in the region of the active area, because the test
fixture is manufactured with a cavity in this region. With both
imaging methods, the strongest contrast is measured for the footer,
which is made from glass fiber loaded polyphenylensulfid (PPS) and
generates both attenuation and scattering contrast as it contains
hydrogen and microstructures. In the attenuation contrast image
acquired with setup 3 (Fig. 6d), we can observe shadows at both
ends of the active area, because the cell is rotated by 16° compared
to the axis perpendicular to the beam. In the DF images acquired
with setup 3 (Fig. 6¢), the shadow is only visible at the right border.
The reason for this is that, due to the rotation of the cell, the
aluminum border of the test fixture around the cavity is at one side
closer to G2 than at the other. Illustrative figures are shown in
supplementary information (Figs. S1 and S2 is available online at
stacks.iop.org/JES/167/064509/mmedia). The distance between
sample and G2 influences £g; and thus the DF constrast. In future
experiments, the nGI can be optimized in such a way that no rotation
of the cell is necessary or the cavity can be adapted to avoid this
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(a) contrast image
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shadow artifact. Hereafter, we focus on the region of interest
highlighted in Figs. 6a and 6¢ with the turquoise rectangle.

The image in Fig. 7a was acquired with an aperture diameter of
40 mm and the image in Fig. 7b with an aperture diameter of 20 mm.
From both images and from the blue line profiles (average of pixels
in horizontal direction), it is visible that there is a regular pattern of
the DF value. The period of this pattern corresponds to the sum of
the widths of channel and rib (2 mm). The DF value is about 0.01
(2.7%) higher for rib areas compared to channel areas. This confirms
that the DF contrast is sensitive to small microstructural changes in
the GDM. A higher compression under the flow field ribs reduces the
porosity and thus air gaps between fibers. As a consequence, the
surface area between carbon and air is reduced, which results in less
scattering sources and thus a higher DF value is measured. The red
line profiles (average of pixel in vertical direction) look different for
the two images. While there are no special features visible in the red
line profile shown in Fig. 7a, such are clearly visible in the image
and red line profile in Fig. 7b. There is a regular structure of thin
lines and the profile given below the image shows a regular pattern
of the DF value. The period of this pattern is about 0.54 mm and
corresponds to the period of the line structure of the Freudenberg
H23 GDM (see Fig. S3 in supplementary information). The reason
why this structure is not visible in the image acquired with an
aperture of 40 mm is geometrical blurring, which amounts to
0.45 mm. With an aperture of 20 mm, the geometrical blurring is
only half of this and thus smaller than the period of the structure. For
the experiments reported here, geometrical blurring was comparably
large because we placed the center of the cell 85 mm away from the
detector. The compression body had a thickness of 40 mm and we
could have placed the cell closer to the detector. However, a smaller

Attenuation
(b) contrast image

Figure 6. Comparison between DF images (a), (c) and attenuation contrast images (b), (d) acquired with setup 2 (a), (b) and setup 3 (c), (d). Turquoise rectangle

highlights region of interest shown in Figs. 7, 9, 11 and 12.
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Figure 7. DF images of dry GDM mounted in the fuel cell test fixture acquired with a total exposure time of 20 min. Images are shown with a color code.
(a) aperture = 40 mm. (b) aperture = 20 mm. Red line profiles show DF values averaged in vertical direction and blue line profiles show DF values averaged in
horizontal direction. Inserts show small GDM areas and the corresponding part of the line profiles magnified.
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distance to G2 would have resulted in a smaller ; and thus less DF
contrast and smaller CNR. In case the goal for future studies is to
investigate microstructural inhomogeneities of GDM with higher
spatial resolution it is important to design the nGI accordingly. For
the rest of this publication, we present results based on images
acquired with an aperture of 40 mm, because for the same exposure
time a higher CNR is obtained thanks to an increased neutron flux.

Visualization of water in GDM—Static distribution after fuel
cell operation.—To analyze the water distributed in pores of
different regions in the GDM, we used a mask to treat four
“domains” separately. The four domains are rib/channels over-
lapping with hydrophilic/hydrophobic areas as illustrated in Fig. 8.

Figure 9 compares the DF image of the dry fuel cell (Fig. 9a) to
the one obtained after the cell was operated for 10 min with D,
(Fig. 9b) to produce D,O. Further, we compare the DF value
difference between wet and dry cell (DFVD yecary)) displayed in
Fig. 9c to the H,O thickness shown in Fig. 9d. The latter is
calculated based on the attenuation contrast image and was acquired
after 10 min of operation with H,. The water distribution is similar
after operation with D, and H,, but the H,O thickness image suffers
from less noise, because the attenuation coefficient of H,O is much
larger than the one of D,O. For a detailed discussion on the

(a)

comparison between attenuation contrast and DF images of GDM
filled with D,O/H,O, see our previous publication.”® The line
profiles below the images show the average pixel values for rib
(red) and channel (black) regions and those to the right of the images
display the average pixel values for hydrophilic (blue) and hydro-
phobic (yellow) regions. As above for Fig. 7a, we can observe for
the image of the dry cell a higher DF value for rib compared to
channel regions. For hydrophilic and hydrophobic regions, the DF
value is the same (Fig. 9a). The DF image of the fuel cell containing
D,0 reveals that the DF value varies more between channel and rib
than for the dry cell (Fig. 9b). In addition, the DF value is higher for
hydrophilic regions compared to hydrophobic regions, especially for
the rib regions (red line profile). The DF value of the rib regions
shows a pattern with a period of 1.44 mm, which corresponds to the
period of the hydrophilic/hydrophobic line pattern. Details about this
pattern are discussed later on the basis of Fig. 11. We obtain a
positive  DFVD(yeraryy for the rib regions and a negative
DFVDyet-ary) for the channel regions (Fig. 9c). The water thickness
image and corresponding line plots show that there was about 50 ym
of water in the rib region of the GDM (Fig. 9d) and it is visible, that
some channels are more filled by water than others, with the average
value ranging between 50 pm and 100 pm. There are no important
variations of the DFVD(yerary) between the different channels
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Figure 8. Mask for the four domains in the GDM. (a) Channel/rib, (b) hydrophobic/ hydrophilic lines, (c) channel/rib overlapping with hydrophobic/hydrophilic

lines.
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Figure 9. Static water distribution in fuel cell after 10 min of operation. (a) DF
image of dry fuel cell, (b) DF image of D,O-filled fuel cell, (¢) DFVD ye-dry)»
(d) H,O thickness image calculated based on the attenuation contrast image.
Images were acquired with a total exposure time of 12 min. Red (rib areas) and
black (channel areas) line profiles show values averaged in vertical direction and
blue (hydrophilic) and yellow (hydrophobic) line profiles show values averaged
in horizontal direction. DF images are shown with Gaussian smoothing, but line
profiles were evaluated based on the unfiltered images.
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observable. This behavior is expected: most of the water clusters
present in flow field channels are expected to have dimensions
(length and width) to which the DF contrast is not sensitive.

Figure 10 is a summary of the observations presented in Figs. 9¢c
and 9d. It displays the DFVD yet.ary) and the water thickness for the
four domains. We measure a positive DFVD(yer.ary) in rib and a
negative DFVD yc(.ary) in channel regions. As elaborated above in
the theoretical background, we measure with a small {;; compared
to the structure sizes in a partially water filled GDM. Thus, we can
assume that the DF value is mainly proportional to the amount and
kind of media interfaces present in the GDM (see Fig. 1).

As shown in detail in reference,’® it is expected and was
experimentally proven that a positive DFVD(ye(.ary) i obtained,
when most of the pores are filled with heavy water, because the
ASLD¢_p,o is much smaller compared to ASLD¢_ ;. Replacing
C-air interfaces with C-D,O interfaces results in a smaller DF
contrast (higher DF value). However, the DFVD ye(aryy Was shown
to decrease for partially heavy water filled GDM, as additional
D,O-air interfaces increase the DF contrast. The results presented in
Fig. 10a indicate, that the effect of a reduced DF contrast (form
C- D0 interfaces replacing C-air interfaces) is overcompensated
by an increased amount of air-D,O interfaces and thus the
DFVDyet-ary) is negative. Such a situation can be explained by the
presence of a large number of small droplets present in the GDM,
which have a large surface area and contribute to the interface
air-D,0. Although the DFVD y(.ary) for rib and channel regions has
a different sign, we can still observe a difference between hydro-
phobic and hydrophilic areas in both cases (Fig. 10a). The
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DFVDwet-aryy for hydrophilic areas under the rib is more than twice
as high compared to hydrophobic areas under the ribs. On the
contrary, based on the attenuation contrast image, we calculate a
water thickness that varies very little (less than 5 yum or 10%)
between hydrophilic and hydrophobic areas in the rib region. Water
droplets distributed in hydrophobic porous material with a larger
contact angle are expected to form more discrete droplets while
water will tend to form films on the surface of hydrophilic material
as illustrated schematically in Fig. 10c. Therefore, the specific water
structure can lead to a higher amount of air-D,O interfaces in
hydrophobic materials, resulting in a reduction of the DF value
(stronger DF contrast). In channel regions, a similar change of DF
value between hydrophilic and hydrophobic regions is observed, but
with a lower magnitude. This is most likely explained by the fact that
less water is present in GDM areas overlapping with channels
compared to those overlapping with ribs.

In summary, the fact that the DFVD(yerary)y does not scale
proportionally with the amount of water present in the pores of the
GDM represents both a challenge and an opportunity. The challenge
is that depending on the GDM material and water saturation one
might encounter the situation where zero difference is measured even
when water is present. On the other hand, DF imaging represents an
opportunity, as it is sensitive to the microstructure of water, because
the surface area is different for small droplets compared to water
films. Thus, DF imaging allows gaining information about the water
distribution in fuel cells beyond simple quantity mapping as obtained
with attenuation contrast imaging. To obtain a fundamental under-
standing of the link between the DF value and the microstructure of
water droplets distributed in a specific GDM, DF imaging results
should be compared to the results of X-ray tomography studies in the
future. Obtaining quantitative information on the water distribution
could also be achieved by calibrating the DF signal for a specific
GDM and water distribution either by using neutron imaging with
special purging procedures or analyzing the water thickness with the
cell membrane parallel to the beam.

Visualization of water in GDM—Drying steps.—Figure 11
displays line profiles and bar plots for the DFVD ye.ary) and water
thickness evolution during a drying procedure. Step 1 corresponds to
the images after the fuel cell was operated for 10 min (either with D,
or H, as for the data presented above). Subsequently, the fuel cell
was dried in two steps (step 2 and step 3) by flowing dry nitrogen at
the anode side for 5 min. In the plot of the line profiles, it is indicated
with dashed vertical lines where the hydrophilic lines are expected to
be located by knowing the period of the pattern. In the rib areas we
can observe the presence of the hydrophobic/hydrophilic pattern for
the DFVD ye(-ary) during all three steps, but in the channel area noise
obscures the pattern (Fig. 11a). The water thickness measured from
attenuation contrast varies clearly between hydrophilic and hydro-
phobic rib regions after the first drying (step 2), while before drying
no clear pattern was observed. In the channel areas there is no clear
pattern for all three steps. The water thickness image acquired after
the first drying (step 2) shows that there is still some water left in
channels at the left side. In regions where the channels are dry, the
pattern of water mostly accumulated in hydrophilic lines can be
observed. It appears that the pattern becomes clearly visible in the
water thickness image only after drying when the channel water at
the anode is removed.

Visualization of water in GDM—operando measurements.—
Figure 12 displays the DFVD(yer.aryy and water thickness image
averaged over 60 min of operation and the corresponding line profiles.
The water content in the GDM increases during the first few minutes
of operation, after which an equilibrium is established between water
generation and water transport to the channels. Therefore, once this
equilibrium is reached the GDM water content is not expected to
change dynamically when operation parameters (current density,
relative humidity, temperature, gas pressure) are constant.
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Figure 11. Line profiles for DFVD yerary)-images acquired with a total
exposure time of 12 min after 10 min of operation (step 1) and after two
drying steps (step 2 and step 3) for (a) rib and (b) channel areas and H,O
thickness in (c) rib and (d) channel areas. Bar plots depict the average of the
four domains for (¢) DFVD yet.ary) and (f) H,O thickness. (g) H,O thickness
image acquired after first drying (step 2). Grey rectangle highlights region of
interest for which line profiles are shown.
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Figure 12. (a) DFVD ye. dry) and (c) H,O thickness image acqulred with a
total exposure time of 60 min during fuel cell operation at 1 Acm 2. Line
profiles for left part of images (highlighted with grey rectangles) 0f (b)
DFVDyet-ary) for channel (black) and rib (red) regions and of H,O thickness
in (d) channel and (e) rib regions. Dashed green lines indicate where
hydrophilic lines are located. DFVDyer.ary)-image is shown with Gaussian
smoothing, but line profiles were evaluated based on the unfiltered image.

In the experiment presented above (Fig. 9), the cell was only
operated for 10 min and thus only little water was produced. Due to
the longer operation time over which results presented in Fig. 12 are
averaged, more water is present in channels and GDM compared to
Fig. 9. Hence, the pattern of rib/channel and hydrophilic/phobic
areas is much more pronounced in the DFVD(yerary)-image
(Fig. 12a). From the water thickness image (Fig. 12c), we cannot
identify hydrophilic regions by eye, but the analysis of water in rib
regions (Fig. 12e) reveals a similar pattern as observed for the drying
procedure presented in Fig. 11. Hydrophilic regions under the ribs
contain on average 5 pum more water compared to hydrophobic
regions under the ribs. For channel regions (Fig. 12d), no such
distinction of hydrophilic and phobic regions is possible based on the
attenuation contrast image. On the contrary, the analysis of the
DFVDyet-ary) for channel regions reveals a clear pattern between
hydrophobic and hydrophilic regions (Fig. 12b). The analysis of the
water distribution in the GDM overlapping with channels is possible
because large water clusters present in the channels do not contribute
to DF contrast. This is true as long as DF images are reconstructed
for phase-stepping images that were acquired over a sufficiently long
time, because water moving in the channels can cause artefacts in
DF images. Our strategy to reduce the impact of such artefacts is
discussed in the next subsection.

Reduction of water movement artefacts by golden ratio GO-
stepping.—The reason why moving water clusters in channels cause
artefacts is as follows: the DF image is reconstructed from several
“phase-step” images, which are acquired for different positions of
GO. If the transmission changes due to water droplets moving in the
channels during the acquisition time of these phase-step images, the
DF value is misevaluated. To minimize the impact of such artefacts,
we applied a special GO-stepping procedure (see experimental
section) inspired by the golden ratio scan strategy used in computed
tomography.86 Conventionally, GO is stepped between monotoni-
cally increasing, equidistant positions over a distance corresponding
to one GO period. Generally in neutron 7grating interferometry around
9 or more phase-steps are recorded.”” With the golden ratio scan
strategy, the grating positions are not placed in a monotonically
increasing order. Therefore, a change of transmission during the
acquisition of a GO scan is less likely to be mistaken as an
interference modulation, as the values before and after the change
of transmission are spread over the GO period. In supplementary
information (Fig. S4), it is schematically illustrated why the golden
ratio phase stepping strategy is advantageous to retrieve more
reliable fitting results under conditions with changing transmission
over the evaluation time.

The reduction of artefacts in the DFVD(yeiary)-image with
golden ratio GO-stepping compared to normal GO-stepping is
visualized in Fig. 13. The two DFVD yei.ary)-image sequences
displayed in Figs. 13a and 13c consist of DF images, which are
each reconstructed from 27 phase-step images (4.5 min total
exposure time). In the sequence acquired with normal GO-stepping
(Fig. 13a) we can observe that the DFVD(yeary) for several
channels in different images, is much lower than the surrounding
and than in the same position in other images. These are artefacts
caused by the movement of water accumulated in channels as
described above. Such artefacts are clearly reduced in the image
sequence acquired with golden ratio GO-stepping (Fig. 13c). The
reduction of artefacts with golden ratio GO-stepping is corroborated
by computing the pixel-wise standard deviation over 15
DFVDye(-aryy-images of the two different sequences. The standard
deviation of the sequence acquired with normal GO-stepping
(Fig. 13b) is higher in channel regions compared to rib regions,
while this effect is much lower with golden ratio GO-stepping
(Fig. 13d). The advantage of golden ratio over normal GO-stepping
manifests not only in the fact that artefacts are reduced, but it also
allows to choose the evaluation time for the reconstruction of a DF
image a posteriori in a completely flexible manner. With normal
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Figure 13. Impact of water moving in channels: image sequences of
DFVD(yeraryy (€ach retrieved from 27 phase-step images with a total
exposure time of 4.5 min) with (a) conventional GO-stepping and (c) golden
ratio GO-stepping. Black rectangles highlight regions with artefacts. (b),
(d) Corresponding standard deviation (0') images showing o for each pixel
calculated based on 15 individual DFVDyciary)-images. DFVD yerary)-
images are shown with Gaussian smoothing.
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GO-stepping there are constraints given by the number of phase-steps
acquired per oscillation.
Conclusions

We demonstrated that neutron dark-field (DF) imaging is a
promising method for the water distribution analysis in gas diffusion

media (GDM) during operando fuel cell experiments. Thanks to the
development of an improved nGI setup with increased visibility, we
were able to significantly increase the contrast-to-noise ratio (CNR)
of DF images, which allows performing measurements faster and
more accurately than with previous setups. The visibility of the nGI
setup reaches 57% with a monochromatic beam (3.5 = 0.26 A)and a
neutron aperture diameter of 20 mm. A visibility of 21% is obtained
with a white beam and an aperture of 40 mm. Despite the reduction
of visibility with the white beam and a larger aperture an increase of
the figure of merit is demonstrated this way because the visibility
loss is more than compensated by the increase of neutron flux.
Further, we optimized the grating parameters in such a way that we
obtained a DF contrast which does not saturate when two GDM
(anode and cathode side) are mounted in the fuel cell. We
demonstrated, that DF imaging is a valuable method to study
inhomogeneities in the dry GDM microstructure, as for example
the higher compression of the GDM in the rib region results in a
lower DF contrast compared to less compressed GDM areas.
Operando fuel cell experiments were performed with a GDM at
the cathode which was in-house modified to feature patterned
wettability. With conventional attenuation contrast imaging it is—
under certain conditions—possible to quantify an increase of less
than 10% in water thickness in hydrophilic regions compared to
hydrophobic regions. However, this analysis is only possible for rib
regions, because large water clusters in the flow field channels
prevent the analysis of GDM water overlapping with channels. With
DF-imaging, we measure under the ribs a significant difference
(increase of 100% of the measured signal) for hydrophilic compared
to hydrophobic regions because the DF contrast is sensitive to the
size and shape of microstructures. For channel areas, a difference
between hydrophobic and hydrophilic regions was also evidenced
with DF imaging when the image acquisition time for phase-step
images is long enough (>15 min).

Finally, the artefacts in the DF image caused by water movement
in channels in operando measurements were studied. We demon-
strated that the appearance of such artefacts is considerably reduced
by using a golden ratio phase-stepping scan strategy. The artefacts
are reduced to a level, which allows the analysis of water distributed
in the whole GDM with shorter acquisition times (e.g. 5 min)
compared to normal phase stepping.

Besides the application of neutron DF imaging to study aspects
influencing the water management of fuel cells or microstructural
inhomogeneities of GDM, there is a wide range of possible applica-
tions for other electrochemical devices. The method enables the
spatially resolved analysis of processes occurring at the microstruc-
ture level and behind materials opaque to visible light and X-rays.
Therefore, it can be applied, for example, to investigate such
processes in redox flow batteries, electrolyzers or lithium batteries.
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