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Using phase-contracted synchrotron X-ray tomography, this study investigates the water distribution within the
microporous layer (MPL) of polymer electrolyte membrane fuel cells (PEMFCs). Synchrotron X-ray tomography
used to analyze the water distribution in the whole gas diffusion medium (GDM), which comprises the micro-
porous layer (MPL) and the gas diffusion layer (GDL). The MPL has already been identified. In the future, the
development of GDMs could be employed to enhance the performance and operating conditions of PEMFCs.

1. Introduction

Due to energy resource scarcity and unequal distribution of it, energy
is the most crucial issue of the contemporary period and has become
much more prominent recently [1-9]. In order to ensure the energy
requirements for various public and industrial life uses, work started on
the search for alternative energy sources from this point on [10-14].
This was done as a response to energy challenges in many countries
across the world. There are many different alternative energy sources,
such as wind and solar power [15-20]. As a fundamental option to
guarantee a wide range of transportation uses and energy production for
large-scale applications, interest in hydrogen fuel has recently increased.
In this situation, fuel cells have emerged as the best way to utilize
hydrogen and use it to produce energy for a variety of technical purposes
[21-25]. PEMFCs are the most widely utilized forms of fuel cells
[26-31]. PEMFCs have a number of technical issues that continue to
limit their usage, the most significant of which is the rise in internal
water production or the absence of humidity [32-37]. It either limits the
chemical reaction from finishing or, on the other hand, reduces the
proteins conductivity [38-41].

Due to their zero carbon emissions during operation and their
environmental friendliness, fuel cells are regarded as one of the most
promising engineering applications for energy generation. Fuel cells
have the extra benefit of not having spinning bodies, which lowers their

* Corresponding author.
E-mail address: saad.alrwashdeh@mutah.edu.jo (S.S. Alrwashdeh).

https://doi.org/10.1016/j.cscee.2022.100260

maintenance costs. They also rely on different gases, most notably
hydrogen and oxygen, for their cathode and anode electrodes to undergo
chemical reactions in order to function [24,27-31]. However, as science
and research in this area advance, PEMFCs face some operational issues.
The most significant of these is operating at low temperatures, between
50 and 60° Celsius, where they feed water and steam in a manner that
hinders the work of the cell and results in issues with channel blockage
or lack of brick, as mentioned earlier. From this point on, research was
done to address these issues, particularly in operating conditions that
depend on previous temperatures [42-45]. Many researchers worked on
this, including Alrwashdeh et al., who looked at three different layers for
improving the microporous layer: traditional, wavy, and equipped with
randomly spaced holes. The randomly dispersed perforated MPL came in
second in the performance after the highest efficiency layer which is the
wavy layer [24,27-31].

The completion of chemical processes involving several compounds
is the basis of fuel cell operation, and the sorts of these chemicals depend
on the kind of fuel cell being employed. PEMFCs rely on completing the
reaction between hydrogen and oxygen gases, with each gas supplied
from one of the fuel cell electrodes to unite these elements. This reaction
also produces water as a by-product of the reaction, from which the
majority is extracted, as well as an electric current that is used to power
various engineering applications. The cell’s exterior while preserving
another portion to hydrate the cell and aid in its function.
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Fig. 1. Tomography slices parallel to the membrane through dry anode side (A) as well as cathode side (B), difference between operated and dry state of the anode

(C) and the cathode (D).

Following the development of fuel cell technology and the prolifer-
ation of studies and research on them, researchers started to get inter-
ested in creating their own scientific research methodologies and the
means to conduct tests on them. The two most popular techniques are
destructive and non-destructive testing, however, non-destructive tests
stand out as the best option for learning enough about how cells function
and their working circumstances without endangering the cells. Here, it
was discovered that the most crucial procedures are ultrasound tests and
radiographic methods, which include imaging with neutrons and X-rays.
It was noted that each imaging method has a specific use. Due to the
great permeability of neutrons and their neutral charge, neutron imag-
ing is one of the key approaches to learning about the inner layers of
cells. Due to its low permeability, X-ray imaging is employed for the
outer layers; yet, it is regarded as a very dependable instrument for
revels a huge amount of information about the surrounding of the fuel
cells [46-50]. Because of their superior capacity to detect water mole-
cules, radiographic methods of all sorts are regarded as one of the most
efficient approaches to examine the water distribution mechanism in-
side PEMFCs. The precision of the figures and the difference in resolu-
tion when using radiographic techniques to analyze the distribution of
water inside fuel cells indicate how the water is distributed both when
the fuel cells are operating and when they are not. From this, a
comprehensive and precise overview may be obtained in order to un-
dertake a fuel cell improvement in the way that it can function well in
future technical applications [51-54].

In order to make its pictures, phase-contrast X-ray imaging gathers
data on changes in the phase of an X-ray beam as it travels through an
object. Traditional X-ray imaging methods like radiography and
computed tomography (CT) rely on the X-ray beam’s intensity
decreasing (attenuation) as it passes through the sample. This attenua-
tion can be directly measured with the help of an X-ray detector.
However, in phase contrast X-ray imaging, the sample’s effect on the
beam’s phase shift isn’t observed directly; instead, it’s converted into
fluctuations in intensity that the detector can subsequently record.
Analyzer-based imaging techniques, which reflect the transmitted beam
from a Bragg crystal acting as an angular filter, are the second class of
phase-contrast imaging strategies that allow for the conversion of
refractive effects induced by the object into intensity effects in the de-
tector plane [55-60].

On the basis of old research on mass transport resistance during high

current operation, extensive experimental studies have been conducted
to comprehend the role of the MPL in water management. By altering
MPLs characteristics, such as thickness, porosity, and hydrophobicity,
numerical modeling was able to predict liquid water saturation and
transport in the GDL, which helped to better understand the inherent
behavior of liquid water [61,62].

In this study, the acclamation of the water in the MPL of the PEMFCs
is investigated using a synchrotron phase contract tomography.

2. Phase contrast tomography

Edge enhancement is applied to phase-contrast images such that the
image intensity is no longer solely dependent on the sample’s thickness
and attenuation. The fringes defining the sample’s borders and any in-
ternal limits are likely to have both the brightest and lowest brightness
in a phase-contrast image. Phase-contrast images may be altered using a
process called phase-retrieval to recover the initial phase-shift that the
sample imposed on the X-ray wave front in order to retrieve quantitative
information from the image.

A reduction in the X-ray beam’s intensity as it passes through the
sample, which may be observed as a darkening of the beam, is a pre-
requisite for absorption-based X-ray imaging. Some material composi-
tions, however, simply produce negligible absorption or negligible
variations in absorption. Changes in an X-ray beam’s phase as it travels
through an object are used in phase-contrast imaging. Additionally, the
beam’s phase shift results in fluctuations in intensity in phase-contrast
mode, i.e. at the proper distances, which are captured by the detector.

Phase-contrast imaging, like other phase-contrast techniques, works
by having a sample refract X-rays. In order to use X-ray refraction in
imaging, particular imaging circumstances are needed since the X-ray
refractive index is extremely near to 1, making these refractive effects
weaker than the refraction of visible light [63-65].

The X-ray beam is the first prerequisite. The presence of a substantial
distance between the sample and the detector is the second important
criterion. The Fresnel diffraction fringes in the image are caused by the
propagation of the deformed X-ray wave front between the sample and
detector after the X-rays have passed through the sample and are dis-
torted in proportion to the phase-shift imposed by the sample.

For phase-contrast imaging, the image generation is controlled by
the Fresnel number, with a typical lateral dimension, the wavelength,
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Fig. 2. Quantified water density (g/cm®) in the MPL on the anode (A) and on the cathode (B). Water accumulation in the cell at the anode (G) and at the cathode (D).

and the effective propagation distance. Images are in the direct-contrast
zone and exhibit noticeable edge enhancement, especially for Fresnel
numbers around one. This phenomenon may be explained, for example,
using the Transport of Intensity equation (TIE).

As previously indicated, the actual component of the refractive index
for visible light can deviate significantly from unity, but the departure
from unity for X-rays in various media is often of the order of 107>, As a
result, the Snell’s formula calculation of the refraction angles at the
boundary between two isotropic media likewise results in very tiny
refraction angles. This has the effect of making it impossible to detect the
refraction angles of X-rays passing through tissue samples directly.
Instead, they are typically determined indirectly through observation of
the interference pattern between diffracted and un diffracted waves
caused by spatial variations in the real part of the refractive index.

3. Experiment procedure

For this project, a fuel cell that includes SGL 28BCE GDL with MPL
and two channels that are 0.5 mm wide and deep on either side was
designed. According to the manufacturer, the MPL had a total porosity of
roughly 65%. Stoichiometric ratios of 5 were kept on the cathode and
anode sides while running the fuel-cell at a current density of 1 A cm™2
with an air/hydrogen input.

The tests were carried out at Berlin, Germany’s Bessy II electron
storage ring’s imaging beamline, or "BAMline" [65-67]. A 4008 x 2672
pixel PCO4000 CCD detector was employed. This led to a pixel size of
(2.2 x 2.2) um2 and an associated field of vision of (8.8 x 5.9) mm?
when combined with the used optical system from Optique Peter. For
the trials, a beam energy of 19 keV for X-rays was used. There are other
places where you may find more information on the measuring method
and the instrument utilized.

By selecting a distance of 50 mm between the fuel cell and the de-
tector for the observations zone, it was produced the proper phase
contrast. With the use of flat-field photos that contained the plain beam
without the cell and dark-field images without the beam, beam trans-
mission was determined by image processing. Before utilizing filtered
back projection for volume reconstruction, image filters were applied to
the normalized projection pictures. Water is formed as a byproduct of
the electrochemical process occurring inside the cell, thus understand-
ing how the water behaves is crucial.

4. Result and discussion

Dry slices of the anode (A) and cathode (B) in Fig. 1 are shown
parallel to the active layer. The water distribution in the cell is retrieved
by subtracting the dry images from the operational images (see Fig. 1(C)
and (D)). It should be observed that water encrustations are readily
visible in the cell materials’ pores. Water agglomerations in the GDL
pores are shown by yellow arrows, while dry areas are indicated by
green arrows. However, the red arrows in the illustration show that
there are also less brilliant patches that may be seen in the MPL water
Fig. 1(C) and (D).

By choosing the right attenuation coefficient, the local water density
inside the GDM was quantified in Fig. 2. Because water forms on the
cathode side, it is seen that the cathode side has a larger water accu-
mulation than the anode side. Due to back diffusion through the mem-
brane and the reduced gas flow in the anode side, water agglomerations
develop on the anode side. In addition, due to stronger condensation
close to the rib than in channel sections, the water buildup is larger in
the rib region than the latter.

The objective of the study was to determine the amounts of water
produced by operating the PEMFCs at critical operating conditions,
which are within the temperature range of 50-60°. The study was based
on examining the quantities of water produced by the operation of the
PEMFCs at the temperatures where water droplets are formed and there
are no conditions conducive to the formation of water vapor. In order to
determine the amount of water that would have resulted from the re-
action, the amount of gas that would have been supplied to the cell
during operation was calculated, as well as the amount of water that
would have left the cell as a result of the chemical reaction, before
adding the remaining water to complete the hydration process. The
amount of water created within the cell was computed as shown in Fig. 2
with a unit of g/cm®.

5. Conclusion

It is demonstrated how the water buildup in the MPL measured using
phase contrast synchrotron imaging. It was conduct a three-dimensional
investigation of the water buildup. There was far more water detected
beneath the ribs than beneath the channels, and there was a distinct
boundary dividing the two. The two-phase line that results from local
humidity variations in the flowing gases between the rib and channel
sections is where we attribute this phenomenon.

The ability to measure local water densities in MPLs offers excellent
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prospects for real research on fuel cell materials and may greatly speed
up optimization and the adoption of novel MPL designs. This finding
might be especially helpful for modeling and simulation as there hasn’t
been much information available regarding the actual 3D water distri-
bution in MPLs up until now.
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