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Abstract

Synchrotron X-ray radiography and tomography investigations of a custom-made polymer
electrolyte membrane fuel cell optimised for visualisation purposes are presented. The 3D
water distribution and transport pathways in the porous carbon fibre gas diffusion layers
(GDLs) were investigated. We found that water is not only moving from the GDL into the
channel, but can also take the opposite way, i.e. from the channel into free pore space of the
GDL. Such movement of water into the opposite direction has been subject of speculations
but has so far not yet been reported and might bring new insights into the general water
transport behaviour, which might give new aspects to the general description of water
transport processes and influence modelling assumptions to describe the process taking place
in the GDL.

1. Introduction

Fuel cells enable the operation of vehicles without CO, emissions with an electric efficiency
of more than 60 %. The most promising fuel cell type for the automotive sector is the low
temperature polymer electrolyte membrane fuel cell (PEMFC). In PEMFCs, hydrogen and
oxygen react to water and convert chemical energy into thermal and electrical energy [1-4].
On the anode side hydrogen is oxidized and protons are formed, which recombine with
oxygen at the cathodic catalyst, where water is produced. In low-temperature PEMFCs water
management plays an important role: On the one hand, only sufficiently humidified
membranes are proton conductive. On the other hand, flooding of the flow field channels and
the gas diffusion layers (GDLs) are significant sources of power loss and strongly affect
materials aging [5]. Thus, a thorough insight into the fundamental mechanisms of liquid water
evolution and transport is needed for component development. In the past years, interest in
such issues has grown continuously [6-11]. Until now, only few techniques suitable for in-situ
investigation are available. Neutron and synchrotron X-ray imaging turned out to be very
useful to study water distribution and media transport in fuel cells [12-17]. When high spatial
and temporal resolutions are required, (synchrotron) X-rays have to be used [18-31]. Images
with pixels as small as 1 pm give a clear insight into small features such as pores. Compared
to neutrons the flux of the synchrotron beam allows faster fuel cell measurements with shorter
exposure times down to about 0.1 s per radiograph.



2. Synchrotron X-ray tomography

Radiography and tomography were combined in order to investigate both water transport
dynamics (two-dimensionally) and the stationary 3D water distribution in the cell [32]. This
approach allows to link dynamic processes to the features of the related material in 3D.

2.1.  Fuel cell

A specific requirement of the employed tomographic imaging setup is that the cell section
under investigation has to fit fully into the field of view of about 14 mm. To meet this
requirement an adapted fuel cell was designed and manufactured. The cell materials have
been chosen to account for an attenuation to allow for sufficient beam transmission. Therefore
the metallic endplates were replaced by acrylic glass in the area to be visualized as described
elsewhere [33], where first measurements with this cell have been presented. On the cathode
and anode side, a single serpentine flow field channel, (channel cross section:
500 pm x 500 um) has been machined into graphite composite plates. SGL GROUP 10BC
GDLs containing 5 wt.% Teflon (PTFE) equipped with a micro porous layer (MPL) were
placed on both sides of a catalyst-coated Nafion 112 proton conducting membrane. The
catalyst load of 0.51 mg cm™ on the anode and 0.57 mg cm™ on the cathode consisted of a
mixture of 60 % carbon and 40 % platinum. Cell design and first results are described in [32,
33]. Cell operation was arranged with utilization ratios of 40 % for the cathode and 50 % for
the anode side at 50 °C cell temperature. During radiography, the cell was operated at current
densities ranging from 40 to 160 mA cm™. Prior to the tomographic imaging, cell operation
was stopped and the inlets and outlets were closed to conserve the present water distribution.

2.2. Experimental setup

Measurements were carried out at the BAMline at Bessy II (electron storage ring in Berlin,
Germany) [34]. The experimental station delivers an X-ray beam in a wide energy range with
a horizontal beam width of up to 20 mm. A dual multilayer monochromator with an energy
resolution of about AE/E=10"* was used to obtain a monochromatic 15 keV X-ray beam. A
4008 x 2672 pixel PCO4000 camera was used to capture images of 19.2 x 12.8 mm? in size.
A physical resolution of 10 um is obtained, which is sufficiently high to resolve even small
water clusters inside the pores of the GDL. Exposure times of 1s for each of the 1800
projections were chosen. Two projections of the cell are shown in Fig. 1.

3. Results

Fig. 2a-d show a radiographic sequence of a selected cell detail, more precisely a turn of the
cathodic flow field channel. First, a water droplet sticks to the channel wall (Fig. 2a,b; red
arrow). At 81 s in the sequence, this droplet has disappeared, most likely flushed away by
another water droplet that was moving at high velocity through the channel. At the same time,
a water accumulation appears beneath the land (Fig. 2c,d; black arrow), indicating the
existence of a larger pore space in the GDL.

The dynamics of local water accumulation at these two locations, marked by a black and a red
circle in Fig. 2a, were studied in further detail (Fig. 2e). The water droplet in the channel
shows an almost periodic behaviour (Fig. 2e; red graph). It slowly grows up about 100 um in
depth until it suddenly disappears in accordance to Fig. 2b,c after which a new cycle begins.
On the other hand, the black line in Fig. 2e shows only little variation except at one instant,
namely at about 81 s, when the water layer thickness suddenly increases. This implies that the
pore space has been filled (Fig. 2¢) at the same time at which the channel droplet disappears.
It is expected that the water droplet has been flushed away by a passing water drop, while at
the same time some water has been transferred into the open pore space beneath the land.



Starting from this two-dimensional study of the inverse water transport the sample area has
been investigated in more detail in the tomographic 3D dataset of the cell. The sample area
given in Fig. 2 was identified in the corresponding tomogram. In Fig. 3 one can clearly see a
large pore space beneath the land close to the flow field channel (encircled in Fig. 3b,d). The
pore provides a large opening into the channel with a diameter of about 100 pm. This large
opening results in a reduced transport resistance for liquid water allowing the transfer from
the channel into the GDL and vice versa. The pore is roughly 100 x 200 x 250 um? large (x,
y, Z). A quantification of the water amount in Fig. 2e reveals that the water layer thickness in
x direction changes by about 40 to 50 um, which implies that the pore had been only partially
filled by the flushing event shown in Fig. 2c.

The water distribution in the respective GDL pore was further studied at four different current
densities shown in Fig. 3e-h, namely 40, 80, 120 and 160 mA cm?. Some small water
droplets can be found at lower current densities. At 160 mA cm™, the pore was completely
filled with water, see Fig. 3h.

4. Discussion

Large pores which are connected to the channel of the flow field might serve as a reservoir or
collecting vessel containing product water that was transported from the catalyst layer through
the GDL towards the flow field channel, which is in the next step expelled to the channel.
Once the situation occurs that this (most probably hydrophilic spot) is empty while a larger
droplet passes the channel the reservoir can be filled inversely (Fig. 2f) suggesting that water
can also move from the channel into larger GDL pores. The necessary pressure for water to
pass an opening built by fibres is calculated by Zhou [35] via an approach using a fibre fence
structure. For pores with an opening of 100 pm in diameter to the channel only a pressure of
less than 2 kPa is needed to bring water from the channel into the pore space and in turn
explains why a filling of smaller pores has not been observed. The conditions in the channel
turnings are favourable for the build-up of water droplets: On the one hand, turbulences which
might occur at these positions favour the formation of liquid water. From these images and
the water transport behaviour, the previously considered uni-directional water transport can be
seen from another point of view describing a bi-directional transport: If a sufficient wide (and
most likely sufficiently hydrophilic) pore space is accessible which in turn requires a
sufficiently low pressure for water to enter, water can also be transported from the flow field
channel to the gas diffusion media. Unfortunately, from the images taken so far, the fate of the
water volume which has been transported back to the pore has not been identified but it’s
most likely that in the next step a droplet will be formed emptying this pore. The situation is
probable once the water pressure inside the GDL is sufficiently high.

5. Summary and Conclusions

A study of water transport processes in PEMFCs by means of synchrotron X-ray imaging was
presented. The combination of dynamic radiographies with static 3D tomographies gives
access to a three-dimensional reconstruction of the dynamic processes observed. In the
presence of larger water amounts in the flow field channels, water could not only move from
the GDL into the channel but was also transported inversely back into the GDL pore space.
These findings are expected to contribute to simulation studies and to the choice of GDL
materials in the future.
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Fig. 1: Selected normalized radiographs used for tomographic reconstruction of the fuel cell adapted to
the boundary conditions of synchrotron tomography.
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Fig. 2: a-d) Series of radiographs obtained at 160 mA cm, where the water thickness is encoded as gray

value. A big pore space next to the cathode channel is filled with water passing the channel. ) Water

depth of two positions marked in a) are given. A drop in the channel (red line) builds up and is carried

away several times. The position at the big pore next to the channel (black line) is filled in one instance. f)

Sketch of this process.
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Fig. 3: a) cutout of a tomogram b-d) slices of the tomogram at a relatively big pore space in all three
directions. e-h) slices of tomograms at different current densities.



