Characterization of water management in metal foam flow-field based polymer
electrolyte fuel cells using in-operando neutron radiography
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Abstract

Metal foam flow-fields have shown great potential in improving the uniformity of reactant
distribution in polymer electrolyte fuel cells (PEFCs) by eliminating the ‘land/channel’ geometry of
conventional designs. However, a detailed understanding of the water management in operational
metal foam flow-field based PEFCs is limited. This study aims to provide the first clear evidence of
how and where water is generated, accumulated and removed in the metal foam flow-field based
PEFCs using in-operando neutron radiography, and correlate the water ‘maps’ with electrochemical
performance and durability. Results show that the metal foam flow-field based PEFC has greater
tolerance to dehydration at 1000 mA cm2, exhibiting a ~50% increase in voltage, ~127% increase in
total water mass and ~38% decrease in high frequency resistance (HFR) than serpentine flow-field
design. Additionally, the metal foam flow-field promotes more uniform water distribution where the
standard deviation of the liquid water thickness distribution across the entire cell active area is almost
half that of the serpentine. These superior characteristics of metal foam flow-field result in greater
than twice the maximum power density over serpentine flow-field. Optimizing fuel cell operating
condition and foam microstructure would partly mitigate flooding in the metal foam flow-field based

PEFC, which will form the basis of future work.
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) are a low carbon technology for a wide range of power
applications. They offer the advantages of high efficiency, low operating temperature and zero
harmful emission. One of the major hurdles in commercialization of PEFCs is achieving effective

water management [1][3].

Flow-fields serve numerous important roles such as reactant supply and product removal which
dictate the performance, efficiency and longevity of PEFCs [4]-[6]. Graphite is one of the most
commonly used materials for flow-field plates as it provides good corrosion resistance and electrical
conductivity. However, graphite based flow-fields are heavy and suffer from expensive machining
cost and brittleness [7][6]. Metallic flow-field is a popular alternative to graphite flow-field but the
harsh operating environment of the PEFC poses a significant challenge to corrosion protection even
with surface coating which often leads to accelerated performance degradation [7]. Numerous flow-
field channel designs have been developed with parallel and serpentine being the most commonly
used geometries [8], [9]. These typically rely on a network of open flow channels to distribute
gaseous reactants and lands for electric conduction to and from the electrodes. Conventional flow-
field designs that use channel/land configuration can lead to channel flooding and non-uniform
reactant gas distribution [10]-[12][12], which, in turn, can be detrimental to fuel cell performance and
longevity [13]-[15]. Metal foam is one of several flow-field designs that have been reported in the
literature to circumvent these problems [16]. Metal foam entails several benefits when used as flow-
field including being extremely lightweight due to high porosity (the porosity of pristine foam is
usually above 90%) [17]-[19] and allowing for more uniform flow distribution across the active area
due to the homogeneous porous structure [20][28]. However, the design rules for optimizing metal
foam flow-fields have not been established and not much is known about the water management

(formation, accumulation and removal) across the structure.

Modelling has been employed to predict performance, but generally lacks comprehensive
experimental validation. A 3-D macroscale two-phase PEFC model was proposed to compare water

distribution and cell performance in metal foam and serpentine flow-field designs [29]. Simulation



predicted improved reactant homogeneity and membrane hydration for metal foam based PEFCs. A
volume of fluid (VOF) method was employed with the reconstructed metal foam to study single and
two phase flow characteristics [30]. Additionally, the effects of pore property of the metal foam on
water distribution in PEFCs were investigated using a 3D two phase model [31]. Results showed that
metal foam flow-field design improves reactant homogeneity and membrane hydration under low

humidity operating conditions owing to its unigue porous structure.

Various experimental methods have been employed to study the internal water management of PEFCs.
Optical microscopes offer the ability to identify the dynamics of water inside the metal foam flow-
field [32]. X-ray computed tomography (CT) measurement has been employed along with pressure
drop analysis to locally resolve the residence time and distribution of dye across the metal foam [33].
In addition to this, a compression testing system has been combined with the X-ray CT to investigate
the mechanical behaviour of PEMFCs using metal foam flow-fields [34]. However, most
experimental effort have thus far resorted to ex-situ characterization and only few studies report in-
operando water management in metal foam flow-field based PEFCs. High-resolution neutron imaging
is a powerful technique used to study transport of water across operating PEFCs [35], [36]. Neutrons
penetrate deeply through many common metals, and have a high sensitivity to light elements (i.e.,
water). This trait allows evaluation of the effect of flow-field designs on water dynamics across the

entire fuel cell active area [37]-[48].

The objective of this study is to investigate the effect of metal foam flow-field on the water
management of operating PEFC. In-operando neutron radiography is conducted, along with Ohmic
resistance and transient cell voltage measurement, to evaluate the effect of liquid water formation and
transport on the performance of metal foam and serpentine flow-field based PEFCs. This study also
compares the degree of uniformity of water distribution across metal foam and serpentine flow-field

designs.

2. Experimental setup

2.1. Fuel cell design



Fig. 1 (a) shows an ‘exploded view’ of the PEFC with a metal foam flow-field at the cathode. The 25
cm? MEA was assembled from commercial GDEs with a platinum catalyst loading of 0.4 mg Pt cm™
(HyPlat, South Africa) and a GORE-SELECT membrane (thickness: 20 um). The MEA was hot
pressed at 130°C for 3 minutes at 400 psi applied pressure (Carver 4122CE, USA) [47]. Tygaflor
sheets of 70 um thick were laser-cut to seal the edge of the MEA on either side of the membrane. The

same material was used for electrical insulation between the current collector and the end-plates.
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Fig. 1. (a) Exploded view and (b) flow-field design of PEFC.

The single-channel serpentine geometry was used as the anode flow-field (Fig. 1 (b)). The width, land
and channel depth were all 1 mm. The aluminium flow-field was electroless coated in gold to prevent
corrosion. Nickel foam was coated in graphene via chemical vapour deposition (CVD) for corrosion
resistance [49], [50]. The uncompressed graphene-coated nickel foam (Six Carbon Technology, China)

is 1.6 mm thick with a contact angle of 102° (manufacturer data). It was placed between the MEA and



a cathode manifold as shown in Fig. 1 (a) and (b). A silicone gasket (thickness: 1 mm) was used to
ensure good sealing and adequate foam compression. The foam was compressed to 1.0 mm. Scanning
electron microscopy (SEM) was employed to display the microstructure of the compressed foam (Fig.
2 (a)). A pixel resolution of 1.587 um was achieved using the lab SEM (Carl Zeiss, USA). A
laboratory X-ray CT system, ZEISS Xradia 520 Versa (Carl Zeiss, USA) was used to investigate the
microstructure of the compressed metal foam (Fig. 2 (b-d)). A source voltage of 90 kV and a field-of-
view of 2.19x2.19mm? were used for the sample, giving a voxel size of 1.08 um. The reconstructed
sample volumes were segmented into solid and pore phase using Avizo V9.0 software (FEI, Bordeaux)
package. The porosity of the uncompressed and compressed graphene-coated nickel foam were
calculated from the X-ray CT data as 95.8% and 94.2%, respectively. The performance of the metal
foam flow-field based PEFC was evaluated against to a conventional three-channel serpentine flow-

field. The width, land and channel depth were all 1 mm.
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Fig. 2 (a) SEM micrograph of the compressed graphene-coated nickel foam; (b) Side view, (c) Top view and (d)
3D rendering of the reconstructed microstructure of the compressed metal foam.

2.2 Fuel cell testing

In-house fuel cell test rig and control software based on LabVIEW (National Instruments, USA) were
used to operate the PEFC. Dry air and high purity hydrogen (99.995%) were supplied through two
digital mass flow controllers (Bronkhorst, UK). The stoichiometric ratio of air and hydrogen were 3
and 1.5, respectively. The minimum flow rate for both gases was 0.05 L min. The experimental data
were recorded with a data acquisition card (DAQ card, USB 6363, National Instruments, USA). A DC
electronic load (PLZ664WA, KIKUSUI) was used to simulate an external load. The high-frequency
resistance (HFR) of the PEFCs was recorded separately via a built-in frequency response analyzer in
the Scribner 840 advanced fuel cell test system to assess the membrane hydration level. The pressure
drop across the cathode was measured using pressure transducers (Variohm, UK). The fuel cell

temperature was controlled at 40°C for each test.

2.3 Neutron imaging

The experiments were performed at the CONRAD beamline facility at the Helmholtz-Zentrum Berlin
(HZB). The setup for neutron imaging is outlined in [42], [47]. All of the tests were conducted in the
through-plane orientation, where the MEA is perpendicular to the beam, allowing visualization of
liquid water across the entire active area of the fuel cell. An imaging field-of-view of 56x67 mm? with
26 um pixel™* resolution was acquired [51]. Each image was taken with an exposure time of 5 s. A

detailed calculation procedure of the local water thickness is outlined in [47].

The pixel size (26 um) of neutron radiographs is not sufficient to identify the microstructure of the
metal foam (pore sizes range from 50-300 um). However, the vertical single-channel serpentine
geometry of the anode flow-field (Fig. 1 (b)) allows differentiating the electrode at which the liquid

water resides.



Fig. 3. Radiographs of dry cells with (a) metal foam flow-field and (b) three-channel serpentine flow-field. A
vertical single-channel serpentine flow-field was used in both cases.

3. Results and discussion

Fig. 4 (a) compares the performance of the metal foam and conventional serpentine flow-field designs
without external humidification. All of the experiments were started at open circuit potential and the
current density was incrementally changed every 1200 s at 200 mA c¢cm™?2 intervals. Each polarization
was repeated twice and averaged. At low current density region (< 200 mA c¢cm?), the PEFC with
metal foam flow-field exhibits a slight increase in performance over the serpentine design. The
performance difference becomes significant at high current densities, where the voltage of the metal
foam design is approximately 50% higher than that of the serpentine design at 1000 mA c¢cm™
Moreover, the metal foam design exhibits a peak power density of 853 mW c¢m at 1600 mA cm?,
which is approximately twice that of the peak power density of the serpentine design. This agrees with
previous studies where metal foam flow-fields outperformed conventional serpentine flow-fields [17],
[22], [24]-[26]. One possible explanation for the enhanced performance is the ability of the metal
foam to deliver more uniform distribution of reactant gases and generated water across the active area
due to the homogeneous porous structure [26], [29], [30]. The presence of gas channel and land in the
serpentine flow-field designs render reactant gas and water distribution highly non-uniform [13], [15],

[18], [52]-[54].



The Ohmic resistance of a PEFC can be measured with HFR, and the change in HFR with respect to
the change in operating condition can be used as a proxy for the level of membrane hydration [55],
[56]. The change in HFR with respect to current density of the metal foam and serpentine based
PEFCs is presented in Fig. 4(b). The metal foam design exhibits ~38% lower HFR than the serpentine
design at 1000 mA cm2. The metal flow-field has a lower intrinsic Ohmic resistance due to its high
electrical conductivity [57][54]. The HFR initially decreases with current density as the membrane
gets more hydrated due to generation of water. The HFR starts to increase for the serpentine design
above 800 mA cm2, This is attributed to the onset of membrane dehydration at high temperature [58].
Membrane dehydration is also observed for the metal foam design but at a higher current density of

1400 mA cm?, indicating that the latter design is more tolerant to dehydration at high current density.

In terms of the cathode pressure drop (Fig. 4 (b)), fixed stoichiometry results in an increase in
pressure drop with current density. The metal foam flow-field displays half of the pressure drop
compared to the conventional serpentine design (at 2000 mA cm?), reducing the parasitic power for
pumping. The ability of the metal foam flow-field to deliver a low-pressure drop has therefore great
potential from a technical point of view. On the other hand, the much lower pressure drop renders

metal foam designs more susceptible to flooding.
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Fig. 4 (a) Polarization curves, (b) high-frequency resistance (HFR) and cathode pressure drop obtained for metal
foam flow-field and conventional serpentine flow-field.



The water pattern evolution within the metal foam flow-field based PEFC is presented in time
resolved neutron images (Fig. 5 (a-d)). The cell was operated galvanostatically at 100 mA cm2 over
1200 seconds. Water continues to build up in the pores of the metal foam flow-field as shown in Fig.
5 (e). A gradient in water distribution is established after ~150 s with greater water content (30-185
pum) towards the bottom right of the active area. This is ascribed to a combined effect of gravity and
convective force of the cathode gas flowing from top left to bottom right of the electrode. Water
accumulation at low current density (100 mA c¢m) is associated with insufficient gas flow for
convective water removal across the channel and electrode. The amount of liquid water in the anode is
minimal at 150 s and, hence, it can be assumed that most of the water is present in the cathode as a
consequence of electrochemical reaction and electroosmotic drag. Water droplets appear on the
channel walls of the anode flow-field as time passes (red arrows in Fig. 5 (b)). This agrees with
neutron imaging studies on conventional cathode flow-fields [15], [43], [59]-[62] and is associated
with the back-diffusion of generated water into the anode [55]. The emerged droplets in the anode
channels grow and spread across the width of the gas channel (red arrows in Fig. 5 (d)). Water in the
cathode progressively covers almost the entire cell active area (Fig. 5 (d)), exhibiting macroscopic

uniformity in water distribution.
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Fig. 5 (a-d) Time resolved neutron images of the metal foam flow-field based PEFC and (e) the evolution of the
water mass. The cell was operated under galvanostatic mode at 100 mA cm2. The anode channel position in the
magnified view of Fig. 4 (d) are masked in red.

Fig. 6 (a) and (b) compare the averaged liquid water (thickness) distribution for different flow-field
designs operated galvanostatically at 500 mA ¢cm2 (average current density) over 1200 seconds. One
feature shared amongst the two flow-fields is that liquid slugs appear in the vertical anode channels.
The effect of gravity on the water accumulation can be seen in Fig. 6 (a) and (b); more liquid water
tends to accumulate in vertical anode channels where hydrogen flows upwards (red arrows in Fig. 6),
compared to those channels where hydrogen flows downwards (green arrows in Fig. 6). This
phenomenon has been reported in [63]. Additionally, liquid water is observed around the bottom of
the anode channel bends (dashed black boxes in Fig. 6 (a) and (b)) in both designs, which is typically
observed in serpentine configuration [15], [40], [42]. This is caused by gas flow recirculation,
stagnation and little pressure drop in these regions. However, the cathode water distribution between
the two flow-field designs is different. Liquid water was mainly found in some of the horizontal

channels (purple boxes in Fig. 6 (b)) for the serpentine case. A more uniform water distribution was



achieved with the metal foam design (zone outlined in purple in Fig. 6 (a)), where water content

appears across a much wider region of the active area.

As seen in Fig. 6 (c), the metal foam design exhibits a ~102% increase in the averaged mass of
accumulated liquid water, compared to the serpentine design. The dynamics of water accumulation in
the serpentine flow-field occur in two different stages; the first stage where water rapidly accumulates
(t <500 s) followed by, the second stage where a plateau in total water mass is reached (t > 500 s). In
contrast, the water build-up in the metal foam flow-field continues to grow for the duration of the
current hold, indicating that the use of such a design may lead to the elevated susceptibility to
flooding under low current density due to depreciated water removal ability. It is anticipated that such

issue will exacerbate at high relative humidity.

In terms of voltage evolution over the same period (Fig. 6 (d)), the cell with metal foam flow-field
exhibits higher performance than the serpentine design. As the serpentine design has limited paths for
both gas transport and water removal, it is anticipated that any water-blocked channel in such a design
is more susceptible to flooding. Although water accumulation is observed in the metal foam design,
its porous structure with favourable gas channel connectivity provide numerous alternative gas
transport pathways, thereby enhancing gas diffusion towards the catalyst layer and delivering better

performance.
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Fig. 6. (a) Time-averaged neutron images showing water thickness distribution in metal foam flow-field and (b)
conventional serpentine flow-field (b). The cell was operated under galvanostatic mode at 500 mA cm over
1200 seconds. The variation in (c) accumulated water mass and (d) voltage over this period.

Severe dehydration is observed for the serpentine flow-field design at 1000 mA cm2 (Fig. 7 (b)),
where a significant portion of water in the cathode has been removed. Additionally, water in the
anode channels significantly decreases. An overall decrease of 53% (against the case for 500 mA cm?)
in the amount of accumulated water was shown in the serpentine design (Fig. 7 (d)), althrough twice
as much water is generated at 1000 mA cm2 against 500 mA cm (within the same period). This can

be ascribed to the higher local MEA temperature and gas velocity which enhances convective liquid



water removal when transitioning to a higher current density [15], [43]. Consequently, the voltage

continues to decline with time (Fig. 7 (d)), indicating an onset of membrane dehydration.

The metal foam design exhibits an overall decrease of 31% (against the case for 500 mA cm?) in the
amount of accumulated water. On the other hand, the total mass of water in the metal foam design
(Fig. 7 (c)) still exhibits a ~127% increase, compared to the serpentine design at 1000 mA cm?,
indicating that the metal foam design is more tolerant to dehydration at higher current density. The
results imply that the generated water is ‘stored’ in the pores of the metal foam and is not ejected from
the cell by the same extent as in the conventional flow-fields, thereby providing additional
humidification to the system [19]. This is also reflected in the slower decline in potential in the metal

foam based PEFC, as shown in Fig. 7 (d).
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Fig. 7. Time-averaged neutron images showing water thickness distribution in metal foam flow-field (a) and
conventional serpentine flow-field (b). The cell was operated under galvanostatic mode at 1000 mA cm over
1200 seconds. The variation in (c) accumulated water mass and (d) voltage over this period.

It has been reported that the non-uniform distribution of generated water can exacerbate degradation
of MEAs by mechanical stresses. Such issues can induce the fuel cell performance loss and longevity
decay [13], [15]. Therefore, it is imperative to study the homogenity of the water distribution across

the entire cell active area [64]. Here, the time-averaged neutron images in Fig. 6 (a) and (b) are

employed.



The averaged water thickness over the x-axis (see the coordinate system in Fig. 6 (a) and (b)) at each
Y POSItioN, 8;7,0 (y,,0): 1S given by:
fxmax

_ Yx=0 5H20 (x,y)-dx (1)

6H20 (Yave) — Xmax

While the averaged water thickness over the y-axis (see the coordinate system in Fig. 6 (a) and (b)) at

each x position, ;¢ (xy, IS given by:

f;jjgax 5!—[20 [x,y)-dy

(2)

SHZO (*xqve) = Vmax
where Og,00x,y) is the local water thickness. The uniformity of water thickness distribution in both

axises is subsequently plotted in Fig. 8 (a) and (b).

According to Fig. 8 (a), one feature that is shared between the two designs is that liquid water tends to
condense in the lower-half of the active area (larger y-position value) due to gravity. A more uniform
water distribution along the y-axis is indentified in the metal foam flow-field, with a standard

deviation of ~13 um (Fig. 8 (c)), compared to ~49 um for the serpentine design.

In terms of water distribution along the x-axis (Fig. 8 (b)), the periodic ‘peaks’ and ‘valleys’ are
observed in the local &, for both designs. This feature is due to the land/channel structure
in their shared anode serpentine flow-field, rendering the increasing water distribution gradient [15],
indicating the drawback of this design. A smaller standard deviation (~49 um, Fig. 8 (c)) of the water
thickness along the x-axis is found in the metal foam flow-field compared to the serpentine design
(=75 pm. In terms of the standard deviation of the liquid water thickness distribution across the entire
cell active area (Fig. 8 (c)), the metal foam flow-field exhibits a ~99% decrease in variation compared
to the serpentine design. The results indicate that more uniform water distribution is achieved by the
metal foam flow-field. This can be ascribed to the absence of the land/channel configuration as this

design improves the uniformity in reactant distribution across the electrode.
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Fig. 8. Uniformity (a, b) and standard deviation (c) of water distribution along the y-axis (a) and x-axis (b) (see
the coordinate system in Fig. 6 (a, b)) of different flow-field designs operating at 500 mA cm.

Conclusion

The water formation, accumulation and removal within the metal foam and serpentine flow-field
based PEFCs have been investigated using in-operando neutron radiography. In particular, this study
allows comparing the uniformity of water thickness distribution in both flow-field designs.
Additionally, the corresponding cell performance of two designs are recorded along with neutron

images.

The results reveal severe dehydration for the serpentine design when the cell was operated at 1000

mA cm?, On the contrary, the metal foam flow-field based PEFC shows greater tolerance to



dehydration at the same current density, exhibiting a ~50% increase in voltage, ~127% increase in
total water mass and ~38% decrease in HFR, compared to the serpentine flow-field design. This is
ascribed to the effective ‘storage’ of water (generated by the electrochemical reaction) in the pores of
the metal foam. In terms of the uniformity of water distribution in both designs, the metal foam flow-
field exhibits a ~99% decrease in the standard deviation of the water thickness distribution across the
entire cell active area against the serpentine design. The absence of a land/channel configuration in
the metal foam flow-field designs improves the uniformity in reactant distribution across the electrode,
contributing to a ~101% increase in maximum power density than the serpentine design. However,
the metal foam flow-field design exhibits much higher water accumulation in the low current density
region caused by the weaker water removal capability. Optimizing fuel cell operating condition and
foam microstructure would partly mitigate flooding in the metal foam flow-field based PEFC, which

will form the basis of future work.
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