Multi-length scale characterization of compression on metal foam flow-field based fuel
cells using X-ray computed tomography and neutron radiography
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Abstract

The mechanical compression of metal foam flow-field based polymer electrolyte fuel cells (PEFCs) is
critical in determining the interfacial contact resistance with gas diffusion layers (GDLSs), reactant flow
and water management. The distinct scale between the pore structure of metal foams and the entire
flow-field warrant a multi-length scale characterization that combines ex-situ tests of compressed metal
foam samples and in-operando analysis of operating PEFCs using X-ray computed tomography (CT)
and neutron radiography. An optimal ‘medium’ compression was found to deliver a peak power density
of 853 mW cm2. The X-ray CT data indicates that the compression process significantly decreases the
mean pore size and narrows the pore size distribution of metal foams. Simulation results suggest
compressing metal foam increases the pressure drop and gas velocity, improving the convective liquid
water removal. This is in agreement with the neutron imaging results that demonstrates an increase in
the mass of accumulated liquid water with minimum compression compared to the medium and
maximum compression cases. The results show that a balance between Ohmic resistance, water removal

capacity and parasitic power is imperative for the optimal performance of metal foam based PEFCs.
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1. Introduction
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Flow-fields are essential components for various types of energy systems, such as fuel cells, water
electrolysers and combustors, etc. [1]-[5] In the case of polymer electrolyte fuel cells (PEFCs), flow-
fields are responsible for reactant distribution and product removal across the active area which dictate
the performance, efficiency and longevity of PEFCs [6][8]. Parallel and serpentine are amongst the first
channel designs developed and remain the industrial standard due to their manufacturing simplicity and
respectable performance they generate [9]-[13]. The pursuit for next generation flow-field design
continues, however, not only circumvent issues pertaining to fuel cell performance and longevity but to

improve overall system efficiency and manufacturability. [14]-[16].

Amongst numerous flow-field designs proposed thus far [17]-[22], metal foam is a promising candidate
to address this problem [23]. This design could improve the flow distribution uniformity across the
active area due to their favourable pore connectivity and numerous gas pathways [24]. Numerous
researchers have examined the influence of flow-field separators, water management, and coating
methods on the performance of metal foam based PEFCs [25]-[34]. In addition, studies report that
PEFCs performance is strongly affected by the compression ratios of the metal foam [35]-[38]. A
previous study showed substantially lower performance of a PEFC using uncompressed foam as flow-
field than that of serpentine. However, the PEFC performance was significantly improved when the
foam was compressed from 1000 um to 150 um [35]. Recently, a study was conducted that combines a
compression testing system with X-ray computed tomography (CT) to investigate the mechanical
behaviour of metal foam flow-field inside a PEFC. A 42% improvement in maximum power density
was observed upon increase in foam compression ratio from 20% to 70% [36]. The authors attribute the
performance improvement to the lower interfacial contact resistance between the foam and the GDL.
However, the compression effect on microstructural properties and the consequent gas transport

parameters across metal foam is not well understood.

An in-depth understanding of microstructural properties and gas transport parameters of compressed
metal foams is indispensable for optimizing their design rules. Microstructural properties of the porous
media, such as porosity, pore size distribution (PSD), tortuosity and permeability are often used to

estimate the gas diffusion resistance [39],[40]. These properties can be acquired from image analysis



[41], [42] and modelling of mass/heat flux on the reconstructed 3D microstructure of the porous sample
acquired using X-ray CT [43]-[47]. X-ray CT has been widely employed in PEFC research, including
characterizing the effect of compression [48] [49] and hot pressing [50] on the morphological structure

of GDLs.

In terms of water management, we expect contrasting water removal characteristics across metal foam
at different compression ratios due to change in pressure drop. Since water management is a key element
dictating PEFC performance and durability [51]-[53], it is important to characterize the effect of

compression on the water management of metal foam flow-field based PEFCs.

The ability of neutron to penetrate through metal has led to a huge breakthrough in fuel cell research,
particularly in the field of water visualization [54] [55]. This method has been applied to characterize
the effect of flow-field designs, compression pressures and operating conditions [56]-[61] on PEFC
water management. Recently, neutron radiography has been employed to compare the water
management of metal foam and serpentine flow-field based PEFCs [62]. More uniform water
distribution was observed for metal foam case due to the absence of a land/channel configuration.
However, the metal foam flow-field suffered excess flooding at low current densities from substantially
lower gas flow velocity. The work also suggested that altering foam microstructure could partly mitigate

flooding in metal foam flow-field based PEFCs.

This study aims to shed light on the effect of compression on various microstructural properties, gas
transport parameters and water management characteristics of metal foam flow-field based PEFCs. The
difference in length scale of metal pore and the metal foam as a whole requires a sensible trade-off
between image field-of-view and resolution. A multi-length scale characterization is therefore required.
Here, an approach is used which combines ex-situ characterization of compressed metal foam samples
with X-ray CT and in-operando analysis of operating PEFCs using neutron radiography. Pore structure
extracted from X-ray CT images is employed to simulate the gas transport in metal foams under
different compression ratios. Additionally, a series of measurements are performed to record the
corresponding voltages and Ohmic resistances of metal foam flow-field based PEFCs. Therefore, this

study fills a gap in the literature and for the first time combined experimental (X-ray CT for 3D structure,



while neutron imaging for water distribution) with flow modelling to examine the effect of mechanical

compression on metal foam flow-field based PEFCs.
2. Experimental setup

This section details the experimental setup used in the present work, including the fuel cell design and
testing, metal foam sample preparation, X-ray CT scanning, gas flow simulation and neutron

radiography.
2.1. Fuel cell design and testing

A 25 cm? membrane electrode assembly (MEA) was assembled using commercial gas diffusion
electrodes (GDEs). The specifications and manufacturing steps of the MEA used in this study is outlined

elsewhere. [57] [60].

A single-channel serpentine flow-field was used on the anode. A 1.6 mm thick uncompressed graphene-
coated nickel foam (Six Carbon Technology, China) was placed in the cathode between the MEA and
manifold. Compression ratio control was achieved through the appropriate selection of gasket thickness
(1.5, 1.0 and 0.5 mm). The same torque (1.4 Nm) [57] was applied to tie-bolts at the end-plate to
compress the PEFC. The corresponding compression ratio values are 6 %, 37 % and 69 %, respectively.
The selected compression ratios agree well with previously published works (up to 85%) [35], [36].
The stoichiometric ratio of dry air and hydrogen (99.995%) was kept constant at 3 and 1.5, respectively,
using digital mass flow controllers (Bronkhorst, UK). We used Scribner 840 to record fuel cell Ohmic
resistance via the high frequency resistance (HFR). The fuel cell temperature was maintained at 40 °C

throughout the experiment. A diagram of the PEFC set-up and test rig are found in [62].
2.2 X-ray computed tomography (X-ray CT)

Three 2.0 mm diameter pristine metal foam discs (1.6 mm thick) were pre-compressed to 1.5, 1 and 0.5
mm thick, corresponding to the compression ratios of 6%, 37% and 69%, respectively. The
microstructure of the compressed metal foam samples was obtained using a laboratory X-ray CT system,

ZEISS Xradia 520 Versa (Carl Zeiss, USA). The Versa operates with tungsten anode producing



characteristic X-ray emission peaks at 59.3 keV. This instrument operates with cone-beam and source
voltage of 40 kV. Detailed scanning parameters are shown in Table 1. Zeiss XM Reconstructor software
was used to reconstruct these images into a 3D volume. The reconstructed sample volumes were
segmented into solid and pore phase using Avizo V9.0 (ThermoFisher Scientific, USA), as seen in Fig.
1 (g, h). The same software was employed to measure the pore size distribution, porosity and tortuosity

of metal foams under different compression ratios.

Table 1 Imaging parameters for the metal foam and fuel cell

Pixel size (um)  Field of view (mm?)  Exposure time (s)

Metal foam sample (X-ray CT) 1.08 2.19%x2.19 5
Fuel cell (Neutron radiography) 26 56x67 5

2.3 Gas flow simulation

The reconstructed 3D volume of the compressed metal foam samples was imported to the CFD software
Star-CCM+ (Siemens industry software inc., USA) for the simulation [43]. Here, Darcy's law is applied

to extract the permeability of the metal foam under different compression ratios [63],

— ===V (1)
where pt and v are the dynamic viscosity (kg m? s) and volume-averaged velocity (m s*) of air,
respectively, k is the permeability (m?) of the compressed metal foam, P is the pressure (Pa) and x is
the distance (m) in the flow direction. The gas inlet flow rate was set so stoichiometric ratio of 3. A no-

slip condition was assigned at the metal foam surface. Simulation parameters are detailed in Table 2.

Table 2 Parameters and conditions of the gas flow simulations for the metal foam sample.

Mesh type Polyhedral volume mesh
Number of cells 1.8 million
Inlet (air) 2.82¢5 g5
Outlet 1 atm
Reaction source 1.5Acm™
Sample dimension 1.26 x 1.26 x (0.5/1/1.5) mm?

2.4 Neutron radiography



Neutron imaging of operating PEFCs was performed at the CONRAD neutron beamline facility in
Helmholtz-Zentrum Berlin (HZB) [64]. The beam is formed by a neutron guide and an additional
collimation system, and is transmitted through the PEFC. The detector consisted of a CCD digital
camera (Andor DW436N-BV) facing a LiF/ZnS neutron scintillator screen. The neutron scintillator
converts neutron flux into light emission, which is then detected by the CCD camera [57]. A through
plane orientation was used to visualize water distribution across the entire active area of the PEFCs.
Images taken during cell operation were normalised to a dry image taken at the beginning of each
experiment to isolate liquid water. This process is shown Fig. 1 (b-d). The Beer-Lambert law was used

to calculate water thickness [60].
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Fig. 1 Illustration of the workflow in this study: (a) schematic of neutron radiography set-up. Neutron
radiograph of the (b) dry and (c) ‘working” PEFC (taken during operation at 500 mA cm~2); (d) averaged liquid
water thickness distribution during galvanostatic operation at 500 mA cm™2; (e) schematic of the X-ray micro-
CT set-up; (f) reconstructed slices of the metal foam sample; 3D volume rendering of the segmented (g) solid
phase (metal foam) and (h) pore space; (i) gas flow simulation through the metal foam to extract the effective
transport parameters.

3. Results and discussion

Current sweep experiments were carried out by incrementally changing current density every 1200 s at

200 mA cm? intervals from open circuit voltage (OCV). Each polarization was repeated twice and



averaged. Fig. 2 (a) compares the cell performance under three different compression ratios (6 %, 37 %
and 69 %). The PEFC with medium compression (37 %) yielded the best performance with ~2 % and
~8 % improvement in performance at 200 mA cm™2 with respect to high and low compression cases. A
greater improvement in performance is observed at high current densities, where the voltage of the
PEFC with medium compression is approximately 9 % and 50 % higher than that of the maximum and
minimum compression at 1600 mA cm. In terms of power density, a peak power density of 853 mwW
cm2 was recorded for medium compression, followed by maximum (780 mW cm2) and minimum
compression (568 mW c¢cm2). The lowest performance of the PEFC with minimum compression can be
insufficient GDL/ metal foam contact that led to high contact resistance. Although increasing the
compression ratio alleviates these issues [35]-[38], excess compression should be avoided as it
decreases the pore size of metal foams, leading to mass transfer limitations and performance loss. This
is in agreement with a previous study where moderate compression can enhance the performance of
metal foam flow-field based PEFCs [37]. Besides, this performance agrees with those found in previous

metal foam studies (500-1000 mW c¢m2) [35]-[38].
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Fig. 2 Effect of compression ratio (6 %, 37 % and 69 %) on (a) polarization performance and (b) Ohmic
resistance of metal foam flow-field based PEFCs measured by electrochemical impedance spectroscopy.
The Ohmic resistance of a PEFC can be estimated from high-frequency resistance (HFR) using
electrochemical impedance spectroscopy. Since mechanical compression and cell temperature were

kept constant throughout the experiment, any change in HFR during experiment was assumed a direct



consequence of the change in membrane hydration [65]. The change in HFR with respect to current
density for metal foam PEFCs under different compression ratios is presented in Fig. 2 (b). In general,
the higher compression ratio leads to a decrease in Ohmic resistance. The lowest HFR value recorded
for the maximum compression case is approximately 10 % and 34 % lower than that of the medium and
minimum compression, respectively. We attribute this to improved GDL/metal foam contact [36]. One
feature shared amongst the three compression ratios is improved membrane hydration with current
density due to elevated liquid water generation. The HFR starts to rise above 1000-1400 mA cm2 as

higher internal fuel cell temperature dehydrates the membrane [66].

To identify the root cause of the performance difference amongst three compression ratios, the
microstructural properties and gas transport parameters of pre-compressed metal foam samples were
characterized and analysed using X-ray CT. The side and top view of the compressed metal foams after
segmenting the void and foam zones from the entire reconstructed volume are shown in Fig. 3. The
structure of the metal foam is similar viewed from the top in Fig. 3 (d-f), implying a trivial effect of
compression on the through-plane pore morphology (size) and thus the mass transport property. In
contrast, the deformations of the foam structure are clearly visible at the different compression levels
from the side as shown in Fig. 3 (a-c). Although smaller in-plane pores of metal foams can induce higher
pressure drop [37], the smaller pores would hamper the gas transport if the foams are overly compressed.
It is therefore important to optimize the compression level of metal foams. One should be noticed that
other components of PEFCs may also be influenced by the assembly process. For example, X-ray CT
images [36] show significant penetration of foam into the GDL when the foam flow-fields are

compressed with a MEA, whereas the membrane shows no notable change.
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Fig. 3 Side view (a-c) and top view (d-f) of the reconstructed volume of the compressed metal foams; (a, d) 6 %
compression, (b, €) 37 % compression, and (c, f) 69 % compression.

The Avizo software package was employed to extract the equivalent pore network of the metal foams.

The pore phase was firstly segmented using grayscale thresholding method, followed by a watershed

algorithm [67] to distinguish the boundary and separate individual pores. The pores were approximated

to spherical shape with the size measured in terms of the equivalent radius. This simplified

representation is used only for illustrative purposes, as in gas transport modelling, the network contains

irregular pores that were directly extracted from the reconstructed images.

Fig. 4 (a-c) shows the 3D extracted pore network of compressed metal foam samples, where the void
space was represented as ideal spherical pores of different sizes, and the pore size is measured as
equivalent pore radius. The throats are also shown to indicate the inter-connection between
neighbouring pores. A broad range of the pore size with heterogeneous spatial distribution is observed

in the 6 % and 37 % compression sample, although the average pore size is much lower in 37 %



compression. 69% compression considerably reduces the average pore size and increases the

homogeneity.
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Fig. 4 (a-c) Hllustration of the equivalent pore network in 3D where each pore was idealized as a sphere and was
coloured according to its equivalent diameter. The grey lines between each pore show their connectivity.
The pore size distribution (PSD) and the corresponding cumulative frequencies for the metal foams
under different compression levels are shown in Fig. 5 (a-c). The foam under minimum compression
(6 %) shows a wide pore size distribution in the range of 0-300 um, with two dominant peaks around
5-10 um and 35-40 um, and 10 % of pores are > 120 um. The pore size distribution of the foam under
medium compression (37 %) is relatively narrow (0-190 um), where a dominant pore size peaks around
8-11 um and pores with diameter < 38 um constitute about 90 % of pores. The foam under maximum
compression (69 %) yields more narrowly distributed pore sizes, with 90 % of pores with diameter <25
um. The result indicates that the compression process significantly decreases the mean pore size and

narrows the PSD of metal foams.

Fig. 5 (d) presents the porosity and tortuosity factor of the metal foam samples under different
compression levels. The porosity values are 95.5 %, 94.2 % and 90.8 % for the minimum (6 %), medium
(37 %) and maximum (69 %) compressed metal foams, respectively. The foam under maximum

compression leads to only a ~4 % and ~5 % decrease in porosity compared to the medium and



minimum compression. This indicates the foam retains a highly porous characteristic even under a high
compression ratio. In terms of tortuosity, the values are 1.02, 1.03 and 1.09 for the minimum (6 %),

medium (37 %) and maximum (69 %) compressed metal foams, respectively.
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Fig. 5 (a-c) Pore size distribution, (d) porosity and tortuosity of metal foams under different compression levels:
() 6 % compression, (b) 37 % compression, and (c) 69 % compression.

Understanding the gas transport within compressed metal foams and its relationship with PEFC
performance is of critical importance for optimizing design rules of metal foam based flow-field.
Numerical modelling provides an approach for studying the gas transport through the compressed metal
foams. Thus, a numerical model for predicting gas transport would be extremely useful for determining
the impact of metal foam structure on redistribution of air velocity and pressure. Fig. 6 shows the
simulated distribution of air velocity in the metal foams under different compression levels (6 %, 1.5

mm; 37 %, 1 mm; 69 %, 0.5 mm). Given a constant mass flow rate of the air at the inlet (2.82 ¢ g s),



the fluid velocity is observed to be inversely proportional to the compression level. Moreover, it is noted
that the framework of the metal foam significantly slows down the air flow around it due to the viscous
shear flow. This is more clearly seen in the zoomed in image of Fig. 6 (b), where the air streams clearly

decelerate at the skeleton surface.
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Fig. 6 Distribution of air velocity of metal foams under different compression levels: (a) 6 % compression, (b)
37 % compression, and (c) 69 % compression.
Fig. 7 (a-c) demonstrates that, as expected, under the same overall inlet air flow rate, a larger pressure
gradient develops in highly compressed foams. The disparity of pressure gradient between low (6%)
and medium (37%) compression is much lower compared to high (69%) compression sample, as a
consequence of the remarkably increased mass transport resistance arising from lower in-plane
porosity/pore size and higher viscous effect. Fig. 7 (d) presents the pressure drop and permeability of

the metal foam samples under different compression levels. The pressure drop values are 0.09, 0.22 and



1.17 Pa for the minimum, medium and maximum compressed metal foams, respectively. The foam
under maximum compression shows ~12 times and ~4 times larger pressure drop compared to the
minimum and medium compression. Lower pressure drop in PEFCs with minimum and medium
compression may increase the susceptibility to flooding. However, excess pressure drop from high
compression is unfavourable from a viewpoint of power required to pressurize/recirculate the reactants.
Therefore, a trade-off has to be struck between water management and parasitic power. In terms of
permeability, the values are 4.22x10°, 2.45x10° and 0.996x10° m? for the minimum, medium and
maximum compressed metal foams, respectively. This suggests that increasing the compression

pressure renders higher resistance of the gas flow in the metal foam samples.
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Fig. 7 (a-c) Distribution of pressure, (d) pressure drop and permeability of metal foams under different
compression levels.



Fig. 8 (a-c) compares the averaged liquid water thickness distribution in the PEFCs with different
compressed (6 %, 37 % and 69 %) metal foams during galvanostatic operation at 500 mA cm™2 (average
current density) over 1200 s. In general, the increased compression ratio leads to a decrease in liquid
water accumulation. Back-diffusion phenomenon of water from the cathode to the anode (vertical
channels) is observed for all cases, with the highest anode water accumulation recorded at the minimum
compression case, followed by medium and maximum compression. In terms of cathode water
distribution, the liquid content within the maximum compression case (Fig. 8 (c)) appears across a much
narrower region of the active area, compared to the minimum (Fig. 8 (a)) and medium compression

(Fig. 8 (b)), indicating compressing the metal foam can alleviate flooding in PEFCs.
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Fig. 8 (a-c) Effect of compression ratio (6%, 37% and 69%) on averaged liquid water thickness distribution
during galvanostatic operation at 500 mA cm™2. (d) Water accumulation of PEFCs under different levels of
compression as a function of current density.



The water mass in the PEFC during galvanostatic operation was calculated based on the total water
content across the active area of the averaged neutron image [15]. Fig. 8 (d) shows the change in water
mass with respect to current density. Similar water accumulation trend is observed for different
compression ratios; water continues to accumulate in the channel at low current density and starts to
decline beyond 500 mA cm™2 as it evaporates. The results also indicate that much less liquid water is
present in the PEFC with maximum compression (69 %) than the medium (37 %) and minimum
compression (6 %) throughout the investigated operating range. At 500 mA cm2, the PEFC with
minimum compression demonstrates a ~86 % and ~173 % increase in the mass of accumulated liquid
water compared to the medium and maximum compression, respectively. A decreased susceptibility to
flooding is found with increased compression ratio. This can be attributed to the higher pressure drop
and gas velocity within the PEFC with larger compression, fostering effective convective liquid water
removal as shown in Fig. 6 and Fig. 7. Once again, the results indicate that increasing the compression
ratio of metal foam can facilitate the water removal ability of PEFCs, but at the cost of higher parasitic
power. Overall, the PEFC with medium compression not only achieves the best performance, but can

also be regarded as a judicious option from both water management and performance viewpoint.
Conclusion

Understanding how the extent of compression of metal foam flow-field affects the microstructural
properties, gas transport parameters and water management characteristics in PEFCs is indispensable
for optimizing the performance and durability. In-operando neutron radiography has been employed to
visualize liquid water distribution across PEFCs with metal foams under three different compression
ratios, and we present important steps made to characterize the microstructural properties of compressed
metal foam samples using X-ray CT. The pore structures extracted from X-ray CT images are applied
to simulate the gas transport in metal foams under different compression ratios. The conclusions are

summarized as follows:

1) The PEFC performance is strongly affected by the compression ratio of metal foams. The peak power

density of 853 mW cm?was recorded for PEFC with medium compression, followed by maximum (780



mW cm?) and minimum compression (568 mW cm). The increasing compression ratio also leads to

a decrease in Ohmic resistance.

2) X-ray CT data indicates that the compression process significantly decreases the mean pore size and
narrows the PSD of metal foams. Though compression from 6% to 69% does not drastically reduce the
overall porosity, the pore size and tortuosity in the flow direction are severely affected. The compactness
of metal foam after heavy compression also yields a large viscous effect due to the increased volume

specific area of the metal foam.

3) The simulation results demonstrate that the foam under maximum compression shows a ~12 times
and ~4 times larger pressure drop compared to the minimum and medium compression, respectively.
The larger pressure drop and resultant faster gas flow of PEFC with higher compression ratio improve

the convective liquid removal.

4) Neutron images show that the PEFC with minimum compression demonstrates a ~86 % and ~173 %
increase in the mass of accumulated liquid water (during galvanostatic operation at 500 mA c¢cm2)
compared to the medium and maximum compression, respectively. However, it would require higher

parasitic power to pressurize/recirculate the reactants for the high compression case.

Overall, the PEFC with medium compression not only achieves the best performance compared to its

counterparts, but can also be regarded as a reasonable trade-off condition.
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