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g r a p h i c a l a b s t r a c t
� Nickel foam was numerically

evaluated as a potential GDL ma-

terial for PEFCs.

� X-ray CT images, 3D-printed

compression device and numerical

models were employed.

� Structural and transport proper-

ties of nickel foam under

compression were determined.

� Anisotropy of nickel foam perme-

ability significantly increases with

compression.

� Nickel foam has superior proper-

ties compared to conventional

GDLs.
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a b s t r a c t

Nickel foams feature superior structural and transport characteristics and are therefore

strong candidates to be used as gas diffusion layers (GDLs) in polymer electrolyte fuel cells

(PEFCs). In this work, the impact of compression on the key structural and transport

properties has been investigated, including employing a specially designed compression

apparatus and X-ray computed tomography. Namely, 20 equally spaced two-dimensional

CT based images and numerical models have been used/developed to investigate the

sensitivity of the key properties of nickel foams (porosity, tortuosity, pore size, ligament

thickness, specific surface area, gas permeability and effective diffusivity) to realistic

compressions normally experienced in PEFCs. Wherever applicable, the anisotropy in the

property has been investigated. One of the notable findings is that, unlike porosity and
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Nickel foam
X-ray computed tomography

Compression

Structural and transport

characteristics
ligament thickness, the mean pore size was found to decrease significantly with

compression. The mean pore size is around 175 mm for uncompressed nickel foam and it

decreased to around 110 mm for a 20% compression ratio and to around 70 mm for a 40%

compression ratio. Further, unlike the effective diffusivity, the gas permeability was shown

to be highly anisotropic with compression; this fact is of particular importance for PEFC

modelling where the properties of GDLs are often assumed isotropic. All the computa-

tionally estimated properties have been presented, validated and discussed.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The polymer electrolyte fuel cell (PEFC) is an electrochemical

device that directly converts chemical energy into electrical

energy [1e6]. The PEFC is a highly promising technology that

could be utilised in the automotive industry due to its rela-

tively high efficiency, quiet operation, fast refuelling and zero-

emission at the point of use [7e12]. Consequently, in the past

few years, PEFC-powered vehicles have attracted a significant

deal of attention from the main automobile manufacturers

[13e18]. Despite the early deployment stage of the PEFC

technology, many technical barriers concerning the perfor-

mance, reliability, durability and low cost need to be

addressed [19e21].

A wet-proof, porous layer between the flow-field plate and

catalyst layer is termed as the gas diffusion layer (GDL). The

GDL plays a prominent role inside the PEFC in terms of being

the exchange medium of mass, charge and heat between the

catalyst layer and the flow channels grooved in the flow-field

plate. The GDL should ideally: (i) provide sufficient air/oxygen

gases to the active areas in the catalyst layers, (ii) ease the

removal of the excess water, (iii) facilitate charge and heat

transfer between the catalyst layer and flow-field plate and (iv)

mechanically support the membrane [22e29]. The most

commonly-used GDLs are prevalently of carbon paper or

carbon cloth forms [30e33]. However, these traditional GDLs,

particularly those used at the cathode side, are in general

vulnerable to various types of degradation including: me-

chanical degradation (due to the clamping pressure), thermal

degradation (due to the freeze/thaw cycles), carbon dissolu-

tion and erosion [34e38]. These degradations negatively affect

the PEFC performance and the durability. Mechanical degra-

dation is the most commonly type of degradation the GDL is

subject to as its carbon fibres experience breakage, cracks and

permanent deformation as a result of the assembly

compression, thus leading to potential deterioration of the

structural integrity of the GDL and reduced transport proper-

ties [39e43]. Hence, many researchers have been seeking

alternative materials for the GDLs.

Metal foams have attracted a good deal of attention as

promising materials used in various components in a multi-

tude of energy engineering applications [44e46]. Recent

studies have reported that nickel foam is a promisingmaterial

for cathode flow field plates (FFP) and/or GDLs due to its su-

perior properties such as: high porosity, excellent electrical

and thermal conductivity, high cost-effectiveness, low
weight-to-volume ratio and robust architecture. Hence, there

have been only a few demonstrations in which the perfor-

mance of the fuel cell equippedwith nickel foam FFP has been

compared to that of the conventional graphite FFP [47e55]. For

instance, Tseng et al. [48] experimentally reported that the

PEFC running with the nickel foam FFPs outperformed that

running with the conventional FFPs and this is due to their

superior mass transport properties of the former FFPs. Simi-

larly, Liu et al. [53] experimentally showed that the fuel cell

with a compressed nickel foam-based cathode FFP has a

higher peak power density than that with a conventional

graphite FFP, thus proposing nickel foam as a replacement

material to graphite for FFPs. Furthermore, Tabe et al. [54]

experimentally investigated the nickel foam-based FFP and

their results indicated that nickel foam-based cathode FFP

has, compared to the conventional FFPs, superior drainage

ability and the fuel cell operating with it featured more stable

operation at the higher current densities.

The performance of a PEFC is directly related to the struc-

tural and effective transport properties of the GDL materials.

Thus, it has become indispensable to accurately determine

these GDL properties and understand how they impact the

operation behaviour of the PEFC under various operational

conditions [56e59]. Moreover, the anisotropic nature of the

GDLs must be assessed while the structural and transport

properties are evaluated [40,60,61]. The structural and trans-

port properties of the GDL might considerably differ between

the through-plane and in-plane directions owing to the inte-

rior architecture of the material. To this end, numerous ex-

situ methods are used to determine the structural properties

of GDLs. For example, mercury intrusion porosimetry (MIP) is

widely used to estimate the porosity and the pore size distri-

bution of the GDLs [1,60,62]. Furthermore, the scanning elec-

tron microscope (SEM) is used to image the surface of the GDL

to measure, for example, the fibre thickness [22]. The

Brunauer-Emmett-Teller (BET) absorption technique is used

to determine the specific surface area of the GDL [63,64]. Most

of the above characterisation techniques are either destruc-

tive (e.g. focused ion beam) or do not provide insights into the

interior structure of the GDLs. To illustrate, SEM typically

provides high-resolution images; however, these images are

only two-dimensional and superficial [40].

X-ray computed tomography (CT) is a highly versatile

technique to provide detailed insight into the nano- or micro-

scale morphological and transport characteristics of the PEFC

components, including GDLs. The main advantages of X-ray

CT are that it is: (i) non-destructive, (ii) relatively fast and
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accurate, (iii) cost-effective, (iv) available for a wide variety of

sample sizes and (v) allowing for investigation under the

realistic operation conditions [65e67]. The commercial

carbon-based GDLs have been widely investigated using the

X-ray CT method to resolve the interior structure of the GDL

[68e74]. This method has also been employed to understand

the GDL structural properties under realistic fuel cell

compression. For example, Zenyuk et al. [75] comprehensively

investigated the morphological structures of various types of

carbon-based GDLs (TGP, SGL, MRC and Freudenberg) by using

X-ray CT tomography under compression. They evaluated the

porosity, tortuosity, and pore size distribution under varying

compression ratios; the researchers can then use these

morphological into their numerical PEFC models. Similarly, Je

et al. [76] investigated a Toray GDL using a compression

apparatus hosted in an X-ray CT system. The porosity of the

uncompressed GDL was found to decrease 0.79 by about 30%

to be 0.56 with about 52% compression ratio. In addition, X-ray

CT has been used to investigate the impact of compression on

the nickel foam-based flow field fields used in PEFCs. For

instance, Fly et al. [77] examined nickel foam as a flow field

plate under different compression ratios using X-ray CT and

finite element analysis. They showed that the fuel cell peak

power density increased by 42% when increasing the

compression from 20% to 70%. This improvement is because

the penetration of nickel foam ligaments into the GDL in-

creases with compression, thus allowing for more convective

flow to reach the catalyst layer and better electrical contact

between the nickel foam FFP and each of the GDL and the

stainless-steel plate. Likewise, Wu et al. [78] investigated the

nickel foam-based flow field plates under compression using

X-ray CT. Their findings showed that the mean pore size

decreased considerably with increasing compression ratios

(6%, 37%, and 69%), while the porosity decreased insignifi-

cantly. Moreover, it was shown that the increased compres-

sion caused a higher pressure drop, higher airflow through the

nickel foam and subsequently better removal of excess liquid

water. In addition, the peak power density was found to be

maximum with 37% compression ratio (853 mW/cm2) and

minimum with 6% compression (568 mW/cm2).

To the best of our knowledge, there have been no studies

investigating the impact of compression (that is normally

encountered in operating PEFCs) on the structural and trans-

port properties of nickel foam based using a non-distractive

technique of X-ray CT. The above mentioned conventional

characterisation techniques (e.g. SEM andMIP) cannot be used

to determine the properties of the GDL under compression

[75]. Ercelik et al. [79] investigated the potential use of nickel

foam as a GDL for PEFCs using X-ray CT. They developed

computationally economic X-ray CT image-based two-

dimensional models to determinate the key structural and

transport properties of the nickel foam-based GDL. As a

valuable and important extension to this investigation, the

objective of the present study is to evaluate the structural (the

porosity, tortuosity, pore size distribution, ligament thickness

distribution, and the specific surface area) and transport (gas

permeability and effective diffusivity) of nickel foam based

GDLs under compression ratios normally encountered in

operating PEFCs. Furthermore, the anisotropic nature of the

nickel foam-based GDL under compression is evaluated. To
achieve this, a specially designed compression apparatus was

manufactured through 3D printing and used in an X-ray CT

chamber to image the compressed nickel foam. The X-ray CT-

based images are then used to create computationally eco-

nomic 2D models. It should be noted that the thermal and

electrical conductivities of nickel foams are also important

characteristics. However, as they are orders of magnitudes

higher than those of carbon fibre based GDLs, they are not

expected to form rate limiting factors for the fuel cell perfor-

mance and as such they were not investigated in this study.

Nonetheless, this may be a possible research topic for a future

work. The findings of the study are of great interest to the

modellers and developers of PEFCs, as they represent realistic

values for the structural and mass transport properties of the

nickel foam-based GDLs under compression levels that are

normally encountered in real-life fuel cells. Namely, they

could be employed in the PEFC models to improve the accu-

racy of the predictions and provide reliability to the respective

optimisation studies.
Methodology

Compression apparatus

A special compression apparatus was designed, manufac-

tured, and used inside an X-ray CT chamber (Fig. 1) in order to

investigate the structural and transport properties of the

nickel foam based GDL under compressions that the GDL is

subject to inside the PEFC. The apparatus parts were designed

using SolidWorks® 2015 and manufactured using Ultimaker

2þ Extended® 3D printer (Ultimaker, Cambridge, MA, US). The

material for 3D printing was polylactic acid (PLA) which pos-

sesses high X-ray radiolucent characteristic. Likewise, nylon

M5 bolts, nuts and washers were employed owing to their X-

ray transparency properties.

X-ray CT and image processing

SKYSCAN 1172 (Bruker US) X-ray microscopy system was

employed during the X-ray CT imaging process. This system

consists of an X-ray source, a detector and a rotational stage

where the compression apparatus is fixed. The emitted X-ray

from the source traversed through the sample and the de-

tector captured the X-rays weakened due to solid ligaments.

Fig. 2 shows the main components of the X-ray CT system. A

commercially available nickel foam sheet with 99.5% purity

(Goodfellow Cambridge Ltd., the UK) was punched to create a

12.7 mm diameter sample. The sample was carefully located

in the compression apparatus and the apparatus was then

fixed on the rotational stage. The scanning processes were

performed every time the stage was rotated by 0.7� until the

full 180� rotation was reached. The exposure time was 0.885 s

and 1025 projections were collected for each scanning. The

source voltage was 80 kV, and the beam current was 124 mA.

The image resolution was 7 mm per pixel. The compression of

the apparatus was increased step by step after each

scanning.

The 2D shadow images were obtained and processed

using the NRecon Reconstruction software (SKYSCAN,

https://doi.org/10.1016/j.ijhydene.2023.07.001
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Fig. 2 e (a) SKYSCAN X-ray CT system and (b) its main components.

Fig. 1 e (a) The designed compression apparatus, (b) the exploded view and the main components of the apparatus and (c)

the manufactured compression apparatus.
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Belgium) to reconstruct the cross-sectional images from the

X-ray CT projection images. The images were then processed

using Bruker CTan Micro-CT where Otsu's thresholding

method was employed to separate the solid and void phases.

Finally, the processed images were imported to COMSOL

Multiphysics® 5.5 using MATLAB® and LiveLink™ for

MATLAB®.

Numerical modelling

The continuity and momentum conservation equations were

solved within COMSOL Multiphysics® 5.5 for 20 equally

spaced X-ray CT slices with a 350 mm distance for each

compression level of nickel foam. It is noteworthy that we

investigated the effect of the number of slices (from a range

that starts with 5 slices and ends with 30 slides) on the

structural and transport properties of the nickel foam in the

supplementary material; see Figures S.1 to S.8. It was shown

that the values of the structural and transport properties of

the nickel foam starts to saturate with 10 equally spaced X-ray

CT slices. Therefore, the selected number of equally spaced X-

ray CT slices (i.e. 20) should be highly representative of the

nickel foam material. The length of each slice was 6.65 mm
and the height changed depending on the compression

applied. Namely, the heightswere 1.05, 0.84 and 0.63mm for 0,

20 and 40% compressions respectively; the 3D X-ray CT-based

representations of the nickel foam under the abovementioned

compressions are shown in Fig. 3. Notably, the heights of

these samples (and compression ratios) are determined by

systematically and gradually tightening the M5 bolts in a step-

by-step manner, taking into account the value of the screw

pitch.

The flow regime in the computational domains was

assumed to be steady-state, incompressible (Mach numbers «
0.3) and laminar Reynolds numbers « 2300. Thereby, the con-

tinuity and momentum conservation equations can be given

as follows:

V$ðruÞ¼ 0 (1)

where V is the operator (i v
vx þ j v

vy), r is the fluid density (kg/m3)

and u is the velocity vector.

rðu$VÞu ¼ V$

�
� pIþ m

�
Vuþ ðVuÞT

�
� 2
3
mðV$uÞI

�
(2)

where p is the pressure, I is the identity matrix and m is the
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Fig. 3 e The three-dimensional X-ray CT representations of the nickel foam at 0, 20 and 40% compressions.
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dynamic viscosity (Pa$s). The conservation of chemical spe-

cies, which is oxygen in our case, is expressed as follows:

V$ð � DO2VCO2Þ¼R (3)

where DO2 is the oxygen diffusion coefficient (m2/s), CO2 is the

oxygen concentration (mol/m3), and R is the source term

which is zero in our case (there is no reaction taking place

within the GDL).

The 20 CT slices were meshed within COMSOL Multi-

physics® 5.5 at each level of compression. All the computa-

tional domains were checked for mesh-independent

solutions. Fig. 4 exhibits how the through- and in-plane gas

permeabilities (and the corresponding computation time)

changewith the number of element numbers for an arbitrarily

selected 20% compressed slice (the 200th Slice). The computed

permeability values were shown to be almost insensitive to

the number of elements beyond around 550,000 elements and

the corresponding computation times were found to be rela-

tively short: around 100 s. Overall, the mesh-independent

solutions for all the 20 computational domains were found

to be between 400,000 and 700,000; Fig. 5 shows a typical

meshed computational domain along with the boundary

conditions used to solve the models.

The gas flowing through the nickel foam was assumed to

be air which is the normally used oxidant at the cathode of the

PEFCs. As for the gas permeability investigation, the inlet air

velocity and outlet pressure were arbitrarily set as 0.1 m/s and

0 Pa, respectively. Notably, under relatively low flow rates

(Darcy's regime), the pressure gradient linearly changes with

the inlet air velocity and as such the gas permeability, which is

an intrinsic property of the material, evidently does not

change with velocity as demonstrated in Figures S.9 and S.10
in the supplementary material. Moving to the effective diffu-

sivity investigation, the inlet air (molar fraction-wise) consists

of 21% oxygen and 79% nitrogen. Hence, the inlet concentra-

tion of oxygen (Cin) is 8.73 mol/m3 at 20 �C and 1 atm whereas

the outlet concentration was assumed to be 7.73 mol/m3. It

should be noted that there is no impact of the concentration

difference on the estimated effective oxygen diffusivity since

the molar flux of oxygen proportionally changes with the

concentration difference; see Table S.1, Table S.2, and

Figure S.11. The bulk oxygen diffusivity coefficient is

0.219 cm2/s at 20 �C and 1 atm. Equations (2) and (3) are solved

independently for each direction (i.e. through- and in-plane

directions) to estimate the gas permeability and effective ox-

ygen diffusivity for each direction. It should be noted that, to

estimate the effective diffusivity of the porous media, Equa-

tion (3) disregards the convective term. This is because solving

the equation considering only the diffusive term is sufficient

to obtain the effective diffusivity of the porous media. Given

that the effective diffusivity is an intrinsic property of the

material, adding the convective term to the equation would

unnecessarily complicate the solution without any gain in

accuracy.

The boundary conditions used for themodels are shown in

Fig. 5. Namely, the top edge was defined as an inlet while the

bottom was set as an outlet for the through-plane direction

analyses. In addition, the right and the left edges were pre-

scribed as symmetry boundary conditions. On the other hand,

the left and the right edges were defined as an inlet and an

outlet for the in-plane direction analyses, respectively,

whereas the top and the bottom edges were set as walls.

Furthermore, the borders surrounding the ligaments were

defined as no-slip boundary conditions. It should be noted

https://doi.org/10.1016/j.ijhydene.2023.07.001
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Fig. 4 e (a) The through-plane and (a) in-plane permeabilities (and the corresponding computation time) as they change with

number of elements for a 20% compressed CT slice (the 200th slice). The shaded areas highlights the number of elements

with which the mesh-independent solutions are realised.

Fig. 5 e The boundary conditions and the meshed computational domain for (a) through-plane and (b) in-plane directions.

The white areas are the solid phase (i.e. the ligaments of the nickel foam).
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that the numerical simulations were conducted assuming

that the inlet temperature is 20 �C. The models were numer-

ically solved using a small-scale workstation (Inter® Xenon®

CPU E3-1246 v3@ 3.50 GHz, 16 GB installed RAM), and the

computational time for each modelled CT slice was found to

be between 100 and 200 s.

Structural properties

Porosity
The porosity (ε) is a structural property of the medium that

represents the ratio between the volume of the void and the

total volume of that material. The transport properties (e.g.

gas permeability and effective diffusivity) strongly depend on

the porosity and typically declinewith decreasing porosity. On

the other hand, the electrical and thermal conductivities are

inversely proportional to the GDL porosity. Many experi-

mentalmethods, such asmercury intrusion porosimetry (MIP)

or other standard porosimetry techniques, are normally used

to measure the GDL porosity. However, thesemethods are not

feasible to investigate the same sample under different

compression levels and this is due to the existence of mercury

in the pores of the sample from previous lower-in-

compression tests. Therefore, these techniques are mainly

used to measure the porosity of uncompressed GDL materials

[75]. On the other hand, the X-ray CT provides insight into the

interior structure and inhomogeneity of the GDLwith/without

realistic compressions. The maximum reported porosity of an

uncompressed carbon fibre-based GDL is about 0.90 [1,80],

whereas themaximum reported porosity of an uncompressed

nickel foam porosity is 0.98 [81]. Evidently, increasing the

compression on the GDL decreases its porosity. In this study,

the porosity values for a nickel foam-based GDL under three

compression ratios were determined for 20 equally spaced X-

ray CT slices using the COMSOL Multiphysics® 5.5. This was

achieved through measuring and summing the areas for each

of the void and the solid phases and then dividing the total

area of the void phase by the total area of the slice:

ε¼Total area of void phases
Total area of slice

(4)

For comparison purposes, the porosity was also theoreti-

cally calculated using the following equation:

εtheo ¼ ε0 � Xcomp

1� Xcomp
(5)

where εtheo is theoretical porosity, ε0 is the uncompressed

porosity, and Xcomp is the compression ratio of the compressed

nickel foam. It should be noted that, in Equation (5), it is

assumed that only the void that decreases with compression

[77].

Tortuosity
Tortuosity is a structural characteristic that denotes the ratio

of the actual length of the flow path to the straight path be-

tween the two ends of that path [82]. In otherwords, tortuosity

equals to unity if the flow path is straight, and tortuosity more

than unity mean that the flow needs to travel longer distance

than that of the fictitious straight path of the flow. Further-

more, the tortuosity provides information on how the pores
are interconnected within the porous medium. The tortuosity

values for through- and in-plane directions within a two-

dimensional CT slice can be obtained using the following

equations [83]:

tThrough�plane ¼umag

uy
(6)

tIn�plane ¼umag

ux
(7)

where umag is the velocity magnitude averaged over the

computational domain, and uy and ux are the velocity com-

ponents in the through- and in-plane directions, respectively.

Pore size distribution
The pore size distribution of the nickel foam-based GDL

considerably affects the transport properties of reactant gases

and liquid water. Large pores within the foam ease the

transverse of fluids from one cell to another. The pore size

distributions for all the compression cases for all the 20 CT

slices were determined using an open-source ImageJ/Fiji

software [84]. Unlike SEM images, which only show the su-

perficial morphology, three-dimensional or multiple two-

dimensional CT images allow for the access to the interior

structure of the compressed/uncompressed porous material.

Ligament thickness distribution
Ligaments (or struts) are the solid metal rods that constitute

the cellular web-like structure of the nickel foam. The struc-

tures and thicknesses of the ligaments could significantly

affect the electrical and thermal conductivity and the me-

chanical integrity of the foam. As with the pore size distri-

bution, the ligament thickness distribution for the all the 20

CT slices under all the investigated three compression ratios

were determined using the ImageJ/Fiji software [84].

Specific surface area
The specific surface area (SSA) can be defined as the surface

area per the volume unit. As with all the structural properties,

the specific surface area of the nickel foam impacts the mass,

heat and charge transport within it [85,86]. The nickel foam

typically possesses a high specific surface area due to its web-

like cellular architecture. However, this property expectedly

increaseswith increasing compression [87]. The total length of

the borders of the solid phase and its areas weremeasured for

all the 20 CT slices under the three investigated compression

ratios using COMSOL Multiphysics®.

Mass transport properties

Gas permeability
The gas permeability represents how permeable the porous

media is. It is an important GDL property particularly at the

cathode side. High gas permeability leads to lower pressure

gradients within the GDL and subsequently lower water

saturation, thus mitigating the water flooding phenomena

[88e90]. Furthermore, high gas permeability enhances the

convective flow from the flow channels to the catalyst layer,

the availability of reactant gases and, therefore, the PEFC

performance [1,91e93]. The GDLs within the fuel cell are
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under compression and therefore the transport properties

should be quantified under that compression to obtain more

accurate values for these transport properties. For this pur-

pose, the through- and in-plane gas permeability for nickel

foam under a realistic set of compression ratios were obtained

through solving Equations (1) and (2) that were applied to the

two-dimensional CT-based computational domains. For low

velocities, the viscous resistance is dominant and the inertial

resistance is negligible. Therefore, the linear Darcy's Law

(rather than the quadratic Forchheimer equation) was used to

estimate the permeability values of the porous medium:

DP
L

¼ m

K
u (8)

where DP denotes the pressure difference between the inlet

and outlet boundaries, L is the length of the GDL material

across the flow length, m is the dynamic viscosity of the flowing

fluid (air),K is the gas permeability of theporousmediumand u

is the inlet gas velocity. L represents the length of the nickel

foam GDL (i.e. 6.65 mm) for in-plane gas permeability simula-

tions and represents its thickness (i.e. 1.05, 0.84 and 0.63 mm

for 0, 20 and 40%compression ratios) for the through-plane gas

permeability simulations. The dynamic viscosity of air (m) at

20 �C and 1 atm is 1.751� 10�5 Pa s [94]. The inlet velocity of the

computational domain ðuÞ has been set as 0.1 m/s for each

compression ratio. It is noteworthy that the sensitivity of gas

permeability to relatively low inlet gas velocities are almost

negligible, as shown in Figure S.9 in the supplementary ma-

terial; this figure shows that the pressure gradient scales lin-

early with the inlet velocity under different compression

ratios. Similarly, Figure S.10 demonstrates that the gas

permeability negligibly changes with inlet velocity under

different compression ratios.
Effective diffusivity
Diffusion within the GDL plays a significant role in trans-

porting reactant gases between the flow channel and the

catalyst layer; this role ismore profound for the conventional

carbon fibre-based based GDLs and this is due to their low gas

permeability values [23e25,31,92,95,96]. The effective diffu-

sivity represents how chemical species diffuse into each

other within a porous medium. The effective diffusivity of

oxygen into nitrogen in a porous GDL can be estimated by

Fick's Law:

J¼Deff
O2;N2

DC
L

(9)

where J is the oxygenmolar flux (mol/(m2$s)), DC is the oxygen

concentration difference between the inlet and outlet across

the thickness (for through-plane diffusivity simulations) or

length (for in-plane diffusivity simulations) of the GDL. As

with the gas permeability simulations, L is the length of the

nickel foam GDL (6.65 mm) for the in-plane diffusivity simu-

lations and is the GDL thickens (i.e. 1.05, 0.84 and 0.63 mm for

0, 20 and 40% compression ratios) for the through-plane

diffusivity simulations. The oxygen concentration difference

(DC) is assumed to be 1mol/m3 for each compression scenario.

It is noteworthy that (as shown in Table S.1, Table S.2, and

Figure S.11 in the supplementary material) the oxygen con-

centration difference does not impact the effective diffusivity
since the oxygen molar flux changes proportionally with the

concentration difference of oxygen.
Results and discussion

The velocity profiles of the flowing air through the uncom-

pressed, 20% compressed, and 40% compressed nickel foam-

based GDL are shown in Figures (6) and (7) for the through-

and in-plane directions, respectively. In general, the position

and the thickness of the ligaments considerably affect the

magnitude of the air velocity and the direction of the flow,

resulting in relatively high non-uniform velocity profiles. It is

evident from Figures (6) and (7) that the velocity magnitudes,

in either the through- or in-plane directions, become higher as

the compression ratio increases. This is understandable due

to the fact that the voids between the ligaments are closed up

due to the compression resulting in smaller flow openings and

subsequently higher local velocities for a given boundary flow

rate.

Porosity

The porosity values for all the 20 equally spaced X-ray CT

slices are shown in Fig. 8(a) for three different compression

ratios. Themean porosity value for the uncompressed sample

is 0.894 ± 0.008 and it varies between 0.861 and 0.921. This

value is highly consistent with the experimental results re-

ported in the literature for nickel foam material. For instance,

Oun and Kennedy [87] experimentally estimated the porosity

of uncompressed nickel foams and found it to be 0.88. The

range of porosity for uncompressed nickel foams was inves-

tigated utilising 3D X-ray CT imaging by Vicente et al. [97] and

was reported to be between 0.87 and 0.92. Clearly, as the

compression increases, the porosity of the metal foam de-

creases. The mean porosity range for 20% compressed nickel

foam is 0.866 ± 0.007 and it varies between 0.84 and 0.90. The

porosity continues to slightly decrease with 40% compression

and becomes 0.842 ± 0.011 and it varies between 0.799 and

0.883. As with the uncompressed nickel foam case, the results

are highly consistent with the porosity values reported in the

literature. For example, Fly et al. [77] investigated the nickel

foam flow field plates using 3D X-ray CT imaging and reported

the porosity for uncompressed, 17% compressed and 35%

compressed nickel foams as 0.892, 0.875, and 0.834,

respectively.

Furthermore, the actual (obtained from the new X-ray CT-

based method) and the theoretical (obtained from Equation

(5)) porosity of the nickel foam sample are shown in Fig. 8 (b). It

is clear that there is a very good agreement between the actual

and the calculated values of the porosity for the uncom-

pressed and 20% compressed nickel foam cases. However, the

theoretical porosity is slightly less than the actual porosity at

40% compression. The reason behind this discrepancy is that

Equation (5) assumes that the volume reduction of the void

only takes place in the open spaces between the ligaments.

However, there exists isolated voids between the ligaments

that are normally created as a result of the corresponding

manufacturing process. The reduction in volume of these

isolated voids are not included in Equation (5), thus resulting
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Fig. 6 e The through-plane velocity profiles for the 100th slice under uncompressed (a and b), 20% compressed (c and d), and

40% compressed (e and f) situations.
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in the underestimation of the porosity of the nickel foam

subject to the relatively high compression (i.e. 40%).

Tortuosity

The tortuosity in the through- and in-plane directions for all

the 20 CT slices are shown in Fig. 9 for the three investigated

compression ratios. The mean through-plane tortuosity for

the uncompressed situation is 1.179 ± 0.011. This value is in

very good agreement with those reported in the literature:

Khayargoli et al. (i.e. 1.15) [98], Ercelik et al. (i.e. 1.175) [79] and

Langlois and Coeuret (i.e 1.15 ± 0.10) [99]. The in-plane tortu-

osity of the uncompressed nickel foam is 1.138 ± 0.011 and

therefore is slightly lower than that of the through-plane di-

rection. As with the through-plane tortuosity, the computed

in-plane tortuosity of the uncompressed nickel foam is in very

good consistence with those reported in the literature, which
were found to be between 1.09 and 1.13 [100]. It should be

noted that the tortuosity values of the conventional carbon

fibre based GDLs are considerably higher than those of the

nickel foam. For example, the minimum tortuosity values for

the SGL and Toray GDLs were reported to be 1.33 and 2.50,

respectively [22]. With 20% compression ratio, the mean

through- and in-plane tortuosity values, compared to those of

the uncompressed foam, increase to 1.20 ± 0.022 and

1.168 ± 0.022, respectively. It is evident that the voids between

the ligaments are closed upwith increasing compression, thus

leading to more tortuous paths throughout the foam. As the

compression increases to 40%, the mean values of the

through- and in-plane tortuosity become closer to each other:

they are 1.184 ± 0.017 and 1.189 ± 0.014, respectively. Onemay

notice that the in-plane tortuosity increases as the compres-

sion increases from 0 to 40%; however, the through-plane

tortuosity was found to increase as the compression
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Fig. 7 e The in-plane velocity profiles for the 100th slice under uncompressed (a and b), 20% compressed (c and d), and 40%

compressed (e and f) situations.
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increases from 0 to 20% and then decrease as the compression

increases from 20 to 40%. This could be attributed to the

observation that the structure of the nickel foam is more or

less “nest-like” and therefore the “entanglement” of the liga-

ments, which is mainly in the in-plane directions, increases

with increasing compression. On the other hand, the through-

plane pathways appear to straighten after a certain threshold

compression.

Pore size distribution

The pore size values for all the 20 CT nickel foam slices are

shown in Fig. 10 for the uncompressed, 20% compressed, and

40% compressed cases. The pore size histograms of all the

cases (60 cases representing 20 CT slices and 3 compression
ratios) are shown in Figures S.12 to S.14 in the supplementary

material. The mean pore size value of the uncompressed

nickel foam is 175 ± 5 mm and the range of pore sizes is be-

tween 151 and 217 mm. The mean pore size of the uncom-

pressed nickel foam is in very good agreement with those

reported in the literature; for example Miwa and Ravankar

[101] reported the mean pore size of some nickel foam sam-

ples as a range of from 172 mm to 182 mm while Milazzo et al.

[102] measured it as 230 mm. Themean pore size and the lower

and the upper limits of its range expectedly decrease with

increasing compression due to reduction in the volume of

voids of the nickel foam. Namely, the mean pore size, with

20% compression, decrease to 110 ± 4 mm for and the limits of

the range decrease to 92 and 119 mm. Likewise, the mean pore
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Fig. 8 e (a) Porosity values for the uncompressed, 20% compressed, and 40% compressed CT nickel foam slices and (b) the

actual and theoretical porosity of nickel foam. Note that the error bars represent 95% confidence intervals.

Fig. 9 e (a) Through-plane and (b) in-plane tortuosity values for the uncompressed, 20% compressed, and 40% compressed

CT nickel foam slices.
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size decrease to 71 ± 2 mm and the limits of its range decrease

to 55 and 81 mm with 40% compression.

Ligament thickness distribution

The ligament thickness values for all the 20 CT nickel foam

slices are presented in Fig. 11 for the uncompressed, 20%

compressed, and 40% compressed cases. The histograms of

the ligament thickness distribution are shown in the supple-

mentarymaterial; see Figures S.15 to S.17. Themean ligament

thickness is 100 ± 1 mm for the uncompressed nickel foam,

which is in very good agreement with those reported in the

literature. For instance, Miwa and Revankar [101] found that

themean ligament thickness of nickel foam is between 99 and

107 mm. Interestingly, the ligament thicknesses were found to

significantly decrease with increasing compression; the mean

ligament thickness decreases to 96 ± 1 with 20% compression

and to 90 ± 1 mm with 40% compression. This is primarily due
to the fact that the ligaments are not entirely solid and they

enclose some void that shrinks as the compression increases.

Specific surface area

Fig. 12 displays the specific surface area (SSA) for all the 20 CT

nickel foam slices for the uncompressed, 20% compressed,

and 40% compressed cases. The mean specific surface area of

the uncompressed nickel foam is 55700 ± 2700 m�1. The spe-

cific surface area increases with increasing compression (due

to the evident volumetric decrease); it increases to

57100 ± 2800 m�1 with 20% compression ratio and to

61000 ± 2900 m�1 with 40% compression ratio. These results

are in accordance with the findings reported in the literature

that shows that the specific surface are of nickel foams in-

crease with increasing compression [103e105]. High specific

surface area is expected to increasemass transport resistance;

this will be touched on in the following section. On the other
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Fig. 10 e Mean pore size for the uncompressed, 20%

compressed, and 40% compressed CT nickel foam slices.

Note that the error bars represent 95% confidence intervals.

Fig. 11 e Mean ligament thickness for the uncompressed,

20% compressed, and 40% compressed CT nickel foam

slices. Note that the error bars represent 95% confidence

intervals.
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hand, high specific area areas are favourable for the electrical

and the thermal conductivity as well as the electrical contact

with either the catalyst layer or the flow-field plate [106,107].

Gas permeability

The gas permeability values for all the 20 CT nickel foam slices

were computationally estimated under the three compression

ratios: 0, 20 and 40%; see Fig. 13. The average through- and in-

plane permeability values were respectively computed to be

1.63 � 10�9 and 1.64 � 10�9 m2 for the uncompressed nickel

foam. The mean through-plane and in-plane permeability

values are very close to each other, and this signifies the high

isotropy of the uncompressed nickel foam; the anisotropy

ratio (which is the ratio between the through- and the in-plane

transport properties) is almost one. Fig. 13 shows that the
through-plane permeability of the CT nickel slices vary be-

tween 1.02 � 10�9 and 2.17 � 10�9 m2. Likewise, the corre-

sponding in-plane permeability varies between 1.12 � 10�9

and 2.31� 10�9 m2. These permeability values are in very good

agreement with those reported in the literature. For instance,

Khayargoli et al. [98] and Medraj et al. [108] experimentally

estimated the through-plane permeability to be around

1.30 � 10�9 m2. Gerbaux et al. [109] experimentally estimated

the in-plane permeability of nickel foam as 1.94 � 10�9 m2.

Likewise, Topin et al. [110], Hugo et al. [111], and Bonnet et al.

[45] measured the in-plane permeability as 1.38 � 10�9,

1.38 � 10�9 and 1.85 � 10�9 m2, respectively. It is noteworthy

that the gas permeability of the uncompressed nickel foam-

based GDL is at least two orders of magnitude higher than

the conventional carbon fibre based GDLs [22]. The perme-

ability is evidently decreasewith compression; see Fig. 13. The

mean through- and in-plane permeability of the 20% com-

pressed nickel foam are respectively 9.96 � 10�10 and

6.89 � 10�10 m2, and the lower and the upper limits are

1.39 � 10�10 and 6.48 � 10�10 m2 for the through-plane

permeability and 5.09 � 10�10 m2 and 1.08 � 10�9 m2 for the

in-plane permeability. Clearly, as shown in the "porosity" and

"pore size distribution" subsections of the "results and

discussion" section, compression decreases the pores be-

tween the ligaments and, subsequently, the porosity of the

foam. It is well-known that gas permeability decreases with

decreasing porosity as evident fromCarman-Kozney equation

[112]. With 40% compression ratio, the mean through- and in-

plane permeability values further reduce to 5.57 � 10�10 and

3.51 � 10�10 m2 respectively, and the lower and upper limits

decrease to 3.07 � 10�10 and 8.69 � 10�10 m2 for the through-

plane permeability and to 1.21 � 10�10 and 6.68 � 10�10 m2

for the in-plane permeability. Notably, the permeability in the

in-plane direction is more sensitive to compression than that

in the through-plane direction as compression increases to 20;

this is more evident in Fig. 13. This is most likely due to the

fact that the ligaments are mainly oriented in the in-plane

directions and therefore there would be less resistance to

compressive forces to close up the gaps parallel to these lig-

aments than those normal to them. In addition, curve-fitting

correlations between the porosity and each of the through-

plane permeability and the in-plane permeability (which

represent the impact of compression on the permeability) are

shown in Figure S.18 in the supplementary material.

The average through- and in-plane permeability values

are almost the same for the uncompressed nickel foam

signifying the high isotropy of this material; the anisotropy

ratio was calculated as 1.04 with 0% compression ratio

(Fig. 14). This value is in good agreement with those reported

in the literature for the anisotropy ratio of the nickel foam

[113e115]. Interestingly, the anisotropic ratio starts to in-

crease to around 1.48 with 20% compression ratio and to

around 1.82 with 40% compression ratio. As mentioned

earlier, this is due to the gas permeability being more sen-

sitive to the compression in the in-plane direction than the

through-plane direction. Therefore, when using nickel foam

as GDLs, the validity of the assumption that the nickel foam

GDL is isotropic in the PEFC models needs to be carefully

examined.
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Fig. 12 e (a) Specific surface area values for the uncompressed, 20% compressed, and 40% compressed CT nickel foam slices

and (b) the mean specific surface area as a function of the compression ratio. Note that the error bars represent 95%

confidence intervals.

Fig. 13 e (a) Through-plane and (b) in-plane permeability values and (c) the mean permeability values for the uncompressed,

20%, and 40% compressed CT nickel foam slices. Note that the error bars represent 95% confidence intervals. Note that the

error bars represent 95% confidence intervals.
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Effective diffusivity

The effective diffusivity of oxygen into nitrogen in both the

through- and in-plane directions were computationally esti-

mated for all the 20 CT nickel foam slices; see Fig. 15. The

mean effective diffusivity values in the through- and in-plane

directions for the uncompressed nickel foam are 0.161 and
0.170 cm2/s, respectively. As with the permeability, the

effective diffusivity is expected to decrease with compression.

The through-plane and the in-plane effective diffusivity

values become 0.152 and 0.154 cm2/s with 20% compression

ratio, and 0.145 and 0.143 cm2/s with 40% compression ratio.

These effective diffusivity values are notably higher than

those of the conventional carbon fibres based GDLs. For
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Fig. 14 e The anisotropy ratios of the gas permeability of

nickel foam under different compression ratios. Note that

the error bars represent 95% confidence intervals.

Fig. 16 e The anisotropy ratios of the effective diffusivity of

nickel foam under different compression ratios. Note that

the error bars represent 95% confidence intervals.
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example, the through-plane effective diffusivity for the un-

coated SGL GDL was reported to be between 0.153 and

0.08 cm2/s and for Toray GDL to be between 0.081 and

0.033 cm2/s [75,116]. Similarly, the in-plane effective diffu-

sivity of Toray GDL was found to vary between 0.78 and

0.02 cm2/s. It should be noted that the above lower limits are

for the compressed GDLs while the upper limits are for the

uncompressed GDLs. Unlike the gas permeability of com-

pressed nickel foam, the effective diffusivity of the nickel
Fig. 15 e (a) The through-plane and (b) the in-plane effective diff

40% CT nickel foam slices.
foam was found to be highly isotropic even with high

compression ratios. Namely, the anisotropic ratio of the

effective diffusivity is 1.05 with 0% compression ratio, 1.03

with 20% compression ratio and 1.01 with 40% compression

ratio; see Fig. 16. Furthermore, curve-fitting correlations be-

tween the porosity and each of the through-plane effective

diffusivity and the in-plane effective diffusivity (representing

the impact of compression on the effective diffusivity) are

exhibited in Figure S.19 in the supplementary material.
usivity values for the uncompressed, 20% compressed, and
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Conclusions

Nickel foam is a serious candidate for gas diffusion layers in

polymer electrolyte fuel cells and this is due to their superior

structural and transport properties. In this work, the impact of

realistic compression (mimicking those applied to the PEFCs)

on some of the key structural and transport properties has

been investigated using computationally efficient two-

dimensional X-ray CT based images and numerical models.

These investigated structural and transport properties are:

porosity, tortuosity, pore size distribution, ligament thickness

distribution, and specific surface area, gas permeability and

effective diffusivity. The following are themain findings of the

study.

� The porosity of nickel foam was found to decrease slightly

with realistic compressions. Namely, the mean porosity of

nickel foam (~0.89) decreased by less 6% (0.84) when com-

pressed by 40%. These values are higher than those

demonstrated by the conventional carbon substrates

under similar compressions; this implies less mass trans-

port resistance when using nickel foam as GDLs.

� The pore size was shown to considerably decrease with

compression; the mean pore size of nickel foam (~175 mm)

decreased by around 60% (71 mm) when nickel foam was

compressed by 40%. Interestingly, the ligament thickness

was found to decrease by around 10% when compressing

nickel foam by 40%; the ligament thickness decreased from

~100 mm to ~90 mm with 40% compression ratio and this is

due to the fact that the ligaments encapsulate some small

pores. On the other hand, the specific surface area was

shown to increase with compression; it increases from

55700 m�1 (uncompressed nickel foam) to 61000 m�1 with

40% compression ratio.

� The in-plane tortuosity of nickel foam increases with

compression; it increased from ~1.14 to 1.19 with 40%

compression ratio. On the other hand, its through-plane

tortuosity (~1.18) was found to increase with 20%

compression (~1.20) and then decrease (~1.18) with 40%

compression. This is most likely due to the observation

that the ligaments are mainly oriented in the in-plane di-

rections and therefore the pores parallel to these ligaments

are closed up with compression; thus, creating more in-

plane tortuous flow paths. However, a compression

beyond a certain value appear to straighten the pathways

in the through-plane directions.

� The gas permeability of nickel foam significantly decreases

with compression particularly in the in-plane direction;

the mean through-plane permeability (1.63 � 10�9 m2)

decreased by around 65% (5.57 � 10�10 m2) and mean the

in-plane permeability (1.64 � 10�9 m2) by around 80%

(3.51� 10�10 m2) with 40% compression ratio. The numbers

show that gas permeability of the uncompressed nickel

foam is highly isotropic; the anisotropic ratio (which is the

ratio between the through-plane and in-plane gas perme-

ability) is around unity. However, this factor increases

significantly with compression; it increased to around 1.5

with 20% compression ratio and to around 1.8 with 40%

compression ratio. This is mainly due to the ligaments
being mainly oriented in the in-plane direction, thus

allowing for easier closing up of the gaps between them

compared to those normal to the ligaments.

� Unlike gas permeability, the effective diffusivity of oxygen

into nitrogen was found to be highly isotropic and less

sensitive to compression. Namely, the through-plane

effective diffusivity (0.161 cm2/s) decreased by around

10% (0.145 cm2/s) and the in-plane effective diffusivity

(0.170 cm2/s) decreased by around 15% (0.143 cm2/s) with

40% compression ratio. Interestingly, the isotropy of the

effective diffusivity was found to slightly decrease with

compression; the anisotropic ratio decreased from 1.05 to

1.01 with 40% compression ratio.

� The data generated form this study for the structural and

the mass transport properties of the nickel foam-based

GDL under realistic mechanical compressions are valu-

able for the PEFC models. Namely, they could be fed into

these models to improve the accuracy and the reliability of

their predictions. This is an exciting topic for a futurework.
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Nomenclature
Symbols

C Concentration (mol/m3)

DC Concentration difference (mol/m3)

D Diffusion coefficient (cm2/s)

DO2 Bulk oxygen diffusivity into nitrogen (cm2/s)

Deff
ij Effective diffusivity of the species i into species j

(cm2/s)

I Identity matrix

J Molar flux (mol/(m2-s))

K Permeability (m2)

L Length (mm)

P Pressure (Pa)

DP Pressure difference (Pa)

R Sink source

u Fluid velocity (m/s)
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umag Velocity magnitude (m/s)

ux Velocity in through-plane direction (m/s)

uy Velocity in in-plane direction (m/s)

Xcomp Compression ratio (�)

Greek symbols

ε Porosity (�)

m Dynamic Viscosity of fluid (Pa$s)

r Fluid density (kg/m3)

t Tortuosity (�)

Abbreviations

BET BrunauereEmmetteTeller

CT Computed tomography

FFP Flow field plate

GDL Gas diffusion layer

MIP Mercury intrusion porosimetry

ORR Oxygen reduction reaction

PEFC Polymer electrolyte fuel cell

SEM Scanning electron microscopy

SSA Specific surface area (m�1)

Subscripts & superscripts

ave Average

comp Compression

eff Effective

exp Experimental

i,j the species i into species j

in Inlet

IP In-plane

mag Magnitude

out Outlet

O2 Oxygen

TP Through-plane

x x-direction

y y-direction
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