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ARTICLE INFO ABSTRACT

Handling Editor: Ibrahim Dincer Due to their outstanding structural, transport and electrical characteristics, nickel foams serve as excellent
candidate materials for gas diffusion layers (GDLs) in polymer electrolyte fuel cells (PEFCs). In this work, a new
three-dimensional PEFC model was developed to explore the local and global fuel cell performance with nickel
foam-based GDLs. The fuel cell operating with nickel foam GDLs was shown to have, due to its superior mass and
charge transport properties, higher oxygen and water concentration and current density compared to that
operating with the conventional carbon fibre-based GDLs. The results show that the pumping power should be
taken into account when optimising the dimensions of the flow channels and as such the net power density must
be the criterion for optimisation. The optimal dimensions of the flow channels for the fuel cell operating with
nickel foam based GDLs were found to be 0.25 mm for the channel height and 1 mm for the channel width; the
maximum net power density with these dimensions was around 0.95 W/cm? which is two times higher than that
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operating with carbon fibre based GDLs. All the results have been presented and critically discussed.

1. Introduction

The polymer electrolyte fuel cell (PEFC) is a promising clean energy
conversion technology that directly converts the chemical energy stored
in hydrogen to electrical energy without producing greenhouse gases [1,
2]. The PEFC technology has been employed for transportation appli-
cations due to its favourable features: high power density and efficiency,
zero-emission, low operating temperature, and compact design [3-6]. A
standard PEFC is composed of several key components: (i) a
proton-conductive polymeric membrane electrolyte, (ii) anode and
cathode catalyst layers where half electrochemical reactions take place,
(iii) anode and cathode gas diffusion layers, and (iv) anode and cathode
flow field plates.

The gas diffusion layer (GDL) is a wet-proof porous medium that is
positioned between the catalyst layer and the flow field plate. The
properties of the GDL significantly affect the transport of mass, heat, and
electrons between the catalyst layer and the flow field plate [7,8]. A GDL
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should ideally fulfil the following functions: (i) supply sufficient oxy-
gen/hydrogen to the catalyst layers, (ii) ease the removal of excess
water, (iii) enable fast charge and heat transfer between catalyst layers
and flow field plates, and (iv) mechanically support the membrane [9,
10]. The most used form of GDL is carbon paper [11,12]. Nevertheless,
the carbon paper-based GDLs are generally susceptible to various forms
of degradation including: mechanical degradation, thermal degradation,
carbon dissolution, and erosion [13-15]. These degradations detri-
mentally affect the PEFC performance and lifespan. As a result, more
robust GDL materials are required to be developed for PEFC
applications.

Metal foams have recently gained significant attention as a pro-
spective GDL material for PEFC applications. This interest stems from
their outstanding advantages surpassing conventional carbon fibre-
based GDLs. Nickel foam is a promising material for PEFC applications
as a GDL and/or flow field plate (FFP) due to its superior electrical and
thermal conductivity, high specific surface area, and porous structure.
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Fig. 1. The PEFC computational domain and the associated boundary conditions: (a) the cross-section and (b) the isometric views.

Shin et al. [16] experimentally compared the nickel foam-based cathode
FFP to conventional graphite cathode FFP with serpentine channels.
They showed that the nickel foam-based FFP exhibits approximately
50% higher fuel cell performance and more stable operation. Similarly,
Tseng et al. [17] evaluated the nickel foam-based cathode FFP in PEFCs.
Their results indicated that the nickel foam-based FFP performed better
than the conventional graphite-based FFPs. The maximum power den-
sity with carbon-based FFP was 0.95 W/cm? at 0.5 V, whereas it was
1.35 W/cm? with nickel foam-based FFP. This is due to the superior mass
transport characteristics of nickel foam-based FFP. Likewise, Tabe et al.
[18] conducted an experimental investigation on the nickel foam-based
FFP as an alternative to the conventional graphite-based FFPs. Their
results showed that the nickel foam-based FFP exhibited better water
drainage capability and higher stability than the conventional
graphite-based FFPs. Ercelik et al. [19] investigated the structural and
transport characteristics of the nickel foam-based GDL using X-ray
computed tomography. Their findings revealed that the nickel
foam-based GDLs have superior porosity, specific surface area, gas
permeability, and effective diffusivity compared to carbon fibre-based
GDLs. The same research group [20] evaluated the nickel foam-based
GDL under realistic fuel cell compression. They reported that the un-
compressed nickel foam sample is almost isotropic and the anisotropy of
the nickel foam becomes significantly more profound with increasing
compression. Furthermore, their findings indicated that as the
compression increases, the mass transport properties decreases and the
specific surface area increases. The negative impact on the GDL mass
transport properties is less profound with nickel foam than carbon fibre
due to the superior transport properties of the former one. In addition,
increasing the surface area of the GDL enhances its contact with the
catalyst layer and flow field plate, leading to improved electrical and
thermal conductivity.

Adequate water management is crucial for PEFCs to achieve high
performance and extended lifetime [21,22]. Water is produced at the
cathode catalyst layer as a results of the oxygen oxidation reaction
(ORR). Furthermore, the reactant and oxidant gases are normally hu-
midified to ensure that the membrane is adequately hydrated, particu-
larly at the start of the fuel cell operation. A portion of the water
produced at the cathode may transport to the anode through the
membrane due to concentration difference [23]. This mode of transport
for dissolved water through the membrane is normally referred to as
back diffusion. On the other hand, water at the anode is transported to
the cathode through electro-osmotic drag; this may lead to dehydration
of the anode side of the membrane. Excess water, especially at the
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cathode side, often causes water flooding. This flooding blocks the de-
livery of reactant gases to the catalyst layer, resulting in performance
degradation. Therefore, it is imperative that the GDL materials exhibit a
hydrophobic characteristics to facilitate the immediate excess water
removal. According to existing literature, nickel foam materials possess
superior hydrophobic character when compared to the carbon
fibre-based GDLs [24-26]. In addition, the design of the flow channels
was, amongst other factors, found to be crucial in removing excess water
and maintaining high fuel cell performance [27-30]. The flow channels
are grooved into the flow field plates which are conventionally made
from graphite. However, metallic flow field plates have been increas-
ingly employed in PEFCs and this is due to the low manufacturing cost,
high mechanical strength, being lightweight, and high electrical and
thermal conductivity [31].

When designing flow channels, it is vital to optimise both the mass
and charge transports. Evidently, wider flow channels allow for better
mass transport to/from the catalyst layers, whereas broader ribs
enhance electrical conduction between the FFPs and the catalyst layers.
Conventional FFPs normally host rectangular cross-section flow chan-
nels [32]. However, there have been numerous studies investigating the
impact of the design of the flow channel on the fuel cell performance.
For example, Khazaee and Sabadbafan [33] numerically investigated
three different cross-section designs (rectangular, triangular, and ellip-
tical) for flow channels and they reported that the rectangular
cross-section exhibited slightly higher performance at the lower cell
voltages. Moreover, for all three cross-section designs, the fuel cell
performance was found to significantly improve when the cross-sections
increased from 1 to 2 mm>. Similarly, Tian et al. [34] investigated the
impact of three different flow channel cross-section designs: rectangular,
trapezoidal, and hybrid that involves a rectangular inlet and a trape-
zoidal outlet. They found that the hybrid design demonstrated a higher
performance as the gas velocity within the channel increases with this
design, thus supplying higher amounts of reactant gases to the catalyst
layers through convection. Carcedea et al. [35] created a multiphase and
non-isothermal three-dimensional model aiming to assess how the
rectangular channel size impacts the PEFC performance. Expectedly,
they found that as the channel height or width decrease, the cell per-
formance improves. For instance, when the channel width was reduced
from 3 mm to 0.5 mm, there was an 11% increase in the maximum cell
power. Higier and Liu [36] experimentally investigated the current
density distribution beneath the channel and rib regions and they found
that the best-performing FFP channel configuration is that with nar-
rower channels. Their outcome showed that the current density at 0.4 V
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Table 1
Parameters used in the model [20,46-56].
Parameter Value Unit Ref.
Channel length (L) 70 mm [56]
Channel height (h) 1-0.25 mm -
Channel width (w) 1-0.25 mm -
Carbon fibre-based GDL height under rib 0.191 mm [56]
Carbon fibre-based GDL height under channel 0.254 mm [56]
Nickel foam-based GDL height under rib 0.63 mm [20]
Nickel foam-based GDL height under channel ~ 0.84 mm [20]
Catalyst layer thickness 0.014 mm [48,49,
51,56]
Membrane thickness 0.051 mm [48,49,
51,56]
Carbon fibre-based GDL porosity under rib 0.6 - [47,56]
Carbon fibre-based GDL porosity under 0.7 - [47,56]
channel
Nickel foam-based GDL porosity under rib 0.842 - [20]
Nickel foam-based GDL porosity under 0.866 - [20]
channel
Catalyst layer porosity 0.4 - [48,49,
51,56]
Carbon fibre-based GDL permeability under 7x1071®  m? [47,52]
rib (through-plane)
Carbon fibre-based GDL permeability under 3x10° 13 m? [47,52]
rib (in-plane)
Carbon fibre-based GDL permeability under 2x10712  m? [47,52]
channel (through-plane)
Carbon fibre-based GDL permeability under 5x10°'% m? [47,52]
channel (in-plane)
Nickel foam-based GDL permeability under 5.6 x m? [20]
rib (through-plane) 10710
Nickel foam-based GDL permeability under 3.4 x m? [20]
rib (in-plane) 10710
Nickel foam-based GDL permeability under 9.7 x m? [20]
channel (through-plane) 10710
Nickel foam-based GDL permeability under 6.9 x m? [20]
channel (in-plane) 1071
Catalyst layer permeability 1x1072 m? [48,49,
51,56]
Carbon fibre-based GDL electrical 600 S/m [54]
conductivity under rib (through-plane)
Carbon fibre-based GDL electrical 5000 S/m [54]
conductivity under rib (in-plane)
Carbon fibre-based GDL electrical 53 S/m [54]
conductivity under channel (through-
plane)
Carbon fibre-based GDL electrical 4000 S/m [54]
conductivity under channel (in-plane)
Nickel foam-based GDL electrical 500000 S/m [50]
conductivity under rib (through-plane)
Nickel foam-based GDL electrical 500000 S/m [50]
conductivity under rib (in-plane)
Nickel foam-based GDL electrical 470000 S/m [50]
conductivity under channel (through-
plane)
Nickel foam-based GDL electrical 470000 S/m [50]
conductivity under channel (in-plane)
Catalyst layer electrical conductivity 53 S/m [49]
Membrane conductivity 10 S/m [48,49,
51,56]
Carbon fibre-based GDL thermal conductivity =~ 2 w/ [55]
under rib (through-plane) (m-K)
Carbon fibre-based GDL thermal conductivity =~ 33 w/ [55]
under rib (in-plane) (m-K)
Carbon fibre-based GDL thermal conductivity — 1.27 w/ [55]
under channel (through-plane) (m-K)
Carbon fibre-based GDL thermal conductivity 21 W/ [55]
under channel (in-plane) (m-K)
Nickel foam-based GDL thermal conductivity =~ 95 w/ [50]
under rib (through-plane) (m-K)
Nickel foam-based GDL thermal conductivity 95 W/ [50]
under rib (in-plane) (m-K)
Nickel foam-based GDL thermal conductivity 91 W/ [50]
under channel (through-plane) (m-K)
Nickel foam-based GDL thermal conductivity =~ 91 w/ [50]
under channel (in-plane) (m-K)
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Table 1 (continued)

Parameter Value Unit Ref.
Catalyst layer thermal conductivity 0.3 w/ [55]
(m-K)

Nickel foam-based GDL effective diffusivity 0.145 em?/s [20]
under rib (through-plane)

Nickel foam-based GDL effective diffusivity 0.143 cm?/s [20]
under rib (in-plane)

Nickel foam-based GDL effective diffusivity 0.152 em?/s [20]
under channel (through-plane)

Nickel foam-based GDL effective diffusivity 0.154 cm?/s [20]
under channel (in-plane)

Diffusivity of oxygen in nitrogen 2.19 x m?/s [20]

107°

Anode catalyst coefficient 0.5 - [53,56]

Cathode catalyst coefficient 1 - [53,56]

Relative humidity of inlet gases 920 % [56]

Oxygen molar ratio in air 0.21 - [20]

Nitrogen molar ratio in air 0.79 - [20]

Cell temperature, T 60 °C [56]

Atmospheric pressure 101325 Pa [56]

Reference exchange current density at 0.004 A/m? [51]
cathode

Reference exchange current density at anode 30 A/m? [51]

Specific surface area of catalyst layer 1 x 107 m?/m* [56]

Anode volumetric flow rate 0.1 L/min [56]

Cathode volumetric flow rate 0.5 L/min [56]

Faraday’s constant, F 96485 C/mol [51]

Universal gas constant, R 8.314 J/ [55]

(mol-K)

Isobaric specific heat capacity of air, ¢, 1008 J/(kg-K) [46]

Specific heat ratio of air, k 1.401 - [46]

Efficiency of compressor, #¢om, 70 % [46]

was approximately 0.6 A/cm? for 2 mm channel width, while it was 0.8
A/cm? for 1 mm channel width. Likewise, Yoon et al. [37] carried out an
experimental study to investigate the effects of channel and rib di-
mensions. The dimensions of the ribs were varied between 0.5 and 3 mm
while keeping the channel width at 1 mm. They found that the fuel cell
performance becomes better as the ratio between the areas of the
channel and the rib increases. Scholta et al. [38] experimentally found
that the ideal width for both the channel and the rib ranged between 0.7
and 1 mm. They also reported that very small channel dimensions are
technically challenging and costly. Moreover, very narrow or shallow
flow channels may be clogged with water droplets. On the other hand, a
channel height of more than 1.5 mm was found to cause a considerable
amount of wasted oxygen. Carcedea et al. [39] numerically and exper-
imentally evaluated the influence of the channel dimensions of a
large-active-area (200 cm?) PEFC. They observed an improvement of up
to 7% in the fuel cell peak power density with the smallest channel
height (i.e. 0.25 mm); this was attributed to the enhanced removal of
excess liquid water.

Kerkoub et al. [40] numerically investigated parallel, serpentine and
interdigitated flow configurations with different channel widths
(0.4-1.4 mm). They showed that, for all the configurations, the fuel cell
performance improves with decreasing channel width (and increasing
rib width). As the channel width decreases, the convective flow beneath
the ribs increases, leading to higher reactant velocity beneath these ribs
and supplying more reactant gases to the catalyst layer. Similar findings
were reported by Liu et al. [41]. Kaplan [42] developed a 3D PEFC
numerical model to evaluate the effect of the dimensions of rectangular
channels on the cell performance. Their results showed that the
maximum current density was achieved with a 0.2 mm channel width
and a 1 mm channel height due to reduced contact resistance and
enhanced oxygen consumption. Chowdhury et al. [43] developed a 3D
PEFC isothermal model. They showed that, for a given channel height,
the fuel cell performance improves with decreasing channel width. For
instance, as the channel width was decreased from 2 mm to 0.25 mm,
the current density increased from 0.78 A/cm? to 1.05 A/cm?. They also
highlighted that channel height and width are equally important for the
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Fig. 3. The grid independency test of the modelled PEFC with nickel foam-
based GDLs (h = 1 mm, w 1 mm): (a) the current densities at three
different cell voltages and (b) the equivalent computation times. The shaded
yellow box shows the selected element numbers. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

cell performance. In addition, they emphasised that the pumping power
must be taken into the account when optimising the dimensions of the
channel dimension. Considering both the peak power density and
pumping power requirements, the optimal channel dimensions were
found to be 1 mm for the channel width and 1 mm for the rib width. This

499

International Journal of Hydrogen Energy 104 (2025) 496-512

(b)

Fig. 2. Nickel foam-based PEFC meshed geometry. (a) The cross section of the meshed geometry and (b) the 3D view of the meshed geometry.
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optimised configuration achieved a current density of 0.96 A/cm? and
11 Pa pressure drop in the cathode channel. Heidary et al. [44] intro-
duced baffles within the channels to boost mass transport and mitigate
water flooding at high current densities. The cell performance was
improved by 28% when these baffles were arranged in a staggered
configuration rather than in-line configuration. Likewise, Chen et al.
[45] developed a two-dimensional numerical model to examine the
impact of baffled flow channels on the PEFC performance. They found
that the baffles in the channels improved the mass transport and cell
performance; however, these baffles caused an increase in the required
pumping power. For example, using a solid baffle design resulted in an
approximately 25% increase in the cell power density, but the required
pumping power increased by at least 35%. To optimise cell performance
and minimise pumping power, they proposed introducing small baffles
at the start of the channels and transitioning to larger baffles towards the
end of the channels. Cooper et al. [46] conducted a comprehensive
experimental study to optimise the channel dimensions within a range of
0.25-1 mm. They emphasised the importance of accounting for the
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Fig. 5. Water and oxygen mole fractions at 0.4 V at the interface between the cathode carbon fibre-based GDL and the cathode catalyst layer near: (a—d) the inlet (y

= 10 mm) and (e-h) the outlet (y = 60 mm) for channel heights 0.25 and 1 mm.

required pumping power when optimising these dimensions. They found
that, for the parallel FFP, the peak power density was achieved by a 0.25
mm channel height and a 0.25 mm channel width. Notably, the power
densities increased by approximately 40% from 370 W/cm? at a channel
height and width of 1 mm to when both dimensions were reduced to
0.25 mm. However, when the required pumping power was taken into
consideration, the highest net output power was obtained with a 0.5 mm
channel height and a 0.5 mm channel width. For instance, their results
indicated that the net power density was 330 W/cm? for a channel
height and width of 0.25 mm; however, it increased by approximately
60% at a channel height and width of 0.5 mm.

The above literature survey underscores the crucial role of the
channel dimensions in attaining high performance. Due to its superior
interior characteristics, nickel foam emerges as a promising material for
GDLs in PEFCs; however, there have been no comprehensive PEFC
modelling studies focusing on the use of nickel foam as a GDL. This work
aims at assessing the performance of PEFC equipped with conventional
and nickel foam GDLs. The pressure drop and pumping power required
were taken into account when optimising the dimensions of the flow
channels. To this end, a three-dimensional PEFC was created to identify

these optimal dimensions.

2. Methodology

The geometrical models were constructed using the COMSOL Mul-
tiphysics® 6.0 software. Fig. 1 depicts the computational domain for the
baseline case, where both the channel height and width are set as 1 mm.
As shown in the figure, a single straight flow channel has been modelled
to save computational time and resources. The following assumptions
and considerations were taken into account when developing the cur-
rent model.

The operation of the fuel cell is steady state.

e The flow in the channels is laminar (Re « 2300) and incompressible
(Ma <« 0.3).

e The gas mixtures are treated as ideal gases.

e The catalyst layers and membrane are assumed to be isotropic,
whereas gas diffusion layers are anisotropic.

e The membrane is impermeable to gases.

o The gas diffusion layer intrusion into the channel is considered.

500
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Fig. 6. Water and oxygen mole fractions at 0.4 V at the interface between the cathode nickel foam-based GDL and the cathode catalyst layer near: (a—d) the inlet (y
= 10 mm) and (e-h) the outlet (y = 60 mm) for channel heights 0.25 and 1 mm.

e The interfacial contact resistances between components are
negligible. Vipeuw)=Sn M
In this study, the channel dimensions were optimised for two where V is the operator (i% + j,,%, + k%), pis fluid density (kg/m®), u is
different GDL materials: carbon fibre-based and nickel foam-based. A
total of 32 scenarios were investigated in this study. The gas diffusion
layers were considered 20% compressed under the channel area and
40% compressed under the rib area. The inlet volumetric flow rates on puu u u\T 2_u
the anode and cathode sides were 0.1 L/min and 0.5 L/min, respectively. Ve ( €2 ) = T VPHVeu KV (;) v <Z> ) "3V I} + S 2)
The outlet pressure of both anode and cathode flow channels was set to
be zero gauge pressure. The symmetrical boundary conditions were Su= — Ay 3)
defined as shown in Fig. 1. In addition, schematic diagrams of both K
nickel foam-based and carbon fibre-based PEFCs are presented in
Figure S1 in the supplementary material. The model developed is single
phase and therefore water only exist in gaseous phase. Table 1 shows the
parameters used in the numerical model.
The following set of conservation equations were used in the model
[33,57,58]. The conservation of mass is expressed as follows:

the velocity vector, and Sy, is the source term. Below is the conservation
of momentum equation:

where ¢ is porosity of porous medium, P means the pressure, I is the
identity matrix, ¢ is the dynamic viscosity (Pa-s), and K is the perme-
ability (m?) of the porous media and S, is the momentum source term
which represent Darcy’s law in this case. The porosity of the flow
channels is evidently unity. The conservation of species equation is
given as:
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Fig. 7. Local current density distributions at the mid-cathode GDL in the carbon fibre-based PEFC at 0.4 V. The distributions are shown for different channel heights:
(a, e, i, m) for h =1 mm; (b, f, j, n) for h = 0.75 mm; (c, g, k, o) for h = 0.5 mm; and (d, h, 1, p) for h = 0.25 mm. Note that the inlets are at the bottom of the domains.

v.(puxk)=v(ppiﬁ‘xk)+sk k=0,,H,0,H, )

where Df(ff is effective mass diffusivity of the species k, X) is mass frac-
tion of k, and Sy is the source term of the species k. The effective
diffusivity values of carbon fibre-based GDLs and catalyst layers are
calculated using the Bruggeman correlation:

DF =¢'5 Dy 5)
where ¢ and Dy are the porosity of the porous medium and the bulk
diffusion coefficient of species k, respectively. It should be noted that the
effective diffusivities of nickel foam were taken from the literature [20].
The source terms of species are only applicable in the catalyst layers:

—My, i, a

Sh, —7”221;’ e 6)
—Mop, i. a

So, = @)
—M, i. a

S0 = szc;? I ac @)

where M; is molecular weight of species k (kg-mol™!) and F is Faraday’s
constant (96485 C/mol). i, andi. are the anode and cathode volumetric
current densities, respectively. a, and a. are the anode and cathode
specific surface areas, respectively. The conservation of charge is rep-
resented by the following equations:
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Ve (—0,V,)=S; (C)]

Ve (—oVp)=8 (10)
where o5 and o; are electrical conductivities of solid and membrane
phases, respectively. ¢, and ¢; represent the solid and membrane phase
potentials, respectively. S; and S; are the charge source terms which are
equal to the volumetric transfer current densities at the anode or cath-
ode electrodes. These current densities are obtained from the Butler-
Volmer equations:

0.5
. ., X g oF aq . F
ladq = lzefaa ( :;) |:€Xp (%”act.u) - e‘xp( - %nact,c)} (11)
2
. Xo Qac, F A, F
iac=ia, <X2f> {exp (ﬁnaa,c> - exp( - ﬁnmcﬂ 12

where i¥f and if¥ are the reference current densities at the anode and the
cathode, respectively. a, and a. are the anode and cathode specific
surface areas, respectively. X;g and Xzef represents the hydrogen and
oxygen mass fraction at reference conditions (25 °C and 1 atm). aq, and
aq are anodic and cathodic charge transport coefficient at anode elec-
trode. Likewise, ac, and a.. are anodic and cathodic charge transport
coefficient at cathode electrode. R is the universal gas constant (8.314 J/
(mol'K)) and T is the temperature. 7,,, and 7, are anodic and
cathodic activation overpotentials:
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Nacta =Ps — @1 (13)

Nacte =Ps — P1 — Vo a4

where Vj is the equilibrium cell potential and could be obtained using
the following equation [59]:

Vo=1482-8.45x 107 T+431 x 10°° TIn(Py, P5?) 15)
The conservation of energy equation is given by:
Ve (pc,uT) =V o (AVT) + Sy (16)

where ¢, is specific heat capacity (J/(kg-K)), 4 is thermal conductivity
(W/m-K), and Sr is the heat source term which takes the following forms
in the catalyst layer and the membrane, respectively:

TAS )
1

ST,CL =ni + (_

nF an

i2

(18)

S T,mem —
mem

The power required for pumping should be taken into account when
computing the net output power needed for the optimisation study, and

the cell power density is given by:
Ecell =ieV (19)

and the pumping power density (Epmp) is related to the pressure drop
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along the flow channel [60]:

b\
inlet k
-1

()" 1)
where my; is the air mass flow rate (kg/s), cp is the isobaric specific heat
capacity of air (J/(kg-K)), T is the temperature of air (K), A is the cell
active area (cm?), Neomp 18 the efficiency of compressor, Py, cathode
inlet pressure (Pa), Py, is atmospheric pressure (Pa), and k is the specific
heat ratio of air. The required pumping power is directly related to the

pressure drop through the flow channel [60]. Therefore, the net power
density (Ene) is given by:

E _MgrecpeT
e A'”comp

(20)

Enet = Ecenn — EPump (21)

To ascertain mesh-independent results, the element number has been
systematically changed for the base case (h = 1 mm and w = 1 mm) of
nickel foam-based GDL analyses. Fig. 2 exhibits the meshed geometry of
the base case with nickel foam based GDL. Fig. 3 shows the current
density values at cell voltages of 0.3, 0.4, and 0.5 V and the corre-
sponding computation time as they change with the number of elements.
The figure shows that, to achieve a mesh-independent solution, the
required number of elements is ~80,000 with a computation time of
approximately 1800 s. All the numerical simulations were run on a
workstation (Intel® Xeon® CPU E5-1650 v4 @ 3.60 GHz) with 192 GB
of installed RAM.
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Fig. 9. The polarisation curves of the carbon fibre-based GDL for four different channel widths (w) for (a) 1 mm, (b) 0.75 mm, (c) 0.5 mm, and (d) 0.25 mm channel

heights (h).
3. Results and discussion

In order to validate the model’s accuracy for carbon fibre based
PEFC, the results of the base case channel dimensions, h = 1 mm and w
=1 mm, were compared to the experimental results obtained by Wang
et al. [56], as shown in Fig. 4. As observed in the figure, the simulated
numerical polarisation curve is in good agreement with the experi-
mental results. It should be noted that there is a slight discrepancy of up
to 6% between the modelling and the experimental data in the activa-
tion losses controlled region lying between 0 and 0.2 A/cm?. This could
be attributed to the fact that not all the necessary data for the model
were provided in Ref. [56] and as such we sourced these missing data
from other reliable references, guided by the similarities between the
modelled fuel cell and those investigated in these references. Ultimately,
this has led to some slight differences between the modelling and
experimental data, particularly in the activation losses controlled re-
gion. Further, the experimental data shows a slightly steeper decline
than the modelling data in the mass transport losses controlled region.
This is most likely due the fact that the fuel cell model developed in this
study is single phase and therefore the further steepness in the cell
voltage at high current densities due to water saturation has not been
accurately captured.
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3.1. Local distributions

A series of numerical simulations were carried out for different
channel dimensions ranging from 0.25 mm to 1 mm for carbon fibre-
based PEFCs and nickel foam-based PEFCs; note that these ranges are
normally used in real-life fuel cells. Fig. 5 show the mole fraction dis-
tributions at the cathode catalyst layer/GDL interface for carbon fibre-
based PEFC taken near the inlet (y = 10 mm) and the outlet (y = 60
mm) for various channel widths at 0.4 V cell voltage for two channel
heights: 0.25 and 1 mm. Figures S2 to S6 in the supplementary material
display the oxygen and water mole fractions for carbon fibre-based GDLs
across all channel heights and widths. As expected, for all the cases, the
maximum oxygen concentration and minimum water concentration
coincide with the centre of the cathode flow channel. The oxygen con-
centration diminishes from the centre of the cathode flow channel to the
midpoint of the rib, reaching a minimum level; the concentration of
water exhibits an opposite trend. Oxygen concentration expectedly de-
creases from the inlet to the outlet as it is consumed at the catalyst layer,
while water concentration increases as it is produced at the catalyst
layer. For example, for a channel with width and height both 1 mm
(Fig. 5a and e), the oxygen mole fraction drops from 0.136 (at y = 10
mm) to 0.119 (at y = 60 mm), and water mole fraction increases from
0.242 to 0.267 at the corresponding locations. Another notable obser-
vation is the rise in oxygen concentration and the decline in water
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Fig. 10. The polarisation curves of the nickel foam-based GDL for four different channel widths (w) for (a) 1 mm, (b) 0.75 mm, (c) 0.5 mm, and (d) 0.25 mm channel

heights (h).

concentration with a decrease in channel height. This is, for a given flow
rate, evidently attributed to the increased convective flow within the
GDL. Similar trends are maintained for the channel widths 0.75, 0.50
and 0.25 mm. However, the uniformity of oxygen concentration de-
creases as the channel width decreases. For example, for 1 mm channel
width and 1 mm channel height (Fig. 5a and e), moving from the centre
of the flow channel to the centre of the rib, the mole fraction of oxygen
decreases by 48%. On the other hand, for 0.25 mm channel width and 1
mm channel height (Fig. 5d and h), moving from the centre of flow
channel to the centre of the rib, the mole fraction of oxygen decreases by
98%. This is attributed to the widening of the rib as the channel width
reduces. Likewise, for all the channel heights, the concentration of ox-
ygen expectedly decreases with decreasing channel width.

Fig. 6 shows the oxygen and water mole fractions at the interface
between the cathode catalyst layer and GDL for the nickel foam-based
PEFC for the cases where the channel heights are 0.25 and 1 mm.
Figures S7 to S11 in the supplementary material display the oxygen and
water mole fractions for nickel foam-based GDLs across all channel
heights and widths. Notably, for all the cases, the uniformity of oxygen
and water concentrations across the flow channel and rib improves with
nickel foam based GDLs compared to carbon fibre-based GDLs (this is
more profound with shallow flow channels); this is attributed to superior

505

mass transport properties of the former GDLs [19,20]. For example, near
the inlet (y = 10 mm), using nickel foam as a GDL for the case where the
channel width is 1 mm and channel height is 0.25 mm, the oxygen mole
fraction decreases only by 9% moving from the centre of the channel to
the centre of the rib. On the other hand, for the same setting, using
carbon fibre-based GDL results in a decrease of 45%. This better uni-
formity with nickel foam based GDLs is beneficial as it mitigates local
oxidant starvation and eases water transport beneath the ribs. One more
notable observation is that, compared to the carbon fibre-based GDL, as
the channel width decreases, the oxygen concentration increases and
water concentration decreases within the cathode GDL. For example,
near the outlet (y = 60 mm), for a channel height of 0.25 mm, the ox-
ygen mole fraction under the middle of the rib increases from 0.107 to
0.121 with nickel foam based GDLs when the channel width decreases
from 1 to 0.25 mm; however, for the same settings it decreases from
0.812 to 0.003 with carbon fibre-based GDLs. This is due to the flow
being more dominated by convection in the case of nickel foam (which
has superior gas permeability compared to the conversional GDL [19,
20]1) as a result of the nickel foam’s significant intrusion into the chan-
nels; the intrusion of nickel foam (210 p) into the channels is over three
times higher than that of carbon fibre-based GDL (60 ).

Figs. 7 and 8 show the local current density across the flow channel
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Fig. 11. The cell power density and the pumping power density for the fuel cell equipped with carbon fibre-based GDLs as a function of channel heights ((a) 1 mm,

(b) 0.75 mm, (c) 0.5 mm and (d) 0.25 mm) and channel widths.

and the ribs. The first evident observation is that the current density
decreases from the inlet to the outlet; this is due to the decreased con-
centration of oxygen from the inlet to the outlet as a result of its con-
sumption at the catalyst layer. Further, the figure shows that, for all the
cases, the current density is a maximum near the edge between the flow
channel and the rib as this place is optimal for the combined supply of
both the reactant gas and the electrons [59,61]. The figures also show
that, for a given channel height, the non-uniformity of current density
increases with increasing channel width. This is attributed to the elec-
trons having to travel longer distances to reach the area beneath the
centre of the flow channel as the channel width increases. Another
observation is that, as the channel height decreases, the uniformity of
the current density improves for nickel foam based GDL. This is attrib-
uted to the increased convective flows. As with oxygen and water con-
centrations, Figs. 7 and 8 also show that, for all the cases, the current
density is more uniform with a nickel foam based GDL compared to a
carbon fibre-based GDL and this is evidently due to the superior mass
and charge transport properties of the former GDL [19,20,47].

3.2. Polarisation curves

Fig. 9 displays the polarisation curves of the various cases for the fuel
cell operating with carbon fibre-based GDLs. The results show that for
most of the cases there are optimal channel dimensions that ensure
sufficient mass and charge transport and subsequently maximise fuel
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cell performance. Specifically, a channel width of 0.50 mm proves to be
optimal for most of the channel heights: 1 mm, 0.75 mm, and 0.5 mm.
Clearly, this channel width (and the corresponding rib width) ensure
adequate mass and charge transport for the above channel heights.
However, this is not the case when the channel height is only 0.25 mm as
the fuel cell was found to perform better for most of the key regions of
the polarisation curve with the minimum channel width: 0.25 mm. This
is clearly due to the fact that, for a given flow rate, these small channel
dimensions, compared to other configurations, increase the convective
flow within the cathode GDL and subsequently ensure supply of
adequate amount of oxygen to the catalyst layer.

Fig. 10 shows the polarisation curves of the various cases for the fuel
cell operating with nickel foam based GDLs. The first observation is that,
for all the cases, the fuel cell with nickel foam based GDLs preform
considerably better than with carbon fibre-based GDLs; this is due to the
superior mass and charge transport properties demonstrated by the
former GDLs [19,20,47]. For example, for the case where the channel
width and height are both 1 mm, the limiting current density with
carbon fibre-based GDLs is 1.64 A/cm? while it is 2.49 A/cm? with
nickel foam based GDLs. The second observation is that the cases where
the channel width is 0.25 mm perform better than other cases for most of
the channel heights particularly for the channel height of 1 mm. The
enhancement in fuel cell performance observed with the 0.25 mm
channel width is attributed to the increased convective flow resulting
from the reduced cross-sectional area of the channel. Notably, for the 1
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Fig. 12. The net power density for the fuel cell equipped with carbon fibre-based GDLs as a function of channel heights ((a) 1 mm, (b) 0.75 mm, (c) 0.5 mm and (d)

0.25 mm) and channel widths.

mm channel height, the fuel cell with a 1 mm channel width out-
performs those with 0.75 mm and 0.50 mm channel widths. The
cross-sections of the flow channels with 0.75 mm and 0.50 mm channel
widths appear to be not small enough to generate adequately high gas
velocities within the nickel foam GDL. It is noteworthy that, in the case
of high channel heights, fuel cells employing carbon fibre-based GDLs
exhibit improved performance with wider channels in the high current
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density region. Conversely, for fuel cells employing nickel foam-based
GDLs, except for the 0.25 mm channel height case, the performance
improves with narrower channels. This could be explained as follows.
The gas permeability of nickel foam-based GDL is higher than that of
carbon fibre-based GDLs by 3 orders of magnitude [20], enabling
convective flow through it and counterbalancing the reduced contact
area between the channel and the GDL. In contrast, the gas permeability



M. Ercelik et al.

h=1mm

1.2
1.14
1.0 1
0.9+
0.8+
0.7+
0.6
0.5 1
0.4
034
0.24
.14

Cell power

Power Density (W/cmz)

Pumping power

0.0

0.‘50
Channel Width (mm)

(@)

1.00

h=0.50 mm

1.2

L

1.14

1.0
09l .
08] © B
0.7
0.6
051
0.4
03]

02 Pumping power 7

Cell power

(W/em?)

Power Densi

0.1

0.0 WEZZZ 77772 2 7 ;
0.50
Channel Width (mm)

(©)

o-e
S |

International Journal of Hydrogen Energy 104 (2025) 496-512

h=0.75 mm
1.2
1.17 Cell power
& LO0q
£ 0.9 4 T S
L - Yy o
3 084 B A
| < el
= 0.7
-t 06_
g —=—05V
& G ——04V
5 0.4 4 —— 03V
z 034
£ 02] A
Pumping power (s
0.1 2
0.0 Ll RS .
1.00 0.75 0.50 0.25
Channel Width (mm)
(b)
h=0.25mm
2
= Cell power:
Mlprge e
& 1.0
£ . L S s el
o
E i
. 0.7 . .
= 064 Pumping power “,.*
=
© 054
=
~ 0.4
e 03] / —s-05V
& 02] {5777 VAN
Y 03V
0.0 T T T T
1.00 0.75 0.50 0.25
Channel Width (mm)

(d)
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of carbon fibre-based GDLs is not sufficiently high to exploit the
increased gas velocity resulting from decreased channel cross-sections.
However, in this case, this limitation could be mitigated by increasing
the contact areas between the flow channel and the carbon fibre-based
GDLs by increasing the width of the channel.

3.3. Net output power

Optimising the fuel cell flow channels involves more than just
maximising the fuel cell output power. It is crucial to also take into
account the pumping power required to drive the reactant gases through
the flow channels during this optimisation process. Fig. 11 presents both
the cell power and pumping power densities for the set of channel di-
mensions investigated in this study for the fuel cell operating with car-
bon fibre-based GDLs. For most of the cases, the peak cell power density
was found to be at 0.4 V. Apart from the cases where the channel height
is 0.25 mm, the channel width at which the cell power density is a
maximum is 0.5 mm and this is due optimal transport of mass and charge
with this setting. However, with 0.25 mm channel height, the cell power
density was found to increase with decreasing width of the channel and
this is, for a given air flow rate (0.5 L/min), due to increased convective
flow within the GDL. However, for this channel height (0.25 mm), the
pumping power density increases significantly with decreasing channel
width; the pumping power density was found to increase from 0.091 W/
em? with 1 mm channel width to 1.373 W/cm? with 0.25 mm channel
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width. On the other hand, the pumping power is minimal with larger
channel dimensions. For example, it is only 0.003 W/cm? with a channel
width and height both set at 1 mm.

Fig. 12 exhibits the net power density, which is the difference be-
tween the cell power density and the pumping power density, for all the
above cases. The maximum net power density for the fuel cell equipped
with carbon fibre-based GDLs is attained at 0.4 V when the channel
height is 1 or 0.75 mm and channel width is 0.75 or 0.5 mm, which is
around 0.475 W/cm?. The pumping power density for these settings is
always below 0.05 W/cm?. On the other hand, we have negative net
power densities for the cases where the channel height is 0.25 mm and
the channel width is 0.25 mm. This indicates that the power generated
from the fuel cell is not sufficiently high to meet alone the increased
pressure drop along the channels and that the pump or the compressor
needs an external power source to drive the air through these small
cross-sections.

Fig. 13 shows the cell and pumping power densities for the set of
channel dimensions investigated in this study for the fuel cell operating
with nickel foam based GDLs. As with the fuel cell equipped with the
conventional carbon fibre-based GDL, the peak power density for all the
cases are attained at 0.4 V cell voltage. The cell power density was, for
all the channel heights, found to increase with decreasing channel
width. For example, for 1 mm channel height, the cell power density
increases by 0.13 W/cm? when decreasing the channel width from 1 mm
to 0.25 mm. This can be attributed to the superior gas permeability of



M. Ercelik et al. International Journal of Hydrogen Energy 104 (2025) 496-512
Channel Height (h) = 1 mm
2 1.2
g _
Q;.. NE 0.8 —
0 2
g 2044
£ <
k]
Z 0.0
0.4
Cell Voltage (V)
(a)
Channel Height (h) = 0.75 mm
£ 1.2
E 08 i Imm g 75mm 0-30mm_ 0.25mm 1 - 0.50m
2 2 04-
-V |
Z 00
0.4 0.3
Cell Voltage (V)
(b)
Channel Height (h) = 0.50 mm
z 1.2
5 - T ) Imm___ 0.75mm .5
a NE ; 0.50mm 0.25mm
$ 9
Z 20
-4
k] 7
4
0.5 0.4
Cell Voltage (V)
(©
Channel Height (h) = 0.25 mm
Z 1.2
'% _ 1 mm
o 0.8
55
E E ot 0.25mm
]
z 0.0

0.4

Cell Voltage (V)

(d)

Fig. 14. The net power density for the fuel cell equipped with nickel foam-based GDLs as a function of channel heights ((a) 1 mm, (b) 0.75 mm, (c) 0.5 mm and (d)

0.25 mm) and channel widths.

the nickel foam-based GDLs, leading to increased convective flows
within the nickel foam-based GDLs as the flow channel cross-section
decreases. The pumping power increases, but to a lesser extent
compared to the carbon fibre-based GDLs, as the channel dimensions
decrease. For example, the pumping power density increases from 0.004
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W/cm? with both channel height and width set at 1 mm to 0.660 W/cm?
with both channel height and width set at 0.25 mm.

Fig. 14 displays the net power density for the nickel foam based GDL
cases. The maximum net power density, 0.945 W/cm?, is achieved at
0.4 V with a channel height of 0.25 mm and a channel width of 1 mm.
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Under this channel height, the channel width is adequately high, elim-
inating the need for significant pumping power. Notably, unlike cases
involving carbon fibre-based GDLs, the net power density of the smallest
cross-section has not been negative. This is clearly attributed to the
superior mass transport properties exhibited by the nickel foam-based
GDLs.

4.

Conclusions

Nickel foam emerges as a compelling candidate for gas diffusion

layers in polymer electrolyte fuel cells due to its superior structural and
transport properties. To investigate the performance gain with nickel
foam based GDLs, we have developed a three-dimensional PEFC model
and simulated different scenarios in which the dimensions of the flow
channel were realistically changed with either carbon fibre-based or
nickel foam-based GDLs. The following are the main findings of the
study.

The concentrations of oxygen and water as well as current density
within the GDL are higher and significantly more uniform with nickel
foam GDLs compared to the conventional carbon fibre GDLs and this
is due to superior mass and charge transport properties of the nickel
foam GDLs. Notably, for all the cases, the maximum current density
is near the interface between the flow channel and the rib as this is
the location for the shortest pathways for both the reactant gas and
the electronic charge.

The pumping power should be taken into account when optimising
the dimensions of the flow channels. The flow channels with the
smallest dimension (0.25 mm height and 0.25 mm width) were
shown to demonstrate the best fuel cell power density owing to the
increased convective flow within the GDL. However, these channels
require higher pumping power to overcome the increased pressure
drop along the flow channels. For example, for the fuel cell operating
with carbon fibre based GDLs, the highest fuel cell power density
(0.55 W/cmz) was observed for flow channel with 0.25 mm height
and 0.25 mm width. However, the pumping power density was
extremely high with these channels (1.373 W/cm?), meaning that
the net power density is negative and external power source is
required to drive the flow along the channel.

Taking the pumping power into account, the optimal flow channel
dimensions that maximises the net power density (~0.475 W/ cm?)

Appendix A. Supplementary data
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were found to be between 0.75 and 1 mm for the channel height and
between 0.5 and 0.75 mm for the channel width for the fuel cell with
carbon fibre based GDLs. On the other hand, the maximum net power
density optimal flow channel dimensions that maximises the net
power density (0.945 W/cm?) were found to be 1 mm for the channel
width and 0.25 mm for the channel height for the fuel cell operating
with the nickel foam based GDLs. The superior net power density
demonstrated with the nickel foam GDLs underscores the superiority
of its mass and charge transport properties.

e As a potential future research work, the effects of the interplay be-
tween the microporous layer, which is typically coated to the GDL to
enhance water management and electrical contact, and various types
of GDL is of great interest. Furthermore, comparing the nickel foam-
based GDL and carbon-fibre-based GDL in terms of durability and
cost is an appealing potential future study.
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Nomenclature
Symbols Abbreviations
A Cell active area (cm?) CT Computed tomography
cp Isobaric specific heat capacity of air (J/(kg-K)) FFP Flow field plate
Dy Bulk diffusivity of species k (cm?/s) GDL Gas diffusion layer
Diff Effective diffusivity of the species k (cm?/s) ORR Oxygen reduction reaction
En Cell power density (W/cm?) PEFC Polymer electrolyte fuel cell
Epump Required pumping power density (W/cm?) Subscripts & superscripts
Enet Net power density (W/cmz) a Anode
F Faraday’s constant (C/mol) air Air
h Channel height (mm) c Cathode
i Volumetric current densities cell Cell
i Reference current density of anode comp Compressor
i Reference current density of cathode eff Effective
1 Identity matrix H, Hydrogen
k Specific heat ratio of air (—) inlet Inlet
K Permeability (m?) k Species k
L Channel length (mm) m Mass
Mgir Air mass flow rate (kg/s) mem Membrane
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(continued)
M Molecular weight of species k (kg-mol~1) Net Net
P Pressure (Pa) outlet Outlet
R Universal gas constant (J/(mol-K)) (o2} Oxygen
S Source term pump Pumping
T Temperature (°C) ref Reference conditions
u Velocity (m/s) u momentum
A% Cell voltage (V)
w Channel height (mm)
X Mass fraction of species k
X;;f Hydrogen mass fraction at reference conditions
ng Oxygen mass fraction at reference conditions
Greek symbols
a, Anode specific surface areas
ac Cathode specific surface areas
QAaa Anodic charge transport coefficient at anode electrode
[ Cathodic charge transport coefficient at anode electrode
Aeq Anodic charge transport coefficient at cathode electrode
[ Cathodic charge transport coefficient at cathode electrode
@ Electrical potentials of solid phase
o Electrical potentials of membrane phase
€ Porosity
n Dynamic Viscosity (Pa-s)
p Fluid density (kg/m®)
A Thermal conductivity (W/(m-K))
Neomp Efficiency of compressor
Nacta Anodic activation overpotential (V)
Nacte Cathodic activation overpotential (V)
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