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Using metal foam as a flow field structure is an attractive route to improve the performance
of open-cathode PEMFC.Metal foam has shown great potential in improving the uniformity
of reactants, but optimized structure parameters that can more effectively transfer gas and
remove excess water are needed. Here we experimentally investigate the effect of metal
foam structure parameters on cell performance using polarization curves, power density
curves, and electrochemical impedance spectrum (EIS) measurements. By optimizing the
pore density, thickness, and compression ratio of the metal foam, the performance of the
fuel cell is improved by 49.8%, 42.1%, and 7.3%, respectively. The optimum structure
value of metal foam is the pore density of 40 PPI, the thickness of 2.4 mm, and the
compression ratio of 4:2.4. In this configuration, the cell could achieve a maximum power
density of 0.485W cm−2. The findings of this work are beneficial for the application of metal
foams in open-cathode PEMFC.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have been receiving worldwide attention due to the
increasingly serious problem of environmental pollution and the depletion of traditional fossil fuels
(Wang et al., 2020; Jiao et al., 2021). It releases energy through electrochemical reactions of oxygen and
hydrogen (Ding et al., 2021; Chen et al., 2022). Especially, open-cathode PEMFCs generally operate with
lower parasitic power and simple structure, widely used in a broad range of small-scale applications such
as unmanned aerial vehicles (UAVs), auxiliary power units (APUs), and portable applications. In general,
the open-cathode PEMFCs using air as coolant and oxidant have lower performance than traditional
liquid-cooled PEMFCs due to their lower oxygen partial pressure and air humidification. Optimization of
the transport of reactants and removal of products is a key factor in enhancing cell performance (Gu et al.,
2021; Yang et al., 2022). To achieve this, it is crucial to optimize the flow-field design of bipolar plates due
to their function in reactants distribution and products removal.

The parallel flow field is one of the most common flow field patterns used in open-cathode
PEMFC due to its simple structure, easy processing, and excellent heat dissipation. Several studies
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have focused on optimizing the performance of open-cathode
PEMFCs with parallel flow field designs, including channel width
(Kim et al., 2013; Qiu et al., 2020; Zhao et al., 2020), depth (Zhao
et al., 2020), the rib-channel ratio (Kiattamrong and Sripakagorn,
2015), and length-width ratios (Zhao et al., 2021). Unfortunately,
parallel flow fields are associated with several issues due to their
typical rib-channel structure, such as non-uniform gas
distribution and liquid accumulation under ribs (Jiao and Li,
2011), which exacerbate the uneven electrochemical reaction then
reduce the durability of the open-cathode PEMFC.

Recently metal foam flow field with a three-dimensional
porous structure has good gas distribution properties and gas
permeability (Kang et al., 2020a; Bao et al., 2020), which could be
introduced to PEMFC to enhance cell performance. Bao et al.
(2020) simulated the two-phase flow behavior of the metal foam
flow field using a volume of fluid (VOF) method. They found that
the metal foam flow field exhibited excellent performance at high-
current-density operation conditions for PEMFC. Liu et al. (2020)
experimentally optimized the operating parameters of fuel cells
using metal foam flow fields and improved the power output
performance of fuel cells. Furthermore, Wan et al. (2021) carried
out a series of experiments to compare the effects of metal foam
flow fields placed at the cathode and anode of the fuel cells. They
concluded that the use of metal foam on the cathode side of the
fuel cell is prone to flooding, especially under high relative
humidity conditions.

At present, many researchers have conducted experiments and
models on open-cathode PEMFC with metal foam flow fields. A.
Baroutaji et al. (2017) applied the metal foam to the anode and
cathode side of open-cathode PEMFC and tested it. They found
that the metal foam could provide better gas distribution than
conventional flow plates and exhibit better performance.
Mohammad et al. (Sajid Hossain and Shabani, 2019)
compared the performance of metal foams used as cathode
flow fields in open-cathode and closed-cathode PEMFCs with
an active area of 225 cm2. Their results showed that the closed-
cathode PEMFCs showed a better performance than the open-
cathode PEMFCs. Kang et al. (2020b) conducted both
experiments and theoretical studies to investigate the metal
foam inserted in the cathode side of open-cathode PEMFC.
They reported that the use of metal foam in open-cathode
PEMFC could solve the problems of membrane dehydration
and poor air delivery. Lee et al. (2021) also used metal foam
as the cathode flow field of open-cathode PEMFC. They proposed
that the use of metal foam leads to the larger power consumption
of the parasitic fan because the pressure drop of the metal foam
flow field is about three times higher than that of the parallel flow
field. Meanwhile, Wang et al. (2022) compared the cell
performance of the metal foam flow field with that of the
parallel flow field and the pin-type flow field. Combining the
electrochemical impedance spectrum (EIS) data, they concluded
that the metal foam flow field could better reduce the mass
transfer loss of the open-cathode PEMFC. They also found
that the metal foam flow field exhibited poorer heat dispersing
characteristics than the parallel flow field under the same fan
power condition.

From reviewing experiments and models with metal foam as a
flow field in open-cathode PEMFC, limited research on the effect
of metal foam structure parameters on the open-cathode PEMFC
performance has been cited. Although metal foam flow fields
could enhance the uniformity of gas distribution, a significant
disadvantage of metal foam flow field designs compared with
other flow field designs is that they have a higher flow resistance,
which results in a larger pressure drop. Therefore, it is important
to optimize the metal foam structure parameters to improve the
performance of open-cathode PEMFC. In this study, metal foams
with different structure parameters (pore density, thickness,
compression ratio) are applied to an open-cathode PEMFC as
the cathode flow field. Polarization curves, power density curves,
and EIS measurements are used to analyze the cell performance
and internal losses.

EXPERIMENTS

Experimental Setup
In this study, an open-cathode PEMFC is designed and tested, as
shown in Figure 1A. The commercially available membrane
electrode assembly (MEA) used in the experiments has an
active cell area of 7 cm2 and the platinum loading in the
anode and cathode is 0.07 and 0.3 mg cm−2, respectively. The
serpentine flow field made of graphite is designed in the anode for
all experiments, the width of the channel and rib is 1.0 mm. And
the metal foam flow field is used on the cathode side. The 3D
schematic of open-cathode PEMFC is shown in Figure 1B.

A schematic diagram of the experimental setup is shown in
Figure 1C. A test system (PEM400W) purchased from the
company Ningbo Beit Technology is used to perform
polarization tests. All test experiments use ultra-high purity
(99.999%) hydrogen and nitrogen gas. An additional air fan
(BSB0512LAA01, Delta Electronics Industrial Co.,Ltd.) located
at the edge of the cathode flow field is powered by a digitally
adjustable DC power supply (DP305, MESTEK) to ensure the
air supply to the cathode. In addition, electrochemical
impedance spectroscopy (EIS) is performed to measure the
cell resistance using an electrochemical workstation
(Zennium pro, German).

Metal Foam Design
The metal foam used in this experiment is made of nickel, with a
porosity of 97%. To obtain the required flow field size, the metal
foam is cut to a size of 50 mm × 23 mm. At the same time, the
metal foam needs to be compressed to the set thickness of the flow
field. According to the definition by Kim (Kim et al., 2018), the
porosity after compression is calculated as follows:

ε � [t − tinit × (1 − εinit)]/t (1)
where ε is the porosity after compression, t is the thickness after
compression, εinit is the initial porosity, and tinit is the initial
thickness. The compression ratio is the ratio of the volume of
metal foam untreated to that in compressed form. The structure
details of metal foam flow fields are listed in Table 1.
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Experimental Procedure
All experiments are conducted after the fuel cell are fully
activated. In the tested process, 90 standard cubic centimeters
per minute (sccm) of completely humidified hydrogen is
supplied. The fan power voltage and current are 9 V and
26 mA, respectively. Polarization curves are conducted in
galvanostatic mode (0–1 A cm−2) at an interval of 0.1 A cm−2,
every single current density point tested sustains at least 2 mins.
EIS is measured at a current density of 0.2 and 0.8 A cm−2,
respectively. During all EIS measurements, the sweeping
frequencies are in the range of 0.1 Hz–100 kHz, and the
amplitude of the alternating current is 5%–10% of the direct
current. It is worth noting that the MEA will be replaced with a
new one before the next set of experiments to ensure accuracy and

to avoid degradation of cell performance due to metal foam
damaging the MEA structure. Additionally, Table 2 summarizes
the details of experimental conditions.

FIGURE 1 | Schematic diagram of the experimental setup. (A) Experimental setup. (B) 3D schematic of open-cathode PEMFC. (C) Schematic diagram of the
experimental setup.

TABLE 1 | Specification of metal foam flow fields.

Samples Pores per
inch/PPI

Initial thickness/mm Thickness after
compression/mm

Compression ratio Porosity (%)

Case 1 20 5 3 5:3 95
Case 2 40 5 3 5:3 95
Case 3 60 5 3 5:3 95
Case 4 80 5 3 5:3 95
Case 5 40 4 2.4 4:2.4 95
Case 6 40 3 1.8 3:1.8 95
Case 7 40 5 1.2 2:1.2 95
Case 8 40 3 2.4 3:2.4 96.3
Case 9 40 5 2.4 5:2.4 93.8

TABLE 2 | Experimental conditions.

Parameter Value

H2 mass flow rate 90 sccm
Pulse width modulation of air fan 9 V, 26 mA
Inlet H2 temperature 18°C–22°C
Environment temperature 18°C–22°C
Relative Humidity (anode) 100%
Relative Humidity (cathode) 30%–45%
Backpressure (anode) 0 Mpa
Backpressure (cathode) 0 Mpa
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RESULTS

Effect of Metal Foam Pore Density
In general, pores per inch (PPI) is used to quantify the pore density
ofmetal foams. Formetal foams, the effective diameter of the average
pore decreases with increasing PPI, and the pore density increases
with increasing PPI. The variations of metal foam pore density
significantly impact the management of water and gas in open-
cathode PEMFC. In this section, the effect of metal foam pore
density on the open-cathode PEMFC performance is investigated by
adjusting the metal foam pore density of 20, 40, 60, and 80 PPI. The
thickness and compression ratio of the metal foam flow field are set
to be 3 mm and 5:3, respectively.

As the metal foam pore density increases, on the one hand, the
flow path becomes more complicated and tortuous in the metal
foam structure, thus the flow resistance increases; on the other
hand, fewer reactants flow through the pores to the reaction zone
due to the reduced permeability of the metal foam, which reduces
the flow resistance and is bad for the cell performance. The cell
performances for different metal foam pore densities are
compared and the results are shown in Figures 2A,B. When
the current density is less than 0.2 A cm−2, the pore density
change of metal foam has little effect on the cell performance.
However, the performances of the cell appear significant
difference at different metal foam pore densities when the
density is more than 0.2 A cm−2. As a whole, it can be seen
that the cell performance shows a trend of increasing first and

then decreasing as the metal foam pore density increases,
reaching its best performance at 40 PPI. Further, the
decreasing trend of cell performance speeded up gradually
when the metal foam pore density exceeds 40 PPI. This
tendency mainly corresponds to the change in pressure drop
which is positively related to the flow resistance. The results
demonstrate that the enhanced diffusion of the gas is dominant
until the pressure drop reaches its peak value, thus the cell
performance increases. After that, the reduction of reactants
flowing into the reaction zone will cause a decreased pressure
drop, which can significantly decrease the performance of the fuel
cell. Similar conclusions are experimentally obtained by Liu et al.
(2015). However, in the open-cathode PEMFC, the pressure drop
could not increase too much due to the low oxygen partial
pressure provided by a DC fan; instead, the decrease in
reactants entering the fuel cell will worsen the cell
performance, especially the pore density is beyond 40 PPI.
Therefore, the cell performance would begin to decline when
the pore density is beyond 40 PPI. Among four metal foams,
40 PPI shows the highest maximum power of the fuel cell in this
experiment, and the maximum power density is 0.493W cm−2.
The cell showed the worst performance at a metal foam pore
density of 20 PPI, with a maximum power density of
0.329W cm−2.

The EIS is tested at both 0.2 and 0.8 A cm−2 to compare the
electrochemical impedance of the fuel cell under different metal
foam pore densities, and the Nyquist plots are presented in

FIGURE 2 | Compared different metal foam pore densities (A) Polarization and power density curves (B) Power density at 0.2 A cm−2 and 0.8 A cm−2 (C) EIS at
0.2 A cm−2 (D) EIS at 0.8 A cm−2.
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Figures 2C,D. In the Nyquist plot, the high-frequency intercept
of the impedance arc on the real axis represents the total ohmic
resistance of the cell, which includes the contact resistance
between components and the ohmic resistance of the cell
(Yuan et al., 2007). The diameter of the kinetic loop reflects
the sum of the charge transfer and mass transfer resistances. As
illustrated in Figure 2C, the metal foam pore density has little
influence on the total impendence of the cell at the current density
of 0.2 A cm−2. However, it can be seen that the ohmic resistance
decreases with the increase of metal foam pore density. This is
because themetal foamwith low pore density is easier to cause the
decline of the membrane hydration level in the low current
density region. As the pore density decreases, the pore size
and airflow rate increase, which allows more of the product
water to be carried away by the air, thus increasing the ohmic
resistance. As shown in Figure 2D, the ohmic resistance has no
significant difference at 0.8 A cm−2, since the fact that the product
water is sufficient to wet the MEA at a high current density region
and ensure a good conductivity of the membrane, so the ohmic
resistance of four cases is almost the same. Especially, the cell with
20 PPI metal foam has the largest charge transfer and mass
transfer resistances. The reason is that the 20 PPI metal foam
has the largest ligament diameter, resulting in product water
being trapped in the ligament intersection area and suppressing
the gas diffusion. As metal foam pore density is higher than
20 PPI, it is interesting to find that the charge transfer and mass
transfer resistances experience a significant reduction. The main
reasons are that the negative effect of increasing the metal foam

pore density is weak, and the increased pressure drop increases
the uniformity of gas distribution and the mass transfer rate of air
to the gas diffusion layer (GDL). In addition, the diameter of the
kinetic loop continues to increase when the metal foam pore
density exceeds 40 PPI, which is also a validation that the decrease
in reactants flowing in the foam region leads to reduce the cell
performance.

Effect of Metal Foam Thickness
Since the metal foam thickness plays a significant role in the gas
transportation and water management of open-cathode PEMFC.
In this section, the metal foams with different thicknesses (3, 2.4,
1.8, and 1.2 mm) are applied in open-cathode PEMFC to
investigate the effect of metal foam thickness on cell
performance. For all metal foams used in this section, the
metal foam pore density is 40 PPI and the compression ratio
is set to a constant value (5:3).

Figure 3A illustrates the polarization curves and power curves
of the cell with different metal foam thicknesses. It is shown that
the cell performance has significant improvement with the
increase of the metal foam thickness. The reason is that as the
thickness of the metal foam increases, more air enters the foam
area to participate in the electrochemical reaction, thus increasing
the cell performance. However, these patterns also show that the
amplitude of the cell performance increment is decreased with the
increase of the metal foam thickness until the cell performance
stabilizes. This tendency is similar to the results of the effect of gas
flow rate on the cell performance with meal foam flow field in

FIGURE 3 | Compared different metal foam thickness (A) Polarization and power density curves (B) Power density at 0.2 A cm−2 and 0.8 A cm−2 (C) EIS at
0.2 A cm−2 (D) EIS at 0.8 A cm−2.
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Wang et al. (2022), which also verifies the above explanation. The
cell with 3 mm thickness metal foam still shows the highest
maximum power of the fuel cell in this experiment as well, as
shown in Figure 3B.

EISmeasurements of the fuel cell undermetal foamwith different
thicknesses are demonstrated in Figures 3C,D. As shown in
Figure 3C, the charge transfer and mass transfer resistances of
these four samples remain almost the same at the current density of
0.2 A cm−2. This means that the charge transfer and mass transfer
resistances cannot change significantly as the thickness of the metal
foam increases due to the amount of air entering the cell being
sufficient. Especially, the main difference is in the ohmic resistance,
which decreases and stabilizes as the thickness of the metal foam
increases. In general, the resistance ofmetal foam is positively related
to its thickness. However, as the mechanical strength of the metal
foam increases with thickness, the contact resistance decreases due to
the contact stress increases between the metal foam and the cell. The
EIS results demonstrate that the influence of contact resistance is
dominant before the contact stress reaches the peak value, thus the
cell ohmic resistance decreases with the thickness of the metal foam.
After that, the resistance of metal foam is dominant, thus the ohmic
resistance increases. According to Figure 3D, when the thickness of
metal foam reaches 1.2 mm, the charge transfer and mass transfer
resistances of the cell have a significant improvement with the
decrease of the meatal foam thickness. As analyzed above, it is
because that limited air is difficult to remove excessive product water,
which blocks gas transfer to MEA.

Effect of Compression Ratio
To improve the mechanical strength and conductivity, metal
foam needs to be compressed to an appropriate thickness of the
flow field. In this section, the metal foams with different
compression ratios (5:2.4, 4:2.4, 3:2.4) are tested to explore the
effect of cell performance. The thickness of metal foam is fixed at
2.4 mm and pore density is set to 40 PPI.

In Figure 4A, the cell performance firstly increases and then
decreases with the increase of the compression ratio. Because as the
compression ratio increases, on the one hand, the metal foam
porosity decreases, which causes an increase in gas diffusion and
improves the cell performance; on the other hand, the volume of the
metal foam skeleton increases, which leads to the decrease of the
amount of air entering the metal foam region and a decrease in cell
performance. At the same time, the change of resistance caused by
the thickness of metal foam will also affect cell performance. These
results indicate that there is an optimal value of performance as the
compression ratio increases due to the simultaneous influence of
several aspects on the cell performance. However, in this experiment,
a better compression ratio suitable for our experiments is obtained
due to there being a limitation on the metal foam available
commercially. As shown in Figure 4B, the cell with the
compression ratio of 4:2.4 has the highest power density at the
current density of 0.8 A cm−2, and the cell with a compression ratio
of 5:2.4 and 3:2.4 shows a similar performance.

Figure 4C reveals the EIS results of the cell with different metal
foam compression ratios at the current density of 0.2 A cm−2. It can

FIGURE 4 |Compared different metal foam compression ratios (A) Polarization and power density curves (B) Power density at 0.2 A cm−2 and 0.8 A cm−2 (C) EIS
at 0.2 A cm−2 (D) EIS at 0.8 A cm−2.
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be seen that with the increase of the compression ratio, the charge
transfer and mass transfer resistances show similar values, but the
ohmic resistance shows a tendency to decrease and then increase.
This is because as the compression ratio of the foam metal increases,
the mechanical properties, and electrical conductivity increase, and
therefore the ohmic resistance decreases. However, as the
compression ratio increases further, the initial thickness of the
metal foam increases, which in turn increases the ohmic
resistance. In Figure 4D, the cell with a metal foam compression
ratio of 4:2.4 shows the lowest charge transfer and mass transfer
resistances. This result verifies that although increasing the
compression ratio of metal foam can increase the complexity of
gas flow paths, increase the uniformity of gas distribution and thus
reduce its charge transfer and mass transfer resistances, the reduction
in the amount of air entering the cell due to the compression of metal
foam will make it difficult to remove the product water and increase
the charge transfer and mass transfer resistance.

DISCUSSIONS

Figure 5 summarizes the maximum power density of all cases. As
can be seen that the maximum power density of the cell is
0.493W cm−2 when the pore density, thickness, and compression
ratio of the metal foam are 40 PPI, 3 mm, and 5:3, respectively.
Especially, the most important factor affecting the cell performance
is the pore density of the metal foam, and the maximum power
density is improved by 49.8% by optimizing the pore density.
Despite the reduction in reactants flowing into the reaction zone
due to the increase in thickness and pore density, the cell with 40 PPI
pore density and 1.8 mm thickness of metal foam exhibits a similar
maximum power density as the cell with 60 PPI pore density and
3mm thickness of the metal foam, at the same compression ratio.
Similarly, the thickness of metal foam has a significant impact on cell
performance. By optimizing the thickness of the metal foam, the
maximumpower density of the fuel cell is increased by 42.1%. At the

same compression ratio and pore density of the metal foam, the cell
with metal foam of 2.4 mm thickness shows similar maximum
output performance as the cell with metal foam of 3mm
thickness. However, since the increase in thickness brings an
increase in cell size and mass, the metal foam with a 2.4 mm
thickness is more appropriate. Additionally, the compression ratio
of metal foam has the least impact on cell performance compared to
the other two factors. Optimizing the compression ratio of the metal
foam contributes to a 7.3% cell performance improvement. As a
result, to obtain a higher cell performance, the optimal structure of
the metal foam is a pore density of 40 PPI, a thickness of 2.4 mm,
and a compression ratio of 40%.

CONCLUSION

In this paper, aiming at improving the open-cathode PEMFC
performance with metal foam flow field, the meatal foams with
different structure parameters are experimentally studied.
Polarization curves, power density curves, and EIS measurements
are carried out to search for a better metal foam design for open-
cathode PEMFC. Detailed conclusions are as follows:

1. The pore density of the metal foam is a vital factor in cell
performance. The analysis revealed that as the metal foam pore
density increases, the cell performance increases firstly due to the
increased pressure drop and then decreases for the reduction of
reactants flowing into the reaction zone. The maximum power
density is improved by 49.8% by optimizing the pore density.

2. Increasing the thickness of the metal foam can improve the
performance of the fuel cell. It is worth noting that the amplitude
of the cell performance increment is decreased with the increase
of the metal foam thickness until the cell performance stabilizes.
By optimizing the thickness of the metal foam, the maximum
power density of the fuel cell is increased by 42.1%.

3. The compression ratio of the metal foam has little effect on the
performance of the cell. Increasing in compression ratio slightly
will increase the cell performance, but a further increase in the
compression ratio of the metal foamwill have a negative effect on
cell performance. Optimization of the compression ratio of metal
foam results in a 7.3% increase in cell performance.

The above findings demonstrate that the structural parameters of
the metal foam are critical to the performance of open-cathode
PEMFC. Synthesize the experimental results of this study, the optimal
structure of the metal foam is a pore density of 40 PPI, a thickness of
2.4mm, and a compression ratio of 4:2.4. The cell performance has
been enhanced by optimizing the structural parameters of the metal
foam, which makes the metal foam a promising flow field for future
open-cathode PEMFC.
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