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Porous metal materials have been recognized as a promising substitute for the conventional ribchannel
flow field of proton exchange membrane fuel cell (PEMFC). Few studies have been reported on metal
fiber felts as PEMFC flow fields, although they have many favorable properties. In this work, the
structure feasibility of metal fiber felts as flow fields of PEMFC is explored experimentally. Five types
of gold-plated commercial stainless steel fiber felts (CSSFFs) are investigated and compared with
conventional serpentine flow field. The results indicate that the performances of fuel cells with CSSFF
flow fields are improved significantly. In particular, fuel cell with BZ100D flow field performs the best
among all CSSFFs, generating about 2.0 A-cm? at 0.6 V, and the maximum power density is
approximately 1.25 W-cm2at 2.5 A-cm. This work verifies that CSSFFs with conductive and corrosion
resistant coating can be viable alternatives to conventional rib-channel flow field.

Keywords: Proton exchange membrane fuel cell; Flow field; Metal fiber felt; Stainless steel fiber felt

1. INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) is a device that can directly transform the
chemical energy of fuel and oxidant to electrical energy through electrochemical reactions. PEMFC is
considered as one of the most promising power sources for transportation applications such as
automobiles, buses, ships and air vehicles because of its advantages including high efficiency,
environmental friendliness, relatively low operating temperature, etc. [1-3] The main components of a
typical PEMFC stack include membrane electrode assembly (MEA), bipolar plates, gaskets and end
plates, among which a 7-layer MEA is consisted of proton exchange membrane, catalyst layers, micro
porous layers and gas diffusion layers (GDL).

The bipolar plates distribute the reactant gas, expel the product water, collect current and provide
the mechanical support of MEA, thereby playing a critical role in a PEMFC stack. An appropriate flow
field is necessary for bipolar plates to implement the above functions effectively. The widely used
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conventional flow fields in commercial bipolar plates, e.g., parallel, serpentine and interdigitated flow
fields, have some kind of rib-channel structures [4]. Such configuration has limited capability to increase
the power density of PEMFC, since it is apt to cause non-uniform gas and liquid water distributions in
the electrodes and intricate to fabricate [5]. In order to further improve the performance of PEMFC, it is
compulsory to design novel flow field configurations that can avoid the defects of the rib-channel
structures.

Porous flow fields especially porous metal materials have been recognized as a promising
substitute for the conventional flow field and have attracted increasing attention recently [6]. A variety
of metal foams made of nickel [7-14], copper [15, 16], aluminum [17, 18], stainless steel [19] and
nickelchromium [19, 20] as well as several metal sinters [21-25] have been explored experimentally to
be used as flow fields of PEMFC. Besides, a volume of computational work [25-32] also exhibited that
porous flow fields tended to achieve more uniform gas, temperature and current density distributions
than conventional rib-channel flow fields. In the meantime, they could enhance the heat and water
managements, thereby improving the performance of PEMFC. Obviously, the majority of the previous
research focused on metal foam, while another porous metal material, i.e., metal fiber felt (MFF)
received only scant attention. MFFs are made of micron order metal fibers which are non-woven,
laminated and sintered at high temperatures. They play an important role in the filtration industry.
Similar to metal foams, they have many favorable properties such as unique 3D porous structure, high
electrical and thermal conductivity, and good manufacturability if used as flow fields of PEMFC,
nevertheless few studies have been reported on such application. Gamburzev et al. [21] demonstrated
that stainless steel fiber felt flow field achieved lower performance than traditional parallel flow fields,
which largely resulted from the oxide film on the surface of stainless steel fiber felt. Tang et al. [24]
concluded that the performance of the fuel cell with the porous copper fiber felt flow field was
comparable with that of the serpentine flow field fuel cell, and it could get further improved if the copper
fiber felt was optimized and the corrosion problem was successfully resolved. Li et al. [25] reported that
when a copper fiber felt with the porosity of 70% was used as the flow field, the performance of the
PEMFC was similar to that with serpentine flow field.

According to the research mentioned above, the MFFs seem to be a passable flow field if not
worse compared with traditional rib-channel structure. However, it should be noted that all the MFFs in
these research were used without being deposited any corrosion-resistant coating. The oxidation film on
the surface of metal fibers might have adverse impact on the performance of PEMFC, covering up the
fact that the porous structure of MFF flow fields could have performed better. Therefore, the MFFs need
to be further examined to verify whether they are viable alternatives to conventional rib-channel flow
field. In this work, the most common and the lowest cost MFF, i.e., commercial stainless steel fiber felt
(CSSFF) was investigated. Five types of CSSFFs with various pore sizes and porosities were used as
flow fields of PEMFC and compared with conventional serpentine flow field. The emphasis of this work
was to investigate the structure feasibility of CSSFF as flow field and explore the effect of the CSSFF
structures on the performance of PEMFC. Therefore, all CSSFFs were plated with gold to enhance their
corrosion resistance and electrical conductivity, eliminating the adverse impact of badly conductive
passive film on their surfaces.
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2. EXPERIMENTAL

2.1. Physical characterization of the CSSFF

The CSSFF is produced by uniformly mixing and spreading stainless steel 316L fibers with
certain distribution of length and diameter. This felt is then sintered in a reductive gas to obtain the
porous metal fiber material. In the present study, five types of CSSFFs (Xi’an Filter Metal Materials
Co., Ltd., China) were adopted. They are BZ10D, BZ20D, BZ40D, BZ60D and BZ100D, which are
named by the manufacturer according to their average filtration rating. All the CSSFFs were plated with
gold to eliminate the effect of passive film. The morphological features of the CSSFFs were inspected
by a field emission scanning electron microscope (JSM-6700F, JEOF, Japan) to characterize the detailed
microstructures which have a close relationship with the physical characteristics of the CSSFFs.

The porosities and pore sizes of the CSSFFs were measured by Archimedes principle-gas
expansion replacement method (BSD-TD, BSD Instrument, China) and bubble point method (BSD-PB,
BSD Instrument, China), respectively. In-plane conductivity was measured by four-point probe
technique with the probe diameter of 1.0 mm. The interfacial contact resistance (ICR) between the
CSSFFs and carbon paper was measured by methods well described in the literature [33].

2.2. Preparation of single PEMFC

Single PEMFC were utilized for the experiments in this study. Fig. 1 shows the close-up view
and the schematic diagram of single PEMFC with CSSFFs as the flow fields. The single PEMFC
included membrane electrode assembly (MEA), graphite separators, CSSFF flow fields, collector plates,
insulating plates and end plates. The MEA employed in this study were made of seven layers including
the anode gas diffusion layer (GDL), the anode micro porous layer (MPL), the anode catalyst layer (CL),
the proton exchange membrane (PEM), the cathode CL, the cathode MPL and the cathode GDL.
GORESELECT polymer membrane (W. L. Gore & Associates, Inc., the USA) was used as the
electrolyte membrane for all MEAs. Catalyst layers (Johnson Matthey, UK) were coated on both sides
of the membrane with the reaction area of 25 cm? (50 mm x 50 mm). The catalyst loading was 0.24
mg-cmand 0.48 mg-cm on the anode side and cathode side, respectively. Carbon paper of TGP-H060
(Toray Industries, Inc., Japan) with thickness of 0.19 mm was used as GDL on both sides of MEA.
Gaskets were placed around the GDLs to prevent gas leakage. Grooves with a depth of 0.5 mm and an
area of 25 cm? were formed in the graphite separator. The CSSFFs were cut to 50 mm x 50 mm size of
square shape and inserted into the grooves.
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Figure 1. (a) Close-up view of the assembled single PEMFC, (b) Schematic of the configuration of
single PEMFC with CSSFF flow fields.

Fig. 2 presents the photographs of the graphite separators with different flow fields. Fig. 2(a)
shows a conventional serpentine flow field with a channel width of 1 mm and a channel depth of 1 mm.
Fig. 2(b) shows the gold-plated CSSFF flow field. The inlet and outlet of the gas flow are located at
diagonal corners. The thickness of the CSSFF was compressed to 0.5 mm when assembling the PEMFC,
which is equal to the depth of the groove.
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Figure 2. Photographs of (a) conventional serpentine flow field with a channel width of 1 mm and a
channel depth of 1 mm, (b) gold-plated CSSFF flow field with a thickness of 0.5 mm.

2.3. Electrochemical characterization of PEMFC

The cyclic voltammetry (CV) measurement was performed to characterize the effective
electrochemical surface area (ECSA) of the PEMFC with different flow fields, ensuring the consistency
of MEAs among all the experiments. Prior to CV measurement, purging was carried out with N2 for 20
minutes to remove air from the fuel cell. After purging, the PEMFC operated with 0.5 standard liter per
minute (SLPM) fully-humidified hydrogen and 1.0 SLPM fully-humidified nitrogen supplied to the
anode and cathode, respectively, for 20 minutes. Then CV was performed within a voltage range of 0.01-
1.2 V and at a scan rate of 10 mV s2.,

The performance of the single PEMFC with different flow fields was evaluated by measuring
polarization curves using a fuel cell test system (FC-100W, Ningbo BaTe Technology Co., Ltd., China)
under the operating conditions listed in Table 1. In this paper, stoichiometric ratio means the ratio
between the actual flow rate of a reactant at the fuel cell inlet and the consumption rate of that reactant.
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It should be pointed out that before conducting a fuel cell test, the MEA was hydrated to be activated
and guarantee a steady performance. In addition, all values in this study were recorded when they were
in a steady state.

Table 1. Operating conditions used in the experiments

Parameters Values
Operating temperature 343.15K
Relative humidity of inlet air 100%
Relative humidity of inlet hydrogen 100%
Air pressure 100 kPa, 140 kPa
Hydrogen pressure 100 kPa, 140 kPa
Stoichiometric ratio of air ? 2
Stoichiometric ratio of hydrogen ° 2
a the ratio between the actual flow rate and the consumption rate of air.
b the ratio between the actual flow rate and the consumption rate of hydrogen.

As the fuel cell runs, more and more liquid water will accumulate in the porous flow fields if it
cannot be expelled promptly. The water will clog the pores of the CSSFFs, resulting in performance
degradation of PEMFC. Therefore, the stability of fuel cells with CSSFF flow fields needs to be tested.
In this work, the stability testing was carried out by measuring the voltage of the fuel cell at a constant
high current density for an hour.

Electrochemical impedance spectroscopy (EIS) was conducted by an electrochemical
workstation (PGSTAT302N, Metrohnm Autolab, Switzerland) to measure the resistances of the single
PEMFC. The impedance spectra were recorded as frequency swept from 10 kHz to 0.1 Hz. The applied
AC current amplitude was fixed as 10% of the DC current produced by the fuel cell. The EIS
measurements were performed at the current densities of 0.3 A-cm?, 0.7 A-cm?2and 1.3 A-cm for the
single cells with different flow fields to compare the losses of fuel cells operating at low, medium, and
high current densities, respectively. Apart from that, the EIS measurements were also carried out at
different current densities for the fuel cell with BZ100D flow field to show how the resistances of
PEMFC changed with current density.
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3. RESULTS AND DISCUSSION

3.1. Physical properties of the CSSFFs

Fig. 3 shows morphological features of the five CSSFF samples. Fig. 3(a) - 3(e) presents the top
views of BZ10D, BZ20D, BZ40D, BZ60D, and BZ100D, respectively. As a representative, Fig. 3(f)
shows the cross-section of BZ100D. As can be seen from Fig. 3, the CSSFF has a layered structure in
which stainless steel fibers with diameters of 12 pum and/or 22 pum are intricately entangled and
overlapped. It is apparent that all the pores inside are connected, which is beneficial to transport the
reactant gas and liquid water. Since the stainless steel fibers are randomly distributed in orientation
during the sintering process, the irregular pores formed by them are not arranged evenly.

Figure 3. SEM images of CSSFFs, (a) BZ10D with 76.2% porosity, (b) BZ20D with 77.4% porosity,
(c) BZ40D with 80.1% porosity, (d) BZ60D with 81.6% porosity, (¢) BZ100D with 85.7%
porosity, (f) cross-section of BZ100D with 85.7% porosity.

Table 2 displays the physical properties of the CSSFFs measured in this work, including
thickness, average pore diameter, porosity and in-plane electrical resistivity. The thickness of these
CSSFFs ranges from 0.52 mm to 0.67 mm, which will result in different levels of compression when
they are inserted into the 0.5-millimeter-depth groove of the graphite separator. BZ100D has the largest
pore size and porosity among all the CSSFFs. Specifically, the average pore diameter of BZ100D is six
times larger than that of BZ10D. The in-plane electrical resistivity increases with the porosity and
average pore diameter of the CSSFFs.
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Table 2. Physical properties of the CSSFFs

Type Thickness/mm Average Porosity In-plane
pore diameter/um electrical
resistivity/mQ-cm

BZ10D 0.62 12.3 76.2% 0.70
BZ20D 0.55 24.7 77.4% 0.72
BZ40D 0.65 51.6 80.1% 0.90
BZ60D 0.52 71.7 81.6% 0.98
BZ100D 0.67 86.4 85.7% 1.14

Compared with in-plane resistivity, contact resistance has a much greater effect on cell
performance.

Fig 4 shows the measured contact resistance at various compaction pressures between the original
CSSFFs and carbon paper. The original BZ100D presents the smallest contact resistance all the time
among these CSSFFs. Its contact resistance is approximately 200 mQ-cm? at 1.5 MPa. While the contact
resistance between the copper fiber felt and the carbon paper is about 3.0 mQ-cm? [24], which is much
smaller than that of the original BZ100D. Gold plating can dramatically reduce the contact resistance.
As shown in Fig. 4, the contact resistances between the gold-plated CSSFFs and carbon paper decrease
to values smaller than 0.025 mQ-cm? even at compaction pressures as low as 0.6 MPa, which is beyond
the measuring range of the instrument.
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Figure 4. Contact resistance between the original CSSFFs and carbon paper at various compaction
pressures.
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3.2. PEMFC performance

The measured CV curves of PEMFC with different flow fields are shown in Fig. 5. The ECSA
of the MEA is basically the same. Hence, the difference of cell performance is mainly attributed to the
use of the CSSFFs as the flow fields.

0.4
0.2
< oo0p ,
= (
3]
t o
=
O ¥
0.2 Serpentine
— — BZ10D
BZ20D
= =BZ40D
—0.4 F BZ60D
---- BZ100D
0.6 I 1 1 1 1 1 1 1 I . I . I
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential vs. SHE/V

Figure 5. Comparison of cyclic voltammograms of fuel cells with conventional serpentine and CSSFF
flow fields at hydrogen feeding rate of 0.5 SLPM and nitrogen feeding rate of 1.0 SLPM.

Fig. 6 shows polarization curves of fuel cells with serpentine and CSSFF flow fields at the
operating pressures of 100 kPa and 140 kPa. The first thing to state is that when BZ10D and BZ40D are
utilized, the stoichiometry ratio of air has to be larger than 4 to keep the fuel cell running normally. The
possible reason is that BZ10D and BZ40D are compressed seriously during the assembling of the fuel
cells, therefore, more air is needed to expel the liquid water. As can be seen from Fig. 6, the voltages of
fuel cells with CSSFF flow fields are always higher than that of serpentine flow field. As expected, the
performances of fuel cells are improved when the operating pressure increases, as shown in Fig. 6(b).
Every fuel cell using CSSFF as a flow field shows higher current density than 1.6 A-cm™ when it
operates at a constant voltage of 0.6 V. Especially, the fuel cell with BZ100D flow field exhibits the best
performance, generating approximately 2.0 A-cm at 0.6 V, while the current density of serpentine flow
field fuel cell is merely 0.8 A-cm™. Therefore, fuel cells with CSSFF flow fields generate much more
current than conventional rib-channel flow field fuel cell.
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Figure 6. Polarization curves of PEMFC with conventional serpentine and CSSFF flow fields at 100%
relative humidity, 343.15 K operating temperature and the operating pressures of (a) 100 kPa,

(b) 140 kPa.
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The performances of various CSSFFs are very close when the current density is lower than 1.0
A-cm?, while the differences become obvious at high current density. It should be noted that larger pore
size doesn’t necessarily mean better performance. For example, fuel cell with BZ20D flow field
generates higher current density than that with BZ60D flow field.
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Figure 7. Power density curves of PEMFC with conventional serpentine and CSSFF flow fields at 100%
relative humidity, 343.15 K operating temperature and the operating pressures of (a) 100 kPa,
(b) 140 kPa.
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Fig. 7 shows the power density curves of PEMFC with serpentine and CSSFF flow fields at the
operating pressures of 100 kPa and 140 kPa. Fuel cells with CSSFF flow fields produce much more
power than that with conventional serpentine channel. To be specific, when it comes to maximum power
density at the operating pressure of 100 kPa, fuel cell with BZ100D flow field generates about 1.25
W-cm2 at 2.5 A-cm while conventional serpentine channel produces merely 0.52 W-cm2at 0.9 A-cm’
2, Therefore, the results indicate that the performance of fuel cell can be improved significantly by using
CSSFFs as flow fields. This is consistent with the conclusion made by Tsai et al. [8], Liu et al. [13] and
Park et al. [15], and their results illustrate that the performance of porous metal flow field is much higher
than that of the conventional rib-channel flow field.

Previous research [21, 24, 25] suggests that PEMFC with MFF flow field performs no better than
conventional rib-channel flow field. However, the experimental results in this work indicate that CSSFF
flow field can improve the performance of PEMFC significantly. It needs to be emphasized that these
work is not contradictory. In this study, the CSSFFs are plated with gold, which can reduce the contact
resistance between the flow field and GDL dramatically as well as improve the corrosion resistance of
stainless steel effectively. Nevertheless, the copper and stainless steel fiber felts without any surface
treatment are utilized in previous work [21, 24, 25]. In the acid environment of PEMFC, the
badlyconductive oxidation film will form on the surface of the untreated MFF, thus reducing the
performance of the fuel cell.
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Figure 8. Voltage measurement for one hour period for PEMFC with different CSSFF flow fields at
100% relative humidity, 343.15 K operating temperature and 100 kPa operating pressure.

As already mentioned above, the stability testing of fuel cells with different CSSFF flow fields
was conducted at certain current densities for an hour and fluctuations of voltages were recorded to
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verify their stability. The current densities were determined to keep the voltages of the fuel cells at
around 0.6 V. They were 1.6 A-cm?, 1.7 A-cm?, 1.8 A-cm?, 1.7 A-cm™ and 1.9 A-cm™ for BZ10D,
BZ20D, BZ40D,

BZ60D and BZ100D, respectively. As presented in Fig. 8, the voltages of all fuel cells don’t
change much during one hour period, indicating that the liquid water produced in the electrodes can be
expelled in time and the fuel cells can operate stably.

3.3. Electrochemical Impedance Spectroscopy

As shown in Fig. 6 and Fig. 7, CSSFFs generally exhibit higher levels of performance than
serpentine flow field and BZ100D performs the best, especially in the high current density region where
mass transfer resistance dominates. To better elucidate the results, EIS measurement was conducted. Fig.
9 shows Nyquist plots for each fuel cell at current densities of 0.3 A-cm?, 0.7 A-cm™, and 1.3 A-cm?,
respectively. The intersection of the real axis at high frequency implies the total internal ohmic resistance
of the fuel cell including the contact resistance and ohmic resistance of cell components such as the
graphite separators, CSSFFs and MEA. Fig. 9(a) is the Nyquist plot measured at the current density of
0.3 A-cm?, at which point contributions of mass transfer resistance are limited. It is important to note
that serpentine flow field possesses the highest ohmic resistance (4 mQ - 5 mQ) at high frequencies
while the CSSFFs present relatively low levels of ohmic resistance (2 mQ - 3 mQ). As fuel cell
performance was measured under the same conditions, different ohmic resistances observed are
considered to originate from the difference in flow fields. CSSFFs form a porous structure by
overlapping stainless steel fibers, resulting in larger contact area than serpentine flow field, thereby
lowering their ohmic resistances.
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Figure 9. Nyquist plots for the fuel cells with different flow fields under various current densities, (a)
0.3 A-cm?, (b) 0.7 A-cm?, (c) 1.3 A-cm™,

Fig. 9(c) is the Nyquist plot measured at the current density of 1.3 A-cm, at which the level of
mass transfer resistance is critical. When the mass transfer is dominant, the size of the semicircle
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measured at low frequency is dependent on the mass transfer resistance. Apparently, BZ100D flow field
improves the rate of mass transfer significantly in PEMFC, which contributes to achieving the most
excellent performance in high current density regions.
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Figure 10. Nyquist plots for the fuel cell with BZ100D flow field under various current densities, ()
0.1 A-cm?2-1.1 A-cm?, (b) 1.3 A-cm-2.3 A.cm™

Fig. 10 shows the Nyquist plots of the BZ100D flow field fuel cell at different current densities.
From Fig. 10(a), it can be seen that at low and medium current densities, the intersection point of the
low frequency part with the real axis, i.e., the total cell resistance, decreases with increasing current
density. Compared to the high and low frequency arcs, the medium frequency arc, i.e., the cathode
activation loss, is larger and dominated, and it decreases with increasing current density. As shown in
Fig. 10(b), as the current density increases from 1.3 A-cm™ to 2.3 A-cm?, the diameters of the medium
and low frequency arcs continue to increase. And the size of low frequency arc gradually exceeds that
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of the medium frequency arc, which means the mass transfer loss gradually dominates. These results are
quite similar to those presented by Park et al. [15].

4. CONCLUSION

In this work, the structure feasibility of MFFs as flow fields for PEMFC was explored
experimentally. Five types of gold-plated CSSFFs with different pore sizes and porosities, i.e., BZ10D,
BZ20D, BZ40D, BZ60D and BZ100D were investigated. Based on the measured polarization curves,
power density curves and electrochemical impedance results, the main conclusions of this study can be
summarized as follows:

(1) CSSFFs with conductive and corrosion resistant coatings could be viable alternatives to
conventional rib-channel flow field.

(2) Compared with conventional serpentine flow field, the performances of PEMFC with
CSSFF flow fields are improved significantly. In particular, fuel cell with BZ100D flow field which has
the largest pore size and the highest porosity performs the best among all CSSFFs, generating about 2.0
A-cm?at 0.6 V, and the maximum power density is approximately 1.25 W-cm? at 2.5 A-cm™.

(3) Fuel cells with CSSFF flow fields can operate stably and they generally exhibit lower
ohmic resistance than that with serpentine flow field. BZ100D flow field can improve the rate of mass
transfer dramatically in PEMFC, which contributes to achieving the most excellent performance in high
current density regions.
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