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Abstract—As the need for fuel cell systems increases, much research is underway to replace platinum catalysts. There-
fore, non-precious metal catalysts composed of inexpensive metal have attracted attention. Along with catalyst develop-
ment, the importance of electrode development is emphasized. In this study, two manufacturing methods using a
commercial non-Pt catalyst (FeNC) for cathode were adopted to investigate the effect of the method on the perfor-
mance of membrane electrode assembly (MEA) for polymer electrolyte membrane fuel cell (PEMFC). Additionally, the
effect of different ionomer ratios in the catalyst slurry compositions on the electrode was studied. As a result, the MEA
with cathode fabricated by the spray method displayed 2.87-times higher performance than that of MEA with cathode
by gas diffusion electrode that is manufactured using the Doctor-blade method. The higher performance of the spray
electrode is attributed to the large portions of the pores under 10 nm in the electrode estimated by the mercury intru-
sion porosimetry. Therefore, it is important to generate large numbers of mesopores to fabricate a high-performance

electrode of the non-precious metal catalyst for PEMFC.
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INTRODUCTION

Environmental pollution problems, such as global warming, are
increasingly being recognized and climate change conventions are
being realized in the international community, recognizing the
problem of carbon-based energy sources [1,2]. Due to the unsta-
ble supply of fossil fuel energy, which is mainly used in the world,
researches on renewable energy to find alternative energy sources
are being actively carried out, with many researchers paying atten-
tion to hydrogen energy [3,4]. Because hydrogen can be obtained
from water, if water electrolysis technology is secured, it can obtain
an unlimited energy source and is attracting attention as a future
energy source because of its high energy density [3-8]. As a result,
more attention has been focused on fuel cells that use hydrogen as
a fuel [3,4,8]. In addition, commercial fuel cell electric vehicles have
recently been in operation, and various applications utilizing hydro-
gen fuel cells such as ships and drones have been actively devel-
oped [8]. Depending on the various hydrogen-related technologies,
the demand for catalysts is anticipated to surge further in the future
[9]. Particularly, Pt catalysts have been mainly applied to fuel cells.
Pt reserves are limited and concentrated in some regions, espe-
cially in South Africa [10]. As a result, there are concerns that there
will be more problems in the future, such as higher Pt prices and
reduced resources. Therefore, many researchers have been carry-
ing out studies to increase the activity while lowering the amount
of platinum to lower the price of the systems [11-14]. For this pur-
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pose, much research has been done on Pt-alloys, Pt de-alloys, core-
shell catalyst, and non-precious metal catalysts (MPNC) for sev-
eral decades [15-21]. Among them, the development of NPMC,
especially FeNC-based catalysts with activity for oxygen reduction
reaction (ORR) have been attracting great attention as an alterna-
tive to lower the cost of the catalysts because it does not use pre-
cious metal components.

Along with the development of FeNC-based catalysts, FeNC-
based catalysts having ORR activity similar to that of Pt catalysts
have been reported [14,25-27]. However, to realize performance in
the membrane electrode assembly (MEA) level similar to that of
the Pt catalyst, the catalyst layer must be at least four-times larger
than that of the Pt catalyst [28,29]. Thus, it is still demanded the
investigation of the fabrication method for cathode using the NPMC
because the research on the electrode manufacturing has not pro-
gressed much.

In this study, the MEA performance of the commercial FeNC
catalyst cathode manufactured by two different methods such as
spray method and gas diffusion electrode (GDE) method was inves-
tigated. MEA performance was also measured according to the
different ionomer content such as 37.5, 50, and 60 wt% in the cata-
lyst ink. As a result, the MEA with cathode from the spray method
(0.43 A/em® at 0.6 V) showed improved performance compared
with the MEA using cathode from the GDE method (0.15 A/cm’
at 0.6 V). The enhancement of the MEA performance is accounted
for the large portions of the mesopores around 10 nm of the elec-
trode in the structural view, which is suggested by the mercury
intrusion porosimetry. Additionally, this MEA performance differ-
ence by the fabrication method is attributed to the differences in
the charge transfer resistance in the electrochemical aspect, which
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is provided by the electrochemical impedance spectroscopy.
EXPERIMENTAL

1. MEA Fabrication
1-1. Spray Method

MEA fabrication was carried out in the order of catalyst ink dis-
persion, catalyst ink coating, catalyst layer drying, transfer, and cell
assembling. Non-precious metal-based FeNC catalyst with 0.5%
Fe (PMF-011904, Pajarito Power) and 20 wt% Pt/C (RTX) catalyst
were used as catalysts for cathode and anode, respectively. The car-
bon that self-generated during the synthesis process of commer-
cial FeNC was partially graphitized, which is comparable to Vulcan
XC-72 carbon. The catalyst inks were prepared by first hydrating
the catalyst in deionized water and then mixing catalyst with iso-
propanol (IPA) and the 20 wt% ionomer (EW-825, 3M) together.
The ionomer content was set to the weight of the ionomer com-
pared to the catalyst layer after drying. The ionomer content was
based on 50 wt% in order to sufficiently cover the carbon, and
37.5 and 60 wt% were tested to find the optimal ratio by addition-
ally adjusting the amount of ionomer [30-32]. Solvents for catalyst
inks consisted of deionized water (DW) and IPA. The weight ratio
of DW to IPA in the slurry was fixed to be 1:2 [9,30]. The solid
content of the ink containing the catalyst was adjusted to be 3-
4 wt% [33]. Thereafter, the catalyst inks were mixed using a mag-
netic stirrer for 1h, and then the ink was dispersed for 30 min
using Ultrasonic Processor (750 W). The catalyst ink was stirred
for one day to stabilize the inks. After ink preparation, the inks
were directly sprayed on a membrane (Nafion” 211) using a hand
spray-gun (Gunpiece GP 1, Fuso Seiki Co.). During the spray, the
membrane was fixed on the hot plate at 80 °C to remove solvents
quickly. Catalyst coated membrane (CCM) was prepared by first

spraying the anode and then spraying the cathode. CCM was then
dried in a convection oven at 60 °C overnight. The active area of
the electrode was 9 cm” (3x3 cm”). Spray method MEA was fabri-
cated by assembling CCM with the gas diffusion layer (GDL, INTG
A2-30). The loading of the FeNC catalyst on the cathode was 3 mg/
cm’ and the Pt loading on the anode was 0.1 mg/cm’. The cell was
cross-tightened with eight bolts using a torque wrench at 6 N m.
1-2. Gas Diftusion Electrode Method

MEA with gas diffusion electrode (GDE) method was fabricated
using ball-milled catalyst ink. In the catalyst ink preparation, deion-
ized water and a catalyst were initially added to a ball jar to hydrate
the catalyst to prevent the firing, and dipropylene glycol (DPG):
DW was mixed at a ratio of 1:1 by weight, then the ionomers
described above were added together. The solid content of all the
catalyst inks was about 16-20 wt%. The catalyst ink was homoge-
neously mixed using ball milling for 1 h [34,35]. The prepared cat-
alyst ink was coated on the cathode GDL at a rate of 10 mm/s using
a doctor blade. Anode was prepared by directly coating on the mem-
brane in the same way as the manufacturing method of 2.1.1. Coated
GDE and anode were then dried in a convection oven at 60°C
overnight. GDE-method MEA was fabricated by assembling the
above cathode and anode. There is a paper for the GDE method
hot pressing reduces the performance of the electrode by decreas-
ing the pores of FeNC electrode. Therefore, to prevent electrode
performance reduction, MEA was prepared without hot pressing
[36]. The loading of the FeNC catalyst on the cathode was 3 mg/
cm’ and the Pt loading on the anode was 0.1 mg/cm’.
2. Electrochemical Analysis and Single-cell Test

The gasket for gas-sealing used was 235 and 290 um for anode
and cathode, respectively. Gasket, GDL, and electrode were tight-
ened without the hot-pressing process by torque wrench at 6 N m.
The thickness of the electrode was compressed to 80% of the pris-

Fig. 1. SEM images of the cathode layer fabricated by spray method (a) ionomer content of 37.5 wt%, (c) ionomer content of 50 wt% and (e)
ionomer content of 60 wt% and GDE method (b) ionomer content of 37.5 wt%, (d) ionomer content of 50 wt% and (f) ionomer con-

tent of 60 wt%.
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tine thickness. After tightening, the single cell was hydrated by sup-
plying hydrogen and nitrogen at a rate of 130 sccm at 65 °C with
100% relative humidity (RH), respectively. Cydlic voltammetry (CV)
test was performed at 0.05-1.0 V before the cell test. After the CV
test, the atmosphere of the MEA was changed by supplying hydro-
gen and oxygen, respectively at 65 °C at 100 kPa backpressure for
the anode and 200 sccm for the cathode. I-V polarization curves
were obtained using a fuel cell test station (Scitech Korea Co. Inc.)
by increasing the current density of the single cell. Electrochemi-
cal impedance spectroscopy (EIS) was measured at 0.4, 0.6, and
0.8V, respectively, for the MEA having sprayed cathode, over the
frequency range from 10kHz to 0.01 Hz [35,37]. However, EIS
was measured at 0.6 V for the MEA having the cathode by GDE
for comparison.
3. MEA Characterization

The surface morphology of MEAs was analyzed by the scan-
ning electron microscope (SEM) (Hitachi S-4700 Field Emission
SEM with an accelerating voltage of 10kV). The pore size distribu-
tion of the electrodes was measured using mercury intrusion poro-
simetry (MIP) (Micromeritics Autopore V 9600).

RESULTS AND DISCUSSION

1. Physical Characterization

From SEM images (Fig. 1), there was no significant difference
in electrode surface morphology according to the manufacturing
method. As the jonomer content increased, it could be observed
that the pores were blocked. At the ionomer content of 60 wt%,
many pores were covered with ionomers. On the other hand, when
the ionomer content was 37.5 wt%, many pores were observed. The
surface of the electrode is considered to be affected by the ratio of
the ionomer more than the electrode manufacturing method. It is
reported that the pore distribution of the electrode affects the per-
formance of the electrode. In Fig. 2, the electrode from the spray
method displays a larger portion of the mesopore between 30-
100 nm than those of the electrode prepared by the GDE method
regardless of ionomer content. Well-developed mesopores can im-
prove oxygen transport by reducing the O, diftusion distance, result-
ing in enhanced performance of MEA with sprayed-cathode than
that of MEA with cathode by bar-coating [38-41]. The more pores
smaller than 10 nm when forming the electrode, the performance
was improved [42]. As a result of analyzing the pore distribution
of the electrode formed by two different methods in this experi-
ment, it was observed that about 10 nm of pores were mainly dis-
tributed in the electrode manufactured by the spray method. On
the other hand, the electrode manufactured by the blade coating
did not have many pores of less than 10 nm. It is considered that
the main reason for the difference in MEA performance between
the blade method and the spray method is due to small pores of
about 10 nm. It has been considered that as more mesopores develop,
the more ORR active -N and -Fe sites could be easily exposed to
oxygen molecules, which contributes to the improvement of MEA
performance [40,43,44]. Besides, mesopores have an additional effect
on exposing the active site [43]. Comparing the electrodes with
different fabrication methods, more pores around 10 nm devel-
oped in the spray electrode than the GDE electrode. Therefore,
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Fig. 2. The pore size distribution estimated from the mercury intru-
sion porosimetry from the electrode having difference iono-
mer content.

the spray method is considered to less reduce the number of active
sites in the catalyst distributed in small pores rather than the GDE
method.
2. MEA Performance

Fig. 3 shows the I-V polarization curves according to the elec-
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Fig. 3. (a) MEA performance for comparing the electrode from spray and GDE methods, (b) change of the MEA performance by the iono-
mer contents.
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Fig. 4. Nyquist plots from electrochemical impedance spectroscopy. (a) MEAs with sprayed cathode and GDE cathode at 0.6 V, (b) MEAs by
sprayed cathode with ionomer content at 0.4V, (c) MEAs by sprayed cathode with ionomer content at 0.6 V, and (d) MEAs by sprayed
cathode with jonomer content at 0.8 V.

trode manufacturing method and ionomer content. In Fig. 3(a), cathodes with varying ionomer content were prepared to find the
the electrode fabricated by the spray method (0.43 A/cm’ at 0.6 V) proportion of ionomers that properly cover the catalyst. Compar-
is 2.87-times greater than the GDE method (0.15 A/cm” at 0.6 V). ing the MEA performance according to jonomer content in the

The main reason for the difference in MEA performance between spray method, the current density was 031, 0.43, and 0.39 A/cm’
spray and GDE methods is the presence of 10 nm mesopores. Three at 0.6 V according to the ionomer content of 37.5, 50, and 60 wt%,
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Table 1. EIS analysis of spray and GDE method MEAs

Voltage Method Ionomer contents Ro Reya Ree
V) (wt%) (Q-cm?) (Q-cm?) (Q-cm?)
Spray 37.5 0.07031 0.09741 0.2513
04V Spray 50 0.08451 0.08091 0.2204
Spray 60 0.09417 0.08562 0.2402
Spray 37.5 0.06997 0.2428 0.4479
06V Spray 50 0.08140 0.1919 0.2884
' Spray 60 0.09197 0.1908 0.3628
GDE 50 0.07829 0.2464 0.8297
Spray 37.5 0.07411 0.7962 1.9098
08V Spray 50 0.08796 0.6725 1.1919
Spray 60 0.09606 0.7471 1.2483

respectively. The electrode with ionomer content of 37.5wt% has
lower MEA performance than that of the electrode with ionomer
content of 50 wt% because the insufficient amount of ionomers in
the electrode does not cover the catalyst sufficiently [30]. When
the ionomer content increases from 37.5 to 60 wt%, it can be ob-
served that the utilization of the catalyst increases and the MEA
performance of the electrode in the kinetic region improves. How-
ever, the electrode with high ionomer content (60 wt%) is difficult
to remove water, resulting in a decrease of the MEA performance
compared to the 50 wt% in mass transfer regions [28,36].
3. Electrochemical Analysis

EIS data according to the manufacturing method and ionomer
content after fuel cell testing are displayed in Fig. 4. Table 1 lists the
fitting values of EIS data using the equivalent circuit in inset of
Fig. 4(a). From the EIS data, charge transfer resistance of anode
(Ry;4) and the cathode (R, ) and bulk resistance (R;) were ex-
tracted using an equivalent circuit as shown in Fig. 4(a) [35,45].
The R, ¢ (02884 Q-cm’) of the electrode by the spray method is
3.3-times smaller than the R, ¢ (0.8297 Q-cm’) by the GDE method
at 0.6V as listed in Table 1. Comparing the resistance components
of the two electrodes, R, - show the largest difference between the
three components. The EIS analysis suggests that the difference in
MEA performance is related to the R, . differences. In the EIS
analysis of the electrodes with various ionomer content, the elec-
trode with ionomer content of 37.5wt% displayed higher resis-
tance than the other two electrodes in both R, , and R, ¢, which
is attributed to the inadequate distribution of ionomer on the cata-
lyst, resulting in lower catalyst utilization. At 0.4 and 0.6V, the
overall trends did not change. However, it was confirmed that the
R, difference between MEA having 37.5 wt% and 50 wt% iono-
mer content reduced with decreasing voltage, and the R, differ-
ence between MEA with 60 wt% and 50 wt% ionomer decreased
with increasing voltage. Through these results, it could be inferred
that at the low voltage region, MEA performance is improved with
a low ionomer content. Conversely; high ionomer content is advanta-
geous in high voltage regions. The electrode with the ionomer
content of 60 wt% had a 10% difference in MEA performance from
the electrode with the ionomer content of 50 wt%. From CV meas-
urements as shwon in Fig. 5, the oxygen reduction peaks were
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Fig. 5. CV measurements for MEAs from spray method at 65 °C.

observed as 0.724 V (50 wt%), 0.713 V (60 wt%), 0.692 V (37.5 wt%),
respectively. Oxygen reduction peaks showed a similar trend to
the MEA performance results [39].

CONCLUSIONS

An electrode was fabricated by the blade method and the spray
method to find a suitable electrode manufacturing method for
FeNC. The biggest difference in MEAs manufactured in two ways
was due to the difference in porosity. The 10 nm mesopores were
considered to have caused the MEA performance difference be-
tween the two electrodes. The difference in pores is attributed to
the difference in drying time according to the electrode manufac-
turing method. Therefore, when manufacturing FeNC electrodes,
it is important to have a way to shorten the electrode drying time
in the electrode manufacturing process, such as the spray method.
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