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Abstract: In this work, platinum group metal (PGM) free-based cathode active layers were prepared
using different printing techniques. The membrane electrode assemblies (MEAs) integrate a PGM
free catalyst based on Fe, N and C atoms at the cathode side. Scanning electron microscopy (SEM)
images of MEA cross sections showed the strong impact of the fabrication process on the cathode
structure, the porosity and the ionomer repartition. The MEAs were characterized in a 25 cm2

single cell using cyclic voltammetry under H2/N2. The performance of the MEAs and the double
layer capacity of the cathodes were also shown to be linked to the process used. The comparison
of the electrochemical accessible surface of the catalyst and of its surface area (SBET) led to the
determination of a utilization factor. The coated membrane (CCM) made using the decal transfer
process gives the best performances.

Keywords: PGM free catalyst; printing process; membrane electrode assembly; cathode structure

1. Introduction

Fuel cell is an alternative power generation technology that converts chemical energy
into electricity and heat through an electrochemical reaction. It has gained widespread
attention in research and development into ecofriendly energy source. In that field, pro-
ton exchange membrane fuel cell (PEMFC) is a promising energy conversion device for
automotive application thanks to its high efficiency, high power density and zero pollutant
emissions [1–3].

One major limitation of PEFMCs for commercial applications is its dependency to the
costly and scarce platinum. This metal is used as catalyst for both the oxygen reduction
reaction (ORR) and hydrogen oxidation reaction (HOR) that occur at the cathode and anode
respectively. Furthermore, the increase of mining extraction of Pt may lead to social and
environmental consequences [4].

To reduce the environmental impact and the cost of the production of PEMFC, it
is therefore mandatory to reduce its dependency on Pt. The decrease of Pt loadings in
the membrane electrode assemblies (MEAs) has focused attention in recent decades, but
the transition to a next-generation PEMFC using Platinum Group Metals-free (PGM-free)
catalysts at the cathode side is needed. The targets for performance and durability are
similar to those defined currently with Pt. For example, both the European and DoE target
for catalyst activity is 44 mA/cm2 at 0.9 V, while for MEA performance in a single cell, the
European target is 600 mA at 0.7 V under harmonized European testing conditions [3,5].
The achievement of such challenging targets need work on both electrocatalyst optimization
and catalyst layer structuration.

Among all the families of PGM free catalysts reported in the literature, such as
Ru based chalcogenide [6], cobalt based chalcogenides [7], and supported cobalt based
pyrite [8], the M/N/C material was reported as the most active for ORR in acidic media [9].
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M can be Fe, Ni, Co, and Mn, but Fe based materials were characterized as the most ac-
tive [10–12] and are commonly named as FeNX/C catalysts. For this last family of material,
the debate on the nature of the active center, either embedded Fe particles surrounded by a
carbon shell [13] or a Fe single atom surrounded by N atoms [14], was recently summarized
by Asset and Atanassov [15]. In the last decade, in order to improve their activity, numer-
ous of these FeNx/C catalysts have been obtained using different preparation pathways.
The activity of these newly developed PGM materials is often characterized using ex situ
techniques, such as the rotating disk electrode (RDE) [16]. However, their integration into
the cathode active layer of the MEA is far less commenly studied and few papers report
on the impact of the catalyst layer (CL) structure of the PGM free cathode on the MEA
performance [17–19]. In comparison, for the Pt based CL, the link between the electrode
structure, the transport mechanisms and the MEA performance has been extensively stud-
ied [20]. PGM-free catalysts need to be processed in thicker layers because of their low
ORR activity compared to PGM catalysts [21]. Threshold values of ≈3–5 µm (PGM) and
60–100 µm (PGM-free) are required for the cathode active layer thickness [17,22,23] For
these thick PGM-free cathodes, the active layer morphology, led by the fabrication process
and the nature of the integrated catalyst, has an important impact on fuel cell performance
by affecting mass transport [17,24,25] and water management [20,25,26].

MEA are made by thanks to two different methods: the first catalyst-coated membrane
(CCM), corresponds to CL deposited on the membrane and the second catalyst-coated
backing (CCB), is obtained when CL is deposited on the gas diffusion layer (GDL) to form
a gas diffusion electrode (GDE). Several CCM fabrication methods exist, including doctor
blade, screen-printing, air spraying, ultrasonic spray deposition and ink jet printing. CL
can be deposited directly on the membrane or on an inert substrate, which is then used
to carry out a transfer by decal. The CCM is integrated into a MEA by sandwiching it
between GDL; in our case the GDL integrates a carbon microporous layer (MPL). In the
case of MEA made with the CCB technique, GDE are assembled with the membrane, either
including a hot pressing step, or not [17]. The MEA were prepared either by assembling
GDE and membrane or by assembling GDL and CCM.

In this study, we therefore reported the impact of the MEA preparation technique on
both the structure of the cathode active layer and the performance of the MEA, integrating
a PGM free catalyst for ORR.

2. Results and Discussion

The Figure 2a–c shows performance of the obtained MEA; only one polarization
curve is reported for each preparation technique but each experiment has taken place
twice. Polarization curves bring out the difference in performance between the MEAs,
despite a similar composition and loading of the non-noble catalyst. The only difference
lies in the fabrication method that impacts the structure of the cathode catalyst layer. The
MEA based on CCM gave better performance than the MEA based on CCB, whatever the
printing process. That is especially true for condition 3 where the probability of water
condensation is higher due to higher inlet pressure and lower air stoichiometry. In this
condition we can observe a flooding of the MEA at around 0.07 A/cm2. The active layers
printed using a bar coater gave better performance than those printed using the spray
coater. The MEA prepared by spraying the cathode active layer directly onto the membrane
gave the poorest performance.
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Figure 1. Polarization curves obtained for MEA made by different processes. (a) Condition 2 
(H2/air): 80 °C; 50%RH; 1.5 b; St: 1.2–2; (b) Condition 3 (H2/air): 80 °C; 50/30%RH; 2.5/2.3 b; St: 
1.3/1.5; (c) Condition 5 (H2/O2): 80 °C; 50%RH; 1.5 b; St: 1.2–5. 

The CV made on this MEA are reported in Figure 2, and a large difference in the 
double layer capacitance (DLC), depending on the preparation techniques, can be pointed 
out. Serov et al. [27] showed that the higher the DLC, the higher the performance. As the 
PGM free catalysts are composed mostly of carbon, they can be considered as activated 
carbon. Under N2, there is no ORR occurring at the cathode side of the MEA. Furthermore, 
the PGM free catalysts are not active for HOR and no crossover current can be detected. 
The CV reported in Figure 2 are not corrected and are naturally centered on the Y axis, 
showing that H2 is not oxidized on the PGM free catalyst, based on Fe/N/C. Therefore, we 
can assume that, under N2, the cathode side of the MEA works as the positive electrode of 
a capacitor [17]. The surface of the double layer can be estimated considering an electrical 
double layer capacity equal to 0.2 F·m−2 and Equation (1). This surface represents the sur-
face of the carbon, electrically connected and in contact with the electrolyte, i.e., the elec-
tro-available surface (EAS). EAS is calculated according to the Equation (2). A utilization 
factor (Uf) representing the fraction of the catalyst surface available for the ORR (EAS) on 
the total catalyst specific surface area (SBET) can be calculated (Equation (3)).  C Idv dt  (1)

EAS C/cSgeo ∗  Loading ∗ 1000 (2)

Uf EASS  (3)

With: 
C in F, I current in mA corresponding to (I+ + I−/2) and (dV/dt) in mV/s.  
EAS in m2/g; 
c double layer capacity in F·m−2 (we assume c = 0.2 F·m−2); 
Sgeo: geometrical surface of the MEA in cm2; 
Loading: total catalyst loading of the cathode in mgcat/cm2; 

Figure 2. Polarization curves obtained for MEA made by different processes. (a) Condition 2 (H2/air): 80 ◦C; 50%RH; 1.5 b;
St: 1.2–2; (b) Condition 3 (H2/air): 80 ◦C; 50/30%RH; 2.5/2.3 b; St: 1.3/1.5; (c) Condition 5 (H2/O2): 80 ◦C; 50%RH; 1.5 b;
St: 1.2–5.

The CV made on this MEA are reported in Figure 3, and a large difference in the
double layer capacitance (DLC), depending on the preparation techniques, can be pointed
out. Serov et al. [27] showed that the higher the DLC, the higher the performance. As the
PGM free catalysts are composed mostly of carbon, they can be considered as activated
carbon. Under N2, there is no ORR occurring at the cathode side of the MEA. Furthermore,
the PGM free catalysts are not active for HOR and no crossover current can be detected.
The CV reported in Figure 3 are not corrected and are naturally centered on the Y axis,
showing that H2 is not oxidized on the PGM free catalyst, based on Fe/N/C. Therefore,
we can assume that, under N2, the cathode side of the MEA works as the positive elec-
trode of a capacitor [17]. The surface of the double layer can be estimated considering an
electrical double layer capacity equal to 0.2 F·m−2 and Equation (1). This surface repre-
sents the surface of the carbon, electrically connected and in contact with the electrolyte,
i.e., the electro-available surface (EAS). EAS is calculated according to the Equation (2). A
utilization factor (Uf) representing the fraction of the catalyst surface available for the ORR
(EAS) on the total catalyst specific surface area (SBET) can be calculated (Equation (3)).

C =
I

(dv/dt)
(1)

EAS =
C/c

Sgeo ∗ Loading
∗ 1000 (2)

Uf =
EAS
SBET

(3)

with:

C in F, I current in mA corresponding to (I+ + I−/2) and (dV/dt) in mV/s.
EAS in m2/g;
c double layer capacity in F·m−2 (we assume c = 0.2 F·m−2);
Sgeo: geometrical surface of the MEA in cm2;
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Loading: total catalyst loading of the cathode in mgcat/cm2;
Uf in %.

Table 1. EAS and Uf calculated for each printing technique used, with c = 0.2 F·m−2 and SBET = 520 ± 20 m2/g.

Coating Technique Loading
(mgcat/cm2) I+ + I− (mA) EAS (m2/g)

Average EAS
(m2/g) Uf (%)

Direct CCM—spray
coating-1 2 47 47

63 ± 16 12 ± 3
Direct CCM—spray

coating-2 2 78 78

CCB—Spray coating-1 2 112 112
116 ±14 22 ± 3CCB—Spray coating-2 2 119 119

Decal transfer
CCM—Spray coating-1 2 189 189

237 ± 48 46 ± 9
Decal transfer

CCM—Spray coating-2 1.17 167 285

CCB—Bar coating-1 2 510 510
489 ± 21 94 ± 4CCB—Bar coating-2 2.8 654 467

Decal transfer
CCM—Bar coating-1 2.3 460 400

411 ± 11 79 ± 4
Decal transfer

CCM—Bar coating-2 2.3 485 422
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The Uf was calculated for each tested printing technique. The data reported in Table 1
are the average value of two distinct experiments (MEA-1 and MEA-2). The values of Uf
are consistent with the performance of the MEA at low current. Indeed, the higher the Uf,
the higher the MEA performance.

It can also be noticed that the performance of the CCM made using bar coating is
better than the CCB made using the same process at a current higher than 0.2 A/cm2 under
air. The Uf is, therefore, not the only indicator for designing an optimal CL structure.
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3. Structural Characterization

The obtained SEM images allow us to compare the impact of the fabrication process
on the structure of the MEA and especially on the cathode CL structure. The Figure 4a
shows the SEM image of the cross section of the MEA obtained due to a direct spraying of
the cathode CL on the membrane. The small swelling of the membrane observed during
the printing of the CL can explain its non-flat shape. Figure 4b,c represent the SEM images
of the cross section of the MEA obtained by printing the cathode CL using the ultrasonic
spray, as for Figure 4a. It can be seen that this process results in a dense cathode CL and
the carbon particles seem flooded in ionomer and isolated from each other. Figure 4d,e
represent the SEM images of the cross section of MEA obtained using the bar coating
process. This process leads to higher porosity of the cathode CL, maintained even after
the hot pressing step, as for CCM made by the decal technique. Table 2 summarizes the
cathode active layer thickness measured by SEM for all process configurations.

As the MEAs have the same composition, the thinner the MEA, the denser it is.
The ranking of the measured thickness gives the porosity ranking. This difference of
morphology is consistent with the Uf previously calculated and explains the differences in
performance measured by polarization curves. The thickness of the cathode catalyst layer,
the CL porosity and the performance of MEA follow the same ranking.

Nevertheless, the CCM made using bar coating presents higher performances than
the CCB made using bar coating even if the CCB has a better Uf. The porosity of the CCM
is about two times higher than that of CCB. This highlights the high sensitivity of the MEA
performance to the porosity of the catalyst layer. In conclusion, for the CCB technology
made using the bar coating process, although most of the catalysts are electrically connected
and in contact with the electrolyte, the porosity of the CL is not optimal, which might
impact the gas diffusion and/or the water removal. This could explain the observed sharp
decline in polcurve of the MEA based on CCB, which is the signature of the flooding
of the CL in condition 3. As this sharp decline is seen for the 2 MEAs based on CCB,
another hypothesis, such as the differences in the interface between CL and GDL for CCB
and CCMm could be assumed. However, further studies would be needed to arrive at
a conclusion.

For this reason, we recorded SEM images using higher brightness for the CCM made
by bar coating (Figure 5). As there is no Pt at the cathode side, it is easier to discriminate
the Nafion® and the carbon. The ionomer appears brighter, the carbon grey and the pores
black. The ionomer is homogeneously dispersed and there is no excess of ionomer able to
close porosities. This structuration allows a better gas diffusion through the CL. Liu et al.
showed that the water should condensate in large pores and that the water formed inhibits
the gas diffusion into the CL [25]. Nevertheless, for CCM made using bar coating, it is to be
noticed that the pore size distribution seems homogeneous with a network of small pores
from the membrane to the GDL, which should provide a structural advantage for better
water management.
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Table 2. Thickness of cathode catalyst layer.

MEA Cathode Average Thickness (µm) Cathode Thickness Variation (µm)

Direct CCM—spray coating 18 3
CCB—Spray coating 26 9

Decal transfer CCM—Spray coating 40 3
CCB—Bar coating 50 10

Decal transfer CCM—Bar coating 90 3Catalysts 2021, 11, x FOR PEER REVIEW 8 of 12 
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4. Experimental Methpd
4.1. MEA Preparation

The 3D mesoporous structured PGM-free catalyst (PMF-011904) from Pajarito Powders
Company was integrated into the cathode catalyst layers of the MEAs by different methods.
This catalyst is based on a FeNx/C moiety integrated in a carbon matrix. Three kinds of
MEA preparation (Direct CCM, Decal transfer CCM and CCB) and two types of catalyst
ink coating process (spray coating, bar coating) were tested. MEAs were prepared using a
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poly-fluorosulfonic acid (PFSA) based membrane reference MX 820.15 from Gore, Pt/C
catalyst, reference TEC10V50E, from TKK for the anode and the GDL, reference H23C7,
from Freudenberg. In order to point out the impact of process fabrication on the membrane
integrity, a thin membrane (15 µm) was chosen.

To obtain the cathode catalyst layer, two inks were prepared by mixing catalyst,
ionomer (Nafion ® D2020) and solvents, the first specified for spray coating with a dry
extract of 2%, and the second for bar coating with a dry extract of 19%. The ionomer
at carbon ratio (I/C) was fixed to 0.89 for each process. Considering the weight of the
carbon as equal to the weight of catalyst, this ratio had already been demonstrated as a
good compromise to show enough ionomer penetration in the catalyst particles without
blocking the macropores. [20,26]. Catalyst inks are coated on several substrates (GDL
or inert substrate) using spray coating or bar coating and dried to obtain the cathode
catalyst layer.

For the anode side, the ink was deposited using bar coating on different substrates
(GDL or inert substrate) to obtain the anode catalyst layer after drying.

Spray coating was performed thanks to an automated ultrasonic spray apparatus
(Exactacoat from Sono-Tek) operating at 120 kHz. For this type of coating, several layers
were superimposed until the targeted loading was achieved.

Bar coating was performed thanks to Elcometer 4340 and a blade in one pass.
The catalyst loading was fixed at 2 mgcat/cm2 at the cathode, in order to limit the

thickness and to reduce the transport losses. The platinum loading on the anode was
0.1 mgPt/cm2. Figure 6 describes the different types of process used in this study.
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Figure 6. Schematic description of the different processes.

For each technique, at least two MEAs have been prepared and electrochemical char-
acterizations performed twice. For the MEA fabrication for the second set of experiments,
all the fabrication steps, including ink preparation, were repeated. Similar polarization
curves were obtained for the two sets of experiments.

4.1.1. Direct CCM Method

For direct CCM preparation, the anode catalyst layer was first printed using bar
coating on a PTFE transfer substrate. Then, this anode catalyst layer was transferred onto
the membrane using hot pressing. The cathode catalyst layer was coated directly onto
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the other side of the membrane using spray coating. GDL was added during the single
cell assembly.

4.1.2. Decal Transfer CCM Method

For decal transfer CCM preparation, anode and cathode catalyst layers were coated
and dried on a PTFE based transfer substrate. Both catalyst layers were simultaneously
transferred on the membrane using hot pressing. GDL was added during the single cell
assembly. The cathode CL was printed using either spray coating or bar coating process.

4.1.3. CCB Method

For CCB preparation, anode and cathode catalyst layers were coated on a GDL. Both
GDLs were hot pressed on the membrane to obtain a MEA. The cathode CL was printed
either using a spray coating or bar coating process.

4.2. Fuel Cell Tests

The single cell tests were performed thanks to a Green Light (GL-40) test station
coupled with a potentiostat Reference 3000TM from Gamry Instrument. The used graphite
monopolar plates present an active area of 25 cm2. The flow field is a single serpentine
presenting a square shape. Both the channel and the landing have a width of 1 mm. The
polarization curves were recorded under voltage control with first a voltage decrease from
0.775 ± 0.001 V to 0.285 ± 0.001 V and then a voltage increase from 0.285 ± 0.001 V to
0.725 ± 0.001 V, with a last step at 0 A, but with the electrical load still connected. The
voltage was controlled by steps of 50 ± 1 mV. Each voltage step was maintained for 300 s,
the current value was recorded every 2 s and the reported data are the averaged value on
the 20 last seconds of each step. The curves from low to high voltages are reported. Before
each polarization, the cell was maintained for 30 min at 775 mV under the conditions
corresponding to the polarization curve. The different operating conditions used are
described in Table 3. When the gas flows were controlled by stoichiometry, a minimum
flow corresponding to 2 A was maintained. The pressure was controlled at the inlet of the
cell, and the absolute value is reported. The relative humidity was managed by boilers.
The conditioning step was performed by voltage cycling corresponding to steps of 775 mV,
585 mV and 390 mV with a duration of 180 s for each step. The total conditioning duration
is 1 h, starting and finishing with a step at 775 mV. The OCV is recorded at the beginning
of the test with a disconnected electrical load under operating condition corresponding
to the condition 1. At the end of each fuel cell test, cyclic voltammograms were recorded
at 50 mV/s between 0.08 and 0.8 V vs. RHE, the CV were made at 80 ◦C, 100% RH and
1.5 bara pressure at both sides as shown on the sixth line of the Table 3. The cell was flushed
at least for 30 min with H2 at the anode and N2 at the cathode before recording the CV.

Table 3. Fuel cell test conditions.

Condition
Cell

Temperature
(◦C)

Anode Cathode

Gas RH (%) Pressure
(Bara)

Flow
(mL/min) Stoichiometry Gas RH (%) Pressure

(Bara)
Flow

(mL/min) Stoichiometry

1 80 H2 80 1.5 522 - Air 80 1.5 1243 -
2 80 H2 50 1.5 - 1.2 Air 50 1.5 - 2
3 80 H2 50 2.5 - 1.3 Air 30 2.3 - 1.5
4 80 H2 50 1.5 - 1.2 Air 50 1.5 - 2
5 80 H2 50 1.5 - 1.2 02 50 1.5 - 5
6 80 H2 100 1.5 150 - N2 100 1.5 400 -

4.3. Scanning Electron Microscopy (SEM)

SEM observations were conducted using a field emission gun scanning electron
microscope (FEG-SEM) Leo 1530 from Zeiss (Oberkochen, Germany), with an accelerating
voltage of 5 kV and a Rutherford backscattering detector RBSD. This detector generates a
better contrast between each part of the observed samples. Cross-sections of MEAs were
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cut in the center zone, embedded into epoxy-resin and polished, after the electrochemical
characterization in the single cell test. The images presented in this paper were produced
one day after polishing.

5. Conclusions

This study shows the high sensitivity of the catalyst layer structure in the performance
of cathode active layers integrating a PGM-free catalyst for ORR. We calculated a utilization
factor (Uf) to evaluate the quality of the catalyst in the active layer, which can correspond
to the roughness factor commonly used to study a conventional Pt/C catalyst. We demon-
strate that the Uf is a relevant parameter to qualify cathode CL, but the specification of
porosity is also mandatory for better understanding of MEA performances.

We established a link between the technique used to print the cathode catalyst layer,
the morphology of the cathode and the electrochemical performance of the MEAs. We
showed that CCM integrating a PGM free catalyst can be obtained at the cathode side with
better performances than CCB. This is of great importance for further selection of best GDL
for a PGM-free MEA, as the same CCM technology could be used for different tests.

We also strongly recommend the use of this Uf to benchmark PGM free catalysts
obtained from different suppliers or by different synthesis routes.
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