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Carbon aerogels exhibiting high porous volumes and high surface areas, differentiated by their pore-size
distributions were used as Pt-supports in the cathode catalytic layer of H,/air-fed PEM fuel cell. The
cathodes were tested as 50 cm? membrane electrode assemblies (MEAs). The porous structure of the syn-
thesized catalytic layers was impacted by the nanostructure of the Pt-doped carbon aerogels (Pt/CAs). In
this paper thus we present an experimental study aiming at establishing links between the porous struc-
ture of the cathode catalytic layers and the MEAs performances. For that purpose, the polarization curves

gEyngng:cells of the MEAs were decomposed in 3 contributions: the kinetic loss, the ohmic loss and the mass-transport
Carbon aerogels loss. We showed that the MEAs made with the different carbon aerogels had similar kinetic activities
Cathode (low current density performance) but very different mass-transport voltage losses. It was found that the
Catalyst higher the pore-size of the initial carbon aerogel, the higher the mass-transport voltage losses. Supported
Platinum by our porosimetry (N,-adsorption and Hg-porosimetry) measurement, we interpret this apparent con-

Transport losses tradiction as the consequence of the more important Nafion penetration into the carbon aeorogel with
larger pore-size. Indeed, the catalytic layers made from the larger pore-size carbon aerogel had lower
porosities. We thus show in this work that carbon aerogels are materials with tailored nanostructured

structure which can be used as model materials for experimentally testing the optimization of the PEM

fuel cell catalytic layers.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Achieving PEM fuel cell air-fed cathodes with optimal perfor-
mances requires dispersing the total amount of electrocatalyst on
a high surface-area support, while preserving reactants and prod-
ucts access to the catalytic sites. Although high surface-area carbon
blacks yield appropriate platinum particles dispersion over the
substrate, their use can lower fuel cell performance [1]. Indeed,
high surface-area carbon blacks (over 500 m2 g~1) are constituted
of small primary carbon particles (10-15nm) covalently linked
as aggregates which agglomerate by soft bonds (Van der Waals)
yielding small pores and these small pores can hinder transport
mechanisms to the Pt particles.

State-of-the-art catalysts made from Pt supported on high sur-
face area carbon blacks cope with this problem thanks to their high
loadings in platinum (50 wt.% Pt and more). For a given Pt loading
of the electrode (mgp, cm~2), this enables to make thinner catalytic
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layers with low mass-transport potential losses despite their low
porosity. Nevertheless, as mentioned by Gasteiger et al. [2], a fur-
ther reduction of these losses is one of the requirements to further
improve the performances and reach marketable PEMFC. In this
way, our work focuses on a relatively recent type of porous car-
bon, called carbon aerogels [3], because carbon aerogels could be
relevant to overcome this issue.

The similarity between carbon aerogels and carbon blacks is that
they can be both made of small primary carbon particles, the size
of which determines their surface area (over 500 m? g~! for carbon
particles of diameter typically around 10 nm). The major difference
between carbon blacks and carbon aerogels is the arrangement
of these primary carbon particles, i.e. their porous structure. For
carbon aerogel, this arrangement can be tuned without changing
significantly the size of the particles by the sol-gel synthesis param-
eters (reactants concentration in the sol and precursors ratio).
Therefore surface area and porous properties (pore size and porous
volume) of carbon aerogels are not linked. Whereas, in the case of
carbon blacks, the porous properties are determined by the carbon
particle aggregates structure and agglomeration of these aggre-
gates which are hardly controllable and makes that the size of
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the carbon particle (i.e. surface area) and volume properties are
linked.

The carbon aerogels used in this study have relatively large pore-
size and high porous volumes (>90% porosities) with high surface
area. Such a combination of properties is not achievable with carbon
blacks. This makes carbon aerogels interesting for both improv-
ing performances and studying mass-transport losses of the PEMFC
cathode.

Carbon aerogels, which can be seen as a volume of space tri-
dimensionally delimited by a thin carbon skeleton, have already
successfully been used as heterogeneous catalyst supports. Gas
phase catalytic reactions have been improved by the high poros-
ity of carbon aerogels, which facilitates the reactant diffusion to
the catalytic sites [4].

In this work, the mass-transport voltage losses of PEMFC cath-
odes, already studied by several groups [2,5,6], have been extracted
from experimental polarization curves (U=f{i)). These losses are
usually associated with the diffusion of oxygen through the elec-
trode structure (i.e. pores and Nafion films covering the catalyst
particles). Proton transport into the perfluorinated ionomer net-
work [6] may also contribute to these losses, as this conduction
mechanism may not only have an ohmic contribution. Indeed, pro-
ton conduction in Nafion is a complex mechanism. It is interpreted
by Tsampas et al. [7,8] both as proton bulk-migration in the water
domains of the membrane and as proton surface-migration by
tunneling at the surface of the ionic domains. Finally, the mass-
transport losses are also impacted by the water produced by the
oxygen reduction reaction (ORR) at the catalytic sites and carried
by humidified reactant gases.

Most importantly, the design of the catalytic layer requires to
understand the dependence of the mass-transport mechanisms
with the catalytic layer nanostructure. So this preliminary work ini-
tiates the experimental study of the mass-transportlosses in PEMFC
cathodes by using a tunable porous carbon support, namely carbon
aerogels.

We synthesized Pt-doped carbon aerogels [9-11] to elaborate
porous cathode catalytic layers. Then, we assembled these catalytic
layers in membrane electrode assemblies (MEAs) and measured
their: (i) active platinum surface area, (ii) carbon double-layer
capacitance and (iii) performance when fed with air on a single-cell
testing bench.

In our previous work [9] rotating disk electrode (RDE) mea-
surements showed that platinum nanoparticles with identical
dispersion and ORR kinetic activities could be deposited on two
carbon aerogels having different porous structures with fixed Pt
properties, enabling to study the effect of the carbon aerogel struc-
ture.

We also performed the electrochemical characterization in half-
cell configuration of catalytic layers [10] made with Pt-doped
carbon aerogels on small (0.75 cm?2) electrodes immersed in 1M

Table 1

Carbon, platinum and Nafion loadings, Lc, Lp;, Ly of the cathode catalytic layers
(50 cm?) of the “Ink” MEAs, “Reference-0.6" MEA prepared for fuel cell characteriza-
tion. “Nafionless” and “S” MEAs prepared for the evaluation of the cathode realization
technique.

Lc (mgc cm~2) Lp (mgpe cm=2) Ly (mgy cm—2)

(£10%) (£10%) (£10%)
CA#1-1-0.5 1 0.5 0.5
CA#1-1-0.21 0.42 0.21 0.21
CA#2-1-0.5 1 0.5 0.5
CA#2-1-0.21 0.42 0.21 0.21
CA#2-1-0.13 1 0.13 0.5
Reference-0.6 0.9 0.6 0.33
CA#1-5-0.28 0.56 0.28 0.28
CA#2-5-0.08 0.16 0.08 0.08
CA#2-0.1 0.2 0.1 0.1

sulfuric acid solution. This work showed that the structure of the
carbon aerogel has a major influence on the structure of the catalytic
layer.

Following those results, the present paper aims at establish-
ing links between the structure of the cathodes made from carbon
aerogel-supported platinum nanoparticles (Pt/CA) with their elec-
trochemical performance in MEA configuration. Our experimental
work lies on the comparison of: (i) two carbon aerogels CA#1 and
CA#2, exhibiting different porous structures and (ii) various cat-
alytic layers realization techniques.

2. Experimental

2.1. Preparation of the MEAs with carbon aerogel-based cathode
catalytic layers using an ink technique

The synthesis parameters of the carbon aerogels used in this
work (CA#1 and CA#2) and the Pt insertion technique are described
in our previous studies [9,11]. The Pt loading obtained on both car-
bon aerogels was 33.7 +£0.1 wt.%. These catalysts were obtained as
powders consisting of micron-sized carbon aerogel grains resulting
from the crushing of the initially cm-sized carbon aerogel mono-
liths in an agate mortar, operation which does not destroy the initial
mesoporosity of the carbon aerogel. To make the inks, the Pt/CAs
were suspended as a powder into a low concentration (0.3 wt.%)
[12] aqueous suspensions of Nafion by using a commercial 10 wt.%
Nafion suspension in water (Ion Power Inc. DE1020). The inks were
magnetically stirred for 24 h and then sonicated for 1 min with an
ultrasonic generator before being sprayed to make the cathode cat-
alytic layers.

The spray was applied onto a Kapton foil in front of which was
placed another Kapton foil with a 7.1 cm x 7.1 cm slot. These foils
(75 pm thickness each) were placed on a heating plate to keep the
sprayed surface at about 100°C, so that the water of the ink evap-
orated continuously while spraying. The subsequent assembly of
the catalytic layer on the Nafion membrane was realized by hot-
pressing (20 MPa, 120°C, 2 min) the Kapton decal against a Nafion
NE1035 membrane (DuPont membrane, purchased from lonPower
Corp.). The membranes and the Kapton foils were washed before-
hand in boiling HNO3 0.5M for 1 h and rinsed in boiling deionized
water bath for at least 1 h.

A commercial catalyzed carbon felt was used as the anode in all
the MEAs tested. The catalyst (4 wt.% Pt-doped carbon black from
TKK) was deposited by the Paxitech company onto the carbon felt
(GDL 2315 16 with PTFE treatment, from Freudenberg GmbH) with
0.6 mgp; cm~2 platinum loading mixed with Nafion 0.24 mgy cm—2
(i.e.N/C=0.36). The same carbon felt was used as the cathode GDLs.
The cell gaskets (adapted to the GDL from Freudenberg) were finally
placed on the membrane. This constituted the assembly which was
hot-pressed at 3 bar, 70°C (to ensure better handling and contact
at the cathode GDL-catalytic layer interface) before being placed
between graphite flow-fields plates. The cell end plates where tight-
ened by 10 screws on which 3 N m angular momentum was applied.

The 50 cm? cathode catalytic layers of the MEA all had the same
Nafion/Carbon (N/C) ratio of 0.5. The main adjustable parameter
for the preparation of the MEAs was the platinum loading of the
cathodes, so the MEAs are referenced as follows. The CA#1-1-0.5
MEA has a cathode catalytic layer prepared from the Pt-doped
carbon aerogel CA#1 and the cathode platinum surface loading
is 0.5mgp.cm~2. The letter “I” signifies that an ink technique
(described below) has been used to make the catalytic layer. Table 1
summarizes the MEA properties that will be presented hereafter.

In order to characterize the commercial (Paxitech company) cat-
alyzed felt which was used as anodes in all the aforementioned
MEAs and to validate our measurement technique, a reference MEA
was made from the assembly of two of these Paxitech electrodes,
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hot-pressed against the Nafion membrane NE1035. This MEA is
called Reference-0.6 referring to its cathode Pt loading.

The ink technique described (MEA labeled “I”) above is one of the
most employed technique found in the literature (similar to the so-
called thin-film technique [13,14]) using carbon blacks as platinum-
support. So because carbon aerogel is a new catalyst support which
has major structural differences with carbon blacks, we wanted to
determine if the ink technique employed to disperse the Nafion
polymer on the carbon surface was efficient. For that purpose, two
other different preparation techniques were employed to make the
Pt-doped carbon aerogel cathodes.

The first variation of our standard ink technique was the “Nafion-
less” technique consisting in spraying a Pt-doped carbon aerogel
water suspension (without any Nafion) on the Kapton decal and
pressing it against the Nafion membrane. By testing this kind of
catalytic layer (CA#2-0.1), we intended to measure whether the
hot-pressing of the catalytic layer against the membrane could yield
asignificant penetration of the Nafion inside the catalytic layer. The
second variation of the cathode realization technique (MEA labeled
“S") consisted of spraying the Nafion colloidal suspension (0.3 wt.%,
same as in the inks) on the top of the Pt/CA layer which were sprayed
beforehand.

2.2. Characterization of the materials

2.2.1. Intrinsic platinum deposit properties

The intrinsic properties of platinum on the carbon aerogels were
obtained (rotating disc electrodes experiments) in our previous
study [9]. We showed that platinum deposited on CA#1 and CA#2
exhibited similar electrochemically active Pt-surface area (Sp; =
43 £2 ng[jtl ) and ORR activities in O, saturated HySO4 (1 M) solu-
tion at room temperature (i; = 94 0.1 Agl;tl at 0.9V vs. NHE).

2.2.2. Porous structure characterization

For the measurement of the porosity of the Pt/CA + Nafion layers,
only the cathode catalytic layer was deposited on one side of the
Nafion membrane. These catalyzed membranes were cut in stripes
fitting inside the porosimeter chamber (1-2 cm). For this particu-
lar characterization, two different Nafion loadings were tested (25
and 40 wt.%) and the loadings in Pt/CAs were 0.1 +0.01 mgcm~2.
The combination of N,-sorption and Hg-porosimetry techniques
was required to characterize the porosity of the layers made with
carbon aerogels because their pore-sizes extend in the domain
of large mesopores (around 50 nm). Ny-sorption isotherms pre-
cisely yield the BET surface area (Sggt) and the microporous volume
(Vmic) whereas the mesoporous volume is underestimated if only
N,-sorption is used [15] so it was mainly measured from Hg-
porosimetry which is a direct measure of the porous volume. So
we used the Hg-porosimeter to its maximum pressure (2000 bar)
to measure the porous volume of all the pores larger than 7.5 nm
whereas the remaining small mesopores (between 2 and 7.5 nm)
porous volume (Vies(2-7.5 nm)) was assessed from the N, -sorption
isotherms. The total porous volume was thus obtained from the
following equation:

Vb = Vinic + Vmes(2 — 7.5nm) + Vyg (1)

The pore-size distributions derived from Hg-porosimetry were
calculated from an adapted hierarchical pore collapse theory intro-
duced by Pirard et al. [16]. Indeed using the commonly used
Washburn equation yields a false result in terms of pore size
because it does not account for the deformation of the porous struc-
ture occurring before the intrusion of Hg. In fact, the intrusion of
mercury occurred only at high Hg pressure so that the majority of
the pore sizes were assessed from the Pirard et al model as pre-
sented in [10].

2.2.3. Porous structure observation

The relative complexity of the interpretation of the measure-
ments of highly porous carbon aerogel structure to draw pore-size
distributions rendered necessary the direct observation by scan-
ning electron microscope (SEM) of the carbon aerogels porosity and
of the Nafion insertion in their structure. This was done by means
of a SEM equipped with a field emission gun detector (FEG-SEM).

2.2.4. Catalytic layers activity measurement, 50 cm?> MEA
configuration

2.2.4.1. Operation of the testing bench. The 50 cm? MEAs electro-
chemical properties were measured on a single-cell testing bench
designed and assembled in our laboratory. The MEA was fed with
H,/air (Hy Air Liquide alphagaz 2). Oxygen (O, Air Liquide alphagaz
2) was also used in comparison with air at the cathode, as pre-
sented in Section 3.6.2.2. The total pressure (Piot) of the gases was
controlled by pressure regulators (Bronkhorst) placed upstream of
the gas line exhaust. The gas flow rates were controlled by means of
mass flow regulators (Bronkhorst) which were placed at the input
of the gas line circuit, upstream to the gas humidifiers (controlled
evaporator mixers from Bronkhorst). The humidifiers enabled to
tune the relative humidity by controlling the mass flow rate of input
water. For this study, only 100% relative humidity was used. The
cell inlet pipes and the controlled evaporator mixers were over-
heated of 5°C over the cell temperature (70°C), preventing water
condensation before the cell. The cell temperature was controlled
by heating cartridges placed inside the cell stainless steel holding
plates. The cartridges power output was regulated using a ther-
mocouple placed 1cm inside the cell cathode graphite flow plate.
The gas temperature was recorded at several points along the flow-
fields at the anode and cathode side.

The cell voltage was controlled by means of a numeric high
power potentiostat (Biologic HCP-803, 80 A—3V, 240 W). Each new
MEA was submitted to a start-up procedure consisting of keeping
the cell between 0.4 and 0.5V for half a day with short periods at
0.8 V. The MEA performance improved during this start-up proce-
dure and stabilized at the end of it. The experimental data points
of the polarization curves were measured at the stabilization of the
intensity about 15 min after setting the cell voltage. This procedure
enabled to obtain ongoing and backward points close to each other.

2.2.4.2. Platinum surface area and capacitance measurement. The
electrochemical platinum surface area (ECSA) and carbon double-
layer capacitance of the cathodes were obtained from cyclic
voltammograms recorded between 0.05 and 1V vs. NHE in the sin-
gle cell testing bench. For this measurement, the cathode, fed with
humidified nitrogen, was the working electrode (WE). The anode
was fed with humidified hydrogen and was taken as the reference
electrode (RE) and the counter electrode (CE) at the same time.
Considering the anode as a reference electrode and as the counter
electrode at the same time could be a problem since its potential
may change with the current. But the hydrogen oxidation is very
reversible and the currents are of small intensity, so we can consider
that the potential of the anode is constant, as well-documented in
the literature under the dynamic hydrogen electrode appellation
[17,18].

The voltammograms obtained on the Reference-0.6 MEA com-
pared with a typical MEA CA#1-1-05 are shown in Fig. 1.

The ECSA was measured from the coulometry of the H-
adsorption-desorption peaks [11], which corresponds to the
dashed and grey domains on the cyclic voltammograms of Fig. 1. The
carbon double-layer capacitance was calculated from the voltam-
mograms in the potential domain 0.35-0.45V where the platinum
yields no specific current and no faradic reaction occurs [19]. The
current measured in this potential domain (double-layer current
ig;) is linked to the carbon double-layer capacitance ij‘l’tal by the
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Fig. 1. Cyclic voltammograms. Reference-0.6 MEA, compared with a carbon aero-
gel containing MEA CA#1-1-05. Cathode (WE) under N, potential sweep rate
(dU/dt)=0.1Vs~', 70°C, anode (CE = REF) under H,.

following equation:

du
dt

with dU/dt the potential sweep rate.

As stated above, we assumed constant potential at the hydro-
gen electrode during the measurement, which implies that the
Faradic current at the negative electrode (PEMFC anode) is poten-
tially orders of magnitude higher than that of the positive electrode
(PEMEFC cathode). Therefore, the measured current must be lim-
ited by the capacitive current provided at the cathode, due to
double-layer phenomena. Consequently, the carbon double-layer
capacitance measured in such experiment is only relative to the
cathode, and the carbon/Nafion contact at the hydrogen electrode
does not contribute to the total capacitance. According to Eq. (3),
this implies that the anode capacitance under hydrogen is infinite
(in fact, this infinite value translates the fast hydrogen oxida-
tion/evolution reaction):

1 1 1 1

Cé?tal - Cgiwde + Cslathode ~ Cglathode (3)

idl — C(tjcl)tal

(2)

As no signal, neither from carbon nor from the platinum con-
tained in the cathode, can be recorded in the lack of ionic contact
by the Nafion ionomer [20], the measurement of the Pt surface area
and the double-layer capacitance give an indication of the penetra-
tion of the Nafion into the porous structure of the positive electrode
(PEMEFC cathode) catalytic layers based on carbon aerogels.

2.2.4.3. Ohmic resistance measurement. The ohmic resistances of
the MEAs, measured on the single-cell testing bench, were taken
as the value of the complex impedance Z of the cell when Im(Z)=0
at high frequency [21]. We controlled the potentiostat so that it
applied to the cathode (fed with 100% Ry nitrogen) a potential per-
turbation of 20 mV over a fixed cell potential (open circuit, 0.8 or
0.4V) at 32 different frequencies between 0.1 Hz and 0.2 MHz.

This way of measuring the ohmic resistance was reproducible
and precise but unfortunately it does not comprise all the contri-
bution to the ohmic resistance of the MEA. According to Makharia
et al. [22], the most considerable part of the resistance that is not
measured at high frequency is the ionic resistance of the cathode
catalytic layer.

In situ determining the ionic conductivity of the PEMFC cathode
catalytic layer (during operation), requires theoretical considera-
tions and modeling of the catalytic layer [5,22]. As this preliminary
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Comparison of the porous volumes measured between 2 and 50 nm from N,-sorption, the total porous volume, pore-size distribution (PSD) peak position and PSD min-max for the two carbon aerogels CA#1 and CA#2 and the
2 Values related to the mass of carbon only.

active layers made using two different Nafion loadings 25 and 40 wt.%. The values are related to the total mass of the layers excepted Sger and Vyyic. The Pt loading for all the layers

Table 2
CA#1
CA#2
CA#1-N25
CA#1-N40
CA#2-N25
CA#2-N40
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work is based on experimentation, it seemed reasonable to
assimilate the unmeasured part of the ionic conductivity as a mass-
transport loss.

3. Results and discussion

3.1. Porosity of the Pt-doped carbon aerogel/Nafion-based
catalytic layers

We will recall in this part the results of the porosity character-
izations from our previous studies [9,10]. The surface area, porous
volumes and pore-size distributions (PSD) are described in Table 2.
The PSD are described by the position of their peak (PSD maximum
value position) as well as the minimum and maximum value of
pore-size of the distributions.

Table 2 shows that CA#1 and CA#2 catalytic layers exhibit very
different porosities. It is found that, the higher the initial carbon
aerogel pore-sizes (CA#1), the lower the porosity of the layers made
from it. This must result from the more important Nafion inser-
tion in the larger pores of CA#1. This carbon aerogel must be better
wetted by Nafion in the ink and then much more intruded during
the hot-pressing step. Notice that even the lowest porous volume
recorded on CA#1-N40 layer (0.55 cm3 g~1) is relatively high com-
pared with the porous volumes measured in carbon black-based
catalytic layers [23].

3.2. FEG-SEM observation of the carbon aerogels

Fig. 2 shows FEG-SEM pictures of the interior of carbon aerogel
containing layers. They were obtained by peeling-off the carbon
felt (used as gas diffusion layer) initially hot pressed against the
surface of the layers. The peeling mechanical action reveals the
interior of the carbon aerogel layers at some part of their surface.
Compared to the observation of cross-sections of the layers, this
technique requires no preparation and does not disturb (no blade

used) the structure of the layer. The nanostructure of the layers
is thus observable. Fig. 2A and B, respectively, shows layers only
made from Pt-doped carbon aerogels CA#1 and CA#2. The layers
made from Pt-doped carbon aerogels CA#1 and CA#2 with 40 wt.%
Nafion are shown in Fig. 2C and D, respectively.

These images firstly show that the primary carbon particle
network constituting the CA skeleton is still visible after the hot
pressing step at 200bar, 120°C against the Nafion membrane.
Carbon aerogel micron-sized grains are not destroyed during the
elaboration of the MEA. In fact, this feature was predictable from
the behavior of the carbon aerogels monolith upon compression by
mercury during Hg-porosimetry measurement [10], which exhib-
ited the considerable flexibility of this material: carbon aerogel
monoliths undergo a reversible deformation, at least until a Hg
pressure of 500 bar. From this prospect, the Pt/CA materials should
be less altered during the PEMFC MEA elaboration process than the
Pt/carbon blacks. Carbon black grains should thus be more prone to:
(i) self-“ball-milling” and (ii) Pt particles detachment, as well doc-
umented by the Los-Alamos group [24], because the carbon black
agglomerates are not covalently bounded to each other.

On the pictures of Nafion containing layers (Fig. 2C and D),
the carbon aerogel particles appear “glued”, the primary parti-
cles network seems entangled in the Nafion polymer phase. These
observations are in line with the important modification of the
porous volumes and surface area of the samples after Nafion inser-
tion (Table 2). Nevertheless, the different penetration of Nafion in
CA#1 and CA#2 shown by the porosity measurements could not
be observed on these FEG-SEM pictures: the comparison of the
extent of Nafion penetration is difficult to evaluate. Also notice that
the difference between CA#1 and CA#2 in terms of primary par-
ticle size and pore size is not clear on these pictures. This is due
to: (i) the too small difference between the primary particles size
of CA#1 (10nm) and CA#2 (6-7 nm), only precisely measured by
TEM and (ii) the highly interconnected pore structure of the car-
bon aerogels, which renders difficult any precise determination of

Fig. 2. FEG-SEM observation of carbon aerogel layers: (A) CA#1 only, (C) CA#2 only, (B) CA#1-N40 (i.e. 40 wt.% Nafion) and (D) CA#2-N40.
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Fig. 3. SEM observation of carbon aerogel (CA#1) catalytic layers: (A) carbon aerogel-only (Nafionless) layer, (B) “I” catalytic layer: ink of carbon aerogel mixed with Nafion
sprayed on the Kapton support and (C) “S” catalytic layer: carbon aerogel only layer with a Nafion suspension sprayed over it. Scale bars: 10 wm.

the pore size (even the pore size definition is not trivial in carbon
aerogels).

Then we compared by SEM the layers sprayed on the Kapton
films before hot pressing against the membrane in order to deter-
mine the organization of the grains of carbon aerogel at the micron
scale. The layer prepared by the ink technique was compared to a
layer with no Nafion (only the Pt/CA water suspension was sprayed)
and the same layer with a spray of the diluted (0.3 wt.%) Nafion
suspension applied afterwards on the layer.

The SEM observations (Fig. 3) revealed important changes in the
aspect of the Pt/CA layers depending on the preparation technique
used. The layer with no Nafion (A) has a relatively high rugosity,
the unagglomerated micron-sized grains of carbon aerogel are vis-
ible. The ink layer (B) exhibits wider domains (grains connected
by Nafion). The surface is smoother but still textured showing that
Nafion does not fully obstruct the porosity of the carbon aerogels.
Contrarily, the Nafion-sprayed catalytic layer (C) seems covered by
a smooth film: even at high magnification (inset) the porosity of the
carbon aerogel is not visible. This indicates that the sprayed Nafion
penetrated less deeply into the carbon aerogel structure than dur-
ing impregnation in the ink. On account of these observations the
ink technique seems to yield a relatively efficient penetration of the
Nafion in the catalytic layer and should yield a significant utilization
of Pt.

3.3. Active platinum surface area measurement in MEA

To represent the effective penetration of the Nafion in the porous
structure of the carbon aerogel-based cathode catalytic layers, we
calculated the Pt utilization ratio up; defined as:

5{_\)/IEA
Upt = SRtT (4)
Pt

with SRPE the ECSA measured in RDE configuration equals to
42+3m?g~! on both carbon aerogels [9] and SMEA the ECSA mea-
sured in MEA configuration.

Table 3

Characterization of the catalytic layers by cyclic voltammetry in MEA configura-
tion, the Pt utilization ratio is based on a platinum surface area measured in RDE
configuration of 42+3m?g-!, Pt wt.% ratio on both carbon aerogels CA#1 and
CA#2 =33 wt.%.

First of all, the data in Table 3 shows that no clear distinction
can be made between the ECSA of the MEAs made with CA#1 and
CA#2.The main differentiation between the results is due to the lay-
ers realization technique: cathodes made with the ink technique
(“I”) have higher ECSA and thus higher Pt utilization ratio. This
means that the ink preparation technique, as supposed from the
SEM observations, is beneficial for the contact between platinum
and Nafion.

Interestingly, we can see when comparing CA#1-1-0.5, CA#1-
[-0.21, CA#2-1-0.5 and CA#2-1-0.21 that increasing the platinum
loading lowers the ECSA (20% decrease for CA#1 and 40% decrease
for CA#2) whereas no dependence should exist. This could be due
to the penetration of the Nafion membrane into the thinner lay-
ers during the hot-pressing step. Assuming that the penetration of
Nafion in the layer in only depending on the pressure and temper-
ature of the hot pressing step and is independent from the layer
thickness, a more important fraction of the thinner layers would be
impacted by the hot pressing step.

Related to this observation, the non-neglectable ECSA measured
on the MEAs CA#1-S-0.28 and CA#1-0.1 indicates that the hot-
pressing step enables a relatively deep penetration of the Nafion
into the layer, which renders about 20% of the cathode catalytic
layer platinum active. It is worth noticing that hydrogen surface
diffusion between the platinum nanoparticles and the carbon sur-
face (hydrogen spillover [25]) could also contribute to the overall
charge of hydrogen adsorption-desorption during the voltamme-
try cycles. This mechanism could make Pt particles to contribute to
the ECSA even if they were not connected to Nafion. But because
surface diffusion is a slow process it is likely negligible in our case
(cyclic voltammograms sweep rate=100mVs—1).

We finally underline two limitations to our measurement of the
ECSA. The first one is the 24 h magnetic stirring that we applied
to the inks before their spraying onto the Nafion membrane which
is likely lowering the up; values [24]. The second one is intrinsic
to the technique of hydrogen adsorption-desorption that we used.
Its limitations was studied recently by Shinozaki et al. [26] who

Table 4

Characterization of the catalytic layers by cyclic voltammetry in MEA configura-
tion, cathode catalytic layer capacitance measurement from the carbon double-layer
current, utilization of carbon u. defined in Eq. (5), compared with the platinum
utilization up.

Lp; (mgpe cm—2) £10% Spe(m? g, 1) + 10% upe (%) Ceathode (Fg~1) £20% uc (%) upe (%)
CA#1-1-0.5 0.5 171 41 CA#1-1-0.5 193 58 41
CA#1-1-0.21 0.21 20.7 47 CA#1-1-0.21 181 54 47
CA#2-1-0.5 0.5 15.7 36 CA#2-1-0.5 85 30 36
CA#2-1-0.21 0.21 26 59 CA#2-1-0.21 219 78 59
CA#2-1-0.13 0.13 20.6 47 CA#2-1-0.13 154 55 47
Reference-0.6 0.6 64 73 [2] Reference-0.6 68 NA 73
CA#1-S-0.28 0.28 9.8 22 CA#1-S-0.28 67 20 22
CA#2-S-0.08 0.08 3.2 7 CA#2-S-0.08 82 29 7
CA#2-0.1 0.1 8.5 19 CA#2-0.1 79 28 19
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compared several experimental methods to estimate the available
and electrochemically active Pt surface area on conventional Pt/C
catalysts. They showed that comparing the H-adsorption on Pt (i.e.
using H probe) on arotating disc electrode and in MEA configuration
is entangled with experimental problems that we also noticed. For
example, the dependence of the H desorption charge with the cyclic
voltammogram lower limit and sweep rate. The aforementioned
authors demonstrated that Pt surface area measurement based on
CO probe is less prone to such measurement error. They observed
a 12% under-estimation of Pt utilization when using the H probe
compared with the CO probe.

3.4. In situ carbon double-layer capacitance measurement

In addition to the platinum surface area measurements, which
evaluated the efficiency of the Nafion impregnation or the even-
tual electronic insulation of some carbon aerogel grains, a similar
evaluation could be made from the “carbon signals” on the cyclic
voltammograms, that is, the double-layer current yielding the car-
bon double-layer capacitance. The same way that Pt is not active
when disconnected from Nafion, the double-layer capacitance only
arises where Nafion contacts the carbon surface, especially for
volumic (gas diffusion) electrodes, by opposition to microscopic
electrodes [25].

The specific capacitance values (up to 219Fg-1) for the vari-
ous cathodes in Table 4 are relatively high as compared with the
literature values (~100 Fg~1) for carbon aerogels [27]. This overesti-
mation could be due to the existence of pseudo-capacitive currents,
originating from the quinone-hydroquinone redox peaks moni-
tored in the range 0.4-0.6 V vs. SHE (i.e. in the same potentials range
where double-layer currents are monitored).

To compare these data to the Pt utilization ratio, we con-
sidered a surface specific carbon double-layer capacitance of
50 wFcm~2 which is in the high range of the values reported
by Kinoshita [19]. This yields a theoretical maximum capac-
itance by multiplying it by the carbon aerogel surface area:
Ctheoretical _ 50(Fcm~2) x Sper(m? g~1) giving Ctheoretical CA#1) =
334Fg-1 and Ctheoretical(CA#2) = 282 Fg~1.

So we translates the experimental double-layer capacitance val-
ues as fractions of this theoretically “available” capacitance on the
carbon, i.e. by the carbon utilization ratio uc defined as follows:

measured

___“cathode
Uc= Crtr}:;)(()retical (5)

We can notice in Table 4 that uc and up roughly display the same
variations taking into account that the measurement uncertainty of
the capacitance is about 20% for several experimental reasons such
as non-symmetry of the voltammograms, non-negligible contribu-
tion of pseudocapacitive currents. Obtaining an agreement between
upy and uc is an indication of the homogeneity of the platinum
deposit on the carbon surface.

3.5. Fuel cell testing of the MEAs: polarization curves

As expected from the measurement of the Pt utilization ratio,
the performance of the cathodes which were not made by the ink
technique, shown in Fig. 4 as the “group 1”, are quite poor com-
pared with the ink (“I”) MEAs, shown as the “group 2”. Thus, in the
following parts, our analysis will be based on the “I” layers.

The novelty of the results presented in Fig. 4 consists in the mea-
surement of the major effect of the carbon aerogel porous structure
on the cell polarization at high current density. The similarity of the
polarization curves at low current density, which will be detailed
in Section 3.6.2.2, confirms our previous results in RDE configura-
tion [9]. The differences measured between the MEAs originate in
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Fig. 4. Polarization curves (top) and power density (bottom). Comparison of the
performance of the various carbon aerogel MEAs. 50 cm? single cells operated at
70°C, Pyot Ha/air=1.3/1.3 bar, stoichiometry H;/air=2/2.5 with fully humidified gas
(Ry =100%), stoichiometric flows when current density is higher than 0.24 Acm~2
and constant flows for inferior current density.

the carbon aerogel nanostructure and not in the Pt deposit. These
experimental results undoubtedly show that not only the Pt uti-
lization factor (up;) is important (i.e. how much Pt is “wetted” by
Nafion), but also the Pt effectiveness factor (¢), representing how
this Pt is accessible to reactant, a concept first introduced by Stone-
hart and Ross [28] later applied to PEMFC cathode by Gloaguen et
al. [29].

Comparing the MEAs CA#1-1-0.5 and CA#2-1-0.5 in terms of
power density in Fig. 4 exhibits that changing the nanostructure
of the carbon aerogel has a major effect on the maximum power of
the cells: 40% more power is drawn from CA#2-1-0.5 than CA#1-
1-0.5 (0.18 Wcem~2 vs. 0.25W cm~2). It is a first indication of the
strong influence of the carbon aerogel nanostructure (and thus the
catalytic layer nanostructure) on the cell performance at high cur-
rent density. Since the Pt electrocatalytic properties are identical on
both carbon aerogels, the polarization curves must differ in terms
of ohmic resistance or transport properties. At this point, it is not
possible to say which one of these parameters is the most signif-
icant one. It will be the purpose of the following part aiming at
separating the kinetic, ohmic and transport limitations of the cell
polarization.

Concerning CA#1-1-0.5 and CA#1-1-0.21 polarization curves, the
same question arises to understand which limitation makes that the
higher loading MEA (CA#1-1-0.5) intersects with the CA#1-1-0.21
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Fig. 5. Specific intensity polarization curves. Comparison of the carbon aerogel “ink
MEAs”. 50cm? single cells operated at 70°C, Py Hp/air=1.3/1.3 bar, stoichiome-
try Hy/air=2/2.5 with fully humidified gas (Ry = 100%), stoichiometric flows when
current density is higher than 0.24 Acm~2 and constant flows for inferior current
density.

polarization curve at high current density. We can only suppose that
higher loading implies higher ohmic resistance or higher transport
losses (because of higher thickness of the catalytic layer) without
being able to distinguish between those two causes.

The loss of efficiency with the increase in Pt loading for a given
carbon aerogel is clearly seen on the Pt-specific intensity polariza-
tion curves shown in Fig. 5. The MEAs with higher Pt-loading at
the cathode (0.5 mgp, cm~2) exhibit lower Pt-specific performance.
In fact, it is quite commonly observed that the Pt-specific perfor-
mance does not increase with the platinum loading of the cathode
[30]. Indeed, the higher the loading, the thicker the catalytic layer
and the more critical it is to achieve a compromise between pro-
ton transport losses and mass transport losses (at high current
densities). This compromise is less critical at low Pt-loading as
reactants are transported over shorter distances. This explains why
the low-loading MEA CA#2-1-0.13, and to a lesser extend CA#1-
[-0.2 and CA#2-1-0.21 reach similar Pt-specific performance than
the Reference-0.6 MEA which has the only commercially optimized
cathode structure.

3.6. Voltage losses decomposition

In order to evaluate the contribution of the mass transport
voltage losses to the polarization curves, we used an approach intro-
duced by Gasteiger et al. [2], which is based on a the following
decomposition of the cell voltage E e (i):

Ecen(i) = Erev(PH, > Po, » Teell) — iR — norr(i) — 14iff(i) (6)

with nogrg(i) the purely kinetic loss due to oxygen reduction reac-
tion, Ry, the ohmic resistance, 74if(i) the transport voltage loss and
Erev the reversible potential equals to 1.17V in our experimental
conditions (P=1.3 bar, T=70°C, RH=100%).

The process that we used to calculate ng;s(i), is depicted in Fig. 6.

e The ohmic resistance Rg; is firstly determined by a technique that
will be explained in Section 3.6.1.

e The purely kinetically limited polarization curve (dashed line)
can then be drawn from the fitting at low current density of the
experimental polarization curve added of the ohmic loss iRy, (i.e.
resistance-free polarization curve). The determination of these
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Fig. 6. Illustration of the voltage losses decomposition. Separation of ohmic and
kinetic losses for CA#1-1-0.5 and CA#2-1-0.5 MEAs in order to obtain the mass-
transport loss ngig(i). 50 cm? single cells operated at 70°C, Py Ha/air=1.3/1.3 bar,
stoichiometry H/air=2/2.5 with fully humidified gas (Ry =100%), stoichiometric
flows when current density is higher than 0.24 A cm~2 and constant flows for inferior
current density.

curves is detailed in Section 3.6.2. As given in Eq. (7), this polar-
ization curve includes the 2 terms nogr(i) and Erey.

e Next, the ohmic loss iR, is subtracted to the dashed line to
obtain a polarization curve (dotted line) taking into account of
3 contributions noggr(i), Erev and iRg,. This curve differs with the
experimental curve (plain line) only by the transport loss voltage
loss ng;ee(i) as given in Eq. (6). This term is therefore calculated as
the difference between the dotted line curve and the plain line
curve.

3.6.1. High frequency MEA ohmic resistance

The determination of the ohmic resistance of the MEA was
obtained from the measurement of the complex impedance Z(w)
shown in Fig. 7 at three cell voltages.

We can notice that the measured complex impedances of the
various MEAs differ a lot but it is beyond the scope of this work
to enter into the details of these plots. We only extract from these
graphs the MEA ohmic resistance taken as the intersection with
the real axis (see bottom graphs in Fig. 7) of the Nyquist plots at
high-frequency (ca. 1.8 kHz).

The NE1035 membrane ohmic resistance which is included in
the MEA high frequency ohmic resistance was estimated from the
literature. Its value was calculated by taking the value of the N112
Nafion membrane fully humidified at 80°C, 0.18Scm~! [2] and
corrected by their difference in thickness, assuming that the differ-
ences in elaboration processes between N112 and NE1035 induce
an increase of 10% in the proton conductivity.

The comparison of the high frequency ohmic resistance of the
MEAs in Table 5 suggests two observations. Firstly, the MEAs pre-
pared with CA#1 and CA#2 carbon aerogels have similar MEA
resistances. Secondly, for both carbon aerogels structures, a reduc-
tion of the platinum loading from 0.5 to 0.21 mgp; cm~2 yields only
a small decrease of the MEA resistance (~10% reduction). Thus the
thickness of the catalytic layer has not a strong effect on the MEA
ohmic resistance. This means that the bulk resistivity of the carbon
aerogel layer is not significant compared with the contact resis-
tances of the catalytic layer with the membrane on one side and
with the GDL on the other side.

The relatively large difference between the resistances of the
Reference-0.6 MEA and the carbon aerogel MEAs must certainly
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Fig. 7. Nyquist plots of the carbon aerogel MEAs. Impedance Z(w) measured at cell voltage =0.8 V. 50 cm? single cells operated at 70 °C, Py,r Hp/air = 1.3/1.3 bar, stoichiometry
Hy/air=2/2.5 with fully humidified gas (Ry = 100%), stoichiometric flows when current density is higher than 0.24 Acm~2 and constant flows for inferior current density.

originate in these contact resistances. At least the contact resistance
between the GDL and the catalytic layer would certainly require be
optimized by employing a carbon aerogel/PTFE intercalation layer
instead of carbon black/PTFE.

We can also notice in Table 5, that the MEA ohmic resistances
taken at different voltages decrease when the cell voltage is higher
(from 0.4V to OCV). Actually this is a tendency observed in the
literature [21]. It is explained by the fact that as the cell voltage
decreases, the current intensity increases meaning higher proton
flow from the anode to the cathode. As this flow increases, it drags

Table 5
Comparison of the high-frequency ohmic resistance of the MEAs at 3 cell voltages
(0CV, 0.8 and 0.4V). The membrane resistance is calculated from literature data.

Ryr at 0.4V Ryr at 0.8V Ryr at OCV

(Rcm2) (2cm—2) (2cm—2)
CA#1-1-0.5 0.246 0.225 0.202
CA#1-1-0.21 0.198 0.191 0.19
CA#2-1-0.5 0.248 0.213 0.223
CA#2-1-0.21 0.195 0.187 0.175
N1035 0.05 0.05 0.05
Reference-0.6 0.165 0.142 0.141

more water molecules from anode side to cathode side, yielding
a partial drying of the membrane at the anode side, which thus
becomes more resistive.

In conclusion, these measurements show that neither the struc-
ture of the carbon aerogel nor the layer thickness have a significant
influence on the high-frequency resistance of the MEAs.

3.6.2. Kinetic loss (nogr)

3.6.2.1. Tafelslope. It has been shown by Gasteiger et al. [2] that the
resistance-free polarization curve (i.e. cell voltage added of iRy) of
carbon black-based, state of the art MEA, operated under H,/O,
was solely determined by the ORR kinetic and Eyey as given in the
following equation:

(7)

They also showed that the kinetic loss norgr followed a Tafel
behavior at low current density as given in the following equation:

(8)

where iqf =1 — iy, iy being the H,-cross-over current density due to
H, permeability across the Nafion membrane and b the Tafel slope.

Ei'ff_f/rgé(i) = Erev(pH2 » Do, Teenn) — Norr(i)

norr(1) o< blog(iesr)
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Fig. 8. Polarization curves of carbon aerogel MEAs under air and O,. Comparison
of the low current density voltage losses. Resistance corrected cell voltage (iR-
free). 50 cm? single cells operated at 70 °C, Pror Ha/air = 1.3/1.3 bar. The stoichiometry
of flow rates Hy/air=2/2.5 (stoichiometry H,/0, =2/9) with fully humidified gas
(Ry =100%), stoichiometric flows when current density is higher than 0.24 Acm2
and constant flows for inferior current density, b = Tafel slopes.

We thus measured the polarization curves of CA#1-1-0.5 and
CA#2-1-0.5 MEAs using O, at the cathode and compared it to the
air performance. In Fig. 8, the iR-free polarization curves are drawn.

Similar Tafel slopes are measured for O, and air at low current
density for both MEAs (CA#1 and CA#2) which is in agreement with
the theoretical reaction order to O, partial pressure equals to one
[31]. The offsets between the air and O, polarization curves (25
and 32 mV for CA#1 and CA#2, respectively) are due to the differ-
ence in O, partial pressure. These values are close to the theoretical
potential offset due to the reversible potential equals to 29 mV.

The obtained values of Tafel slopes are in the same range
(=90+3 mVdec~!) than MEAs made with E-TEK catalysts at the
cathode and measured in similar configurations [32]. State-of-the-
art platinum-supported catalysts (TKK) with state-of-the-art MEA
components exhibit higher kinetic activity with Tafel slopes of
—744+4mVdec~! [2]. One of the reasons for the relatively low Tafel
slopes that we measured on Pt/CA could be due to the high carbon
surface area. Indeed, the carbon aerogel high surface area could
contribute to the ORR yielding a decrease in the Tafel slope as the
mechanism of reduction of oxygen on carbon implicates only 2 elec-
trons (mechanism yielding hydrogen peroxide) rather than 4 on
platinum.

3.6.2.2. H,/0; electrocatalytic activities of the cathodes in MEA config-
uration at 0.9V. From the measured polarization curves under O,,
the electrocatalytic activities of the Pt/CAs are compared in Table 6
with literature data normalized at 1 bar.

The data in Table 6 underline that the mass activities i at 0.9V
of the Pt/CAs-based cathodes are relatively similar (20 — 30Agl;t1)
for both carbon aerogels CA#1 and CA#2 and both MEA Pt-loadings.
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Fig. 9. Voltage losses of carbon aerogel MEAs: ohmic loss, ORR kinetic loss
norr and mass-transport loss ngir. Comparison of the “ink” MEAs made with
CA#1 and CA#2 and with two platinum loadings. 50 cm? single cells operated at
70°C, Pyor Ha/air=1.3/1.3 bar, stoichiometry Hy/air =2/2.5 with fully humidified gas
(Ry =100%), stoichiometric flows when current density is higher than 0.24 Acm—2
and constant flows for inferior current density.

Compared with the literature data, the electrocatalytic activities of
the carbon aerogel-based cathodes differ mostly in terms of mass
activity. This mainly originates from their lower Pt utilization ratio
which is thus a critical point to be optimized in our MEAs. This
will be done in future works by optimizing the inks and the MEA
elaboration processes [24].

3.6.2.3. Hy/air cathodes mass-transport losses determination (ngif):
comparison of two carbon aerogels structure and two platinum load-
ings. We show in Fig. 9 the result of the decomposition of the
polarization curves as three cell voltage losses ng;(i), norr(i) and
the ohmic loss for 4 “ink” MEAs.

The first feature appearing when comparing these voltage losses
is that nogrg(i) is the most important one at low current density
(i<0.1Acm2). As current density increases, ngir(i) becomes the
most important part of the decrease in the cell voltage. Between
0.1 and the maximum current density of the MEAs, the increase of
norr(i) is less than 100 mV, iR, amounts to 200 mV whereas the
one of ng;g(i) is at least 300 mV. Clearly at high current density,
mass-transport loss ng;¢(i) becomes a major contribution to the cell
polarization.

Concerning the comparison between the two carbon aerogels
CA#1 and CA#2, the graphs of the kinetic and ohmic losses confirm
that they are not influenced by the nanostructure of the carbon
aerogel whereas ng;g(i) of CA#1 and CA#2 differ to a great extent.
It is the mass-transport losses which differentiate the most the
performance of the MEAs. The mass-transport losses of the CA#2
MEAs are significantly lower than the ones made with CA#1 at both
Pt loadings. At 0.6 Acm~2, the mass-transport loss of CA#2-1-0.5

Electrocatalytic activities at 0.9V vs. NHE of two carbon aerogel-based cathodes operated with oxygen from the iR-free performance shown in Fig. 8. Comparison with two

carbon black-based cathodes.

Lpe (mgpe cm—2) +£10% See(m2, g5 ) b (mVdec!) i(mAcm~2) im(Agp) £ 10% is(WA cmy2) £ 10%
CA#1-1-0.5 0.5 171 -89 14.8 30 173
CA#1-1-0.21 0.21 20.7 —110 4.2 20 97
CA#2-1-0.5 0.5 15.7 —87 10.4 21 132
CA#2-1-0.21 0.21 26 -93 4.7 22 86
CA#2-1-0.13 0.13 21 —-98 3.5 27 132
Pt/Vu ETEK (40 Pt wt.%) [32] 038 32 —90 24 64 200
Pt/Vu TKK (50 Ptwt.%) [33] 025 62 NA 17 70 110
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Fig. 10. Voltage losses of carbon aerogel CA#2 MEAs. Comparison of three cathodes
platinum loadings. 50 cm? single cells operated at 70 °C, Py, Hp /air=1.3/1.3 bar, sto-
ichiometry H;/air = 2/2.5 with fully humidified gas (Ryq = 100%), stoichiometric flows
when current density is higher than 0.24 Acm~2 and constant flows for inferior
current density.

amounts to 145 mV vs. almost the double for CA#1-1-0.21 (286 mV)
and even more for CA#1-1-0.5 (360 mV).

Thus, first relations between the nanostructure of the carbon
aerogel-based catalytic layers and their performance can be drawn.
The carbon aerogel CA#2 with, in the beginning, smaller pore-size
and porous volume but which constituted more porous catalytic
layers than CA#1, yields higher performance at high current den-
sity. In other words, we measured that the higher the porosity of
the catalytic layer (in the mesopores domain), the lower its mass-
transport limitation. This measurement means that the transport
of protons in the mesopores of the catalytic layer is not limiting
compared with the oxygen transport. Indeed, if proton transport
was limiting, MEAs made with carbon aerogel CA#1 having ini-
tially larger pores but finally more filled with Nafion would be less
limited than CA#2 MEAs.

It should be recalled that in our previous study using a half-cell
configuration to compare the Pt/CAs [10], CA#1 MEAs performed
better than CA#2 MEAs at high current density. This is because, in
this prior work, the catalytic layers were partially flooded with a
liquid electrolyte (1 M H;SO4) as they were immersed in a glass
electrochemical cell and O, diffusion is easier in Nafion than
in aqueous acid solution [33-36]. So both experimental results
obtained with the two different configurations (fuel cell and half-
cell testing) can be interpreted by taking into account that O,
transport and not proton transport is the most discriminating
phenomenon in both cases. To summarize, in the free gas-pores
situation (fuel-cell testing), the higher the porosity, the easier the
0,-diffusion whereas, in the case of flooded pores, the higher the
quantity of Nafion in the pores, the easier the O, diffusion and the
higher the fuel cell output current.

Finally concerning the comparison between the different Pt
loadings of the MEAs, the CA#1 and CA#2 MEAs behaves dif-
ferently: ngis(i) of CA#1-1-0.5 is higher than CA#1-1-0.21 which
seems logical as thicker layer (higher Pt-loading) should induce
higher transport limitation. But the opposite trend is measured
for CA#2:CA#2-1-0.21, exhibits significantly higher mass-transport
losses than CA#2-1-0.5. This result is confirmed by the MEA CA#2-
[1-0.13 presented in Fig. 10. The CA#2-1-0.13 cathode exhibits about
the same kinetic properties than the other cathodes but its mass-
transport overpotential is much higher than the other MEAs. This
particular result was in fact already observed by Gasteiger et al. [2]
on state-of-the-art MEAs based on cathode containing Pt/carbon
black catalyst.

We can propose an interpretation to this phenomenon, as fol-
lows. The porosities of the lower loading catalytic layers which
are thinner are more intruded by the softened Nafion during
the hot-pressing step. Their porosity would thus be much more
(in proportion) filled of Nafion than the thicker layers yielding a
more important mass-transport limitation in these layers. We will
address this question in future works.

4. Conclusion

The two carbon aerogels synthesized for this study had high spe-
cific surface area because they are made of small primary carbon
particles and high porous volume because they are synthesized by
a sol-gel technique. They were differentiated by their pore-size dis-
tribution, adjusted by the synthesis parameters of the initial gels. So
they were interesting Pt-support for studying the mass-transport
losses in the cathode catalytic layer of H, /air-fed PEM fuel cell. This
was done by testing 50 cm? MEAs as single cells.

This experimental work gave the following results. Firstly, it was
found that the higher the initial pore-size of the carbon aerogel, the
lower the porosity of the resulting catalytic layer because of a more
important penetration of Nafion into the larger pore-size carbon
aerogel.

Secondly, the polarization curves of the MEAs were found to
be highly influenced by the carbon aerogel nanostructure. The cell
voltages of the MEAs were decomposed in three voltage losses: the
kinetic loss nogrg(i), the ohmic resistance loss and the transport loss
n4ire(1). The transport loss was found to be significantly influenced
by the carbon aerogels pore-size distribution whereas the two other
terms were almost independent from it.

Thirdly, the transport loss comparison between the MEA made
with the two different carbon aerogels showed that the higher the
porosity of the catalytic layer, in the mesoporous range, the lower
the mass-transport loss in fuel cell configuration.

And finally, comparing n4;s(i) of MEAs with different Pt load-
ings showed that the lower the electrode Pt-loading, the higher the
mass-transport limitation.

As a perspective we underline that to improve the performance
of carbon aerogel cathodes, especially at low current density, an
essential parameter that will have to be addressed in future work
is the Nafion insertion in the micron sized grains of carbon aero-
gel. The Nafion insertion technique which was adapted from carbon
black catalytic layers will certainly have to be adapted to the partic-
ular structure of the carbon aerogels. Last, even though the highly
porous structure and nanoscale texture of the carbon aerogels ren-
ders difficult a perfect Nafion insertion in it, this feature may be
interesting for the Pt stability over the time.
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