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In this paper, we compare the Proton Exchange Membrane Fuel Cell (PEMFC) with non-electrochemical
Catalytic Membrane Reactors (CMR). The comparison notably lies on the particular geometry of the
membrane|(electro)catalyst interface in PEMFC, the design of which optimizes the triple ionic-electronic-
(gas)reactant percolation. Through a selected literature review, we will describe how the performances of
practical PEMFC improved following the optimization of (i) the ionomer|electrocatalyst interface and (ii)
the mass-transport processes for reactants and products within the Active Layers (AL). We will also focus
(iii) on the possible alteration/modification of the intrinsic catalyst electroactivity of Pt/C materials at the
ionomer interface and (iv) on the influence of the membrane|electrode architecture and composition on
the durability of the PEMFC Membrane-Electrodes Assembly (MEA).
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1. Introduction

Catalytic Membrane Reactors (CMRs) are advanced reactors,
which synergistically combine the advantages of a catalytic mate-
rial and a membrane. Three main families of CMR can be
distinguished, all displaying specific properties [1,2]. (1) Extractor
CMR enable increased conversion yields (often beyond thermody-
namic equilibrium) and gain in productivity, through the selective
removal of one reaction product and the related displacement of
the reaction equilibrium. (2) Distributor CMR favor sharp selectiv-
ity improvements thanks to the distributed feeding of one reactant
along the reactor catalytic layer, thereby preventing successive

Abbreviations: AL, active layer (also denoted as CL: catalytic layer); CA, carbon
aerogel; CB, carbon black; CX, carbon xerogel; CMR, Catalytic Membrane Reactor;
ECSA, electrochemical surface area (cm?2); FER, Fluoride Emission Rate; HOR, hydro-
gen oxidation reaction; GDE, gas diffusion electrode; GDL, gas diffusion layer; MA,
mass activity (Ag'p;); MEA, membrane electrode assembly; MPL, microporous
layer; NHE, normal hydrogen electrode; NMR, nuclear magnetic resonance; OCP,
open-circuit potential (V vs. NHE); OCV, open-circuit voltage (V); ORR, oxygen reduc-
tion reaction; PAFC, phosphoric acid fuel cell; PEM, Proton Exchange Membrane;
PEMFC, Proton Exchange Membrane Fuel Cell; PFSI, perfluorosulfonated ionomer;
PTFE, polytetrafluoroethylene; RDE, rotating disk electrode; RH, relative humid-
ity (dimensionless); SA, specific activity (Acm~2p); TEM, transmission electron
microscopy; UMEC, ultramicroelectrode with cavity; up, utilization factor (dimen-
sionless); XRD, X-ray diffraction; &, effectiveness factor (dimensionless).
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addition reactions by the close control of the reactants concentra-
tion within the catalytic layer. It is wise to note that distributor
CMR may also increase the reactor safety, since they enable a close
control of the contact between the reactants, as for contactor CMR.
(3) Contactor CMR improve the wetting between two non-miscible
reactant phases and the catalyst, itself immobilized in the porous
membrane. A contactor CMR actually confines the reaction zone in a
region of finite thickness within the membrane. Two configurations
of contactor CMR are possible. In the interfacial contactor, the reac-
tants are supplied on both sides of the catalytic membrane, which
sets the interface between the two reactants (where the catalyst
is located), thus facilitating the access of the “limiting reactant”
to the catalytic site. In opposition, the forced-flow-through contac-
tor enables to control the residence time of the reactants within
the catalytic layer and to optimize the catalyst/reactant contact
(the pore dimensions may be tuned so as to favor the transport
mechanism of one reactant interacting with the support wall).
Electrochemical reactors like Proton Exchange Membrane Fuel
Cells (PEMFC) are particular (electrochemical) CMR. Like for con-
ventional (non-electrochemical) CMR [1], PEMFC can only reach
high performances provided the heart of the cell, the Mem-
brane Electrode Assembly (MEA), is both based on efficient (and
well tuned) materials and properly designed [3,4]. The MEA is
a multiphase material composed of (i) a Proton Exchange Mem-
brane (PEM), usually a perfluorosulfonated ionomer (PFSI), which
acts as both electron insulator and gas separator between the
hydrogen and oxygen compartments (as for a membrane con-
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tactor CMR [2]), and a transport medium for protons (extractor
at the anode, distributor at the cathode), (ii) two Active Layers
(AL), where electrochemical reactions take place and (iii) two
Gas Diffusion Layers (GDL), enabling the fuel/oxidant transport,
water management and electronic/heat conduction. GDL are often
composed of mechanically resistant carbon fibers onto which a
so-called MicroPorous Layer! (MPL) is deposited, facing the AL.
The MPL distributes/evacuates the reactant/products to/from the
AL, as detailed in reference [5]. In opposition to the situation
in conventional CMR, the reactions taking place in PEMFC are
electrochemical reactions that can only occur at the so-called three-
phase-boundary between (i) the electrocatalyst particles (usually
platinum-based, themselves electronically connected to the cur-
rent collector through the network of their conducting substrate)
and (ii) the ionomer (usually composed of oligomers of the PEM
material and providing protons into the volume of the AL) in the
presence of (iii) the reactant (H, or O, ). Each AL can be compared to
asingle CMR, into which the ionomer acts as a distributor for protons
(cathode) and dissolved gases, contactor between the gas reactant
(05 at the cathode, H; at the anode), protons, electrons and electro-
catalyst particles and extractor for the reaction by-products (H* at
the anode, H,O at the cathode). Obviously, these three important
roles rely on the existence of optimized three-phase boundaries
(reactant|ionomer|electrocatalyst interface), which should be dis-
tributed to the best possible extent within the volume of the two AL.
Itis wise to point out here thatin PEMFC, the sluggish oxygen reduc-
tionreaction (ORR) that takes place at the cathode forbids designing
nm-thin electrodes; in contrast the reaction zone should extend on
a thickness of a few pm, in which maintaining an optimized triple
contact is usually not trivial [3,4].

In the present paper, we will describe how the performances
of practical PEMFC improved following the optimization of the
ionomer|electrocatalyst interface within the AL at the two elec-
trodes. We will focus on technological limitations related to the
design and elaboration of state-of-the-art PEMFC AL regarding
the catalyst (i) utilization factor (Sections 2.1 and 3.1) and (ii)
effectiveness factor (Sections 2.2 and 3.2), (iii) the modification
of the intrinsic catalyst electroactivity at the ionomer interface
(Sections 2.4 and 3.3) and (iv) the influence of the MEA archi-
tecture/composition on its durability (Section 3.4). For each of
the above-mentioned examples, we will emphasize the similari-
ties/differences between PEMFC AL and non-electrochemical CMR.
As the terminology used by electrochemists in the field of PEMFC
and chemical engineers in the field of CMR may differ, some impor-
tant definitions and concepts regarding the PEMFC are first detailed
in Section 2.

2. Basic definitions and concepts regarding the PEMFC
2.1. The catalyst utilization factor, ups

The electrocatalyst utilization factor expresses the fraction of
Pt-based electrocatalyst nanoparticles that is both in electronic
(through the carbon substrate, all the way to the current collec-
tor) and ionic (through the ionomer network, all the way to the
Proton Exchange Membrane, PEM) connection/percolation in the
AL. In other words, up; expresses the fraction of electrocatalyst
nanoparticles which will be electrochemically active. It is wise to
note that up; does not take into account the possible mass-transport

1 The microporous layer is actually not a layer only containing micropores in
the sense of the I[UPAC definition (pores of diameter <2 nm). Conversely, this blend
of carbon black and PTFE contains macropores (pores of diameter >50 nm, located
between the carbon grains and PTFE nodules) so as to enable easy H, or O, gas and
water mass transport from/to the gas channels of the bipolar plates.

hindrance for the reactants to reach these electrocatalysts nanopar-
ticles, which is accounted by the effectiveness factor, ¢ (see Section
2.2). More precisely, up; can be defined as the ratio of the practi-
cal surface area of electrocatalyst to the theoretical surface area of
electrocatalyst. The theoretical surface area of electrocatalyst can
be derived from physical, chemical or electrochemical measure-
ments (TEM, XRD, H, or CO chemisorption are the most common
techniques) and corresponds to the number of catalytic sites of the
electrocatalyst (i.e. the sites at the surface of the electrocatalyst
particles). Alternatively, the practical surface area of electrocata-
lyst, measured for the electrode or the MEA, corresponds to the
number of catalytic sites which are both in electronic and ionic
percolation. Obviously, the utilization factor depends on the global
composition, the nature of the solvent used to disperse the ionomer
into the catalytic ink (see Section 2.3) and the intimate mixing
of the electrocatalyst powder and ionomer within the electrodes.
An experimental definition of the utilization factor was recently
given by Gasteiger et al. [6]: up; can be determined as the ratio of
the electrochemically active surface area measured (e.g. using the
coulometry of hydrogen desorption or CO-stripping during a cyclic
voltammogram, see Section 3.3) in the presence of solid polymer
electrolyte to that of the same catalyst but immersed in a liquid
electrolyte. It is however wise to note that this experimental defi-
nition can yield to an erroneous value of the utilization factor if the
electrolyte imperfectly wets the catalytic material.

2.2. The catalyst effectiveness factor, &

The electrocatalyst effectiveness factor is a notion of gas phase
heterogeneous catalysis, first introduced by Thiele [7] and Wheeler
[8], and later adapted to electrocatalysis for PAFC [9] and PEMFC
[10]. In PEMFC, the effectiveness factor can be described as the
actual reaction rate (current density, expressed per cm? of electro-
catalysts) divided by the “theoretical reaction rate” in the absence
of ohmic and mass-transport limitations. Obviously, ¢ accounts for
the proton/electron percolation of the Pt electrocatalyst particles
(as for upy) but also for the mass-transport limitation within the
pore texture of the active layers.

It shall be pointed out that confusion can be made regard-
ing the meaning of the term ¢. While in chemical engineering, ¢
usually stands for the void fraction of catalytic beds or catalyst
pellets [11], electrochemists in the field of PEMFC use ¢ for the
(electro)catalyst effectiveness factor. Chemical engineers usually
employ 7 to describe this latter term.

2.3. Ink processing

Both the utilization factor and the effectiveness factor depend on
the intimate composition and geometry of the PEMFC AL, which
obviously depends on the AL elaboration procedure. In this proce-
dure, an important step is the processing of the electrocatalytic ink.
Such ink processing is the necessary homogenization step required
to make an intimate blend between the various components of
the PEMFC AL. It usually consists of periods of magnetic and/or
ultrasonic stirring of the electrocatalyst powder and the ionomer
suspension in an appropriate solvent. The interested reader is
directed towards reference [12] for more details regarding the
preparation steps of PEMFC AL.

2.4. Intrinsic (electro)catalytic activity

The PEMFC electrode reactions, and more specifically the oxy-
gen reduction reaction (ORR), which limits the overall PEMFC
efficiency, are surface-sensitive processes [13,14]. Therefore, it is
mandatory to compare MEA for Pt/C materials displaying identi-
cal morphologies and intrinsic kinetic activities (in the absence of
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Fig. 1. Effect of ink processing on the Pt morphology for 20 wt.% Pt/Vulcan XC72 (E-Tek)—(A) Magnetic stirring 1 H (B) Ultrasonic treatment 1 H (C) Ultrasonic treatment 5 H.

mass-transport limitation) to be able to draw conclusions on the
influence of the pore structure of the AL and related mass-transport
hindrance.

The intrinsic (electro)catalytic activity of ORR is often expressed
in terms of current density with respect to the mass of elec-
trocatalyst (mass activity, MA) or to the specific (real) area of
electrocatalyst (SA), i.e. the theoretical area of electrocatalyst, as
measured in liquid electrolyte [6] (see Section 2.1). Practically, the
MA or SA values can be derived from measurements undertaken
in dedicated electrochemical cells, for example in the rotating disk
electrode (RDE) setup, either in the thin-film [15-17] or the porous
[10,18] configurations. In both techniques, a wm-thick active layer
of the desired electrocatalyst is immobilized at the RDE tip, thereby
enabling facile correction from mass-transport limitations in the
solution using the Levich or Koutecki-Levich methods, as thor-
oughly described in reference [19]. When the active layer thickness
exceeds ca. 3 um, the mass-transport limitation can also proceed
in the active layer, especially for potential lower than 0.8 V vs. NHE.
To avoid such bias when the porous RDE technique is used, the MA
and SA values are usually calculated at potential of 0.9 or 0.85V vs.
NHE, for which the correction from the oxygen diffusion in solution
is sufficient [10,20,21].

Lately another technique, the ultramicroelectrode with cavity
(UMEC), was used to characterize Pt/C electrocatalysts. In such
setup, the Pt/C powder is immobilized in the cavity of the UMEC,
which generally extends on a volume of ca. 10-30 wm diameter
and height [22]. For a complete description of the UMEC technique
and its application for the characterization of (sub)micron-size
insoluble powder materials, the reader is referred to [22,23] and
references therein. Due to the usual AL thickness in the UMEC tech-
nique (ca. 10-30 pm), the correction from the oxygen diffusion in
the active layer is necessary for both high and low ORR overpo-
tential (E<0.8V vs. NHE and E>0.8V vs. NHE, respectively). Such
correction can be obtained using the macro-homogeneous model,
as thoroughly described in references [10,22,24].

3. Results and discussion

3.1. From early to state-of-the-art PEMFC electrodes: optimizing
the (electro)catalyst|Proton Exchange Membrane interface to
reach high Pt utilization factor

PEMFC AL must be designed in order to optimize both the
contact between the ionomer and the carbon-supported catalyst
particles (so as to reach high values of the utilization factor, up;
|6], see Section 2.1), and the access of the reactant to the cat-
alytic sites (to enable high catalyst effectiveness factor, ¢ [10,20],
see Section 2.2). As a consequence, not only the materials used,
but also the composition of the AL (e.g. ratio of Pt/C electrocat-

alyst to ionomer contents) and preparation technique of the AL
influence the MEA performance. As an illustration, it is remark-
able to note that, while both the early (1960s) and the present
state-of-the-art PEMFC MEA are based on the same materials, i.e.
Pt electrocatalysts and Nafion® ionomer/Proton Exchange Mem-
brane (PEM), the specific peak power has considerably improved,
from ca. 2.5W g~ 1p; in the 1960s [3] to ca. 1200 W g~1p; nowadays
[6]. Such dramatic improvement resulted from the optimization
of the MEA design, composition and elaboration procedures, and
rendered possible very high catalyst utilization factor (up; beyond
90% is now obtained in state-of-the art electrodes [6,91]) as well
as low mass-transport limitations [12]. The figures given above
show very clearly that not only the catalytic performance of the
carbon-supported Pt-based materials loaded in the AL is impor-
tant but also the structural arrangement of the MEA (Pt/C, voids for
gas reactants, Nafion® ionomer): high performances result from
a complex interplay between the pore texture, the electron and
proton conductivity, the mass-transport and the electrochemical
kinetics [3,4,6]. Obviously, high catalyst utilization factor in PEMFC
AL, obtained through optimized ionomer/electrocatalyst contact,
can be compared to the mandatory membrane/catalyst contact in
contactor CMR (see [2] and references therein).

On the one hand, it is well-established that AL materials pro-
cessing is a key step to obtain homogeneous AL and thus high
electrocatalyst utilization factor [25-27] and possibly high spe-
cific power [6]. On the other hand, excessive ink processing (see
Section 2.3) leads to reduced electrochemically active surface
area (ECSA). TEM images of Pt/C nanoparticles + Nafion® ionomer
blends obtained after various ink processing procedures (Fig. 1)
reveal that ECSA loss correlates with both the agglomeration of
Pt nanoparticles on the carbon substrate and the electronic iso-
lation of some Pt nanoparticles. The example of Fig. 1A shows
that, whereas 1 H of magnetic stirring maintains a very good dis-
persion of the Pt nanoparticles over the Vulcan XC72 substrate
(a carbon black commonly employed in electrocatalysis), severe
agglomeration of the Pt particles into ionomer pockets is obtained
after 1 H of ultrasonic treatment (Fig. 1B). The Pt nanoparticles
can even be wiped off the carbon substrate, thereby losing their
electronic contact with the carbon support, in agreement with
the results of Pivovar and colleagues [28,29] (Fig. 2). Surprisingly,
after 5 H of ultrasonic treatment (Fig. 1C), the initial Pt/C parti-
cles dispersion over the Vulcan XC72 substrate is nearly recovered,
probably because such extensive treatment favors the dissolution
of the ionomer chains and breaks the ionomer pockets mentioned
above.

Let us point out that such ageing of the Pt/C upon ink process-
ing is not witnessed in the absence of (Nafion®) ionomer. The Pt
particles trapped in the ionomer pockets are not in contact with
the carbon substrate anymore and thus lose the necessary elec-
tronic percolation, thereby becoming electrochemically inactive
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F

Fig. 2. TEM images showing (A) ionomer pockets that pick up much of the Pt from the surface of the carbon substrate (Vulcan XC72) and (B) ionomer strands that contain
isolated Pt particles. Reproduced from Ref. [30] with permission from the Electrochemical Society.

[30]. Such bias does not exist in non-electrochemical CMR, for
which the catalysts operate in open-circuit conditions, regardless
of any electronic or ionic percolation.

Brosha et al. demonstrated that the effect of the ink process-
ing on Pt/C nanoparticles depends on the chemical nature of the
carbon support. They showed improved stability for Pt nanoparti-
cles deposited on a (proprietary) support alternative to the classical
Vulcan XC72 carbon black (CB) [29]. In that case, the Nafion®
ionomer may even act as a protecting blanket; it plays the dual role
of ion-percolator and mechanical protection for the Pt nanopar-
ticles, thus favoring high Pt utilization factor regardless of the
ink processing procedure. Such result let us suppose that the car-
bon structure/morphology and its physico-chemical properties are
important parameters to play with in order to improve the elec-
trochemically active surface area of Pt/C. We will see in Section 3.2
that using covalent carbon substrates may also enable to mitigate
the issues related to the ink processing and assembling procedures
of PEMFC MEA.

Finally, let us also recall some interesting results from Rao et al.
in Direct Methanol Fuel Cells [31]. The authors elaborated anode
PtRu (1:1) catalysts supported on carbon materials from Sibunit
family with BET surface areas ranging from 6 to 415 m2 g~1. It was
observed that up; approaches 100% for low surface area supports
(i.e. with small fraction of both micropores and mesopores with
diameter d <20 nm) but dropped down to 10% for the high-surface-
area Sibunit carbon supports (with increased amount of micropores
and mesopores with d<20nm). This was explained by the mis-
match between the size of the carbon pores and that of the Nafion®
micelles. In other words, large Nafion® micelles (>40 nm) cannot
enter the pores of d <20 nm, making the three-phase boundary con-
ditions impossible for the PtRu nanoparticles contained inside such
pores.

3.2. Towards high (electro)catalyst effectiveness factor &

As stated in section 3.1, the electrocatalyst particles within a
PEMEFC electrode operate provided they are in conditions of both
electronic (through their electron-conductive support, usually car-
bon) and ionic (through the ionomer, usually Nafion®) percolation.
In that extent, an excess of ionomer can be compatible with high
utilization factor: the extreme situation of an “ionomer-plugged”
AL (an AL consisting of a 2D network of Pt/C skeleton and ionomer
filler) could result in up; = 100% (provided the ink processing is ade-
quate, see Section 3.1). However, it is not guaranteed that 100% of
the particles in both ionic and electronic conduction are fully uti-

lized under the dynamic conditions of a PEMFC. A high effectiveness
factor € (see Section 2.2) is also mandatory to reach high power
electrical performance. Clearly, ¢ depends on the pore structure
of the AL (and also on the operating conditions), as for a forced-
flow-through contactor CMR [2]. A proper AL results of a trade-off
between sufficient Nafion® content to reach high proton conduc-
tivity of the AL (and thus high up;) and sufficient porosity to enable
high reactant/products mass-transport (and thus high ¢), as pointed
out in the literature [32-34]. It is worth stressing that the optimal
ratio of Nafion® to carbon content found in [32-34] is only valid for
the particular carbon substrate used (Vulcan XC72). So, changing (i)
the morphology (pore texture) of the carbon substrate used in the
AL, (ii) the operating conditions of the PEMFC (low/high humidity
of the reactant, low/high temperature, low/high current density)
and even (iii) the nature of the reaction at the electrode (e.g. slow
ORR or methanol oxidation, versus fast hydrogen oxidation reac-
tion (HOR) possibly hindered by the presence of carbon monoxide,
a known poison of Pt, in the reformate fuel) requires modifying the
AL structure/architecture and thus the catalytic ink composition
[12,34-36] and probably the mode of elaboration of the AL.

In that context, we surveyed AL materials of tunable porosity,
in order to enable both sufficient ionomer insertion in the volume
of the AL and porosity compatible with decreased mass-transport
limitations. In that frame, carbon “monolithic” structures,? like car-
bon aerogels (CA) [37,38] or xerogels (CX), are interesting materials
because they develop “wide-opened” porosity, in the range of large
mesopores (25-35nm) to small macropores (up to 300 nm) and
enable to reach both high up; and high ¢. Carbon aerogels and
xerogels are materials obtained by drying and pyrolysis of organic
aqueous gels; the pore texture of these synthetic carbons is easily
tailored via the synthesis variables of the pristine gel [39,40], as
depicted on the example of Fig. 3, related to carbon xerogels.

CA and CX are microporous and meso/macroporous carbons
composed of interconnected microporous spherical nodules com-
posing a rigid three-dimensional network. The size of the nodules
depends on the synthesis conditions of the gel; the size of the
voids located between the nodules (i.e. mesopores or macropores)
is determined by the size of the nodules and the drying procedure
[41]. Fig. 4 [42] shows, in the case of a CA catalyst substrate, how

2 By “monolithic”, we state that the carbon materials retain their pore texture at
the micrometric scale, i.e. after grinding down to a particle size compatible with
catalytic ink preparation. In some case, we used the terms “micromonoliths”, the
catalytic layer being then composed of 5-20 wm carbon particles [37].
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Fig. 3. Pore size distribution of carbon xerogels prepared under various pH condi-
tions, following the method described in reference [40]. (M) pH=6.25, (o) pH=5.75,
(®)pH=5.25.

changing (i) the morphology of the CA (and thus of the AL) at fixed
size and shape and thus intrinsic activity of the Pt nanoparticles
deposited onto the CA [42-44] and (ii) the ionomer content of the
AL, yields very different PEMFC performances (Fig. 4A). Since the
electrodes used in this study were elaborated using the same tech-
nique (decal method) while exhibited similar Pt loading, Pt intrinsic
activity, Pt utilization factor (ca. 40-50%) and internal resistances
(as measured from electrochemical impedance spectroscopy), the
monitored differences in performance only result from different
mass-transport hindrance within the volume of the AL [42]: the
higher the pore volume and pore diameter of the cathode AL, the
more efficient the oxygen mass-transport to the (electro)catalytic
sites (Fig. 4B) and thus the better the MEA performances.

Comparable results have been obtained with carbon xerogels
[37], which demonstrates that the porosity and the ionomer con-
tent of the AL drives the MEA performances, notably in terms
of mass-transport, as also monitored for some diffuser CMR (see
[2,45]). At that point we emphasize that the important parameter
to reach high ¢ is not the pore volume/pore diameter of the origi-
nal electrode material (e.g. Pt/CA or Pt/XC) but that of the AL built
from this electrocatalyst and the appropriate ionomer. In that con-
text, it should be mentioned that the assembly of the AL with the
Proton Exchange Membrane (PEM) influences both the utilization
and effectiveness factors. On the one hand, high up; can be reached
for thin AL hot-pressed onto the PEM, following the penetration of
the AL into the PEM and related improved ionic percolation.? On
the other hand, thin AL are (in proportion) more intruded by the
softened Nafion® during the hot-pressing step, resulting in poros-
ity filling and subsequent larger mass-transport limitations. So, not
only the materials and composition of the AL are important to
obtain high ¢, but also the thickness of the AL and the assembling
procedure of the MEA. Similar conclusions were reached by Song
et al. [33] for PTFE containing electrodes.

At this point, one should stress that, like in the case of a
conventional catalytic bed composed of catalyst pellets piled-up
in a reactor, diffusion limitations may originate from different
levels of porosities [46]. In particular, an AL prepared from CA
or CX materials is composed of three discrete porosity levels:

3 The penetration of the AL into the PEM is believed to be rather constant, regard-
less of the AL composition; it would instead depend on the hot-pressing procedure
(fixed in this study).
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Fig. 4. (A) Specific intensity (kA g~'p;) of various MEA for 50 cm? single cells oper-
ated at 70°C, Py (H2/Air)=1.3/1.3 bar, s (Hz/Air)=2/2.5 (stoichiometry), RH=100%
(relative humidity) and (B) related voltage losses decomposition revealing the
ohmic, kinetic and mass-transport losses for CA#1-1-0.5 and CA#2-1-0.5 MEA. 50 cm?
single cells were operated at 70°C, Py (Hz/air)=1.3/1.3 bar, s (Hy/air)=2/2.5 with
fully humidified gas (RH=100%), stoichiometric flows at current density above
0.24 Acm~2 and constant flows at current density below 0.24 Acm~2. CA#1 displays
pores centred at ca. 35 nm, versus 25 nm for CA#2, but active layers made from CA#1
are less “open” than those designed from CA#2, as a result of the larger penetration
of Nafion® ionomer in the wider pores. Reproduced from Ref. [42] with permission
from Elsevier.

(i) the interparticular voids, i.e. the voids between the catalyst
particles (micromonoliths), (ii) the intraparticular voids, i.e. the
meso/macropores located between the carbon nodules and (iii)
the intranodular voids, i.e. the micropores located inside the car-
bon nodules. Each level could induce mass-transport limitations,
depending on both the pore size and the distance to be covered
by the reactants/products within the considered level to reach the
active sites. The results presented in Fig. 4A show that, in the case
of Pt/CA electrocatalysts, the second level (mesoporosity) clearly
regulates the mass-transport: the mesopore size dramatically influ-
ences the polarization curve. The same results were obtained with
Pt/CX electrocatalysts [37]. Globally, as also shown in the case of a
simpler gas phase reaction [46], the intraparticular voids are large
enough to avoid diffusion hindrance at this level while the distance
to be covered in micropores is too short to induce limitations. How-
ever, we point out that in heterogeneous catalysis the problem is
generally a bit simpler, as no triple contact is necessary: as a result,
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the porosity required for sufficient gas/reactant diffusion into the
catalytic layer is not partially obstructed by the ionomer. Indeed,
at high Nafion® loading of the AL or in the case of interparticular
voids filling during hot-pressing on the membrane, diffusion limi-
tations could shift to the upper level. In the case of Pt/CB catalysts,
the second level (intraparticular voids) does not exist and the size
of the interparticular voids is much reduced due to the smaller size
of the CB particles and aggregates; the mass-transport limitations
are thus located at the interparticular level.

The importance of the porosity had already been emphasized
for carbon black (CB) based AL [47]. Uchida et al. measured bet-
ter electrical performance when increasing the specific volume of
mesopores of diameter >8 nm covered with the ionomer in the cat-
alyst layer and decreased specific volume of pores less than 8 nm in
diameter without ionomer on the carbon surface at the cathode of a
PEMEC. Such performance enhancement results from an improved
oxygen mass-transport at the cathode.

Finally, it is important to check whether covalent carbon struc-
tures like CA and CX are subjected to alteration upon ink processing
and MEA hot-pressing (see Sections 2.3 and 3.1). Marie et al.
showed that the pore network of Pt/CA was not destroyed dur-
ing the MEA elaboration. This feature was explained from the
flexibility of the CA (micro)monoliths upon compression (as high-
lighted by Hg-porosimetry measurement): CA monoliths undergo
a reversible deformation, at least until a Hg pressure of 500 bar
[43]. As a result, the Pt/CA-based AL likely maintains the (con-
trolled) porous structure of the raw Pt/CA materials, even after
ink processing and MEA hot-pressing (usual steps of PEMFC MEA
elaboration process). Hence, the optimized structure of the AL will
decrease diffusion resistances and favor high effectiveness factors.
The same results were found with CX [37]: CX, which are denser
than CA, were not deformed at all by Hg pressure up to 2000 bar
[41].In opposition, Pt/CB grains are more prone to self “ball-milling”
and subsequent detachment of Pt particles upon ink processing
and MEA hot-pressing (see Section 3.1), while the pore texture of
Pt/CB-based AL depends on the elaboration procedure of the MEA.
AL made from high specific surface area CB only display pores of
sufficient size to enable efficient mass-transport between the indi-
vidual CB grains (the grains of high-area CB are usually microporous
or mesoporous with small mesopores [48]). Indeed, CB substrates
consist of agglomerates which are not covalently bound to each
other, so not only the composition of the catalytic ink but also the
mechanical steps of AL deposition may influence the AL porous
structure: restructuring (irreversible compression) is for exam-
ple possible during hot-pressing [42], inducing modification of the
stacking/packing density of the individual CB grains.

3.3. Influence of the ionomer on the intrinsic activity of the
electrocatalysts

We have shown in Section 3.1 that the catalytic sites in electro-
chemical systems like PEMFC are active only provided the ionomer
wets the carbon-supported Pt particles. Alternatively, high up may
be useless if the remaining porosity of the active layer is not
developed enough to enable sufficient reactant/products mass-
transport to/from the electrocatalytic sites (Section 3.2). One may
also wonder whether this mandatory ionomer|electrocatalyst con-
tact modifies the intrinsic electrocatalytic activity (see Section 2.4)
of the catalytic material (usually Pt). We recall that in MEA, the
electrocatalyst is used in GDE, the size/volume of which renders
extremely awkward to characterize their intrinsic kinetic proper-
ties. Indeed, pure kinetic effects may likely be shielded/masked by
capacitive, ohmic and mass-transport hindrances, as well docu-
mented in references [6,49].

In that context, many research groups do characterize PEMFC
electrocatalysts (Pt/C or PtM/C, M = Co, Ni, Cr, Ru, etc.) using simpler

AL configurations. They assume that for such simpler geome-
tries, the capacitive and ohmic hindrances can be neglected and
the mass-transport limitation easily corrected using mathemati-
cal models. The rotating disk electrode (RDE) setup, either in the
thin-film [15-17] or the porous [10,18] configurations, is the most
popular example. In the former technique, an active layer of the
desired electrocatalyst is immobilized in two steps at the RDE tip.
First, a layer of electrocatalyst powder is deposited from a sus-
pension in volatile solvent, while a second thin Nafion® layer is
added after the solvent evaporation. In the latter, the active layer
is deposited in one step from a blend of the electrocatalyst powder
and a binder (either Nafion® [10,18,22] or PTFE [24,50-54]). Both
techniques require a gentle thermal treatment to bind the active
layer to the RDE tip. The advantage of these RDE-based techniques
over the GDE lies in the fact that (i) they require small amount
of electroactive material, (ii) enable facile correction from mass-
transport limitations and (iii) employ comparable ink composition
than in PEMFC electrodes. However, it should be pointed out that
the use of a binder (i.e. Nafion® for PEMFC purposes) is mandatory,
thus emphasizing a drawback of the RDE: the intrinsic activity of
the Pt/C or PtM/C materials is always quantified in the presence of a
dual electrolyte, Nafion® + H,SO4 (or HClO,4). In that frame, one may
wonder if the electrocatalytic activities monitored in such setups
match those monitored only at the interface with (i) liquid elec-
trolyte and (ii) polymer electrolyte. While question (ii) is still not
clearly answered yet (apart from reference [45], little has been done
so far on the topic), Guilminot et al. [22] have unveiled some of the
answers to question (i), as described below.

Comparing the results of Pt/CB (10wt.% Pt on Vulcan XC72,
E-TEK) characterization using the porous RDE and the UMEC tech-
niques in the presence/absence of Nafion® (binder), Guilminot et al.
did investigate the influence of Nafion® (ionomer) on the intrinsic
catalytic activity of platinum. Their study focused on two classi-
cal techniques of characterization of Pt/CB electrocatalysts. The
first is the CO-stripping voltammetry (see Fig. 5), which enables
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Fig.5. Comparison of 10 mV s~! CO-stripping voltammograms plotted in 1 M H,SO04
at 298 K for a Pt/CB active layer UMEC including or not recast Nafion® and RDE active
layer (containing Nafion®).
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both quantitative determination of the active area of platinum [55]
and qualitative information regarding the structure of the plat-
inum nanoparticles, e.g. the existence of families of particles with
different average diameter [13,14,56] and the extent of particle
agglomeration [57]. The second is the quasi-steady-state voltam-
metry of oxygen reduction reaction (ORR) (see Fig. 6), so as to obtain
the kinetic parameters of the electrocatalyst.

Fig. 5A shows that the CO-stripping peak of the Pt/CB UMEC
(without Nafion®) sharply differs from that of the porous RDE (with
Nafion®): both the onset and peak potentials are shifted positive
when Nafion® is employed. The rationale for such differences was
explained by the presence of (mainly organic) impurities brought
by the Nafion® ionomer or the competitive adsorption between
Nafion® sulfonate pending moieties and water, which both hin-
der the “water activation” step necessary for CO electrooxidation
[22]. Indeed, it is well-established that CO-electrooxidation pro-
ceeds according to the Langmuir-Hinshelwood (L-H) mechanism
[58] and involves the reversible adsorption of water (Eq. (1)) and
the electrooxidation of adsorbed carbon monoxide with adsorbed
water (Eq. (2)):

H0 < OHyqs+H" +e~ (1)
CO,qs + OH,4s — COp +HT 4~ 2)

Water splitting is known to initiate at some active sites of the
surface (Eq. (1)) and provides oxygenated species which are neces-
sary for CO,qs + OH,4s recombination and CO, formation (Eq. (2)).
At the onset of CO.4s electrooxidation, the reaction is limited by
reactions 1 and 2 [59]. A decrease of the number of catalytic sites
due to competitive adsorption between water and organic impuri-
ties or sulfonate pending moieties yields lower reaction rate for Eq.
(1) and this translates in the CV by a shift of both the onset and main
electrooxidation peak to higher potentials. When a Pt/CB + Nafion®
blend is immobilized in the UMEC, the RDE and UMEC responses
are similar, both in terms of onset and peak potentials (Fig. 5B).
This finding demonstrates that the differences monitored in the
Nafionless UMEC and the RDE configurations do not originate from

any “electrode setup” effect, but are related only to the presence of
the Nafion® ionomer.

These results agree with those from reference [60] regarding the
effect of the halide and Nafion® pollutants on CO-stripping. They
also agree with the lower CO to hydrogen coulometry ratios for
Nafionless UMEC active layers (Qco/Qu ~2.2) compared to those
containing Nafion® (Qco/Qy ~ 2.8 for the UMEC with Nafion® and
2.6 for the porous RDE). We point out that Qco/Qy should be equal
to 2 for polycrystalline Pt.4

Fig. 6A shows the marked difference between the diffusion-
corrected” ORR Tafel slopes for the Pt/CB UMEC and porous RDE. Let
us note that only the trace for the Pt/CB UMEC is close to that theo-
retically forecast for Pt (Damjanovic mechanism with Tafel slopes
of —60 and —120mVdec~! at low and high ORR overpotentials,
respectively [61]) and that measured for bulk Pt [62]. Conversely,
the trace for the Pt/CB+Nafion® UMEC is very close to the porous
RDE (Fig. 6B), showing once again the non-negligible influence of
Nafion®. In the present case, the effect is dual. On the one hand, the
positive effect of Nafion® on the ORR kinetics at high potentialsis a
consequence of the higher acidity of Nafion® (a superacid species),
which shifts the ORR equilibrium potential positive and accelerates
the rate-determining step of the ORR [63]. On the other hand, the
Tafel slopes are always steeper and poorly defined with Nafion®,
as a result of the higher O, mass-transport limitations in the
electrolyte-soaked Nafion® (in both the RDE and UMEC configura-
tions, O, is dissolved into the acid liquid electrolyte, the diffusion of
whichin the flooded active layer is hindered) [22]. Recently, Neyer-
linatal. also showed that, in PEMFC, uncorrected O, mass-transport
hindrance yields to higher (and poorly-defined) ORR Tafel slopes
[49]. In summary, the Tafel slopes monitored for Pt/CB nanopar-
ticles should not differ from that predicted for bulk platinum, i.e.
—60and —120mV dec~! atlow and high ORR overpotential, respec-
tively. Thus, the higher absolute values of the first Tafel slope (the
Tafel slope measured at low current density) commonly found in
the literature in the RDE or GDE setup (see for example references
[15,38,44,63,64]) probably translates insufficient correction from
0, mass-transport hindrance within the liquid-electrolyte-soaked
Nafion®-containing active layers used in these studies.

3.4. Interaction between the PEM/ionomer and electrocatalyst
and its impact on the MEA durability

One of the main hindrances to PEMFC commercialization is their
lack of durability, as revealed by the increasing amount of literature
dealing with the topic (the interested reader is directed towards
relevant reviews in the field, among which [4,65-67]). As pointed
out recently in [66,68], the degradation processes occurring within
a PEMFC MEA during its ageing are complex, and the degradation
of the PEM/ionomer and that of the Pt/C electrocatalyst are possi-
bly linked [68-70]. On the one hand, the presence of the ionomer
(and its degradation by-products) at the interface with the elec-
trocatalyst particles affects the stability of the Pt/C materials and
thus that of the whole AL [68,69,71] while, on the other hand, the AL
and its degradation products destabilize the PEM/ionomer, thereby
lowering the PEMFC performance and durability.

4 Maillard et al. recently showed that this assertion could prove erroneous for
platinum nanoparticles of diameter below 3-4nm [14]. However in the present
case, the fact that Qco/Qy increases in the presence of Nafion® at fixed Pt particles
diameter (the Pt/C used remains unchanged for all the experiments) unambiguously
reveals the effect of the pollutants brought by Nafion® on the measurement of the
active area of Platinum.

> Both the UMEC and the porous RDE techniques require the correction from the
oxygen diffusion in the active layer for high ORR overpotentials (E<0.8 V vs. NHE).
At low ORR overpotential (E>0.8V vs. NHE) only the UMEC requires a correction
from the oxygen diffusion in the active layer (see Section 2.4).
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Obviously, the Pt/C electrocatalyst commonly used in PEMFC
MEA is not a stable material in the PEMFC environment. For exam-
ple, the thermodynamically stable form of platinum is Pt cations
in the domain of pH<1 and E> 0.9V vs. NHE [72]. Such conditions
may appear harsh, but constitute the working environment of a
PEMFC cathode under small load or open-circuit voltage (OCV).6
The corrosion of the Pt crystallites and concomitant production
of Pt?* is actually activated by the potential but needs a chemical
step (dissolution of PtO oxides) to proceed, as suggested by Dar-
ling and Meyers [74]. It is worth noting that the presence of the
(cation-exchange) ionomer/membrane provides activators for Pt?*
dissolution. Pt oxidation and subsequent dissolution yields the for-
mation of a supersaturated Pt?* solution at the cathode. These Pt**
ions might form stable complexes with membrane/ionomer degra-
dation products (F or S-containing species [70,75-77], see Fig. 7A),
halide species arising from the Pt nanoparticles synthesis (e.g. Cl~
[69]) or present as impurities onto the high-surface-area carbon

6 Obviously, in non-electrochemical CMR baring a Nafion® membrane, Pt-based
catalysts could also suffer such Pt corrosion since, by nature, non-electrochemical
CMR operate in open circuit conditions. Should such CMR be exposed to both a
strong reducer and a strong oxidant (an example is given in reference [73], the
oxidant compartment open-circuit potential could reach ca. 1V vs. NHE, yielding
dissolution of the Pt catalyst. The phenomenon would be even harsher for catalysts
less noble than platinum.

black substrate of the Pt nanoparticles [68,69]. As a result, Pt species
redistribute within the whole MEA. In addition, the carbon sup-
port is also unstable in the environment of a PEMFC cathode. It
may oxidize to CO, in chemical/electrochemical processes involv-
ing protons (provided by the PEM and the ionomer)[78-81]. Carbon
corrosion is seemingly catalyzed by the presence of platinum [82]
and depends on the electrode potential and the system operat-
ing parameters (e.g. start/stops, fuel starvation, OCV holds, etc.)
[65]. Detailing the consequences of such degradation of the Pt/C
electrocatalysts is beyond the scope of the present paper, but it
is obvious that such phenomena would yield severe performance
losses through the drastic reduction of up; and &, the morphology
of both the electrocatalyst and the AL being deeply modified (see
for example [65,66]).

Alternatively, the PEMFC ageing issue can be regarded from
another viewpoint: the PEM and ionomer may precisely degrade as
aresult of the presence of the two AL in the PEMFC environment. It is
now well documented that the main chemical degradation mecha-
nism of a PFSIionomer results from the action of radical species, like
OH* and HO,* [83,84]. These radicals likely originate either from the
oxygen crossover through the PEM (which is especially likely for
a degraded PEM) and subsequent two-electron oxygen reduction
at the Pt/C anode catalyst [85], or from oxygen reduction on con-
taminated Pt/C cathode catalyst (e.g. in presence of metal cations
originating from the degradation of the bipolar plates) [86,87].
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In that context, the polarization of the electrode that exists in a
PEMEFC is obviously a key parameter for the observed extent and
rate of degradation: the degradation of the PEM ionomer is espe-
cially likely in the vicinity of the anode, as detailed in recent review
articles [66,84,86]. The nature of the electrocatalyst (Fig. 8A) and
atmosphere (Fig. 8B) also affects the degradation rate of the PEM,
as recently demonstrated by Mittal et al. [88]. It is interesting to
note that Mittal et al. measured comparable membrane degrada-
tion rates irrespective of the location of the Pt/C catalyst (anode,
cathode or in the membrane), which they relate to an indepen-
dence of the reaction to the electrode potential, thus asserting its
chemical nature. This conclusion differs from the previous one, but
can be understood as follows: the (electrode) potential may not
have a direct effect on the PEM/ionomer degradation, but instead on
the formation of species (e.g. Pt?*, radicals, etc.), which influences
the degradation of the PEM. Let us recall that the presence of Pt?*
species in the PEM/ionomer alters its bulk properties: ion-exchange
capacity, water uptake, mechanical strength, etc. (Fig. 7B), and its
proton conductivity (Fig. 7C) [66,70,71,86,89], finally concurring
to a decrease of the PEMFC performance. Nevertheless, from that
prospect, the PEM/ionomer degradation might as well proceed in
non-electrochemical CMR, e.g. systems in which H,0, (a species
likely prone to radical formation) is used as the oxidant (see exam-
ples in references [73,90]).

4. Conclusion

In the present paper, through a selected literature review, we
compared the Proton Exchange Membrane Fuel Cells (PEMFC) to
Catalytic Membrane Reactors (CMR). On the one hand, we showed
that PEMFC and CMR display major differences in terms of oper-
ating conditions. In particular, each active layer (AL) of the PEMFC
membrane electrode assembly (MEA) operates at a defined elec-
trode potential, thereby translating a major difference between
PEMFC and non-electrochemical CMR. Consequently, in opposi-
tion to what happens in non-electrochemical CMR (for which the
catalysts operate in open-circuit conditions), the electrochemical
reactions taking place in PEMFC can only occur at the so-called
three-phase-boundaries between the carbon-supported electro-
catalyst particles and the ionomer, in the presence of the reactants.
On the other hand, PEMFC are particular (electrochemical) CMR. As

such, the PEMFC and CMR also display a certain number of similar-
ities, notably in terms of materials used and system geometry.

Like non-electrochemical CMR, PEMFC only reach high per-
formances provided the MEA is based on efficient materials and
properly designed. The MEA is a complex medium, composed of a
Proton Exchange Membrane (PEM), two active layers and two gas
diffusion layers (GDL). The PEM acts as both electron and gas sep-
arator between the anode and cathode active layers and transport
medium for protons (extractor at the anode, distributor at the cath-
ode). Each AL of the PEMFC MEA is a CMR where the ionomer acts
as a distributor for protons (cathode) and dissolved gases, contactor
between the gas reactant, protons and electrocatalyst particles and
extractor for the reaction by-products (H* at the anode, H,O at the
cathode).

Obviously in a running PEMFC, each AL operates at a rel-
evant potential that depends on the reaction (ORR or HOR),
therefore rendering necessary the existence of optimized three-
phase boundaries (reactant|ionomer|electrocatalyst interface). We
showed that the performances of practical PEMFC MEA improved
thanks to the optimization of the ionomer|electrocatalyst interface,
yielding to better electrocatalyst utilization and effectiveness fac-
tors. Conversely, such three-phase boundaries are not mandatory in
non-electrochemical CMR, in which the catalytic reactions are not
achieved under potential control. We showed that an unexpected
consequence of the required intimate contact between the ionomer
and the electrocatalyst, is the modification of the intrinsic activity
of the Pt-based electrocatalysts: the presence of Nafion® indeed
modifies the environment of the Pt particle (as compared to the
gas or liquid electrolyte phase), e.g. due to adsorption of ionomer
moieties, pollution or pH variation.

Finally, we emphasized that the MEA architecture/composition
influences its durability. Briefly, C oxidizes to CO, and Pt dissolves in
the acidic and oxidant environment of the PEMFC cathode, yielding
Pt?* ion release and transport within the MEA. The latter is favored
by the presence of the (cation-exchange) ionomer/membrane and
by activators/ligands (F or S-containing species resulting from
the ionomer and membrane degradation), which possibly act as
counter-ions. As a result, the ageing mechanisms of both the Pt/C
nanoparticles and ionomer/membrane actually depend on each
other and overall, the presence of the ionomer at the interface
with the electrocatalyst particles affects the stability of the whole
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AL. Obviously, such degradation issues depend on the operating
potential of each PEMFC AL. Non-electrochemical CMR based on a
Nafion® (or any superacid) membrane, operating by nature at open-
circuit potential, would also likely suffer such degradation when
operated with “aggressive” reactants, because these conditions are
comparable to those in PEMFC during idling or at zero current.
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