FUEL CELL RESEARCH IN SWITZERLAND

826

CHIMIA 2004, 58, No. 12

Chimia 58 (2004) 826-836
© Schweizerische Chemische Gesellschaft
ISSN 00094293

Materials for Polymer Electrolyte
Fuel Cells

Lorenz Gubler?*, Nina Beck?, Selmiye Alkan Girsel?, Faegheh Hajbolouri?, Denis Kramer?,
Andreas Reiner?, Beat Steiger?, Giinther G. Scherer?, Alexander Wokaun?@, Bashyam Rajesh®,
and K. Ravindranathan Thampi®

Abstract: The commercial success of the polymer electrolyte fuel cell (PEFC) will to a large extent be determined
by the nature, properties, functionality, and cost of the electrochemical sub-components used in the membrane
electrode assembly (MEA). Materials research activities in Switzerland for the PEFC are being pursued at the Paul
Scherrer Institut (Villigen AG) and the Swiss Federal Institute of Technology in Lausanne with different objectives.
The radiation grafted proton exchange membrane developed at the Paul Scherrer Institut (PSl) has been brought
to a near-product-like quality level with encouraging performance close to state-of-the-art materials and a life-time
of several thousand hours. Furthermore, the membrane shows low methanol crossover in the direct methanol fuel
cell. In addition, polyarylene block copolymer membranes have been investigated as an option for fluorine-free
membranes. The electrocatalysis of Pt in acidic solution and in contact with a solid electrolyte, the development of
new methanol oxidation and oxygen reduction catalysts, and co-sputtering of Pt and carbon as an alternative
method for catalyst preparation are areas of fundamental research. More applied research is performed in the char-
acterization of commercial electrodes in single cells, using standard as well as advanced diagnostic tools devel-
oped in-house. This article gives an overview over the research and development projects in Switzerland related
to materials and components for the PEFC.

Keywords: Direct methanol fuel cell - Electrocatalysis - Membrane electrode assembly -
Polymer electrolyte fuel cell - Proton exchange membrane

1. Introduction

Among the various fuel cell types in exis-
tence, the polymer electrolyte fuel cell
(PEFC) is a particularly promising technol-
ogy for power generation in portable, sta-
tionary and mobile applications. Unlike in
liquid electrolyte-based fuel cells, the cell
components are solid materials and hence
handling of hot and corrosive liquids can be
avoided. The solid oxide fuel cell (SOFC) is
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also based on a solid electrolyte, yet the
PEFC offers the advantage of rapid start-up
due to its low operating temperature of up
to 100 °C. The SOFC, on the other hand,
operating at a temperature of typically
700-1000 °C, produces high quality waste
heat, which can be further used in second-
ary processes.

The core component of the PEFC is the
membrane electrode assembly (MEA),
consisting of a solid proton exchange mem-
brane (PEM) sandwiched between two
porous carbon based gas diffusion elec-
trodes (GDEs) (Fig. 1). The overall cell re-
action is split into two half-cell reactions
taking place at the anode-membrane and
cathode-membrane interface, respectively,
where a highly dispersed Pt or Pt alloy cat-
alyst is deposited.

Fuel electrode (anode):
(H)H, — 2H" + 2e”
(hydrogen oxidation reaction, HOR)
(2) CH;OH +H,0 — CO,+6H* +6¢”
(methanol oxidation reaction, MOR)

Air electrode (cathode):
3)2,0, +2H* + 2¢- — H,0
(oxygen reduction reaction, ORR)

The fuel cell is a galvanic element, cre-
ating electricity by virtue of an electro-
chemical reaction of a fuel with an oxidant.
Oxidation of the fuel releases electrons at
the anode. H, is the fuel of choice for most
applications, as the H, oxidation reaction
(HOR, reaction 1) proceeds with high rate
and low overpotential in the presence of Pt
as electrocatalyst. H, may be used in pure
form, or in a gas mixture generated by re-
forming of a carbonaceous fuel, such as
natural gas, gasoline, biomass, efc. (cf. ‘Fu-
els for Fuel Cells: Requirements and Fuel
Processing’ in this issue of CHIMIA [1]). In
the direct methanol fuel cell (DMFC),
methanol is used as fuel, which has the ad-
vantage of being liquid at room temperature
and, therefore, having a higher energy stor-
age density compared to hydrogen. The
electrocatalysis of the methanol oxidation
reaction (MOR, reaction 2) is much more
sluggish compared to the HOR, leading to
considerable anode polarization losses. In
the DMFC, Co, is released from the anode.
The electrons generated at the anode are
conducted via an external circuit to the
cathode, whereby they deliver electrical
power to the consumer. In the PEFC, the
ionic species exchanged between anode
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Fig. 1. Schematic of the basic electrochemical unit of the polymer elec-
trolyte fuel cell (PEFC), the membrane electrode assembly (MEA). The fuel
is oxidized at the anode. Electrons are transferred from anode to cathode
via an external circuit (not shown), and protons are transported through the
solid electrolyte membrane. At the cathode, oxygen is reduced and water
is formed. If a carbonaceous fuel is used, CO, is released at the anode.

and cathode are protons. Oxygen from air is
used as oxidant in most cases. Water is
formed as a product of the oxygen reduc-
tion reaction (ORR, reaction 3) at the cath-
ode. The H,/air cell has an open circuit
voltage (OCV) of around 1.0 V, in the
methanol/air cell around 0.8 V is obtained.
A practical cell voltage during electric pow-
er generation is 0.7 V for a H, fueled cell,
and 0.5 V for a methanol fueled cell. Typi-
cally, one cell delivers a power density of
0.5 W/cm?2 using H, as fuel, and about
0.2 W/cm? in the DMFC.

The MEA has a thickness of around
0.5 mm. Its subcomponents have different
tasks and have to meet certain requirements
in order for the MEA to function as expect-
ed. All the components of the MEA have to
be chemically and mechanically stable and
sufficiently resistant to corrosion and
degradation in the environment of the
PEFC.

The electrolyte membrane has to be me-
chanically robust and separate the half-cell
reactions effectively to prevent direct reac-
tion of fuel and oxidant and hot-spot for-
mation. The required proton conductivity is
of the order of 100 mS/cm at the operating
temperature of the cell, which is 60 to
90 °C for the hydrogen fueled cell, and up
to 120 °C for the DMFC. Proton exchange
membranes (PEMs) are polymers in film
form with a thickness between 20 and
200 pm containing cation exchange sites.
While the cations, e.g. protons, are mobile
the anions are fixed to the polymer back-
bone. Consequently, the cation transference
number is 1. The majority of PEMs swell in

water, and proton conductivity is strongly
dependent on the water content of the mem-
brane. The distribution of water within the
membrane is therefore an important factor
influencing the functioning of the fuel cell.
The electrodes have to be electronically
conducting and of porous structure, the lat-
ter to enable access of the reactants (H,,
methanol, O,) to the catalyst and removal of
products (H,0, CO,). Gas diffusion elec-
trodes (GDESs) are made of fibrous carbon
material, such as cloths, papers or felts. The
hydrophobicity of the GDE needs to be well
designed by wet-proofing with PTFE to
handle two-phase flows occurring in the
PEFC, i.e. air/liquid water on the cathode
and CO,/liquid water-methanol mixture on
the anode of the DMFC. The catalyst lay-
ers, having a thickness of around 10 um,
contain Pt or Pt alloy electrocatalyst to pro-
mote the half-cell reactions. The catalyst
loading is of the order of 0.1-1.0 mg/cm?.
In order to maximize the surface of the
catalyst, high surface area carbon
(100-1°000 m?/g) is used as catalyst sup-
port material. The resulting Pt particles
have a diameter of around 2 nm, corre-
sponding to a dispersion of 50%.

2. Proton Exchange Membranes

2.1. Preparation of Radiation

Grafted Membranes

2.1.1. Radiation Grafting: Approach
Radiation-induced grafting is an attrac-

tive method to introduce desirable proper-

ties into a polymer owing to its simplicity in
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handling and control over the grafting
process. This method offers the promise of
polymerization of monomers that are diffi-
cult to polymerize by conventional methods
without residues of initiators and catalysts.
Moreover, polymerization can be carried
out even at low temperatures unlike the
polymerization with catalysts and initiators
[2].

Radiation grafting involves the poly-
merization of a monomer into a preformed
polymer film and leads to the formation of
a branched structure, in which macromole-
cular chains of the base polymer film act as
the backbone and the branches are side
chains represented by the grafted moiety.
The polymerization reaction is initiated by
radicals generated by irradiation of the base
polymer with an electron beam or y-rays.
There are three standard methods of radia-
tion grafting: i) simultaneous method, in
which the base polymer is irradiated in the
presence of the monomer, resulting in the
formation of active free radicals in both
monomer and base polymer, ii) pre-irradi-
ation method (trapped radicals), in which
the base polymer is irradiated in vacuum or
under an inert atmosphere to generate radi-
cals prior to exposure to the monomer, iii)
and pre-irradiation method (hydroperoxide
method), in which the polymer is irradiated
in the presence of air or oxygen to form
mainly hydroperoxides which are decom-
posed at elevated temperature to initiate the
grafting reaction (Scheme) [3].

Radiation grafting at PSI is performed
preferentially by the pre-irradiation graft-
ing method in air by exposing the base
polymer film to an electron beam first and
then immersing it in a solution containing
monomer and cross-linker. Previously, y-ra-
diation in air was used for the pre-irradia-
tion of the base polymer films; however,
membranes produced by this method suf-
fered from poor mechanical properties.
Irradiation with electrons is preferred not
only to enhance mechanical properties but
also for shorter irradiation times, precise
control of irradiation dose, and safer han-
dling.

2.1.2. Base Materials and Monomers
Radiation grafting may be applied to a
wide range of polymer—-monomer combi-
nations, such as various fluoropolymer
films and acrylic and vinyl monomers.
Styrene has been widely used as the
monomer for this purpose since it is read-
ily available and also the grafted styrene
can be readily modified to introduce a va-
riety of functionalities. Due to the known
susceptibility of polystyrene towards ox-
idative degradation, the use of inherently
more stable substituted styrene monomers
is considered. For this purpose, studies on
the monomer preparation and polymeriza-
tion rate of o-fluorostyrene, o,p,p-tri-
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-[—CFQ—CFHn—[—CFz—CIDF—]F
CF,

FEP

poly(tetrafluoroethylene-co-hexafluoropropylene)

+(—c Hy—C Hz—)—(—CFZ—CFZ—HH—

ETFE
poly(ethylene-alt-tetrafluoroethylene)

Fig. 2. Structure of the base polymers used for the preparation of radiation grafted membranes at PSI

flurostyrene and o-bromostyrene have
been carried out [4]. However, radiation
grafted films have not been prepared so far.
Also, o-methylstyrene is an interesting
monomer in the context of chemical stabil-
ity, and preliminary experiments using it as
co-monomer with styrene for radiation
grafting are in progress [5].

Partially fluorinated and perfluorinated
polymers have been frequently used as base
polymer to meet the requirements for
chemically and thermally stable proton
conducting membranes. Polytetrafluo-
roethylene (PTFE), poly(tetrafluoroethyl-
ene-co-hexafluoropropylene) (FEP),
poly(ethylene-alt-tetrafluoroetylene)
(ETFE), poly(vinylidine fluoride) (PVDF),
poly(tetrafluoroethylene-co-perfluo-
rovinylether) (PFA), poly(vinylidine fluo-
ride-co-hexafluropropylene)  (PVDF-co-
HFP) have been used as host matrices for
various graft copolymers. For the prepara-

tion of radiation grafted proton exchange
membranes at PSI, mainly FEP and ETFE
have been used as base polymer and styrene
as grafting component (Fig. 2) [6].

2.1.3. Solvent System and
Cross-linking

The graft copolymerization reaction is
carried out by bringing the activated base
polymer film in contact with the monomer
in liquid or vapor form. High yields and
process efficiencies can be achieved using
solution, emulsion, or suspension polymer-
ization. According to the grafting front
mechanism, grafting occurs initially at the
surface of the film, then proceeds gradually
inwards as the grafting zone is swollen by
the monomer [7]. The type of solvent and
the composition of the monomer/solvent
mixture may influence the grafting kinetics,
the length of grafted chains and polymer
microstructure. Benzene, toluene and
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dichloromethane, alcohols, in particular
methanol, ethanol or propanol, have been
used as solvents for radiation grafting of
styrene and styrene derivatives. It was
found that polar solvents are generally fa-
vorable solvents for pre-irradiation grafting
[8].

Cross-linkers are used in conjunction
with the monomer to achieve certain desir-
able properties in a grafted membrane.
Cross-linking agents such as divinylben-
zene (DVB) may be introduced into the
grafting solution. These are monomers with
two or more vinyl groups, such that the
grafted polymer chains are bridged and
linked together, as a consequence of which
the tensile modulus and strength of the ma-
terial increase, whereas the swelling and
toughness decrease [9—11]. Radiation graft-
ed membranes cross-linked with DVB
show lower surface energy and hy-
drophilicity, which influences the mem-
brane—electrode interface in the resulting
MEA [12][13]. Another drawback of the
use of cross-linkers is that they may en-
hance the rate of homopolymerization [14].

Cross-linkers may increase or decrease
the grafting yield depending on their con-
centration. At low concentration of the
cross-linker the increased degree of graft-
ing is attributed to the enhanced number of
branching reactions. At high concentration
of the cross-linker, on the other hand, a net-
work structure, which causes a suppression
in the swelling of the graft and an increase
in viscosity of the grafting solution, is
formed. That further leads to a decrease in
the diffusion and availability of the
monomer and, consequently, grafting yield
is found to be lower [14]. The higher
‘structural density’ of cross-linked mem-
branes significantly improves the chemical
stability of FEP and ETFE based mem-
branes [15].

2.1.4. Sulfonation

The graft copolymer film, consisting of
the base polymer onto which polystyrene
side chains have been polymerized, is not a
fuel cell membrane yet, it lacks proton con-
ductivity. Sulfonation of the phenyl groups,
which introduces sulfonic acid sites, makes
the polymer hydrophilic and swellable in
water. The acid dissociates in the presence
of water, and the resulting mobility of the
proton provides the ionic conductivity of
the membrane. Sulfonation is generally car-
ried out using chlorosulfonic acid. In our
laboratory, the grafted films are sulfonated
with 2 vol-% chlorosulfonic acid in
CH,CI, at room temperature for 5 h, fol-
lowed by hydrolysis and re-acidification to
obtain the -SO;H functional group [16].
Typically, the degree of sulfonation
achieved is around 95%, complete sulfona-
tion of 100% corresponding to one sulfonic
acid group per phenyl ring.
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2.2. In Situ Characterization of
Radiation Grafted Membranes

Characterization of radiation grafted
and sulfonated membranes in single cells
has been performed from the very begin-
ning of the project in 1992. Base polymers
used were FEP and ETFE in thicknesses
ranging from 25 to 125 microns. Mem-
branes based on thin (25 um) FEP and
ETFE film can be prepared such that single
cell performance identical to Nafion® 112
can be achieved [17]. The cell performance
characteristics strongly depend on the
membrane properties, especially the proton
conductivity. For radiation grafted mem-
branes, the conductivity is governed to a
large extent by the amount of grafted com-
ponent, which contains the ionic sites.
Higher levels of grafting yield a higher con-
ductivity, yet the chemical stability of the
membrane decreases, because the grafted
polystyrene side chains are more prone to
chemical attack in the fuel cell environ-
ment. Furthermore, the mechanical proper-
ties of the membrane deteriorate with graft
level due to the increasing brittleness of the
material [8].

It has been recognized early that cross-
linking of the grafted polystyrene is of para-
mount importance for several reasons [9].
Firstly, cross-linking using divinylbenzene
(DVB) as co-monomer reduces gas trans-
port across the membrane, as evidenced by
the open circuit voltage (OCV) in a cell
[15]. This can be explained by a higher
compactness (lower swelling) of the cross-
linked polystyrene domains. At the same
time, membrane degradation, expressed as
increase in membrane resistance with time,
is lowered. However, cross-linking also
leads to undesirable higher membrane re-
sistance, because less water is present with-
in the structure of the polymer to assist pro-
ton transport.

In an MEA, the interface between mem-
brane and electrodes can contribute sub-
stantially to efficiency losses. Polystyrene
grafted membranes cross-linked with DVB
were found to have a considerably lower
surface energy compared to perfluorinated
membranes of the Nafion® type, at all wa-
ter content values investigated [12]. This
means that the membranes are more hy-
drophobic, which may be an explanation
for the poor membrane—electrode interface
in MEAs with cross-linked radiation graft-
ed membranes [18]. Uncrosslinked mem-
branes, on the other hand, have surface en-
ergies comparable to those of perfluorinat-
ed membranes. Characterization of the
membrane surface using photoelectron
spectroscopy indicates that as the concen-
tration of DVB is increased, the amount of
sulfonated polystyrene, i.e. the hydrophilic
component of the membrane, was found to
decrease, rendering the membrane surface
more hydrophobic [19]. Furthermore, the
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Fig. 3. Evolution of performance and durability of radiation grafted membranes developed at PSI, ex-
pressed as membrane area resistance. The graph represents in situ data, recorded during single cell

experiments using the current pulse method [17].

degree of cross-linking appears to be high-

er at near surface regions of the membrane

[20]. Due to these findings, it is deemed es-

sential to increase the hydrophilicity of the

crosslinked membranes and optimize the

MEA laminating conditions to obtain a

membrane—electrode interface with low

impedance. In a recent study, we found that
the modification of the membrane surface
by coating with solubilized Nafion®, as
well as hotpressing the membrane in water-
swollen state results in improved interface
characteristics, i.e. lower impedance, yield-

ing superior fuel cell performance [13][21].
In addition to performance, durability

of fuel cell components is crucial to the vi-

ability of the technology. Initially, our radi-

ation grafted membranes deteriorated rap-
idly within a few 100 hours of operation

(Fig. 3) [15]. Subsequently, the membrane

preparation as well as the MEA fabrication

process and single cell hardware was opti-

mized, which resulted in a markedly im-

proved durability, even at a lower mem-

brane thickness and higher operating
temperature. The most important improve-
ments were:

e Using electron instead of gamma radia-
tion, resulting in less radiation damage
of the base film [22].

* Enhanced grafting kinetics by using an
alternative solvent system, which per-
mitted us to decrease the irradiation
dose by an order of magnitude [8].

e Using a lower graft level for improved
mechanical and chemical stability
[8][23].

The latest data show stable operation of
an FEP (25 um) based membrane at high
performance and low membrane resistance
of less than 100 mOhm cm? over several
thousand hours, at a cell temperature of 80
°C [13]. Sharp increases in membrane re-
sistance at 4200 h and 6200 h can be corre-
lated with adverse start-stop cycles of the
cell (e.g. test facility power outages), which
resulted in accelerated degradation of fuel
cell components, both membrane and elec-
trodes.

2.3. Radiation Grafted Membranes
for the DMFC

The supply of a methanol/water mixture
to the anode of the DMFC, which distin-
guishes the DMFC from the hydrogen-fu-
eled PEFC, bears many implications re-
garding desirable materials properties of
MEA components. Mainly the anode and
the membrane are subject to materials de-
velopment for two reasons: i) the electroox-
idation of methanol; reaction (2), is a com-
plex multi-step, multi-pathway reaction, re-
sulting in considerably higher voltage
losses compared to the electrooxidation of
hydrogen, reaction (1), and ii) commercial
polymer electrolytes, such as Nafion®,
possess considerable permeability for
methanol (and water) and therefore only
partially fulfill the requirement to separate
anodic and cathodic reactants from each
other. The crossover of methanol through
the membrane from anode to cathode im-
pairs the performance of a DMFC in two
ways: 1) the fuel efficiency is significantly
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reduced, because the permeated methanol
is consumed by getting oxidized at the plat-
inum loaded cathode, and ii) the concomi-
tant formation of a mixed cathode potential
is detrimental to the cell voltage.

Based on PSI's development of radia-
tion grafted membranes for the PEFC, this
versatile technique has been adopted to fab-
ricate membranes tailored to the require-
ments of the DMFC with the aim of reduc-
ing the methanol crossover, while retaining
the electrical performance, compared to the
175 wm thick commercial standard elec-
trolyte Nafion® 117 [24][25]. Results show
that with a 75 um FEP based membrane,
which has a thickness of around 90 um af-
ter grafting and sulfonation, being still only
half the thickness of Nafion® 117, per-
formance comparable to Nafion® 117 is ob-
tained, yet with significantly lower
methanol permeation rate, in particular at
low current densities (Fig. 4). The cell per-
formance using 25 um FEP based mem-
brane is even better, yet without the benefit
of lower methanol crossover. Another im-
portant finding was that the radiation graft-
ed membranes fabricated for the DMFC
show lower water permeation compared to
Nafion® 117, which allows cell operation at
lower air stoichiometry (2.0 instead of 5.0)
due to reduced accumulation of liquid water
in the cathode gas diffusion medium, en-
hancing thereby the accessibility of the cath-
ode for oxygen. The lower air stoichiometry
has a positive effect on the overall efficiency
of the DMFC due to lower parasitic power
consumption for the air supply.

The performance achieved so far in
combination with the proven durability — no
serious degradation has been observed over
600 h of operation for an FEP 25 um based
membrane at a cell temperature between 90
and 110 °C —is encouraging to further pur-
sue the application of radiation grafted
membranes in DMFC. Forthcoming inves-
tigations will focus on ETFE as base poly-
mer. Enhanced diagnostics (cf. “Test and
Measurement Methods for Fuel Cell Tech-
nology’ in this issue of CHIMIA [26]) will
provide a deeper insight into the DMFC and
foster the tailoring of MEA components,
such as radiation grafted membranes and
novel methanol oxidation catalysts.

2.4. Fluorine Free Membrane
Materials

A very limited number of non-fluorinat-
ed polymer backbone types have a chance
to withstand the extremely demanding con-
ditions a fuel cell membrane is exposed to.
Hydrolysis, oxidation, reduction (hydro-
genation), and radical reactions can lead to
degradation of the polymer, thus reducing
the lifetime of the polymer electrolyte
membrane. Aromatic polyethers are among
the first choice for this application.
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Fig. 4. Comparison of the single cell performance and methanol crossover of radiation grafted mem-
branes based on FEP with different thickness with commercial Nafion® 117. Electrodes: anode Pt-
Ru/C 1.0 mgpcm™, cathode Pt black 4.0 mgp,ecm=. Cell temperature 110 °C, pressure 3 bar,,

12 mi/min 0.5 M methanol, air stoichiometry is 2.0 for FEP and 3.0 for Nafion® 117.

Poly(arylene ether)s, especially poly(ether
ketone)s and poly(ether sulfone)s, are very
promising candidates for future improve-
ments. Besides their chemical stability, these
polymer classes also exhibit excellent me-
chanical properties in their native forms. Sul-
fonation of these types of polymers has been
attempted successfully already. However,
post sulfonation of preformed polymers of-
fers only limited control over the position,
number, and distribution of the sulfonic acid
groups along the polymer backbone or re-
quires indirect routes via reactive intermedi-
ates. Thus, in a collaboration between PSI
and the ‘Lehrstuhl fiir Makromolekulare
Stoffe’ at the Technical University Munich,
Germany, we chose a different, more suit-
able approach. The sulfonic acid groups
were introduced into the monomers. Sul-
fonated aromatic ether ketone monomers
were polymerized by adaptation of estab-
lished procedures, which allowed improved
control over the polymer structure [27]. The
obtained polymers exhibit high molar mass-
es with weight average molecular weights of
up to 1.84-10° gmol~'. The acid functional-
ized polymers exhibit acceptable thermal

stability, i.e. a 5% weight loss occurring be-
tween 310 and 324 °C in TGA under syn-
thetic air. The mechanical properties of
these polymers indicate ductile mechanical
behavior with an elongation at break up to
230%. The water uptake of films cast from
the polymers are between 39 and 49 wt-%,
which corresponds to 8.8 to 10.0 molecules
of H,O per sulfonic acid group. In practice,
however, these films were difficult to han-
dle as solid electrolyte for fuel cell applica-
tions.

In a subsequent set of experiments, uti-
lizing essentially the same chemistry, block
copolymer ionomers fully based on hydro-
carbons were synthesized successfully us-
ing a two-stage process: first the hydropho-
bic block was prepared with the desired
length, then the monomers for the hy-
drophilic block were added at the desired
stoichiometry to adjust the length. Thus,
each block copolymer ionomer consists of
an alternating sequence of several hy-
drophobic and hydrophilic blocks (Fig. 5).
A range of block copolymer ionomers hav-
ing different ion exchange capacity were
prepared successfully by varying the stoi-

SOH SOH
i ? Hs 2
Lo b O O B0 HT O
CH, m n

HO,S

Fig. 5. Example for the chemical structure of a fluorine-free block copolymer used as a fuel cell mem-
brane. A hydrophobic block (left) offering mechanical integrity of the membrane, a hydrophilic block

(right) providing proton conductivity.
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chiometry of the monomers. This approach
provided a novel route for preparing poly-
mer electrolytes comprising an alternating
sequence of hydrophobic non-sulfonated
and hydrophilic sulfonated blocks [28]. The
proton conductivity of these membranes
was simultaneously dependant on the ion
exchange capacity, the volume fraction of
hydrophilic blocks, and the degree of sul-
fonation in the hydrophilic blocks. Conduc-
tivity increased with increasing ion ex-
change capacity and volume fraction of hy-
drophilic blocks in the same series. For
example, a block copolymer containing hy-
drophobic blocks with molar mass (number
average) of 2’400 g/mol and hydrophilic
blocks with 5’100 g/mol, respectively,
exhibited an ion exchange capacity of
1.5 mmol/g and a conductivity of
81 mS/cm at room temperature (Nafion®
112: 82 mS/cm?). As for the mechanical
properties, these membranes show high
yield stress and tensile strength (up to 88
MPa and 80 MPa, respectively) with an
elongation at break of up to 290%. The ma-
terial is insoluble in organic solvents as well
as in boiling deionized water in its acid
form. Preliminary fuel cell tests using these
block copolymer membranes showed good
stability as well as acceptable performance
compared to Nafion® membranes of similar
thickness.

3. Electrocatalysis

3.1. Aspects of Pt Utilization

The catalyst in state-of-the-art MEAs
consists predominantly of Pt nanoparticles
supported on high surface area carbon. In
order for the reaction to proceed on the cat-
alyst, it has to be connected to the elec-
trolyte phase. The co-existence of electron-
ic, ionic and gas phase is required, which is
realized in the triple phase boundary of the
anode and cathode catalyst layer, respec-
tively (Fig. 6). In the absence of ionomer in
the catalyst layer, only the catalyst particles
in direct contact with the membrane are
electrochemically active. Impregnation of
the catalyst layer with ionomer leads to an
increase in the electrochemically accessible
Pt by an order of magnitude, as evidenced
by cyclic voltammetry (CV) [29][30]. The
impregnation produces a thin film of solid
electrolyte, which forms a proton-conduct-
ing bridge between the membrane and
those Pt particles that are not in direct con-
tact with the membrane. There is a limit to
the amount of ionomer that can be intro-
duced into the catalyst layer before ad-
versely affecting the performance of the
PEFC by blocking the access of reactant.
We explored alternative methods for pro-
viding proton conductivity in the catalyst
layer by chemical modification of carbon
surfaces with sulfonic acid groups [31][32].

H,0

0, @ LS
@ (¢

el

Fig. 6. Catalyst layer of the PEFC, configured as
a triple phase boundary at the membrane-elec-
trode interface, with co-existing electronic (car-
bon and catalyst), ionic (proton conducting poly-
mer, e.g. Nafion®) and gas phase (porosity). The
cathode reaction, the reduction of oxygen and
formation of water, is shown for illustration.

A central aspect in our efforts to understand
Pt utilization at the electrode/solid polymer
electrolyte interface has been the develop-
ment of a model system for GDEs. Model
electrodes were prepared by microstructur-
ing the surface of glassy carbon plates into
comb-like structures (depths of 100-150
pm) using a rotating blade microsaw
(widths of 15-50 um) and covering these
lamellae with Pt using different config-
urations [29][31][33][34]. Complex mi-
crostructures (e.g. serpentine pattern with
round corners) can be fabricated by a novel
process that combines laser structuring of a
metal mask with subsequent reactive ion
etching [35]. We were able to observe sim-
ilarities with regard to the Pt surface uti-
lization in GDEs and microstructured mod-
el electrodes in contact with Nafion® 117
using the voltammetric method of underpo-
tential deposition of hydrogen (Hupd). Con-
trary to GDEs, the defined surface geome-
try and Pt distribution pattern of the model
electrodes allowed us to identify mechanis-
tic scenarios describing Pt surface utiliza-
tion [34].

With the intention of establishing a
baseline for the H_, behavior of Pt, we al-
so examine polycrystalline Pt disk elec-
trodes in 0.5 M H,SO,. It was discovered
early that the CV of a Pt electrode in 0.5 M
H,SO, is quite similar to the CV of Pt in
contact with a Nafion® membrane [36].
Polycrystalline Pt in 0.5 M H,SO,, as ob-
served by CV, shows deposition of atomic
hydrogen in the form of well-resolved
peaks (underpotential deposition, H ;) be-
fore the onset of hydrogen gas evolution.
The area defined by the Hupd CV-peaks (af-
ter subtraction of the area corresponding to
the response of the double layer) can be
used to determine the number of Pt surface
atoms. This procedure is especially widely
applied for the determination of the surface
roughness, p for many types of Pt elec-
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trodes, in particular to determine the elec-
trochemical Pt surface area in MEAs.

In addition to CV methods, ac imped-
ance spectroscopy offers interesting possi-
bilities for the investigation of the described
interfaces, also with regard to the Hupd
process. Preliminary impedance measure-
ments [37][38] showed that it is necessary
to establish a stable electrochemical active
surface in the potential region where the
H,, 4 process takes place. We demonstrated
that the surface morphology has an influ-
ence on the stability of the H, area over
time, which is for example affected by or-
ganic impurities [39]. Such impurities are
inevitable when using polymer membranes
as electrolyte.

To gain insight into the effect of elec-
trode configuration and morphology on the
stability as a function of time, different
types of Pt electrodes were characterized in
a half-cell setup (Table 1) and the active Pt
surface was measured as a function of time
(Fig. 7). Contrary to the behavior of the flat
Pt disk electrode (E-1), the roughened Pt
disk electrode (E-2) shows a quite stable
electrochemically active surface, expressed
in terms of H_, area. To clarify whether or
not the increased absolute surface area (be-
cause of roughening) or the morphological
aspect is the reason for this stability, the
measurement was repeated with a mesh
type Pt electrode (E-3). Like E-1 the mesh
electrode showed a decrease in Hupd area.
E-3 has a much larger surface than E-2,
therefore the roughness is mainly responsi-
ble for the stable H; area of E-2. Using
such electrodes, it sﬁould in principle be
possible to carry out ac impedance meas-
urements that require stable surface condi-
tions in the Hupd region and gain more in-
formation about the electrode/solid poly-
mer electrolyte interface.

3.2. Novel Methanol Oxidation
Catalysts

_ In a close collaboration between the
Ecole Polytechnique Fédérale de Lausanne
(EPFL), and the Indian Institute of Technol-
ogy (Prof. B. Viswanathan’s group), Madras,
India, various catalytic systems based on
nanostructured carbon, conducting poly-
mers, and nanocomposites of conducting
polymers and transition metal oxides were
developed as anode material for methanol
oxidation. The carbon nanotubules [40-42],
conducting nanocomposites of polyaniline
[43] and conducting nanotubules of polypyr-
role [44], and conducting polymeric
nanocones [43][45] of poly(3-methyl)thio-
phene (PMT) have been synthesized by a
template method. The catalytic activity of Pt-
WO;, Pt-Ru and Pt nanoparticles loaded car-
bon nanotubes has been evaluated as elec-
trode material for methanol oxidation in the
half-cell mode (using aqueous sulfuric acid
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as the electrolyte) and has been compared
with commercial catalysts [41-44]. For the
first time, the conducting polymeric nano-
tubules [44] and nanocones [43] were syn-
thesized on carbon cloth and loaded with Pt
nanoparticles to investigate the morphology
by techniques such as SEM, HR-TEM, XPS,
XRD, TGA and evaluate the electrocatalytic
activity for methanol oxidation [45] via
cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS). The in-
tercalated nanocomposite system based on
conducting polyaniline and V,O5 has been
used to support catalytic active Pt particles
for methanol oxidation [43]. Some of the
above-mentioned materials exhibited excel-
lent catalytic activity for methanol oxidation
and stability at room temperature in compar-
ison to the conventional and commercial ma-
terials.

The methanol oxidation activity has
been measured as a function of Pt loading
on template-synthesized PMT (Fig. 8). It
was found that the methanol oxidation cur-
rent density for the templated nanocone
electrode at +0.6 V vs. Ag/AgCl reference
electrode increased from 25 mA/cm? (20
Hgp/em?) to 290.6 mA/em? (90 pgp/cm?).
For the commercial E-TEK 20 wt-%
Pt/Vulcan electrode (figure not shown), it
increased from 12 mA/cm? (20 pugp,/cm?) to
176 mA/cm? (150 pgp/cm?), and for the
conventional PMT electrode the activity in-
creased from 7.2 to 20.4 mA/cm? only, for
Pt loadings of 20 and 80 ugP[/cmz, respec-
tively. The inset of Fig. 8 shows a transmis-
sion electron microscope image of PMT
nanocones synthesized by the template
method. The stability of the PMT nanocone
electrodes has been compared with com-
mercial E-TEK catalyst and with the con-
ventional PMT electrodes by measuring the
chronoamperometric response of the elec-
trodes at +0.6 V vs. Ag/AgCl. The percent-
age decrease of the catalytic activity of the
nanocone electrode was 14.3% at the end of
2 h, whereas the corresponding decrease
was 25% for 20 wt-% Pt/C (E-TEK), and
44.6% for the conventional PMT electrode.
The initial activity of the nanocone elec-
trode is higher by nearly 12 times compared
to the conventional PMT electrode and 2.5
times higher compared to 20 wt-% Pt/C
(E-TEK) electrodes. The Pt loading was 80
ug/cm? for all the electrodes. In order to
make the next step in developing novel cat-
alysts for fuel cell application, it is desirable
to employ these promising materials in
DMEC and PEFC, where proton exchange
membranes are used as electrolyte.

3.3. CO and Reformate Tolerance
CO poisoning of the anode electrocata-
lyst is a main problem in PEFCs operating
with H, derived from reformed hydrocar-
bon fuel. In addition to H,, the reformate
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Table 1. Half-cell characterization of different Pt electrodes in 0.5 M H,SO, at room temperature.

Electrode type Label Electrochemical active Roughness factor r;
surface A [cm?p] [cm2pt/cm2960m']

flat Pt disk E-1 0.00083 1.7

roughened Pt disk E-2 0.01078 22

Pt mesh E-3 16.6 2.4
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Fig. 7. Stability of the electrochemically active surface for the different electrode types characterized

in Table 1 as a function of time

gas stream contains CO, in the range of
20%, 10-1000 ppm CO after cleanup, and
around 40% N,, the exact composition de-
pending on the particular fuel reforming
process. At the typical operating tempera-
ture of the PEFC of around 80 °C, the CO
strongly adsorbs on the Pt and forms a near
to complete monolayer, thereby blocking
the access of H,, resulting in a large anode
overpotential. One of the challenges is to
optimize the fuel cell operating conditions
and the MEA design to tolerate the maxi-
mum possible CO concentration, i.e. at
least 100 ppm CO. The approaches to di-
minish the effect of CO poisoning are i) the
use of a CO tolerant anode electrode [46],
ii) increase of the cell temperature [47] and
ii) injection of a small amount of O, or air
into the fuel, so-called O,- or air-bleeding
[48]. Increasing the operating temperature
is a very effective means to improve CO tol-
erance of the PEFC, yet the upper tempera-
ture limit for MEAs that rely on the pres-
ence of water for proton transport is
100-120 °C. There is still significant CO
coverage of conventional Pt anode catalysts

at these temperatures, which calls for im-
proved catalysts with higher intrinsic CO
tolerance. Until today, the most CO tolerant
and durable electrocatalyst in fuel cell con-
ditions is known to be Pt-Ru. The superior
CO tolerance of Pt-Ru over pure Pt is gen-
erally explained with a bi-functional mech-
anism, according to which the CO elec-
trooxidation is promoted by formation ad-
sorbed oxygen-containing species, (OH), .,
on the oxophilic Ru surface [49][50]. Yet
experimental and theoretical studies have
also proven that equilibrium CO coverage
on Pt-Ru alloys is lower compared to pure
Pt due to an electronic effect [S1][52].

We have studied the CO tolerance of Pt
and different types of Pt-Ru gas diffusion
electrodes. Electrochemical impedance
spectroscopy (EIS) has been used as an in
situ technique for assessing the CO toler-
ance. The CO tolerance of the Pt-Ru elec-
trodes varies substantially dependent on
their exact formulation and morphology,
i.e. structural and compositional properties
of the carbon supported Pt-Ru catalyst and
the electrode design. Furthermore, the ef-
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Fig. 8. Variation of current density with Pt loading at +0.4 V, 0.6 V and 0.8 V vs. Ag/AgClI for Pt incorporated poly (3-methyl)thiophene (PMT) nanocone
electrodes at room temperature. Current densities were measured from cyclic voltammograms run in 1 M H,SO,/1 M CH;0H between -0.2 and +0.8 V.
Scan rate 50 mV/s. Inset shows the TEM image of PMT nanocones.

fect of increasing cell temperature and O,- or
air-bleeding proved to be strongly dependent
on the type and supplier of the selected elec-
trode material. The effect of cell temperature
on single cell performance using Pt and Pt-
Ru electrodes from two suppliers, E-TEK
Inc. and Tanaka Kikinzoku International
KK, at a cell current density of 500
mA/cm? and standard cell components, i.e.
cathode (Pt E-TEK, 0.6 mgp/cm?) and
membrane (Nafion®115), has been com-
pared (Fig. 9). The CO tolerance of the dif-
ferent anode electrodes increases in the order
Pt E-TEK < Pt-Ru E-TEK (50:50) < Pt-Ru
Tanaka (50:50) < Pt-Ru Tanaka (40:60). The
Tanaka Pt-Ru electrodes exhibited a superi-
or CO tolerance already at 80 °C, even
though the nominal catalyst loading is lower
than that of the E-TEK electrodes. XPS
analysis of the Pt-Ru electrodes indicated
more alloyed Pt-Ru and hydrous Ru oxides
in the Tanaka electrodes. A lower CO cover-
age, eco’ and a higher CO oxidation rate,
ke, Was obtained for the Tanaka electrodes
from the fitting of experimental ac imped-
ance spectra using a simple mathematical
model (Table 2). Generally, the presence of
Ru leads to an increased rate of formation of
(OH), 4 on the catalyst surface, which is re-
quired to electrooxidize adsorbed CO. In ad-
dition to the electrocatalytic properties of the
different Pt-Ru catalysts among each other
and compared to Pt, the design of the elec-
trode, i.e. the type of gas diffusion medium,
composition and morphology of the microp-
orous layer and the catalyst layer, has a sig-
nificant influence on the CO tolerance in a
PEFC [53].

3.4. Co-Sputtering of Electro-
chemically Active Materials

Reducing the noble metal loading of the
fuel cell electrodes is one of the crucial fac-
tors in making the fuel cell technology cost
efficient and competitive to the traditional
heat engines. Hence, the challenge is to find
alternative methods that allow preparation
of electrocatalyst material with low noble
metal loading and high electrochemical ac-

tivity. Sputtering is one of the alternative
techniques; it has been recently described
in literature [54][55]. The advantages of
this technique compared to the wet chemi-
cal process are: elimination of chemicals,
flexibility, and well-established system for
recycling of metals. In all reported studies
on sputtering related to fuel cell applica-
tion, a continuous Pt film is deposited on a
carbon-only gas diffusion electrode (GDE)
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Fig. 9. Cell voltage as a function of temperature at a current density of 500 mA/cm? for MEAs with
different anode electrodes. Membrane Nafion® 115, cathode E-TEK 0.6 mgptcm‘? H,/ 100 ppm CO
was used as fuel and O, as oxidant, both humidified at 95°C, pressure 3 bar,.
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Table 2. Kinetic parameters characterizing the CO tolerance of different PEFC anodes, obtained

from the fitting of ac impedance spectra (T,

Electrode CO coverage 6,
[%]

E-TEK Pt 98

E-TEK Pt-Ru 99

Tanaka Pt-Ru(50:50) 65

Tanaka Pt-Ru(40:60) 65

o = 100°0).

CO electrooxidation rate k°°,
[mmol cm™ s71]

1.7-10°©
1.7-106
1.3-10%
3.6-103

Table 3. Pt loading, roughness factor, r;, and specific Pt surface area, A, for the Pt-film and the co-

sputtered Pt/C films.

Sample Pt loading Roughness factor r; Specific Pt surface area Ag
[mg/cm?] [em?p/em? oo, [m%/g]

Co-sputtered Pt/C | 0.207 23 11

Co-sputtered Pt/C Il 0.468 128 27

Co-sputtered Pt/C llI 1.288 193 15

Pt-film 0.060 4 7

or directly onto an electrolyte membrane
[56]. A shortcoming of sputtering continu-
ous films might be that a small catalytic ac-
tive surface area will be obtained. A larger
active surface area is expected when Pt and
C are co-sputtered [57].

In this study, we have investigated the
electrochemical activity and structural
properties of co-sputtered Pt/C-films with
different Pt-loadings on glassy carbon (GC)
and Al-foil substrate. For this purpose, a
number of techniques, i.e. cyclic voltam-
metry (CV), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption spec-
troscopy (XAS), anomalous small angle
X-ray spectroscopy (ASAXS), and trans-
mission electron microscopy (TEM), were
employed. A graphite target with attached
or embedded Pt wires or pellets, respective-
ly, was used as sputtering target. The sam-
ples in the order of increasing Pt-loading
are denoted I, IT and III (Table 3). A high ac-
tivity for H-underpotential deposition on Pt
was demonstrated for the co-sputtered sam-
ples, evidenced by CV. We observed that
the surface roughness factor of the films in-
creased with increasing Pt-loading. The ex-
perimental procedure and the analysis
methods are described in detail elsewhere
[53]. The specific active surface area of the
samples, calculated by dividing the real ac-
tive surface area by the Pt-loading obtained
from XAS, proved to be highest for the Pt/C
sample II (0.468 mgPt/cmz).

The size of the Pt particles increased
with increasing Pt-loading, as evidenced by
TEM, XPS, XAS, ASAXS. A columnar
structure was evident from the TEM- and
ASAXS-analyses for the selected sputter-

ing condition in this study [58]. Further in-
vestigations on the electrochemical activity
and stability of the co-sputtered films are in
progress.

3.5. Alternative Oxygen Reduction
Catalysts

In conventional PEFCs and DMFCs
pure Pt is used as a cathode electrocatalyst.
Due to its high price it is highly desirable to
find less expensive materials. Although sig-
nificant progress has been made, the per-
formance of alternative catalysts is still lim-
ited due to various reasons, such as poor
electrocatalytic reaction kinetics. The
methanol crossover in DMFCs causes cath-
ode depolarization and therefore perform-
ance losses. Methanol tolerant electrocata-
lysts studied for the oxygen reduction reac-
tion (ORR) include Pt alloys with
transition-metals [59], heat-treated metal-
loporphyrins [60], and Ru-based chalco-
genides [61][62].

We are investigating alloys of Pt with
transition metals, such as Pt-Ni and Pt-Co,
and Pt containing metal oxides, particular-
ly pyrochlores of the general formula
Bi,Pt Ir27y07. Catalytic activities of Pt-Ni
and Pt-Co alloys have been studied both by
half-cell and fuel cell measurements.

Oxygen reduction kinetics of carbon-
supported Pt alloyed with Ni or Co and
smooth bulk electrodes have been studied
in half-cell measurements in 0.1 M HCIO,
at 20-60 °C. Polycrystalline bulk elec-
trodes of Pt alloyed with 25 at-% Ni or
25 at-% Co showed very similar behavior
with a catalytic activity enhancement
corresponding to a factor of 2 over bulk Pt.
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The same behavior was observed for sup-
ported catalysts. It was proposed that the ki-
netic enhancement is contained in the pre-
exponential factor of the conventional tran-
sition state theory rate expression [63][64].
Fuel cell tests were performed in order to
compare the catalytic activity of the Pt-Co
and Pt gas diffusion cathodes. The compar-
ison of the polarization curves based on
nominal loading of Pt-Co and Pt cathodes
showed that the activity for the ORR is
comparable or even slightly higher for the
Pt-Co cathode than for the Pt cathode [37].
The ORR activity and methanol toler-
ance of perovskites and pyrochlores have
been evaluated in half-cell experiments
in 0.5 M H,S0, at 25 °C [65][66].
BithyIrzf O, §lectr0des were prepared by
pressing the oxide powders into pellets fol-
lowed by vacuum impregnation with epoxy
in order to minimize the porosity. After a
pre-treatment of potential cycling between
—-0.6 V and +0.6 V vs. Hg/Hg,SO,, the
ORR activity of BithIrO7, BithOjIrmO7
and Bi,Pt (Ir, ,O, pellets, operated as ro-
tating disk electrodes, was measured and
compared to a rotated polycrystalline bulk
Pt disk electrode. The activity of
Bi,Pt IrHIO7 increases with increasing
Pt(IV§ content of the pyrochlore [67]. Since
Bi,Ir,0; is neither active towards oxygen
reduction nor methanol oxidation, it ap-
pears that the Pt(IV) content in the structure
has an influence on the methanol tolerance
of the BithyIrzf O, pyrochlores. We found
that Bi, Pt (Ir, 467 is an O, reduction cata-
lyst, which is essentially inactive towards
methanol oxidation (Fig. 10). At a bulk Pt
electrode, on the other hand, O, reduction
and methanol oxidation occur at the same
time (dashed line). As a result, the convec-
tion-diffusion-limited current for O, reduc-
tion is reached at a significantly more neg-
ative potential compared to a bulk Pt elec-
trode in the absence of methanol (solid
line). The demonstrated ORR activity and
methanol tolerance of the pyrochlores with
the general formula BiZPtyIr27y07 suggests
that these oxides may be interesting cath-
ode catalyst materials for the DMFC. The
balance between high ORR activity and low
methanol oxidation activity is possible
through optimization of the pyrochlore struc-
ture. Furthermore, the true nature of the cat-
alytic active surface needs to be identified.

4. Conclusion

Scientific activities in Switzerland relat-
ed to materials for the polymer electrolyte
fuel cell (PEFC) and the direct methanol fu-
el cell (DMFC) are in different stages be-
tween fundamental and applied research
and, to some extent, development. Some of
the key materials challenges are addressed
at the Paul Scherrer Institut (PSI) in Villi-
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gen AG and the Ecole Polytechnique
Fédérale de Lausanne (EPFL). In short, the
requirements for the components of the
membrane electrode assembly (MEA) are:
functionality, durability, and cost.

Due to the low operating temperature
(up to 120 °C maximum) of the
PEFC/DMEFC, expensive noble metals on
the basis of Pt have to be used as electro-
catalysts to promote the half-cell reactions
on the fuel and air electrode, respectively.
Maximizing the surface area and electro-
chemical activity of the catalyst is therefore
an important field of activity. Using model
electrodes and a well-defined electrochem-
ical setup, it is found that the extent and sta-
bility of electrochemically active Pt surface
strongly depends on the morphology of the
material. In another aspect of the work, co-
sputtering of Pt and carbon is employed as
an alternative method to prepare catalyti-
cally active materials. The Pt in co-sput-
tered Pt/C has a higher specific surface area
compared to pure sputtered Pt. In another
study, promising methanol oxidation activ-
ity of catalytic systems based on Pt, Pt alloy
and Pt transition metal oxides in combina-
tion with nanostructured carbon and con-
ducting polymers has been achieved. In a
study on electrode characterization, the tol-
erance of commercial anode electrocata-
lysts and electrodes towards CO in the H,
fuel stream is assessed using electrochemi-
cal impedance spectroscopy, which serves
as a tool to determine critical kinetic pa-
rameters of the anode reaction using H,
with admixed CO at the ppm level as fuel.
In a project on new catalysts for the oxygen

reduction reaction, encouraging activity
and methanol tolerance is found for Pt con-
taining oxide materials in half-cell reac-
tions.

The requirements for the proton ex-
change membrane can be broken down into
specifications for conductivity, thickness,
mechanical and chemical stability, and wa-
ter management properties. PSI has been
committed since 1992 to developing proton
exchange membranes based on the method
of radiation grafting, which is an intrinsi-
cally cost-effective technique. Substantial
improvements and breakthroughs have
been made since with respect to the proper-
ties of the membrane as well as the fabrica-
tion process. We have shown performance
in the single cell comparable to Nafion®
112, and MEA durability exceeding 4000
h at a cell temperature of 80 °C at constant
conditions. The versatility of radiation
grafting lends itself to tailoring of the mate-
rial for the use in the DMFC. Here, the
methanol permeation from anode to cath-
ode is detrimental to fuel and voltage effi-
ciency. The PSI membrane shows lower
methanol and water crossover compared to
Nafion® 117 without being detrimental to
cell performance. In an attempt to promote
the development of fluorine free mem-
branes, polyarylene block copolymer mem-
branes have been developed in collabora-
tion with the Technical University Munich.
They have excellent stress-strain proper-
ties, conductivity identical to Nafion®, and
show promising fuel cell performance and
stability.
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Fig. 10. Current-potential curves for the reduction of O, on a Bi,Pt 4lry ,O; pellet electrode, operat-
ed as rotating disk electrode, compared to a rotated polycrystalline bulk Pt disk electrode in O,
saturated 0.5 M H,SO, at 25 °C in the presence and absence of 0.5 M methanol. Rotation rate =

100 rpm. Scan rate = 5 mV/s.
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